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Summary

O f all mental abilities emotional processing is well-preserved in healthy ageing. In 

spite of this, the neural substrates o f emotional processing in ageing are still not fully 

understood. In this project several experiments were conducted to investigate 

emotional processing in young and older healthy women, and the neural substrates 

were measured using functional and structural magnetic resonance imaging (MRI).

In the first study we explored how the personality traits extraversion and 

neuroticism interact with the neural representation o f emotional arousal and valence, 

two critical components of emotional processing. A group of young, healthy 

participants viewed images which were cither positive or neutral in valence and which 

varied in arousal level as they underwent fMRI. We used a parametric modulation 

approach, whereby the participants’ subjective ratings o f  arousal and valence were 

used as parametric weights to examine how the blood oxygen level dependent (BOLD) 

signal is modulated by these two dimensions. We identified several novel relationships 

between personality and emotional processing, notably reduced sustained activation in 

the orbitofrontal cortex (OFC) and attenuated valence processing associated with high 

levels o f neuroticism.

In the second study we explored the effects o f ageing on emotional processing. 

The emotional paradigm was applied to a group o f older, healthy women and the 

young and older groups’ responses were compared. We found there to be an age- 

related dissociation in the neural representation of emotional arousal and valence, with 

the young adults showing much greater BOLD modulation due to emotional arousal in 

occipital and temporal visual cortices bilaterally, the left inferior parietal cortex and 

the supplementary motor area. In contrast, the older adults showed greater modulation 

due to positive valence in the left amygdala, left middle temporal gyrus and right 

lingual gyrus, which support the predictions of the positivity effect in ageing. 

Regardless o f the arousal or valence of the stimuli, we found large age-related 

differences in visual processing regions during image viewing, as well as in the 

hippocampus and putamen, all of which were significantly more activated in the young 

group. The older adults recruited a single region of the right supramarginal gyrus more 

than the young, possibly as a compensatory mechanism for the marked deficits in 

sensory processing.



Age-related differences in emotional memory encoding were investigated in 

the third study. We found no evidence o f a positivity bias in the older group, who did 

not remember the positive images more accurately; however the young group did 

show receive a mnemonic boost by positive valence. Valence did enhance the 

memory-related BOLD signal in both groups however, although it did so via the 

enhancement o f deactivation rather than the enhancement o f activation. The young 

group showed enhanced deactivation in prefrontal regions, while the older adults 

showed deactivation in parietal regions. Although both young and older groups 

showed a behavioural enhancement of memory by arousal, only the young group 

showed an increase in the arousal-dependent BOLD response during successful image 

encoding. Compared to the older adults they showed a greater response to increasing 

levels o f arousal in the right superior frontal gyrus and the left cerebellum. General 

memory encoding, regardless o f the arousal or valence of the images, was associated 

with increased occipital and temporal activation and increased deactivation in midline 

and temporal regions in both groups.

In the final study, age-related differences in brain structure rather than function 

related to emotional processing were examined. Wc found that the young group had 

greater white matter (WM) connectivity between the amygdala and the visual cortex, 

which may have partly mediated the greater visual activation they displayed in 

response to emotional arousal. The older adults demonstrated relative preservation of 

some limbic tracts but notable loss o f integrity in the WM tracts running anterior- 

posterior in the brain. We also found that the older group had grey matter (GM) 

volume loss in numerous cortical and subcortical regions, but in particular we found 

there to be significant GM atrophy in the prefrontal cortex (PFC), but relative 

preservation o f limbic subcortical regions including the amygdala and hippocampus.

Our results suggest that there are significant age-related differences in how 

emotion is processed in the brain in healthy ageing. Understanding these changes is 

important for advancing our understanding o f the neural markers of successful brain 

ageing. Future studies will focus on further investigating the attenuation of arousal 

processing in older adults, and how this may impact on cognitive functions such as 

memory and attention. It would also be of interest to focus on the role o f deactivations 

in emotional memory in ageing, on the relationship between personality and emotional 

processing in ageing, and on the WTVI connectivity between the amygdala and the PFC.
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Chapter 1: General Introduction

Overview

This chapter provides an overview o f the literature which informed the theoretical 

framework of this research project. The overarching theme of this body of work is the 

study of the functional and structural neural correlates o f emotional processing in 

young and older healthy adults using magnetic resonance imaging (MRI). The four 

main strands o f research in this project were, fost, the contributions o f arousal and 

valence to the neural substrates o f emotional processing and memory encoding; 

second, the influence of the personality traits neuroticism and extraversion on the 

neural substrates o f emotional arousal and valence; third, age-related differences in the 

functional neural correlates of emotional processing and emotional memory formation; 

and fourth, structural brain changes in ageing related to emotional processing. The 

results are contained within four experimental chapters, and each begins with a brief 

introduction to the study; however, the aim o f this chapter is to provide a general 

background and context for the entire project. It begins with a summary o f the 

dimensional approach to emotion and the neuroimaging studies which have utilised 

this approach to elucidate the neural substrates o f emotional processing. Some 

practical limitations o f this approach are then discussed, as a basis for the 

methodological approach adopted in this project which attempted to address some of 

these shortcomings. A short summary o f the neuroimaging literature on general 

functional brain changes in ageing is then presented, and then emotional processing 

changes associated with healthy ageing are discussed. Some structural MRI studies are 

then considered, in particular relating to the structural connectivity o f the amygdala 

and structural brain changes that occur with ageing. Finally, the research objectives o f 

the project and structure of the thesis are outlined.
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1.1 Emotion and the Brain

1.1.1 The Influence of Emotion on Cognition

Once considered to be beyond the scope of traditional cognitive sciences, the realm o f 

human emotion has come under increasing experimental scrutiny in recent years 

(Davidson, 2000) and the effects of emotion on many aspects of perception and 

memory have now been widely studied. Perhaps the most fundamental effect of 

emotion on cognition is the ability of emotionally arousing stimuli to capture attention 

faster than their neutral counterparts (Carretie et al., 2004; Junghofer et al., 2001; 

Junghofer et al., 2006; Schupp et a l ,  2003; Vuilleumier, 2005). This is thought to be 

driven in particular by the activation o f the amygdala in the processing of threat- 

related or other highly behaviourally-relevant stimuli (Dolan & Vuilleumier, 2003; Le 

Doux, 2000; Ohman et al., 2001; Sander et al., 2003). It is also well-established that 

emotional stimuli and events tend to be better remembered better than ones without 

affective significance (Cahill & McGaugh, 1995), and that encoding items in an 

emotional context can increase their likelihood of being remembered (Erk et al., 2003; 

Maratos et al., 2001; Smith, Dolan, et al., 2004; Smith, Henson, et al., 2004). From an 

evolutionary perspective it is clearly advantageous to possess a natural bias towards 

noticing and remembering events with strong emotional qualities, as these tend to have 

a high survival value, e.g. the face of an enemy or the site of food.

In humans, functional imaging techniques such as functional magnetic 

resonance imaging (fMRI), positron emission tomography (PET) and 

electroencephalography (EEC) have greatly increased our understanding of the brain 

systems that mediate the effects of emotion on cognition. Viewing highly arousing 

emotional images has been associated with increased brain activation in a wide 

number o f brain regions, including the visual processing areas (Lang et al., 1998; 

Mourao-Miranda et al., 2003), the amygdala (Mather et al., 2004; Zald, 2001), the 

inferotemporal cortex (Sabatinelli et al., 2005), the prefrontal cortex (Grimm et al., 

2006), the thalamus, the insula and the anterior parietal cortex (Anders et al., 2004). 

Furthermore, activation in the amygdala, brainstem, thalamus, medial prefrontal cortex 

(PEC) and temporal cortex has been found to increase linearly with increasing 

emotional intensity (Anders, et al., 2004; Anderson & Phelps, 2001; Junghofer, et a l ,

2



2006; Lang, et al., 1998; Sabatinelli, et al., 2005). Figure 1.1 illustrates the main brain 

regions implicated in emotional processing and emotional memory formation.

insular
cortex

p re fro iita l
c o rte x

amygdala

hippocampus

Figure 1.1 The “em otional brain” . Experiencing emotion activates a wide number o f 

cortical and subcortical brain regions; however several structures are particularly 

important for emotional processing and emotional memory, including the amygdala, 

hippocampus, insular cortex and prefrontal cortex. The visual cortex and the occipito

temporal junction in particular (not marked) are also heavily implicated in the 

processing o f visual emotional stimuli.

1.1.2 The Dimensional View of Emotion

One prominent theoretical approach to emotion is the dimensional approach (e.g. 

Russell, 1980; Watson et al., 1988; Lang et al., 1993; Barrett, 1998). According to this 

theory an emotion can be defined as a sum of scores along several dimensions which 

stand for the fundamental properties common to all emotions. The work conducted by 

Osgood and colleagues in the 1950s on the semantic differential (Osgood et al., 1957) 

laid the foundations for this approach as it had been interpreted and applied to modern

3



emotion research. The three dimensions proposed by the authors to explain most o f the 

variance in the verbal labels ascribed by individuals to affective events were arousal, 

valence, and dominance. Arousal and valence have received by far the greatest interest 

from researchers of emotion, while dominance, a weaker factor that refers to how 

controlled or in control one feels in response to an emotional stimulus, has received far 

less attention. Briefly, arousal refers to the intensity o f an emotional experience, and 

varies from calm to excited, while valence refers to the affective value o f an emotion, 

ranging from negative to positive, with neutral in the middle. This simplified tw o- 

dimensional view o f affective space has been widely applied to the study o f emotion, 

and its neural substrates, (e.g. Barrett, 1998; Barrett & Russell, 1998; Bradley et al., 

1992; Kensinger, 2004, 2008), and it is the model that is adopted in the current project 

to study the neural correlates of emotional processing in young and older healthy 

adults.

1.1.3 The lAPS in Emotion Research

Many different types of stimuli have been used to experimentally study emotion, 

including video cHps (Aftanas & Varlamov, 2007; Cahill et al., 2001; Decety & 

Chaminade, 2003), words (Maratos et al., 2001; Richardson et al., 2004; Staresina & 

Davachi, 2006; Kensinger & Schacter, 2006), and faces (Batty & Taylor, 2003; Blair 

et al., 1999; Britton et a l , 2006; Kesler-West et al., 2001; Morris et al., 1996; Pessoa 

et al., 2002). One of the most widely used visual stimulus set in emotion research in 

recent years however has been The International Affective Picture System (lAPS, 

latest version Lang et al., 2008). The lAPS is a large database of coloured photographs 

which was compiled to contain affective images for use in emotion and attention 

research. It was developed as an operationalization o f  Osgood et al.’s (1957) 

dimensional approach to emotion, and the images have been rated by a large North 

American sample (n > 100) along the dimensions of arousal, valence and dominance. 

The lAPS has been the benchmark emotional stimulus set for the past number o f years, 

making it possible to compare experimental results across different paradigms, 

research groups and countries (Kober et al., 2008; Molto et al., 1999; Ribeiro et al., 

2005). The lAPS has been favoured as a reliable way to elicit emotional responses, 

both behavioural and physiological (Lang et al., 1993), and it is widely used in
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affective neuroscience (e.g. Dolan et al., 2000; Smith et al., 2004; Dolcos et al., 2005; 

Kensinger & Schacter, 2006; Sterpenich et al., 2006). Figure 1.2 contains some 

example stimuli from the lAPS and from our own experimental stimuli (which will be 

described in chapter 2) which illustrate various combinations o f emotional valence and 

arousal.

Figure 1.2 Tw o-dim ensional affective space. Graphical representation o f two- 

dimensional affective space showing the axes of valence (Negative-Neutral-Positive) 

and arousal (Low-High). The images are examples o f different valence-arousal 

combinations, showing clockwise from top left to bottom left: negative valence high 

arousal, neutral valence high arousal, positive valence high arousal, positive valence 

low arousal, neutral valence low arousal and negative valence lower arousal. All o f the 

images are from our own dataset except the negative images which are taken from the

Arousal

Valence

Negative Neutral Positive

lAPS.
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1.1.4 Disentangling the Effects of Emotional Arousal and Valence

A common approach to studying emotion using the lAPS and similar stimuH sets has 

been to contrast behavioural reactions and brain activation as measured by fM Rl, EEG 

and PET to images with different arousal and valence ratings (Anders, et al., 2004; 

Canh et al., 2001; Dolcos & Cabeza, 2002; Lane et al., 1999; Lane et al., 1997; Lang, 

et al., 1998; Lang et al., 1993; Mourao-Miranda, et al., 2003; Paradiso et al., 1999; 

Ribeiro et al., 2007; Sabatinelli, Lang, et al., 2007; Schupp et al., 2000; Taylor et al., 

2000). An inherent difficulty with trying to study the effects of emotional arousal and 

valence separately however is that the two dimensions tend to be correlated (Bradley, 

et al., 1992; Ribeiro, et al., 2005). That is, images which are rated as being either very 

positive or negative tend also to be rated as highly arousing. This co-variation of 

arousal with valence is particularly strong in the case of negative images, with the 

lAPS in fact containing no images which are negative in valence while also possessing 

an arousal score of less than 3.5 on a 9-point scale (Lang et al., 2008) . Furthermore, 

although there are some examples o f positive images possessing low arousal ratings, 

these are few in number and tend to rate higher along the arousal dimension then do 

neutral low arousal images (Lang, et al., 2008). Several studies in particular however 

have tried to extricate the relative contributions o f the two dimensions to these 

processes, and these are o f particular interest.

Anders et al. (2004) measured peripheral physiological responses along with 

BOLD changes in response to images from the lAPS, and found a dissociation 

between the neural representation o f valence and arousal. Activation bilaterally in the 

amygdala varied significantly with the amplitude o f the eye blink reflex and verbal 

reports o f valence; while activation in the right supramarginal gyrus and the thalamus 

varied with changes in the skin conductance response (SCR) and verbal reports of 

arousal. The authors suggest that this dissociation is evidence that different aspects of 

emotional processing are supported by distinct neural networks. However there is an 

inherent confound in the design o f this study, caused by using images that vary along 

the dimensions o f both valence and arousal, rather than just one dimension or the 

other.

Taylor et al. (2000) explored the effects o f graded aversive images on brain 

activation, as measured by PET. They reported that areas in the amygdala, thalamus
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and hypothalamus exhibited increasing activation in response to non-aversive, mildly 

aversive and strongly aversive images respectively, and this pattern extended to areas 

within the visual cortex. These results were mirrored by an increase in the SCR for 

non-aversive, mildly and strongly aversive images. However, while the valence of the 

images used in this study differed from non-aversive, to mildly and then strongly 

aversive, the arousal level also increased significantly across these categories. So 

although increasingly aversive emotional images induced increasing activation in 

limbic and visual processing regions, whether these effects were due to changes in the 

valence or arousal of the stimuli, or indeed both, cannot be established.

In order to investigate the role o f the prefrontal cortex (PFC) in emotional 

evaluation and memory, Dolcos and colleagues (2004a) used fMRI to measure BOLD 

responses to highly arousing positive and negative images, and non-arousing neutral 

images, drawn from the lAPS. They reported that viewing positive and negative 

valenced images was associated with differential patterns of increased activation in the 

left dorsolateral and right ventrolateral PFC, respectively; while an area in the 

dorsomedial PFC was found to show increased activation to both high arousal positive 

and negative images compared to low arousal neutral images, thus representing an 

effect of arousal on brain activation. Once again however, on comparing high arousal 

emotional images with low arousal neutral images, the assumption is that this 

represents a way o f isolating the effect o f emotional arousal on emotional processing. 

However contrasting these categories involves comparing across the two dimensions 

of arousal and valence, thus rendering the results difficult to interpret. In order to study 

the effect of either arousal or valence on emotional processes it is absolutely essential 

to hold constant one dimension leaving the other free to be manipulated. Comparisons 

are often made across arousal and valence categories, so that a clear interpretation of 

the end results becomes impossible.

In order to circumvent this difficultly, several studies have used a parametric 

modulation approach to examine the effects o f arousal and valence on the BOLD 

signal. In one such study, Lewis et al. (2007) presented emotional words as stimuli 

and examined the BOLD response to emotional arousal and valence. In response to 

increasing positive valence there was activation in the lateral OFC and the anterior 

insula, while increasing negative valence led to activation in the posterolateral OFC, 

right medial OFC and the medial subgeneal cortex. Increasing arousal o f positive 

stimuli led to activation in the ventral striatum and middle cingulate, while increasing
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arousal o f negative words led to activation increases in the midbrain, insula and dorsal 

amygdala.

Using a similar parametric modulation approach, Heinzel et al. (2005) found 

that regions of the OFC, dorsomedial PFC, medial parietal cortex and insula 

responded hnearly to increasing levels o f valence. However, the stimuh included lAPS 

images which ranged in valence from negative, to neutral to positive; therefore it is 

difficult to interpret which valence type caused the changes in activation. The study 

also did not dissociate the effects o f arousal from valence. Phan et al. (2004) used a 

similar experimental design, as well as subjective emotional ratings. They found that 

the BOLD signal in the nucleus accumbens and amygdala responded to increasing 

levels o f arousal; however they did not examine the effects of valence on the BOLD 

signal.

A small number of studies have used emotional images with higher and lower 

arousal levels, to compare responses to different levels of arousal, while valence is 

kept constant. Using this approach Ribeiro et al. (2007) identified a difference between 

physiological responses to low and high arousal I APS images, with low arousal 

positive images associated with increased facial electromyography contraction; a result 

which was not mirrored by high arousal positive images. Anders et al. (2008) 

investigated amygdala activation as measured by fMRI using images from the lAPS 

and sounds from the International Affective Digitized Sounds database (Bradley & 

Lang, 1999). They divided the stimuli according to the subjects’ ratings into positive 

and negative, and lower and higher in arousal, and found that increased amygdala 

activation was explained better by the valence o f the stimuli than by the arousal level.

Other studies have used slightly different approaches to disentangle the effects 

of arousal and valence on brain activation. For example, Mourao-Miranda et al. (2003) 

constructed a set o f  highly complex, surreal images which they termed “interesting”. 

These images were created to be highly arousing but neutral in valence. The authors 

found increased activation in response to interesting compared to neutral images in the 

middle and inferior occipital gyri, the fusiform gyrus and the left amygdala, which 

were due to the effects of emotional arousal on visual processing. However there is a 

limitation to using surreal, interesting stimuli, either as a comparison group of images 

which have neutral valence but are highly arousing (Mourao-Miranda, et al., 2003), or 

to control for the attention-consuming nature of emotional stimuli (Hamann et al., 

1999; Hamann et al., 2002) by creating images that are highly memorable, but yet are
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emotionally non-arousing. The difficulty is that these types o f images might introduce 

a confound of increased semantic complexity, due to their unusual, colourful 

composition, and their content being surreal or difficult to interpret. So although many 

studies have used different experimental designs in order to try and dissociate the 

effects o f arousal and valence on the neural substrates of emotional processing, there 

are still inherent difficulties and limitations with most of the designs.

1.1.5 Arousal and Valence in Emotional Memory

The relative contributions o f emotional arousal valence to the enhancement o f memory 

by emotion stimuli have also been investigated with functional neuroimaging. By far 

the most research has been conducted into the effects of arousal on memory formation. 

Emotional arousal can enhance memory by not only by increasing attentional 

resources at the time o f encoding (Davis & Whalen, 2001; Fox et al., 2001), but also 

by modulating subsequent memory consolidation (LaBar & Phelps, 1998; McGaugh, 

2006). Many neuroimaging studies have suggested that the encoding o f emotionally 

arousing stimuli into declarative memory relies upon the activation of the amygdala 

and the hippocampus (Cahill et al., 1996; Dolcos et al., 2004b; Kensinger & Schacter, 

2006; Richardson et al., 2004). This is reflected by an increase in the BOLD signal in 

the amygdala and the hippocampus at the time of encoding (Cahill, et al., 1996; 

Hamann, et al., 1999; Kensinger & Schacter, 2006; Ritchey et al., 2008) and recall 

(Daselaar et al., 2008; Dolan & Fletcher, 1999; Dolan et al., 2000), and an increase in 

the strength of the functional connectivity between them (Dolcos, et al., 2004b; 

Richardson, et al., 2004; Ritchey, et al., 2008). Furthermore, patients with amygdala 

damage demonstrate an impaired enhancement o f memory by emotional arousal 

(Adolphs et al., 1997; Markowitsch et al., 1994). In a neuropsychological study of 

patients with middle temporal lobe (MTL) lesions who were asked to recall emotional 

events which occurred before their MTL damage (Buchanan et al., 2006), patients with 

just hippocampal damage recalled just as many and as vivid emotional personal events 

from their past as healthy controls, however patients with additional amygdala damage 

recalled fewer negative events, and also rated them as being less intense and vivid.

This corroborates years of animal research suggesting that the amygdala plays 

a central role in emotional memory formation through arousal-induced [3-
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noradrenergic activity that enhances hippocampal memory consolidation (McGaugh et 

al., 1996). Both animal and human research suggests that stress hormones released at 

the time o f an emotional arousing experience enhance memory consolidation 

(McGaugh, 2004, McIntyre and Roozendaal, 2007). Adrenal and cortisol 

administration in humans has been found to enhance memory for emotionally arousing 

events (Abercrombie et al., 2006, Cahill and Alkire, 2003, Kuhlmann and Wolf, 2006).

However, emotion has also been found to enhance memory encoding in the 

absence of very high arousal levels. For example, emotional stimuli that are low in 

arousal level and positive in valence can still be recalled with more accuracy than 

those stimuli o f low emotional arousal and neutral valence (Kensinger, 2004, 2008). In 

one o f the first studies examining the effects o f emotional arousal and valence on 

memory using images from the lAPS, Bradley et al., (1992) tested memory 

recollection immediately and after one year. They found that while both high levels of 

arousal and pleasant valence enhanced memory in the short term, only high levels of 

arousal improved recognition accuracy and reaction times after one year. This seems 

to indicate that arousal-mediated activation o f the memory system hippocampus at the 

time of encoding leads to more stable memories across time. Furthermore, there is 

emerging evidence to suggest that the contributions o f valence and arousal to memory 

encoding may be mediated by different neural networks.

Kensinger and Corkin (2004) attempted to disentangle the contribution of 

arousal and valence to emotional memory encoding by using stimuli which were o f the 

same valence type but which differed in arousal level. The authors used negative 

valence words which varied along in arousal level, and on a memory task found that 

low arousal negative valence words were better remembered than low arousal neutral 

valence words, suggesting that valence alone does offer some advantage for memory. 

However high arousal negative words were remembered better than either o f the other 

two types, which suggests that increased arousal along with valence offers a greater 

advantage to memory than valence alone. Furthermore the authors reported that while 

improved memory performance for high arousal negative valence words was 

associated with increased BOLD signal in an amygdala-hippocampal network during 

encoding, low arousal negative valence words were associated with increased 

activation in a more prefrontal-hippocampal network, suggesting that there may be 

distinct neural mechanisms sub-serving the enhancement of memory by emotional 

valence and arousal.
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Steinmetz and Kensinger (2009) used images from the lAPS to examine 

emotional memory and once again found evidence o f two distinct networks sub

serving the effects of arousal and valence on memory encoding. In the case of 

remembered items (remembered approximately 1.5 hours later) which were negative 

in valence (and either low or high in arousal), there was activation in the 

parahippocampal gyrus, the thalamus and the occipital and temporal cortices. In 

contrast, positive compared to negative items resulted in memory-related activation in 

the middle and superior frontal gyrus and the inferior parietal lobule. The authors 

argue that this suggests a dissociation between an occipito-temporal network recruited 

for the encoding of negative stimuli, and a fronto-parietal network for the encoding of 

positive valence.

These types of studies, which use stimulus sets that are carefully designed to 

vary along either the dimension o f valence or arousal, represent the beginnings o f a 

systematic effort to experimentally quantify the relative contribution o f valence and 

arousal to the experience o f emotion, an issue which needs to be investigated in much 

further detail. In a recent article, Murty et al. (2010) conducted a meta-analysis of 

successful emotional memory encoding studies which utilised event-related fMRI to 

identify neural activation in young, healthy volunteers. Eighteen studies were included 

in the final meta-analysis, and the authors identified a set of brain regions which were 

commonly activated across the different studies when emotional materials were 

successfully encoded. These regions included the amygdala, anterior hippocampus, 

anterior and posterior parahippocampal gyrus, the ventral visual processing stream and 

the right ventral parietal cortex (see figure 1.3). However, the authors highlighted the 

fact that most experiments have failed to identify whether the enhancement of memory 

by emotion is due to emotional valence or arousal. Overall there appears to be a 

pattern emerging o f a more automatic amygdala-driven network recruited for the 

processing o f emotional arousal, which increases attentional resources for the 

processing of highly relevant emotional stimuli. On the other hand emotional stimuli 

without high levels of arousal, e.g. positive, low arousal stimuli, still seem to enhance 

emotional perception and memory but through the activation o f a more prefrontal 

network which may be involved in secondary processes such as elaboration and self- 

referential processing (Kensinger, 2004). We sought to further examine this question 

using fMRI.
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Figure 1.3 Em otional memory encoding regions in the brain, from a review by 

Murty et al. (2010). The top panel shows the amygdala and hippocampal regions most 

often found to be activated in studies of emotional memory encoding, while the 

bottom panel showed the regions o f the ventral visual stream and PFC which are also 

commonly activated when emotional items are encoded.

1.1.6 Investigating Arousal and Valence in the Current Study

One o f the primary aims of this project was to better elucidate the relative 

contributions o f arousal and valence to neural activation during emotional processing 

and memory formation, using fMRI. In particular we wished to develop a robust 

paradigm which built on previous studies and addressed some o f their limitations, and 

which could be applied to the study o f brain changes in healthy ageing. Similar to 

several other fMRI studies o f emotional processing (Heinzel, et al., 2005; Lewis, et al., 

2007; Phan, et al., 2004), we utilised a relatively novel parametric modulation



approach whereby emotional arousal and valence ratings were used as parametric 

modulators in the fMRI analysis. This method allowed us to isolate the brain regions 

where the BOLD response varied linearly with these two emotional dimensions. Full 

details o f the paradigm are given in the methods chapter, however to summarise 

briefly, the valence dimension was limited to neutral and positive only, so that linear 

increases in the BOLD signal could be ascribed to positive valence without being 

confounded by the inclusion o f negative stimuli. This also allowed us to include many 

positive low arousal images, in order to balance the arousal o f this valence dimension 

with the neutral stimuli. Furthermore, the participants’ subjective ratings o f  arousal 

and valence were used rather than average ratings, and we then extended this approach 

to a subsequent memory paradigm, to examine the contributions o f arousal and 

valence to memory encoding. Finally, we applied this paradigm to a group of older 

participants to study emotional processing changes in healthy ageing. The results o f 

the study which examined arousal and valence processing in young, healthy volunteers 

are presented in chapter 3.

1.2 The Influence of Personality on Emotional Processing

1.2.1 Individual Differences- Extraversion and Neuroticism

Another theme which was investigated in the current project was the influence of 

individual differences on the neural substrates of emotional arousal and valence 

processing. Individual differences represent the traits, abilities and interests that 

differentiate us from each other and are fundamental to how we interact with our 

environment. When it comes to quantifying individual differences in personality, most 

theories have focused on describing several fundamental qualities along which 

individuals tend to vary. Extraversion and neuroticism are two of the most widely 

studied personality traits (Canli, et al., 2001; Hamann & Canli, 2004) and they are 

common to several dominant theories o f  personality including Costa and M cCrae’s 

Big Five model (2003) and Eysenck’s biological approach (1967; 1994). Extraversion 

and neuroticism have been found to correlate robustly with positive and negative
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emotionality respectively (Costa & McCrae, 1980; Rusting & Larsen, 1997), a 

relationship which seems to remain stable across the lifespan (Wilson & Gullone, 

1999).

Traditionally, individual differences were thought of as a source of 

experimental noise and treated as such, with efforts directed towards minimising inter

subject variability rather than studying it (Eysenck, 1994). This trend has changed 

somewhat in recent years however, and it is now apparent that personality influences 

emotional and cognitive processing (Z. R. Amin et al., 2004; Bradley & Mogg, 1994; 

Canli, 2004; Kumari et al., 2007; Kumari et al., 2004). For example variations in 

attention to emotional stimuli tend to differ as a function o f personality traits (Z. Amin 

et al., 2004; Haas, Omura, Constable, et al., 2006). Extraverts have been found to 

attend more to positive emotional stimuli than to negative, while higher neuroticism is 

associated with a tendency to notice negative stimuli more readily (Derryberry & 

Reed, 1994). Indeed high individuals high in neuroticism have been found to 

demonstrate a variety of negative biases across several different emotional processing 

tasks (Chan et al., 2007), such as increased speed when categorizing negative vs. 

positive personality-trait words as well as reduced positive memory intrusions on a 

subsequent free recognition task.

1.2.2 The Influence of Neuroticism on the Neural Substrates of 

Emotional Processing

Although neuroticism describes differences in a personality dimension rather than a 

clinical disorder, it can be o f high clinical relevance as it is a risk factor for developing 

anxiety and depression disorders (Derryberry & Reed, 1994; Kendler et al., 2004). 

Several neuroimaging studies have found that this trait is most notably associated with 

biases towards negative emotional processing (Canli, et al., 2001; Chan et al., 2008; 

Chan et al., 2009; Cremers et al., 2010; Haas et al., 2008; Haas et a l ,  2007). However 

there has been little focus to date on the relationship between neuroticism and positive 

emotional perception. There is evidence that depressed patients dem onstrate reduced 

neural responding to positive emotional stimuli (Shestyuk et al., 2005), and given that 

neuroticism is a risk factor for depression, we were interested in investigating whether
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high levels o f this trait are associated with an attenuated neural response to positive 

valence.

According to Eysenck’s biological theory o f personality (Eysenck, 1994; 

Eysenck & Eysenck, 1991), the neuroticism dimension is also posited to affect how 

individuals respond to emotional arousal. Whereas extraversion is considered to be 

linked to differences in the functioning o f the reticulothalamic-cortical arousal system, 

high levels o f neuroticism are theorised to reflect increased reactivity o f the limbic 

system, which predisposes individuals high in neuroticism to react strongly to 

emotionally arousing experiences and take longer to return to pre-arousal states. In 

spite of these predictions about the relationship between personality and reactivity to 

emotional arousal, the neural bases o f these relationships have never been investigated 

using fMRI.

1.2.3 The Influence of Extra version on the Neural Substrates of 

Emotional Processing

Eysenck’s biological theory o f exlravcrsion (1967, 1994) proposes that differences in 

this personality dimension are reflective o f differences in a reticulothalam ic-cortical 

arousal system, with extraverts experiencing both lower baseline levels o f cortical 

arousal, as well as low arousability of the cortex, i.e. they show a smaller change in 

cortical activity in response to arousing stimuli than introverts (Eysenck, 1967; 

Eysenck & Eysenck, 1991; Hagemann et al., 2009). It is this chronic intrinsic under

arousal which is thought to drive highly extraverted people to engage in typically 

extraverted behaviours in order to enhance their low arousal states (Eysenck, 1994). 

Furthermore, this under-arousability enables extraverts to tolerate much higher levels 

o f arousal than introverts, who withdraw to avoid further increases in arousal which 

they find difficult to withstand (Eysenck, 1967; Eysenck, 1994).

Several neuroimaging studies have supported this theory o f extraversion 

(Hagemann, et al., 2009; Kumari, et al., 2004; O'Gorman et al., 2006); for example, 

Hagemann and colleagues (2009) found that alpha activity as measured by resting- 

state EEG, which is indicative o f lower arousal states (Barry et al., 2011; De Cesarei & 

Codispoti, 2011) was positively associated with extraversion levels in left and right 

frontal sites, indicating that extraverted individuals had lower baseline levels o f



cortical arousal; while Kumari et al. (2004) found that levels of extraversion were 

negatively associated with resting functional magnetic resonance imaging (fMRI) 

signals in the thalamus and in Broca’s area extending to Wernicke’s area.

1.2.4 Investigating the Influence of Personality on Emotional 

Processing in the Current Study

Given the predictions o f  Eysenck’s arousal hypothesis, one might expect that in the 

context o f emotional processing extraversion levels would have a pervasive influence 

on the perception o f emotional arousal; however, the relationship between extraversion 

and the neural substrates of emotional arousal processing are unknown. Further, the 

focus to date on the influence o f neuroticism on emotional processing has been on the 

perception o f negative stimuH, with little focus on whether this trait influences the 

perception of positive valence, or whether it interacts with arousal processing. 

Therefore we sought to examine these questions using fMRI. Using the parametric 

modulation design that was developed to dissociate the effects of positive valence and 

arousal on the BOLD signal during emotional processing, we examined how these 

modulations varied as a function o f the two personality traits, extraversion and 

neuroticism in a group of young, healthy women. The results o f this study are 

presented in chapter 3.

1.3 Neural Changes in Healthy Ageing

1.3.1 An Ageing Population- Understanding the Challenges of Age

This second part o f this project was concerned with the functional and structural brain 

changes that occur in healthy ageing, and which accompany changes in emotional 

processing. Using the paradigm which was developed for use in the young adults, we 

apphed the paradigm to a group o f older, healthy women. As the western world's 

population ages, with both an increase in average longevity and in the proportion of 

people over the age o f 65, understanding ageing and the challenges that go with it is an
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important task for scientists and policy makers alike. In Ireland for example, it is 

predicted that there will be a 44% increase in the number o f people over 65 in the next 

ten years alone, with the greatest increase in those over the age of 80. The proportion 

o f older people will also increase, from its current level o f 11.4% to 22.4% within 30 

years (Kearney et al., 2011). This shift in the population structure calls for the 

promotion o f active, healthy ageing, and understanding the factors that improve 

successful ageing is an important challenge.

Unimpaired cognition in old age is widely considered one o f the defining 

features of healthy ageing (Kaup et al., 2011), and has been identified by older people 

themselves as an important factor in ageing successfully (Reichstadt et al., 2007). 

Preserved cognitive abilities are required for independent living in the latter years of 

life, such as financial capacity (Sherod et al., 2009); therefore maintaining healthy 

cognition has significant economic and social implications for reducing the need for 

and cost o f care for our ageing population, and promoting independence and dignity in 

old age. Discovering ways to optimize cognitive performance in old age is therefore an 

important goal.

Crucially, ageing is a very heterogeneous process and not only do different 

individuals show signs o f cognitive decline at different rates, but there is also 

differential decline o f cognitive domains (Eyler et al., 2011). In a longitudinal study of 

cognitive ability in older age, in which older adults were assessed yearly over a 6 year 

period (W ilson et al., 2002), it was found that although overall the group scores 

indicated age-related decline in cognitive performance on a range of tasks, when the 

participants were considered individually, it became apparent that cognitive decline 

was not homogeneous. Whilst some older adults' performance did worsen, others 

remained stable or even improved. This is just one study which highlights the 

heterogeneous nature of cognitive ageing. Therefore studying those individuals who 

age successfully, and the cognitive processes which seem more resilient to the passing 

o f time, may provide insight into the factors that determine successful cognitive 

ageing. M arkers o f successful and healthy ageing are also extremely important if we 

are to distinguish between normal and pathological ageing (Salat, Tuch et a l ,  2005), 

which may aid in the earlier diagnosis of age-related cognitive illness, such as 

Alzheimer's disease (AD).

Cognitive health is largely determined by brain health (Eyler, et al., 2011), 

therefore it is important to understand the neural contributions to healthy cognition in
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older age. Changes in the neural bases o f cognition accompany normal, healthy 

ageing, thus understanding the key to successful ageing depends upon clearly 

characterising the changes that occur in the brain during healthy ageing. The 

development of neuroimaging in the last 20 years or so has revolutionised the potential 

to study the neural correlates o f brain ageing and cognitive changes in age. Both 

functional and structural brain imaging studies have revealed much about the changes 

that occur in the brain with age and how these relate to cognitive and emotional 

functioning.

1.3.2 Functional Brain Changes in Ageing

Functional neuroimaging studies have consistently identified changes in brain 

activation, on a range of different tasks, related to healthy ageing. However, the results 

from aging studies are often mixed, with older adults sometimes demonstrating 

reduced regional brain responses compared to young adults, but greater regional 

responses also (Eyler et al., 2011). In a recent review of the functional brain imaging 

correlates of successful cognitive ageing (Eyler et al., 2011), the authors reviewed 80 

studies published over a twenty year period up until 2009, which utilised either PET of 

fMRI to examine the relationship between cognition, e.g. reaction times, accuracy; and 

brain activation in older healthy adults. They found that 57 o f these studies reported at 

least one instance o f greater brain response being associated with better cognitive 

performance. Furthermore, these positive associations were slightly more likely to 

found in the frontal cortex. However, approximately one-third o f studies found a 

mixture of positive and negative associations between brain activity and cognitive 

performance, while around one-eighth o f studies reported no significant brain- 

behaviour relationships at all.

Resting-state studies, utilising either fMRI or PET, measure the spontaneous 

fluctuations o f large scale networks in the brain, such as sensory and motor systems, at 

rest, and provide a measure o f the functional synchronization between brain regions 

(M. D. Fox & M. E. Raichle, 2007). Studies of resting-state, or “default mode 

network” (DMN) activity in ageing have also yielded mixed results. M eltzer et al. 

(2003) used PET to measure resting brain activity in young and older adults, and found 

that the older adults showed reduced blood flow and metabolism compared to the
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young, particularly in the frontal cortex. However, in a longitudinal study o f  resting- 

state connectivity in ageing, also using PET imaging, Beason-Held et al. (2009) found 

that over an eight-year period there was relative stability o f the DMN in older healthy 

adults. Other longitudinal studies have also found a mixture of increased and 

decreased activation over time which accompany preserved cognitive function on 

tasks such as visual discrimination (Waiter et al., 2008) and verbal encoding (Persson 

et al., 2006). These studies highlight the complexities o f trying to elucidate the neural 

correlates o f successful brain ageing.

1.3.3. The Posterior-Anterior Shift in Ageing- PASA

One the most consistent findings in the neuroimaging literature regarding age-related 

changes in brain activation however, is an increase in frontal activation demonstrated 

by older adults when they perform a task as well as young adults (Park & Reuter- 

Lorenz, 2009). This increase in activation in frontal sites, when accompanied by a 

reduction in activation in the posterior of the brain, in occipital and temporal cortex in 

particular, has been referred to as “PASA” by Cabeza and his colleagues, or “The 

Posterior-Anterior Shift in Ageing” (Davis et al., 2008). The PASA effect has been 

observed using functional neuroimaging on a variety of different perceptual and 

cognitive tasks. Perhaps one o f the earliest studies of this kind was conducted using 

PET imaging to investigate visual processing in ageing (Grady et al., 1994). On two 

visual tasks, one a face matching and the other a visuospatial task, older adults 

displayed greater activation in the frontal cortex and reduced activation in extrastriate 

cortex compared to young adults. Further, although the older adults showed slower 

reaction times they did not perform less accurately than the young group on either 

task. This, the authors argued indicated that the older group effectively compensated 

for decreased visual acuity and processing by engaging additional frontal attentional 

resources which helped them perform the tasks as well as the young adults. The same 

authors reported similar findings on a memory encoding task (Grady et al., 1995). 

Numerous other studies since then have shown similar effects, including visual 

processing paradigms (Gutchess et al., 2005), memory encoding (Anderson et al., 

2000; Dennis et al., 2007), memory retrieval (Anderson, et al., 2000), working 

memory and attention (Grossman et al., 2002; Rypma & D'Esposito, 2000).

19



Compensatory frontal activation has also been observed in conjunction with deficits in 

MTL and hippocampal activation. On a picture encoding task where memory- 

associated activation was measured using fMRI, older adults engaged the 

parahippocampal gyrus less bilaterally than young adults but additionally activated a 

region o f the middle frontal gyrus not activated in the young group (Gutchess, et al., 

2005). This lends further support to the idea that increased PFC activity in ageing may 

serve a compensatory role for decreased processing in other brain regions.

1.3.4 Theories of Functional Brain Changes in Ageing

An unresolved question is how these age-related changes in functional brain activation 

relate to age-related changes in cognition, and to cognitive decline or successful 

ageing. Whereas PASA merely describes a pattern of activation seen across a wide 

variety o f tasks, it is important to try to understand why this change in activation 

occurs in the ageing brain. This may provide insight into the mechanisms which allow 

certain older healthy people to perform optimally and maintain a high degree o f 

cognitive function. These frontal strategies may therefore represent an extremely 

important type o f plastic functional reorganisation which may allow healthy older 

people to perform at the same level cognitively as they age.

As described above, one of the most common explanations of PASA is that the 

additional activation in frontal sites demonstrated by healthy older people is a 

compensatory mechanism whereby extra attentional resources are allocated to 

performing a cognitive function, and that these go some way towards compensating 

for the deficits in processing in occipital and temporal regions (Davis, et al., 2008; 

Grady, et al., 1994). Evidence in support of this theory comes from studies in which 

the PASA effect is only observed when older adults perform as well or better than 

their younger counterparts, and where the effect is absence in older adults who 

perform poorly (Daselaar et al., 2003; Rosen et al., 2002).

A complementary explanation is provided by the Scaffolding theory of Ageing 

and Cognition, or “STAC”, (Park & Reuter-Lorenz, 2009). According to this theory, 

increased frontal activation in older adults is an example o f the brain adapting to the 

challenges o f age, e.g. reduced processing speed and cognitive performance, decreases 

in grey matter volume and white matter integrity; a type o f  “scaffolding” that
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compensates for neural decline. In this context scaffolding is described as the “use and 

development of complementary, alternative neural circuits to achieve a particular 

cognitive goal” .

Central to these theories of brain ageing is the idea that underlying 

successfully-ageing older adults' preserved cognitive function are changes in the 

neural networks sub-serving these cognitive abilities, such as functional reorganisation 

and compensation. These alterations in functional brain networks seem to be a key 

factor in the preservation o f cognitive abilities in older age. Crucially, they 

demonstrate that the brain is capable of remarkable feats o f plastic reorganisation at 

even late stages in life. Furthering our understanding o f these functional changes will 

help to elucidate, and hopefully promote, the mechanisms which make successful 

brain-ageing possible.

1.3.5 Emotion Processing and Ageing

Contrary to the fact that old age is indeed often characterised by deteriorating health 

and cognition, the second half of life offers developmental gains in terms o f emotional 

experience and regulation. Of all cognitive domains, emotional processing appears to 

be relatively spared with aging. Once presumed to follow a path of gradual decline 

along with the other cognitive and biological functions that are seen to decay across 

time, it is now becoming increasingly clear that many older adults in fact enjoy 

improved emotional regulation and increased positive affect (Carstensen et al., 2003; 

Charles et al., 2001; Williams et al., 2006). Longitudinal studies have shown that 

across the life span negative affect declines while positive affect remains relatively 

stable (Charles, et al., 2001), and emotional stability has been found to increase 

linearly over seven decades o f life from adolescence to old age (Williams, et al., 

2006). Although cognitive control declines with age (Braver & Barch, 2002), 

emotional control does not, and may in fact improve (Gross et al., 1997). Studies have 

found that the ratio of positive-to-negative emotions improves with age (Gruenewald 

et al., 2008; Mroczek & Kolarz, 1998); that older adults tend to experience less anger 

(Schieman, 1999) and they tend to have fewer worries about finances and social events 

(Powers et al., 1992).
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1.3.6 Socioemotional Selectivity Theory and the Positivity Effect

Carstensen and colleagues (2003) were the first to propose a motivational theory to 

explain this phenomenon, and formulated the Socioemotional Selectivity Theory. 

