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Abstract 

High levels of education, occupational complexity and/or premorbid intelligence are associated 

with lower levels of cognitive impairment than would be expected from a given brain 

pathology. This has been observed across a range of conditions including Alzheimer’s Disease 

(Roe, et al., 2010), stroke (Ojala-Oksala, et al., 2012), traumatic brain injury (Kesler, et al., 

2003), and penetrating brain injury (Grafman, 1986). This cluster of factors, which seemingly 

protect the brain from expressing symptoms of damage, has been termed ‘cognitive reserve’ 

(Stern, 2012).  The current review considers one possible neural network which may contribute 

to cognitive reserve. Based on evidence that the neurotransmitter noradrenaline mediates 

cognitive reserve’s protective effects (Robertson, 2013) this review identifies the neuro-

cognitive correlates of noradrenergic (NA) activity. These involve a set of inter-related 

cognitive processes (arousal, sustained attention, response to novelty and awareness) with a 

strongly right hemisphere, fronto-parietal localization, along with working memory which is 

also strongly modulated by NA. It is proposed that this set of processes is one plausible 

candidate for partially mediating the protective effects of cognitive reserve. In addition to its 

biological effects on brain structure and function, NA function may also facilitate networks for 

arousal, novelty, attention, awareness and working memory which collectively provide for a set 

of additional, cognitive, mechanisms that help the brain adapt to age-related changes and 

disease. It is hypothesized that to the extent that the lateral surface of the right prefrontal lobe 

and/or the right inferior parietal lobe  maintain structural (white and grey matter) and functional 

integrity and connectivity, cognitive reserve should benefit and behavioral expression of 

pathological damage should thus be mitigated. 

 

Key Words: Cognitive reserve, Brain Reserve, Alzheimer’s Disease, Brain Damage, Brain 

Disorder, Noradrenaline, Sustained Attention, Novelty, Arousal, Awareness, Aging.   
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Introduction 

High levels of education, occupational complexity and/or premorbid intelligence are associated 

with lower levels of cognitive impairment than would be expected from a given brain 

pathology. This has been observed across a range of conditions including Alzheimer’s Disease 

(Roe, et al., 2010),   stroke (Ojala-Oksala, et al., 2012), traumatic brain injury (Kesler, et al., 

2003), and penetrating brain injury (Grafman, 1986).  

 

This cluster of seemingly protective factors has been termed ‘cognitive reserve’ (Stern, 2012) 

and  Stern distinguishes between two types of ‘reserve’. The first is brain reserve, which refers 

to differences in brain structure, such as neuronal density (Valenzuela, et al., 2011) which may 

increase the brain’s tolerance of disease. The second is cognitive reserve, which refers to 

performance differences in cognitive processing which may make the person more likely to 

maintain cognitive functioning in spite of disease or damage.   

 

A closely related and complementary concept is that of ‘brain maintenance’, proposed by 

Nyberg and Colleagues (Nyberg, et al., 2012). Older adults vary in the degree of age-related 

cellular damage to basic brain structures, according to this theory and these differences are 

reflected in an age-related increase in variability in cognitive function. Cognitive and brain 

reserve may mitigate these variations in brain maintenance and are so the concepts of reserve 

and maintenance are complementary ones.  

 

In a previous paper, the author (Robertson, 2013) proposed the hypothesis that the 

neurotransmitter noradrenaline offered a candidate mechanism mediating between reserve and 

reduced risk of diagnosis of AD. Strong support for such a protective role of NA emerged in a 

recently published study from the Rush Memory and Aging Project, of 165 older adults who 
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had had brain autopsy following  approximately six years of annual cognitive assessments 

(Wilson, et al., 2013). These researchers found that when modeled together with other 

brainstem nuclei, only the neural density of the NA-secreting locus coeruleus predicted 

cognitive decline. While of course this does not rule out the role of other neurotransmitter 

systems in mediating cognitive reserve, it does provide strong support for highlighting a 

particular – thought not unique – role of the NA system in cognitive reserve as hypothesized in 

Robertson (2013).  

 

Noradrenaline mediates the effects of environmental enrichment on neurogenesis and enhanced 

memory in mice (Veyrac, et al., 2008) and is a neuromodulator which increases synaptic 

plasticity (Ahissar, et al., 1996). It is also neuroprotective of cholinergic (Traver, et al., 2005) 

and dopaminergic (Troadec, et al., 2001) cells, in part by reducing oxidative stress. Repeated 

noradrenergic activation over a lifetime may therefore enhance brain reserve both by 

synaptogenesis and neurogenesis effects, as well as by protecting other crucial neurotransmitter 

systems such as dopamine and noradrenaline. Cognitive reserve variables such as education, 

occupational complexity and premorbid intelligence, activate the brain’s noradrenaline system 

and are likely to contribute to increased brain reserve through a well-connected set of networks 

better able to function under the stress of disease and damage, (Robertson, 2013). 

Research on animals suggests furthermore that NA may actually suppress the accumulation of 

amyloid plaques in the brain, reduce their aggregation, or diminish the inflammatory toxicity of 

amyloid to surrounding cells (Heneka, et al., 2010). These possible disease-modifying effects 

of NA will not, however, be discussed further here as the focus of this paper is the 

identification of one set of candidate cognitive processes which may facilitate the impaired 

brain’s maintenance of cognitive function. 

The current paper addresses four main questions: 
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1. What are the candidate cognitive processes which might contribute to cognitive reserve?  

2. Which cognitive processes are most closely linked to noradrenergic function, given NA’s 

proposed role in reserve?  

3. What are the neural correlates of these processes?  

4. How and why might these particular cognitive processes play a particular role in 

cognitive reserve? 

I will address each of these questions in turn. 

1.What are the candidate cognitive processes which might contribute to cognitive reserve? 

Stern and colleagues propose three possible types of cognitive processes underlying reserve 

(Stern, 2009,Stern, 2012). The first, ‘neural reserve’, is an augmented efficiency and capacity 

of well-practised skill-specific circuits, which, through the enhanced connectivity from many 

years of practice, helps maintain a relative invulnerability to neuronal damage. The second, 

termed ‘neural compensation’, refers to a set of compensatory processes where different brain 

areas become engaged in the performance of a particular task due to degradation of the original 

circuits. The third is one or more hypothetical sets of cognitive processes and associated neural 

circuits which serve a non-task-specific function which allows the individual to maintain 

performance across a range of tasks. 

Education is a key element of cognitive reserve and education in particular develops the brain’s 

language systems; furthermore language-based semantic memory (Nyberg, et al., 2003) 

functions are among the few which are preserved or even improved with age. Language 

functions are also likely to be important in self-regulation (Vygotsky, 1986)and have indeed 

been a key part of successful cognitive training for brain impairment (Robertson, et al., 1995). 
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Furthermore, memory encoding has been shown to be strongly associated with left dorsolateral 

prefrontal cortex function (Grady, et al., 1995). 

In this light, it is entirely possible that there may be more than one ‘cognitive reserve network’ 

of the type proposed by Stern and a language-based self-regulatory system would be a plausible 

candidate. In the current paper, however, the aim is to identify the network which would arise 

from a noradrenergically-mediated cognitive reserve system, without ruling out the possibility 

of other networks (eg language based) linked to other neurotransmitter systems having a 

separate role in mediating cognitive reserve.    

The aim of this review is to identify the candidate mechanisms and neural circuits which 

underlie one potential network within the third category proposed by Stern – one which can 

plausibly be linked to the noradrenergic system because of the latter’s hypothesized distinct, 

though not necessarily unique, role in mediating cognitive reserve (Robertson, 2013). 

The justification for focusing on this neurotransmitter over others comes in part from 

Wilson and colleagues’ evidence in favour of the NA hypothesis (Wilson, et al., 2013). 

They showed that when modeled together with other brainstem nuclei, only the neural 

density of the NA-secreting locus coeruleus predicted cognitive decline over a seven year 

period in a group of older adults. The next question follows directly from this argument: to 

identify which cognitive processes are most closely linked to NA function.  

2.Which cognitive processes are most closely linked to noradrenergic function? 

There are four main interlinked types of cognitive process which, the following studies show, 

have a particularly strong linkage to the NA system. These are arousal/alertness, response to 

novelty, sustained attention and self-monitoring/error awareness. In addition, a fifth system – 

working memory – is strongly modulated by the NA system. 
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Arousal/Alertness 

The NA system is part of the brain’s arousal system, originating from the locus coeruleus (LC) 

in the brain stem pons. It is part of what used to be known as “the reticular activating system 

(Moruzzi and Magoun, 1949) and changes in NA/LC activity precede variations in 

arousal/alertness such as in sleep-wake cycles (Aston-Jones and Bloom, 1981). In a state of 

quiet wakefulness, neurons in the LC fire at around 1Hz, but in the presence of an arousing 

stimuli they show ‘phasic bursts’ of firing. With drowsiness the firing declines below 1Hz and 

decline even further during slow wave sleep. The evidence for NA’s role in arousal is abundant, 

consistent and strong and does not have to be reviewed here as it is well reviewed elsewhere 

(Aston-Jones and Cohen, 2005,Samuels and Szabadi, 2008,Sara, 2009).  

Human studies where NA activity is pharmacologically manipulated confirm that reducing NA 

levels reduces arousal/alertness in humans  (Coull, et al., 2004). They also show that raising 

NA activity, with agents such as atomoxetine, increase arousal (Barry, et al., 2009,Graf, et al., 

2011,Ripley, 2006). Finally, pupil dilation may index NA activity in humans and, to the extent 

that it does, it shows the classic decrement in alertness that occurs over the course of a 

monotonous task (Gabay, et al., 2011,Murphy, et al., 2011). Spectral power measures in the 

EEG (Dockree, et al., 2005,Makeig and Inlow, 1993) also can be used to assess arousal and 

these are also noradrenergically sensitive (Sebban, et al., 1999). 