According to this theory, with advancing age there is an increase in the desire to fulfil 

one’s emotional goals as time becomes more limited and precious. This shift in 

perception leads to an increased focus on the here and now, with less attention to 

worries about the future as spending time with family and friends becomes 

increasingly more salient. The authors propose that realising emotional goals requires 

effective emotional regulation, which therefore leads to increased emotional regulation 

in the latter years of life.

Lending further credence to this motivational theory is a considerable body of 

experimental research which has examined older adults’ emotional responses. A 

robust findings is that older adults demonstrate a bias towards positive emotional 

stimuli and a decrease in the processing of negative emotional stimuli, a finding that 

has been called “the positivity effect” (Mather & Carstensen, 2005). Experimentally it 

has been shown that older adults tend to remember more positive and less negative 

information than young people (Charles et al., 2003; Kennedy et al., 2004) and to 

recall autobiographical memories with more positivity (Comblain et al., 2005). In a 

study using words which were matched in valence but which varied in arousal levels it 

was found that while the enhancement o f memory by emotional arousal seems to be 

relatively preserved with aging, there was an age-dependent differential effect of non

arousing positive valence words on memory. Older adults remembered positive non

arousing words better than negative non-arousing words, a result that was not mirrored 

in the young adults (Kensinger, 2008) and which indicates that older adults show an 

enhancement of memory by positive valence even in the absence of high arousal 

levels. Older adults have also been found to display an attentional bias towards 

positive versus negative faces, with increased reaction times for dots appearing behind 

positive faces on an emotional dot-probe paradigm (Mather & Carstensen, 2003). 

Mather and colleagues (Mather et al., 2005) also found that on a false memory task, 

older adults spent more time reviewing positive features of a fictional car and less time 

considering the negative features than did a young control group.
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1.3.7 Neural Correlates of Age-Related Changes in Emotional 

Processing

Age-associated behavioural changes in emotional processing are starting to be 

understood in term of changes in neural processing, and neuroimaging studies have 

shown there to be several consistent age-related differences in emotional processing. 

Older adults have consistently been found to show increased neural activation in 

response to positive versus neutral or negative stimuli, consistent with the positivity 

effect (Mather, et al., 2004; Mather & Carstensen, 2005). They also regularly show 

increases in PFC activation on emotional processing tasks (St Jacques, Bessette- 

Symons, et al., 2009), which may be linked to greater emotional regulation abilities as 

the PFC is considered a crucial cortical region for emotional regulation (Ochsner & 

Gross, 2005; Ochsner et al., 2004).

In one of the first studies o f its kind, WilUams and colleagues (2006) used both 

fMRl and EEC to study age-related changes in emotional face processing in a very 

large cohort o f adults (n = 242), ranging in age from 12 to 79 years. The results o f the 

fMRI task indicated that in a region o f interest in the medial PFC (mPFC), increasing 

age was linearly negatively associated with activation to happy faces but positively 

associated with activation to angry faces. This indicated that the older adults may have 

engaged in greater emotional regulation of the negative emotional input, but less 

regulation of the positive input. The ERP results from the same study showed that an 

increase in emotional stability in older adults (i.e. lower neuroticism scores) were 

predicted by greater processing in the medial prefrontal cortex when viewing negative 

images but less prefrontal control when processing positive input (WiUiams, et al., 

2006), suggesting that higher emotional stability is associated with prefrontal 

regulation of negative emotional input, but less control o f positive input.

Other studies have found increased PFC activation specifically in response to 

positive emotional stimuli. During the successful encoding o f positive images it was 

found that older adults recruited the mPFC and cingulate cortex more than younger 

adults, however there were no differences in activity related to negative image 

encoding (Kensinger & Schacter, 2008). In a functional connectivity study o f age- 

related changes in emotional processing, there were also no differences found during 

negative versus positive image viewing, however during positive versus negative
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image viewing, older adults did display increased modulation of hippocampal activity 

by the ventromedial PFC and the amygdala, whereas young adults displayed thalamic 

modulation of hippocampal activation (Addis et al., 2009). This could indicate a 

stronger perceptual or sensory processing input in the young group but increased 

emotional regulation or self-referential processing in the older group in response to 

positive valence. It also supports the PASA effect, with a greater frontal contribution 

to the older adults’ memory encoding but a greater thalamic or sensory input to the 

young adults’ memory encoding.

In a study which explored the response of the mPFC during self-referential 

processing using fMRI (Gutchess et al., 2007), only older adults engaged the dorsal 

mPFC for positive versus negative evaluations of self and others, with again supports 

the idea of increased processing o f positive valence in the PFC in older age. Brassen 

and colleagues (2011) found that on a spatial cueing task using emotional face 

distractors, under conditions o f high attentional resources for the faces, older adults 

showed increased activation in the rostral anterior cingulate cortex (ACC) and left 

dorsolateral PFC (DLFPC) while viewing happy compared to neutral faces. 

Furthermore, this activation in the ACC was inversely correlated with levels of 

neuroticism in the older group, indicating that older adults with higher levels of 

emotional stability engaged in even greater processing o f positive faces. What is 

especially interesting about this study however is that the positivity effect was only 

evident when there were enough attentional resources available to process the faces. 

When resources were low, i.e. the faces needed to be ignored in order to fully process 

the spatial cue which informed the task, the older adults did not differ from the young 

in their processing of the emotional stimuli. These results support the idea that age- 

associated differences in emotional processing may be the result of differences in top- 

down processing and cognitive control, such as sustained attention to positive 

information.

Finally, in a study which examined age-related differences in emotional 

processing in a deep versus shallow processing task, older adults showed increased 

processing o f positive versus negative lAPS images in the medial PFC and 

ventrolateral PFC only in the deep condition which required elaborative processing of 

the stimuli (Ritchey, LaBar, et al., 2011). This supports the idea that automatic 

emotional processing changes little with age and that age-related differences in 

valence processing occur only when there are available resources for older adults to
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engage in greater self-referential processing or emotional regulation involving the 

PFC. Several other studies have also shown that automatic emotional processing 

seems to change little with age. For example older adults show the same advantage as 

younger adults in detecting threatening stimuli such as highly arousing negative scenes 

from the lAPS (Rosier et al., 2005), or threatening faces (Mather & Knight, 2006).

As discussed previously in relation to the Williams et al. study (2006), older 

adults’ increased processing o f positive emotional material may be linked to age- 

related increases in the ability to regulate one’s emotions. This idea is supported by 

several other neuroimaging studies which have found better emotional regulation 

ability in older adults when they encounter negative emotional stimuli. St Jacques et 

al. (2010) identified differences in functional connectivity during the evaluation of 

negative images between young and older adults. While both groups showed increased 

activation in the amygdala during negative image viewing, the older adults 

additionally displayed increased connectivity between the ventral ACC and the right 

amygdala, which possibly indicated greater attempts at emotional regulation in the 

older group. The older adults in this study also showed decreased functional 

connectivity between the amygdala and posterior brain regions, which again supports 

the PASA theory of functional reorganisation in brain ageing.

Taken together, these experiments all provide support for the theory that ageing 

is accompanied by increased processing o f positive emotional material; there is less 

consistent evidence o f decreased negative emotional processing, and there seems to be 

in general age-related increases in PFC activation, both in terms o f greater processing 

o f positive valence, perhaps reflecting more self-referential processing or prioritisation 

o f positive emotional information, and increased PFC activation in response to 

negative emotional stimuli, putatively reflecting greater emotional regulation over 

negative emotion.

1.3.8 The Effects of Age on Emotional Arousal Processing

Although there have been quite a number of studies investigating age-related 

differences in emotional valence processing, there is a relative dearth of research into 

whether there are age-related differences in the processing o f emotional arousal. This 

is an extremely important question given the central role that emotional arousal plays
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in orienting attention (Vuilleumier, 2005), and in successful memory encoding (Sharot 

& Phelps, 2004). As stated previously, there is evidence that automatic emotional 

processing is preserved with age (Mather & Knight, 2006; Rosier, et a l ,  2005), and 

automatic or “bottom-up”, as opposed to “top-down” or elaborative emotional 

processing is thought to rely more on the amygdala and be influenced by high levels o f 

emotional arousal than valence (Kensinger & Corkin, 2004).

Several studies have demonstrated that arousal processing is stable in old age, 

with older adults showing the same ability as young adults to detect high arousing 

stimuli (Leclerc & Kensinger, 2008), and also showing the same advantage for 

remembering highly arousing emotional stimuli after 24 hours, and even eight months 

(Denburg et al., 2003).There have been conflicting reports o f  older adults’ autonomic 

response to emotional arousal however. Older adults have been found to show less 

increases in electrodermal activity in response to highly-arousing negative images 

compared to younger adults, in spite o f higher self-reports o f arousal levels (Gavazzeni 

et al., 2008). This would imply that ageing is associated with a decreased autonomic 

response to emotional arousal; however other studies have contradicted this result. In 

the aforementioned study o f emotional memory for example (Denburg, et al., 2003), 

there were no age-related difference in the SCR to positive, negative and neural 

emotional images; however the authors state that this was due to the large variability 

in the results, as the older adults did show lower SCR than both a young and middle- 

aged group, but the variance was too large for the result to reach statistical 

significance. It may be that the extremely variable nature of the SCR makes it difficult 

to reliably detect group differences. It is of importance therefore to examine age- 

related changes in arousal processing using fMRI as this remains an unanswered 

question. Given that there are large differences in valence processing with age it seems 

likely that arousal processing may also change across the lifespan, and this may have 

important implications for cognitive tasks which are enhanced by arousal such as 

memory and attention (Bradley, 2009; McGaugh, et al., 1996).

1.3.9 The Current Study- Arousal and Valence Processing in Ageing

In the current project, age-related differences in both emotional processing and 

emotional memory encoding were examined. Using the same parametric modulation
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paradigm that was applied to studying these processes in young, healthy women, a 

group of older (aged between 55 and 71), healthy women underwent fMRl. We wished 

to disentangle the relative contributions o f emotional arousal and positive valence to 

neural processing during emotional image viewing and successful memory formation, 

and in particular we were interested in exploring whether there are age-related 

differences in how emotional arousal modulates the BOLD signal and contributes to 

cognition in ageing, as this question has never been addressed using fMRI. The results 

o f the ageing studies are presented in chapters 4 and 5.

1.4 Structural Brain Correlates of Emotional Processing 

1.4.1 Structural Brain Changes in Ageing

MRl studies generally indicate that there is significant loss o f both grey matter (GM) 

and white matter (WM) in healthy ageing (Kaup, et al., 2011; Salat et al., 2004). 

Compared to young adults, older adults have been found demonstrate less GM volume 

that young adults in numerous MRI studies utilising voxel-based morphometry (VBM) 

to measure brain volume differences (Good et al., 2001; Smith et al., 2007). In 

particular, frontal brain regions seem to undergo more rapid atrophy compared to 

global brain changes or decreases in other regional grey matter (Raz & Rodrigue, 

2006), such as the hmbic structures, including hippocampus and amygdala (Grieve et 

al., 2011).

However, successful ageing does seem to be more likely in individuals who 

show attenuated rates of grey matter loss. In a recent review o f structural brain studies 

o f successful cognitive ageing, Kaup et al. (2011) found that most studies report a 

positive relationship between regional brain size, and cognitive performance. For 

example, Hackert et al. (2002) found a positive correlation between hippocampal head 

volume and verbal memory ability in healthy older adults, and indeed several other 

studies have similarly found a positive relationship between hippocampal volume and 

memory ability (Golomb et al., 1996; Lye et al., 2004; O'Brien et al., 1997), and 

greater hippocampal atrophy in individuals at risk for developing dementia (Reiman et 

al., 1998; Visser et al., 1999). Grey matter volumes in lateral and orbital prefrontal
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regions in older adults have been found to predict performance on attentional tasks 

(Zimmerman et al., 2006).

There appears to be a robust relationship therefore between grey matter loss 

and cognitive impairment in age, implying that maintaining grey matter volume with 

advancing age may be neuroprotective. Healthy ageing is also associated with both 

decreases in white matter volume (Grieve, et al., 2011) and with the loss of integrity 

in white matter tracts, as measured by diffusion tensor imaging (DTI) (Kaup, et al., 

2011). This structural disconnection between large scale brain networks is thought to 

be one of the key factors mediating age-related cognitive decline, as neural systems 

cannot communicate as effectively (Madden et al., 2007; Sullivan et al., 2001). In a 

study investigating the relationship between white matter tracts and cognitive 

performance in older adults (Kennedy & Raz, 2009), poorer working memory 

performance was associated with greater loss o f integrity in the anterior tracts, while 

poorer episodic memory was associated with degradation in central white matter 

regions. Decreased white matter integrity has also been found to correlate with decline 

in executive function and processing speed in age (Correia et al., 2008; Turken et al., 

2008).

1.4.2 White Matter Connectivity of the Amygdala

Located deep within the medial temporal lobes o f the brain, the amygdala comprises a 

group of subcortical nuclei that are crucial for emotional processing and emotional 

memory formation, as discussed previously. Although the white matter connectivity of 

the amygdala has been well characterised in other mammals such as rats and non

human primates (D. G. Amaral et al., 2003; Schmahmann & Pandya, 2006), the 

connections of the human amygdala are still not fully characterised.

Schmahamnn and Pandya (2006) outline in detail the fibre pathways in the 

rhesus monkey brain, and describe the connectivity o f the amygdala to cortical 

regions. The cingulum bundle reciprocally connects the amygdala to an area o f the 

ACC, BA 24, while fibres originating from the inferior temporal lobe join the anterior 

commissure and terminate in the amygdala. Regarding connectivity between the 

prefrontal cortex and the amygdala, fibres originating in a region o f the orbitofrontal 

cortex (OFC, BA 12) reach the amygdalae by travelling first to the anterior hmb o f the
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internal capsule and then onto the inferior thalamic peduncle from where they project 

to the amygdala as well as the hypothalamus. In contrast, fibres from an area in the 

medial prefrontal cortex (mPFC, BA 32) reach the amygdala by travelling via the 

uncinate fasciculus through the temporal pole. Finally, the last large fibre bundle 

connecting the amygdala to the cortex is the inferior longitudinal fasciculus (ILF). 

This large tract is the main connection between the ventral extrastriate occipital cortex 

(areas V2 and V4) and the anterior region o f the temporal lobe, which includes the 

parahippocampal gyrus, the lateral temporal cortex and the amygdala, and has been 

identified in humans using DTI (Catani et al., 2002; Catani et al., 2003). Importantly, 

the amygdala and the parahippocampal gyrus send projections back to visual areas via 

the ILF. These projections have been well-characterised in non-human primates (D. G. 

Amaral, et al., 2003; Amaral & Price, 1984), and are thought to modulate activation in 

early visual cortex, possibly playing a role in processes such as attention and memory 

retrieval. Figure 1.4 shows an image adapted from Adolphs (2004), which depicts the 

projections between the amygdala and the visual cortex in the primate brain.

Figure 1.4 A m ygdala-occipital projections in the prim ate brain, from Adolphs 

(2004). The basal nuclei project toV l and to all temporal visual cortices, while the 

lateral nucleus (L) receives input from high-level visual areas in the temporal lobe. 

Denser projections are represented by the darker shades.
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Although studies o f primate connectivity have contributed much to our knowledge o f  

how the human brain is likely wired, there are also significant inter-specie differences. 

For example results o f comparative studies have revealed that fibres from the anterior 

commissure are derived from a much larger cortical region in humans than in non

human primates (Di Virgilio et al., 1999). It is of paramount importance therefore to 

characterise the connectivity o f the amygdala in humans. However, to date there have 

been just a handful o f studies examining human amygdala connectivity. Part o f the 

reason for this paucity o f research is that the types of tracing studies conducted in 

primates are practically unfeasible in humans. In recent years however, the advent o f 

diffusion tensor imaging (DTI) has provided a method o f studying white matter tracts 

in vivo in the human brain. Although DTI does not provide the degree of anatomical 

detail that can be gleaned from tracing studies in non-human primates (Schmahmann 

& Pandya, 2006), it has the distinct advantage of providing structural connectivity 

information about the living human brain and is totally non-invasive. Several studies 

have exploited this technology to examine the connectivity o f the human amygdala.

The amygdala-PFC connections described in the animal literature (e.g. 

McDonald, 1998; Schmahmann & Pandya, 2006) were successfully recapitulated in a 

DTI study o f  young healthy subjects which used probabihstic tractography (Bracht et 

al., 2009). The authors identified a ventral pathway connecting the amygdala to the 

medial and lateral OFC via the uncinate fasciculus, while two dorsal pathways were 

identified- one medial pathway connecting the amygdala to the ACC via the inferior 

thalamic peduncle, and a lateral pathway connecting the amygdala to the DLPFC via 

the external capsule.

Back et al. (2011) used probabilistic tractography to conduct connectivity- 

based segmentation of the human amygdala. They exploited the different cortical 

connectivity profiles o f the amygdala nuclei to identify two groups of nuclei -  a 

superficial group, which is more strongly connected to the OFC and a deep group, 

which has a high degree of connectivity to the temporal pole (TP). Although this study 

did not reveal any new information about amygdala connectivity, it was unique in that 

it confirmed that results o f rodent connectivity studies (McDonald, 1998) are 

applicable to humans, and that there is a similar pattern of cortical connection which 

delineates these two large groups o f nuclei. The superficial group consists o f central, 

medial and cortical nuclei while the deep group consists of lateral, basal and smaller 

nuclei (Pitkanen, 2000). Importantly however, it also demonstrated a novel way of
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dissociating amygdala nuclei based on their connectivity pattern rather than their 

appearance, which is highly valuable given the homogeneous appearance of the 

amygdala complex on an MRI scan.

1.4.3 Amygdala White Matter Changes in Ageing

There have been a large number of studies examining age-related changes in 

hippocampal structure, function and connectivity in ageing, both healthy and disease- 

related. However, there has been less focus to date on the amygdala, despite the close 

relationship between these two structures, particularly in the encoding of emotionally 

salient memories. Furthermore, given the large literature reporting both behavioural 

differences in emotional functioning in healthy ageing, and in the functional activation 

o f the amygdala, it is of interest to examine whether there are age-related changes in 

the white matter connectivity o f these nuclei.

Several structural MRI studies found that in comparison to the rest o f the brain, 

the limbic structures showed an attenuated rate o f GM decline in ageing (Good, et al., 

2001; Grieve et al., 2005; Salat, et al.. 2004) although it was still unknown w'hether 

this pattern extended to WM in these regions. In a recent study utilising a large dataset 

o f over 400 healthy individuals ranging in age from 7 to 86 years, more detailed 

changes in the GM and WM of the individual limbic structures and their connections 

were examined (Grieve, et al., 2011). Several striking patterns were revealed, and in 

particular the amygdala, along with the hippocampus and entorhinal cortex, was 

identified as undergoing a slow rate of maturation and increasing grey matter volume 

over the first 30 years of life, followed by a slow decrease over the next 30, but then 

an accelerated decrease in grey matter in the last 30 years o f life. Regarding the 

associated WM tracts, diffusivity measures indicated an accelerated decline in 

fractional anisotropy (FA) in the limbic tracts in old age and an increase in mean 

diffusivity (MD). Although this study revealed many interesting results and was 

greatly strengthened by its impressive sample size, the data set was limited by low 

resolution data acquired using a 1.5 T MRI scanner and just 15 direction DTI data. 

Furthermore, although the authors used tract-based spatial statistics (TBSS) they did 

not conduct any tractography on the limbic-associated WM tracts and their focus was 

quite broad, encompassing the entire limbic system rather than just the amygdala. To
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date as far as we are aware, there has been no study conducted which examines 

amygdala connectivity changes in healthy ageing.

Therefore, in this project we acquired DTI data with the intention o f studying 

the connectivity o f the amygdala, and whether its connectivity profile changes during 

the course of healthy ageing. Given the many behavioural and functional brain 

changes that have been identified in healthy ageing related to emotional processing 

and amygdala function, and given the close relationship between the amygdala and 

emotional processing and memory, we wished to see whether there are changes in the 

structural connectivity o f the amygdala which may help to elucidate the neural 

mechanisms behind them. The results o f this endeavour are presented in chapter 6, 

which chronicles both a whole-brain TBSS study o f WM changes in ageing first, and 

then goes on to describe the amygdala connectivity changes which we identified. 

Given the fact that there seems to be relative sparing of hippocampal and amygdala 

GM volume in healthy ageing (Good, et al., 2001; Grieve, et al., 2005; Salat, et al., 

2004), it may be the case that there are WM connectivity changes that could better 

explain the differences in emotional and amygdala functioning.

1.5. Aims and Structure of this Thesis

This aim of this thesis is to contribute to our understanding o f the neural correlates of 

emotional processing in young and older adults, and in healthy ageing in particular. 

Since emotional processing is well-preserved with age, it can be seen as a model for 

successful brain ageing. This thesis is comprised o f four main experimental chapters, 

covering four MRl studies as follows. The first experimental chapter, chapter 3, details 

the fMRl paradigm which was developed to better elucidate the contributions o f 

emotional arousal and positive valence to the neural correlates of emotional processing 

in a group of young adults. It also contains the results o f the study to examine the 

relationship between the personality traits, extraversion and neuroticism, and the 

neural correlates o f emotional processing. The second experimental chapter, chapter 4, 

details the application o f this fMRl paradigm to older adults, and focuses on 

describing age-related differences in emotional processing. Chapter 5 contains the 

results o f the emotional memory paradigm for both the young and older adults. The 

final experimental chapter, chapter 6, describes the results of the structural, rather than
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functional, MRl study which investigated structural brain changes related to emotional 

functioning in healthy ageing. This includes a DTI and VBM study. The methods and 

materials are described in detail in chapter 2, while chapter 7 contains the general 

discussion.
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Chapter 2: Experimental Methods

Overview:

This chapter provides details o f the experimental methods employed in this research 

project. Magnetic resonance imaging was used to assess various aspects o f the 

functional and structural neural substrates of emotional processing in young and older 

healthy adults. The chapter begins with a brief introduction to magnetic resonance 

imaging. The experimental design and data analyses for the fMRl paradigm, which 

form the bases of chapters 3, 4 and 5, are then described. A brief introduction to 

diffusion tensor imaging (DTI) and its application to the study o f white matter tracts in 

the brain is then given, and the data acquisition and analyses for this component of the 

project aie outlined. Finally, the method of voxel-based morphometry (VBM) is 

introduced and the VBM analysis in the current study is described. The results o f the 

DTI and VBM studies are presented in chapter 6. This chapter also provides 

demographic information about the participants, inclusion criteria for the studies, 

details o f the behavioural testing protocols, and a description of the stimulus set used 

for the emotional fMRI tasks.

2.1 Background to MRI

2.1.1 Introduction to MRI

Magnetic resonance imaging (MRI) is a type o f medical imaging which is used in 

particular to examine soft tissue which is high in water content. It exploits the 

properties o f hydrogen atoms in a magnetic field to acquire images with high spatial 

resolution for use in both diagnostic medicine, and importantly, in cognitive 

neuroscience research (McRobbie et al., 2003). Like most o f  the body’s soft tissue, the 

brain is comprised o f approximately 70% water, H20. The cores o f hydrogen atoms are
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positively charged subatomic particles, protons, which spin and induce a small 

magnetic field. In the presence o f a very strong external magnetic field, such as a MRI 

scanner, the protons align with the external magnetic field. Bo, either parallel or 

antiparallel. See figure 2.1.

Figure 2.1 Schema o f MRI (i) In the presence of a strong external magnetic field 

such as an MRI scanner, the protons in the soft tissue of the body, e.g. the brain, align 

either parallel or antiparallel to the field.

A second radiofrequency magnetic field, called a radiofrequency (RF) pulse, is then 

applied using a radiofrequency coil, and the protons absorb some o f this high 

frequency energy. This absorbed energy dissipates quickly however, and the protons 

return to their original energy state, through the process of relaxation (Rinck, 2001). 

See figure 2.2.

(̂ ) RF pulse (^) Relaxation

Figure 2.2 Schem a o f MRI (ii) (a) A radiofrequency pulse is applied and the protons 

absorb this energy before (b) it dissipates quickly through the process of relaxation. 

Different types of relaxation form the basis o f the MR signal.

No ncUl Wilh ncld
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MRI contrast is provided by measuring the rate o f relaxation, which is different for 

different types o f tissue, e.g. GM, cerebrospinal fluid (CSF). The different contrasts of 

the tissue types are used to reconstruct an image of the tissue o f  interest (Haacke et al., 

1999). Spatial resolution can be increased by using higher magnetic field strengths, 

and for a particular field strength spatial specificity can be optimized by using pulse 

sequences that are less sensitive to signals originating from within and around major 

blood vessels (Logothetis, 2008).

2.1.2 MR Relaxation- T l, T2 and T2*

There are three main types o f MR relaxation that provide contrast in MRI. T l-  

weighted images reflect spin-lattice relaxation time, and are partially effective at 

delineating fat from water, such that fatty tissue, e.g. cortical grey matter, appears 

darker than the surrounding water, e.g. CSF. High re.solution MR images o f  brain 

structure exploit T l relaxation, to give high quality images o f the anatomical structure 

of the brain. Although MRI is limited be the resolution of the acquired images, it is 

possible with a 3 T MR scanner to acquire structural brain images with a voxel size as 

small as 0.5 mm. In the current project a high resolution T l-w eighted anatomical 

image was acquired for each participant with isotropic voxel dimensions of 0.9mm". 

These images were used for structural localisation of the fMRI activation and were 

also used to conduct a VBM analysis o f GM and WM.

T2-weighted images are based on spin-spin relaxation time, and are also useful 

for differentiating fatty tissue from water, with tissue appearing darker than water. An 

example o f a T2-weighted scan is a FLAIR (Fluid attenuated inversion recovery) 

image, and although not utilised very frequently in neuroimaging research, they are 

commonly used in diagnostic medicine as they are less susceptible to inhomogeneity 

in the magnetic field and are extremely sensitive to white matter hyperintensities 

(Kloppel et al., 2011; Wen & Sachdev, 2004) and ischemic lesions (Aoki et al., 2010).

T2*-weighted images are acquired using a gradient echo sequence and are 

extremely sensitive to tissue with venous blood. They are used to measure changes in 

the BOLD signal and are the basis of fMRI, which measures neuronal activation and 

aims to link mental functions to brain activity- see below for a brief description.
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2.1.3 Functional MRI and the BOLD Signal

Functional magnetic resonance imaging (fMRI) is a type o f neuroimaging which uses 

MRI to measure neuronal activation and provide a dynamic measure of brain activity 

in vivo (Huettel et al., 2008). It has revolutionised the field o f cognitive neuroscience, 

greatly enhancing our understanding o f how the human brain functions, and continues 

to be the neuroimaging method of choice for most cognitive neuroscientists. Its 

advantages over other neuroimaging techniques are manifold, but in particular it is 

noteworthy for its superior spatial resolution over other modalities such as EEG or 

PET, and unlike PET or CT scans it is completely non-invasive, without the need of 

radioactive tracers or harmful electromagnetic radiation (Buxton, 2009). FMRI has 

provided vast amounts o f information about how the brain functions in healthy 

individuals, and not just in disease processes, which would have traditionally been 

studied with lesion and post-mortem studies.

FMRI is a hemodynamic-metabolic approach to neuroimaging, in contrast to 

electromagnetic approaches such as EEG or MEG (Logothetis & Pfeuffer, 2004). In 

this sense the signal exploits the fact that neuronal activity is coupled with energy 

metabolism- neurons cannot store their own energy sources, and rely on surrounding 

support cells (astrocytes) to provide nutrients and metabolites. When synaptic firing 

increases and neural activity rises, there is an increase in blood flow to the neural 

tissue to meet the increased demand for energy of the neuronal population. This 

incoming blood is rich in oxygen, while the outflowing blood has been depleted of 

oxygen. The change in the oxygen level (haemoglobin) o f the blood provides the 

contrast for the blood-oxygenation-level-dependent (BOLD) signal in fMRI, as 

oxygenated and deoxygenated blood has a different relaxation, or magnetic resonance 

signal. Areas of greater BOLD signal signify areas o f greater neuronal activation, thus 

enabling the visualisation o f brain regions recruited to perform a particular cognitive 

task in the scanner, e.g. discriminate between visual cues, memorise a list of words. In 

summary, changes in blood oxygenation and blood volume occur as a result o f neural 

activity, and it is this that is measured by fMRI. BOLD fMRI forms the basis o f the 

functional neuroimaging technique utilised in this research project to study the neural 

correlates of emotional processing in healthy ageing. See figure 2.3 for a schema of 

the neural basis o f the BOLD signal.
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Figure 2.3 Schema o f the neural basis o f the BOLD signal, adapted from Heeger & 

Ress (2002). Active neurons (indicated by the synapse) have higher metabolic 

requirements and are supplied nutrients by surrounding astrocytes. The increased 

incoming blood flow carrying glucose and oxygen (O2) is rich in haemoglobin and has 

a weaker MRI signal; the outflowing blood is deprived of haemoglobin and has a 

stronger MRI signal. This difference forms the basis of the BOLD contrast that is the 

basis o f fMRI.

Although fMRI has been utilized for more than 20 years, it was as recent as ten years 

ago that primate experiments finally proved the neural substrate o f the BOLD signal. 

Simultaneous intracortical recordings o f neural activity and BOLD fMRI in the 

primary visual cortex o f alert non-human primates (Goense & Logothetis, 2008; 

Logothetis et al., 2001) indicated that local field potentials (LFPs; signals dominated 

by current from nearby dendritic synaptic activity) are the most predictive 

electrophysiological measure o f the BOLD signal, indicating that the BOLD signal is 

primarily driven by local cortical processing of inputs. Furthermore, most BOLD 

variance was explained by LPFs in the range o f 20-60 Hz, which is probably reflective 

of neuromodulation, i.e. the diffusion of neurotransmitters such as dopamine, 

serotonin and acetylcholine; rather by than direct synaptic transmission (Goense & 

Logothetis, 2008).
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2.2 FMRI Study Methods

2.2.1 Participants

MRl data were collected from two groups of women for this research project. The first 

group consisted o f 24 young (mean age 23.04 ± 3.48 years; age range = 19 to 30 years) 

women and the second group comprised 24 older (mean age 61.0 ± 5.24 years; age 

range = 55 to 71 years) women. All o f the volunteers were healthy, right-handed and 

had no history o f neurological or psychiatric illness, including depression. FMRI data 

from one young and one older participant were excluded due to technical faults during 

data acquisition, therefore 23 paiticipants were included in each group for the fMRI 

data analyses.

In order to screen for possible subclinical dementia subtypes, i.e. amnestic or 

non-amnestic mild cognitive impairment (Petersen et al., 1999), all older adults 

underwent a neuropsychological assessment which included the CERAD 

neuropsychological battery (the Consortium to Establish a Registry for A lzheim er’s 

disease), a full medical history and a neurological examination. As part of the 

CERAD, the mini-mental state exam (MMSE) was used to screen for general 

cognitive impairment, and a cut-off score of 24 was adopted to exclude possible 

dementia or other age-related cognitive dechne, such as mild cognitive impairment 

(MCI). None o f the women scored this low, and the mean MMSE score was 29.33± 

0.96, with a range o f 28 to 30. Memory was assessed using an immediate and delayed 

word list recall test (Kaltreider et al., 2000). Verbal fluency was assessed using a 

category fluency test (animals), which also tests executive function. Working memory 

was assessed using the Trails A and B tests. W ord knowledge and verbal ability was 

assessed using the Boston naming test (Mack et al., 1992). Pre-morbid intelligence 

was measured using the National Adult Reading Test (NART, Crawford et al., 2001). 

Constructional praxis assessed visuospatial function, while recall o f praxis assessed 

both visuospatial function and short term memory.

The participants’ scores on all o f  these subtests o f  the CERAD were compared 

against standardised mean scores for women o f a similar age and education level. The 

CERAD uses an exclusion criteria o f  > 1.5 SD below the mean score, i.e. a score 

worse than this on any subtest is considered outside of the normal, cognitively healthy
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range for this test; and scoring poorly on more than one domain, in combination with 

Peterson’s criteria for MCI (Petersen, et al., 1999) may indicate MCI. A deficit on a 

memory-related test may indicate the presence o f amnestic MCI (aMCI). Although not 

a full clinical examination, the CERAD battery has been shown to be sensitive to the 

presence o f age-related cognitive decline (Welsh et al., 1991; Welsh et al., 1992) and 

therefore was used to satisfy the criteria for cognitively healthy older adults in the 

current study. The participants’ demographic details are summarized in Table 2.1.

Table 2.1 Summary o f fMRI participant demographic characteristics and 

neuropsychological test scores. Abbreviations: Edu, education; MMSE, Mini-Mental 

State Examination; NART, National Adult Reading Test (both included in the 

CERAD); BDI, Beck Depression Inventory; EPQ, Eysenck Personality Questionnaire. 

Standard deviations are indicated in parentheses. The p-values are from a series of 

independent t-tests which were run to examine between-group differences in the 

scores. The only significant difference (other than age) was in neuroticism scores, 

which were higher in the young group.

Young Old Group Diff p
Age (yrs) 23.04(3.46) 61 (5.24) t (44) = -28.99 0.00001
Edu (yrs) 18.09(2.52) 16.83(4.6) t (44) = 1.15 0.255
BDI 4.22 (3.38) 3.73(3 .6) t (44) =-0 .34 0.735
EPQ-N 4.83(2 .62) 2.57(2.37) t (44) =3 .07 0.004

EPQ-E 8(3.58) 8.3 (2.8) t (44) =-0 .32 0.75
EPQ-P 2.22(1.44) 2.04(1.61)

00rodII

f■»-» 0.702
MMSE - 29.3(0.97) - -
NART - 40(4.72) - -

The young and older women had on average 18.09 (2.52) and 16.83 (4.60) years o f 

formal education respectively, and a two-sample t-test indicated that there was no 

significant difference between years o f education (t = 1.15, p > 0.05). None o f the 

participants had a history o f psychiatric or neurological illness and they all were right- 

handed as assessed by the Edinburgh handedness inventory (Oldfield, 1971). 

Depression levels were measured using the Beck Depression Inventory, second edition 

(BDI-II, Beck et a l ,  1996) and none of the participants met the criteria for depression. 

The mean BDI-II scores for the young and older groups were 4.22 (3.38) and 3.73
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(3.60) respectively, and these did not differ statistically (t = -0.34, p = 0.74). The cut

off score for mild depression according to the BDI-Il manual is 14 (Beck et al., 1996). 

It was especially important to exclude any participants with possible depression as 

depression is associated with alterations in emotional processing (Fales et al., 2008; 

Leppanen, 2006; W. H. Liu et al., 2011) and with structural brain changes, such as 

reduced hippocampal and amygdala volume (Bellani et al., 2011; Lorenzetti et al., 

2009).

Only women were included in the current study as there have been 

considerable differences found between genders in emotional reactivity (Bradley, 

Codispoti, Sabatinelli, et al., 2001), in the neural representation o f emotion (Beck et 

al., 1996; Cahill, et al., 2001; Wager et al., 2003; W rase et al., 2003) and in levels o f 

neuroticism (Lynn & Martin, 1997). Therefore in order to reduce heterogeneity in the 

results, we chose to include only women.

The study had full ethical approval from the St. James Hospital and the 

Adelaide and Meath Hospital, Incorporating the National Children's Hospital Research 

Ethics Committee. All o f the participants gave written informed consent before 

commencing the study. The young participants were recruited mostly from Trinity 

College Dublin, with the use of poster advertisements. They were paid €40 for taking 

part. The older participants were recruited from the greater Dublin area primarily 

through advertisements in church newsletters and volunteering websites. They were 

not paid for participating, however all travel costs were reimbursed.

2.2.2 Stimulus Set

The stimuli for the fMRl paradigm consisted o f 190 coloured photographs. They were 

a combination o f 98 images from the International Affective Picture System (lAPS, 

Lang et al., 2007) and 92 images gathered by the experimenter from various sources. 

They were either positive or neutral in valence and they varied in arousal level. The 

stimuli were limited to neutral and positive valence only for several reasons. First, 

although arousal and valence tend to be highly correlated (Bradley, et al., 1992; 

Ribeiro, et al., 2005), we included images which were positive or neutral in valence 

and which varied in arousal level, allowing us to match the stimuli along one 

dimension while varying along the other, and so investigate their effect on the BOLD
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signal separately. However, the co-variation o f arousal with valence is particularly 

strong in the case o f negative images, which tend to be rated as more arousing than 

positive images (Lang, et al., 2008). Therefore it was not possible to have enough 

negative low arousal examples. Second, we were particularly interested in examining 

the relationship between neuroticism and positive valence. Third, we wanted to be sure 

that any linear associations with valence in the imaging paradigm could be interpreted 

clearly as being associated with increasing valence from neutral to positive, and not 

confounded by the inclusion of negative stimuli.

The lAPS was supplemented with additional images to increase the number of 

positive, low arousal and neutral, higher arousal images in particular, as these are quite 

limited in the lAPS. Also, since many o f the lAPS stimuli were gathered as long ago 

as the 1970s, many o f the images are quite poor in quality and the people depicted 

appear old-fashioned. Therefore newer images were chosen to replace some o f these. 

Our new images were chosen to be as similar as possible to the lAPS images and so 

included very similar content and a mixture o f objects, scenes, animals and people as 

does the lAPS. None of the stimuli included in the study were of a sexual nature.

As far as was possible the images o f different valence and arousal levels were 

chosen to contain the same number of people, animals, scenes and objects. Before the 

experiment all of the images were rated by 15 young, healthy participants, of which 8 

were women, along the dimensions of valence, arousal and dominance. These ratings 

were collected to both devise approximate ratings for the new images and also to 

assess the level o f agreement between the lAPS standard ratings, which are devised 

from a US sample, and the ratings of a group of young Irish adults. Further details of 

the ratings o f the new images and the lAPS images, as well as examples o f images 

from our stimulus set can be found in appendix 1 and 2. The stimuli were delivered 

using Presentation v. 13.0 (Neurobehavioral Systems, Albany, CA, US).
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2.2.3 Experimental Design

Functional MRI Paradigm: Encoding Phase

The participants viewed 190 coloured images as they underwent fMRI. To avoid long- 

lasting mood states the images were pseudo-randomized so that no more than three 

images of the same valence or arousal type were presented in a row. The task 

consisted of two experimental runs, each containing 95 trials and lasting 

approximately 20 minutes. In each trial an image was presented in the centre o f a 

white background for 3000 ms, and after a delay o f 1000 to 3000 ms (pseudorandom 

jitter), a prompt appeared on screen for 2000ms asking the participants to classify the 

image they had just seen as “Living” or “Non-living”. The participants were instructed 

to make their response by pressing either the left or right button on a MR-compatible 

button response box held in their right hand, to correspond with the left/right position 

o f  the “Living/Non-living” word on the screen. This shallow encoding task was 

intended to maintain the participants’ focus for the duration o f  the task, without 

explicitly drawing their attention to the emotional content of the stimuli (Kensinger et 

al., 2007b). The onset of both the images and the prompts were jittered to ensure 

optimal sampling of the hemodynamic response (Josephs & Henson, 1999). The 

participants completed a short practice run of 10 trials using different images outside 

of the scanner in order to familiarise them with the task. Figure 2.4 shows a schema of 

the encoding phase.
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Figure 2.4 Schem a o f the fMRI encoding phase. Image onset was jittered over 

4000ms, while prompt onset was jittered over 2000ms. Each trial lasted 14 seconds 

and the inter-trial interval was between 6 and 10 seconds.

Recognition Phase

The young participants returned two or three days after the encoding phase (mean time 

= 2.26 ± 0.45 days) for the recognition phase of the experiment, which was a surprise 

memory test. The older participants completed the recognition task after either one or 

two days (mean time = 1.29 + 0.46 days). This discrepancy was intended to roughly 

equalise the memory performance between the young and older groups (Morcom et 

al., 2003) so that there was an approximately equal number of trials in the two groups 

for the fMRI analysis, as in the memory paradigm, the encoding trials were divided 

according to whether the images were subsequently remembered correctly or not. 

During the recognition phase only behavioural data was collected, and the task 

consisted of a version o f the Know, Familiar, New paradigm (Duzel et al., 1997; 

Tulving, 1985). The images seen during encoding were presented along with 60 foil 

images which were matched for valence, arousal and content. The task was again split 

into 2 runs, each with 125 trials. A trial consisted of an image presented in the centre 

of a white screen for 2000ms, followed by a short delay and then a prompt requiring 

the participants to classify the images as “Know”, “Familiar” or “New”. Know 

indicated that the image was one they were certain they had seen before, Familiar was 

to indicate that the image looked familiar but they couldn’t be certain they had seen it
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before, while New was to indicate a novel image they had never seen before. The 

options were represented by the letters K, F and N. The prompt stayed on screen until 

the participants made their selection, and then the task moved on to the next trial. The 

images were pseudo-randomised as before, and randomised in reference to the order of 

the encoding images. The participants completed a short practice run of 10 trials using 

different images before the real task began. Figure 2.5 shows a schema o f the 

recognition phase.

Image Prompt & Response

2 4 6 8 10 12 Seconds

Figure 2.5 Schem a o f the recognition phase. An image was presented for 2000ms 

and then the memory prompt appeared on screen. After the participant made their 

selection the task moved into the next trial.

Post-Scanning Image Rating

The participants did not rate the images while in the scanner as emotional evaluation 

has been found to result in attenuation of the neural response to emotional stimuli, 

thought to be due to the top-down influences of cognitive re-evaluation and judgm ent 

(Hariri et al., 2000; Taylor et al., 2003). Instead after they completed the recognition 

task, one-three days after the scan, they then rated all o f the images they had seen 

during the scanning session as well as 48 negative images from the lAPS along the 

dimensions of valence, arousal and dominance. The negative images were included in 

the rating task to provide contrast to the others, to ensure that the participants
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understood the full remit o f the valence dimension. A computerized version o f the 

Self-Assessment Manikin (SAM, Lang, et al., 2008) was used to operationalize 

valence, arousal and dominance. Figure 2.6 shows a schema of the rating phase.

Image + valence rating Image + arousal rating Image + dominance rating

HrlW Hr
9 8 7  6 5 4 3  2 1

excited  <
1 2 3 4  5 6 7 8 9

con tro lled  In con tro lu n h ap p y

Response Response Response

Time

Figure 2.6 Schem a o f the rating phase. Each image was rated along the dimensions 

of valence, arousal and dominance. Each rating scale stayed on screen until the 

participant made a selection, then moved onto the next rating scale. After an image 

had been rated along the three dimensions the next image was presented.

2.2.4 MRI Scanning Protocol

Imaging data were acquired using a Philips Intera Achieva 3.0 T MR system (Best, 

The Netherlands). The BOLD signal changes were measured using a T2*-weighted 

echo-planar imaging sequence with TR = 2000ms and TE = 30ms. Each volume of 

data covered the entire brain with 39 slices, and the slices were acquired in interleaved 

sequence from inferior to superior direction. 598 volumes were acquired during each 

of the two runs, with voxel dimensions of 3.5 x 3.5 x 3.85 mm and a 0.35 mm gap 

between the slices. A TIW /IR  sequence was used to collect a 3D high-resolution
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anatomical image with voxel dimensions equal to 0.9 x 0.9 x 0.9mm for structural 

localisation.

2.2.5 Data Analyses 

2.2.5.1 Behavioural Data

The experimental log files were parsed using python scripts (version 2.6.2, 

http://www.python.org/) to extract performance and rating information. These data 

were then used to create individually-tailored regressors for each participant based on 

their subjective ratings o f the images. Statistical analyses o f the behavioural results 

were conducted using IBM SPSS Statistics v. 19.

2.2.5.2 MRI Data Analysis 

Preprocessing

The MRI data were analysed using AFNI (Cox, 1996) (http://afni.nimh.nih.gov/afni/) 

and FSL (FMRIB Software Library- http://www.fmrib.ox.ac.uk/fsL/). The first four 

dynamics were obtained to correct for T1 equilibration effects and were subsequently 

discarded. The data were motion corrected by realignment to the first volume o f  the 

first run, concatenated into a single run, global mean-adjusted by proportional scaling 

and smoothed with a 6 mm full-width-at-half-maximum Gaussian kernel.

Emotional Perception Analysis

A general hnear model (GLM) analysis was conducted in AFNI. Figure 2.7 shows a 

schema o f the GLM model. Two regressors of interest were included to model the 

variance due to the image and prompt trials- these two regressors modelled the mean 

BOLD signal change from baseline across all trials. To model the additional effects of 

arousal and valence on the BOLD response during the image trials, subjective ratings
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of arousal and valence for each image were included as single trial parametric weights. 

This resulted in three image regressors: a constant unmodulated regressor describing 

the mean BOLD response during the image presentations, regardless of the arousal or 

valence of the image (this will be referred to as the constant BOLD response), BOLD 

activation during the image trials modulated by arousal, and BOLD activation during 

the image trials modulated by valence. A separate regressor was included for all of the 

images rated as negative, so that these trials were not included in the amplitude 

modulation analysis. Several regressors o f no interest were also included in the GLM 

to model the following sources o f variance: (a) six motion parameters (b) eight 

regressors to model low frequency noise and (c) two regressors to model the mean 

differences between the two runs.

Prom pt Image Prom pt Prom pt

Living Non LivingLiving Non U ving Non Living liv ing

Figure 2.7 Schem a o f the fMRI analysis and parametric modelling of the 

hemodynamic response function. Each trial consisted of an image presented for 3000 

ms, a pseudo-random jitter of 1000-3000 ms before the onset o f the prompt for 2000 

ms, followed by an inter-trial interval o f between 5000 and 8000 ms. The valence and 

arousal ratings were included in the GLM as amplitude modulators and are shown in 

blue and red respectively, while the constant or average BOLD response is represented 

by the solid grey response. The BOLD response to the prompts is shown as a dashed 

grey line.
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Emotional Memory Analysis

In order to examine memory-related BOLD activation, the trials from the encoding 

scan were subsequently divided according to whether the participants later 

remembered the images correctly in the recognition phase. Images identified as 

“know” were considered remembered correctly and these trials were assigned to the 

“know” condition, while images either identified as “familiar” or “new” were assigned 

to the “forget” condition. This was done for two reasons. First, it ensured that the 

memory-related BOLD signal was isolated to those trials that were firmly committed 

to long-term memory only. Second, it ensured that each participant had enough trials 

in both the know and forget conditions for an event-related analysis, which requires a 

minimum o f approximately 25 trials per category (Murphy & Caravan, 2005). The 

constant BOLD response during trials subsequently remembered (“know”) or 

forgotten (“forget”) was first compared in order to identify the brain regions recruited 

during successful memory encoding. The arousal- and valence-dependent activations 

during the remembered and forgotten trials were then contrasted, in order to isolate the 

specific contributions o f arousal and valence to successful memory encoding.

Transformation of Results to Standard MNI space

All statistical analyses were calculated in the participants’ native space, then the 

regressor coefficients maps were normalized into standard stereotactic space by 

warping them to the MNI brain template (Montreal Neurological Institute/International 

Consortium for Brain Mapping 152 standard atlas as provided in the FSL software 

package) using FSL’s linear registration tool, FLIRT. The transformation matrix (12 

parameter affine) from native space to MNI space was calculated using the high 

resolution structural images from each subject.

Second-Level Analyses

The young and older groups were first analysed separately, before performing age- 

related analyses. The group statistical analyses were based on a random-effects model.
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and activation maps of the constant and modulated responses were calculated with a 

series of independent t-tests.

Additionally, for the first study, described in chapter 3, the relationship 

between personality and brain activation was examined with a series of whole brain 

correlations using AFNI’s tool 3dRegAna. The participants’ levels o f  extraversion and 

neuroticism were separately regressed against the constant BOLD response, the 

arousal-modulated response and the positive valence-modulated response. In order to 

control for the near inverse correlation between extraversion and neuroticism, when 

examining the relationship between extraversion and the BOLD signal, neuroticism 

was included as a covariate of no interest in the model, while extraversion was 

included as a covariate o f no interest when examining the effects of neuroticism on 

brain activation.

For the ageing study, described in chapter 4, the young and older adults’ 

constant BOLD signal, and arousal- and valence-dependent modulations were 

compared with a series of ANCOVAs, using 3dRegAna. These controlled for 

neuroticism scores, which differed significantly between the two groups (t (45) = 3.07; 

p = 0.004).

For the emotional memory analysis, the results o f which are described in 

chapter 5, the young and older groups were analysed first separately, with a series o f t- 

tests. For the ageing comparison, the young and older adults’ results were compared 

using a series of ANCOVAs which controlled for two nuisance covariates, neuroticism 

scores, and memory performance, which may have influenced the memory-related 

BOLD signal.

Correction for Multiple Comparisons

Significant voxels passed a voxelwise statistical threshold o f  p < 0.01. To correct for 

multiple comparisons across the brain each cluster had to have a minimum size o f 708 

|j L o f contiguous statistically significant voxels to be considered statistically 

significant. This minimum cluster size was calculated using a Monte Carlo simulation 

(using the program AlphaSim in AFNI) to obtain a (family wise error) corrected p < 

0.05 statistical significance in the t-tests. A small volume correction was used for the 

amygdala and hippocampus, with a minimum cluster size for these structures o f 94 |j L
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of contiguous statistically significant voxels (~ 12 voxels in MNI space with dims = 2 

X 2 X 2 mm^). This value was calculated by applying a Monte Carlo simulation to 

masks created for the left and right amygdala and hippocampus from the FSL Harvard- 

Oxford subcortical structural atlas. The SPM anatomy toolbox (V I.7b, Eicknoff et al., 

2005) was used to localize activation clusters; however where there were no 

probabilistic cytoarchitectonic labels available, an approximate Brodmann area (BA) 

is given in the results table instead.
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2.3 Background to DTI

2.3.1 Introduction to DTI

D iffusion  tensor im aging (D T I) is a type o f  MRI which quantifies the Brownian  

m otion (or diffusion) o f  water w ithin tissue. Water diffuses more rapidly along  

m yelinated W M  fibre bundles as op posed  to perpendicularly to them, therefore DTI is 

optim ized for im aging W M  tracts in the brain (Alexander et al., 2007; M ori et a l ,  

1999). U sing d iffusion  gradients sensitized  to diffusion in m ultiple directions, the 

preferential directionality o f  d iffu sion  m olecules can be determined (B asser & Jones, 

2002). DTI provides both inform ation regarding the orientation o f  W M  fibre tracts and 

their integrity. DTI has revolutionised  the field o f  neuroimaging because it provides a 

method for visuahsing W M  tracts in v ivo  in the living human brain. Previous to this, 

the only w ay to exam ine these tracts was with post-m ortem  h istology, or traditional 

T 1-w eighted  M RI, which is not optim ized  for visualising W M tracts.

2.3.2 The Diffusion Tensor

Basser et al. (1994a, 1994b) first applied the diffusion tensor m odel to describe 

anisotropic d iffusion. A ccording to this m odel, the diffusion tensor is a 3X 3 matrix 

which describes the covariance o f  d iffusion  displacem ents in three d im ensions, x, y, z, 

norm alized by the diffusion  time. From  DTI im ages a d iffusion  tensor matrix is 

generated for each voxel. From the tensor are derived three eigenvalues, X,i, X2 , >^3 and 

their corresponding eigenvectors, C i ,  8 2 ,  £ 3 ,  which describe the d iffu siv ities and 

directions along the principal axes respectively. W hen the three eigen valu es are 

approxim ately equal the d iffusion  is considered isotropic; how ever w hen they differ 

the d iffusion  is anisotropic. Thus for each voxel the direction and m agnitude o f  the 

principle e igen vector and its corresponding eigenvalue g ives the primary orientation o f  

W M in that voxel as w ell as a m easure o f  the W M  integrity. E igenvalues are affected  

by changes in W M microstructure, therefore DTI provides a sensitive measure o f  

probing W M  changes, for exam ple in d isease or ageing (A lexander, et al., 2007; 

SulHvan & Pfefferbaum , 2006). S ee  figure 2.8 for a schem a o f  the basis o f  DTI.
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Figure 2.8 Schem a o f the basis o f DTI. DTI is based on the signal derived from the 

motion of water within tissue in the body, (a) W ater in myelinated axons diffuses more 

easily in the direction of the axon, (b) Isotropic diffusion is diffusion equal in all 

directions, which anisotropic diffusion confined to one plane only, (c) The diffusion 

tensor model is used to describe anisotropic diffusion. From the diffusion matrix the 

eigenvalues are calculated, and from these are derived the diffusion measures used to 

measure white matter in the brain, e.g. fractional anisotropy (FA) and mean diffusivity 

(MD).
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2.3.3 DTI Measures: FA, MD, AD and RD

From the diffusion tensor matrix, two basics types of diffusivity measures are derived, 

which can be classified as either direct or secondary (summary) measures o f 

diffusivity. These are then used to create voxel-wise maps o f diffusivity in the brain. 

Direct measures include axial and radial diffusivity, while summary measures include 

fractional anisotropy and mean diffusivity.

Fractional anisotropy (FA) is by far the most widely-used measure in diffusion 

imaging. FA is a function o f the three eigenvalues and varies from 0, indicating 

completely isotropic diffusion, i.e. diffusion equal in all directions, to 1, indicating 

completely anisotropic diffusion, i.e. diffusion along one direction only. In the brain 

the myelin sheaths that insulate the neuronal axons and increase the efficiency of 

synaptic transmission facilitate anisotropic diffusion, as the water molecules easily 

diffuse along the length of the axon rather than away from it. In cases o f axonal 

damage however, anisotropic diffusion is reduced as the underlying axonal 

architecture is comprised, and FA decreases. Examples of such damage are WM 

lesions (Preziosa et al., 2011) and age-related WM damage (Schuster et al., 2011).

Mean diffusivity (MD) is the average o f the three eigenvalues o f  the diffusion 

tensor and is a measure o f overall diffusivity. Higher MD therefore indicates higher 

global diffusivity and poorer WM integrity. MD generally increases with age 

(Schuster, et al., 2011), and in cases o f WM lesions (Ibrahim et al., 2011).

The tensor eigenvalues arguably demonstrate a closer relationship to WM than 

FA, and for this reason direct rather than summary measures are sometimes favoured 

as diffusivity parameters. Axial diffusivity (AD) is equal to the first and largest 

eigenvalue o f the diffusion tensor, and is thought to reflect the diffusion parallel to the 

direction of the axon. Animal studies have linked decreases in AD to axonal damage 

specifically (Budde et al., 2009; Song et al., 2002), with increased AD in mouse 

models o f multiple sclerosis (Budde, et al., 2009), which are characterised by axonal 

lesions. Although AD might be predicted to decrease with age, as WM tract integrity 

generally decreases, ageing studies have found AD changes to be quite variable, and to 

vary across different tracts, not showing the same clear linear decrease that is often 

evident in FA values (Michielse et al., 2010; Sala et al., 2010).
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Radial diffusivity (RD) is equal to the average of the second and third 

eigenvalues o f the diffusion tensor, and represents diffusivity perpendicular to the 

direction of the axons in a fibre bundle. RD has been directly linked to demyelination 

(Klawiter et al., 2011; Song, et a l ,  2002), and it has generally been found to increase 

with age (Barrick et al., 2010; Sala, et al., 2010). In the current study, FA, MD, AD 

and RD values were examined.

2.4 DTI Study Methods

2.4.1 Participants

DTI data were collected from twenty-one young (mean age 23.04 ± 3.48 years) and 24 

older (mean age 61.0 + 5.24 years) female volunteers who completed the fMRl study. 

There was one extra older woman whose DTI data was analysed but who was not 

included in the fMRl analysis due to a technical fault with the fMRl paradigm. DTI 

data could not be acquired for three of the younger subjects due to time constraints. 

All of the participants were healthy and right-handed, with no history o f neurological 

or psychiatric illness, including depression. Demographic details are summarized in 

Table 2.1.

2.4.2 Data Acquisition

Imaging data were acquired using a Philips Intera Achieva 3.0 T MR system (Best, 

The Netherlands). Diffusion-weighted data were acquired with an echo-planar imaging 

(EPI) sequence. MR images with 32 non-collinear diffusion gradients and without 

diffusion gradient were acquired with the following parameters: TR = 10000 ms, TE = 

79 ms, B-factor = 1000 s/mm2, slice thickness/gap = 2.5/0 mm, FOV= 240 mm, slice 

number = 55, voxel dimensions = 2.5 m m '. A T1W /IR sequence was used to collect a 

3D high-resolution anatomical image with voxel dimensions equal to 0.9 x 0.9 x 

0.9mm for structural localization.
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2.4.3 DTI Data Analyses

Data Preprocessing

Data preprocessing was performed using FSL library tools and CATNAP (Landman et 

al., 2007; http://iacl.ece.jhu.edu/~bennett/catnap/catnap.shtml). Motion distortion and 

eddy current corrections were performed and the bvecs and bvals matrices were 

calculated. Tensor estimation was completed using DTIFIT in FSL. Fractional 

anisotropy (FA) and mean diffusivity (MD) images were calculated, as well as the 

first, second and third eigenvalue images. From these the axial and radial diffusivity 

maps were derived, where the axial diffusivity (AD) image is equal to the first and 

largest eigenvalue o f the diffusion tensor matrix, L I, and the radial diffusivity (RD) 

image is equal to the mean o f the second and third eigenvalues in the matrix. 

BedpostX analysis was completed in FSL, which calculates a Bayesian estimation of 

diffusion parameters and runs Markov chain Monte Carlo sampling to build up 

distributions on diffusion parameters at each voxel.

Amygdala Volume Extraction and Seed Mask Creation

The seed masks for the tractography were the left and right amygdalae. Each subject’s 

amygdalae were first extracted from the T1-weighted high resolution anatomical 

image using the automated subcortical segmentation program FIRST v l.2  in FSL 

(Patenaude et al., 2011). These segmented structures were checked for parcellation 

errors and were then transformed into the subject’s diffusion space using FSL’s linear 

transformation program, FLIRT. A transformation matrix was calculated by warping 

the zero diffusion (BO) image into the subject’s anatomical image space and this was 

then inverted and applied to transform the anatomical region of interests (ROIs) to 

diffusion space, using nearest neighbour interpolation. The number o f voxels in the 

right and left amygdala seeds were calculated for each subject and used as covariates 

o f no interest in the tractography statistics in order to control for the possibility that the 

tractography results were influenced by the size o f the seed ROI.
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Figure 2.9 Creation o f  the am ygdala seed masks. The right and left amygdala were 

extracted for subjects using FSL’s automated subcortical segmentation program, 

FIRST, from the T1-weighted image (a), and then transformed into the subject’s 

diffusion space for use in the tractography (b).

Exclusion Mask Creation

An exclusion mask was created for each subject that consisted o f a single sagittal slice 

in the mid-plane to restrict the tractography to the ipsilateral hemisphere of the ROl 

mask, and those regions o f the brain which were likely to be cerebrospinal fluid (CSF). 

The CSF was identified by thresholding the BO image at a value o f 1000.

Intracranial Volume

In order to control for differences in total brain size which may contribute to 

differences in regional volumes, intracranial volume (ICV) was calculated for each 

participant and included in all tractography analyses as a nuisance covariate. ICV was 

calculated using a protocol provided by the neuroimaging network ENIGMA which 

can be downloaded from their website (http://enigma.loni.ucla.edu/protocols/imaging- 

protocols/protocol-for-brain-and-intracranial-volumes/). To briefly summarise the 

method, an estimate for the total intracranial volume is obtained by linearly aligning 

each subject’s brain to the MNI152 space and then computing the inverse o f  the 

determinant o f the affine matrix.
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TBSS

Tract-based spatial statistics (TBSS; Smith et a l ,  2006) was first performed on the 

DTI dataset. TBSS is a fully-automated program in FSL for computing the voxel-wise 

differences between subject groups in white matter tracts. Briefly, the FA images o f all 

subjects were first aligned into standard MNI space using nonlinear registration, 

FNIRT. The mean o f  these aligned images was then created and “thinned” to output a 

mean FA skeleton that represented the centres of the major white matter tracts 

common to the entire group. Every subject’s aligned FA image was then projected 

onto this skeleton.

Voxel-based statistics were calculated using the permutation-based, 

nonparametric program randomise v2.1 (Bullmore et al., 1999; Nichols & Holmes, 

2002) to identify where there were tract differences between groups. This process was 

then repeated for the AD and RD images. Mean FA, MD, AD and RD values were 

extracted for 20 WM tracts defined using the JHU White Matter Atlas in FSL (Mori et 

al., 2005; Wakana et al., 2007). The atlas tracts were used to create masks, and these 

masks were then applied to the DTI images for each subject which had been 

transformed to the group skeleton image. In this way it was possible to localize the 

TBSS results to specific anatomical tracts. The tracts comprised the anterior thalamic 

radiation, the cingulum (hippocampal part), the cingulum (cingulate part), the 

corticospinal tract, the inferior fronto-occipital fasciculus, the inferior longitudinal 

fasciculus, the superior longitudinal fasciculus, the superior longitudinal fasciculus, 

temporal part and the uncinate fasciculus bilaterally; and the forceps major and forceps 

minor. The extracted mean values for each tract were compared across groups using a 

series of repeated-measures ANCOVAs (RM-ANCOVAs) in SPSS to assess age- 

related differences. Intracranial volume was included as a covariate of no interest.

Target Classification Analysis

Two different types o f probabilistic tractography techniques were conducted, both 

implemented using FSL’s diffiision toolbox, FDT v2.0 (Behrens et al., 2007). The first 

analysis was a target classification analysis. The seed region was either the left or right
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amygdala ROI while the classification targets were five cortical masks. These were 

created using the MNI structural atlas in FSL, and comprised probabilistic masks of 

the occipital, temporal, parietal and frontal lobes and the insular cortex. The masks 

were thresholded to exclude all probability values less than 10%, they were binarised 

and then converted to the subject’s diffusion space using the inverse matrix o f the DTI 

to MNI transformation with FLIRT. Although the masks were bilateral, the exclusion 

mask ensured that the tractography was restricted to the hemisphere ipsilateral to the 

amygdala seed ROI. The degree o f connectivity between the amygdala seed and the 

five cortical masks in each hemisphere was expressed as a percentage o f the total 

connectivity. These values were calculated by adding together the number o f 

streamlines in each voxel within an individual mask, and then expressing this as a 

percentage of the total number o f streamlines from each voxel in the five masks.

E.g. % Temporal = (^stream lines in temporal mask)/(X streamlines in all masks) * 

100

Figure 2.10 The five cortical masks used as targets in the classification analysis. 

They were derived in MNI space (top panel) and then warped into the subjects’ native 

diffusion space where the tractography was computed (bottom panel). Yellow = 

frontal lobe, green = parietal lobe, blue = temporal lobe, red = occipital lobe, purple = 

insular cortex.
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Probabilistic Tractography

The second tractography method estimated the connectivity between the amygdala and 

the occipital lobe. The seed region was again either the left or right amygdala, and a 

coronal way point mask was created which was located 6.5cm posterior to the centre 

of the left amygdala ROI, and this restricted the tractography streamlines to those 

originating in the ROI and traversing through this plane into the occipital lobe.

The output image from each o f the tractography computations was thresholded 

to exclude those voxels which had a visitation level less than 5% of the highest 

visitation level o f  any voxel. The resulting “tract” was then binarised to create a mask 

and converted to MNI space using FLIRT. These masks were multiplied by the 

subject’s FA, MD, AD and RD images which had been warped into MNI space to 

generate tract ROIs. Mean FA, MD, RD and AD values in the right and left ILF were 

then extracted, and their values used for the statistical analyses.

Tractography Statistics

The results o f the classification analysis and the probabilistic tractography were 

analysed using a series o f RM-ANCOVAs in SPSS. For the target classification 

analysis, there was a single between-group factor, age, and two within-group factors- 

hemisphere, with two levels (right and left), and target mask, with five levels 

(temporal, occipital, parietal, frontal and insula). ICV and the left and right amygdala 

seed mask volumes were included as covariates o f no interest. For the probabilistic 

tractography, the between group factor and covariates were the same as before; and 

there were two within-group factors- hemisphere, with two levels (right and left), and 

diffusion measure, with four levels (FA, MD, AD and RD). In both cases post-hoc 

analyses were conducted with a series of t-tests, and a Bonferonni correction for 

multiple comparisons was applied to avoid committing type I errors.
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Correlation with BOLD Activations

In order to investigate whether there was a relationship between WM integrity in the 

amygdala-occipital pathway and the BOLD signal changes during the emotional 

perception task described in chapters 3 and 4, several ROIs were defined in the fMRI 

activation maps, the BOLD signal values were extracted, and these activation values 

were correlated against the FA, MD, AD and RD values in the WM tract. To create 

these ROIs, the average fMRI activation maps for both the young and old groups 

combined were first calculated for the constant and arousal-and valence-dependent 

responses. The peak voxels o f activation in these maps were then identified. The 

maximum constant BOLD response was found to be in the right middle occipital gyrus 

(x, y, z (MNI) = 34, 88, 14 mm); the maximum arousal modulation was in the right 

middle temporal gyrus (x, y, z (MNI) = 52, 70, 0 mm); while the maximum valence 

modulation was in the right middle temporal gyrus (x, y, z (MNI) = 52, 76, 14 mm).

A spherical ROI with a radius equal to 5mm was drawn around the peak voxel 

in each case and used to create a mask. A fourth ROI was defined in the left amygdala 

as there was a significant group difference here for the valence modulation, with the 

older adults displaying significantly greater BOLD signal increase than the young. The 

peak voxel o f difference was used as the centre of the ROI (x, y, z (MNI) = -24, -2, -20 

mm), with a sphere o f radius equal to 3 mm drawn around it to create a mask. These 

masks were then applied to the subject’s individual co-efficient maps and the mean 

signal in the ROI was calculated for the constant response and the arousal- and 

valence-dependent modulations. These values were correlated against the measures in 

the DTI tracts, with the amygdala seed mask volume and ICV included as covariates 

o f no interest, using a partial correlation analysis in SPSS.
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2.5 Voxel-Based Morphometry (VBM) Study

Voxel-based morphometry (VBM) is an automated method for examining grey and 

white matter volumes in the brain. It is used to study structural brain differences 

among different experimental groups, such as in the case of young and older adults to 

examine age-related changes in volume. For the current project, a voxel-based 

morphometry (VBM) analysis was conducted in FSL, using their fully automated, 

optimised pipeline (Ashburner & Friston, 2000; Good, et al., 2001) in order to 

compare GM and WM volume differences between the young and older groups. 

Briefly, brain extraction is first carried out on the original T1-weighted high resolution 

anatomical images using the program BET. Next, the brain-extracted images are 

segmented into GM, WM and CSF using the program FAST, the grey matter images 

are aligned to a standard GM template (GM ICBM-152 template), and then a study- 

specific GM template is created in standard space, with voxel dimensions equal to 

2x2x2mm^. In the final step the GM images are non-linearly registered to this template 

using the program FNIRT, and the registered images are then smoothed by a series of 

2, 3 and 4 mm Gaussian kernels. This pipeline was modified to perform the same 

volumetric analysis on the segmented WM images.

Group differences were assessed using permutation-based non-parametric 

inferential statistics, with the program randomise in FSL. The images which were 

smoothed with a 3mm kernel were used as input for this analysis. The results were 

corrected for multiple comparisons using a cluster correction to give cluster-corrected 

output images with a voxel-level significance of p < 0.01.
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Chapter 3: Arousal and Valence in Emotional 

Processing

Overview:

In this chapter the results o f the fMRI study to examine the neural correlates of 

emotional arousal and valence processing in young adults are presented. This study 

also investigated the relationship between the personality traits neuroticism and 

extraversion and emotional processing in the same group o f young, healthy women. 

An introduction to the background and rationale for the study are first provided. The 

methodology is summarised very briefly, however the full details o f the methods are 

described in chapter 2. The results are presented in detail and their significance 

discusses in relation to previous findings in the neuroimaging literature. A version o f 

chapter has been published in the journal Social, Cognitive and Affective Neuroscience 

(SCAN).

3.1 Introduction

The effects o f emotional arousal and valence on brain activation have been widely 

studied using neuroimaging. However, one recurring obstacle to differentiating the 

effects o f these dimensions is that most often experimental designs contrast responses 

to highly arousing emotional stimuli with non-arousing neutral stimuli, thereby 

confounding the contributory roles o f arousal and valence to changes in the BOLD 

signal. For example, several neuroimaging studies have suggested that activation in the 

amygdala, brainstem, thalamus, medial and temporal cortex increases linearly with the 

increasing emotional intensity o f  the stimuli used (Anders et al., 2004; Anderson et al., 

2003; Junghofer et al., 2006; Small et al., 2003; Lang et al., 2008, (Sabatinelli, et al., 

2005). However whether the effects are due to valence, arousal or both cannot be
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ascertained since neural activity is compared across arousal and valence categories, 

making a clear interpretation o f the results difficult.

Efforts to circumvent this confound have been made, albeit in a small number 

o f studies (e.g. Kensinger & Corkin, 2004; Lewis, et al., 2007). In the current 

experiment we attempted to address several methodological limitations o f previous 

studies o f emotional arousal and valence in order to disentangle the relative 

contributions of these dimensions to the BOLD signal during image viewing. The 

participants viewed images which were either positive or neutral in valence and which 

varied in arousal level (full details o f the experimental paradigm are given in chapter 

2, section 2.2).They later rated these images along the dimensions of valence and 

arousal on a 9-point scale and their subjective ratings were included in the general 

linear model as parametric weights to examine how the BOLD signal varied with 

increasing valence and arousal levels during image viewing.

The stimuh were selected to vary along the dimension o f valence from neutral 

to positive, and along the dimension of arousal from low to high. Thus by including 

roughly equal numbers o f positive low arousal and positive high arousal, and neutral 

low and high arousal images, it was possible to control for the effects of one 

dimension while examining the effects of the other. By limiting the dimension o f 

valence from neutral to positive we could also attribute modulations associated with 

this dimension to the effects of viewing increasingly positive images, rather than 

speculating as to whether the effects are due to differences between negative, positive 

or neutral image viewing. Secondly, we used the participants’ subjective arousal and 

valence ratings o f the images to generate individually-tailored regressors for each 

person, which is in stark contrast to the more common approach o f using group- 

averaged or “standard” scores. And lastly, we examined how the BOLD signal was 

parametrically modulated by ratings of arousal and valence as subjects encoded 

coloured photographs of different valence and arousal levels.

The second focus o f this study was to examine the influence o f the personality 

factors neuroticism and extraversion on the neural substrates o f emotional arousal and 

positive valence. Previous neuroimaging studies have focused on examining the 

relationship between neuroticism and negative emotional valence, and extraversion 

and positive emotional valence respectively (Canli, 2004; Haas, et al., 2008; Haas, 

Omura, Amin, et al., 2006). In particular there is a dearth of research into how 

neuroticism and extraversion interact with the effects of emotional arousal rather than
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valence on brain activation, and how neuroticism relates to the processing o f positive 

emotional valence. The current study therefore sought to address these questions by 

disentangling the differential effects of emotional arousal and valence on the BOLD 

signal and examining whether levels o f neuroticism and extraversion are related to 

these two processes. We examined the linear relationship between levels of 

neuroticism and extraversion and the arousal- and valence-dependent BOLD 

modulations, as well as the constant BOLD response during image viewing.

In accordance with the predictions o f  Eysenck’s theory o f neuroticism 

(Eysenck, 1994), we predicted that individuals high in this trait would experience less 

brain activation in response to increasing levels o f arousal. Given that neuroticism is a 

risk factor for depression (Derryberry & Reed, 1994; Kendler, et al., 2004), and that 

depression has been associated with attenuate reward processing (W. H. Liu, et al., 

2011; Shestyuk, et al., 2005), we predicted that high levels o f neuroticism would be 

associated with reduced neural activation in response to positive valence. However we 

also predicted that high levels neuroticism would be associated with an increased 

BOLD response to emotional arousal, as predicted by Eysenck’s theory o f  personality 

(Eysenck, 1994).
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3.2 Methods

3.2.1 Participants

Twenty-three young, neurologically healthy, right-handed, female volunteers 

participated in this study. Demographic details are provided in chapter 2, section 2.2.1.

3.2.2 Study Design

The fMRl paradigm and analyses are described in detail in chapter 2, section 2.2. To 

briefly summarise, the participants viewed 198 images which varied in arousal and 

valence level as they underwent fMRI, and they later rated these images along 9-point 

scales for the emotional dimensions o f arousal and valence. These individual ratings 

were used to create regressors for each participant and were included as parametric 

weights in the general linear model (GLM). Three BOLD responses were output from 

the GLM; the constant response representing the mean activation during all o f the 

image-viewing trials, regardless o f the arousal or valence level of the stimuli; the 

arousal-dependent response representing the activation that increased linearly with 

increasing levels o f arousal; and the valence-dependent response, representing the 

activation that increased linearly with increasing levels o f valence. Levels o f 

extraversion and neuroticism were then linearly regressed against these three different 

aspects o f the BOLD response, in order to examine the effect that personality has on 

emotional image processing.
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3.3 Results

3.3.1 Behavioural Results 

Image Ratings

The participants’ individual arousal and valence ratings o f  the stimuli were used to 

create regressors which were unique for each subject. However average ratings were 

calculated to give an idea o f the distribution o f the scores, and they are included here 

for guidance only. On average 53.87 ± 26.91 images were rated as positive (i.e. having 

a valence o f  7, 8 or 9), 113.04 + 37.19 as neutral (i.e. having a valence o f 4, 5 or 6), 

and 18.43 ± 13.96 as negative (i.e. having a valence o f 1, 2 or 3). The participants 

rated 99.57 ± 13.76 images as having an arousal level o f between 1 and 5, while 67.35 

± 17.05 were rated as having an arousal level of 6 or more. All negative images were 

excluded from the parametric modulation analysis and were included in the GLM as a 

regressor o f no interest.

EPQ Scores

The mean and standard deviation of the neuroticism and extraversion scores were 4.8 

± 2.6 and 8.0 ± 3.6 respectively. These scores were not correlated, although there was 

a trend towards an inverse correlation (Pearson’s r = -0.397, p = 0.061). In order to 

investigate whether there was a linear relationship between the emotional ratings and 

levels o f  neuroticism and extraversion, each subject’s neuroticism and extraversion 

scores were correlated against the number of images they rated as positive and 

negative and high and low in arousal. In all cases the results were not statistically 

significant (p > 0.38 in all cases), indicating that personality scores were not associated 

with the ratings o f the images.
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3.3.2 FMRI Results Independent of Personality

Conjunction Analysis

The constant BOLD response during image viewing as well as the modulations due to 

arousal and positive valence were first examined independent of neuroticism and 

extraversion levels. These results are shown in figure 3.1. The top panel shows the 

activations (yellow/orange) and deactivations (blue) during the constant BOLD 

response, while the bottom panel shows those regions which were linearly modulated 

by arousal (red) and valence (blue). A conjunction analysis was performed to examine 

which regions of the brain were activated in the constant response only, which regions 

were modulated only by increasing levels of arousal and positive valence, and whether 

there were regions which were active in both the constant response and which were 

also modulated by the arousal and valence of the stimuli. The results o f this 

conjunction analysis are shown in figure 3.2 and table 3.1.

The Constant BOLD Response

Regions which were significantly active compared to baseline in the constant response 

only, and which were not modulated by the arousal or valence level o f the stimuli are 

shown in figure 3.1 (a) and in purple in figure 3.2. They include a very large cluster 

spanning widespread areas o f the occipital and temporal lobes including the fusiform 

gyrus, middle occipital gyrus and calcarine gyrus, as well as the clusters in the 

hippocampus bilaterally, the right and middle frontal gyrus (M FC), the right middle 

cingulate cortex, the left precuneus and the right middle occipital gyrus. See table 3.1 

(a).

W idespread deactivation was also evident during the constant BOLD response 

in the regions indicative o f the default mode network (DMN), including the posterior 

cingulate cortex (PCC), the medial prefrontal cortex and the superior temporal gyrus 

(see figure 3.1 (a); deactivations are shown in blue).
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Overlap between the Constant and Arousal-Dependent BOLD 

Responses

There was a large degree of overlap between regions which were activated in the 

constant BOLD response and also modulated by increasing levels o f emotional 

arousal, especially in the occipital and temporal visual processing areas. These regions 

are shown in red in figure 3.2 and include a large cluster which spans the fusiform 

gyrus and primary and secondary visual cortex (BA 17 and 18) bilaterally, and further 

clusters in the left temporal pole, the right superior temporal gyrus, the right and left 

inferior frontal gyrus, the right thalamus, and the right precentral gyrus. See table 3.1 

(b).

The Arousal-Dependent BOLD Response

Several brain regions in the temporal and frontal lobes were not activated in the 

constant BOLD response but only preferentially responded to increasing levels o f 

arousal. These are shown in yellow in figure 3.2, and included clusters in the middle 

temporal gyri bilaterally, the left inferior temporal gyrus, the right superior temporal 

gyrus, the left superior medial frontal gyrus, the left and right inferior frontal gyrus, 

the precuneus, the left middle cingulate cortex, the right thalamus and the left middle 

occipital gyrus. See table 3.1 (c).

The Valence-Dependent BOLD Response

The valence-dependent BOLD response was much less extensive that the arousal- 

dependent response. There was a single cluster located in the left inferior temporal 

gyrus which was not activated in the constant BOLD response but whose BOLD signal 

was significantly modulated by increasing levels of positive valence. This cluster is 

shown in blue in figure 3.2. See table 3.1 (d). There was also a cluster in the left 

fusiform gyrus which was both activated in the constant BOLD response and which
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also showed a positive modulation of the BOLD signal in response to increasingly 

positive valence. This is shown in green in figure 3.2. See table 3.1 (e).

X = 6 mm

Figure 3.1 The young fMRl results independent o f the personality traits. Top 

panel: the constant BOLD respone ; bottom panel: the arousal- and velence-dependent 

BOLD responses. Arousal modulations are shown in red, valence in blue. The 

numbers o f the slices indicate the direction along the inferior-superior axis in mm in 

standard MNI space (-LPI).
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Figure 3.2 The results of the conjunction analysis of the young fMRI results. The 

colours represent the following: Purple = Constant BOLD response; yellow = regions 

modulated by arousal; red = regions activated in both the constant response and the 

arousal-dependent response; blue = regions modulated by valence; green = regions 

activated in both the constant response and Ihe valence-dependent response.

Table 3.1 Young fMRI results independent of personality. The table show those 

regions (a) active in the constant BOLD response, (b) modulated by arousal, (c) active 

in the constant response and modulated by arousal (d) modulated by valence and (e) 

active in the constant response and modulated by valence. MNI co-ordinates are -LPI, 

where negative indicates left, posterior and inferior directions.
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No. Voxels t-value’ Co-ord MNI Area: prob or BA
(a) Constant BOLD response only

Temporal Lobe
1 Right fusiform gyrus 62824 25.52 28, -48, -14 BA 37

Left fusiform gyrus 19.76 -28, -64,-14 hOCV4(V4): 10%
Right fusiform gyrus 19.08 32, -66, -12 hOCV4(V4): 30%
Left calcarine gyrus 18.71 -2, -84, -4 Area 17: 70%

2 Right superior temporal gyrus 173 4.86 52, -46, 16 IPC(PGa): 20%
Right superior temporal gyrus 4.46 58, -46, 16 IPC(PGa): 40%

3 Right middle temporal gyrus 105 4.13 50, -6, -20 BA 21
Subcorticai

Left hippocampus 6.56 -21,-12,-17 -
Right hippocampus 8.35 21,-15, -21 -

Frontal Lobe
4 Left middle frontal gyrus 294 7.35 -34, 42, 34 BA 9

Parietal Lobe
5 Right middle cingulate cortex 194 6.54 8, -42, 50 SPL(5Ci): 30%

Left precuneus 3.38 -6, -50, 52 SPL(5M): 20%
Cerebellum

6 Left cerebellum 185 6.15 -28, -72, -52 Lobule Vllb: 94%
Right cerebellum 89 4.89 28, -74, -52 Lobule Vllb; 84%

Occipital Lobe
7 Right middle occipital gyrus 11 3.76 56, -74, 8 BA 19

(b) Arousal modulation only
Temporal Lobe

1 Left middle temporal gyrus 855 7.37 -46, -72, 20 IPC(PGp): 60%
Left middle temporal gyrus 6.3 -54, -68, 14 IPC(PGp): 20%

2 Right middle temporal gyrus 559 7.13 42, -56, 14 IPC(PGp): 10%
Right middle temporal gyrus 6.9 48, -60, 16 IPC(PGp): 30%

3 Left middle temporal gyrus 157 5.9 -54, -4, -20 BA 38
Left middle temporal gyrus 3.51 -64, -8,-16 BA 38

4 Left medial temporal pole 93 6.16 -40, 18, -40 BA 20
Left inferior temporal gyrus 3.67 -46, 18, -44 BA 20

5 Right superior temporal gyrus 53 3.76 56, -48, 22 IPC(PGa): 60%
Frontal Lobe

6 Left superior medial gyrus 592 5.44 -8, 48, 30 BA 9
Left superior medial gyrus 5.06 -8, 68, 18 BA 9

7 Left inferior frontal gyrus (p. Triang) 105 4.22 -44, 32, 4 BA 45
Left inferior frontal gyrus (p. Triang) 3.99 -56, 28, 18 Area 45: 80%

8 Left inferior frontal gyrus 79 4.75 -46, 30, -20 Area 45: 10%
9 Right inferior frontal gyrus 41 4.21 48, 34, -2 Area 45: 20%

10 Left inferior frontal gyrus 40 4.16 -38, 32, -22 BA 45
Parietal Lobe

11 Left precuneus 284 4.97 -8, -58, 12 Area 18: 10%
Right precuneus 4.15 14, -54, 18 BA 18
Left calcarine gyrus 3.63 -4, -66, 16 Area 17: 20%
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12 Left middle cingulate cortex 91 3.52 -6, -20, 40 Area 4a: 10%
Left middle cingulate cortex 3.51 -4, -18, 42 Area 6: 20%

Subcortical
13 Right thalamus 86 3.87 16, -30, 4 -

Right thalamus 3.82 12, -32, 2 -

Occipital Lobe
14 Left m iddle occ ipital gyrus 31 3.27 -60, -6 0 ,-1 2 BA 19

(c) Constant BOLD response
and Arousal modulation^

Temporal/Occipital Lobe
1 Right fusiform gyrus 7630 22.2 28, -50, -14 BA 37

Left lingual gyrus 17.44 0, -82, -2 Area 17: 100%
Right middle occipital gyrus 16.59 28, -88, 16 Area 18:10%
Right fusiform gyrus 16.46 24, -64, -10 hoCV4(V4): 60%
Left calcarine gyrus 16.38 -8, -92, -4 Area 18: 80%

Temporal Lobe
2 Left temporal pole 91 6.1 -46, 16, -24 BA 38
3 Right superior temporal gyrus 44 4.96 54, -46, 16 IPC(PGa): 20%

Subcortical
4 Right thalamus 185 11.55 20, -30, 0 -

Right lingual gyrus 11.29 18, -30, -6 -
Hippocampus 10.27 12, -30, -4 -

Frontal Lobe
5 Left inferior frontal gyrus 139 8.03 -34, 28, 0 BA 45

Left inferior frontal gyrus 4.1 -44, 28, 12 BA 45
6 Right precentral gyrus 101 7.61 44, 4, 32 Area 44: 30%

Right inferior frontal gyrus 5.47 38, 4, 26 Area 44: 20%
7 Right inferior frontal gyrus 101 6.11 40, 10, 24 Area 44: 50%

Right inferior frontal gyrus 5.25 42, 20, 20 Area 45:10%
8 Right inferior frontal gyrus(p. Triang) 50 6.68 40,30, 2 Area 45: 20%

Right insula lobe 6.57 36, 30, 4 Area 45:10%

(d) Valence modulation only
Temporal Lobe

1 Left inferior temporal gyrus 41 4.98 -34, -36, -16 BA 20
Left parahippocampa! gyrus 3.51 -32, -44, -10 BA 21

(e) Constant BOLD response
and Valence modulation^

Temporal Lobe
1 Left fusiform gyrus 100 11.33 -24, -46, -14 BA 19

Left fusiform gyrus 11.02 -22, -38, -16 BA 19

't  > 2.82, p < 0.01; t > 3.79, p < 0.001, corrected.

^For the regions that were activated in both the constant BOLD response and also 

modulated by arousal or valence, the t-values in the tables for these clusters are 

derived from the constant activation map, and not from the modulated maps. However 

in all cases these clusters were also significant for the arousal and valence modulations 

at p < 0.05 corrected. Numbers denote the peak voxels in the individual clusters in 

each response condition.
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3.3.3 The Influence of Neuroticism on Emotional Processing

There was a strong negative linear association between neuroticism and the constant 

BOLD response in the middle orbitofrontal cortex (OFC). There was a negative linear 

association between neuroticism and the valence-dependent BOLD signal change in 

the right middle temporal gyrus and the right rolandic operculum. There was a positive 

linear association between neuroticism and the degree of arousal-dependent BOLD 

modulation in the right medial prefrontal cortex (mPFC; see table 3.2 and figure 3.3).

Table 3.2 Linear associations between neuroticism levels and the BOLD signal during

image viewing.

Voxels t-value’ MNI Co-ord Area: prob or BA
Constant BOLD response 
Frontal Lobe

Left rectal gyrus 161 -4.96 -4, 38, -26 BA 11
Left rectal gyrus -3.62 -6, 30, -22 BA 11

Arousal modulation 
Frontal Lobe

Right middle orbital gyrus 211 5.65 12, 52, -8 BA 11
Right middle orbital gyrus 4.72 2, 48, -6 BA 10
Right middle orbital gyrus 3.47 2, 58, -14 BA 11

Valence modulation 
Temporal Lobe

1 Right middle temporal gyrus 102 -4.43 70, -38, -14 BA 21
Right middle temporal gyrus -4.3 70, -34, -16 BA 21
Right inferior temporal gyrus -4.16 64, -26, -18 BA 21

2 Right rolandic operculum 98 -3.92 54,-18, 18 OP 1: 50%; OP 4: 30%

't  > 2.82, p < 0.01; t > 3.79, p < 0.001, corrected.
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Figure 3.3 Exam ples o f the linear relationships between neuroticism  and 

em otional processing. Neuroticism levels were negatively associated with the 

constant BOLD signal in the (a) orbitofrontal cortex (OFC), positively associated with 

the arousal-dependent BOLD signal in the (b) medial prefrontal cortex (mPFC) and 

negatively associated with the valence-dependent BOLD signal in the (c) right middle 

temporal gyrus. The location o f the peak voxel in each cluster in indicated by the MNI 

co-ordinates and marked in the image by the intersection o f the crosshairs. The peak 

voxel value from each participant is plotted against their neuroticism score in the 

graph.
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3.3.4 The Influence of Extraversion on Emotional Processing

Extraversion was negatively associated with the constant BOLD response in a region 

of BA 6 spanning the middle cingulate cortex and supplemental motor area (SMA). 