Response to Novelty  

Novelty provides a key trigger for arousal and it is therefore not surprising to find that LC/NA 

activity occurs strongly in response to novel stimuli (Kitchigina, 1997,McQuade, et al., 

1999,Pudovkina, et al., 2001,Vankov, et al., 1995). Human genetic studies have shown that 

processing novel stimuli, as measured by EEG ERP P300 responses, is associated with genes 

influencing noradrenergic availability (Liu, et al., 2009). This accords with strong evidence that 
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the P3A novelty response is strongly linked to noradrenergic activity (Nieuwenhuis, et al., 

2005,Polich, 2007). Novelty response, in summary, has strong linkage to the NA system.  

Sustained Attention 

Just as novelty triggers arousal, so both novelty and arousal activate attention. Although the NA 

system has widespread projections throughout the brain, they are particularly dense in areas 

involved in attention, notably the parietal cortices, the superior colliculus and the pulvinar 

nucleus, among others (Morrison and Foote, 1986). The leading theorists of NA function are 

unanimous in linking NA function specifically to attentional salience. 

Attention is not, however, unitary, and there are three proposed separate supramodal attentional 

systems in the brain, for selective attention, attentional control/switching and alertness or 

vigilant/sustained attention respectively (Posner and Petersen, 1990). It is this third type of 

attention which has been linked most closely to NA function with the control/switching and 

selective systems being hypothetically linked to the dopamine and cholinergic systems 

respectively (Posner and Rothbart, 2007).  

LC neurons fire as soon as attentionally-relevant targets appear (Aston-Jones, et al., 1994) and 

in humans, pharmacological down-regulation of the NA system results in decreases in 

sustained attention (Coull, et al., 2004). Pharmacological up-regulation of the NA system, on 

the other hand, results in improvements in sustained attention, including its closely-associated 

function, inhibitory control (Chamberlain, et al., 2007,Grefkes, et al., 2010).   

Sustained attention’s link to the NA system has also been confirmed by cognitive genomic 

research. The Sustained Attention to Response Test (SART) has been shown, to be associated 

with a DBH C-1021T marker in both children with attention deficit hyperactivity disorder 

(ADHD) (Bellgrove, et al., 2006)  and in healthy adults (Greene, et al., 2009). The balance of 
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dopamine and noradrenaline in the cortex is influenced by the DBH gene and thus the T allele 

at this locus is hypothesized to result in a slower rate of dopamine to noradrenaline conversion 

than the C allele. Both ADHD children, and health adults who had one or two copies of the T 

allele made more errors of commission on the SART which is indicative of lapses in sustained 

attention. Another well-established measure of sustained attention is the Continuous 

Performance Test (CPT) (Cornblatt, et al., 1988) which is also sensitive to NA levels in the 

brain (Kollins, et al., 2008). 

It is thus plausible to suggest that the third cognitive process strongly associated with NA 

activity is sustained attention.  

Error awareness/self-monitoring. 

Self-monitoring  refers to the accurate, conscious representation of one’s own behavior, when 

validated against either objectively measured performance, or the assessments of people who 

know you well.  Error awareness is a specific aspect of self-monitoring pertaining to the ability 

to detect mistakes. 

A number of studies have confirmed highly specific linkages between error awareness and the 

NA system. One recent study, for example, showed that atomoxetine, a selective noradrenaline 

reuptake inhibitor, specifically increased the error signal in inferior frontal and supplementary 

motor areas in an fMRI study in healthy volunteers (Graf, et al., 2011). Another study 

confirmed this finding using EEG ERP methodology, finding that yohimbine, which increases 

LC/NA activity, specifically increased the ERP error-related negativity without having any 

effect on the other major ERP components. (Riba, et al., 2005)  

A third study showed that reboxetine-triggered NA activation increases pupil dilation (Phillips, 

et al., 2000) which is in line with the hypothesis outlined above that attentionally-triggered 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

10 

pupil dilation may index NA activity in the human brain. A further study (Wessel, et al., 2011) 

also showed a very specific linkage between aware (but not unaware) errors and pupil dilation 

in healthy adults. It is thus proposed that the fourth cognitive process linked to NA, is self-

monitoring/error awareness.  

Working Memory 

Working memory has a privileged role in many higher level cognitive processes, including 

reasoning, problem-solving, distractibility, executive functions and fluid intelligence among 

many others (Carpenter, et al., 1990,Unsworth and Engle, 2005); it is particularly sensitive the 

effects of aging (Grady, et al., 1998,Nyberg, et al., 2010).  

Working memory involves the temporary storage and manipulation of changing information 

and depends on intact prefrontal cortex and striatal functioning (Dahlin, et al., 2008). Prefrontal 

cortex cells in aging monkeys decline in their ability to maintain the firing of neurons which 

temporarily store information and this has widespread consequences for a range of tasks. The 

mechanism for this, according to Wang and colleagues, is age-related increases in cyclic-AMP 

signaling, which reduces the persistent neural firing via the opening of certain cellular 

potassium channels. Noradrenaline is known to inhibit cyclic-AMP signalling, and Wang  and 

colleagues demonstrated that giving the selective α2A receptor agonist guanfacine to the aged 

monkeys improved the neural delay firing and increased their working memory capacity the 

level of young monkeys. 

Increased NA activity in the brain, then, has additional effects to those associated with novelty, 

attention, arousal and self-monitoring, effects likely to have consequences on the majority of 

higher cognitive functions.  
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3.What are the neural correlates of these processes?  

These processes – arousal, novelty, sustained attention, self-monitoring and working memory – 

are all quite specifically affected by changes in noradrenergic activity, and vice versa. There is 

however a further linkage between them through a common neuroanatomical circuitry. Three 

of these variables (sustained attention, novelty and alertness/arousal) were subjected to a 

thorough meta-analysis (Singh-Curry and Husain, 2009) which showed convincingly that each 

were underpinned by a very similar network in the brain, namely the right dorsolateral 

prefrontal cortex and the right inferior parietal lobule.  

The fourth process – self-monitoring – has been linked strongly to one part of the same network, 

the right dorsolateral prefrontal cortex (Stuss, 2011). In change blindness studies, where 

healthy participants were at times aware of a change to a masked stimulus and sometimes not, 

activation of the right fronto-parietal network distinguished consciously detected changes from 

those not detected (Beck, et al., 2001) and it is also a key part of a network that distinguishes 

errors which are consciously recognized versus those that are not in error detection studies 

(Hester, et al., 2005).  

In clinical studies with a range of different types of abnormal brain processes, a common 

method for assessing awareness is by comparing self-report of deficits with those of close 

relatives. A remarkable consistency exists across diverse conditions suggesting  a  privileged 

role of the right dorsolateral prefrontal cortex in mediating accurate self-monitoring of deficits 

in conditions as Alzheimer’s Disease (Harwood, et al., 2005), post-stroke hemiplegia (Pia, et al., 

2004), traumatic brain injury  (Schmitz et al, 2006) schizophrenia  (Shad, Muddasani, & 

Keshavan, 2006) and focal lesions(Hoerold, et al., 2013,Stuss, 2011).  

A comparable analysis of a common underlying neural network underpinning four different, 

but related cognitive functions has been carried out (Naghavi and Nyberg, 2005). In a 
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review of a large number of imaging studies, they showed that episodic memory, working 

memory, attention and conscious visual perception all showed a strong overlapping network 

of activation involving bilateral fronto-parietal cortices. Interestingly, for each of these 

functions, only the right sided activations of the more anterior aspects (BA 9) of the 

prefrontal cortex were associated with each of the four processes, with the left prefrontal 

activations being confined to more posterior regions (BA 6). Furthermore, noradrenaline 

plays a significant, but not exclusive role in episodic memory formation (McIntyre, et al., 

2012)and the evidence reviewed above shows that it plays a major role in attention and 

working memory. The phenomenon of conscious visual perception clearly maps onto that 

of awareness which, as reviewed above, also has a privileged linkage to the NA system.  

 

There is therefore a strong overlap between the processes outlined above and those 

proposed by Naghaz and Nyberg to have a common fronto-parietal underpinning. Their 

concept of ‘attention’ however, is more general and less specific than that of ‘sustained 

attention’ which has been shown to be strongly lateralised in the right hemisphere (Singh-

Curry and Husain, 2009) which explains the less lateralized (with the exception of the 

anterior prefrontal cortex) activations of these more general attention functions.  

The networks activated by ‘conscious visual perception’ in the Naghaz and Nyberg review 

show a bilateral activation as well, but again with the exception of the more anterior right 

dorsolateral prefrontal cortex which appears to play a specialised role in this type of 

awareness, in accord with the conclusions relating to awareness. The same is true for 

working memory.  

Only one of Naghaz and Nyberg’s processes – episodic memory – does not map onto the 

networks outlined in the current paper. But again, the particular role of the more anterior 

right dorsolateral prefrontal cortex emerges from their review, which may be explained by 
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the requirement for  sustaining a ‘retrieval mode’  in many memory tasks (Henson, et al., 

1999) and which draws on a sustained attention system which has been shown (see above) 

to be strongly right lateralised.    

In summary, the three sets of cognitive processes – arousal/alertness, novelty,  and attention all 

share a common right hemisphere fronto-parietal network, while the fourth and fifth, awareness 

and working memory respectively, share at least the more anterior, frontal part of that network. 

Furthermore, the NA-sensitive SART test, sensitive to variations in NA availability (Bellgrove, 

et al., 2006,Greene, et al., 2009) and associated with right dFPLC-parietal activation (Manly, et 

al., 2003,O'Connor, et al., 2011) has also been shown to be selectively impaired by lesions to 

the right inferior frontal gyrus (Molenberghs, et al., 2009), which further cements the 

associations observed. Finally when NA is pharmacologically up-regulated, the dominant 

alterations in neural activation include the right dorsolateral prefrontal cortex (Chamberlain, et 

al., 2007,Grefkes, et al., 2010). 