There was a negative linear relationship between extra version and the arousal- 

dependent BOLD response in the right cerebellum and a positive linear association 

between extraversion and the arousal-dependent BOLD response in the right insula. 

Extraversion was negatively associated with the valence-dependent BOLD signal in 

the right superior parietal lobule, the right postcentral gyrus and the left posterior 

hippocampus (see table 3.3 and figure 3.4).

Table 3.3 Linear associations between extraversion levels and the BOLD signal during

image viewing.

Voxels t-value’ MNI Co-ord Area: prob or BA
Constant BOLD response 
Frontal Lobe

Left middle cingulate cortex 189 -4.01 -6, -0, 40 Area 6:10%
Right SMA -3.79 10,0,46 Area 6; 40%

Arousal modulation 
Cerebellum

1 Right cerebellum 96 -4.17 24, -68, -26 Lobule VI: 75%
Right cerebellum -3.85 26,-72, -38 Lobule Vila Crus 1: 57%

2 Right cerebellum 91 -3.85 30, -84, -42 Lobule Vila Crus II: 98%
Right cerebellum -3.84 22, -86, -38 Lobule Vila Crus II: 93%

Frontal Lobe
Right insula Lobe 130 5.46 34, 14, 2 BA 13

Right insula Lobe 4.23 32, 10, 14 BA 13
Valence modulation 
Parietal Lobe

1 Right superior parietal lobule 102 -4.72 24, -58, 72 SPL (7A): 50%
Right postcentral gyrus -3.99 30, -48, 74 BA 2

2 Right superior parietal lobule -3.68 14, -56, 68 SPL (5L): 60%
Right postcentral gyrus 132 -3.2 30, -32, 42 Area 3a: 40%

Temporal Lobe
Left hippocampus 109 -4.47 -18, -36, 8 HIpp (CA): 50%

Left hippocampus -4.19 -24, -34, 2 Hipp (CA): 20%

't > 2.82, p < 0.01; t > 3.79, p < 0.001, corrected.
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Figure 3 .4  E xam ples o f the linear re la tionsh ip s betw een  ex trav ers io n  and 

em otional p rocessing . Extraversion levels were positively associated with the 

arousal-dependent BOLD signal in the (a) right insula lobe, and negatively associated 

with the valence-dependent BOLD signal in the (b) left hippocam pus. The location of 

the peak voxel in each cluster in indicated by the M NI co-ordinates and m arked in the 

image by the intersection o f the crosshairs. The peak voxel value from  each  participant 

is p lotted against their extraversion score in the graph.
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3.4 Discussion

3.4.1 Disentangling the Influence of Arousal and Valence on the 

BOLD Signal

Although the amplitude modulation analysis we employed in this study has been used 

in other neuroimaging experiments to examine single trial dynamics, such as in motor 

learning (Friston et a l ,  1992) and stimulus-response pairings (Buchel et al., 1998), it 

has only been used to examine how emotional judgements modulate the BOLD signal 

in a few studies (Anders, et al., 2008; Heinzel, et al., 2005; N orthoff et al., 2009; K.L. 

Phan et al., 2004), and has not been applied to the study o f the effects o f personality on 

emotional processing. It proved highly effective at disentangling the effects of 

emotional arousal and valence on the BOLD signal, and the results are broadly similar 

to studies which have used different analysis methods, such as contrasting the 

activation maps associated with viewing emotional versus neutral images (Anders, et 

al., 2004; Bradley, Codispoti, Cuthbert, et al., 2001; Lang, et al., 1998; Mourao- 

Miranda, et al., 2003). The extensive modulations in the occipital and temporal lobes 

associated with increasing arousal corroborate many neuroimaging studies which have 

found increases in neural activation associated with increasing emotional arousal in the 

occipital cortex and inferotemporal regions o f the ventral visual pathway (Bradley et 

al., 2003; Junghofer, et al., 2006; Sabatinelli, et a l , 2005; Sabatinelli, Bradley, et al., 

2007). Furthermore, the arousal-associated increases in the BOLD signal we observed 

in the prefrontal gyrus have been found in others studies of emotional processing and 

evaluation (Grimm, et al., 2006). The amplitude-modulation due to valence during 

image viewing revealed a less extensive and distinct different pattern o f neural 

activation, including significant clusters in the visual processing regions noticeably 

concentrated around the left fusiform gyrus. Mourao-Miranda et al. (2003) also 

reported increased activation in the occipitotemporal visual processing areas when 

they compared responses to positive versus neutral images with the same arousal level. 

Lang et al. (1998) found that only positive images, not neutral or negatively valences 

increased the BOLD signal in the left fusiform gyrus. These patterns o f activation are
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very similar to the modulation due to valence in the current study, and suggest that 

arousal and valence may be processed by different brain regions.

The analysis o f  the fMRI results with respect to the subject’s individual ratings 

is also a relatively novel approach, having been used only rarely (Anders, et al., 2008; 

Lewis, et al., 2007) and we are confident that this is preferable to using standard or 

group average ratings as actual emotional ratings are quite variable. We believe that 

this design approach afforded us the opportunity to explore the interaction of 

personality with emotional processing in ways which have not yet been examined. 

Although beyond the scope o f the current study, it may be interesting in future studies 

to compare this approach with the standard approach o f using average emotional 

ratings, in order to see what effect this has on the fMRI results. It would also be 

interesting to investigate whether there are any interactions between mood, personality 

and emotional perception, with the administration o f a mood scale such as the PANAS 

(Positive and Negative Affective Scales; W atson et al., 1988) or POMS (Profile of 

Mood States; McNair et al., 1971).

3.4.2 The Influence of Neuroticism and Extraversion on Emotional 

Processing in the Brain

The results o f the present study demonstrate several relationships between personality 

and emotional processing which are novel findmgs, in particular the relationships 

between neuroticism and three different elements o f emotional processing. Firstly, 

neuroticism levels were negatively associated with the constant BOLD signal in the 

OFC, regardless o f the valence or arousal level o f the stimuli. Although this 

relationship was not valence-specific as the stimuli included both neutral and positive 

images, it is o f particular interest given that the OFC is known to play a pivotal role in 

the processing of emotion and reward (Kringelbach, 2005; O'Doherty, 2004; Rolls, 

2004; Schultz et al., 2000), and in also in the successful down-regulation o f negative 

emotional states (Eippert et al., 2007; Ochsner, et al., 2004).

Second, we found that in accordance with our prediction, neuroticism was 

negatively associated with valence processing, in two regions of the right temporal 

lobe. It has previously been reported that patients with major depression show reduced
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brain activation in response to positive emotional words on an emotional working 

memory task (Shestyuk, et al., 2005). Given that higher levels o f neuroticism are 

associated with an increased risk o f developing affective disorders such as depression 

and anxiety (Kendler et al., 2004), we hypothesised that a similar pattern may be 

evident in the case o f high neuroticism individuals. Indeed we found there to be a 

negative relationship between neuroticism and the neural response to positive valence 

in the right middle temporal gyrus and the right rolandic operculum. The right middle 

temporal gyrus has been found to be activated in both emotional processing and 

encoding tasks (Critchley et al., 2000; Dolcos, et al., 2004b; Olson et al., 2007), and 

the group results from the current study also indicate widespread activation in the 

temporal lobes associated with emotional image viewing. Previous neuroimaging 

studies have identified this trait to be strongly associated with negative rather than 

positive emotional processing (Canli, et al., 2001; Chan, et al., 2008; Chan, et al., 

2009; Cremers, et al., 2010; Haas, et al., 2008; Haas, et al., 2007). We found in the 

current study that the converse is also apparent- neuroticism is associated with a 

tendency for several regions in the brain to be less responsive to positive emotional 

stimuli.

The attenuated neural response to the stimuli in the OFC and reduced 

activation to positive emotional valence in the right middle temporal gyrus might 

tentatively be interpreted as a predisposition in cases o f high neuroticism for under 

activation in reward-processing or emotional regulation. We believe that this is the 

first demonstration of such a finding in a non-clinical population, and it may represent 

a biological vulnerability marker or putative phenotypic characteristic at a neural 

network level (Lesch et al., 1996; Sen et al., 2003; Strobel et al., 2003), which may 

help to further explain the relationship between this trait and the increased risk o f 

developing depression and anxiety disorders. However further elucidation o f these 

types o f functional phenotypes will be needed to understand the complex relationship 

between personality, emotional processing and the risk for affective disorders.

Lastly, we found that neuroticism was associated with an increased BOLD 

response to emotional arousal in the left mPFC. This is the first time to our knowledge 

that a link has been identified between neuroticism and increased reactivity to 

emotional arousal, rather than valence, in the brain. Eysenck (1967, 1994) proposed in 

his biological theory o f personality that high neuroticism is associated with increased 

reactivity o f the limbic system, which predisposes individuals high in neuroticism to
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react strongly to emotionally arousing experiences and take longer to return to pre

arousal states. This suggests that neuroticism influences emotional processing by 

enhancing neural sensitivity to high levels o f emotional arousal, making high 

neuroticism individuals predisposed or primed to react strongly to arousing 

experiences (Eysenck, 1967). Indeed this trait is associated with greater sensitivity to 

negative mood inductions (Larsen & Ketelaar, 1991); and it has been found to 

correlate with larger electrodermal responses (EDR) to both arousing negative and 

positive emotional images, as well as with a longer period o f recovery in the EDR 

signal (Norris et al., 2007). The results o f  the present study support Eysenck’s theory, 

with individuals high in neuroticism showing an enhanced response to emotional 

arousal in the left mPFC. This cortical region has previously been implicated to play a 

central role in self-referential processing and emotional attribution and appraisal 

(Eysenck, 1967; Fossati et a l ,  2003; Mitchell et al., 2005; Mitchell et al., 2006; 

Ochsner et al., 2005). Furthermore, constant activation in the mPFC in response to sad 

faces has been found to correlate with neuroticism (Haas, et al., 2008). Thus the 

enhancement o f activation in this key emotional appraisal area in high neuroticism 

individuals suggests a heightened response to high levels of emotional arousal which 

may go some way to explaining why arousing experiences might have a more intense 

and lasting effect.

The relationship we identified between extraversion and the neural response to 

emotional arousal in the right cerebellum is consistent with Eysenck’s arousal 

hypothesis o f extraversion (1967; 1994), which proposes that extraverts demonstrate 

both lower baseline levels o f cortical arousal as well as under-arousability o f the 

cortex (Eysenck, 1967; Hagemann, et al., 2009; Kumari, et al., 2004; O'Gorman, et al., 

2006). This is postulated to explain why extraverts typically engaging in more risk- 

taking and impulsive behaviours (Costa & McCrae, 1980; Eysenck, 1994), as they 

endeavour to enhance their intrinsic low arousal levels. Our results provide some 

supporting evidence for the under-arousability component o f this hypothesis, with 

individuals high in extraversion showing less activation in response to increasing 

levels o f arousal in areas Crus 1 and Crus II in the right cerebellum.

Although once considered a purely motor region, it is now known that outputs 

from the cerebellum influence more widespread regions o f  the cerebral cortex than 

previously recognized, and there is converging evidence from primate connectivity 

studies and human resting-state fMRI data that there are several anatomical circuits
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between the cerebellum and PFC (Habas et al., 2009; Kelly & Strick, 2003; O'Reiliy et 

al., 2010). For example there are reciprocal connections between Crus 11 and BA 46 

(Strick et al., 2009), supporting the idea that the cerebellum may play an important 

role in attention and working memory among other diverse cognitive and emotional 

functions (Dolan, 1998; Leiner, 2010; Rapoport et al., 2000; Stoodley & 

Schamahmann, 2009). Therefore it is not entirely surprising to find a relationship 

between personality and arousal processing in these regions, and in a reviev/ o f 

neuroimaging studies which have reported cerebellar activations, Stoodley and 

Schamahmann (2009) localised the topography o f emotion- related activation to Crus 1 

in particular. In the context o f our study the fact that highly extraverted individuals 

showed less arousal modulation in Crus 1 and 11 may indicate under-sensitivity to the 

effects o f emotional arousal.

However, we also found there to be a strong positive linear association 

between extraversion and arousal processing in the right insula lobe, which contradicts 

Eysenck’s predictions about this trait. The insula is thought to play a central role in the 

perception o f bodily sensations and in particular the perception of pain (Bornhovd et 

al., 2002); and there is also evidence that this structure has a role in the maintenance of 

drug addiction (Caravan, 2010; Naqvi & Bechara, 2009), as well as more general 

evidence for its involvement in a myriad different tasks involving emotional 

processing (Lamm & Singer, 2010) and attention (Nelson et al., 2010). The fact that 

highly extraverted individuals in our study displayed increased insula activity to high 

levels o f arousal does not support the notion that extraverts are less sensitive to the 

effects o f arousal. However, Kumari and colleagues (2004) found that high 

extraversion was associated with increased activation in the dorsolateral PFC and 

anterior cingulate in response to increasing levels of cognitive demand on an n-back 

working memory task, indicating that extraverts were more sensitive to the effects o f 

cognitive arousal. It may well be the case that the relationship between extraversion 

and arousal is a more complex story than that originally proposed by Eysenck, with 

further research required to elucidate if and how arousal processing differences are a 

central feature of this personality trait, and whether there are effects related to 

emotional arousal, cognitive arousal or both.

The negative relationship we identified between extraversion and activation 

due to positive valence was somewhat unexpected, as previous studies have found this 

trait to be associated with increased activation in response to positive emotional
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stimuli (Canli, et al., 2001; Haas, et al., 2006). It may be however that our results 

contrast with previous neuroimaging studies o f personality (e.g.Canli, et al., 2001; 

Chan, et al., 2008; Haas, et al., 2006) due to the slightly different design of our study. 

For example, we used only neutral and positive stimuli while the other studies also 

employed negative stimuli (Canli, 2004; Canli, et al., 2001), which have been found to 

activate the key emotional processing centres such as the amygdala more substantially 

than either neutral or positive stimuli (For a review see Carretie et al., 2009). The 

contrast between positive versus negative image viewing may also reveal greater 

differences in brain activation than the contrast between positive and neutral image 

viewing. Further, our positive stimuli had only moderately high arousal levels (few 

were rated as 8 or 9 on a 9-point scale) as we did not include any erotic stimuli. This 

may indicate that high extraversion is associated with greater neural sensitivity to 

highly arousing, highly positive stimuli rather than all positive stimuli. The amplitude 

modulation analysis and use of subjective rather than group ratings may also have 

contributed to these different results as previous neuroimaging studies have tended to 

rely on standard ratings and compare across image categories rather than using a 

parametric modulation approach.

A general observation of our results is that whereas the linear associations 

between neuroticism and the neural response to the emotional stimuli were found in 

areas which have previously been linked to emotional processing, e.g. the OFC and the 

mPFC (O'Doherty, 2004; Phan et al., 2002), the relationships we found between 

extraversion and the fMRI results were in regions which would not be considered 

purely “emotional” , e.g. the SMA, cerebellum and parietal cortex. The evidence for a 

link between extraversion levels and emotional processing is not as strong as the body 

of literature supporting the influence o f neuroticism in emotional processing at a 

behavioural (Bolger & Schilhng, 1991; Denissen & Penke, 2008; Kendler, et al., 2004; 

Rusting & Larsen, 1997) and neural level (Canli, 2004; Cremers, et al., 2010; Haas, et 

al., 2008; Haas, et al., 2007; Kumari, et al., 2007). It may well be the case that 

extraversion does not play a large modulatory role in affective processing, which is 

why we do not see strong evidence for variation in this trait being related to neural 

activation in emotional processing regions. Given that the associations we observed 

were mostly in motor and parietal regions this seems likely that extraversion may not 

play a prominent mediating role in the experience o f emotion, but rather may affect 

other elements o f the task performance captured by these differences in the BOLD
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signal. The negative association between extraversion and the mean BOLD signal for 

example may indicate that those low in this trait were more susceptible to motor 

priming effects in readiness to press the button to respond to the prompt followmg the 

image. It is known for example that highly emotional stimuli capture attention faster 

than neutral stimuli (Bradley, 2009), therefore it is possible that the associations with 

arousal and/or valence are due to attentional differences, e.g. high extraversion may be 

linked with increased susceptibly to the effects of attention. Obviously there is no way 

using the current data to disentangle the effects of emotion and other factors such as 

attention, however it would be interesting in future studies to investigate whether 

extraversion levels influence cognitive rather than affective aspects of emotional 

perception.

There has been some discussion and controversy in the past few years about 

the reliability o f studies in social and personality neuroscience which correlate brain 

activations as measured by fMRI with measures of personality (Vul et al., 2009; 

Yarkoni, 2009). Some authors have argued that the results o f such studies may be 

inflated due to lack o f statistical power in small sample sizes (Vul, et al., 2009; 

Yarkoni, 2009), while others have criticised the methods they claim are used by 

certain experimenters, whereby ROI analyses are carried out on the basis o f whole- 

brain correlations, giving exaggeratedly high correlation coefficients (Vul, et al., 

2009). We are confident however that the results o f the current study are reflective o f 

real differences in brain function related to personality, and are not spurious results or 

inflated correlations. Firstly, we employed a whole-brain correlation approach which 

has been validated as a reliable, independent measure to detect brain-behaviour 

relationships (Lieberman et a l, 2009; Poldrack & Mumford, 2009). Second, we 

employed a robust multiple comparison procedure which protects against the 

possibility o f false positives. Furthermore, given the anatomical specificity of our 

results, for example reduced activation in the OFC associated with neuroticism, we are 

confident that our results are not simply spurious correlations in random brain regions. 

Finally, by including only women in the current study we greatly reduced the 

heterogeneity o f our sample, given that there have been considerable differences found 

between genders in emotional reactivity (Bradley, et al., 2001), in the neural 

representation o f emotion (Beck, et al., 1996; Cahill, et al., 2001; Wager, et al., 2003; 

Wrase, et al., 2003) and in levels o f neuroticism (Lynn & Martin, 1997).
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3.4.3 Summary and Conclusions

In summary, our findings offer a unique insight into how extraversion and neuroticism 

interact with the neural representation o f emotional arousal and valence, two critical 

components o f emotional processing. We identified several novel relationships 

between personality and the emotional processing, notably reduced sustained 

activation in the OFC and attenuated valence processing associated with high levels of 

neuroticism. These results provide further evidence for the important role that this trait 

plays in individual responses to affective stimuli, and they also suggest similarities 

between emotional processing in individuals with high levels o f neuroticism and in 

depressed patients which may help to elucidate the role that this trait plays in the 

development o f depression and other affective disorders. Furthering our understanding 

of individual differences in neural reactivity to emotional stimuli is pivotal to 

increasing our understanding of the role that personality plays in emotional processing, 

and may help to elucidate how personality influences the development of affective 

disorders.
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Chapter 4: Emotional Processing in Healthy Ageing

Overview:

In this chapter the results of the IMRI study to examine age-related changes in the 

neural substrates o f emotional valence and arousal are presented. An introduction to 

the background and rationale for the study are first provided. The methodology is 

summarised very briefly, however the full details o f the methods are described in 

chapter 2, and the same fMRI paradigm that was employed with the young adults is 

used here. The results are first presented for the older adults on their own, and then the 

young and older adults’ results are contrasted to identify age-related differences in 

emotional processing. Finally the significance o f the results is discussed.

4.1 Introduction

In the current study we investigated emotional processing in a group o f young and 

older healthy women. We wished to examine whether there are age-related changes in 

the neural substrates of emotional arousal and positive valence. In particular we 

wished to see if there are age-related changes in the neural response to emotional 

arousal, as this question has not been investigated using fMRI. Using the same task 

completed by the young adults and which is described in chapters 2 (methods) and 3 

(young fMRI study), we dissociated the effects of positive valence and em otional 

arousal on the BOLD signal during an emotional viewing task in a group o f older 

healthy women, and then examined age-related differences in valence and arousal 

processing.

We predicted, given the findings of previous neuroimaging studies and the 

positivity effect (Mather, et al., 2004; Mather & Carstensen, 2005), that the older 

adults would show a greater BOLD response to positive emotional valence than the 

young adults, possibly in the amygdala and PFC. Given that the young adults showed 

a strong modulation of the posterior visual cortices by arousal in the study described in

86



chapter 3, and given that it has previously been found that older adults may be less 

sensitive to the effects of emotional arousal as measured by electrodermal activity 

(Gavazzeni, et al., 2008), we predicted that the older adults would show less BOLD 

modulation than the young in response to increasing levels of arousal.
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4.2 Methods

4.2.1 Participants

Twenty-three young (mean age 23.04 + 3.48 years) and 23 older (mean age 61.0 ± 

5.24 years), neurologically healthy, right-handed, female volunteers participated in this 

study. Demographic details are provided in chapter 2, section 2.2.1.

4.2.2 FMRI Paradigm

The older participants completed the same fMRI paradigm as the young adults and 

which is described in detail in chapter 2, section 2.2.3. The older adults’ group results 

were first analysed separately, and then the results were compared to those from the 

young cohort, in order to determine whether there were age-related changes in the 

neural substrates o f emotional processing. Details of the fMRI analyses are given in 

chapter 2, section 2.2.5.
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4.3 Results

4.3.1 Image Ratings

Although the participants’ individual arousal and valence ratings o f  the stimuli were 

used to create regressors which were unique for each subject, average ratings o f the 

images seen during the fMRI paradigm were calculated to give an idea o f the 

distribution of the scores. They are included in table 4.1 for guidance only. All 

negative images were excluded from the parametric modulation analysis and were 

included in the GLM as a regressor of no interest. Therefore the categories in table 4.1 

referred to as “Low” or “High” in arousal do not include any negative images. The 

images were divided using the same categorical criteria as chapter 3, i.e. positive 

images have a valence > 7, neutral have a valence o f between 4 and 6; low arousal 

images have an arousal level < 5, while high arousal images have an arousal level o f  > 

6. Note that once again these categories are purely for data summary -  the fMRI 

analyses were based on a parametric modulation approach, whereby the valence and 

arousal ratings were included as continuous, rather than categorical variables.

The young and older groups' mean ratings were compared with a series o f  

independent sample t-tests, and a Bonferroni correction for multiple comparisons was 

used, with a significance level o f p < 0.0083. The young and older adults’ mean 

valence ratings were 5.64 and 5.99 respectively, (t (44) = -2.33, p = 0.025), with the 

older adults on average rating the experimental images as more positive than the 

young adults; however this difference was not statistically significant as it did not 

survive the Bonferroni correction. The mean arousal ratings for the images was 4.90 

for the young adults and 4.70 for the older adults, and these values did not differ 

statistically (p = 0.36). The number of images rated as positive and neutral were 

compared, and it was found that the older group on average rated more images as 

positive than the young group (t (44) = -3.61, p = 0.001); while the young group rated 

more images as neutral than did the older group (t (44) = 3.38, p = 0.002). The 

negative image ratings were not compared as these were not included in the fMRI 

analyses. However, the young and older groups rated on average 18.43 ± 13.96 and 

25.39 ± 12.68 images as negative, respectively. Regarding arousal level, the young 

group on average rated more images as being highly arousing than did the older group 

(t (44) = 2.83, p = 0.007). These ratings are summarised in table 4.1.
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The ampHtude modulation approach used to model the effects o f arousal and 

valence on the BOLD signal is not dependent upon the total number o f images per 

category, as it is based on linear association. Therefore we do not expect the fMRI 

results to be biased by these differences in behavioural ratings. The range o f arousal 

and valence ratings for the images analysed in relation to fMRI for both groups was 

from 4 to 9 for valence (negative were excluded) and 1 to 9 for arousal.

Table 4.1 Average stimulus ratings for the young and older groups with the standard 

deviations shown in parentheses. For “Valence” and “Arousal” the figures represent 

the average ratings of all o f the images on these dimensions; while for “Positive” , 

“N eutral”, “High” and “Low” the figures represent the average number of images in 

the set rated as belonging to these categories.

Valence Arousal Positive Neutral High Low
Young 5.64 (0.34) 4.90 (0.54) 53.87 (26.91) 113.04 (37.19) 67.35(16.74) 99.57(13.76)
Old 5.99 (0.62) 4.70 (0.84) 84.13 (29.88) 77.30 (34.46) 51.17 (21.74) 110.26 (23.48)
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4.3.2 FMRI Results -  Emotional Processing in the Older Adults

Summary

The older adults’ BOLD responses to the emotional images were first examined 

without comparing them to the young group. During the constant image viewing 

condition, there was widespread activation in occipital, temporal and frontal lobes and 

in the right hippocampus, as well as significant deactivation in frontal midline regions, 

the temporal poles and the posterior cingulate cortex. The older adults showed a 

significant increase in activation in the middle occipito-temporal cortex only in 

response to increasing levels of emotional arousal. They showed valence-dependent 

BOLD increases in the right occipito-temporal cortex. The constant BOLD response 

and the arousal- and valence-dependent modulations for the older adults are shown in 

figure 4.1.

Figure 4.1 M ean fM Rl results from  the older adults. The top panel shows the 

constant BOLD response during image viewing, with activations shown in red/yellow 

and deactivations in blue. The bottom panel shows those regions modulated by 

emotional arousal (in red), valence (blue) and both arousal and valence (yellow). The 

numbers o f the slices indicate the direction along the inferior-superior axis in mm in 

standard M Nl space (-LPI).
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Conjunction analysis

A conjunction analysis was conducted in AFNI to determine which brain regions were 

active only in the constant BOLD response, which regions were modulated by 

emotional arousal or positive valence only, and whether there were regions which 

showed a response in more than one o f these conditions. Figure 4.2 shows the results 

of this analysis, while table 4.2 contains the peaks from these clusters and anatomical 

labels generated with SPM ’s anatomy toolbox (V I.7b, Eicknoff, et al., 2005).

The Constant BOLD Response

The regions depicted in purple in figure 4.2 and summarized in table 4.2 (a) were 

significantly activated in the constant response only. That is, these regions were 

activated during image viewing, independent of the arousal or valence levels of the 

stimuli, and did not demonstrate a linear increase in response to increasing levels o f 

arousal or valence. They included an extremely large cluster (53224 voxels) spanning 

the occipital and temporal lobe bilaterally, including primary (BA 17) and secondary 

(BA 18/19) visual cortex, the fusiform gyrus (BA19/36/37), the inferior and middle 

temporal gyri, the right hippocampus, the SMA, and the dorsolateral inferior frontal 

gyrus. The left and right cerebellum (lobule VII) also showed significant activation 

during the constant response.

Arousal Modulation

Just two very small clusters (3 and 7 voxels respectively) in the right middle occipital 

and right middle temporal gyrus were modulated by arousal and not activated in the 

constant response (see table 4.1 (b)). All other cortical regions which showed a linear 

increase in response to increasing levels o f arousal were also significantly activated in 

the constant BOLD response, and they included a cluster in the right middle temporal
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gyrus and the left inferior/middle occipital gyrus. These regions are shown in red in 

figure 4.2, and are summarized in table 4.2 (c).

Valence Modulation

Brain regions which were modulated by valence only and which were not activated in 

the constant BOLD response are shown in dark blue in figure 4.2 and are summarised 

in table 4.2 (d). These comprised two clusters in the right temporal lobe- one in the 

parahippocampal gyrus and one in the middle temporal gyrus; and a cluster in the right 

middle occipital gyrus.

Overlap between the Constant BOLD Response and Valence 

Modulation

Three visual cortical regions in the right hemisphere were both activated in the 

constant BOLD response and modulated by increasing levels o f positive emotional 

valence. These clusters were located in the middle occipital gyrus, the calcarine gyrus 

and the fusiform gyrus. They are depicted in green in figure 4.2 and summarised in 

table 4.2 (e).

Overlap between the Constant BOLD Response, and Arousal and 

Valence Modulations

A single cortical region in the right middle occipital gyrus was activated in the 

constant BOLD response and modulated by both increasing levels o f arousal and 

valence. This cluster is shown in light blue in figure 4.2 and its location and size are 

described in table 4.2 (f).
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Figure 4.2 Results o f  the conjunction analysis o f the older fM Rl results. The 

colours represent the following: Purple = Constant BOLD response; yellow = regions 

modulated by arousal; red = regions activated in both the constant response and  the 

arousal-dependent response; dark blue = regions modulated by valence; green = 

regions activated in both the constant response and the valence-dependent response; 

light blue = regions activated in both the constant response and  the valence- and 

arousal-dependent responses.
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Table 4.2 Activation clusters from the fM R I results o f the older adults. The table show 

those regions (a) active in the constant BOLD response, (b) modulated by arousal, (c) 

active in the constant and modulated by arousal, (d) modulated by valence and (e) 

active in the constant response and modulated by valence. Labels were generated using 

SPM’s anatomy toolbox; however where there was no cytoarchitectonic information 

available a Brodmann area is given. M N l co-ordinates are -L P I (i.e. negative indicates 

left, posterior and inferior directions). Numbers denote the peak voxels in the 

individual clusters in each response condition.

No. voxels t-value* Co-ord MNl Area; prob or BA
(a) Constant BOLD response only 

Temporal/Occipital Lobe
1 Right fusiform gyrus 

Right lingual gyrus 
Right middle occipital gyrus 
Left middle occipital gyrus 
Right middle occipital gyrus 
Left fusiform gyrus

53224 22.74
17.85
15.88
15.67
15.57
14.41

28, -54, -16 
8, -90, -16 
34, -86, 14 
-34, -86, 14 
32, -90, 10 

-30, -54, -16

BA 37
Area 17: 90%
BA 19
hOCV3(V3v): 20% 
BA 18 
BA 37

Cerebellum
2 Left cerebellum
3 Right cerebellum

147
92

7.65
6.41

-28, -72, -56 
34, -70, -56

Lobule Vllb: 96%
Lobule Vila Crus II: 17%

(b) Arousal modulation only 
Temporal Lobe

1 Right middle temporal gyrus 
Occipital Lobe

2 Right middle occipital gyrus

7

3

3.44

3.12

52, -58, 6 

38, -66, 8

IPC(PGp): 10% 

hOC5(V5): 10%

(c) Constant BOLD response and Arousal 
Temporal Lobe

1 R ight m iddle tem poral gyrus 
Right middle temporal gyrus

modulation

208

*

10.19 48, -72, -2 
42, -64, 0

hOC5(V5): 10% 
hOC5(V5): 20%

Occipital Lobe
2 Left inferior occipital gyrus 

Left middle occipital gyrus 
Left middle occipital gyrus

135 12.14
10.27
9.97

-42, -80, -6 
-48, -80, 4 
-48, -84, 4

hOC4v(V4): 10% 
hOC5(V5): 10% 
hOC4v(V4): 10%

(d) Valence rrxidulation only 
Temporal Lobe

1 Right parahippocampal gyrus 
Right inferior temporal gyrus 
Right fusiform gyrus

73 3.54
3.54 
3.42

38, -30, -14 
44, -44, -14 
42, -34, -14

Hipp(GA): 30% 
BA 20 
BA 36

2 Right middle temporal gyrus 
Right middle temporal gyrus 
Right middle temporal gyrus

21 3.68
3.26
3.05

58, -66, 12 
56, -58, 6 
58, -62, 4

IPC{PGp):30% 
BA 39
IPC(PGp): 10%

Occipital Lobe
3 Right middle occipital gyrus 11 4.31 36, -74, 8 BA 19
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(e) Constant BOLD response and Valence nx>dulation*
Occipital/Temporal Lobe

1 Right middle occipital gyrus 277 10.65 44, -80, 2 hOC5(V5): 10%
Right middle temporal gyrus 9.93 44, -74, 10 BA 19
Right middle occipital gyrus 9.29 46, -82, 8 IPC(PGp): 10%

Occipital Lobe
2 Right calcarine gyrus 100 10.18 14, -96, 4 Area 17: 80%

Right calcarine gyrus 9.92 18, -100, 4 Area 17; 70%
Right inferior occipital gyrus 4.49 30, -100, -6 Area 18: 80%

Temporal Lobe
3 Right fusiform gyrus 35 8.3 38, -38, -20 BA 20

Right fusiform gyrus 6.74 42, -44, -22 BA 20/37

(f) Constant BOLD response, Arousal anc Valence*
1 Right middle occipital gyrus 57 9.49 46, -74, 4 hOC5(V5): 10%

*t > 2.82, p < 0.01; t > 3.79, p < 0.001, corrected. For the regions that were activated in

both the constant BOLD response and also modulated by arousal or valence, the t- 

values in the tables for these clusters are derived from the constant activation map, and 

not from the modulated maps. However in all cases these clusters were also significant 

for the arousal and valence modulations at p < 0.01 corrected.
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4.3.3 Age-Related Differences in Emotional Perception

Age-Related Differences in the Constant BOLD Response

A series o f ANCOVAs (which controlled for the possible confounding effects of 

neuroticism levels, which differed between groups) revealed significant age-related 

differences in emotional perception in the constant BOLD response as well as the 

arousal- and valence-dependent modulations.

The young adults displayed significantly more activation in the constant BOLD 

response, regardless of the valence or arousal level of the stimuli, than the older adults 

in a wide range o f brain areas (see table 4.3 and figure 4.3 (a) and (b)). These included 

visual processing areas spanning the occipital and temporal lobes, including primary 

and secondary visual cortex, the inferior, middle and superior temporal gyri and the 

fusiform gyrus. The young group also displayed greater constant BOLD activation in 

the parietal lobe, the hippocampus and putamen bilaterally and the cerebellum. The 

older adults did display greater constant BOLD activation than the young group in a 

single region however, in the right supramarginal gyrus (see table 4.3 and figure 4.3 

(c)). There were no age-related differences in the PFC.
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Figure 4.3 Age-related differences in the constant BO LD response during image 

viewing. The young group showed significantly more activation in a number o f 

regions including the (a) left hippocampus and (b) left calcarine gyrus; while the older 

group showed more activation in the (c) right supramarginal gyrus. The images on the 

left are results fi’om an AN C O VA comparing the young and old groups’ mean BO LD 

signal w ith  the green circles indicating the region o f peak voxel differences. The bar 

charts show the average signal for the young and old groups at the peak voxel o f 

difference, w ith standard errors denoted by the error bars.
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Table 4.3 Age-related differences in the constant BOLD response. Labels were 

generated using SPM’s anatomy toolbox; however where there was no 

cytoarchitectonic information available a Brodmann area is given. M N I co-ordinates 

are -L P I (i.e. negative indicates left, posterior and inferior directions). Numbers 

denote the peak voxels in the individual clusters in each response condition.

No. voxels t-value* Co-ord MNI Area: prob or BA
Constant BOLD Response
Young > Old

Occipital Lobe
1 Left calcarine gyrus 4132 -5.98 -16, -76, 12 Area 17: 50%

Right lingual gyrus -5.65 20, -66, 0 Area 18: 20%
Right calcarine gyrus -5.46 14, -64, 12 Area 17: 60%, Area 18: 50%
Right calcarine gyrus -4.91 10, -78, 6 Area 17:100%
Left lingual gyrus -4.76 -8, -54, 2 Area 18:100%

2 Left lingual gyrus 447 -3.88 -32, -86, -18 V3v: 30%; V4: 30%
Left inferior occipital gyrus -3.69 -44, -82, -6 V 4 :10%
Left fusiform gyrus -3.63 -20, -84, -8 V3v: 40%; V4: 40%
Left inferior occipital gyrus -3.45 -40, -84, -10 V4: 10%

3 Right inferior occipital gyrus 111 -3.97 40, -80, -8 V4: 30%
Right inferior occipital gyrus -3.54 38, -76, -2 19

Parietal Lobe
Left precuneus 1122 -4.91 -12, -38, 70 Area 4a: 40%

Right postcentral gyrus -4.15 14, -42, 76 Area 1: 20%; Area 3a: 20%
Left paracentral lobule -4.09 -12, -34, 78 Area aa: 30%; Area 1: 20%

Temporal Lobe
1 Left insula lobe 919 -4.09 -40, -10, 10 OP 3: 30%; Insula (Ig2): 20%

Left rolandic operculum -3.94 -60, 0, 6 OP 4: 50%
Left middle temporal gyrus -3.91 -68, -26, -6 BA 21
Left superior temporal gyrus -3.75 -60, 0, 2 OP 4: 10%
Left rolandic operculum -3.69 -50 ,-6 ,4 OP 4: 40%

2 Right inferior temporal gyrus 531 -5.52 44, -44, -12 20
Right superior temporal gyrus -3.78 44, -40, 6 22
Right fusiform gyrus -3.08 38, -60, -16 37

4 Right heschls gyrus 194 -4.49 42, -20, 12 O P1:60% ;OP2: 40%
Right superior temporal gyrus -2.99 56, -22, 2 41

5 Left temporal pole 105 -4.67 -44, 12, -22 38
6 Right superior temporal gyrus 94 -3.94 68, -12,-2 22

Right superior temporal gyrus -3.51 70, -30, 14 41
Right superior temporal gyrus -3.20 66, -20, 14 OP1:40%

7 Right superior tem poral gyrus 92 -3.48 50 ,-4 ,-2 52
Right temporal pole -3.42 58, 2, 0 TE 1.2:40%

Subcortical
1 Left putamen 643 -4.49 -28, -8, -4 -

Right caudate nucleus -3.48 8, 6, 6 -
Left insula lobe -3.36 -40, 12, 6 Area 44: 30%

2 Right putamen 610 -5.65 32, 8, 4 -
Right putamen -4.15 26, 16,6 -

3 Right hippocampus 201 -4.49 16, -32, -6 Hipp(SUB): 80%
Right hippocampus -4.09 22, -26, -10 Hipp(SUB): 80%

4 Left hippocampus 140 -5.22 -20, -28, -8 Hipp(SUB): 50%
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Cerebellum
1 Right cerebellum 637 -5.22 22, -56, -42 -

Left cerebellum -4,43 -16, -54, -24 Lobule VI: 73%
Left cerebellum -4.27 -16, -58, -26 Lobule VI: 48%

2 Cerebellar Vermis 222 -5.37 2, -40, -14 Lobules l-IV(Hem): 90%

Old > Young

Parietal Lobe
Right supramarginal qyrus 111 3.75 44, -40, 38 h IP I: 20%

t > 2.82, p < 0.01; t > 3.79, p < 0.001, corrected.

Age-related Differences in the Valence-Dependent BOLD Response

The older group showed greater valence-dependent BOLD modulation than the young 

group in three regions, including the left amygdala, the right lingual gyrus and the left 

middle temporal gyrus (See table 4.4 and figure 4.4).
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Figure 4.4 A ge-related differences in the valence-dependent BOLD response 

during image viewing. The older group displayed significantly greater BOLD 

modulation due to positive valence than the young group in the (a) left amygdala, (b) 

right lingual gyrus and (c) left middle temporal gyrus. See figure 4.3 legend.
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Table 4.4 Age-related differences in the valence-dependent BOLD response. See table

4.3 legend.

No. voxels t-value* Co-ord MNI Area: prob or BA
Valence Modulation of BOLD Signal 
Old > Young

Occipital Lobe
Right lingual gyrus 

Right inferior occipital gyrus 
Right inferior occipital gyrus

123 4.49
4.24
3.36

28, -90,-14 
26, -94, -12 
14, -98, -14

V3v: 30%; Area 18: 20% 
Area 18:60%
Area 17: 40%

Temporal Lobe
Left middle temporal gyrus 

Left middle temporal gyrus 
Left middle temporal gyrus

111 3.60
3.30
3.17

-54, -66, 4 
-60, -60, 12 
-52, -56, 6

BA 37
IPC(PGp): 10% 
Area 19

Subcortical
Left amygdala

26
3.85 -24, -2, -26 Amyq(LB): 40%

*t > 2.82, p < 0.01; t > 3.79, p < 0.001, corrected.

Age-related Differences in the Arousal-Dependent BOLD Response

In contrast to the valence results, the young adults displayed significantly more 

arousal-dependent BOLD signal change than the older adults in a large number of 

brain regions. These included the occipital and temporal visual processing regions 

bilaterally, the right angular gyrus, the left inferior parietal cortex, the supplementary 

motor area, the left superior medial gyrus and the right middle cingulate cortex. The 

older adults showed a greater arousal-dependent response than the young adults in just 

one region, in the right middle frontal gyrus, BA (see table 4.5 and figure 4.5).
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Figure 4.5 Age-related differences in the arousal-dependent BO LD response 

during image viewing. The young group showed significantly greater BOLD 

modulation due to arousal than the older group in many regions including the (a) right 

middle temporal gyrus and (b) the left medial PFC; while the older group showed 

greater arousal-dependent modulation in the (c) right middle frontal gyrus. See figure 

4.3 legend.
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Table 4.5 Age-related differences in the arousal-dependent BOLD response. See table

4.3 legend.

No. voxels t-value* Co-ord MNI Area: prob or BA
Arousal Modulation of BOLD Signal
Young > Old

Temporal/Occipital Lobe 1163
1 Right middle temporal gyrus -4.24 44, -56, 12 IPC(PGp): 20%

Right inferior occipital gyrus -4.12 38, -82,-12 V4: 40%; V3v: 20%
Right fusiform gyrus -4.06 32, -76,-18 V4: 60%

Occipital Lobe
1 Left calcarine gyrus 427 -4.30 -2, -68, 14 Area 18:10%

Left calcarine gyrus -4.18 -4. -58, 6 Area 18: 20%
Right lingual gyrus -3.54 6, -62, 8 Area 17: 70%; Area 18: 50%
Left calcarine gyrus -3.14 -12, -66,12 Area 17: 30%

2 Left middle occipital gyrus 111 -3.78 -28, -98, -4 V3v: 40%
Left middle occipital gyrus -3.39 -14, -104, -10 Area 17: 50%
Left inferior occipital gyrus -3.30 -18, -98, -12 V3v: 30%

3 Right calcarine gyrus 78 -4.12 18,-102, -2 Area 17: 90%

Temporal Lobe
1 Left inferior femoral gyrus 156 -3.88 -60, -52, -16 BA 20

Left fusiform gyrus -3.85 -44, -58, -20 BA 37
Left cerebellum -3.45 -42, -62, -24 Lobule Vila Crus 1: 27%
Left inferior femoral gyrus -3.30 -50, -52, -16 BA 37

2 Left middle temporal gyrus 123 -3.48 -46, -68, 8 hOC5(V5): 10%
Left middle temporal gyrus -3.17 -56, -56, 12 IPC(PFm): 10%
Left middle temporal gyrus -3.02 -44, -58, 16 IPC(PGa): 10

Temporal/Parietal Lobe
1 Right angular gyrus 116 -4.00 56, -64, 28 IPC (PGp): 80%

Right middle temporal gyrus -3.30 58, -62, 22 IPC(PGp): 70%
Right middle temporal gyrus -3.23 56, -70, 16 IPC(PGp): 40%

Parietal Lobe
1 Left inferior parietal cortex 133 -4.09 -52, -72, 26 IPC(PGp): 70%

Left inferior parietal cortex -3.66 -50, -74, 34 IPC(PGp): 70%

Frontal Lobe
1 Left SMA 200 -4.43 -2, -6, 72 Area 6: 70%

Right SMA -3.54 2, -12, 74 BA 6
Left paracentral lobule -3.51 -2, -18, 76 BA 6
Left SMA -2.96 -8, 6, 72 Area 6: 70%

2 Left superior medial gyrus 122 -4.58 -6, 64, 8 BA 10
Left superior medial gyrus -4.21 -10, 66 ,4 BA 10

3 Right middle cingulate cortex 99 -3.72 2, -8, 40 Area 6: 20%

Old > Young

Frontal Lobe
Right middle frontal gyrus 141 4.06 36, 42, 14 BA10
Right middle frontal gyrus 3.91 34, 38, 18 BA10
Right middle frontal gyrus 3.45 32, 46, 6 BA10

*t > 2.82, p < 0.01; t > 3.79, p < 0.001, corrected.
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Figure 4.6 Conjunction analyses com paring the young and older fMRI activation, 

showing the spatial distribution o f the (a) constant BOLD response (b) arousal- 

dependent response and (c) valence-dependent response o f the young and older adults. 

Colour key: Red = young old; Purple: older only.
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4.4 Discussion

The results o f the current study indicate a dissociation in the neural substrates of 

emotional arousal and valence associated with healthy ageing. Whilst the older adults 

demonstrated greater activation to positive valence in the left amygdala, right lingual 

gyrus and left middle temporal lobe (MTL), in accordance with our predictions and 

also the positivity effect reported in other studies (e.g. Kensinger & Schacter, 2008; 

Williams, et al., 2006), the opposite pattern was apparent for the arousal-dependent 

BOLD response. The young adults showed much greater neural sensitivity to the 

effects of arousal, with greater BOLD signal increases in the occipital and temporal 

visual cortices bilaterally, the left inferior parietal cortex and the SMA. These results 

suggest that the ageing brain may be less sensitive to the effects of high levels of 

emotional arousal but more responsive to the effects o f positive emotional valence.

4.4.1 Age-related differences in Valence Modulation- Support for the 

Positivity Effect

Both the behavioural ratings and the fMRI results in the current study strongly support 

the positivity theory of emotional processing in ageing. The older adults on average 

rated more images as positive than did the young adults and they also demonstrated a 

stronger modulation o f the BOLD signal with increasing positive valence in several 

brain regions, including the left amygdala, the left MTG and the right lingual gyrus.

The amygdala is a core emotional processing region in the brain, and although 

it is most commonly indicated in the perception of negative emotion such as fear, it 

also responds to positive emotional stimuli (Caravan et al., 2001; Hamann, et al., 

2002), therefore it is unsurprising that the older adults showed greater activation in the 

amygdala to increasing levels o f positive emotional valence. Other fMRI studies have 

also found similar results, with older adults showing increased BOLD signal in the 

amygdala compared to young adults in response to positive emotional images (Mather, 

et al., 2004). This increased processing o f positive valence in older adults may reflect a 

greater emphasis on emotional well-being, and is supported by this and other
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neuroimaging studies which suggest that the ageing brain reacts more strongly to 

positive emotion.

Interestingly, the perception o f positive emotional valence has previously been 

linked to the left hemisphere specifically, while negative emotional stimuli matched in 

arousal level elicited greater activation o f the right hemisphere (Canli et al., 1998). 

The greater activation o f the left amygdala in the older adults may also be related to 

the influence of gender as well as emotional valence. In a study of emotional memory 

encoding which examined gender differences in patterns o f activation, it was found 

that whereas men tended to activate a network which included the right amygdala 

when images were successfully encoded, women tended to activate a network which 

included the left amygdala (Canh et al., 2002). Future studies could examine whether 

there are age-related gender differences in the neural substrates of emotional 

processing, for example whether young and older men show the same types of 

differences as the women in this study.

4.4.2 Age-Related Deficit in Arousal Processing

The results o f the current study indicate the healthy older adults demonstrate a very 

marked reduction in their neural response to increasing levels o f emotional arousal. 

The young adults showed significantly more modulation o f the BOLD signal in 

response to arousal in a large number o f brain regions spanning the ventral and dorsal 

visual processing streams (occipital-temporal and occipital-parietal regions 

respectively), as well as the prefrontal cortex. To our knowledge this is the first time 

that an age-related difference in the neural substrates o f emotional arousal has been 

identified using fMRI.

As previously mentioned, older adults tend to experience fewer negative 

emotions than young adults (Gruenewald, et al., 2008; Mroczek & Kolarz, 1998), and 

have been found to demonstrate a reduced BOLD response to negative compared to 

positive emotional stimuli. Negative emotional stimuli tend to be rated as more 

arousing than positive stimuli (Lang, et al., 2008), and negative images tend to result 

in greater BOLD signal increases in emotional and visual brain regions than neutral or 

positive images (e.g. Lane, et al., 1997; Mourao-Miranda, et al., 2003). Therefore, it is
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possible that this under-responsiveness o f older adults to the effects o f arousal may 

mediate the attenuation in older adults’ response to negative emotional stimuli.

This reduced sensitivity to emotional arousal has vast implications for many 

cognitive domains which are enhanced by heightened levels o f arousal and which 

show age-related declines, but perhaps the two most likely are attention and memory 

(Glisky, 2007). If older adults are less responsive to the effects o f arousal this may 

influence their performance on tasks which are influenced by arousal level. The rescue 

of function by the use o f emotional stimuli is most likely largely mediated by the 

increased sensitivity of older adults to positive valence. These possibilities require 

further investigation with future studies, but the possibility exists that arousal 

differences in ageing may play a key role in explaining cognitive and emotional 

changes with age.

The older adults did demonstrate a greater BOLD response to emotional 

arousal in a single region, located in the right middle frontal gyrus. This result, 

together with the significant reduction in arousal response in the visual and temporal 

cortices, supports the PASA theory o f functional reorganization in ageing, and reflects 

a similar pattern of age-related change in functional activation that has been reported 

in many other studies (for a review see Davis, et a l ,  2008). As such it may be an 

example o f additional processing in the PFC to compensate for the marked decrease in 

sensory processing in the visual and temporal cortices. However, it may also indicate 

greater top-down control in the older adults which could reflect increased emotional 

regulation during the perception o f highly arousing stimuli. Several other previous 

studies, as outlined in the introduction, have found that older adults display greater 

PFC-associated emotional regulation, in particular to negative emotional stimuli (for a 

review see Nashiro et al., 2011). Further, given that negative images tend to be rated as 

more arousing than either neutral or positive ones (Lang, et al., 2008), it may be that 

the effects o f highly arousing stimuli are controlled by increased PFC regulation with 

age. One again, these issues need further study to be teased apart more exactly. For 

example it would be interesting to examine the effects o f negative stimuli with 

different arousal levels to see whether older adults also show increased down- 

regulation of negative stimuh in the absence of high arousal levels. But this result does 

suggest that rather than the older adults showing a deficit in the perception o f highly
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arousing stimuli, they may in fact be engaging in greater emotional regulation when 

these types o f stimuli are encountered.

4.4.3 Age-Related Differences in the Constant BOLD Response

Regardless o f the emotional arousal or valence levels o f the stimuli, the young adults 

displayed significantly more constant BOLD activation than the old adults in a wide 

range of brain regions. Most notably these included visual processing areas such as 

primary and secondary visual cortex bilaterally, and the inferior, middle and superior 

temporal gyri, which form part of the ventral visual pathway (Haxby et al., 1991; Ishai 

et al., 1999; Pietrini et al., 2004). These occipital and temporal regions have previously 

been implicated not just in visual processing generally but in emotional visual 

processing in particular (Bradley, et al., 2003; Junghofer, et al., 2006; Lang, et al., 

1998), and these results indicate that the young group recruited a large network of 

emotional visual processing regions more extensively than the old group. To a certain 

extent this pattern reflects the PASA effect which has been observed elsewhere (e.g. 

Dennis, et al., 2007; Grady et al., 2002; Grossman, et al., 2002), and which is not 

restricted to emotional processing (for a review see Davis, et al., 2008), i.e. reduced 

occipito-temporal brain activation coupled with increased frontal activation in older 

adults compared to young.

However in contrast to the second component of the PASA effect, we found no 

evidence of increased frontal activity in our older adults in the constant BOLD 

response. Other studies have also failed to find increased PFC activation in ageing 

however (e.g. lidaka et al., 2001; Milham et al., 2002; Stebbins et al., 2002), and this 

component o f the PASA effect is not as consistently reported as the robust differences 

in posterior brain activation. In the current study the older adults recruited an 

additional region o f the right supramarginal gyrus while viewing the emotional 

images. This region was localised to intraparietal area 1 (h IP l) using the anatomy 

toolbox (Eicknoff, et al., 2005), and is an area that has been implicated in a wide 

variety o f visuospatial and visuomotor functions (Choi et al., 2006), as well as in both 

spatial and object working memory tasks (Belger et al., 1998) and in sustained 

attention (Ardekani et a l ,  2002). Chica and colleagues (2011) present strong evidence 

that this region is crucial for both endogenous “top-dow n” and exogenous “bottom -up”
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attentional orienting, as performance was impaired on tasks requiring both types o f 

attention when TMS was delivered to the right IPS. The IPS is also implicated in 

motor preparation, in readiness to make a complex motor action (Luks & Simpson, 

2004). It is possible therefore that the activation of the right IPS in the older adults in 

the current study reflects either increased attentional processing of the visual stimuli 

compared to the young adults, or increased motor readiness in preparation for the 

motor response in the “prom pt” condition, or indeed both.

Other studies have also found greater parietal activation in older adults when 

they perform as well as young adults on memory (Anderson, et al., 2000) and 

perceptual tasks (Davis, et al., 2008). Therefore the older adults this study may have 

recruited this additional attentional network region to compensate for sensory deficits 

in the posterior brain, albeit not strictly in adherence to the PASA effect.

The young group in our study also demonstrated greater hippocampal 

activation during image viewing, which might tentatively be linked to the stronger 

modulating effect o f emotional arousal in this group, or may reflect increased memory 

encoding-related activity. Age-related decreases in hippocampal activation are 

commonly found, especially on tasks related to memory encoding (Grady, 2008), with 

older adults for example demonstrating reduced hippocampal activation compared to 

young controls during image recognition (Daselaar et al., 2006), and failing to show 

hippocampal activation during feature binding o f objects (Mitchell et al., 2000). Taken 

together, the age-related differences during the constant BOLD response indicate 

much greater activation o f the ventral visual processing stream and hippocampal 

encoding system in young adults, with possible compensatory parietal activation in the 

older adults.

A notable observation in the current data other than the obvious age-related 

differences in brain activation is the striking similarity in the constant BOLD response 

between the young and older group. Although there were many group differences, the 

differences were mostly in the magnitude o f activation rather than in the spatial 

distribution o f the activation peaks. Figure 4.6 (results section) contains a conjunction 

map showing the overlap between the constant response in the two groups. It is as if 

the older adults recruited an almost identical neural network when viewing the 

emotional images as did the young adults, but to a lesser extent. One might ask the 

question therefore, does this not simply reflect general age-related decline, e.g.
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vascular changes which adversely affect the BOLD signal, or global decreases in 

activation due to age-related brain changes rather than differences in emotional 

processing per se? This is something that might be investigated in future studies, for 

example comparing other networks, e.g. memory, attention, working memory, in order 

to see whether there is also a very similar network of regions recruited in both young 

and older adults, albeit to a different extent.

4.4.4 Age-Related Differences in Emotional Ratings

There were several significant age-related differences in emotional ratings in the 

current study which are of interest. The older adults rated the images on average as 

higher in valence; they rated more images as positive, fewer as neutral and fewer as 

highly arousing. Age-related differences in emotional ratings o f the lAPS have been 

reported previously although the differences are not always consistent between studies. 

Backs et al. (2005) compared young and older adult’s Self-Assessment Manikin 

(SAM) ratings o f I APS images and found that the largest group difference was in the 

rating o f highly arousing positive pictures, which the young group rated as both more 

pleasant and more arousing than did the older group. In a Brazilian study which 

compared older adults’ ratings to the standard lAPS ratings (which are gathered from 

young adults) (Porto et al., 2011) there was an inverse relationship between arousal 

and valence which was even more exaggerated for the older women than men, with 

positive valence strongly negatively correlated with high arousal, in contrast to the 

inverted U-shaped distribution o f scores in the standard lAPS ratings. This indicates 

that the older adults only rated negative images as highly arousing while they tended 

to rate positive images as more calm and relaxing. In another study comparing young 

and old lAPS ratings, it was found that the older adults had more extreme emotional 

ratings, rating the negative images as more negative and more arousing, and the 

positive images as more positive and less arousing (Gruhn & Scheibe, 2008). In a 

Korean study o f emotional rating and the positivity effect, there was a similar age- 

related pattern in ratings as the current study, with older adults rating the lAPS images 

as more positive than the young adults (Kwon et al., 2009).



The divergence between both the young and older adults’ stimulus ratings 

indicates the advantage o f  our experimental design, whereby the individual subject’s 

ratings were used in each case. We believe that this approach gives a much better 

representation of the actual rather than estimated emotional ratings o f the participants, 

and that it is a definite strength o f the experimental design. It highlights the need for 

gathering these ratings rather than presuming that they are the same as the lAPS 

ratings, identical for each participant, or consistent across age categories.

4.4.5 Summary and Conclusions

In the current study we found large age-related differences in the constant BOLD 

response during image viewing, in visual processing regions including occipital and 

temporal lobes bilaterally, as well as in the hippocampus and putamen, all o f which 

were significantly more activated in the young group. The older adults recruited a 

single region of the right supramarginal gyrus more than the young, possibly as a 

compensatory mechanism for the marked deficits in sensory processing; however, we 

found evidence o f no age-related PFC activation increases.

We found there to be an age-related dissociation in the neural representation of 

emotional arousal and valence, with the young adults showing much greater BOLD 

modulation due to emotional arousal the old adults, occipital and temporal visual 

cortices bilaterally, the left inferior parietal cortex and the SMA bilaterally. This 

reduction in arousal processing in age might putatively contribute towards some o f  the 

cognitive deficits seen in older age on tasks which are generally enhanced by higher 

levels o f arousal, such as attention and memory. It may also help to explain why older 

adults sometimes show less neural activation to negative emotional stimuli, which tend 

to be higher in arousal level than positive stimuli. In contrast, the older adults showed 

greater modulation due to positive valence in the left amygdala, left middle temporal 

gyrus and right lingual gyrus, which support the predictions of the positivity effect in 

ageing (Kennedy, et al., 2004; M ather & Carstensen, 2005).

These results also offer partial support for the PASA theory o f functional

reorganisation in ageing (Davis, et al., 2008), and suggest that there are significant

age-related differences in how emotion is processes in the brain. Understanding how

emotional processing changes during healthy ageing is important in advancing our
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understanding o f what makes brain healthy ageing possible, and may help elucidate 

the neural markers of successful brain ageing.
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Chapter 5: The Contributions of Emotional Arousal 

and Positive Valence to Memory Encoding in Healthy 

Ageing

Overview:

In this chapter, the results o f the fMRI paradigm to examine age-related changes in 

emotional memory encoding are presented. The task is the same as that described in 

chapters 2-4, however the memory results are considered here, in order to examine 

whether there are age-related changes in the contributions o f arousal and valence to the 

neural substrates of emotional memory encoding. The young adults’ results are 

presented first, then the older adults, and lastly, the groups’ results are compared.

5.1 Introduction

Many neuroimaging studies have suggested that the encoding of emotionally arousing

stimuli into declarative memory relies upon the activation o f the amygdala and the

hippocampus (e.g. Cahill et al., 1996; Dolcos et al, 2004; Richardson et al, 2004;

Kensinger et al; 2006). This is reflected by an increase in the BOLD signal in the

amygdala and the hippocampus at the time o f encoding (Cahill, et al., 1996; Hamann,

et al., 1999; Kensinger & Schacter, 2006; Ritchey, et al., 2008) and recall (Daselaar, et

al., 2008; Dolan & Fletcher, 1999; Dolan, et al., 2000), and an increase in the strength

of their functional connectivity (Dolcos, et al., 2004b; Ritchey, et al., 2008).

However, emotion has also been found to enhance memory encoding in the

absence o f very high arousal levels, and there is emerging evidence to suggest that

valence and arousal may be processed differently in the brain. While improved

memory performance for high arousal emotional stimuli has been associated with

increased BOLD signal in an amygdalar-hippocampal network during encoding, low

arousal emotional stimuli have been associated with activation in a more prefrontal-
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hippocampal network, suggesting that there may be distinct neural mechanisms sub

serving the enhancement o f memory by emotional valence and arousal (Kensinger, 

2004). Arousal may lead to a relatively automatic attention modulation which 

enhances memory, however non-arousing emotional stimuli may enhance memory 

through more conscious encoding strategies such as elaboration (Kensinger, 2004).

Older adults demonstrate a bias towards positive emotional stimuli and a 

decrease in the processing o f negative emotional stimuli, a finding that has been called 

“The Positivity effect” (Mather & Carstensen, 2005). Experimentally it has been 

shown that older adults tend to remember more positive and less negative information 

than young people (Charles, et al., 2003; Kennedy, et al., 2004) and to recall 

autobiographical memories with more positivity (Comblain, et al., 2005). Functional 

neuroimaging studies have revealed age-related differences in the encoding of 

emotional valence, with older adults showing greater recruitment of the medial 

prefrontal and cingulate cortex during the successful encoding o f positive images, but 

no age-related differences between age during the encoding o f negative items 

(Kensinger & Schacter, 2008).

While the focus to date has been on age-related changes in the encoding o f 

positive versus negative stimuli, it still remains unclear whether there are age-related 

differences in how arousal and valence contribute to emotional memory encoding. In 

the current study, we investigated emotional memory encoding in the same group of 

young and older healthy women who participated in the emotional perception task. We 

wished to examine whether there are age-related changes in the relative contributions 

o f emotional arousal and positive valence to the neural substrates of long-term 

memory formation. Using the same parametric modulation technique described in 

chapter 2 and employed in chapters 3 and 4, we were able to dissociate the relative 

contributions o f emotional arousal and positive valence to the BOLD signal during 

successful picture encoding.

We predicted, based on both the extensive literature on the “positivity effect” , 

i.e. that older adults show a bias towards the processing and memorisation o f positive 

emotional stimuli, and based on the findings o f the emotional perception study 

reported in chapter 4, that our older group would show a greater enhancement o f the 

BOLD signal during successful image encoding by valence than the young group. We 

also predicted that behaviourally, they would rate more images that they successfully
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remembered as being positive rather than neutral. Finally, given the results o f chapter 

4, that is, that our young group showed a greater enhancement of the BOLD signal 

during image viewing by emotional arousal than did our older group, we predicted that 

the young adults’ memory-related BOLD signal would be modulated more by arousal 

than the older group.
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5.2 Methods

5.2.1 Participants

Nineteen young (mean age 23.04 ± 3.48 years) and 21 older (mean age 61.0 + 5.24 

years), neurologically healthy, right-handed women took part in this MRI study. These 

participants were a subset of those who took part in the emotional perception paradigm 

described in chapters 3 and 4. Several women were excluded from these memory 

analyses because they either performed too well on the memory task (1 young and 2 

older), scoring almost 100% correct, thereby leaving too few “forget” trials for a 

memory analysis; or because they scored too close to chance to trust the performance 

data, i.e. ~ 33% correct (3 young). Demographic details o f the participants are 

provided in chapter 2, section 2.2.1.

5.2.2 FMRI Paradigm and Analyses

The participants com pleted the same fMRl paradigm as described in the methods

chapter, section 2.2.3, however these results focus on the memory performance several

days after the scan. The encoding trials were divided into either “know” or “forget”

based on the participants’ performance on the memory task, and the fMRI results were

analysed in respect to this memory performance. Details o f the memory paradigm and

fMRI analyses are provided in chapter 2, section 2.2.4, but to recapitulate briefly,

images identified as “know ” were considered remembered correctly and assigned to

the “know” condition, while images either identified as “familiar” or “new” were

assigned to the “forget” condition. False alarms, i.e. foils incorrectly rated as “know ” ,

were not included in the analyses. The young adults and older adults’ results were first

analyses separately. The constant BOLD response during trials subsequently

remembered (“know”) or forgotten (“forget”) was first compared in order to identify

the brain regions recruited during successful memory encoding. The arousal- and

valence-dependent activations during the remembered and forgotten trials were then

contrasted, in order to isolate the specific contributions o f arousal and valence to

successful memory encoding. The young and older adults’ results were then compared
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using a series o f ANCOVAs which controlled for two nuisance covariates- 

neuroticism scores, which differed significantly between the groups (t (45) = 3.07; p = 

0.004); and memory performance which may have influenced the memory-related 

BOLD signal. All results were cluster corrected for multiple comparisons and are 

significant at the voxel-level o f p < 0.01.
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5.3 Results

5.3.1 Behavioural Results- Memory Performance

The memory performance and emotional memory ratings o f the young and older 

groups are summarised in tables 5.1 and 5.2. Note however that these statistics are for 

guidance only- not only were individual rather than group ratings used for the fMRI 

analyses, but a categorical analysis was not used in relation to the valence and arousal 

ratings, a parametric modulation approach was used instead. The categories were just 

used for the purpose o f assessing whether in general there was a relationship between 

emotional valence and arousal and memory performance. A regression analysis could 

have been employed but it was felt that a categorical approach was easier to 

understand and compared more favourably with previous emotional memory studies. 

All negative images were excluded from the parametric modulation analysis and were 

included in the GLM as a regressor o f no interest. Therefore the categories in table 5.2 

and 5.3 referred to as “Low” or “High” in arousal do not include any negative images. 

Also, for the purpose o f the fMRI analyses images rated as “ familiar” and “new” were 

combined in to a single category called “forget” .

The Effects of Age on Memory Performance

The memory performance o f the young and older groups was compared using a 3x2 

ANCOVA in SPSS. There was a single between-group factor, age, with two levels 

(young and older); a single within-group factor, memory type, with three levels (know, 

familiar and new), while the number of days between encoding and recognition, which 

varied from one to three, was included as covariate of no interest. There was no main 

effect o f age (F (1, 37) = 0.09, p = 0.77), and no main effect of days to recognition (F 

(1, 37) = 0.14, p = 0.71). There was a main effect of memory (F (1, 37) = 27.59, p < 

0.001), as both groups rated many more images as know than either familiar or new. 

There was no significant memory*age interaction (F (1, 37) = 1.78, p = 0.18), 

indicating that the young and older groups performed equally well on the memory
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task. There was a significant memory*days interaction (F (2, 37) = 3.55, p = 0.034) 

and this was investigated further with a series of t-tests, and a Bonferroni correction 

was applied in order to control for multiple comparisons. It was revealed that those 

returning after just one day compared to two to complete the recognition test 

performed better, correctly remembering more images (t (33) = 1.99, p = 0.055); 

however this result showed only a trend towards statistical significance. There were no 

further significant differences in memory performance depending on the days between 

encoding and recognition, therefore memory was not included as a covariate in any o f 

the further analyses. Descriptive statistics are summarised in table 5.1.

Table 5.1 Memory performance o f the young and older groups in the recognition test. 

Values are the mean percentage of image seen during encoding that the groups 

correctly remembered, i.e. rated as “know”, or forgot, i.e. rated as “familiar” or “new. 

The standard deviations are in parentheses.

Know % Familiar % New %
Young 65.30 (11.33) 19.84 (7.66) 14.87 (6.86)
Older 68.10 (14.62) 16.23 (7.84) 13.31 (7.99)

5.3.1 Behavioural Results- Emotional Memory Performance

The effects of arousal and valence on memory encoding were investigated using two 

2x2 ANOVAs in SPSS. In the first model, the effects of valence were examined. There 

was a single between-group factor, age, with two levels (young and older) and a single 

within-group factor, valence, with two levels (positive and neutral). There was no 

main effect o f age (F (1, 37) = 0.017, p = 0.90), and no main effect o f valence (F (1, 

37) = 1.53, p = 0.22), however there was a significant valence*age interaction (F (1, 

37) = 6.28, p = 0.017). This age interaction was further explored with a series of t- 

tests, and it was found that the while the young group showed an enhancement of 

memory by positive valence, rating more positive images than neutral as know (t (18) 

= 3.73, p = 0.002), and more neutral images than positive as either familiar (t (18) = - 

2.25, p = 0.038) or new (t (18) = -2.17, p = 0.044); the older group did not show any
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enhancement of memory by positive valence, remembering the same number of 

positive as neutral images (p = 0.87).

In the second model, the effects of arousal on memory were examined. There 

was a single between-group factor as before, and a single within-group factor, arousal, 

with two levels (high and low). There was no main effect of age (F (1, 37) = 1.84, p = 

0.18) and no main effect of arousal (F (1, 37) = 1.63, p = 0.21), however there was a 

highly statistically significant arousal*memory interaction (F  (1, 37) = 28.28, p < 

0.001). This interaction was explored further with a series o f paired t-tests. In the 

young group, high arousal enhanced memory, with more high arousal images than low 

rated as know (t (18) = -4.74, p < 0.001), and fewer rated as either familiar (t (18) = - 

2.77, p = 0.013) or new (t (18) = 4.75, p < 0.001). The pattern was similar for the older 

group, with high arousal images also more likely to be remembered correctly (t (20) = 

3.43), and low arousal images more likely to be rated as new (t (20) = -3.21, p = 

0.004); however both high and low arousal images were just as likely to be rated as 

familiar (p = 0.31). The descriptive statistics are summarised in table 5.2.

Table 5.2 The behavioural effects of valence and arousal on memory encoding. Values 

represent the mean percentage of images subsequently rated as either know, familiar or 

new by the young and older groups in the recognition task. The standard deviations are 

shown in parentheses.

Young
Older

Positive
Know Familiar New

Neutral
Know Familiar New

71.45(13.07) 16.76(10.34) 11.79(7.69) 
68.88(15.65) 15.87(8.87) 15.25(13.14)

62.84(11.41) 21.32(7.64) 15.82(7.95) 
68.54(17.75) 14.67(8.80) 16.78(13.26)

Young
Older

Low Arousal
Know Familiar New

High Arousal
Know Familiar New

60.81(14.01) 21.83(9.18) 17.36(8.10) 
65.76(15.59) 16.39(8.03) 17.85(13.87)

71.51(10.26) 17.68(7.43) 10.80(6.24) 
71.63(14.44) 15.32(8.22) 13.05(10.72)
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5.3.2 FMRI Results- Emotional Memory Encoding in the Young 

Adults

The Constant BOLD Response for Successful Image Encoding- Know 

versus Forget

The constant BOLD activation during remembered versus forgotten trials was first 

examined for the young group alone. For images that were subsequently remembered 

correctly, i.e. were classified in the memory task as “know”, the young adults showed 

greater constant BOLD signal in six cortical regions. The two largest clusters were 

located bilaterally in the occipital-temporal junction; there was also a significant 

cluster o f activation in the right precentral gyrus (BA 6) and in the middle rectal gyrus 

(BA 10), and there were two bilateral clusters of activation in the inferior frontal 

gyrus, p. triangularis (see table 5.3 and figures 5.1 and 5.2; activation increases are 

shown in orange/yellow).

There were also significant deactivation differences, with greater deactivation 

during remembered versus forgotten trials in 12 cortical regions which corresponded 

closely with areas o f the default model network (Greicius et al., 2002). These 

comprised six clusters in the frontal lobe, including the middle/superior, superior, and 

middle frontal gyri bilaterally; four clusters in the parietal lobe including two midline 

regions- the posterior cingulate cortex and the precuneus, and two bilateral clusters in 

the right and left inferior parietal lobule/angular gyrus; and two clusters in the 

temporal lobe, located in the right and left superior temporal gyrus (see table 5.3 and 

figures 5.1 and 5.2; deactivation increases are shown in dark/light blue). Peak voxels 

from several of the clusters were plotted as bar charts in order to better illustrate the 

direction o f the BOLD differences between the conditions. These are shown in figure 

5.2. There were no regions that showed greater activation during images subsequently 

forgotten.
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Table 5.3 Memory encoding peaks for the young adults. M N I co-ords are - Ip i, where

negative indicates left, posterior and inferior.

Young; Know > Forget No. voxels t-value* Co-ord MNI Area: prob or BA

Activation Increases
Temporal/Occipital Lobe

1 Right middle temporal gyrus 3689 6.41 53, -74, -2 BA 19
Right inferior occipital gyrus 6.12 42, -88, -2 hOC4v (V4): 30%
Right middle temporal gyrus 5.99 54, -70, -2 hOC5 (V5): 20%

2 Left middle occipital gyrus 3616 6.59 -46, -84, 4 hOC4v (V4); 10%
Left middle occipital gyrus 5.70 -36, -86, 10 hOC3v (V3v): 20%
Left inferior occipital gyrus 5.51 -32, -88, -8 hOC4v (V4): 50%

Frontal lobe
1 Right precentral gyrus 333 4.67 50, 2, 28 Area 44: 20%

Right precentral gyrus 4.67 56, 8, 32 Area 44: 20%
2 Right inferior frontal gyrus (p. Triangularis) 160 4.81 56, 32, 18 Area 45: 70%

Right inferior frontal gyrus (p. Triangularis) 4,06 48, 34, 6 Area 45: 40%
3 Left rectal gyrus 104 5.25 -6, 46 ,-18 BA 11

Left rectal gyrus 3.79 -6, 32, -20 BA 11
Right rectal gyrus 3.28 4, 32, -22 BA 11

4 Left inferior frontal gyrus (p. Triangularis) 89 4.29 -44, 26, 12 Area 45: 20%
Left inferior frontal gyrus (p. Triangularis) 4.02 -42, 30, 14 Area 45 :20%
Left inferior frontal gyrus (p. Orbitalis) 3.37 -38, 32, -4 BA 44

Deactivation Increases
Frontal lobe

1 Left superior orbital gyrus 1126 -7.39 -32, 60, -4 BA 10
Left middle frontal gyrus -4.79 -40, 52, 6 BA 10
Left middle frontal gyrus -4.69 -38, 46, 14 BA 10

2 Right middle orbital gyrus 841 -5.1 34, 54, -4 BA 10
Right superior frontal gyrus -4.85 26, 62, 18 BA 10
Right superior orbital gyrus -4.57 26, -58, -8 BA 10

3 Left superior medial gyrus 807 -5.21 -2, 56, 2 BA 10
Left anterior cingulate cortex -5.18 0, 48, 4 BA 32
Right mid orbital gyrus -4.19 14, 48, -6 BA 24

4 Right superior frontal gyrus 172 -5.31 24, 40, 32 BA 8
Right middle frontal gyrus -3.66 34, 36, 38 BA 8

5 Left middle frontal gyrus 137 -4.36 -26, 46, 34 BA 9
i_eft middle frontal gyrus -4.36 -20, 48, 24 BA 9

6 Right middle frontal gyrus 136 -4.23 36, 42, 20 BA 10
Right superior frontal gyrus -2.96 24, 46, 18 BA 10

Parietal Lobe
1 Right precuneus 911 -6.28 2, -78, 46 BA 7

Left precuneus -6.18 -2, -76, 40 SPL (7M): 50%
2 Left angular gyrus 876 -6.28 -46, -64, 42 IPC (Pga): 70%

Left angular gyrus -4.42 -54, -60, 38 IRC (Pga): 60%
Left inferior parietal lobule -4.14 -48, -54, 52 IPC (P fm ):40%

3 Right inferior parietal lobule 416 -5.17 52, -46, 52 IPC (P fm ):90%
Right inferior parietal lobule -4.31 50, -54, 52 IPC (Pfm): 50%
Right inferior parietal lobule -4.3 58, -52, 42 IPC (Pfm): 80%

4 Right posterior cingulate cortex 341 -3.72 4, -44, 14 BA 23
Temporal Lobe

1 Right superior temporal gyrus 415 -5.39 56, -8, 4 TE 1.2: 70%
Right rolandic operculum -5.06 60, 8, 4 Area 44: 50%

2 Left middle temporal gyrus 90 -4.01 -60, -44, 10 BA 19
Left superior temporal gyrus -3.59 -54, -44, 12 BA 19

*t > 2.82, p < 0.01; t > 3.79, p < 0.001, corrected.
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Figure 5.1 M em ory-associated activation in the young adults- results o f the 

comparison o f the constant BOLD signal in the “know” versus “forget” conditions. 

The orange/yellow indicates the brain regions where there was greater activation 

during trials which were subsequently remembered, while the dark/light blue indicates 

the regions where there was greater deactivation during trials which were subsequently 

remembered.
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Figure 5.2 Bar charts showing m em ory-related BOLD signal changes in the young 

adults in the (a) right middle temporal lobe (MTL) and the (b) left superior 

orbitofrontal cortex (OFC). As can be seen clearly from these plots, successful 

memory encoding was associated with both increased activation in the “know” 

condition, and also increased deactivation in other cortical regions. The y-axis values 

represent the coefficient values o f the BOLD signal at the peak voxel in that cluster in 

the two memory conditions, know and forget. The standard error of the mean is 

denoted by the error bars.



Memory-Associated Arousal Modulation

The BOLD modulation due to arousal was compared for images remembered versus 

forgotten, and it was found that for images later remembered correctly, there was 

significantly greater modulation of the BOLD signal by arousal in the left cerebellum, 

the left occipito-temporal region, the right superior parietal lobule and the right 

inferior frontal gyrus. These results are summarised in table 5.4 and displayed in figure 

5.3.

Table 5.4 Memory-associated arousal modulation o f the BOLD signal in the young

group.

Young; Know arousal > Forget arousal No. voxels t-value* Co-ord MNI Area; prob or BA

Cerebellum
1 Left cerebellum 157 4.22 -32, -78, -34 Lobule Vila Crus 1:95%

Left cerebellum 4.11 -14, -86, -40 Lobule Vila Crus 11:77%
Temporal/Occipital Lobe

1 Left Inferior occipital gyrus 146 4.25 -36, -60, -8 BA 37
Left inferior temporal gyrus 3.92 -42, -52, -8 BA 37
Left fusiform gyris 3.78 -36, -46 ,-10 BA 37
Left inferior occipital gyrus 3,73 -32, -72, -8 hOC4v (V4): 10%

Parietal Lobe
1 Right superior parietal lobule 123 3.91 20, -60, 44 HIP1: 10%

Righit superior parietal lobule 3.68 18, -58, 54 SPL (7A): 20%
Frontal Lobe

1 Right inferior frontal gyrus (p. Opercularis) 115 5.42 34, 12, 28 BA 45
Right inferior frontal gyrus (p. Triangularis) 3.05 42, 20, 24 Area 45:10%

*t > 2.82, p < 0.01; t > 3.79, p < 0.001, corrected.
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Know
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Forget

Figure 5.3 M em ory-associated arousal m odulation o f the BOLD signal in the 

young adults. There was greater modulation due to emotional arousal in the left 

inferior occipital gyrus (lOG) for images that were subsequently remembered than 

forgotten. See figure 3.2 legend.

Memory-Associated Valence Modulation

The BOLD modulation due to valence was compared for images remembered versus 

forgotten, and it was found that for images later remembered correctly, there was 

greater valence-dependent modulation in the right middle frontal gyrus and the 

cerebellar vermis. Upon inspection o f this contrast it was revealed that these 

differences were due to less activation, or a signal deactivation in these regions due to 

positive valence during successful image encoding, while there was a BOLD increase 

in response to valence for trials subsequently forgotten. These results are shown in 

table 5.5 and figure 5.4.
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Table 5.5 M emory-associated valence modulation o f the BOLD signal in the young 

group.

Young: Knowvalence > Forget valence No. voxels t-value* Co-ord MNI Area: prob or BA

Frontal Lobe
1 Right middle frontal gyrus 259 -4.46 34, 6, 40 BA 6

Right middle frontal gyrus -3.82 44, 12 ,42 BAS
Right inferior frontal gyrus (p. Opercularis) -3.69 40, 14, 32 BA 9

2 Right anterior cingulate cortex 148 -4.44 10, 42, 16 BA 32
Right anterior cingulate cortex -3.72 16, 38, 22 BA 32
Right anterior cingulate cortex -3.18 6, 36, 26 BA 32

Cerebellum
1 Cerebellar vermis 106 -3.96 0, -36, -12 -

*t > 2.82, p < 0.01; t > 3.79, p < 0.001, corrected.
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Figure 5.4 M em ory-associated valence modulation o f  the BOLD signal in the 

young adults. There was greater modulation due to positive valence in the right 

middle frontal gyrus (MFG) for images that were subsequently forgotten rather than 

remembered. See figure 3.2 legend.
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5.3.3 FMRI Results- Emotional Memory in the Older Adults

The Constant BOLD Response for Successful Image Encoding- Know 

versus Forget

Examination o f the constant BOLD signal during remembered versus forgotten trials 

for the older group revealed that successful image encoding was associated with 

greater activation in the right inferior temporal gyrus and the left middle occipital 

gyrus (see table 5.6 and figures 5.5 and 5.6; activation increases are shown in 

orange/yellow). Similar to the results from the young adults, there was also 

significantly more deactivation in several brain regions associated with successful 

image encoding. The clusters were located in the parietal lobe, in the midline 

precuneus region and in the right angular gyrus/inferior parietal lobule; and in the 

frontal lobe, in the middle frontal gyrus and the anterior and middle cingulate cortices 

(see table 5.6 and figures 5.5 and 5.6; deactivation increases are shown in blue).
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Table 5.6 Memory encoding peaks for the older adults.

Older: Know> Forget No. voxels t-value* Co-ord MNI Area: prob or BA

Activation Increases
Temporal/Occipital Lobe

1 Right inferior temporal gyrus 285 5.33 50, -56,-12 BA 37
Right inferior temporal gyrus 5.01 44, -64, -10 hOC5 (V5): 10%
Right fusiform gyrus 3.97 42, -46, -18 BA 37
Right inferior occipital gyrus 3.75 40, -68, -12 hOC4v(V4): 10%

2 Left middle occipital gyrus 246 4.62 -50, -78, 2 BA 19
Left middle occipital gyrus 4.18 -52, -74, 4 BA 37
Left middle occipital gyrus 4.18 -32, -86, 0 BA 18

Deactivation Increases
Parietal Lobe

1 Right precuneus 1001 -6.08 10,-60 ,38 SPL(7A): 10%
Right precuneus -5.38 8, -66, 40 SPL(7A): 20%
Left precuneus -5.22 -12, -62, 36 SPL(7A):20%

2 Right angular gyrus 334 -4.97 44, -66, 44 IRC (Pga): 40%
Right angular gyrus -4.50 48, -60, 50 IPC (Pga): 50%
Right inferior parietal lobule -3.89 56, -50, 38 IPC (Pfm): 90%

Frontal Lobe
1 Right middle frontal gyrus 611 -4.62 36, 38, 26 BA 9

Right superior frontal gyrus -4.55 20, 54, 18 BA 10
Right superior frontal gyrus -4.52 20,58, 18 BA 10

2 Right middle cingulate cortex 232 -6.19 8, 26, 38 BA 32
3 Left middle cingulate cortex 168 -4.41 -6, -14, 34 BA 23

Right middle cingulate cortex -3.65 4, -22, 34 BA 23
4 Right anterior cingulate cortex 111 -4.15 4, 42, 18 BA 24

Right anterior cinqulate cortex -3.48 6, 36, 24 BA 24

*t > 2.82, p < 0.01; t > 3.79, p < 0.001, corrected.
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Figure 5.5 M em ory-associated activation in the older adults- results of the 

comparison o f the constant BOLD signal in the “know” versus “forget” conditions. 

The orange/yellow indicates the brain regions where there was greater activation 

during trials which were subsequently remembered, while the dark/light blue indicates 

the regions where there was greater deactivation during trials which were subsequently 

remembered.
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■ Know
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■ Know
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Figure 5.6 Bar charts showing m em ory-related BOLD signal changes in the older 

adults. There was significantly more constant BOLD activation during the “know ” 

versus “forget” trials in the (a) right inferior temporal gyrus (ITG), and greater BOLD 

deactivation in the (b) right precuneus. See figure 3.2 legend.
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Memory-Associated Arousal Modulation

There were no significant differences between the arousal-modulation o f the BOLD 

signal for remembered versus forgotten trials, suggesting that the arousal o f the stimuli 

did not modulate the memory-associated BOLD signal for the older adults.

Memory-Associated Valence Modulation

The valence-modulation during images that were subsequently remembered was 

compared to that during the images that were forgotten and there were several 

differences found. There was a greater BOLD signal increase in response to positive 

valence for images which were later forgotten in the left precuneus, right angular 

gyrus, posterior cingulate cortex and left precuneus (see table 5.7 and figure 5.7). The 

results were investigated further by examining the valence-dependent BOLD signal 

change in each condition separately, in order to see whether the differences were 

driven by modulation increases or decreases. It was revealed that the differences were 

driven by a BOLD signal increase in response to valence in the forget condition but a 

signal decrease in response to valence for the successfully encoded trials.

Table 5.7 Memory-associated valence modulation o f the BOLD signal in the older

group. Refer to table 5.3.

Old: Knowvalence > Forget valence No. voxels t-value* Co-ord MNI Area: prob or BA

Parietal Lobe
1 Left precuneus 255 -4.01 -4, -70, 50 SP L(7P ):40%

Right precuneus -3.97 14,-70,44 SP L(7P ):50%
Left precuneus -3.89 2, -66, 46 SP L(7P ):30%

2 Right angular gyrus 133 -4.74 40, -62, 50 IPC (Pga); 20%
Right inferior parietal lobule -4.28 42, -54, 40 HIP1:20%
Right angular gyrus -4.17 44, -56, 38 HIP1:20%

3 Posterior cingulate cortex 110 -4.76 0, -34, 22 BA 30
4 Left precuneus 102 -3.79 -6, -48, 46 BA 7

Left middle cingulate cortex -3.31 -4, -42, 40 BA 31
Right precuneus -3.21 2, -42, 46 SPL(5M ):20%

*t > 2.82, p < 0.01; t > 3.79, p < 0.001, corrected.

131



L Precuneus
0.1 

0.08 
I  0.06
I  0.04
o 0.02 
E
Q 0
g  -0.02 

-0.04 
-0.06

■ Valence 
Know 

■V alence  
Forget

Figure 5.7 M em ory-associated valence m odulation in the older adults. There was 

greater modulation due to positive valence in the left precuneus for images that were 

subsequently forgotten rather than remembered. See figure 3.2 legend.
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5.3.4 Age-Related Differences in Emotional Memory Encoding

Know versus Forget- Age-Related Differences in Memory Encoding

The difference in the constant BOLD response between the know and forget 

conditions was first compared, indicating age-related differences in general memory 

encoding. Compared to the older adults, the young adults showed a greater increase in 

activation in the right middle temporal gyrus in remembered versus forgotten trials 

(see figure 5.8 (a)). In contrast, the older adults showed greater activation in the right 

precentral gyrus in forgotten versus remembered trials compared to the young adults 

(see figure 5.8(a) and figure 5.9); or indeed this could be interpreted as a lack o f 

deactivation in this region for successfully remembered trials. These results are 

summarised in table 5.8

(c) Valence(b) Arousal

Figure 5.8 A ge-related differences in em otional memory encoding, (a) The young 

group showed greater constant activation than the older group during successful 

memory encoding in the right middle temporal gyrus, and greater deactivation in the 

right precentral gyrus, (b) The young group showed a great memory-related arousal 

modulation in the right superior frontal gyrus and the cerebellum and (c) a greater 

memory-related valence modulation in the left amygdala and cerebellum.
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Table 5.8 Age-related differences in successful memory encoding.