These NA-linked cognitive processes thus provide a strong basis on which to address the 

question as to a possible role for this network in mediating some of the protective effects of 

cognitive reserve in Alzheimer’s Disease and other conditions. Given the strongly right 

hemisphere-biased nature of these candidate processes, is there any evidence that the right 

hemisphere of the brain is particularly susceptible to aging?  

The right hemisphere aging hypothesis (Brown and Jaffe, 1975) was based on a number of 

observations that right-hemisphere-based cognitive and perceptual tasks appeared to decline 

more readily with age than did left-hemisphere based language and perceptual tasks. This 

account was questioned by a swathe of imaging studies and a number of influential reviews 

(Cabeza, 2002,Dolcos, et al., 2002) which suggested a bilateralization of function in the older 

brain, rather than any more pronounced unilateral decline in right hemisphere function. 
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Meanwhile the HAROLD model proposed by Cabeza and colleagues (Cabeza, 2002) suggested 

that those functions which were lateralized in either hemisphere in young people tended to be 

bilaterally represented in older people. Dolcos, Rice and Cabeza did however propose that the 

HAROLD model was not incompatible with the right brain aging model and that both might 

apply (Dolcos, et al., 2002). Nevertheless, the right brain aging theory has become largely 

ignored, being replaced by the HAROLD model.   

There is, however, a number of studies suggest that hemispheric changes with age involve the 

right hemisphere more than the left. One early study (Clark and Knowles, 1973) examined 

memory for dichotically presented stimuli and found an age-related decline which was 

significantly greater for left- than for right- ear presented stimuli, suggesting an age-related 

impairment not attributable to peripheral hearing loss and which affected the right hemisphere 

in older people.  In another study (Cherry and Hellige, 1999), involving letter matching tasks 

which could be carried out within and/or between hemispheres, it was found that while the 

young showed a clear right hemifield/left hemisphere advantage, the older adults showed no 

such advantage, leading the authors to conclude that there had been greater age-related declines 

in right over left hemisphere function.  

A number of imaging studies have also provided results suggesting that the right hemisphere 

theory of aging should not be rejected. the Dallas Lifespan Brain Study found that, when young 

and old participants were compared , the old had significantly lower cerebral blood flow, 

particularly in the right prefrontal region, compared to younger participants (Lu, et al., 2011). 

Another study (Small, et al., 2000) discovered that healthy 50-84 year older adults who were 

APOE-4 positive showed a PET-measured cerebral metabolic decline over a 2 year period 

while APOE-4 negative participants did not. This decline was particularly marked in the right 

hemisphere of the brain, and there was an associated drop in episodic memory performance. 

Notably, the size of the drop in performance over two years was significantly correlated with 
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metabolic rates in the right inferior parietal lobule only in the APOE-4 positive group, but not 

in the APOE-4 negative group.  

A further study (Brickman, et al., 2006) examined white matter volumes in a large group of old 

and young participants and found that age was associated with particularly large reductions in 

prefrontal white matter volume in older participants. Strikingly, they found that it was the 

volume of white matter in the right prefrontal cortex which predicted neuropsychological test 

performance, including verbal memory, verbal fluency and attentional tests.   

A six year follow up of a cohort of healthy older adults (Nyberg, et al., 2010)  unusually 

studied longitudinal patterns in fMRI performance on incidental episodic encoding task. In 

contrast to common cross-sectional findings whereby older adults show increased  - putatively 

compensatory - recruitment in frontal regions as would be in line with the HAROLD model, 

Nyberg et al., showed that the opposite was the case when the same participants were followed 

up over a 6 year period. Participants showed consistently lower recruitment on second testing 

on this memory paradigm, and the drop in recruitment was particularly prominent in the right 

dorsolateral prefrontal cortex. This finding leads to some doubt in the validity of cross-sectional 

studies of aging, as these researchers showed comparable effects for structural imaging, and 

indeed for behavioral memory performance measures themselves (Rönnlund et al 2005).   

There are, however, many studies which fail to show a clear right hemisphere lateralization for 

aging  rendering the account still very much hypothetical (Cabeza, 2002,Dolcos, et al., 2002). 

Apart from the possible problems of the cross-sectional studies which Nyberg identified, one 

other possible factor could be gender, albeit that this is suggested in only a single study by  

Chen et al (Chen, et al., 2011). This showed that spatial bias, which in younger people is left 

biased because of the right hemisphere dominance for spatial processing, changes to a right 

bias in older men but not older women, who remain left biased.  
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The evidence is thus mixed regarding a right hemisphere theory of aging but the existence of a 

hypothetical right hemisphere network which contributes (albeit not necessarily uniquely) to 

cognitive reserve does not depend on the validity of the notion of a specific vulnerability to the 

right hemisphere to the aging process: cognitive aging could still be rather general but still be 

mitigated by a more specialized and lateralized network.   

A related question concerns whether there is a lateralization of noradrenaline in the brain. 

While a primate study found strong evidence of greater NA levels in the right thalamus than the 

left (Oke, et al., 1978), there are not enough studies to justify the claim that NA is right-

lateralised. An incomplete review of the evidence (Fitzgerald, 2012) purporting to show a right 

hemisphere dominance for serotonin and a left hemisphere dominance for NA in fact only 

shows evidence for serotonin and not for noradrenaline. What there is evidence of – contrary to 

the conclusion of the paper – is that up-regulating the NA system in humans results in a strong 

and clear right hemisphere effect (Grefkes, et al., 2010) consistent with another study reviewed 

above in the present paper but not cited in the Fitzgerald paper (Chamberlain, et al., 2009). This 

may because noradrenaline has particular effects on cognitive functions such as novelty 

processing and sustained attention which happen to be based in right hemisphere networks. Up-

regulating these networks through pharmacologically-induced increased NA activity increases 

processing which is reflected in increased right hemisphere activity, it is proposed.  

In summary, noradrenaline has been implicated as playing a role in cognitive reserve. The 

neural circuits closely associated with noradrenaline have a strongly right hemisphere base, and 

in particular right fronto-parietal, lateralization.  

4. How and why might these particular cognitive processes play a particular role in cognitive 

reserve? 
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Having established the case for a right fronto-parietal lateralization for the cognitive processes 

in question, it is now  possible to consider whether, in addition to its biological effects on brain 

structure and function (Robertson, 2013), optimal NA function provides a set of additional, 

cognitive, mechanisms that help the brain adapt to age-related changes and disease. The 

working hypothesis is that the extent of structural (white and grey matter) and functional 

integrity (connectivity,) of the lateral surface of the right prefrontal lobe and/or the right 

inferior parietal lobe, should partially predict cognitive reserve, perhaps together with  other 

possible candidate language-based, networks, and to the ability to mitigate the psychological 

consequence of pathological changes in patients with the same condition.  

To test this hypothesis requires demonstrating that the four NA-linked processes are 

empirically linked to the known cognitive reserve-related variables such as education and 

environmental complexity. The following section considers  each of these in turn. 

Arousal/alertness 

In 1908, Yerkes and Dodson studied the effects of different degrees of arousal (by varying the 

degree of shock) on the ability of mice to discriminate between the luminance of two 

compartments (Yerkes and Dodson, 1908). They found that where lightness levels were easily 

discriminated, the mice performed better at high levels of arousal, whereas difficult light 

discriminations were best learned at low levels of arousal. On the basis of these experiments, 

they formulated the Yerkes-Dodson law. This law proposed that any task will have an optimal 

level of arousal below and beyond which performance will decline; they hypothesised this 

optimal level is lower in challenging tasks than in routine tasks. Similarly, Broadbent (1971) 

showed that while stress can improve performance on routine, non-demanding tasks, the same 

levels of stress can impair performance on more complex and demanding tasks.  
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While acknowledging that there are many different neurotransmitters associated with arousal, 

locus coeruleus-mediated noradrenergic activation is a key element, whose action firstly, 

enhances signal to noise ratio of the neural signals underpinning perceptual and cognitive 

representations, and secondly, increases error rate, particularly at high levels of NA activation 

(Aston-Jones and Cohen, 2005,Sara, 2009). Arousal varies with circadian rhythms and shows 

an inverted U function such that performance is impaired when NA levels are both below and 

above optimal levels (Aston-Jones and Cohen, 2005), exactly as the Yerkes-Dodson function 

would predict.  The term ‘alerting’, used by Posner and Petersen in their seminal article on the 

attention systems of the brain (Posner and Petersen, 1990a), is approximately co-terminous 

with the above working definition of arousal, albeit that ‘alerting’ has connotations of the 

behavioural (e.g. reaction time shortening contingent on phasic ‘alerting’ stimuli), as well as on 

the phenomenological (‘feeling alert’) aspects of the more biologically defined concept of 

‘arousal’.   

In a comprehensive review of catecholamine modulation of prefrontal cognitive function, 

Arnsten (1998) showed that many studies confirmed a Yerkes-Dodson type inverted-U 

relationship between levels of noradrenaline release on the one hand and behavioural 

performance on the other . 

When older adults successfully maintain near-optimal levels of arousal/alertness, then cognitive 

performance should also be maintained at higher levels compared to a situation in which 

arousal levels are too low or too high. This is true across many types of cognitive function 

including sustained attention (Manly, et al., 2002b), memory (Cahill, et al., 2003,Finn and 

Roediger, 2012), reasoning (Folkard, 1975), executive function (Manly, et al., 2002a) and 

spatial attention (Robertson, et al., 1998). 
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Arousal/alertness therefore can plausibly be linked to cognitive reserve, insofar as optimal level 

of arousal has far-reaching effects on a wide range of cognitive functions. It could therefore 

reasonably be expected to contribute to a reserve-linked neural network which mitigates the 

effects of disease on those cognitive symptoms on which the diagnosis of Alzheimer’s Disease 

depends.  