Know vs Forget No. voxels t-value* Co-ord MNI Area: prob or BA
Young > Older 
Frontal Lobe

Right precentral gyrus 190 -4.43 28,-14, 74 Area 6:30%
Right precentral gyrus -4.24 28, -8, 74 BAB
Right precentral gyrus -4.21 36, -16,70 BA 6

Temporal lobe
Right middle temporal gyrus 98 -3.60 40, -70,12 BA 19

*t > 2.82, p < 0.01; t > 3.79, p < 0.001, corrected.
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Figure 5.9 A ge-related differences in the constant BOLD signal during memory 

encoding in the (a) right middle temporal gyrus (MTG) and (b) right precentral gyrus 

(PCG). The bar charts represent the mean coefficient values for the young (blue) and 

older (red) adults at the peak voxel o f difference for that cluster. The standard errors 

are represented by the error bars. The y-axis represents the BOLD signal difference 

between the know and forget conditions, i.e. memory-related activation.

Age-Related Differences in the Contribution of Emotional Arousal to 

Memory Encoding

The contribution o f arousal to memory encoding was next compared between the

young and older groups. It was found that the young adults showed greater arousal

modulation of the BOLD signal during successful image encoding in the cerebellar

vermis and the right superior frontal gyrus (SFG). Once again these contrasts were

examined in more detail to see whether modulation increases or decreases between
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conditions were driving them. It was found that in the case of the cluster in the 

cerebellum, the young adults showed an increase in arousal modulation in this region 

in the know versus forget condition, while the older adults showed an increase in 

arousal modulation in the forget versus know condition. In the right SFG, the young 

adults showed an increase in arousal modulation in the know versus forget conditions, 

while the older adults showed an increase in deactivation in response to arousal in the 

SFG during subsequently remembered versus forgotten trials. See table 5.9 and figures 

5.9 (b) and 5.10.

Table 5.9 Age-related differences in the contribution o f arousal to memory encoding.

Know arousal vs Forget arousal No. voxels t-value* Co-ord MNI Area: prob or BA
Young > Older 
Cerebellum

Cerebellar vermis 172 4.24 4, -68, -42 Louie Vllb (Vermis): 68%
Left cerebellum 3.69 -2, -56, -48 Lobule IX (Hem): 85%
Left cerebellum 3.54 -6, -68, -44 Lobule Vlllb (Hem): 16%

Frontal Lobe
Right superior frontal gyrus 115 4.52 20,72, 10 BA 10

Right superior frontal gyrus 3.66 28,70, 10 BA 10

t > 2.82, p < 0.01; t > 3.79, p < 0.001, corrected.
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Figure 5.10 A ge-related differences in m em ory-related arousal processing in the 

(a) right cerebellum and (b) right superior frontal gyrus (SFG). See figure 5.9 legend.
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Age-Related Differences in the Contribution of Emotional Valence to 

Memory Encoding

When the contribution o f emotional valence to memory encoding was comparec 

between the young and older groups it was identified that the young adults showec 

increased valence modulation in the left cerebellum and the le f 

hippocampus/amygdala compared to older adults. When these differences were 

examined in more detail to it was found that in the cluster the left 

hippocampus/amygdala, the young adults showed an increase in valence modulation in 

the know versus forget condition, however the older adults showed a decrease in 

valence modulation in the same region between the two conditions. These results are 

shown in table 5.10 and figures 5.9 (c) and 5.11.

Table 5.10 Age-related differences in the contribution of valence to memory encoding.

Know valence vs Forget valence No. voxels t-value* Co-ord MNI Area: prob or BA
Young > Older
Cerebellum 137

Left cerebellum 4.70 -40, -54, -26 Lobule VI (Hem): 39%
Left cerebellum 4.06 -38, -48, -32 Lobule VI (Hem): 66%

Subcortical
Left parahippocampal gyrus 

Left parahippocampal gyrus
115 -5.01

-4.73
-14, -2,-26 
-16,6, -24

HIpp (EC): 80%; Amyg (SF): 20% 
Amyg (LB): 10%

t > 2.82, p < 0.01; t > 3.79, p < 0.001, corrected.
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Figure 5.11 A ge-related differences in m em ory-related valence processing in the 

left hippocampus/amygdala. See figure 5.9 legend.
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5.3.5 Linear Association between Memory Performance and the 

BOLD Signal

The memory performance o f the young and older adults, i.e. percentage o f images 

corrected remembered in the recognition phase, was correlated against the constant 

BOLD signal in the “know” condition, in order to see whether better memory 

performance was predicted by increased BOLD activation in any memory-related 

brain regions. This analysis also controlled for neuroticism as a covariate o f no interest 

as this differed between the groups, and it did not examine age-related differences but 

considered the participants as a single group, as overall memory performance did not 

differ significantly between the groups. There was a positive linear association 

between memory scores and the constant BOLD signal on correctly encoded trials in a 

number o f cortical and subcortical brain regions, which are listed in table 5.11. These 

included clusters in the middle orbitofrontal cortex (spanning the superior medial and 

rectal gyri), the right middle frontal gyrus, the left superior frontal gyrus, the right 

hippocampus/amygdala, the right superior temporal gyrus, the middle cingulate cortex, 

the left and right postcentral gyrus and the left caudate nucleus. These regions are 

shown in figure 5.12.
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Figure 5.12 Linear relationships between the BOLD signal and m em ory 

perform ance. There was a positive relationship between activation in the constant 

BOLD signal in the “know” trials and memory performance in the recognition task in 

several regions including the right amygdala and the OFC.
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Table 5.11 Relationship between memory encoding and the BOLD signal. In the 

young and older groups analysed together, these clusters demonstrated a linear 

relationship between the constant BOLD signal during image encoding (“ know”  

condition) and memory performance in the recognition test (percentage o f images

remembered).

Region No. voxels t-value MNI co-ords Area: prob or BA
Frontal Lobe

1 Right superior medial gyrus 445 5.16 14, 50, 6 BA 10
Left rectal gyrus 4.15 -2, 48, -22 BA 11
Right rectal gyrus 4.01 4, 48, -18 BA 10

2 Right middle frontal gyrus 349 4.19 38, 40, 32 BA 44
Right middle frontal gyrus 4.19 40, 36, 32 BA 44
Right middle frontal gyrus 4.06 40, 44, 30 BA 44

3 Left superior frontal gyrus 157 4.62 -20, 48, 34 BA 9
Left superior medial gyrus 3.73 -6, 54, 22 BA 9
Left superior frontal gyrus 3.52 -26, 42, 40 BA 9

4 Left middle cingulate cortex 94 3.83 0, -20, 42 Area 6: 20%
Left middle cingulate cortex 2.93 -4, -10,42 Area 6: 20%

Tenporal Lobe
1 Right superior temporal gyrus 299 4.47 50, -26, 16 OP1:70%

Right postcentral gyrus 3.49 62, -12, 32 Area 1:70%

Parietal Lobe
1 Left postcentral gyrus 259 4,71 -38, -44, 62 Area 2'. 50%

Left superior parietal lobule 4.07 -24, -50, 70 SPL (7A): 40%

2 Right postcentral gyrus 225 4.3 14, -48, 68 SPL(5L): 70%
Right postcentral gyrus 4.02 22, -44, 68 SPL(5L): 30%
Right precuneus 3.75 12, -54, 70 SPL(5L): 70%

Subcortical
1 Right parahippocampal gyrus 155 4.7

oCD Hipp (EC): 60%; Amyg (SF): 40%
Right hippocampus 3.81 20, -4, -14 Amyg (SF): 70%

2 Left caudate nucleus 125 3.66 -18, -4, 18 -

Left caudate nucleus 3.5 -18, -4, 10 -

*t > 2.82, p < 0.01; t > 3.79, p < 0.001, corrected.
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5.4 Discussion

In the current study we applied a parametric modulation approach in a novel way to 

study emotional memory in ageing. This approach was advantageous as it allowed us 

to dissociate the contributions of arousal and positive valence to the BOLD signal 

during successful memory encoding. We identified several age-related differences in 

both general memory encoding, and in the modulation o f memory activation by 

arousal and valence specifically.

5.4.1 The Contribution of Arousal to Memory Encoding

Both the young and older groups showed a behavioural enhancement of memory by 

high arousal images, regardless of whether they were positive or neutral in valence. 

This result supports previous studies o f emotional memory which have found that high 

arousal items are better remembered than low arousal items (Bradley, et al., 1992; 

Cahill & McGaugh, 1995). For example, in two previous studies utihsing a similar 

memory paradigm to the current design, one using emotional images (Ochsner, 2000) 

and the other words (Kensinger & Corkin, 2003), highly arousing emotional items, 

regardless o f valence, were more likely to be remembered correctly, while neutral 

items were more likely to be rated as familiar.

A striking result in the current study however was the complete absence of 

memory-related arousal modulation in the older group. Although they demonstrated 

the same behavioural enhancement o f memory by high levels o f arousal, correctly 

recognising more high arousal items than low arousal items- an effect which has been 

reported before (e.g. Kensinger, 2008); the older group did not show any enhancement 

of the memory-related BOLD signal by arousal. This is in contrast to the young adults, 

who dem onstrated greater activation due to arousal in the left occipital-temporal 

junction, the right inferior frontal gyrus, the right superior parietal lobule and the left 

cerebellum during subsequently remembered versus forgotten trials. These regions are 

similar to those reported in previous studies of emotional memory encoding. For 

example Steinmetz and Kensinger (2009) found that the encoding o f high arousal 

versus low arousal images in to memory also activated visual, parietal and PFC
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regions- including the left middle occipital gyrus, the left parahippocampal gyrus, the 

left intraparietal lobule and the right IFG. When the arousal modulation during 

memory encoding was directly compared between the groups, the young adults 

showed a greater BOLD signal modulation in the left occipital-temporal junction and 

the left cerebellum. The activation in the left ventral visual cortex in particular would 

seem to suggest enhanced memory encoding (Murty et al., 2009), however 

surprisingly the older adults performed just as well on the memory task, in spite of 

showing less BOLD signal enhancement in this region.

These results mirror our findings from the emotional perception part of this 

paradigm, the results o f which are described in chapter 5, and support our 

experimental predictions. What is most surprising in this study is that the older adults 

did demonstrate an enhancement o f memory by arousal, in spite o f a seeming lack of 

cortical sensitivity to arousal. Although we did not examine reaction times in this 

study, as the prompt condition was a simple attention-maintaining exercise rather than 

a cognitive task of interest, and the task was a shallow encoding task, not dependent on 

the responses; it would be very interesting to examine whether the reaction times were 

modulated by the arousal level o f the stimuli. Although the older adults may still have 

shown an enhancement of memory by high arousal levels several days after the scan, 

perhaps the real age-related difference in how arousal affects cognition might be in 

how arousal enhances attention in the immediate environment, rather than how it 

affects long-term memory. This issue certainly warrants further investigation, but one 

o f the core findings emerging from this research project is a strong attenuation in the 

neural response to arousal in the older adults.

5.4.2 The Contribution of Valence to Memory Encoding

Given that previous ageing studies have found that older adults demonstrate a memory

bias in favour of encoding positive emotional stimuli (Kennedy, et al., 2004;

Kensinger et al., 2007a; Kensinger & Schacter, 2008; Mather & Carstensen, 2005), we

predicted that the older adults would both remember more positive images and show a

greater enhancement of the memory-related BOLD signal by valence. In contrast to

our predictions however, the behavioural results revealed that only the young group

showed a positivity effect in the memory task, remembering more positive than neutral
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images correctly. Many previous studies have found that positive emotional stimuli are 

remembered better than neutral items (Ashby et al., 1999; Hamann, et al., 1999; 

Kensinger, 2004; LaBar & Cabeza, 2006), and the results from the young adults 

support this view. However, several ageing studies have found that older adults in 

particular benefit the most from the memory-enhancing ability o f positive valence 

(Addis et al., 2010; Kensinger & Schacter, 2008); but we found this not to be the case. 

In the current study the “positivity effect” was limited to the young group only.

In a recent review article, Nashiro et al. (2011) suggests that most studies 

which have found evidence of the positivity effect report only a medium effect size, 

therefore it would not uncommon for studies with small sample sizes not to find an 

effect. In the current data set however, the effect was very strong for the young adults, 

therefore it is unlikely that the sample size was simply too small for an effect to be 

seen. One possible explanation could be the absence of negative items in the current 

design. Previous studies have commonly compared positive to negative stimuU, 

indicating that older adults prioritize their memory resources to encode more positive 

than negative images, while younger adults show the converse effect, remembering 

more negative compared to positive, (e.g. Gutchess, et al., 2007; Leclerc & Kensinger, 

2008; Ritchey, Bessette-Symons, et al., 2011). In the current study negative images 

were removed from the equation however, and only the young adults showed an 

enhancement of memory by positive emotion.

Several other studies however have found no evidence o f the positivity bias in 

ageing however, in emotional memory paradigms (Fernandes et al., 2008; Gruhn et al., 

2005; Isaacowitz et al., 2006) and on a visual attention task (Isaacowitz, et al., 2006). 

Therefore it may be likely that although the positivity bias in ageing is sometimes 

evident, it is not elicited under all experimental contexts, and the emotional processing 

changes that occur in ageing are more complex than this rather reductionist description 

suggests. One possibility is that since ageing seems to be accompanied by a marked 

reduction in the processing of arousal, negative stimuli, which tend to be more 

arousing than positive stimuli (Lang, et al., 2008), become less attention-capturing 

than they are to younger adults, and therefore the memorisation of positive emotional 

stimuli is enhanced relative to young adults, whose cognitive resources are prioritised 

by the negative stimuli. This is a complex issue however, and one which requires 

further investigation in future studies.
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When we examined the effects of valence on memory-related activation by 

comparing the valence-dependent signal for images subsequently remembered versus 

forgotten, two patterns emerged. First, in contrast to the arousal modulation, both the 

young and older groups displayed memory-specific valence modulation. Second, 

valence modulated the memory-related BOLD signal in both groups by enhancing 

deactivation in frontal and parietal regions. In the young adults, there was greater 

deactivation in response to valence during trials remembered versus forgotten in two 

frontal regions- the middle frontal gyrus and the ACC, and in also in the cerebellum. 

In the older adults the regions o f increased deactivation were located solely in the 

parietal lobe- in the left precuneus, the middle posterior cingulate cortex (PCC) and 

the right angular gyrus. These regions are commonly considered to form part of the 

default mode network (DMN), a functionally correlated network o f brain regions 

which consistently shows increased activation when the brain is awake but at rest, and 

increased deactivation when the brain engages in goal-orientated, externally-focused 

behaviour (Raichle et al., 2001). The DFN is comprised o f regions which exhibit 

synchronous low-frequency activation at rest, including the PCC, precuneus, areas o f 

the temporal and lobe, and medial prefrontal cortex and other midline PFC areas, and 

has been identified using PET (Raichle, el a l ,  2001) and fMRI (M.D. Fox & M.E. 

Raichle, 2007; Greicius et al., 2004).

In a study which utilised a similar parametric modulation approach to the 

current design, Heinzel and colleagues (2005) examined how the BOLD signal varied 

with the valence level o f emotional images from the lAPS. They found that with 

increasing levels o f valence (i.e. going from negative, to neutral, to positive) there was 

an increase in activation in the OFC, the dorsomedial PFC, the medial parietal cortex 

and the insula. However, similar to the results in the current study, they found that 

valence affected the BOLD signal predominately by modulating BOLD signal 

decreases, rather than increases. In the OFC, dorsomedial PFC and the medial parietal 

cortex there was less deactivation as valence increased. This may represent greater 

deactivation for negative compared to positive stimuli, while in the current study we 

identified greater deactivation for positive stimuli during successful memory encoding. 

The degree o f deactivation is likely related to the ability o f the stimuli to engage 

attentional resources and activate a task-positive network, reducing activation in the 

DMN (M. D. Fox et al., 2005). It seems intuitive therefore that in the Heinzel et al.
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study (2005) negative stimuli prioritized cognitive resources more than positive, while 

in our study positive stimuli led to greater deactivation in the DMN than neutral.

The main age-related difference in the contribution o f valence to memory 

encoding was in the left hippocampus/amygdala. The young group showed a greater 

modulation due to valence in this region during trials subsequently remembered, while 

in the older group the pattern was reversed, with slightly greater valence modulation 

during images which were not encoded successfully. This result may reflect the 

“positivity effect” that the young group displayed in the memory task. They 

remembered more positive images than neutral; therefore the activation of the 

hippocampus/amygdala region during successful image encoding may in part be due to 

the higher positive valence of these images.

5.4.3 Age-Related Differences in the Neural Substrates of Memory 

Encoding

Although the older group remembered as many images correctly as the young group, 

they showed a marked reduction in the memory-related BOLD signal compared to the 

young group. In the case of the young adults, successful picture encoding was 

associated with increased BOLD signal in the occipital-temporal visual processing 

regions, the orbitofrontal cortex and the right inferior frontal gyrus. This encoding 

network is similar to ones identified by other studies of emotional memory encoding, 

which have identified increased visual activation, in particular in the ventral visual 

association areas (Taylor et al., 1998), and increased prefrontal activation, in regions 

such as the anterior cingulate cortex (ACC) and the orbitofrontal cortex (OFC) (Smith, 

et al., 2004). Given that the young group remembered more positive than neutral 

images in the recognition phase, but the older adults did not show this positivity effect, 

the activation in the OFC in the young group may be related to the greater positive 

valence o f the remembered versus forgotten images, as the OFC is a key cortical 

region for reward processing (Rolls, 2004; Schultz, et al., 2000).

The older adults showed a similar pattern of activation for successfully

remembered trials; however they showed no PFC activation and the occipital and

temporal clusters were less extensive than in the young group. This mirrors the pattern

that was evident in chapter 4, whereby the older adults recruited a very similar set of
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regions to the young adults while viewing the images, however the clusters were less 

extensive and the activation values not as large. Interestingly however, the older adults 

performed as well as the younger adults on the memory task in spite o f exhibiting less 

BOLD signal change between the two memory conditions, and further, they did not 

show any evidence of functional compensation or reorganization in functional brain 

activation. They did not show any greater frontal or parietal activation that other 

studies o f successful cognitive performance in ageing have reported (Davis, et al., 

2008). Rather, they showed a deficit in memory-associated activation in comparison to 

the young adults in two regions, in the right precentral gyrus and the right middle 

temporal gyrus (see figure 5.9 (a)).

Increased activation in ageing is not always associated with better cognitive 

performance however. For example, on a longitudinal study of cognitive decline and 

its neural correlates in ageing utilising both fMRl, volumetric MRI and DTI (Persson, 

et al., 2006), it was found that not only did older adults who maintained good 

performance on a memory task over ten years show less hippocampal grey matter loss 

and attenuated loss of integrity in the anterior corpus callosum, but additionally, older 

adults with the greatest memory decline showed greater right prefrontal activation. 

This indicates that they recruited an additional prefrontal region to perhaps try to 

compensate for both hippocampal atrophy and difficulty performing the task. It could 

also suggest however an ineffective neural compensatory strategy, or loss o f functional 

specificity which might impair performance. This illustrates the complex nature of the 

functional brain changes that occur with ageing, and highlights the fact that there is not 

always a direct relationship between increased or decreased activation and successful 

cognitive performance.

5.4.4 Relationship between the BOLD Signal and Memory 

Performance

We investigated the relationship between the constant BOLD signal during images 

subsequently remembered and memory performance, and found that better memory 

performers, regardless o f age, showed greater activation in a number o f brain regions, 

including the right amygdala, several regions of the PFC, including the OFC and the
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right MFG; the right superior temporal gyrus and the left caudate nucleus. This 

indicates that more successful memory encoding was associated with greater signal 

increases versus baseline in these regions, which included two core reward processing 

areas- the amygdala and the OFC. This may suggest that better memory performers 

benefitted more from the mnemonic boost provided by the positive valence stimuli. It 

would be o f interest in future studies to examine this question in more detail, and in 

particular to investigate the relationship between memory performance and BOLD 

activation in the young and older groups separately, as this may reveal that young and 

older high performers recruited similar, or indeed distinct encoding networks.

5.4.5 Apparent Lack of Hippocampal Activation during Memory 

Encoding

There was a notable lack o f hippocampal activation in the memory-related constant 

BOLD signal in the current study, even though hippocampal activation is one o f the 

most consistent findings in fMRl studies o f memory encoding (Kim, 2011; Murty, et 

al., 2010). A potential limitation o f the current study design which may have 

contributed to this outcome however was the inclusion o f images rated during the 

recognition task as “familiar” in the “forget” condition. This was done for two 

reasons- to clearly dissociate conscious memory recollection from a vague feeling of 

familiarity, and also to ensure that there were enough trials in the “forget” condition 

for an event-related memory analysis (Murphy & Caravan, 2005). For example, in 

spite of there being between one and three days between encoding and recognition, 

most o f the participants performed extremely well on the memory task, with some 

remembering close to 100% of the images and therefore warranting exclusion from 

these analyses. However this may have contributed to the absence o f hippocampal 

activation observed in the memory encoding analysis. When the activation maps of the 

“know” and “forget” conditions were examined separately, it was found that the young 

adults showed significant bilateral hippocampal activation in both conditions, while 

the older adults showed right hippocampal activation in both conditions (data not 

shown). Thus there was not enough difference between conditions for there to be
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significant hippocampal activation in the subsequent memory, (i.e. know versus 

forget), contrast.

Previous studies have examined the differences in memory encoding between 

remembering and a feeling o f familiarity, and they too have found hippocampal 

contributions to the encoding o f stimuli later recalled with familiarly, or with “gist” 

rather than detailed memory (Wixted & Squire, 2011). Furthermore, Song et al. 

(2011) found that patients with hippocampal lesions were impaired not only on 

recollection memory but also on judgements o f familiarity, compared to controls, 

indicating that this types o f memory also depends on the hippocampus. In future 

studies it may be possible to increase the difficulty of the task so that there are enough 

trials in both the “familiar” and “new” conditions to compare these different types of 

memory encoding, how they are modulated by emotional arousal and valence, and 

how these processes change with age.

5.4.6 The Role of the Default Mode Network in Memory Encoding

We found that successful memory encoding was also associated with 

increased deactivation in several DMN regions (Greicius, et al., 2002), including the 

precuneus, the midline prefrontal cortex and the posterior cingulate cortex. These 

deactivation were present in both the young and older groups, although similar to the 

activation results, the clusters were not as widespread in the older group. In a recent 

review article o f 74 fMRI studies which have compared memory-related activation 

during subsequently remembered versus forgotten trials (Kim, 2011), it was found that 

the most commonly activated areas include the left inferior frontal cortex, the bilateral 

fusiform cortex- particularly when images are encoded; the hippocampus bilaterally, 

the premotor cortex and the posterior parietal cortex. In addition however, this review 

also found that memory encoding is associated with deactivation in regions 

constituting the DMN, including the anterior and posterior midline cortex, the 

temporoparietal junction, and the superior frontal cortex.

During recent years in neuroimaging there has been an increasing interest in

the role that neural deactivation may play in cognitive functioning. There is evidence

that the successful deactivation o f the DNM is critical for the successful com pletion of

attention-demanding tasks (Fransson, 2006), and several networks which show task-
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related deactivation have been identified that are affected in disease states (Greicius, et 

al., 2004; Zhou et al., 2007) and altered by aging (Lustig et al., 2003). The role of 

deactivation in cognitive functioning likely extends far beyond the functioning o f the 

DMN however, and there is also strong evidence for the conceptualization o f systems 

level brain activity as a series o f anti-correlated neural networks, whereby certain 

regions showing increases in response to cognitive tasks while others show consistent 

and negatively correlated decreases in activation during the same tasks (M.D. Fox et 

al., 2005; Shulman et a l ,  1997). For example, several studies of memory have 

identified regions in the DMN which show increased deactivation during encoding 

show increased activation during memory retrieval (Huijbers et al., 2011; Vannini et 

al., 2011).

Previous studies have also found an age-related decrease in resting-state 

activity as measured by PET (Beason-Held, et al., 2009) and fMRI (Hafkemeijer et al., 

2011; Wu et al., 2011). This may reflect reduced functional coordination or 

communication between large scale networks in the ageing brain. For example, 

resting-state activity increases from infancy to adulthood, and then seems to decline 

again in older age. This pattern mirrors the types of age-related changes apparent in 

other measures o f brain function and structure, e.g. GM volume and WM tract 

myelination (Grieve, et al., 2011).

This growing body o f literature indicates an important role for deactivation as 

well as activation in effective cognitive functioning, and in the current study, not only 

was deactivation in the DMN associated with successful memory-encoding, and 

reduced in the older adults, but positive valence enhanced the memory-related BOLD 

signal by increasing deactivation in frontal and parietal DMN regions. The synergy 

between activation increases and deactivation increases in emotional memory 

encoding, and how this changes with age is certainly a topic which requires further 

investigation. It would be interesting to analyse the deactivations in the current data set 

in more detail, both in the constant response related to successful memory-encoding, 

and in relation to the parametric modulations due to positive valence.
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5.4.7 The Potential Confound of False Memory in the Current Study

In the recognition memory test the categories o f images correctly remembered do not 

include false positives. However the rate o f false positives, i.e. foils, or images not 

seen during the encoding session which were incorrectly classified as “know” or 

“familiar”, was calculated for both the young and older adults in order to assess 

whether guessing strategies might have offered a confound to the results. The young 

adults correctly rated 76.32 % (± 12.01) o f the 60 foil images as “new”, but also rated 

18.60% (± 8.91) as “familiar” and 5.09 % (± 6.51) as “know”. The older adults 

however rated just 59.67% (± 17.47) as “new”, but 24.67 (± 11.62) as “familiar” and 

15.67 (± 10.15) as “know” . A two-sample t-test confirmed that the rate of false 

positives, i.e. foils rated as ”know”, was indeed statistically significantly higher for the 

older adults than the young adults (t (37) = -3.85, p < 0.001).

This high rate of false positives in the older group accords with many other 

previous studies which have reported similarly increased false memory rates in older 

adults (e.g. Bender et al., 2010; Duarte et al., 2010; McCabe et al., 2009; Remy et al., 

2008). Indeed in a review of ageing studies utilising the know/remember paradigm 

similar to this study, McCabe et al. (2009) concluded that age-related increases in false 

hits is as reliably reported as age-related decreases in correct hits. Furthermore, this 

false memory effect is particularly strong in the case of positive emotional stimuH (e.g. 

Fernandes, et al., 2008; Piguet et al., 2008; Werheid et al., 2010). The phenomenon of 

false memories in ageing is one which is still not fully understood. It may be another 

symptom o f  memory failure in age, or may be driven by older adults’ increased feeling 

of positivity, particularly towards emotional stimuU, which confers a false sense of 

familiarity which is really driven by an emotional reaction to a stimulus.

In order to control for this in the current study would be quite difficult for the 

neuroimaging results. The BOLD results do not include any foil trials as these stimuli 

were not presented during the encoding phase in the scanner, however the high error 

rate does throw into question the memory judgements o f the older adults. The BOLD 

analysis rests upon subjective ratings of memory to classify the images from the 

encoding session into those subsequently remembered or not. In future studies a 

possible compensatory approach for the behavioural scores at least might be to take 

account o f the false error rate and subtract this from the total correct to give an
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adjusted memory score. For the imaging data it might be advisable to exclude those 

participants whose false memory score is above a certain pre-defmed threshold, e.g. 

10%, and whose memory judgements therefore cannot be considered sufficiently 

accurate.

5.4.8 Summary

Although both young and older groups showed a behavioural enhancement of memory 

by arousal, only the young group showed an increase in the arousal-dependent BOLD 

response during successful image encoding. Compared to the older adults they showed 

a greater response to increasing levels o f arousal in the right superior frontal gyrus and 

the left cerebellum. We found no evidence of a positivity bias in the older group, who 

did not remembered the positive images more accurately; however the young group 

did show receive a mnemonic boost by positive valence. Valence did enhance the 

memory-related BOLD signal in both groups however, although it did so via the 

enhancement o f deactivation rather than the enhancement of activation. In the young 

group there was greater deactivation during subsequently remembered versus forgotten 

trials in the middle frontal gyrus and anterior cingulate cortex and the cerebellum, 

while in the older group the deactivation increases were all in the parietal cortex, 

including the PCC and precuneus. Generic memory encoding, i.e. the constant, 

unmodulated BOLD signal during trials later remembered versus forgotten, was 

associated with increased activation in the occipital and temporal visual processing 

regions and increased deactivation in the midline and parietal regions in both groups; 

however the young groups showed additional activation in the OFC. The older adults 

performed as well as the young on the optimised memory task; however they did not 

show any evidence of functional reorganisation or compensation, with no additional 

activation in the frontal or parietal cortices. Future studies could focus on the synergy 

between activations and deactivations during emotional memory encoding, and on 

delineating the difference between memory recollection and familiarity or gist 

memory, and how these might be differentially modulated by emotional arousal and 

valence in ageing.
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Chapter 6: Structural Brain Changes in Healthy 

Ageing Related to Emotional Processing

Overview:

This chapter details the part of the project which investigated structural, rather than 

functional, brain changes in healthy ageing, and how they might be related to 

differences in emotional functioning. There were several components to this 

endeavour will are presented in turn. First, several analyses were conducted on the 

diffusion tensor imaging (DTI) data. A series o f tract-based spatial statistics (TBSS) 

analyses compared fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity 

(AD) and radial diffusivity (RD) whole brain differences between the groups. In 

particular, the limbic-associated WM tracts were examined. Probabilistic tractography 

was then used to characterise and quantify the structural connectivity o f the amygdala 

to the cortex in the two groups. A target classification analysis was first performed, 

then tractography between the amygdala and occipital lobe. Lastly, a voxel-based 

morphometry (VBM) study was conducted which compared grey matter (GM) and 

white matter (WM) volume differences between the young and older women who took 

part in the fMRI study. M ethodological details are provided in chapter 2.

6.1 Introduction

The aim o f the current study was to examine whether there are structural brain changes 

across the life span which might explain the changes that occur in emotional 

processing. In particular, the WM connectivity o f the amygdala was examined. Many 

older adults enjoy improved emotional regulation and increased positive affect 

(Carstensen, et al., 2003; Charles, et al., 2001; Williams, et al., 2006), and display 

increased neural activation in response to positive versus neutral or negative stimuli, 

consistent with the “positivity effect” (Mather, et al., 2004; Mather & Carstensen,



2005). We found some evidence supporting the positivity effect in the current study, 

including increased amygdala activation in response to positive valence in the older 

group compared to young group, as discussed in chapter 4. Given that the amygdala 

seems relatively well-preserved in healthy ageing, showing an attenuate rate of grey 

matter loss compared to other brain regions such as the PFC (Good, et a l ,  2001; 

Grieve, et al., 2005; Salat, et a l ,  2004), there may be WM connectivity changes related 

to this structure that better explain the age-related differences in emotional processing 

and amygdala functioning.

We acquired DTI data from 21 young and 24 older healthy women who 

participated in the fMRI paradigm described in chapters 3 through 5. Although this 

study had a cross-sectional rather than a longitudinal design, to our knowledge it is the 

first study o f human amygdala connectivity changes in healthy ageing utilising 

probabilistic tractography. We conducted several different types o f analyses on the 

DTI data and examined differences in FA, MD, AD and RD. First, we conducted a 

TBSS analysis to examine whole-brain differences in WM, and extracted values for 20 

WM pathways using the JHU ICBM-DTI-81 atlas labels (Mori, et a l ,  2005), focusing 

in particular on the limbic-associated tracts- the uncinate fasciculus (UF), the 

cingulum, hippocampal part and the cingulum, cingulate part. We predicted that 

ageing would be associated with decreases in FA and increases in MD (Bosch et al., 

2010; Schuster, et al., 2011). The literature to date has been more mixed regarding AD 

and RD changes in ageing, but we predicted that AD would generally decrease, while 

RD would increase (Barrick, et al., 2010; Sala, et al., 2010).

Second, we conducted a target classification analysis to quantify the degree of 

connectivity between the amygdala and five cortical regions, comprising the four 

cerebral lobes and the insular cortex. Older adult have shown increases in PFC 

activation on emotional processing tasks (St Jacques, et a l , 2009), thought to be linked 

to greater emotional regulation abilities (Carstensen, et al., 2003) as the PFC is 

considered a crucial cortical region for emotional regulation (Ochsner & Gross, 2005; 

Ochsner, et al., 2004). Therefore we predicted that the older group would show a 

higher degree o f connectivity between the amygdala and the frontal lobe than the 

young adults.

Thirdly, we carried out probabilistic tractography between the amygdala and 

the occipital lobe in order to examine age-related differences in amygdala connectivity
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to the visual cortex, as previous studies, including our own, have identified functional 

differences in amygdala and occipital cortex activation during emotional processing 

(Addis, et al., 2009; St Jacques, et al., 2010; St Jacques, Dolcos, et al., 2009). Based on 

these studies o f emotional processing in ageing, and on the extensive literature on the 

posterior-anterior shift in ageing (PASA) which has consistently reported greater 

frontal activation in conjunction with decreased sensory processing in the posterior 

brain in ageing (Davis, et al., 2008), we predicted that the amygdala-occipital lobe 

pathway would show greater WM integrity, e.g. higher FA and lower MD values, in 

the young adults.

We also investigated whether there was any relationship between amygdala- 

occipital pathway integrity and BOLD signal activation during the emotional 

perception task described in chapters 3 and 4. We predicted that higher FA in the 

amygdala-occipital pathway might be associated with greater BOLD activity in the 

visual cortex during emotional visual perception.

Lastly, we examined GM and WM volume changes associated with healthy 

ageing using a VBM analysis. We wished to examine whether our older cohort 

demonstrated the same relative preservation of limbic subcortical structures such as 

the amygdala and hippocampus that has been reported in previous ageing studies 

(Good, et al., 2001; Raz & Rodrigue, 2006; Sullivan et al., 1995).
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6.2 Methods

6.2.1 Participants

DTI data were collected from 21 young (mean age 23.04 ± 3.48 years) and 24 older 

(mean age 61.0 ± 5.24 years) female volunteers who completed the fMRI study. High 

resolution T1-weighted images were available from 24 young and 24 older women- 

these included those that completed the fMRI studies and two extra participants, 

whose fMRI data was not used due to technical faults. The high resolution T l-  

weighted images were used for the VBM analyses. All o f the participants were healthy 

and right-handed, with no history of neurological or psychiatric illness, including 

depression. Full demographic details are provided in chapter 2, section 2.4.1.

6.2.2 Data Acquisition and Analysis

Thirty-two direction DTI data were acquired on a 3T MR scanner, in the manner 

described in detail in chapter 2. The data analyses are also described in chapter 2, but 

to summarise briefly, three different types o f DTI analyses were conducted to examine 

white matter connectivity changes in age, and how they might be related to differences 

in emotional processing. The results of a whole brain voxel-based analysis TBSS will 

be shown first, which examined whole-brain differences in various DTI metrics 

between the young and older groups, including FA, MD, RD and AD. Next the results 

of a target classification analysis which quantified the extent of connectivity between 

the left and right amygdala and the cortex will be presented. The results o f a 

probabilistic tractography analysis of amygdala-occipital lobe connectivity will then 

be shown, and finally the results o f the VBM analysis to examine GM and WM 

volume changes in ageing will be presented.

154



6.3 Results

6.3.1 Tract-Based Spatial Statistics (TBSS)

Table 6.1 Summary o f the TBSS analyses examining age-related whole brain 

differences in white matter (W M ) tracts. The 20 tracts were defined using the JHU 

atlas in FSL. T and p values are from a series o f post-hoc t-tests; only p values < 

0.0025 survived a Bonferroni correction for multiple comparisons. In all instances 

intracranial volume was included as a covariate o f no interest. Where there was a 

significant group difference the p value is written in green, while red indicates a NS 

result. The limbic-associated W M  tracts are highlighted in grey. Abbreviations: ant 

thal rad = anterior thalamic radiation; cing, cing = cingulum, cingulate part; cing, hipp 

= cingulum, hippocampal part; ILF/SLF = inferior/superior longitudinal fasciculus; 

temp = temporal part; UP = uncinate fasciculus.

Tract FA MD AD RD
T P Difi T P Diff T P Diff T P Diff

L ant thal rad 3.83 0.001 Y > 0 -3.29 0.002 0 > Y -4.47 < 0.001 0 > Y -4.42 < 0.001 0 > Y
R an thal rad 2.57 0.014 - -3.44 0.001 0 > Y -3.02 0.004 - -3.07 0.004 -
L cing, cing 4.10 <0.001 ■< V O -3.70 0.001 0 > Y 2.27 0.028 - -4.51 <0.001 o > Y
R cing, cing 1.88 0.067 - -3.15 0.003 - 1.66 0.105 - -0.95 0.348 -
L cing, hiippo 1.88 0.067 - -0.66 0.510 - -3.44 0.001 0 > Y -2.42 0.020 -
R cing, hippo 1.59 0.120 - -0.50 0.621 - -0.21 0.836 - 1.70 0.096 -
L corticospinal 2.22 0.032 - 0.92 0.362 - -0.54 0.595 - -2.65 0.011 -
R corticospinal 2.58 0.013 - -0.29 0.774 - -7.59 < 0.001 0 > Y -7.40 < 0.001 0 > Y
Forceps major 4.40 < 0.001 Y > 0 -1.29 0.205 - 4.15 < 0.001 Y> 0 1.59 0.118 -
Forceps minor 6.15 < 0.001 Y > 0 -3.41 0.001 0 > Y 4.13 < 0.001 Y > 0 -0.27 0.793 -
L inf fronto-occip 5.75 < 0.001 Y > 0 -2.82 0.007 - 2.37 0.022 - 0.68 0.501 -
R inf fronto-occip 5.02 < 0.001 Y > 0 -2.93 0.005 - 7.91 < 0.001 Y> 0 -2.28 0.027 -
L ILF 4.80 < 0.001 Y > 0 -1.11 0.274 - 0.54 0.592 - -1.47 0.150 -
R ILF 4.58 < 0.001 Y > 0 -1.53 0.133 - 5.68 < 0.001

OA>

0.55 0.583 -
LSLF 3.91 < 0.001 Y > 0 -2.13 0.039 - -2.34 0.024 - -1.01 0.320 -

R SLF 3.38 0.002 Y > 0 -3.03 0.004 - 1.05 0.299 - -6.43 < 0.001 0 > Y
L SLF, temp 3.67 0.001 Y > 0 -1.58 0.121 - -1.95 0.058 - -0.15 0.879 -
R SLF, temp 2.80 0.008 - -2.78 0.008 - 1.36 0.181 - -5.67 < 0.001 0 > Y
LUF 3.40 0.001 Y > 0 -2.35 0.230 - 0.99 0.327 - -0.53 0.598 -
R UF 3.61 0.001 Y > 0 -2.66 0.011 - 1.83 0.068 - -1.02 0.312 -
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FA Differences

The results o f the TBSS analysis o f the FA maps indicated that the young group had 

higher FA values than the older group in a number o f tracts. These regions are 

highlighted in red in figure 6.1. Mean FA values from the 20 WM tracts identified 

using the JHU WM tractography atlas (Mori et a l ,  2005) were compared using a 

repeated-measures ANCOVA in SPSS, with intracranial volume (ICV) included as a 

nuisance covariate. There was a single between-group factor, age, with two levels 

(young and older), and a single within-group factor, tract, with 20 levels (comprising 

the 20 tracts). There was a main effect of group (F (1, 40) = 8.36, p = 0.006) and a 

main effect of tract (F (8, 40) = 14.23, p < 0.001). There was also a significant 

tract*group interaction (F (8, 40) = 4.09, p < 0.001). Post-hoc independent t-tests were 

conducted to investigate age-related differences in the tracts, and a Bonferroni 

correction for multiple comparisons was applied in order to avoid committing type I 

errors.

These results are shown in table 6.1. The young adults had significantly higher 

FA values in the left anterior thalamic radiation, the left cingulum, cingulate part, the 

forceps major and the forceps minor, the left superior longitudinal fasciculus (temporal 

part); and the inferior and superior longitudinal fasciculi, the inferior occipito-frontal 

fasciculus and the uncinate fasciculus (UF) bilaterally (p < 0.0025 in all cases). The 

older adults did not show greater FA values in any WM tract. Plots of individual FA 

values in the limbic-associated WM tracts, i.e. the UF, the cingulum, hippocampal part 

and the cingulum, cingulate part, in the young and older groups are shown in figure 

6 .2 .
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Figure 6.1 The resu lts  o f  the TB SS analysis conducted  on the FA im ages indicated 

that the young group had significantly greater FA values than the o lder group in a 

num ber o f  W M  tracts, including the inferior and superior longitudinal fasciculus, the 

inferior fronto-occipital fasciculus, the forceps m ajor and m inor, uncinate fasciculus, 

the left anterior thalam ic radiation and the left cingulum , cingulate part. Significant 

differences in red; see table 6.1.
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Figure 6.2 Plots o f individual FA values in the lim bic-associated WM tracts in the 

young and older groups. The young adults had greater FA values in the left and right 

uncinate fasciculus and cingulum (cingulate part); while there were no group 

differences in the left or right cingulum (hippocampal part). P < 0.0025 in all cases; 

intracranial volume was included as a nuisance covariate in the analysis.
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MD Differences

The results o f the TBSS analysis o f the MD images revealed that the older group had 

significantly greater MD values in several tracts. The regions showing an age-related 

increase in MD are indicated in black in figure 6.3. Mean MD values from the 20 JHU 

WM tracts were compared with a repeated-measures ANCOVA as before. There was 

main effect of group (F (1, 40) = 6.56, p = 0.014) and a main effect o f tract (F (8, 40) = 

3.82, p < 0.001), as well as a significant tract*group interaction (F (8, 40) = 4.48, p < 

0.001). Post-hoc t-tests revealed that the older group had higher MD values in the left 

and right anterior thalamic radiation, the left cingulum, cingulate part and the forceps 

minor (p < 0.0025 in all cases). Several other differences showed a trend towards 

statistical significance, including the right cingulum, cingulate pai’t (p = 0.003), the 

right and left inferior fronto-occipital fasciculus (p = 0.007 and 0.005 respectively), the 

right superior longitudinal fasciculus (p = 0.004) and the superior longitudinal 

fasciculus, temporal part (p = 0.008); however these did not survive a Bonferroni 

correction for multiple comparisons. These results are summarized in table 6.1.
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Figure 6.3 The results  o f  the TB SS analysis conducted  on the M D images indicated 

that the older group had significantly greater MD values than the young group in 

several W M  tracts, including the anterior thalamic radiation bilaterally, the left 

cingulum, cingulate part and the forceps minor. Significant differences in black; see 

table 6.1.
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AD Differences

Figure 6.4 displays the results o f the TBSS analysis comparing the AD maps of the 

young and older groups. The young adults had significantly higher AD values than the 

older adults in a number of WM tracts, and these regions o f differences are indicated 

in blue in the top panel of figure 6.4. However, the older adults had greater AD values 

than the young adults in two regions bilaterally, located in the thalamus and brainstem. 