Novelty 

As illustrated above, novel stimuli or situations trigger NA activity and activate predominantly 

right fronto-parietal regions of the brain. They are thus closely linked to the arousal/alertness 

network just described. However novelty requires distinct consideration since arousal/alertness 

can be produced by stimuli which are not necessarily novel but which are nevertheless arousing, 

such as emotional or challenging stimuli. Furthermore, novelty is not completely determined by 

the stimulus or situation itself, but perhaps equally by the individual’s perception of that 

stimulus: for instance, a curious person can find novelty in a situation or stimulus which an 

incurious individual may not, and their NA-linked networks will respond accordingly 

differently. For this reason curiosity and responses to the same ‘novel’ stimuli will be 

considered different in different people. Nevertheless, repeated experiences of novel stimuli 

and situations will increase arousal and alertness, as documented above,  and novelty as such 

may contribute to a cognitive reserve network via the arousal/alertness mechanisms already 

outlined.  

But what about individual differences in response to novelty? Self-reported curiosity 

independently predicts academic performance over and above measured intelligence and 

assessed effort (von Stumm, et al., 2011). Older adults’ measured curiosity levels predict their 

mortality over and above other measured cognitive, demographic and medical variables (Swan 

and Carmelli, 1996). Response to novelty also distinguishes high-cognitively-performing older 
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people from their less-well performing peers: they both look significantly longer at novel 

stimuli which are presented in the course of an attentional task, and they show significantly 

elevated P300 ERP responses to these novel stimuli (Daffner, et al., 2006). These authors 

previously showed that these same measures – length of time viewing novel stimuli and P300 

response to them, were characteristic of the responses of patients with frontal lobe lesions. 

They further showed that these measures correlated significantly with the degree of apathy 

shown by the patients. There is also strong evidence that curiosity is lower among older adults 

people when compared with younger ones, and one study found that that over a six year period 

curiousity declined significantly in the older participants (Giambra, et al., 1992). 

Exposure to novel stimuli and situations throughout life could plausibly enhance 

arousal/alertness directly and hence increase cognitive reserve by boosting cognitive function 

more generally. But individual differences in curiosity may enhance these novelty effects, thus 

offering an additional augmentation of the NA-linked novelty network response in the right 

hemisphere and thus further enhancing reserve.  

Sustained Attention 

Attention is defined as the capacity to selectively allocate processing resources to particular 

stimuli or classes of stimuli. There are many different ways in which the brain does this, and 

these can be broadly arranged into a continuum according to which the allocation is driven by 

bottom-up, externally driven factors, at one end versus top-down, internally driven factors, at 

the other. If a truck horn blares as I am about to step off the road, all my processing resources 

will be allocated to the relevant stimuli in an almost entirely bottom-up way. If I am proof-

reading this article for minor typographical errors, on the other hand, the attention required for 

this tedious task is almost entirely dependent on top-down.  
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As described above, there are at least three different supramodal attentional systems for 

selection, control and vigilance respectively, but it is only the latter which has a strong linkage 

to NA activity and a clear right hemisphere fronto-parietal neural basis as shown in many 

studies (Manly, et al., 2003,Paus, et al., 1997,Sturm, et al., 1999). This network monitors and 

modulates activity in subcortical regions governing arousal to match current task demands 

(Critchley, et al., 2002,Foucher, et al., 2004). The appearance of a low-probability target 

stimulus among foils leads to increased LC activity and widespread noradrenergic release 

(Berridge, 2008). The influence of the LC system in humans was demonstrated in a study 

showing that suppressing the release of noradrenaline through clonidine administration resulted 

in the sorts of attentional lapses that are characteristic of diminished vigilant attention (Smith 

and Nutt, 1996).  

Experience-dependent cortical-plasticity is ‘gated’ by attention. Experience-dependent cortical-

plasticity is ‘gated’ by attention. Recanzone and colleagues   showed that experience-dependent 

changes in sensory-maps did not re-map if the animal was rewarded to attend to a second, 

auditory task (Recanzone, Schreiner et al. 1992). In line with such findings, a number of human 

studies suggest that the ability to sustain attention is an important factor in determining 

recovery of motor and other functions following stroke (Ben-Yishay, et al., 1968,Blanc-Garin, 

1994). 

Furthermore motor recovery following stroke over a 2-year period was significantly predicted 

by measures of sustained attention taken 2 months after right hemisphere stroke. Specifically, 

the ability to sustain attention to a tone counting task (a validated measure of sustained 

attention which is related to right frontal function) at two months post-stroke predicted not only 

everyday life function 2 years later, but also the functional dexterity of the left hand in a 

pegboard task (Robertson, et al., 1997).  
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It is for similar reasons that sustained attention is a good candidate for mediating some of the 

effects of cognitive reserve. To the extent that this capacity is preserved in older people, and 

given the ‘gating’ function of attention on experience-dependent plasticity, then social, 

educational and environmental challenge will have a stronger plasticity-affording effect on the 

brains of individuals whose capacity for sustained attention to these factors is high.  

Attention increases neural firing in primary and secondary sensory cortices, thus augmenting 

the degree of cortical excitation produced by a given stimulus (Luck, et al., 1997,Mishra, et al., 

2011,Woldorff, et al., 1993). Attentive older people, therefore, will by necessity experience 

greater ‘enrichment’ from a given set of environmental contingencies because their enhanced 

attention will gate the neural responses to these and enhance the overall effects on their brains.  

Sustained attention, along with arousal and novelty, therefore, is empirically an excellent 

candidate for mediating at least some of cognitive reserve’s protective effects. 

Self-monitoring/error awareness 

It is very difficult to compensate for underperformance of which one is not consciously aware. 

If I am unaware that I am prone to absent-minded errors for instance, then I will be much less 

likely to take remedial action to try to compensate for the problem. Accurate monitoring of 

one’s abilities – and of the associated errors and underperformance – are crucial for taking 

compensatory action such as taking extra care, using reminder strategies or putting in extra 

effort to be less absent-minded. It is likely that successful aging requires compensatory 

adjustments to mitigate even small declines in neural integrity (see ‘brain maintenance’ above) 

which are likely to be present even in successful, high performing older adults.  

The extent of recovery from brain damage is strongly predicted by the degree of deficit 

awareness across a range of conditions (Robertson and Murre, 1999) and it is therefore highly 
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likely that this principle will apply to age-related cognitive decline. .A number of studies have, 

for instance, shown strong evidence of reduced electrophysiological responses to errors in old 

versus young adults (Mathalon, et al., 2003,Nieuwenhuis, et al., 2002,Schreiber, et al., 2012). 

We (Harty, et al., in press)  found that, even with performance equated between young and old, 

older people were extremely less likely to be aware of the errors they made in a Stroop-like 

task than young people. Furthermore, the degree of objectively measured laboratory error 

unawareness correlated significantly with discrepancy scores between self- and other-reports of 

attention and memory failures.  

Furthermore, some studies have shown that awareness and cognitive reserve are significantly 

associated. One such study for instance (Suchy, et al., 2011)  found that high cognitive reserve 

was associated with lower discrepancy scores in self-and other- ratings of everyday life 

performance among healthy adults.  A further study in individuals with questionable or mild 

dementia also showed a strong association between high cognitive reserve and high awareness 

of deficits (Spitznagel, 2005). Finally, low awareness of deficits in individuals with 

Alzheimer’s Disease is associated with low rated ability to make decisions about their 

medication (Cosentino, et al., 2011). 

Awareness – and particularly awareness of errors and performance - then, is the fourth 

cognitive process which can be associated with a putative cognitive reserve network. 

Furthermore, it has been shown to be empirically associated with cognitive reserve. Given the 

central importance of error-feedback in learning (Rumelhart, et al., 1986), there are strong 

grounds to predict that low error awareness will result in low levels of compensatory 

adjustment to age- or disease-related decline across cognitive domains. Awareness, in short, 

associated with a right hemisphere network, albeit generally within the prefrontal elements of 

the network, remains a strong candidate for a cognitive-reserve linked cognitive process.  
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Working memory capacity affect a wide range of functions: The higher the WM capacity, for 

instance, the greater the resistance to distraction  (Edin, et al., 2007) and enhanced WM allows 

greater scope for simultaneous self-monitoring of performance during attention-demanding 

tasks (Dunning, et al., 2004). Furthermore increased arousal may in turn increase WM capacity 

capacity (Chamberlain, et al., 2006). Hence working memory is likely to have widespread 

effects on awareness and attention, among other functions, which is likely to increase cognitive 

reserve.  

Conclusions 

Arousal, novelty, attention and awareness share similar neural circuitry, are strongly linked to 

noradrenaline function and constitute, along with working memory capacity, a plausible cluster 

of mechanisms by which cognitive reserve variables such as education could allow the aging 

brain better to adapt to disease and degradation.  

Each of these processes can also have reciprocal effects on NA levels. A person who is alerted 

and aroused by a stimulating environment or social network will secrete higher levels of NA as 

a result of the increased arousal. Novelty in a person’s life will also increase NA secretion, as 

will focusing attention on the environment and detecting events, objects and people of interest. 

Self- and error-monitoring – as opposed to habit-driven behavior high in automaticity - will 

also likely increase NA levels.  

Given NA’s widespread distribution in the brain (both intra- and extra-cellularly), to every 

region save the basal ganglia (Sara, 2009), it is to be expected that  repeated activation of the 

these processes should have widespread consequences on most cognitive, motor and perceptual 

functions in the aging brain, because of its neuromodulatory, synaptogenesis and even 

neurogenesis effects (Robertson, 2013). This helps explain why Brickman and colleagues 

(Brickman, et al., 2006) found that right frontal white matter volume in older people predicted 
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neuropsychological performance across many different functions, including verbal functions, 

not normally associated specifically with the right prefrontal cortex. Arousal, novelty, attention 

and awareness increases may therefore, via their direct effects on compensatory processes, but 

also indirectly via their facilitation of NA secretion, have widespread effects across cognitive 

functions.  

It should be emphasized however that the hypothesis does not invoke an exclusive role for this 

NA system in mediating cognitive reserve and that one or more other dispersed networks, for 

instance language-based ones, may have an additional role and predictive value in cognitive 

reserve. Nevertheless,  the extraordinarily widespread dispersion of NA throughout the brain, 

much wider than other neurotransmitters such as dopamine, acetylcholine and serotonin, 

justifies the special focus on the network linked to NA which is the focus of this paper.  

Figure about here. 

In the figure, the relationship between the proposed elements of this cognitive reserve 

system and their hypothesized interactions are outlined., and relatively protected cognitive 

function in later life on the other.  

The top right quadrant of the figure shows the CR-NA relationship based on previously 

reviewed evidence that cognitive reserve variables increase NA activity (Robertson, 2013). 

Increased NA activity, on the other hand, should also potentiate the effects of 

environmental enrichment aspects of CR, including mental stimulation and social 

engagement, given NA’s properties as a neuromodulator fostering synaptic plasticity 

(Ahissar, et al., 1996,Grefkes, et al., 2010). 

The top left quadrant of the figure illustrates the hypothetical relationship between CR and 

the hypothetical CR network. Different elements of CR may activate other elements of the 
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CR network to varying degrees. Education for instance should increase curiosity and hence 

exposure to novelty. Mental stimulation and social engagement will increase arousal, and 

with it, attention and awareness.  

The bottom right quadrant shows the enhancement of working memory by NA inhibition of 

cAMP signaling. Working memory enhancement may increase NA activity, but there is no 

direct evidence for this, hence this is the only unidirectional relationship. 

Finally, the bottom left quadrant illustrates the influence of enhanced WM on elements of 

the CR network, particularly attention and awareness.  

Implications for Research in Aging and Neurodegeneration  

If it is the case that the proposed cognitive reserve network mediates some of the effects of 

cognitive reserve, then it is crucial that the processes implicated in it are adequately assessed in 

research studies and controlled for in intervention studies. Unfortunately however, few of these 

functions are routinely measured, in spite of standard assessment methods being available.  

Arousal is not routinely measured in spite of it being a correlate of impaired functioning with 

age (Hartikainen, et al., 1992), but, as mentioned earlier in this review, methods such as EEG 

spectral power analysis (Dockree, et al., 2005,Makeig and Inlow, 1993),  and pupillometry 

(Gilzenrat, et al., 2010,Murphy, et al., 2011) make routine assessment of this variable possible. 

Response to novelty can also be assessed routinely with ERP responses to ‘oddball’ stimuli and 

purely behavioral measures using length of time viewing novel stimuli are also available 

(Daffner, et al., 2006).  Standardized measures of sustained attention also exist such as the the 

Continuous Performance Test (CPT) (Cornblatt, et al., 1988) and subtests of the Test of 

Everday Attention (Robertson, et al., 1994). Sustained attention is not captured by routinely 

used attention tasks such as the Trails tests(D'Elia, et al., 1994). Rather, sustained attention tests 
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assess the  maintenance  of attention during routine, non-demanding activities and most aging 

studies do not assess this particular type of attention. Awareness problem are also not routinely 

measured in spite of even health older adults showing very significant reductions in everyday 

error awareness  but they can be measured routinely, for instance by discrepancy between self- 

and informant- reports on standard everyday performance self-report measures (Harty, et al., 

2012).  

If future research supports the hypothesis that these five sets of cognitive processes – arousal, 

novelty, sustained attention, awareness and working memory - do indeed constitute a CR 

network capable of mitigating the effects of age- or disease-related damage on expressed 

cognitive function and everyday performance, then a number of practical implications follow .  

From a clinical rehabilitation, public health and educational perspective, attempts to delay or 

prevent unnecessary cognitive decline could include practical, and specific,  advice 

encouraging cognitive activities and mental stimulation.  While mental stimulation would 

indeed increase arousal, repetitive mental stimulation would not activate novelty processing in 

the brain. A focus on variety of experiences and of cultivating curiosity, however, could be 

prioritized.  

Furthermore, the nature of sustained attention is such that experiences fostering this capacity 

could be actively encouraged. Perhaps the most well-developed and validated is mindfulness 

meditation training, which is also known as ‘attentional control training’ (Kabat-Zinn, et al., 

1992) and which has been shown to have very significant effects on brain structure and 

function (Lou, et al., 1999,Pagnoni and Cekic, 2007). 

Other methods of improving sustained attention have also been developed for conditions such 

as spatial neglect following stroke and Attention Deficit Hyperactivity Disorder in Adults 
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(O'Connell, et al., 2008,Salomone, et al., 2012). Self-administered versions of these for older 

adults have been successfully piloted and are currently being evaluated in our laboratory.  

Self-awareness of performance could be of paramount importance in helping older people adapt 

so as to maintain, or indeed extend, their functional independence in spite of changes to brain 

structure. Regular engagement in meaningful activities with other people may be one of the 

most potent ways of revealing cognitive errors to a person, and because social engagement has 

so many other positive effects on cognition, emotions and motivation (Saczynski, et al., 

2006,Seeman, et al., 2001), a public health focus on social engagement would be implicated.  

The role of physical exercise, in particular aerobic exercise in modifying cognitive function in 

older people (Anderson-Hanley, et al., 2012,Colcombe, et al., 2006) may also play a part in the 

strengthening of cognitive and/or brain reserve, as well as ‘brain maintenance’(Nyberg, et al., 

2012). It is worth noting that such exercise significantly upregulates not only brain derived 

neurotrophic and other factors, but also noradrenaline (Segal, et al., 2012). 

The hypothetical cognitive reserve network proposed clearly requires further experimental and 

clinical research but, if confirmed, would have considerable implications for future measures of 

aging, AD research and cost effective public health policies aimed at delaying cognitive aging 

and AD.  
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Figure Legend 

 A hypothetical cognitive reserve network.  

The figure outlines the role of a cluster of networks which hypothetically mediate between 

cognitive reserve variables such as education level on the one hand, and relatively protected 

cognitive function in later life on the other.  

The top right quadrant of the figure shows the CR-NA relationship. The top left quadrant of 

the figure illustrates the hypothetical relationship between CR and the hypothetical CR 

network. Education for instance should increase curiosity and hence exposure to novelty. 

Mental stimulation and social engagement will increase arousal, and with it, attention and 

awareness.  

The bottom right quadrant shows the enhancement of working memory by NA inhibition of 

cAMP signaling. Working memory enhancement may increase NA activity, but there is no 

direct evidence for this, hence this is the only unidirectional relationship. 

Finally, the bottom left quadrant illustrates the influence of enhanced WM on elements of 

the CR network, particularly attention and awareness.  

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

31 

 

Bibliography 

Ahissar, E., Haidarliu, S., Shulz, D.E. 1996. Possible involvement of 

neuromodulatory systems in cortical Hebbian-like plasticity. Journal of 

Physiology-Paris 90, 353-60. 

Anderson-Hanley, C., Arciero, P.J., Brickman, A.M., Nimon, J.P., Okuma, N., 

Westen, S.C., Merz, M.E., Pence, B.D., Woods, J.A., Kramer, A.F., 

Zimmerman, E.A. 2012. Exergaming and Older Adult Cognition: A Cluster 

Randomized Clinical Trial. American journal of preventive medicine 42(2), 

109-19. 

Aston-Jones, G., Bloom, F.E. 1981. Activity of norepinephrine-containing locus 

coeruleus neurons in behaving rats anticipates fluctuations in the sleep-waking 

cycle. J Neurosci 1(8), 876-86. 

Aston-Jones, G., Cohen, J.D. 2005. An integrative theory of locus coeruleus-

norepinephrine function: adaptive gain and optimal performance. Annu Rev 

Neurosci 28, 403--50. 

Aston-Jones, G., Rajkowski, J., Kubiak, P., Alexinsky, T. 1994. Locus-coeruleus 

neurons in monkey are selectively activated by attended cues in a vigilance 

task. J Neurosci 14, 4467-80. 

Barry, R.J., Clarke, A.R., Hajos, M., McCarthy, R., Selikowitz, M., Bruggemann, J.M. 

2009. Acute atomoxetine effects on the EEG of children with Attention-

Deficit/Hyperactivity Disorder. Neuropharmacology 57, 702-7. 

Beck, D.M., Rees, G., Frith, C.D., Lavie, N., . 2001. Neural correlates of change 

detection and change blindness. Nature Neuroscience 4, 645 - 50. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

32 

Bellgrove, M.A., Hawi, Z., Gill, M., Robertson, I.H. 2006. The Cognitive Genetics of 

Attention Deficit Hyperactivity Disorder (ADHD): Sustained attention as a 

Candidate Phenotype. Cortex 42, 838-45. 

Ben-Yishay, Y., Diller, L., Gerstman, L., Haas, A. 1968. The relationship between 

impersistence, intellectual function and outcome of rehabilitation in patients 

with left hemiplegia. Neurology 18, 852-61. 

Berridge, C.W. 2008. Noradrenergic modulation of arousal. Brain Research Reviews 

58(1), 1-17. 

Blanc-Garin, J. 1994. Patterns of recovery from hemiplegia following stroke. 

Neuropsychological Rehabilitation 4, 359-85. 

Brickman, A.M., Zimmerman, M.E., Paul, R.H., Grieve, S.M., Tate, D.F., Cohen, 

R.A., Williams, L.M., Clark, C.R., Gordon, E. 2006. Regional White Matter 

and Neuropsychological Functioning across the Adult Lifespan. Biological 

Psychiatry 60, 444-53. 

Brown, J.W., Jaffe, J. 1975. Hypothesis on cerebral dominance. Neuropsychologia 

13(1), 107-10. 

Cabeza, R. 2002. Hemispheric asymmetry reduction in older adults: the HAROLD 

model. Psychology and Aging 17, 85-100. 

Cahill, L., Gorski, L., Le, K. 2003. Enhanced Human Memory Consolidation With 

Post-Learning Stress: Interaction With the Degree of Arousal at Encoding. 