These regions are highlighted in blue in the bottom panel in figure 6.4. The mean AD 

values from the 20 JHU-atlas WM tracts were compared as before, and it was found 

that there was no main effect of group (F (1, 40) = 0.291, p = 0.593). However there 

was a main effect of tract (F (1, 40) = 0.291, p = 0.593), and a significant group*tract 

interaction (F (1, 40) = 0.291, p = 0.593). Post-hoc independent t-tests indicated that 

the young group had higher AD values in the forceps major and forceps minor, the 

right inferior fronto-occipital fasciculus and the left inferior longitudinal fasciculus. In 

contrast, the older group had greater AD values in the left anterior thalamic radiation, 

the left cingulum, hippocampal part and the right corticospinal tract. These results are 

summarized in table 6.1. Although the older group showed greater AD in the 

brainstem as can be seen from figure 6.4, the brainstem region is not included in the 

JHU atlas.
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Figure 6.4 Results o f the TBSS analysis conducted on the AD images. Top panel: the 

young group showed significantly higher AD values than the older group in a number 

of white matter tracts bilaterally. Bottom panel: the older adults showed greater AD 

values in WM tracts in the thalamus and brainstem, bilaterally. Significant differences 

in blue; see table 6.1
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RD Differences

The results o f the TBSS analysis o f the RD images indicated that the older adults had 

significantly higher RD values than the young adults in several WM tracts, and these 

regions of differences are indicated in purple in figure 6.5. When the mean RD values 

from  the 20 JHU-atlas WM tracts were compared as before, there was a main effect of 

group (F (1, 40) = 10.02, p = 0.003); there was no main effect of tract ((F (1, 40) = 

1.01, p = 0.45), but there was a significant tract*group interaction ((F (1, 40) = 5.77, p 

< 0.001). Post-hoc t-tests to investigate group differences revealed that the older adults 

had higher RD values than the young group in five tracts, comprising the left anterior 

thalamic radiation, the left cingulum, cingulate part, the right corticospinal tract, the 

right superior longitudinal fasciculus and the right superior longitudinal fasciculus, 

temporal part. These results are summarized in table 6.1.

Figure 6.5 Results o f  the TBSS analysis conducted on the RD images indicating 

that the young group showed significantly higher RD values than the older group in a 

number of white matter tracts bilaterally. Significant differences in purple; see table 

6 . 1.
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6.3.2 Target Classification Analysis

The results o f the target classification analysis indicated that the temporal lobe by far 

had the highest degree of connectivity to the left and right amygdala in both the young 

and older groups. Of all streamlines originating in the right amygdala mask, 87.1% 

and 91.55% terminated in the temporal lobe in the young and older groups 

respectively. In the left hemisphere, 83.76% and 88.36% of the streamlines terminated 

in the left temporal lobe in the young and older groups. In the young group, the right 

amygdala had the second highest degree o f connectivity with the parietal lobe 

(5.06%), while the left amygdala had the second highest degree o f connectivity with 

the occipital lobe (7.14%). In the older group, the area with the second highest degree 

of connectivity to the right amygdala was the frontal lobe (3.42%), while for the left 

amygdala the second highest degree of connectivity was with the occipital lobe 

(4.13%). The insula had the lowest degree of connectivity to the amygdala in both 

groups, <1% in both hemispheres. These results are summarised in table 6.2.

Table 6.2 Results o f the target classification analysis. The percentages represent the 

proportion o f streamlines originating in the right and left amygdalae seed masks which 

terminated in each of the five cortical target masks. Standard deviations are indicated 

in parentheses.

Young R 
Young L

% Temporal % Occipital % Parietal % Frontal % Insula
87.10 (7.36) 
83.87 (6.89)

4.42 (3.37) 
7.14 (3.24)

5.06 (4.96) 
5.32 (3.06)

3.31 (2.42) 
3.02 (3.43)

0.11 (0.12) 
0.65 (1.18)

Old R 
Old L

91.55 (6.99) 
88.36 (6.38)

2.95 (2.86) 
4.13 (3.15)

1.97(1.89) 
4.03 (2.87)

3.42 (3.36) 
2.87 (2.74)

0.11 (0.27) 
0.62 (0.90)

A 5x2x2 repeated-measures ANCOVA was conducted in SPSS in order to investigate 

the differences in amygdala connectivity between the young and older groups. There 

were two within-group factors; target, which had five levels (temporal, occipital, 

frontal, parietal lobe and insula), and hemisphere, with two levels (right and left). 

There was a single between-group factor, age (young and old), and three covariates of 

no interest (right and left amygdala mask volume and intracranial volume).

Regarding the between-group effects, there was no main effect of group (F (1, 

40) < 0.00, p = 0.992), and no main effect of any o f the nuisance covariates (p > 0.44
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in all cases). The results o f the within group effects revealed a main o f tract (F (4, 40) 

= 13.47, p < 0.001); as in both the young and older group there was a much higher 

degree o f connectivity between the amygdala and the temporal lobe than to any other 

target. There was a significant tract*group interaction (F (4, 40) = 3.11, p = 0.017), a 

significant tract*hemisphere interaction (F (4, 40) = 15.28, p < 0.001), and a 

significant tract*hemisphere*group interaction (F (4, 40) = 3.11, p = 0.017). There 

were no further significant interaction effects.

The significant group interactions were explored further with a series o f 

independent t-tests to examine age-related differences in amygdala connectivity. A 

Bonferroni correction for multiple comparisons was used, with a p level o f < 0.005. 

The young group had a significantly higher degree o f connectivity between the left 

amygdala and the left occipital lobe than the older group (t (43) = 3.16, p = 0.003). 

They also showed a greater degree of connectivity between the right amygdala and the 

parietal lobe (t (43) = 2.84, p = 0.007), although this result strictly speaking does not 

survive the Bonferroni correction. There were two other group differences; however 

they too were too small to survive the correction for multiple comparisons- the older 

group had a higher degree o f connectivity between the left amygdala and the left 

temporal lobe (t (43) = -2.27, p = 0.028), and between the right amygdala and the right 

temporal lobe (t (43) = -2.08, p = 0.043) than the young group.

6.3.4 Probabilistic Tractography

Probabilistic tractography was conducted between the amygdala and the occipital lobe.

In both the young and older groups the tract that was reconstructed in both

hemispheres was the inferior longitudinal fasciculus (ILF). Figures 6.6 and 6.7 show

the mean ILF for the young and older groups. Age-related changes differences in FA,

MD, AD and RD in the right and left ILF were compared using a 4x2x2 repeated-

measures ANCOVA in SPSS. Age was the between-group factor, with two levels

(young and older), there were two within group factors, diffusion measure, with 4

levels (FA, MD, RD and AD), and hemisphere, with two levels (left and right); while

ICV, and left and right amygdala seed mask volumes were included as nuisance

covariates. There was a highly statistically significant main effect of group (F (1, 40) =
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27.99, p < 0.001) and no main effect o f the nuisance covariates, indicating that ICV 

and seed volumes did not influence the tractography results. There was a main effect 

of diffusion measure, as clearly the different diffusion metrics differed, however this 

was not pursued in the post-hoc tests. There was also a significant diffusion 

measure*group interaction (F (3, 40) = 16.41, p < 0.001), a significant 

hemisphere*group interaction (F (1, 40) = 28.04, p < 0.001), a significant 

diffusion*hemisphere interaction (F (3, 40) = 39.91, p < 0.001), and a significant 

diffusion*hemisphere*group interaction (F (3, 40) = 16.41, p < 0.001).

The age-related differences were investigated further with a series of 

independent t-tests. A Bonferroni correction for multiple comparisons was used, with a 

significant level o f p < 0.006 as eight t-tests were conducted. The post-hoc tests 

revealed that the young group had significantly higher FA values than the older group 

in both the right (t (43) = 4.73, p < 0.001) and left IFL (t (43) = 5.49, p < 0.001), while 

the older aduhs had greater MD values in the right ILF (t (43) -2.94, p = 0.005). There 

were no group differences in AD or RD.

Figure 6.6 The mean IFL tracts in the young adults. This image was created by 

averaging the tracts from the 21 young participants.
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Figure 6.7 The mean (IFL) tracts in the older adults. This image was created by 

averaging the tracts from the 24 older participants.

6.3.5 Correlations with fMRI Results

In both the young and older groups, FA values in the left ILF were significantly 

positively correlated with the valence-dependent BOLD modulation in the left 

amygdala ROI (x, y, z (MNI) = -24, -2, -20 mm; Young Pearson’s r = 0.5, p = 0.034; 

Older Pearson’s r = 0.62, p = 0.003). There was no significant correlation between 

values in the ILF and the maximum constant BOLD signal in the right middle occipital 

gyrus (x, y, z (MNI) = 34, 88, 14 mm), the maximum arousal modulation in the right 

middle temporal gyrus (x, y, z (MNI) = 52, 70, 0 mm), or the maximum valence 

modulation in the right middle temporal gyrus (x, y, z (MNI) = 52, 76, 14 mm). Figure 

6.8 contains a plot of the valence-dependent modulation in the amygdala ROI against 

the FA values in the left ILF for both groups.
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Figure 6.8 Relationship between FA values in the left ILF and the valence 

response in the left am ygdala, (a) We found an age-related difference in valence 

modulation in the left amygdala in the emotional viewing task described in chapter 4. 

Peak voxel values (coefficient value) were plotted against the mean FA value in the 

left ILF for each subject in the (b) young and (c) older groups. There was a positive 

linear association in each case, with FA values in the ILF significantly correlated with 

the degree o f valence-dependent BOLD signal increase in the left amygdala. In the 

young group Pearson’s r = 0.5, p = 0.03; in the older group r = 0.62, p = 0.003.
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6.3.6 Voxel-Based Morphometry (VBM)

Grey matter (GM) VBM

The results o f the GM VBM analysis indicated that the young group had significantly 

greater GM volume than the older group in number of different cortical and 

subcortical regions. These included the anterior cingulate cortex, the medial PFC, the 

orbitofrontal cortex, the insular cortex bilaterally, the caudate nucleus bilaterally, the 

fusiform gyrus bilaterally, the lingual gyrus and precuneus bilaterally, the middle 

frontal pole and the cerebellum. There was no evidence of GM loss in the amygdala, 

hippocampus or entorhinal cortex. The older group did not show any regions of greater 

GM volume than the young group. These results are shown in figure 6.9. Table 6.3 

contains the co-ordinates and anatomical labels for the peaks voxels from these 

clusters of difference.

Table 6.3 Peak voxels from the clusters of grey matter showing age-related decline.

Cluster no. Label Cluster size MNI co-ords P-value
1 Right cerebellum 5000 32, -66, -50 < 0.001
2 Right medial PFC 2727 6, 40, -30 < 0.001
3 Right lingual gyrus 1425 -6, 78, 0 < 0.001
4 Left OFC 959 -26, 12 -28 < 0.001
5 Left insular cortex 888 -34, -18, -6 < 0.001
6 Right insular cortex 391 40, 12, 0 < 0.001
7 Right caudate nucleus 366 12, 10, 0 < 0.001
8 Right middle temporal gyrus 240 56, -38, 2 0.002
9 Right thalamus 61 18, -28, -10 < 0.001
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Figure 6.9 The results o f the GM VBM analysis indicated that the young women 

had significantly greater GM volume in a number o f cortical and subcortical regions 

(indicated in yellow and orange). The older women did not have greater GM volume 

in any region. The location o f the slices are indicated by the x, y or z co-ordinates in 

MNl space.

White matter (WM) VBM

The results o f the WM VBM analysis indicated that there were no significant group 

differences in WM volume.
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6.4 Discussion

In the current study we examined structural brain changes associated with healthy 

ageing related to emotional processing. There is currently very little known about how 

functional brain changes in emotional processing in ageing might relate to structural 

brain changes, such as grey and white matter loss and changes in WM tract integrity. 

Therefore in the current study, we were especially interested in age-related differences 

in the limbic-associated tracts, the UF, cingulum (hippocampal part) and cingulum 

(cingulate part). Changes in the structural integrity o f these tracts may underlie some 

of the changes apparent in emotional processing and the functional networks which 

support these processes. We were also interested in the connectivity profile o f the 

amygdala as it is currently unknown whether this changes with age. We identified 

several novel findings that may help to elucidate the structural brain network changes 

that give rise to functional changes in emotional processing.

6.4.1 TBSS Results

The whole-brain TBSS analysis revealed that in general the older adults had 

significantly lower FA values than the young adults in a large number o f WM tracts, 

while the older adults showed greater MD in several tracts, including the anterior 

thalamic radiation and the right corticospinal tract. This pattern is similar to that 

reported by many other ageing studies (Bosch, et al., 2010; Schuster, et al., 2011) and 

is indicative of loss o f WM tract integrity which occurs in healthy ageing. Several of 

the age-related differences in MD values did not survive correction for multiple 

comparisons, however if they are considered as showing a trend towards age-related 

decline, there is quite a good level o f concordance between FA and MD measures, 

with FA increases in tracts generally accompanied by MD decreases (see table 6.1).

The older adults showed significantly higher RD values in several white matter 

tracts, including the left anterior thalamic radiation, the left cingulum, cingulate part, 

the right corticospinal tract and the right superior temporal fasciculus. RD has been 

linked to greater demyelination (Klawiter, et al., 2011; Song, et al., 2002) therefore 

these results indicate that the older group showed signed o f demyelination in these
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tracts. This is consistent with other studies which have also reported increasing RD in 

healthy ageing (Barrick, et al., 2010; Sala, et al., 2010).

The pattern o f AD changes in the TBSS study were mixed, with older adults 

showing greater AD values in three tracts- the left anterior thalamic radiation, the left 

cingulum, hippocampal part and the right corticospinal tract; while the young adults 

showed higher AD values in four tracts- the forceps major, forceps minor, the right 

inferior fronto-occipital fasciculus and the right inferior longitudinal fasciculus. AD 

has previously been hnked with axonal damage in animal studies (Budde, et al., 2009; 

Song, et al., 2002). Budde et al. (2009) reported that in a mouse model o f multiple 

sclerosis, AD was negatively correlated with disease symptoms, such that animals 

more severely affected and who had greater axonal lesions, showed significantly lower 

AD values. Therefore it seems counterintuitive that previous human ageing studies 

have found increases in AD with age, however this does seem to be the more common 

pattern (Bosch, et al., 2010; Sullivan et al., 2010; Vernooij et al., 2008; Zahr et a l, 

2009), and we also see evidence of it in the current study.

Several studies have however found reduced AD in conjunction with lower FA 

and higher RD (Bennett et al., 2010; Burzynska et al., 2010), and we found evidence 

of this pattern in the left anterior thalamic radiation. Madden at al. (2011), in a recent 

review article suggest that this pattern in ageing may reflect lesion-induced axonal 

loss in conjunction with glial cell (i.e. microglia, or immune cells activated in cases of 

neuroinflammation) infiltration to the WM tract. This is an emerging interpretation of 

this type of FA decrease-RD increase-AD decrease pattern, and although the current 

data set cannot elucidate the physiological underpinnings of these DTI metric changes, 

is does add to the number o f studies which have identified this pattern. The 

interpretation o f AD changes in ageing, and what these changes represent in terms of 

the underlying WM tract integrity is still clearly a matter of debate.

Two notable overall patterns emerged from this TBSS whole-brain analysis. 

Firstly, there were relatively few age-related changes in the limbic-associated tracts 

compared to the other tracts. For the current study, the cingulum, which is the WM 

tract projecting from the cingulate gyrus to the entorhinal cortex, was divided into two 

segments for analysis- a portion near the cingulate cortex (cingulate part), and a 

portion near the entorhinal cortex/hippocampus (hippocampal part). Because o f its 

location in the heart of the limbic system, this tract is essential for facilitating
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communication between limbic structures. We found lower FA and higher MD and 

RD values in left cingulum, cingulate part; however the more ventral potion of this 

tract, the cingulum, hippocampal part, showed no signs o f age-related decline in white 

integrity. We found lower FA values in the uncinate fasciculus bilaterally, which is the 

main WM tract joining the amygdala and hippocampus to the medial PFC, via the 

temporal pole (Schmahmann & Pandya, 2006); however there were no changes in the 

other DTI measures in this tract. It has been suggested that the limbic tracts may 

exhibit the same type o f relative preservation seen in the grey matter in this region 

(Grieve, et al., 2011), which might help to explain older adults’ preserved and often, 

improved emotional well-being and regulation (Charles, et al., 2001; M ather & 

Carstensen, 2005).

Secondly, the tracts which showed the most age-related decline, particularly in 

terms o f decreased FA values, were the long WM tracts which connect the posterior 

and anterior regions o f the brain e.g. the inferior and superior longitudinal fasciculus, 

the superior longitudinal fasciculus, temporal part and the inferior occipito-frontal 

fasciculus. This pattern raises interesting implications for the PASA theory of 

functional reorganisation in the ageing brain (Davis, et al., 2008), which proposes that 

the decreased functional activation commonly dem onstrated by older adults, often 

coupled with an increase in frontal activation reflects adaptive functional 

reorganisation in the ageing brain to compensate for deficits in posterior processing, 

e.g. reduced visual cortex activation. It would be interesting to further investigate this 

question by examining in more detail the age-related differences in these posterior- 

anterior tracts, for example to see whether the age-related decline occurs more in 

posterior regions, or whether there is a general reduction in WM connectivity between 

the posterior and frontal cortex in the ageing brain.

A limitation o f the ROI-based approach used for the TBSS analysis in the 

current study is that the mean values are calculated cover large areas o f WM tracts, 

and therefore may not be a very sensitive measure o f group differences. However, in 

spite o f this, this method did prove very useful in summarizing age-related differences 

in DTI measures across the whole brain, and in particular it was extremely useful to be 

able to compare the different DTI metrics in the 20 tracts. This simplified the task o f 

interpolating how the DTI measures co-vary together. Although FA and MD values 

showed a fairly consistent relationship to each other in the tracts, AD and RD values
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were not as consistent and were more difficult to interpret. An improvement on the 

current design might be to extract values over shorter areas o f the tracts which would 

increases anatomical specificity, or to examine other metrics which may give more 

information about age-related differences, e.g. track length, curvature.

6.4.2 Tractography Results- Target Classification Analysis

Although the connectivity o f the amygdala has been mapped out in detail in non

human primates (D.G. Amaral et al., 2003; Amaral & Price, 1984; Hoistad & Barbas, 

2008), its projections in the human brain are not well-characterised. The target 

classification approach in the current proved extremely useful in giving an overview o f 

the degree of connectivity between the amygdala and the five cortical targets 

comprising the four lobes and the insular cortex. By far the highest degree of 

connectivity for both the young and older adults was between the amygdala and the 

temporal lobe, however this is unsurprising given that the WM tracts originating from 

the amygdala must first travel through the temporal lobe before reaching their 

destination, e.g. the visual cortex or OFC. Several areas of the primate temporal lobe 

have a high density of reciprocal connections with the amygdala, including the medial 

temporal pole, the entorhinal cortex and the perirhinal cortex (Hoistad & Barbas, 

2008). It is thought that the projections between the amygdala and entorhinal cortex in 

particular may mediate the consolidation o f emotional experiences into long-term 

memory, as the feedback projections from the amygdala to the entorhinal cortex 

terminate in layers II and III, which project onwards to the hippocampus (Hoistad & 

Barbas, 2008).

However, the profile o f the other targets was very interesting, and in particular

the parietal lobe in both groups showed a relatively high degree o f connectivity to the

amygdala, in spite o f previous studies which have suggested that primate amygdala-

parietal projections are sparse (Amaral & Price, 1984; Baizer et al., 1993). However,

there has been a great deal of anatomical reorganisation in the human parietal cortex

compared to the non-human primate which may explain these differences in

connectivity (Glover, 2004). In line with our predictions, the young adults showed a

higher degree o f connectivity between the left amygdala and the left occipital lobe

than the older adults, and between the right amygdala and the right parietal lobe. This
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may indicate that in the young adults there was a higher degree o f connectivity 

between the amygdala and the ventral and dorsal visual pathways (Haxby, et al., 

1991). We found in the emotional processing paradigm described in chapter 4, that the 

young adults showed much greater visual cortical activation in response to emotional 

image viewing, and in particular in response to increasing levels of emotional arousal. 

These age-related activation differences may in some part be due to greater 

communication between the amygdala and the visual cortices in the young adults.

In contrast, the older adults showed a trend towards a greater degree of 

connectivity between the amygdala and the temporal lobe in both hemispheres. It may 

be that the current sample size lacked the statistical power to achieve a statistical 

difference; however this result certainly raises an interesting possibility that in the 

ageing brain there may be a closer relationship between the amygdala and the 

memory-related structures of the temporal lobe. Further elucidation o f  this question 

may help to explain the changes in emotional memory which are often observed in 

ageing (Mather & Carstensen, 2005), and which may be dependent on the functioning 

o f the amygdala and the MTL (Phelps, 2004). In contrast to our predictions we found 

no evidence o f greater amygdala-frontal cortex connectivity in the older adults, 

however the frontal lobe was considered as a single target and this approach may have 

been too crude to dissociate subtle amygdala-PFC differences.

Although this target classification approach was very simple, with just five 

target masks representing the four lobes and the insular cortex in each hemisphere, this 

approach could be developed for future studies. It would be extremely interesting for 

example to further subdivide the main lobes into more distinct and discrete functional 

anatomical regions, especially in the frontal and occipital cortices. Future studies could 

examine the connectivity profile of the amygdala with the orbitofrontal cortex and 

medial PFC for example, rather than examining the frontal lobe as one entity. The 

visual cortex would also make for an interesting study, to examine the degree o f 

connectivity between the amygdala and the different ventral visual areas. Non-human 

primate research has indicated that the amygdala sends significant back-projections to 

all areas of ventral visual cortex in a rostrocaudal pattern, with the densest connections 

to the inferotemporal cortex (D.G. Amaral, et al., 2003; Amaral & Price, 1984).This 

pattern of connectivity has yet to be recapitulated experimentally in humans, and this 

type o f target classification approach could prove useful for quantifying the degree o f
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connectivity between the amygdala and the different regions o f the visual cortex in 

vivo in the human brain.

6.4.3 Tractography Results- Amygdala-Occipital Lobe Connectivity 

in Ageing

The probabilistic tractography that was conducted between the amygdala and occipital 

lobe successfully reconstructed the inferior longitudinal fasciculus (ILF) in both the 

young and older groups. The tract was highly reproducible in both groups, and showed 

a very similar shape and distribution in the young and older adults (see figures 6.6 and 

6.7 for a comparison). The ILF is the primary WM tract joining the amygdala to the 

visual cortex (Schmahmann & Pandya, 2006), and as most likely plays an extremely 

important role in emotional visual processing. As predicted, the young adults had a 

higher degree o f WM integrity in this tract, showing greater FA and lower MD values. 

We also wished to examine whether there was a relationship between the integrity of 

this tract in our young and older groups, as measured by the different DTI metrics (FA, 

MD, AD and RD), and the visual activation during the emotional perception paradigm 

described in chapters 3 and 4. We found there to be no significant relationship between 

FA, MD, AD or RD values in the ILF and the maximum BOLD signal in the constant 

condition, or the arousal- and valence-dependent response in the visual cortex. This 

might indicate that activation in the amygdala is not coupled with activation in the 

visual cortex, or put another way, that this amygdala-occipital connection does not 

mediate the activation of the visual cortex. It could also indicate however, that the 

exact integrity o f the tract does not play a significant role, as although the values in the 

current cohort do vary significantly, they are still representative of score within a 

normal, healthy population. As such, the degree of variation may not be enough to 

predict the activation o f the cortex.

However, we did find a significant relationship between the amount of 

valence-dependent BOLD modulation in the left amygdala in the emotional viewing 

task and FA values in the left ILF in both the young and older groups. This suggests 

that functional activation in the amygdala in response to positive emotional stimuli is 

predicted by the structural integrity of the WM tract connecting the amygdala to the
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visual cortex. These correlational results suggest that the integrity o f the ILF plays a 

significant role in amygdala response to visual stimuli, regardless o f age-related 

decline in this tract. These results are promising, however further elucidation of age- 

related changes in amygdala WM connectivity are needed. In particular it would be 

extremely interesting to examine the connectivity o f the amygdala to the PFC and 

whether there are age-related differences in those WM tracts. Given the role that the 

PFC is thought to play in emotional regulation and the top-down modulation o f  the 

amygdala (Ochsner & Gross, 2005; Ochsner, et al., 2004) and given that older adults 

have been found to display increased PFC activation to negative emotional stimuli in 

particular, thought to reflect enhanced emotional regulation (Williams et al., 2008), it 

would be o f interest to investigate whether there are age-related changes in amygdala- 

PFC WM tracts.

6.4.4 VBM Results

The results o f the VBM study are in broad agreement with several other studies of GM 

and WM matter changes in healthy ageing (e.g. Good, et al., 2001; Smith, et al., 2007). 

The older group had less GM volume than the young in a wide range of cortical and 

subcortical regions. Notably, the PFC showed the most widespread evidence of GM 

loss, which accords with previous studies reporting a similar pattern (Good, et al., 

2001; Grieve, et al., 2005). There was no evidence of GM loss in the amygdala, 

hippocampus, entorhinal cortex or parahippocampal gyrus, suggesting that the limbic 

subcortical regions showed preservation of GM in comparison to the PFC in particular, 

a finding that has been reported in several ageing studies to date (Good, et al., 2001; 

Grieve, et al., 2005; Grieve, et a l ,  2011; Raz & Rodrigue, 2006; Sullivan, et al., 1995). 

It cannot be said that the entire limbic system was preserved however, as the ACC is a 

core cortical limbic region and showed marked GM loss (see figure 6.9).

In the first study to optimise VBM for studying age-related changes in GM and

WM volume (Good, et al., 2001), a negative hnear relationship was found between age

and GM volume in a large number of regions, but in particular there was accelerated

GM loss in the insula, superior parietal gyri, central sulci and cingulate sulci. In

contrast the authors found that there was relative sparing o f limbic structures,

including the amygdala, hippocampus and entorhinal cortex. Giorgio et al. (2010) also
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found widespread reductions in GM volume from middle age onwards, in most 

cortical regions except for the occipital pole. The maximum peaks of correlation 

between age and GM loss were in regions extremely close to those identified in the 

current study, including the left superior frontal gyrus, the right middle frontal gyrus, 

the left postcentral gyrus, the right superior parietal lobule and the right lateral 

occipital cortex (see table 6.3 for comparison). Furthermore, they also found that the 

amygdala and hippocampus were relatively well-preserved, a finding which has been 

reported by numerous studies (Good, et al., 2001; Grieve, et al., 2005; Raz & 

Rodrigue, 2006; Sullivan, et al., 1995).

Probably the most detailed study o f limbic changes in ageing to date was 

conducted by Grieve et al. on a large cohort of over 400 individuals ranging in age 

from 7 to 86 years (Grieve, et al., 2011). They found that the hmbic system cannot be 

considered as an entity when considering age-related structural changes, and that there 

were several different patterns o f GM change that occurred with healthy ageing in 

their cohort. They found that the most resilient limbic region was the entorhinal cortex, 

which showed an extreme pattern o f preservation; the amygdala and hippocampus 

showed a strong, but less extreme pattern of preservation; the ACC and the 

parahippocampal gyrus showed a slow rate of GM loss, while the PCC and the isthmus 

showed an accelerated rate o f GM loss. In contrast to this study, we found in the 

current study, no evidence o f age-related GM decline in the PCC or parahippocampal 

gyrus, or indeed in the amygdala or hippocampus. However, our older cohort were 

relatively young, ranging in age from 55 to 71 years, with a mean age of 61 years, 

therefore it is possible that the types of age-related GM loss found in other studies 

pertains to a later stage of life than our participants.

We also found significantly lower GM volume in the primary visual cortex 

bilaterally in the older adults compared to young. In chapters 4 and 5 we reported that 

in the visual emotional perception and subsequent memory paradigm, the older adults 

showed a marked reduction in the BOLD signal in early visual regions. This may in 

part be explained by the GM loss in these regions evident in this VBM study. This 

possibility requires further investigation however, and could form the basis o f a future 

study. It may be enlightening to correlate the BOLD signal in several visual region o f 

interests, for example the calcarine gyrus, and cuneal cortex, with the GM volume in 

those regions.
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We also found evidence o f quite widespread GM loss in the older group in the 

insular cortex bilaterally. The insula is a key emotional processing region in the brain, 

and in particular it is important for the perception of negative emotional experiences, 

such as pain and disgust (Nagai et al., 2007). It is also commonly activated in response 

to negative emotional stimuli (Anders, et al., 2004; Waring & Kensinger, 2011). Other 

ageing studies have also identified GM decreases in the insula (Good, et al., 2001; Raz 

et a l ,  2005) , and this raises the possibility that the age-related differences commonly 

reported in emotional processing, such as the increased experience o f positive affect 

(M ather & Carstensen, 2005) and increased activation to positive versus negative or 

neutral stimuli (Nashiro, et al., 2011), may be mediated to a certain extent by a 

reduction in the GM integrity and hence functioning o f the insula. This question 

warrants further investigation, but it is certainly possible that the “positivity effect” is 

not solely mediate by changes in amygdala functioning, but may be the result of neural 

changes in other key emotional brain regions also.

We found no age-related differences in WM volume in this study, however 

previous studies have also found there to be no decrease in WM volume with age 

(Good, et al., 2001; Smith, et al., 2007). It seems that WM volume is not a sensitive 

marker o f WM microstructure change in age, and therefore diffusion imaging is the 

preferred method of quantifying WM changes.

6.4.5 Summary

In the current study, age-related differences in brain structure rather than function 

related to emotional processing were examined. We found that the young group had 

greater WM connectivity between the amygdala and the visual cortex, which may 

partly mediate the greater visual activation in response to emotional arousal reported 

in chapter and 5. The older adults demonstrated relative preservation of some limbic 

tracts but notable loss of integrity in the WM tracts running anterior-posterior in the 

brain. We also found that the older group had GM volume loss in numerous cortical 

and subcortical regions, but in particular we found there to be significant GM atrophy 

in the PFC, but relative preservation o f limbic subcortical regions including the 

amygdala and hippocampus. Characterising the GM and WM changes that accompany
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healthy ageing is important for furthering our understanding o f this process, and the 

cognitive and emotional changes that accompany it.
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Chapter 7: General Discussion

Overview:

This chapter provides a summary o f the main findings presented in the four 

experimental chapters, and considers the results both together as a unit and also within 

the context of the broader field o f cognitive and affective neuroscience o f ageing. 

Some limitations of the project are then discussed, and finally, some ideas for future 

studies are presented.

7.1 Summary of the Main Findings and Contributions of 

This Project

The overall aim of this research project was to examine the neural substrates of 

emotional processing and whether they change in the course of healthy ageing. A 

number o f experimental approaches were utilised to study functional and structural 

brain correlates o f affective processing, and we identified several novel findings which 

we hope will make a unique contribution to the understanding o f emotional 

processing, the brain and ageing.

In the first study, the results of which are described in chapter 3, we examined 

how positive valence and arousal modulated the BOLD signal in a group of young, 

healthy women, and then applied this paradigm to the study o f the influence of 

personality on emotional processing. In order to properly dissociate the effects of 

arousal and valence, we employed three relatively unique experimental design 

features. First, a set of images were gathered which were added to the existing 

International affective picture system (lAPS) database (Lang, et a l ,  2008). These were 

chosen in particular to supplement the lAPS by providing stimuli which are positive in 

valence and low in arousal level, and neutral in valence but high in arousal level. 

These new stimuli make a very useful addition to the lAPS, and it is hoped that they
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can be utilised in many future studies. Second, rather than using standard or average 

stimuli ratings, which is the most common approach in emotion research (e.g. 

Junghofer, et al., 2001; Kensinger & Corkin, 2004; Lane, et al., 1999), we used the 

participants’ subjective valence and arousal ratings o f the stimuli. This ensured that the 

ratings were accurate and representative, which was particularly important in the 

context o f ageing research, as older adults have been found to rate the lAPS differently 

from young adults (Gruhn & Scheibe, 2008; Porto, et al., 2011). Lastly, we choose a 

relatively novel analysis method, a parametric modulation approach, to study the 

effects o f arousal and valence on the BOLD signal. Several other fMRI studies have 

used this approach to study emotional processing; however this project we believe is 

the first to apply this method to simultaneously examine the effects o f arousal and 

valence. This technique proved extremely successful as dissociating the contributions 

of these two affective dimensions to the BOLD signal during both emotional 

perception, and memory encoding. To our knowledge, a parametric modulation 

analysis such as this has never before been used to study the neural correlates of 

emotional memory, to examine the effects of personality on the BOLD signal, or to 

investigate age-related changes in emotional processing. So in this regard, the project 

makes a novel contribution to the field of affective neuroscience not only in terms of 

experimental findings, but also in terms o f method development.

The results o f the personality study indicated the important role that the traits 

extraversion and neuroticism play in emotional processing. In particular, high levels o f 

neuroticism, or trait anxiety, were associated with a significantly attenuated signal in 

the OFC while viewing the emotional images. This result raises the strong possibility 

that neuroticism may be linked to the development of affective disorders such 

depression and anxiety via a common mechanism of attenuated reward-processing, 

which has been identified in depression (W. H. Liu, et al., 2011; Shestyuk, et a l ,  

2005).

We explored the effects of ageing on emotional processing in the second study, 

described in chapter 4. We applied the paradigm developed for the study with the 

young participants to a group o f older, healthy women, and found there to be an age- 

related dissociation in the neural representation of emotional arousal and valence. The 

young adults showed greater BOLD modulation due to emotional arousal than the 

older adults, in occipital and temporal visual cortices bilaterally, the left inferior
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parietal cortex and the supplementary motor area. The older adults did show greater 

arousal enhancement of the BOLD signal in one region compared to the young 

however, in the right middle frontal gyrus (MFG), which offers partial support for the 

PASA theory o f functional reorganisation in ageing (Davis, et al., 2008). To date there 

has been a dearth of research into how ageing interacts with the effects of emotional 

arousal on neural activation, with the focus on valence processing, particularly in the 

context o f  the “positivity effect” (Mather & Carstensen, 2005). In contrast to this 

result, we found that the older adults showed greater modulation due to positive 

valence in the left amygdala, left middle temporal gyrus and right lingual gyrus, which 

support the predictions o f the positivity effect in ageing (Kennedy, et al., 2004; Mather 

& Carstensen, 2005). Furthermore, regardless of the arousal or valence o f the stimuli, 

we found large age-related differences in visual processing regions during image 

viewing, as well as in the hippocampus and putamen, all of which were significantly 

more activated in the young group. The older adults recruited a single region o f the 

right supramarginal gyrus (SMG) more than the young, possibly as a compensatory 

mechanism for the marked deficits in sensory processing. These results also offer 

partial support for the PASA theory o f ageing (Davis, et al., 2008), however we failed 

to find any evidence of function compensation via the recruitment of PFC regions in 

the constant BOLD response (Park & Reuter-Lorenz, 2009).

The contributions of emotional arousal and valence to memory encoding were 

explored in the third study, described in chapter 5. We found no evidence of a 

positivity bias in the older group, who did not remember the more positive images than 

neutral in the memory task. However, the young group did remember positive images 

with more accuracy. Positive valence enhanced the memory-related BOLD signal in 

both groups however, although it did so via the enhancement o f deactivation rather 

than the enhancement of activation. The young group showed enhanced deactivation 

in prefrontal regions, while the older adults showed enhanced deactivation in parietal 

regions. Although both young and older groups showed a behavioural enhancement of 

memory by arousal, only the young group showed an increase in the arousal- 

dependent BOLD response during successful image encoding. Compared to the older 

adults they showed a greater response to increasing levels o f arousal in the right 

superior frontal gyrus and the left cerebellum, and this again supports our working 

theory that ageing may be associated with a loss of sensitivity to the cortical effects of
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arousal. General memory encoding, regardless o f the arousal or valence of the images, 

was associated with increased occipital and temporal activation and increased 

deactivation in midline and temporal regions in both groups. Additionally, when the 

groups were compared directly, the young group showed greater activation than the 

older in the right middle temporal gyrus. Crucially, the older adults showed no sign o f 

functional reorganisation or compensation, with no additional activation in frontal or 

parietal regions, as have been reported before (Anderson, et al., 2000; Dennis, et al., 

2007).

Age-related differences in brain structure rather than function related to 

emotional processing were investigated in the fourth and final study. In particular we 

wished to examine whether the WM connectivity of the amygdala changes with age, 

as this has never been investigated. We found that the young group had greater white 

matter (WM) connectivity between the amygdala and the visual cortex, which may 

partly mediate the greater visual activation they displayed in response to emotional 

arousal in the emotional processing task, and in successful memory encoding. The 

older adults notable loss of integrity in the WM tracts running anterior-posterior in the 

brain, but demonstrated relative preservation o f some limbic tracts in accordance with 

previous studies (Grieve, et al., 2011). The older group showed significant GM 

volume in several brain regions, but most notably in the PFC, while they showed no 

change in limbic subcortical regions including the amygdala and hippocampus. This 

relative preservation o f limbic subcortical structures may partly mediate the preserved 

emotional functioning seen in age.

7.2 Emerging themes in the Current Dataset and Ideas for 

Future Projects

7.2.1 Arousal Processing in Ageing

One of the strongest results from the current project is the marked attenuation in the 

neural response to arousal in the older group. While there has been much focus to date
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on the role o f valence in ageing, there is a relative dearth of research into how arousal 

processing changes with age. One possibility is that if ageing seems to be 

accompanied by a marked reduction in the processing of arousal, negative stimuli 

which tend to be more arousing than positive stimuli (Lang, et al., 2008) may become 

less attention-capturing than they are to younger adults, and therefore the 

memorisation o f positive emotional stimuli is enhanced relative to young adults, 

whose cognitive resources are prioritised by negative stimuh. The other possibility 

however, is that rather than older adults showing a deficit in the perception o f highly 

arousing stimuli, they may in fact be engaging in greater emotional regulation when 

these types o f stimuli are encountered. In the current study the older adults showed 

greater activation in the right MFG than the young in response to high arousal images, 

and this may be evidence o f PFC-mediate emotional regulation. The resolution o f this 

question certainly warrants further investigation in future studies.

Although we did not measure autonomic responses to emotional arousal, we 

did measure subjective levels o f arousal for every stimulus, and used these self-report 

measures as parametric modulators in our analysis o f the fMRI data. However it would 

be extremely interesting in a future study to measure autonomic arousal responses, 

such as SCR or pupil dilation (Gabay et al., 2011; O'Neill & Zimmerman, 2000). 

These metrics would provide objective and physiological measures o f arousal, which 

could also be used as modulators in the GLM analysis of the BOLD response. 

Previous studies o f SCR in ageing have yielded mixed results (Denburg, et al., 2003; 

Gavazzeni, et al., 2008), however this is a promising area for future research as there is 

a genuine paucity of knowledge as to arousal processing changes with healthy ageing. 

This has, as mentioned before, very exciting potential applications such as the study o f 

cognitive processes that benefit from medium to high arousal levels, such as attention 

(Bradley, 2009), or memory encoding (McGaugh, 2006), and which can be 

compromised in ageing (Finnigan et al., 2011; Ghsky, 2007).

We did not include erotic images as stimuli in the emotional paradigm, 

however unfortunately this did exclude many o f the high arousal, positive examples 

from the lAPS. As a result, we failed to get very high arousal ratings for our stimuli, 

with few being rated as 8 or 9 on a 9-point scale. This is a clear disadvantage o f the 

experimental design as it stands, and something which could be improved upon for 

future studies. A recent study by Calvo et al. (2011) documents their research group’s
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endeavour to put together a set o f images which are erotic and high in arousal level 

without being extremely explicit, e.g. attractive semi-nude males, and intimate 

romantic couples, without explicit sexual scenes. This were designed for heterosexual 

women in particular, as the lAPS really lacks images o f this kind- the erotic stimuli are 

both highly explicit and geared towards heterosexual males. Therefore future studies 

could make use o f such an updated stimulus set, in order to elicit high valence, high 

arousal responses, particularly with female samples, without using potentially 

offensive explicit material. This would greatly enhance the potential o f the current 

paradigm to elicit high arousal responses, and hopefully improve activation patterns in 

key arousal and reward regions, such as the amygdala, ventral striatum and 

hippocampus. Increasing high arousal responses should be a key improvement on the 

current design in order to future understand the role that changes in arousal processing 

have in ageing, and how they interact with older adults’ cognitive performance and 

memory encoding.

7.2.2 Functional Compensation and Cognitive Reserve in Ageing

A notable pattern emerging from the current dataset is the relative lack o f evidence of 

functional reorganisation and compensation in age, in spite o f preserved emotional 

functional and memory encoding in the older group. On the emotional processing task, 

described in chapter 4, the older adults did show greater activation in the right MFG in 

response to arousal, and greater activation in the right SMG in the constant BOLD 

response, but the marked reduction in processing in the occipital and temporal visual 

cortices, the hippocampus and the frontal lobe were much more extensive that these 

clusters o f over-recruitment; and furthermore, the older adults showed no signs of 

compensation at all in the memory encoding analysis.

Although the PASA theory o f functional reorganisation in ageing has garnered 

a lot of support, with many studies finding evidence in favour of it (for a review see 

Davis, et al., 2008), there are other authors which propose that this pattern does not 

always occur. In a study o f picture encoding, albeit not emotional picture encoding, 

lidaka et al. (2001) also found no evidence o f prefrontal compensation in older adults. 

Compared to young adults they showed diminished activation in visual processing
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regions similar to the age-related differences we found in chapter 4, in the occipito

temporal and the occipito-parietal cortices.

Furthermore, in a study by Nyberg et al. (2010), fMRI evidence o f decreases in 

frontal activation with age were found, in contrast to the proposed increased frontal 

activations in the PASA model. The authors conducted a longitudinal study o f ageing, 

re-scanning adults who had completed the same semantic categorisation task six years 

previously. While the previous cross-sectional study (Logan et al., 2002) o f adults 

aged between the ages of 49 and 79 had found age-related over-recruitment in the right 

PFC, the longitudinal study actually found a within-subject decrease in activation in 

the right PFC and the occipital cortex, and no evidence o f increased PFC activation 

with age. This study also highlights the limitations o f conducting cross-sectional rather 

than longitudinal research. With cross-sectional research there may be cohort effects 

that lead to an over-estimation o f the ageing effects. For example, there are likely to be 

differences in educational opportunities, in socioeconomic status and in cultural 

influences which are impossible to control for. Longitudinal research offers better 

experimental control of these factors and is the gold-standard in ageing research.

There is also evidence that not all older adults show functional compensation 

with age, and that high performing older adults are more likely to show over

recruitment o f the PFC (Cabeza et al., 2002; Nyberg, et al., 2010). In the current data 

set there was a wide range o f performance on the memory task, not just in the older 

group but in the young also. To illustrate, the older adults correctly remembered 

between 40 and 90% of the images in the recognition session, and this heterogeneity in 

performance was lost in the current analysis as the participants were considered as a 

group. Future studies might focus on delineating between high and low performers and 

examining emotional memory performance. For example, although as a group the 

older adults did not show a behavioural enhancement o f memory by positive valence, 

perhaps low performers might receive a greater mnemonic boost by emotional 

valence. Also, as previously mentioned in chapter 6, it would be o f extreme interest to 

examine the linear associations between the memory-related BOLD signal and 

memory performance in the young and older groups separately.

Another possible reason that we found little evidence o f PFC compensation in 

the current project however may be that the tasks were not cognitively demanding 

enough. The visual processing described in chapter 4 was a passive encoding task,
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requiring only a simple button press in the scanner, which was intended to maintain 

attention. The memory paradigm described in chapter 5 was then optimised to equate 

performance between the groups, so the recognition task was after a shorter delay 

period for the older adults (1-2 days) than the young (2-3 days). This optimisation o f 

delay period has been used before (e.g. Morcom, et al., 2003) so that the fMRI results 

are not confounded by task difficulty. However in the current study this may have 

masked any possible evidence o f functional compensation, as the older adults found 

the task relatively easy.