Learning & Memory 10(4), 270-4. 

Carpenter, P.A., Just, M.A., Shell, P. 1990. What one intelligence test measures: A 

theoretical account of the processing in the Raven Progressive Matrices Test. 

Psychological Review 97, 404-31. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

33 

Chamberlain, S.R., Campo, N.D., Dowson, J., Müller, U., Clark, L., Robbins, T.W., 

Sahakian, B.J. 2007. Atomoxetine improved response inhibition in adults with 

attention deficit/hyperactivity disorder. Biological Psychiatry 62, 977--84. 

Chamberlain, S.R., Hampshire, A., M√ºller, U., Rubia, K., del Campo, N., Craig, K., 

Regenthal, R., Suckling, J., Roiser, J.P., Grant, J.E., Bullmore, E.T., Robbins, 

T.W., Sahakian, B.J. 2009. Atomoxetine Modulates Right Inferior Frontal 

Activation During Inhibitory Control: A Pharmacological Functional 

Magnetic Resonance Imaging Study. Biological Psychiatry 65(7), 550-5. 

Chamberlain, S.R., Mueller, U., Blackwell, A.D., Robbins, T.W., Sahakian, B.J. 2006. 

Noradrenergic modulation of working memory and emotional memory in 

humans. Psychopharmacology 188, 397-407. 

Chen, P., Goedert, K.M., Murray, E., Kelly, K., Ahmeti, S., Barrett, A.M. 2011. 

Spatial Bias and Right Hemisphere Function: Sex-Specific Changes with 

Aging. Journal of the International Neuropsychological Society 17, 1-8. 

Cherry, B.J., Hellige, J.B. 1999. Hemispheric asymmetries in vigilance and cerebral 

arousal mechanisms in younger and older adults. Neuropsychology 13(1), 

111-20. 

Clark, L.E., Knowles, J.B. 1973. Age Differences in Dichotic Listening Performance. 

Journal of Gerontology 28, 173-8. 

Colcombe, S.J., Erickson, K.I., Scalf, P.E., Kim, J.S., Prakash, R., McAuley, E., 

Elavsky, S., Marquez, D.X., Hu, L., Kramer, A.F. 2006. Aerobic Exercise 

Training Increases Brain Volume in Aging Humans. The Journals of 

Gerontology Series A: Biological Sciences and Medical Sciences 61(11), 

1166-70. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

34 

Cornblatt, B.A., Risch, N.J., Faris, G., Friedman, D., Erlenmeyer-Kimling, L. 1988. 

The Continuous Performance Test, identical pairs version (CPT-IP): I. New 

findings about sustained attention in normal families. Psychiatry Research 26, 

223 - 38. 

Cosentino, S., Metcalfe, J., Cary, M.S., De Leon, J., Karlawish, J. 2011. Memory 

Awareness Influences Everyday Decision Making Capacity about Medication 

Management in Alzheimer's Disease. International journal of Alzheimer's 

disease 2011.  

Coull, J.T., Jones, M.E.P., Egan, T.D., Frith, C.D., Maze, M. 2004. Attentional effects 

of noradrenaline vary with arousal level: selective activation of thalamic 

pulvinar in humans. NeuroImage 22(1), 315-22. 

Critchley, H.D., Melmed, R.N., Featherstone, R.N., Mathias, C.J., Dolan, R.J. 2002. 

Volitional control of autonomic arousal: A functional magnetic resonance 

study. NeuroImage 16, 909-19. 

D'Elia, L., Satz, P., Uchiyama, L., T, W. 1994. Color Trails Test Professional Manual. 

Psychological Assessment Resources, Odessa, Florida. 

Daffner, K.R., Ryan, K.K., Williams, D.M., Budson, A.E., Rentz, D.M., Wolk, D.A., 

Holcomb, P.J. 2006. Increased Responsiveness to Novelty is Associated with 

Successful Cognitive Aging. Journal of Cognitive Neuroscience 18, 1759-73. 

Dahlin, E., Neely, A.S., Larsson, A., Backman, L., Nyberg, L. 2008. Transfer of 

Learning After Updating Training Mediated by the Striatum. Science 320, 

1510-2. 

Dockree, P.M., Kelly, S.M., Robertson, I.H., Reilly, R., Foxe, J. 2005. 

Neurophysiological Markers Of Alert Responding During Goal-Directed 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

35 

Behaviour:  A High Density Electrical Mapping Study. Neuroimage 27, 587-

601. 

Dolcos, F., Rice, H.J., Cabeza, R. 2002. Hemispheric asymmetry and aging: right 

hemisphere decline or asymmetry reduction. Neuroscience and Biobehavioral 

Reviews 26, 819-25. 

Dunning, D., Heath, C., Suls, J.M. 2004. Flawed Self-Assessment. Implications for 

Health, Education, and the Workplace. Psychological Science in the Public 

Interest 5, 69-106. 

Edin, F., Klingberg, T., Standberg, T., Tegnar, J. 2007. Fronto-parietal connection 

asymmetry regulates working memory distractibility. Journal of Integrative 

Neuroscience 06, 567-96. 

Finn, B., Roediger, H.L. 2012. Enhancing Retention Through Reconsolidation: 

Negative Emotional Arousal Following Retrieval Enhances Later Recall. 

Psychological Science 22, 781-6. 

Fitzgerald, P.J. 2012. Whose side are you on: Does serotonin preferentially activate 

the right hemisphere and norepinephrine the left? Medical Hypotheses 79, 

250-4. 

Folkard, S. 1975. Diurnal variation in logical reasoning. British Journal of Psychology 

66, 1-8. 

Foucher, J.R., Otzenberger, H., Gounot, D. 2004. Where arousal meets attention: a 

simultaneous fMRI and EEG recording study. Neuroimage 22, 688--97. 

Gabay, S., Pertzov, Y., Henik, A. 2011. Orienting of attention, pupil size, and the 

norepinephrine system. Atten Percept Psychophys 73, 123–9. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

36 

Giambra, L.M., Camp, C.J., Grodsky, A. 1992. Curiosity and stimulation seeking 

across the adult life span: Cross-sectional and 6- to 8-year longitudinal 

findings. Psychology and Aging, , 150-7. 

Gilzenrat, M., Nieuwenhuis, S., Jepma, M., Cohen, J. 2010. Pupil diameter tracks 

changes in control state predicted by the adaptive gain theory of locus 

coeruleus function. Cognitive, Affective and Behavioral Neuroscience 10, 

252-69. 

Grady, C.L., McIntosh, A.R., Bookstein, F., Horwitz, B., Rapoport, S.I., Haxby, J.V. 

1998. Age-related changes in regional cerebral blood flow during working 

memory for faces. Neuroimage 8, 409--25. 

Grady, C.L., McIntosh, A.R., Horwitz, B., Maisog, J.M., Ungerleider, L.G., Mentis, 

M.J., Pietrini, P., Schapiro, M.B., Haxby, J.V. 1995. Age-related reductions in 

human recognition memory due to impaired encoding. Science 269, 218-21. 

Graf, H., Abler, B., Freudenmann, R., Beschoner, P., Schaeffeler, E., Spitzer, M., 

Schwab, M., Grahn, G. 2011. Neural Correlates of Error Monitoring 

Modulated by Atomoxetine in Healthy Volunteers. Biological Psychiatry 69, 

890-7. 

Grafman, J. 1986. The relationship of brain tissue loss volume and lesion location to 

cognitive deficit. J Neurosci 6, 301-7. 

Greene, C., Bellgrove, M.A., Gill, M., Robertson, I.H. 2009. Noradrenergic genotype 

predicts lapses in sustained attention. Neuropsychologia 47, 591-4. 

Grefkes, C., Wang, L.E., Eickhoff, S.B., Fink, G.R. 2010. Noradrenergic Modulation 

of Cortical Networks Engaged in Visuomotor Processing. Cerebral Cortex 20, 

783-97. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

37 

Hartikainen, P., Soininen, H., Partanen, J., Helkala, E.L., Riekkinen, P. 1992. Aging 

and spectral analysis of EEG in normal subjects: a link to memory and CSF 

AChE. Acta Neurologica Scandinavica 86, 148-55. 

Harty, S., O’Connell, R., Hester, R., Robertson, I. in press. Older Adults Have 

Diminished Awareness of Errors in the Laboratory and Daily Life. Psychology 

and Aging. 

Harty, S., Robertson, I., O’Connell, R.G. 2012. Transcranial Direct Current 

Stimulation Ameliorates Awareness Deficits in Normal Aging. Society for 

Neuroscience. Society for Neuroscience, New Orleans. 

Harwood, D.G., Sultzer, D.L., Feil, D., Monserratt, L., Freedman, E., Mandelkern, 

M.A. 2005. Frontal Lobe Hypometabolism and Impaired Insight in Alzheimer 

Disease. Am J Geriatr Psychiatry 13(11), 934-41.  

Heneka, M.T., Nadrigny, F., Regen, T., Martinez-Hernandez, A., Dumitrescu-Ozimek, 

L., Terwel, D., Jardanhazi-Kurutz, D., Walter, J., Kirchhoff, F., Hanisch, U.-

K., Kummer, M.P. 2010. Locus ceruleus controls Alzheimer's disease 

pathology by modulating microglial functions through norepinephrine. 

Proceedings of the National Academy of Sciences 107(13), 6058-63. 

Henson, R.N.A., Shallice, T., Dolan, R.J. 1999. Right prefrontal cortex and episodic 

memory retrieval: a functional MRI test of the monitoring hypothesis. Brain 

122, 1367-81. 

Hester, R., Foxe, J.J., Molholm, S., Shpaner, M., Garavan, H. 2005. Neural 

mechanisms involved in error processing: A comparison of errors made with 

and without awareness. NeuroImage 27(3), 602-8. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

38 

Hoerold, D., Pender, N.P., Robertson, I.H. 2013. Metacognitive and online error 

awareness deficits after prefrontal cortex lesions. Neuropsychologia 51(3), 

385-91. 

Kabat-Zinn, J., Massion, A.O., Kristeller, J., Peterson, L.G., Fletcher, K.E., Pbert, L., 

Lenderking, W.R., Santorelli, S.F. 1992. Effectiveness of a meditation-based 

stress reduction program in the treatment of anxiety disorders. American 

Journal of Psychiatry 149, 936-43. 

Kesler, S.R., Adams, H.F., Blasey, C.M., Bigler, E.D. 2003. Premorbid Intellectual 

Functioning, Education, and Brain Size in Traumatic Brain Injury: An 

Investigation of the Cognitive Reserve Hypothesis. Applied Neuropsychology 

10, 153-62. 

Kitchigina, V. 1997. Novelty-elicited, Noradrenaline-dependent Enhancement of 

Excitability in the Dentate Gyrus. The European journal of neuroscience 9(1), 

41-7.  

Kollins, S.H., Anastopoulos, A.D., Lachiewicz, A.M., FitzGerald, D., Morrissey-

Kane, E., Garrett, M.E., Keatts, S.L., Ashley-Koch, A.E. 2008. SNPs in 

dopamine D2 receptor gene (DRD2) and norepinephrine transporter gene 

(NET) are associated with continuous performance task (CPT) phenotypes in 

ADHD children and their families. American Journal of Medical Genetics Part 

B: Neuropsychiatric Genetics 147B, 1580-8. 

Liu, J., Kiehl, K.A., Pearlson, G., Perrone-Bizzozero, N.I., Eichele, T., Calhoun, V.D. 

2009. Genetic determinants of target and novelty-related event-related 

potentials in the auditory oddball response. NeuroImage 46, 809-16. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

39 

Lou, H.C., Kjaer, T.W., Friberg, L., Wildschiodtz, G., Holm, S., Nowak, M. 1999. A 

15O-H2O PET study of meditation and the resting state of normal 

consciousness. Human Brain Mapping 7(2), 98-105. 

Lu, H., Xu, F., Rodrigue, K.M., Kennedy, K.M., Cheng, Y., Flicker, B., Hebrank, 

A.C., Uh, J., Park, D.C. 2011. Alterations in Cerebral Metabolic Rate and 

Blood Supply across the Adult Lifespan. Cerebral Cortex 21, 1426-34. 

Luck, S.J., Chelazzi, L., Hillyard, S.A., Desimone, R. 1997. Neural mechanisms of 

spatial selective attention in areas V1, V2 and V4 of macaque visual cortex. 

Journal of Neurophysiology 77, 24-42. 

Makeig, S., Inlow, M. 1993. Lapses in alertness: coherence of fluctuations in 

performance and EEG spectrum. Electroencephalography & Clinical 

Neurophysiology 86, 23-35. 

Manly, T., Hawkins, K., Evans, J., Woldt, K., Robertson, I.H. 2002a. Rehabilitation 

of Executive Function: Facilitation of effective goal management on complex 

tasks using periodic auditory alerts. Neuropsychologia 40, 271-81. 

Manly, T., Lewis, G.H., Robertson, I.H., Watson, P.C., Datta, A.K. 2002b. Coffee in 

the cornflakes: Time-of-day as a modulator of executive response control. 

Neuropsychologia 40, 1-6. 

Manly, T., Owen, A.M., Datta, A., Lewis, G., Scott, S., Rorden, C., Pickard, J., 

Robertson, I.H. 2003. Enhancing the sensitivity of a sustained attention task to 

frontal damage. Convergent clinical and functional imaging evidence. 

Neurocase 9, 340-9. 

Mathalon, D.H., Bennett, A., Askari, N., Gray, E.M., Rosenbloom, M.J., Ford, J.M. 

2003. Response-monitoring dysfunction in aging and Alzheimer's disease: an 

event-related potential study. Neurobiology of Aging 24, 675-85. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

40 

McIntyre, C.K., McGaugh, J.L., Williams, C.L. 2012. Interacting brain systems 

modulate memory consolidation. Neuroscience & Biobehavioral Reviews 36, 

1750-62. 

McQuade, R., Creton, D., Stanford, S.C. 1999. Effect of novel environmental stimuli 

on rat behaviour and central noradrenaline function measured by in vivo 

microdialysis. Psychopharmacology 145, 393-400. 

Mishra, J., Zinni, M., Bavelier, D., Hillyard, S.A. 2011. Neural Basis of Superior 

Performance of Action Videogame Players in an Attention-Demanding Task. J 

Neurosci 31, 992-8. 

Molenberghs, P., Gillebert, C.R., Schoofs, H., Dupont, P., Peeters, R., Vandenberghe, 

R. 2009. Lesion neuroanatomy of the Sustained Attention to Response task. 

Neuropsychologia 47(13), 2866-75. 

Morrison, J.H., Foote, S.L. 1986. Noradrenergic and serotoninergic innervations of 

cortical, thalamic and tectal visual structures in old and new world monkeys. 

Journal of Comparative Neurology 243, 117-28. 

Moruzzi, G., Magoun, H.W. 1949. Brainstem reticular formation and activation of the 

EEG. Electroencephalography and Clinical Neurophysiology 1, 455-73. 

Murphy, P.R., Robertson, I.H., Balsters, J.H., O'Connell, R.G. 2011. Pupillometry and 

P3 index the locus coeruleus–noradrenergic arousal function in humans. 

Psychophysiology 48, 1532–43. 

Naghavi, H.R., Nyberg, L. 2005. Common fronto-parietal activity in attention, 

memory, and consciousness: Shared demands on integration? Consciousness 

and Cognition 14, 390-425. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

41 

Nieuwenhuis, S., Aston-Jones, G., Cohen, J.D. 2005. Decision making, the P3, and 

the locus coeruleus-norepinephrine system. Psychological bulletin 131(4), 

510-32. 

Nieuwenhuis, S., Ridderinkhof, R., Talsma, D., Coles, M.G.H., Holroyd, C.B., Kok, 

A., van der Molen, M.W. 2002. A computational account of altered error 

processing in older age: Dopamine and the error-related negativity. Springer, 

New York, NY. 

Nyberg, L., Lövdén, M., Riklund, K., Lindenberger, U., Bäckman, L. 2012. Memory 

aging and brain maintenance. Trends in Cognitive Sciences 16(5), 292-305. 

Nyberg, L., Maitland, S.B., Rönnlund, M., Bäckman, L., Dixon, R.A., Wahlin, Å., 

Nilsson, L.-G. 2003. Selective adult age differences in an age-invariant 

multifactor model of declarative memory. Psychology and Aging 18, 149-60. 

Nyberg, L., Salami, A., Andersson, M., Eriksson, J., Kalpouzos, G.g., Kauppi, K., 

Lind, J., Pudas, S., Persson, J., Nilsson, L. 2010. Longitudinal evidence for 

diminished frontal cortex function in aging. Proceedings of the National 

Academy of Sciences 107, 22682-6. 

O'Connell, R.G., Bellgrove, M.A., Dockree, P.M., Lau, A., Fitzgerald, M., Robertson, 

I.H. 2008. Self-Alert Training: Volitional modulation of autonomic arousal 

improves sustained attention. Neuropsychologia 46(5), 1379-90. 

O'Connor, C., Robertson, I.H., Levine, B. 2011. The prosthetics of vigilant attention: 

random cuing cuts processing demands. Neuropsychology 25(4), 535-43. 

Ojala-Oksala, J., Jokinen, H., Kopsi, V., Lehtonen, K., Luukkonen, L., Paukkunen, A., 

Seeck, L., Melkas, S., Pohjasvaara, T., Karhunen, P., Hietanen, M., Erkinjuntti, 

T., Oksala, N. 2012. Educational History Is an Independent Predictor of 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

42 

Cognitive Deficits and Long-Term Survival in Postacute Patients With Mild to 

Moderate Ischemic Stroke. Stroke 43, 2931-5. 

Oke, A., Keller, R., Mefford, I., Adams, R. 1978. Lateralization of norepinephrine in 

human thalamus. Science 200, 1411-3. 

Pagnoni, G., Cekic, M. 2007. Age effects on gray matter volume and attentional 

performance in Zen meditation. Neurobiology of Aging 28(10), 1623--7. 

Paus, T., Zatorre, R.J., Hofle, N., Caramanos, Z., Gotman, J., Petrides, M., Evans, 

A.C. 1997. Time-related changes in neural systems underlying attention and 

arousal during the performance of an auditory vigilance task. Journal of 

Cognitive Neuroscience 9, 392-408. 

Phillips, M.A., Bitsios, P., Szabadi, E., Bradshaw, C.M. 2000. Comparison of the 

antidepressants reboxetine, fluvoxamine and amitriptyline upon spontaneous 

pupillary fluctuations in healthy human volunteers. Psychopharmacology 149, 

72-6. 

Pia, L., Neppi-Modona, M., Ricci, R., Berti, A. 2004. The anatomy of anosognosia for 

hemiplegia: a meta-analysis. Cortex 40, 367-77. 

Polich, J. 2007. Updating P300: An integrative theory of P3a and P3b. Clinical 

Neurophysiology 118(10), 2128-48. 

Posner, M.I., Petersen, S.E. 1990. The attention system of the human brain. Annual 

Review of Neuroscience 13, 25-42. 

Posner, M.I., Rothbart, M.K. 2007. Research on Attention Networks as a Model for 

the Integration of Psychological Science. Annual  Review of  Psychology 58, 

1-23. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

43 

Pudovkina, O.L., Kawahara, Y., de Vries, J., Westerink, B.H. 2001. The release of 

noradrenaline in the locus coeruleus and prefrontal cortex studied with dual-

probe microdialysis. Brain Research 906(1-2), 38-45. 