It is worth noting however that the relationship between brain health and 

cognitive health is not always a straight forward one. For example, prospective ageing 

studies have found that as many at one-quarter o f older adults who showed no sign of 

cognitive decline met the criteria for Alzheimer’s Disease upon past-mortem 

neuropathological examination (Ince, 2001). It is not known exactly how this occurs, 

however one concept which has been proposed to account for the discrepancy between 

the degree of brain damage in age and the maintenance o f cognitive function is the 

concept of cognitive reserve (Stern, 2009). The idea o f reserve is that the brain 

attempts to compensate for neural damage by using pre-existing cognitive processes or 

by establishing compensatory processes via the recruitment of additional networks. 

This is similar to the concept o f neurocognitive scaffolding (Park & Reuter-Lorenz, 

2009), but cognitive reserve not only describes these compensatory processes but 

attempts to delineate the factors which contribute to reserve, and in the context of 

ageing, which help certain individuals to age more successfully than others. This 

concept is not only used to describe this phenomenon in ageing, but has also been 

applied to brain injury and other disorders where there is a disconnect between the 

severity of injury and the cHnical outcome (Jones et al., 2011). Several factors are 

known to positively affect reserve, and hence are seen are possibly neuroprotective, or 

perhaps more accurately, protective in the face o f neural degeneration, and have been 

found to be associated with a decreased risk o f dementia. These include a high of 

education, occupational complexity and engaging in activities in late hfe (Valenzuela 

& Sachdev, 2006).

Several reviews have suggested that education is one o f the strongest predictors 

of cognitive reserve (Bartres-Faz & Arenaza-Urquijo, 2011; Valenzuela & Sachdev, 

2006), and in the current study the majority o f the older participants had a very high
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level o f education (mean = 16.83 ± 4.60 years), which is likely higher than average for 

their age group. This highlights the types of natural sampling bias that can occur when 

recruiting participants from the general population, but it also indicates that cognitive 

reserve may have been a key mediating factor in enabling them to perform as well as 

they did in the experimental tasks, in spite o f showing widespread GM atrophy, lower 

WM tract integrity and reduced BOLD signal activations. It would be interesting in 

future studies to measure reserve explicitly in order to see whether it plays a mediating 

role in the maintenance of older adults’ preserved emotional functioning, as this is an 

issue which has never been investigated before.

7.2.3 Analysis of Structure-Function Convergence

Another potential avenue for analysis could be the quantification of the degree of 

convergence between fMRl and VBM results, to see whether the reductions in BOLD 

activations seen in chapters 4 and 5 are mediated to any extent by GM volume 

atrophy. In a recent study for example which examined BOLD and VBM changes in 

ageing on an episodic memory task (Kalpouzos et al., 2011), it was found that 

occipital GM loss accounted for under-activation in the occipital cortex during 

memory encoding, while during retrieval, over-activation in the left dorsolateral PFC 

and left parietal cortex were mediated by GM loss in these regions. This highlights the 

complex underlying nature of activation increases and decreases in ageing, but also 

demonstrates that BOLD and VBM results can be combined in a meaningful way to 

elucidate structure-function relationships in the ageing brain. They authors used an 

independent components analysis (ICA) (Calhoun et al., 2009; Sui et al., 2011), and 

this technique could certainly be applied to the current data set. Furthermore, in the 

aforementioned Nyberg study (2010) the authors also found some convergence 

between the region in the right PFC which showed decreased activation with age in the 

longitudinal study, and a region of GM atrophy, indicating that GM loss may have 

partly mediated the reduction in activation across time.

There is a reasonably close, albeit currently unquantified, convergence for

example between the GM atrophy in our older adults in the early visual/precuneus

region (see figure 6.9), and reduced occipital activation during image viewing as

described in chapter 4 (see figure 4.3 and table 4.3). Furthermore, perhaps the lack of
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“compensatory” recruitment in the PFC could be accounted for by the marked GM 

loss in this region. Although it should be noted that the PFC GM loss was in mostly 

emotion-related regions, including the OFC and ACC, rather than more typically 

“cognitive” PFC areas such as the inferior frontal gyrus or dorsolateral PFC. However 

this is certainly an area o f inquiry that may yield some interesting results.

7.2.4 Personality across the Lifespan

The study we conducted on the influence of personality on emotional processing 

yielded some very interesting insights into how individual levels o f the trait 

neuroticism (trait anxiety) and extraversion modulate the brain’s response to emotional 

valence and arousal. It was intended to conduct the same analysis with the older 

dataset, however the analysis approach as it stands is not suitable. In the young adults, 

neuroticism and extraversion scores were almost significantly inversely (Pearson’s r = 

-0.397, p = 0.061), with more introverted individuals typically exhibiting higher levels 

of trait anxiety. Therefore we controlled for this possible statistical confound by 

including in the regression models the second personality trait as a covariate of no 

interest while examining the effects o f the first trait on the BOLD signal. In the case o f 

the older adults however, there was a highly significant correlation between 

neuroticism and extraversion (Pearson’s r = -0.547, p = 0.007). In this case it would be 

unsuitable to take the same analysis approach, as including two highly correlated 

variables in the one regression model would decrease the fit, and increase the error. 

There are suitable statistical ways to deal with this data, such as using a Gran Smidt 

orthogonaHsation (Bagarinao et al., 2003; van Rootselaar et al., 2008), which removes 

the covariance between factors. Alternatively, more sophisticated modelling 

techniques could be u.sed, such as mixed-effects modelling (Raudenbush & Bryk, 

2002), which allows for covariance between variables better than a traditional 

parametric approach such as linear regression.

However it is interesting that the older adults in the current study were 

typically very extroverted, i.e. outgoing and likely to enjoy trying new things, and low 

in trait anxiety, i.e. the tendency to worry and experience anxiety- this is another 

example o f the type o f natural sampling bias that can occur when recruiting from the
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public. There is evidence however that trait anxiety does decrease across the life span 

(Williams, et al., 2006), therefore perhaps it is unsurprising that we failed to see high 

levels o f neuroticism in the older sample.

There is relatively little known about how the neural bases of personality 

change across the lifespan, and how personality may affect both emotional processing 

in ageing and older adults’ quality o f  life. It seems intuitive for example, that if  high 

levels o f neuroticism are associated with increased activation in response to negative 

emotional stimuli (Canli, 2004; Haas, et al., 2008), and if neuroticism may naturally 

decline across the lifespan (Williams, et al., 2006), that older adults may show reduced 

processing of negative emotional stimuli and a positivity bias (Carstensen, et al., 

2003), and experience less negative affect (Charles, et al., 2001). However this 

tentative link has yet to be fully explored, and the neural bases of these changes with 

age have still to be clearly elucidated. We found evidence in the current project of 

attenuated arousal processing in the ageing brain, and alterations in the WM 

connectivity o f the amygdala which may influence or mediate the changing role that 

negative and positive affect play across the lifespan; however this requires much more 

experimental investigation.

This is an area that is receiving increasing interest in the neuroimaging 

community however. As mentioned in the general introduction, in a paper by Brassen 

et al. (2011), it was found that increased activation in the ACC in response to positive 

emotional faces in older adults was enhanced in those who were low in trait 

neuroticism, which supports the idea that this trait may play an important role in 

mediating the positivity bias that is often observed in older adults compared to young. 

In a recent a study investigating the relationship between personality and GM volume 

in the PFC and the medial temporal lobe in a group of 79 older adults ages between 44 

and 88 years (Jackson et al., 2011), it was found that high neuroticism was associated 

with lower GM volume in these regions as well as accelerated GM loss with 

increasing age. Conversely, conscientiousness, which is a personality trait from Costa 

and M cCrae’s Big-Five Model (R.R. McCrae & P.T. Costa, 2003) associated with 

greater self-discipline, organisation and thoroughness, was linked to larger regional 

GM volumes and an attenuated rate of GM loss with advancing age.

Furthermore, personality has not just been found to influence brain changes in 

ageing, but it has also been linked to differences in cognitive performance. Neupert et
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al. (2008) conducted a study examining the interaction between personality, daily 

stressors and memory failure in a large o f over 300 older adults, who kept a dairy o f 

daily events over an eight-day period. It was found that on days when participants 

experienced stressors, especially interpersonal stressors, individuals high in 

neuroticism were more likely to report memory failures than those low in neuroticism. 

This indicates that personality can modulate older adults’ responses to stress and affect 

their cognitive functioning. It highlights the importance that personality may have in 

individual rates o f cognitive dechne with age. No doubt this area will continue to 

expand over the coming years, and therefore it would be o f interest in the current 

dataset, given its richness in terms o f different imaging modalities to examine the 

influence o f extraversion and neuroticism on the neural bases o f emotional processing 

and memory encoding in ageing.

7.2.5 Gender Study

A possible limitation of the current set of studies is the omission of males from the 

participant set. Although our reasoning for this approach was sound, i.e. considering 

the large gender differences in emotional processing (Calvo & Avero, 2009) and its 

neural correlates (Wrase, et al., 2003; Yamasue et al., 2008), and also the gender 

differences in levels o f personality traits (Costa et al., 2001; Feingold, 1994; Lynn & 

Martin, 1997), and even though we are confident that this approach minimised 

participant heterogeneity; an obvious extension of this work is the application o f the 

paradigm to a group o f young and older males. In particular it would be very 

interesting to see if there are gender differences in the neural response to emotional 

arousal and valence, how they relate to personality and whether they change with age. 

There is also a paucity of research into amygdala structural connectivity differences 

between the genders and an added element of this project would be the effects of 

ageing on any potential gender disparities. Therefore a gender comparison study 

would be a pertinent extension o f this work.
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7.2.6 HAROLD

Another pattern of age-related change in brain activation that was not explored in the 

current project is described by HAROLD -Hemispheric asymmetry reduction in 

ageing (Cabeza, 2002). In a study examining the neural basis o f bilateral hemispheric 

activation in ageing, Cabeza et al. (Cabeza, 2002) found that high performing older 

adults recruited the PFC bilaterally on a source memory retrieval task, while low 

performing older adults recruited just the right PFC, as did a group o f young controls. 

The authors argue that the indicates that performance maintenance was mediated by 

additional recruitment of the contralateral hemisphere, and indeed several other studies 

have also found evidence o f this kind of adaptive plastic reorganization in the ageing 

brain (Dolcos et al., 2002; Przybyla et al., 2011; Wang et al., 2011).

It may be interesting to examine hemispheric differences in ageing in the 

current dataset. These differences may not be apparent from the current analysis as the 

young adults in general showed significantly more BOLD activation, particularly in 

the constant response, than the older adults. However, by comparing the degree of 

activation in the left versus right hemisphere within group, it would be possible to see 

whether the older adults recruited both hemispheres more than the young group, in 

accordance with the predictions of HAROLD. Furthermore, the DTI results indicated 

that there were some hemispheric interactions with age in the TBSS and IFL analyses, 

and it may be interesting to explore these effects further. Hemispheric differences may 

also be especially interesting in the context of emotional processing and emotional 

memory encoding, as the right hemisphere has long been posited as the primary 

hemisphere for emotional processing. Although this left brain/right brain, 

logical/emotional dichotomy may be a little over-simplified, there is some evidence 

from neuroimaging and neuropsychology studies that the right hemisphere may be 

more central to emotional processing than the left hemisphere (Demaree et al., 2005; 

Hecht, 2010; Kucharska-Pietura, 2006). Therefore the exploration o f hemispheric 

differences in emotional processing in ageing may yield some insights into the 

preservation o f emotional capacities. For example, if there was evidence o f greater 

preservation o f structure and function in the right hemisphere in older adults this may 

be linked to the preserved emotional functioning commonly seen in ageing.
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7.3 Limitations of the Current Project

7.3.1 Premorbid IQ

One possible confounding factor in the current study is that the young and older adults 

were not matched for IQ. As part o f the CERAD battery the older adults did complete 

the National Adult Reading Test (NART), which provides an approximate measure of 

premorbid IQ (Crawford, et al., 2001); however the younger adults did not undergo the 

neuropsychological assessment which was administered to detect age-related cognitive 

decline. If the young and older groups were not matched for IQ this may have 

introduced a confound into the study, as age-relate differences in the memory 

paradigm could be partially driven by differences in intelligence. Fluid intelhgence for 

example is a powerful predictor of learning ability and has been linked to the 

functioning o f the lateral PFC and other cortical areas (Gray & Thompson, 2004). It is 

also strongly linked to working memory ability (Fukuda et al., 2010; Gevins & Smith, 

2000), while scores on the NART have been found to correlate significantly with both 

working and episodic memory performance (Frick el al., 2011).

Education level is strongly correlated with IQ (Lynn & Vanhanen, 2006; 

Matarazzo & Herman, 1984) and the young and older adults in the current study did 

not differ significantly in their education level (18.09 ±2.52 and 16.82 ± 4.6 years 

respectively). Therefore it is unlikely that the age-related differences we identified 

were driven by differences in IQ. However it would be advisable in future studies to 

measure IQ in both young and older groups, in order to control explicitly for the 

possible confound of this variable.

7.3.2 Possible Confound of Age-Related Differences in Attention

In the current study the possible effects o f attention were not controlled for, and this 

may have influenced the age-related differences we observed in emotional processing. 

Emotional arousal for example has a profound effect on attention, with arousing 

emotional stimuli much more likely to increase attention (Carretie, et al., 2004;
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Junghofer, et al., 2001; Junghofer, et al., 2006; Schupp, et al., 2003; Vuilleumier, 

2005). Further, older adults typically show attention deficits compared to young adults 

(Finnigan, et al., 2011; Glisky, 2007), and therefore differences in arousal may have 

been partly mediated by the fact that arousal elicits its effect on brain function through 

the enhancement of attention, which is lower in the older adults to begin with. 

Therefore it could be argued that some o f the ageing differences, particularly in 

arousal processing were driven by age-related changes in attention rather than 

emotional processing.

In order to control for this potential confound, one suggestion for future studies 

would be to measure attention using an eye-tracker, which could record focused gaze 

during the fMRl task. In this way it could be discerned if, for example, the young 

adults spent more time attending to the highly arousing stimuli than the older adults, 

and whether this difference in gaze time related to the BOLD signal or to the influence 

o f highly arousing stimuli on the BOLD signal. The eye tracker could also be used to 

directly measure arousal, via the recording of pupil dilation during the task (Bradley et 

al., 2008), and therefore could potentially provide valuable information about both 

attention and autonomic arousal. The inclusion of such measures could potentially 

vastly improve the current experimental paradigm.

7.3.3 Influence of Age-Related Arterial Elasticity on the BOLD Signal

The BOLD signal is a hemodynamic response and as such is susceptible to changes in 

neurocardiovascular functioning and vascular disease. Changes in neurocardiovascular 

functioning in age, such as arterial stiffening and reduced blood flow to the brain, 

provide challenges to conducting neuroimaging research in ageing populations 

(D'Esposito et al., 2003). In the current study we did not control for the effects that 

vascular changes in ageing may have had on the BOLD signal, and this could 

influence our interpretation o f the results.

However, if the age-related BOLD changes we observed were driven solely by 

vascular changes in ageing, you might expect to see a global reduction in BOLD signal 

in the older adults. On the contrary, the older adults did show greater activation than 

the young group in several contrasts, e.g. greater right parietal activation in the 

constant BOLD response and increased BOLD response to arousal in the right MFG.
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This is evidence, we believe, o f compensatory activation in the older group, in 

accordance with the neurocognitive scaffolding theory o f ageing (Park & Reuter- 

Lorenz, 2009) and the PASA effect (Davis, et al., 2008). Furthermore, as part of the 

screening process for this study, all participants with a history o f serious 

cardiovascular disease, including heart attack, stroke, transient ischemic attacks and 

untreated hypertension, were excluded. Thus we endeavoured to minimise the 

potential confound posed by age-related problems with neurocardiovascular function.

However in order to control for the possible confound o f vascular changes in 

ageing, perfusion MRI measures could be incorporated into any future studies. 

Techniques such as bolus-tracking MRI (Calamante et a l ,  2002) and volumetric 

arterial spin labelling (ASL) MRI have been shown to be highly effective at 

measuring brain perfusion. ASL MRI (Y. Liu et al., 2011) in particular has shown 

promise in exposing age-related changes in perfusion, with direct measures such as 

cerebral blood volume and blood transit times, both of which have been found to 

decrease with increasing age (Y. Liu, et al., 2011). Using a measure of resting-state 

perfusion, Bangen et al. (2012) controlled for the effects of baseline perfusion while 

investigating compensatory neural requirement in older adults during a face-name 

encoding task. They found that greater activation in the PFC, coupled with decreased 

occipital activation in the old compared to young group, was still significant after the 

effects of age-related differences in baseline perfusion had been controlled for. Studies 

such as these represent the beginning o f the integration o f perfusion MRI techniques 

into cognitive neuroimaging studies o f ageing; and these techniques offer a method of 

controlling for possible confounds introduced by physiological, rather than cognitive 

processes.

7.4 Conclusions

Understanding the key to successful ageing depends upon clearly characterising the 

changes that occur in the brain during healthy ageing. With a growing proportion of 

the Western w orld’s population reaching senescence, it is important now more than 

ever to study the factors affecting healthy cognitive ageing. Ageing it not only 

associated with preserved emotional functioning, but often with improved emotional
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abilities such as increased positive affect and greater emotional regulation. Preserved 

mental performance is one of the core aspects o f successful ageing, therefore it is o f 

interest to explore the neural correlates of emotional processing in ageing.

Changes in the neural bases o f cognition accompany normal, healthy ageing 

and neuroimaging has greatly improved our understanding o f these processes, offering 

unprecedented insights into the neural correlates o f cognitive and emotional 

functioning in ageing. Aging is a complex process, and the brain changes that 

accompany it are characterised not only by loss of function and neural atrophy, but 

also by reorganization, optimization and enduring neural plasticity. Our results suggest 

that there are significant age-related differences in how emotion is processes in the 

brain in healthy ageing, and that there are many structural brain changes that occur 

with age which may also affect emotional processing, such as changes in the WM 

connectivity o f the amygdala. There is still much to learn about how the brain changes 

in age, and understanding these changes is important for advancing our understanding 

o f the neural markers of successful brain ageing.
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Appendices

Appendix 1: Stimulus list and ratings

Table A l . l  Ratings for our own stimulus set. The ratings are from young female 

subjects only (age range 1 8 - 3 0  years). Please note that the discrepant n numbers are 

due to the fact that these images were rated by not only the 23 subjects who took part 

in the fMRI study but also others who rated the images as part o f  several experiments 

to gather ratings for these and other images, some o f which were not included in the 

fMRI study. O f the initial 15 subjects who rated the images 8 were women, therefore 

the minimum number o f times any o f  these images were rated was 31 (23 fMRI 

subjects + 8 initial ratings). Key: n = number o f  subjects that rated each image; SD =

standard deviation; V = valence; A= arousal; D = dominance.

Im age D escription n Mean V SD V Mean A SD A Mean D SD D
181 Fighter jet 38 4.21 1.22 5.79 1.62 3.95 1.83
182 Fighter jet 2 38 4.39 1.53 5.55 1.70 3.61 ^  1.51
184 Dreaming woman 33 4.61 2.04 6.12 1.77 4.24 1.94
185 Black volcano 38 4.53 1.68 6.45 2.04 3.21 1.73
187 Fire volcano 38 4.89 1.37 6.55 1.27 3.63 1.58
191 Tornado and lightning 33 4.55 1.50 6.88 1.47 3.00 1.21
192 Mountain 33 4.42 1.65 6.12 1.74 4.00 1.98
193 Helicopter 20 5.65 1.98 6.15 1.88 5.25 1.70
194 Red smoke 33 4.06 1.32 6.85 1.26 3.45 1.50
411 Lightning 31 5.55 1.46 6.58 1.36 4.23 1.77
412 Fast train 41 6.24 1.25 5.39 2.11 6.51 1.55
103 Man in yellow t-shirt 38 4.82 0.79 3.79 1.40 6.13 1.47
111 Older man 42 5.64 0.92 3.50 1.55 6.19 1.61
113 People on tram 42 5.48 0.96 4.14 1.44 6.05 1.69
115 Young men talking 33 5.33 0.88 3.70 1.55 5.82 1.64
116 Man washing up 33 4.58 1.37 3.39 1.63 6.15 2.00
121 Woman brushing hair 42 5.26 0.85 3.86 1.60 6.43 1.73
125 Garlic 38 5.61 1.29 3.97 1.65 6.68 1.95
143 Coat hooks 38 5.37 1.35 3.84 1.77 6.29 2.21
149 Iron 33 4.42 1.05 3.36 1.67 5.94 2.10
153 Scarves 42 5.40 1.00 3.14 1.52 6.81 1.76
155 Table and chairs 42 4.95 0.97 3.43 1.53 6.48 1.83
164 Garden 42 5.17 1.70 3.55 1.50 6.12 2.14
171 Stadium 42 4.98 0.99 3.98 1.46 6.14 1.78
189 Lightning 31 5.23 1.37 6.50 1.25 4.27 1.46
196 Wild horses 31 7.31 1.26 6.00 2.15 4.94 2.05
197 Dolphins 38 7.00 0.97 4.53 2.20 6.29 1.76
200 Polar bear 42 7.02 1.26 6.60 1.48 5.40 2.00
201 Wolf 33 6.09 1.40 5.79 1.49 4.58 1.61
202 Cheetah 42 6.40 1.09 6.43 1.68 5.26 1.88
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205 Chocolates 42 7,36 1,17 5,98 2.35 6.76 1.86
209 Cherry dessert 33 6.45 1,44 5,30 1.98 6.45 2.20
212 Chocolate cake 38 7.55 1,23 5,82 1,88 6,26 2.28
218 Surfer 38 7.05 1,17 6,84 1,66 5.37 1.83
225 Circus 38 6,34 1,03 6.32 1.57 5.26 1.79
228 BMX stunt 42 6.26 1,43 6,90 1.15 4.93 1.82
229 Race winner 38 6,68 1,40 6.37 1.78 6.71 1.67
233 Airport lights 42 6,02 1,61 6.57 1.14 5,79 2,24
234 High jump 38 5.76 1.51 5.47 1.68 5,79 1,70
237 Dancers 42 6,26 1.05 5.12 1,69 6,00 1,94
238 Parade 38 6.42 1.39 5.92 1,71 6,05 1,64
240 Girls lumping 38 6.87 1.62 6.00 1,69 7,13 1,73
245 Hurling 33 5.67 1.20 5.91 1,52 5,58 1,52

246 Ice climbing 33 6.64 1.20 7.48 1,10 5.03 1,82
248 Mountain climber 33 7.48 1.02 7.09 1,24 6.24 2,12
249 Antarctic 38 6.68 1.30 6.26 2,10 5,32 2,12
250 Olympic winners 33 6.85 1.10 5.85 2,00 6,39 1,48
252 Jumping into water 33 7,15 1.13 6.85 1,40 6,52 1,67

255 Rafting 38 6.71 1.50 7.16 1,65 5,39 1,77
258 Rollercoaster 38 6.63 1.49 7.47 1,35 4,26 1,94
262 Skateboarder 38 5.76 1.53 5.76 1,87 5,08 1,87
267 Sky diving 38 6.89 1.14 7.03 1,78 5.29 2,01
280 Surfer 38 6.42 1.58 7.05 1,70 4.11 2,10
282 Fairground ride 42 7.05 1.40 7.10 1.67 4.88 2,20
284 Tropical waterfall 33 7.48 1.08 5.15 2,39 6.67 1,73
291 Race car 38 5.63 1.48 5.34 2,08 6.00 2.05
292 Aston Martin car 42 5.52 1.58 6.14 1,82 5.02 2.33
293 Balloons 42 7.10 1.11 6.43 1,29 7.05 1.40
018 Goldfish 42 6.17 1.15 3,79 1.70 7.07 1.52
027 Robin 42 6.55 1.29 3,36 1.59 6.83 1.72
028 Scruffy dog 42 6.62 1.17 3,88 1.73 6.95 1.60
031 Swan 42 6.31 1.26 3,52 1.53 6.57 1.55
033 Baby 38 6.53 1.48 3.87 1.78 6.79 1,62
036 Man in pool 38 6,11 1.47 3.13 1.64 7,05 1,86
042 Feet and beer bottle 38 6.32 1,59 3.68 1,87 7,26 1,73
044 Head massage 38 6,92 1,35 2.53 1,76 7,08 1,80
051 Man in hammock 33 6,55 1,18 2.88 1,41 6,91 1,71
054 Women talking 33 6,03 1,06 4.27 1.40 6.52 1.54
055 Young girl 33 6.55 0.96 3.36 1.51 6.94 1.61
061 Sunset and tree 38 6.21 1.34 3.55 1.79 6.34 1.96
065 Beach sunset 38 6.87 1.51 3.03 1.66 7,16 1.76
067 White blossoms 38 5.97 1.06 3.18 1.64 6,66 1.88
069 Butterfly 38 6.34 1.59 3.79 1.99 7,24 1.48
070 Serene lake 38 6.68 1.49 2.39 1.76 6,82 2.10
071 Clouds 38 6.61 1.14 3.29 2.15 6,92 1.95
075 Field 38 6,26 1.35 3.26 1.82 6,76 1.84
080 Temple 42 6,95 1,48 3.55 2.06 6,67 1.90
084 Pink flower 33 6,36 1,04 3.15 1.33 7,15 1.48
088 Rippled lake 33 6,94 1,13 2.39 1.46 7,30 1.47
089 Roses 42 6,19 1,33 3,17 1.66 7,10 1.66
090 Wild flower 42 6,36 1,13 2,90 1.51 7,10 1.60
091 Dew on web 42 5,79 1,60 3,38 1.95 6,43 2.19

401 Woman and flower 41 7,27 1,33 3,10 1,83 7,32 1.61
402 Hot stone massage 41 7,05 1,27 2,88 1,70 7,49 1.27
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Table A1.2 List o f the lAPS images that were used in the current study, w ith the 

ratings from our subjects compared against the standardized lAPS ratings. The ratings 

are from young female subjects only (age range 1 8 - 3 0  years). Key: n = number o f 

subjects that rated each image; SD = standard deviation; V  = valence; A= arousal; D = 

dominance. The 26 subjects comprise the 23 whose data are included in the fM R I

study and 3 others who performed behavioural ratings only.

Ratings from our younc sample Standardised lAPS ratings
Image Description n Mean V SD V Mean A SD A Mean D SD D Mean V SD V Mean A SD A Mean D SD D

7062 Sewinq 26 5.35 0.87 3,35 1,62 6.08 1.80 5,44 1,16 3.53 1.91 6,12 1,87
1051 Snake 26 3.58 1.74 6,58 1,28 3.31 1.54 3,28 1,66 6.06 2.17 3,31 2,16
1080 Snake 26 3.81 1.59 6,23 1,55 3.58 1.52 3,59 1,59 5.82 2.08 3,85 1,93
1110 Snake 26 4.00 1.33 6,31 1,23 4.04 1.53 3,65 1,76 5.90 2.26 3.48 2.22
1113 Snake 26 3.73 1.74 6,58 1.47 3.12 1.40 3.26 1.63 6.38 2.13 3.26 1.86
1120 Snake 26 3.35 1.71 6,85 1,23 3.15 1,26 3.03 1,74 7.20 1.86 3.22 2.42
1301 Dog 26 3.19 1.52 6,81 1,18 3.04 1,43 3.32 1.53 5.91 1.96 3.47 1.89
1302 Doq 26 3.58 1.04 6,42 1,31 3.42 1.36 4,11 1,88 6.08 1.95 4.05 1.72
1303 Dog 26 2.73 1.51 7,15 1,06 2.88 1,67 4,66 2,22 5.96 1.79 4.55 1,98
1310 Leopard 26 3.62 1.73 6,54 1,18 3.62 1,67 4,05 1,49 6.09 1.96 3.91 1,99
1321 Bear 26 3.65 1.54 6,81 1,24 3.35 1,52 3.90 1,86 6.85 1.85 3.21 1.96
1560 Hawk 26 4.42 1.86 6,38 1,42 4.00 1,64 5.41 2,21 5.33 2.26 4.85 2.23
1726 Tiger 26 4.08 1.88 6,85 1,29 2.92 1,64 4.34 2.13 6.32 2.14 3.61 2.16
1820 Crocodile 26 3.69 1.54 6,31 1,32 3.42 1,28 4.99 2.14 5.91 2.04 4.32 2.33
1930 Shark 26 3.42 1.76 7,04 1,16 2,88 1,62 3.56 1.90 6.71 1.91 2.93 1.91
1931 Shark 26 3.85 1.54 6.77 0,97 3,19 1,44 3.57 2.13 6.73 2.23 3.05 2.03
2661 Baby 26 4.50 2.27 6.46 1,71 4.27 1,97 4.46 2.72 6.27 2.06 4.13 1.88
3211 Surgery 26 3.92 1,57 6.08 0.96 3.69 1,68 4.23 1.90 5,82 1.96 4.68 2.34
3302 Sick baby 26 4.46 2,36 6,42 1.60 4,04 1,89 4,16 2.64 5,67 2.41 4.49 2.26
5920 Volcano 26 4.69 1,43 6,96 1.29 3,27 1,48 4.63 1.92 6,22 1.96 3.98 2.29
5940 Lava 26 3.19 1,14 6,69 1,32 2,96 1.32 3,76 1,41 6,18 2.03 3,52 2.23
5950 Lightning 26 5.08 1.44 6,81 1,04 3,62 1,50 5,34 2.20 6,73 1.91 3,55 2.42
5972 Tornado 26 3.46 0.97 6,38 1,04 3.38 1.21 3,67 2,67 6,31 2,26 3,31 2.46
6832 Police 26 3.73 1.53 6,58 1,15 4,19 2.09 3.62 1,69 5,48 1,72 4,09 2,08
7640 Skyscraper 26 4.69 1.54 6,19 1,73 4.31 2.16 4,69 1,37 5,86 2,39 4,06 2,20
8065 Kickboxing 26 4.23 1.31 6,00 1,54 4,31 1,61 4,86 1,82 5,33 2,25 5,14 2,13
8480 Biker on Fire 26 3.15 1.68 7,38 1,30 3.15 1,51 3,16 1,81 6,59 2,02 3,79 2,19
9230 Oil Fire 26 3.15 1.17 6,65 1,17 3,42 1.34 3,56 1,54 5,86 2,38 3,42 1,80
1670 Cow 26 5.81 1.24 3,46 1,55 6,38 1.78 5,88 1,84 3,52 2,05 5,40 1,74
2002 Man 26 5.50 1.15 3,58 1.71 6,00 1.62 5,03 1,44 3,59 1,94 6,04 1.78
2036 Woman 26 5.31 1.20 3,81 1.30 6,08 1.90 5,81 1,40 3,51 1,94 6,26 1.93
2102 Neutral Man 26 6.00 1.21 3,42 1,88 6,85 1,54 5,13 0,99 2,92 2,02 5,86 1.96
2221 Judge 26 4.88 1.12 4,35 1,30 4,08 1,47 4,33 1,24 3,05 1,83 4,64 2.16
2273 Boy 26 6.15 1.32 4,23 1,58 6.15 1,54 5,58 1,66 3,71 1,85 5,49 1.71
2377 Reading 26 6.04 1.22 4,12 1,60 7.00 1,41 5.30 1,49 3,69 1,88 5.38 1.79
2384 Fisherman 26 5.54 1.37 3,12 1,45 6.85 1,46 5.86 1,51 3,23 2,01 6.27 1.66
2411 Girl 26 5.69 1.26 3,65 1,24 6.58 1,74 5,06 0,89 2,96 1,90 6.13 1.95
2514 Woman 26 5.96 1.26 4.35 1,62 6.15 1,96 5.21 1,22 3,53 1,84 5.62 1.77
2516 Elderly woman 26 5.85 0.86 3.77 1,40 6.19 1,47 4,76 1,66 3,45 1,81 5.43 2.12
2620 Woman 26 6.38 1,08 3.69 1,49 6.58 1,36 6,07 1,80 2,50 1,98 6.27 2.26
2840 Chess 26 5.04 1,19 3.50 0,97 6.54 1.57 4,90 1,23 2,55 1,76 5.22 1.86
2880 Shadow 26 5.85 1,10 3.96 1,51 6.23 2.01 5,22 1,79 3,17 1,94 5.95 2.21
5390 Boat 26 6.35 1.24 2.85 1,61 7.12 1.55 6.02 1,40 2,82 2,09 6.49 2.02
7001 Buttons 26 5.58 1,50 4.23 1,80 6.77 1.60 5.51 1,16 3,38 2.25 6.08 1.77
7004 Spoon 26 5.31 0,67 3.54 1,71 6.65 1,84 5.14 0,59 1,94 1,60 6.65 2.10
7014 Scissors 26 5.27 1,48 3.65 2,02 6.69 2,30 5.16 1,08 3,30 1,99 6,49 1.94
7025 Stool 26 4.81 0,88 3,12 1,50 6.58 1,69 4.79 1,10 2,98 2,11 6,51 2.14
7032 Shoes 26 5.19 1,27 3,85 1,41 6.88 1,45 4.76 1,56 3,47 1,90 5,76 1.61
7036 Shipyard 26 4.88 1,09 3,85 1.35 5.27 1,81 4.71 1,10 3,18 1,98 5,33 1.87
7039 Train 26 5,92 1,41 4,38 1.82 6.42 1,39 6.29 1,74 3.26 2,34 6,19 1.94
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7052 Clothes pins 26 5.46 1.01 3.77 1.55 6.65 1,73 5.24 1.39 2,57 1,86 6.51 2,00
7100 Fire hydrant 26 5.15 1.06 3.88 1.25 6.38 1,62 5.20 1.39 2,73 1,72 6.00 1,86
7150 Umbrella 26 4.96 1.40 3.58 1.55 6.38 2,00 4.69 1.19 2,56 1,83 5.48 1.90
7224 File cabinets 26 4.62 1.24 3.19 1.90 6.81 1,80 4.51 1.25 3,01 2,00 6.03 2.08
7234 Ironinq board 26 4.23 1.19 3.92 1.59 5.88 1.97 4,12 1.73 3,05 1,99 5.69 1.91
7235 Chair 26 5.08 1.03 3.15 1.41 6.54 1.76 5.06 1.22 2,94 2,08 6.44 1.88
17S.1 Tomato 26 5.00 1.33 4.08 1.71 6.15 2.40 4.63 1.39 3,63 1,86 5.52 1.65
7300 Peanuts 26 5.04 1.16 3.65 1.52 6.35 1.82 5.70 1.32 3,33 1,95 6.36 1.98
7490 Window 26 6.35 1.00 3.27 1.61 7.15 1.96 5.66 1.48 2,23 1,95 6.23 2.13
7493 Man 26 5.81 1.44 4.46 1.71 6.42 1.47 5.56 1.50 3,38 2,33 5.74 1.77
7513 Crochet 26 6.12 1.12 3.12 1.19 6.58 1.67 5.62 1.60 3,36 2,10 6.05 1.83
7547 Bridge 26 5.04 1.16 3,58 1.64 5,46 1.97 5.16 1.01 3,11 2,10 5.66 2.02
8312 Golf 26 5.12 1.15 3,42 1.36 5,81 1.57 5.34 1.42 3,10 2,02 5.64 1.52
1650 Jaguar 26 5.31 1.77 6,54 0.80 3,54 1.25 6,49 2.37 6,05 2,00 3.69 2.18
2209 Bride 26 7.15 1.23 5,77 1.89 5,88 1.62 7,95 1.46 5,91 2,40 6.46 1.89
2300 Female 26 6.35 1.04 5,54 1.69 6,77 1.55 7,14 1.40 5,09 2,07 6.23 1.68
5833 Beach 26 6.81 1.04 4,77 1.74 6,50 1.95 8,27 0.99 5,14 2,79 7.00 1.92
5910 Fireworks 26 6.81 0.96 6,46 1.31 5,69 1.79 8,16 1.15 5,80 2,75 5.78 2.69
7240 Gym 26 5.27 1.16 4,81 1.54 5,54 2.17 5,94 2.14 5,59 2,29 6.06 2.62
7451 Hamburger 26 5.62 1.33 4,81 1.62 6,65 1.75 6,49 2,27 5,51 2,09 5.55 2.13
7499 Concert 26 6.65 1.59 7.00 1.44 5,04 2.03 6,45 1,65 5.52 2.25 5.45 2.17
7501 City 26 5.73 1.77 6.58 1.42 5.08 1.64 6,80 1,79 5.41 2.47 5.90 2.17
7502 Castle 26 7.04 1.06 6.38 1.21 6.00 1.69 8.15 1,25 6.07 2.58 6.20 1.91
8040 Di\er 26 6.23 0.93 6.27 1.51 5.46 1.76 6.70 1.59 5.53 2.03 5.61 2.23
8170 Sailboat 26 6.31 1.07 5.92 1.24 5.54 1.60 7.59 1.24 5.67 2.55 6.04 2.04
8179 Bungee 26 6.35 1.82 7.46 1.28 4.96 2.26 6.04 2.56 7.10 2.44 4.56 2.85
8496 Waterslide 26 7.04 1.40 6.85 1.32 6.04 1.51 7.94 1.75 6.38 2.14 6.25 2.34
8500 Gold 26 6.46 1.22 6.23 1.09 5.58 1.64 7.16 1.55 5.52 2.28 5.83 2.15
8502 Money 26 6.27 1,35 5.54 1.50 6.08 2.04 7.65 1.78 6,00 2.55 6.29 2.71
1333 Parrots 26 6.04 1.51 4.42 1.52 6.46 1.76 6.41 1.68 2,96 2.00 6.51 2.07
1603 Butterfly 26 6.27 1.23 4.12 1.65 6.62 1.44 7.41 1.20 3,28 2.27 6.77 2.21
1605 Butterfly 26 5.77 1.19 4.46 1.42 6.42 1.60 6.91 1.58 3,30 2.01 5.84 1.80
1900 Fish 26 6.23 1.09 4.81 1.84 6.19 1.78 6.83 1.88 3,74 2.45 6.36 2.19
2270 Neutral child 26 5.35 1.11 4.15 1.41 6.04 1.89 6.95 1.66 3,21 2.16 6.39 1.99
2320 Girl 26 6.08 1,27 3.69 1,66 6.85 1.61 6.82 1.37 3.20 2.03 6.77 1.87
2511 Woman 26 6.31 1.07 3.88 1,48 6.38 1.47 6.41 1.61 3.37 1.81 5.53 1.63
5020 Flower 26 5.96 1.02 3.00 1,24 7.04 1.48 6.64 1.69 2,69 1.92 6.13 2.33
5720 Farmland 26 5.54 1.25 3.58 1,82 6.23 1.76 6.58 1.51 2.78 2.27 5.84 2,08
5725 Field 26 6.50 1.15 2.96 1,65 6.88 1.72 7.01 1.47 3.33 2.21 6.35 2,42
5726 Grain 26 5.88 1.15 3.08 1,27 6.69 1.73 6.28 1.60 2,66 1.85 5.95 1,50
5731 Flowers 26 6.69 1.23 4.19 1.75 7.15 1.51 5.58 1.52 3,04 2.00 6.45 1,75
5764 Field 26 6.27 1.48 3.65 1.73 6,81 1.57 6.81 1.74 3,37 2.30 6.21 1.98
5800 Lea\«s 26 6.46 1.18 3.58 1.78 6,96 1.60 6.51 1.57 2,47 1.80 5.57 1.90
5811 Flowers 26 6.50 1.12 3.00 1.49 7,15 1.49 7.88 1,24 3,12 2.66 6.94 2.21
7325 Watermelon 26 7.15 0.77 3.92 1.64 7,19 1.36 7.48 1,66 3,77 2.07 6,47 2.15
7507 Painting 26 6.62 1.08 3.88 1.89 7,00 1.62 6.49 1,40 3,68 2.00 6,06 1.85

226



Appendix 2: Sample stimuli

Figure A2.1 Positive low arousal im ages from  our stim ulus set. These six examples 

were rated by the young participants as being positive in valence (valence > 7) and 

lower in arousal (arousal < 5).

Image 402 Image 405
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Figure A2.2 Positive higher arousal im ages from our stim ulus set. These six 

examples were rated by the young participants as being positive in valence (valence > 

7) and higher in arousal (arousal > 6).

Image 284 Image 200
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Figure A2.3 N eutral low arousal images from  our stim ulus set. These six examples 

were rated by the young participants as being neutral in valence (valence between 4 

and 6) and lower in arousal (arousal < 5).

Image 121

Image 149 Image 171

229



Figure A2.4 N eutral higher arousal images from  our stim ulus set. These six 

examples were rated by the young participants as being neutral in valence (valence 

between 4 and 6) and higher in arousal (arousal > 6).

Image 187 Image 184

Image 181 Image 412
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Functional and Structural Brain Changes in Ageing Related to Emotional Processing 

Elizabeth Grace Kehoe

Abstract

In this project several experiments were conducted to investigate emotional processing in 
young and older healthy women, and the neural substrates were measured using functional 
and structural magnetic resonance imaging (MRI). In the first study we explored how the 
personality traits extraversion (E) and neuroticism (N) interact with the neural 
representation o f emotional arousal and valence, two critical components o f emotional 
processing. The young participants viewed images which were either positive or neutral in 
valence and which varied in arousal level as they underwent fMRJ. We identified several 
novel relationships between personality and emotional processing, notably reduced 
sustained activation in the orbitofi’ontal cortex (OFC) and attenuated valence processing 
associated with high levels o f N. In the second study the effects o f ageing on emotional 
processing were explored. We found there to be an age-related dissociation in the neural 
representation o f emotional arousal and valence, with the young adults showing greater 
BOLD modulation due to arousal in occipital and temporal visual cortices in particular. In 
contrast, the older adults showed greater modulation due to valence in the left amygdala, 
left middle temporal gyrus and right lingual gyrus, which support the predictions o f the 
positivity effect in ageing. Regardless o f the arousal or valence o f the stimuli, the young 
group showed greater activation in visual processing regions, the hippocampus and 
putamen. The older adults recruited a single region o f the right supramarginal gyrus more 
than the young, possibly as a compensatory mechanism for the deficits in sensory 
processing. Age-related differences in emotional memory encoding were investigated in 
the third study. We found no evidence o f a positivity bias in the older group, who did not 
remember the positive images more accurately; however the young group did show receive 
a mnemonic boost by positive valence. Valence did enhance the memory-related BOLD 
signal in both groups however, although it did so via the enhancement o f deactivation 
rather than activation, in fi'ontal regions in the young group and in parietal regions in the 
older group. Although both young and older groups showed a behavioural enhancement of 
memory by arousal, only the young group showed an increase in the arousal-dependent 
BOLD response during successful image encoding. Compared to the older adults they 
showed a greater response to increasing levels o f arousal in the right superior frontal gyrus 
and the left cerebellum. General memory encoding was associated with increased occipital 
and temporal activation and increased deactivation in midline and temporal regions in both 
groups. In the final study, age-related differences in brain structure rather than function 
related to emotional processing were examined. We found that the young group had 
greater white matter (WM) connectivity between the amygdala and the visual cortex, 
which may have partly mediated the greater visual activation they displayed in response to 
emotional arousal The older adults demonstrated relative preservation o f some limbic 
tracts but notable loss o f integrity in the WM tracts running anterior-posterior in the brain. 
They also had grey matter (GM) volume loss in numerous cortical and subcortical regions, 
but showed relative preservation of the amygdala and hippocampus. Our results suggest 
that there are significant age-related differences in how emotion is processed in the brain 
in healthy ageing. Understanding these changes is important for advancing our 
understanding o f the neural markers o f successful brain ageing.
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