Riba, J., Rodríguez-Fornells, A., Morte, A., TF, M., MJ, B. 2005. Noradrenergic 

Stimulation Enhances Human Action Monitoring. The Journal of 

Neuroscience 27, 4370-4. 

Ripley, D.L. 2006. Atomoxetine for Individuals With Traumatic Brain Injury. The 

Journal of Head Trauma Rehabilitation 21(1), 85-8. 

Robertson, I., Ridgeway, V., Greenfield, E., Parr, A. 1997. Motor recovery after 

stroke depends on intact sustained attention: A two-year follow-up study. 

Neuropsychology 11, 290-5. 

Robertson, I.H. 2013. A noradrenergic theory of cognitive reserve: implications for 

Alzheimer's disease. Neurobiology of Aging 34, 298-308. 

Robertson, I.H., Mattingley, J.B., Rorden, C., Driver, J. 1998. Phasic alerting of 

neglect patients overcomes their spatial deficit in visual awareness. Nature 

395(10), 169-72. 

Robertson, I.H., Murre, J.M.J. 1999. Rehabilitation of brain damage: Brain plasticity 

and principles of guided recovery. Psychological Bulletin 125, 544-75. 

Robertson, I.H., Tegner, R., Tham, K., Lo, A., Nimmo-Smith, I. 1995. Sustained 

attention training for unilateral neglect: theoretical and rehabilitation 

implications. Journal of Clinical and Experimental Neuropsychology 17, 416-

30. 

Robertson, I.H., Ward, T., Ridgeway, V., Nimmo-Smith, I. 1994. The Test of 

Everyday Attention. Thames Valley Test Company, Bury St Edmunds. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

44 

Roe, C.M., Mintun, M.A., Ghoshal, N., Williams, M.M., Grant, E.A., Marcus, D.S., 

Morris, J.C. 2010. Alzheimer disease identification using amyloid imaging 

and reserve variables. Neurology 75(1), 42-8. 

Rönnlund M, Nyberg L, Bäckman L, Nilsson LG (2005) Stability, growth, and 

decline in adult life span development of declarative memory: Cross-sectional 

and longitudinal data from a population-based study. Psychol Aging 20:3–18 

Rumelhart, D.E., Hinton, G.E., Williams, R.J. 1986. Learning internal representations 

by error propagation. in: Rumelhart, D.E., McClelland, J.L. (Eds.). Parallel 

distributed processing Volume 1: Foundations. MIT Press, Cambridge, MA, 

456-487. 

Saczynski, J.S., Pfeifer, L.A., Masaki, K., Korf, E.S.C., Laurin, D., White, L., Launer, 

L.J. 2006. The Effect of Social Engagement on Incident Dementia: The 

Honolulu-Asia Aging Study. American Journal of Epidemiology 163, 433-40. 

Salomone, S., Shanahan, J.M., Bramham, J., O'Connell, R.G., Robertson, I.H. 2012. 

A biofeedback-based programme to improve attention and impulsivity in 

adults with ADHD. The Irish Journal of Psychology 33, 86-93. 

Samuels, E.R., Szabadi, E. 2008. Functional neuroanatomy of the noradrenergic locus 

coeruleus: Its roles in the regulation of arousal and autonomic function part II: 

Physiological and pharmacological manipulations and pathological alterations 

of locus coeruleus activity in humans. Current Neuropharmacology 6(3), 254-

85. 

Sara, S.J. 2009. The locus coeruleus and noradrenergic modulation of cognition. 

Nature Reviews Neuroscience 10, 211-23. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

45 

Schreiber, M., Endrass, T., Weigand, A., Kathmann, N. 2012. Age Effects on 

Adjustments of Performance Monitoring to Task Difficulty. Journal of 

Psychophysiology 26, 145-53. 

Sebban, C., Zhang, X.Q., Tesolin-Decros, B., Millan, M.J., Spedding, M. 1999. 

Changes in EEG spectral power in the prefrontal cortex of conscious rats 

elicited by drugs interacting with dopaminergic and noradrenergic 

transmission. British Journal of Pharmacology 128, 1045-54. 

Seeman, T.E., Lusignolo, T.M., Albert, M., Berkman, L. 2001. Social relationships, 

social support, and patterns of cognitive aging in healthy, high-functioning 

older adults: MacArthur studies of successful aging. Health Psychology 20, 

243-55. 

Segal, S., Cotman, C., Cahill, L. 2012. Exercise-Induced Noradrenergic Activation 

Enhances Memory Consolidation in Both Normal Aging and Patients with 

Amnestic Mild Cognitive Impairment. Journal of Alzheimer's Disease 32, 

1011-8. 

Singh-Curry, V., Husain, M. 2009. The functional role of the inferior parietal lobe in 

the dorsal and ventral stream dichotomy. Neuropsychologia 47, 1434-48. 

Small, G.W., Ercoli, L.M., Silverman, D.H.S., Huang, S.C., Komo, S., Bookheimer, 

S.Y., Lavretsky, H., Miller, K., Siddarth, P., Rasgon, N.L., Mazziotta, J.C., 

Saxena, S., Wu, H.M., Mega, M.S., Cummings, J.L., Saunders, A.M., Pericak-

Vance, M.A., Roses, A.D., Barrio, J.R., Phelps, M.E. 2000. Cerebral 

metabolic and cognitive decline in persons at genetic risk for Alzheimer's 

disease. Proceedings of the National Academy of Sciences 97, 6037-42. 

Smith, A., Nutt, D. 1996. Noradrenaline and attention lapses. Nature 380, 291. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

46 

Spitznagel, M. 2005. Cognitive reserve and anosognosia in questionable and mild 

dementia. Archives of Clinical Neuropsychology 20, 505-15. 

Stern, Y. 2009. Cognitive reserve. Neuropsychologia 47(10), 2015-28. 

Stern, Y. 2012. Cognitive reserve in ageing and Alzheimer's disease. The Lancet 

Neurology 11, 1006-12. 

Sturm, W., Simone, A.d., Krause, B.J., Specht, K., Hesselmann, V., Radermacher, I., 

Herzog, H., Tellman, L., Müller-Gärtner, H.-W., Willmes, K. 1999. 

Functional anatomy of intrinsic alertness: Evidence for a fronto-parietal-

thalamic-brainstem network in the right hemisphere. Neuropsychologia 37(7), 

797-805. 

Stuss, D.T. 2011. Functions of the Frontal Lobes: Relation to Executive Functions. 

Journal of the International Neuropsychological Society 17, 759-65. 

Suchy, Y., Kraybill, M.L., Franchow, E. 2011. Instrumental activities of daily living 

among community-dwelling older adults: Discrepancies between self-report 

and performance are mediated by cognitive reserve. Journal of Clinical and 

Experimental Neuropsychology 33, 92-100.  

Swan, G.E., Carmelli, D. 1996. Curiosity and mortality in aging adults: A 5-year 

follow-up of the Western Collaborative Group Study. Psychology and Aging 

11, 449-53. 

Traver, S., Salthun-Lassalle, B.n.d., Marien, M., Hirsch, E.C., Colpaert, F., Michel, 

P.P. 2005. The Neurotransmitter Noradrenaline Rescues Septal Cholinergic 

Neurons in Culture from Degeneration Caused by Low-Level Oxidative Stress. 

Molecular Pharmacology 67, 1882-91. 

Troadec, J.-D., Marien, M., Darios, F., Hartmann, A., Ruberg, M., Colpaert, F., 

Michel, P.P. 2001. Noradrenaline provides long-term protection to 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

47 

dopaminergic neurons by reducing oxidative stress. Journal of Neurochemistry 

79, 200-10. 

Unsworth, N., Engle, R.W. 2005. Working memory capacity and fluid abilities: 

Examining the correlation between Operation Span and Raven. Intelligence 33, 

67-81. 

Valenzuela, M.J., Matthews, F.E., Brayne, C., Ince, P., Halliday, G., Kril, J.J., Dalton, 

M.A., Richardson, K., Forster, G., Sachdev, P.S. 2011. Multiple Biological 

Pathways Link Cognitive Lifestyle to Protection from Dementia. Biological 

Psychiatry 71, 783–791 

Vankov, A., Hervé-Minvielle, A., Sara, S.J. 1995. Response to Novelty and its Rapid 

Habituation in Locus Coeruleus Neurons of the Freely Exploring Rat. 

European Journal of Neuroscience 7(6), 1180-7.  

Veyrac, A., Sacquet, J., Nguyen, V., Marien, M., Jourdan, F., Didier, A. 2008. 

Novelty Determines the Effects of Olfactory Enrichment on Memory and 

Neurogenesis Through Noradrenergic Mechanisms. 

Neuropsychopharmacology 34, 786-95. 

von Stumm, S., Hell, B., Chamorro-Premuzic, T. 2011. The Hungry Mind. 

Perspectives on Psychological Science 6, 574-88. 

Vygotsky, L. 1986. Thought and Language. MIT Press, Cambridge, MT. 

Wessel, J.R., Danielmeier, C., Ullsperger, M. 2011. Error Awareness Revisited: 

Accumulation of Multimodal Evidence from Central and Autonomic Nervous 

Systems. Journal of Cognitive Neuroscience 23, 3021-36. 

Wilson, R.S., Nag, S., Boyle, P.A., Hizel, L.P., Yu, L., Buchman, A.S., Schneider, 

J.A., Bennett, D.A. 2013. Neural reserve, neuronal density in the locus 

ceruleus, and cognitive decline. Neurology 80, 1202-8. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

48 

Woldorff, M.G., Gallen, C.C., Hampson, S.A., Hillyard, S.R., Pantev, C., Sobel, D., 

Bloom, F.E. 1993. Modulation of early sensory processing in human auditory 

cortex during auditory selective attention. Proceedings of the National 

Academy of Science, USA 90, 8722-6. 

Yerkes, R.M., Dodson, J.D. 1908. The relation of strength of stimulus to rapidity of 

habit-formation. Journal of Comparative and Neurological Psychology 18, 

459-82. 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 


