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Title:

Individual biological differences and models of value-based decision making

Abstract

Neuroeconomics is the scientific, multidisciplinary study of value-based decision making. Recent 

advances in methods and findings in cognitive neuroscience have gained attention and influence on 

our understanding of the basic mechanisms of behaviour. With the advent of two new paradigms in 

cognitive neuroscience – imaging genetics and the cognitive neuroscience of ageing – the focus of 

brain-behaviour  research  is  turning  towards  the  study  of  normal  variation  and  individual 

differences. As such, insights from these approaches hold the promise to provide a more detailed 

account of value-based decision making. In addition, this understanding may provide the means to 

induce short-term and reversible alterations in decision behaviours. In this paper, we present and 

discuss these insights and how they may inform the neuroeconomic study of decision making.
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Introduction

Neuroeconomics is the study of the neurobiology of value-based decision making. It brings together 

divergent  scientific  disciplines,  including  economics,  psychology,  computer  science  and 

neuroscience, to study how different aspects of brain structures and functions influence behaviour. 

Several studies have now uncovered the brain basis of different forms of economic behaviour, such 

as gambling and risky choices, time discounting, as well as cooperation and altruism  (Zak et al. 

2004; Zak 2004; Vorhold 2008; Wout et al. 2006; Sanfey et al. 2008). In general, such studies have 

demonstrated dissociated features of brain functions that underlie specific cognitive functions and 

behaviours.  For  example,  studies  have  demonstrated  a  neural  dissociation in  choosing between 

immediate and delayed (albeit relatively larger) rewards (Takahashi et al. 2007, 2006; Kalenscher et 

al.  2008a).  Other  studies  have  demonstrated  discernible  brain  activation  differences  in  regions 

related to individual valuation of products, price and purchasing behaviours, respectively (Knutson 

et  al.  2007).  These  and  other  studies  demonstrate  that  cognitive  neuroscience  may  uncover 

dissociated functions in the different cognitive and emotional steps of value-based decision making.

Recent  developments  in  cognitive  neuroscience  now offer new insights  and  methods  that  may 

extend and further  this  research into the neurobiological  underpinnings of economic behaviour. 

Here we want to highlight one of these advances, namely recent attempts to probe individual (as 

well as intra-individual) differences in cognitive and emotional processes, as well as in behaviour, 

through new approaches  to  neuroimaging.  For  example,  recent  studies  have  demonstrated  how 

individual differences in genotype may be related to differences in brain function and, ultimately, 

behaviour. Other studies have demonstrated how ageing may lead to measurable differences in brain 

activation and behaviour during value-based decision making. In this paper, we suggest that such 

recent developments in what have been termed “imaging genetics” and the “cognitive neuroscience 

of ageing” may both inform neuroeconomic models, and provide important new tools for assessing 
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the brain basis of decision making. We first introduce the recent developments in imaging genetics. 

We then turn to studies in the cognitive neuroscience of ageing, and how age can alter different 

stages of the decision making process, including valuation and action selection. Finally, we discuss 

the possible implications of these advances. Before we turn to this review, we will briefly present a 

recently suggested framework for value-based decision making, and we will refer to this model 

throughout the paper.

A neuroeconomic framework

Recently,  it  has  been  suggested  that  neuroeconomic  research  can  apply  a  framework  of  basic 

computations involved in decision making  (Rangel et al. 2008). The first process, representation, 

involves  the  computation  of  the  decision  problem,  including  the  identification  of  internal  (for 

example, hunger level) and external states (for example, threat level), as well as potential courses of 

action (for example, eat more or flee). The second process is the valuation of the different actions 

that are considered. Third, these action possibilities and their  values are compared and selected 

among (action selection). Fourth, after the decision is made and implemented, the outcome needs to 

be evaluated in terms of its outcome (outcome evaluation), which finally leads to the possibility of 

learning, i.e., behavioural outcome works as a feedback, which is interpreted in order to update the 

foregoing processes,  in order  to  improve performance and the quality of future decisions.  This 

model is illustrated in Figure 1.

*** PLEASE INSERT FIGURE 1 ABOUT HERE

As  the  past  decade  has  revealed,  economics  has  already  profited  from  the  use  of  cognitive 

neuroscience, as the inclusion of emotional and unconscious processes in decision models attest 

(Kahneman 2003; Inukai et al. 2006). Several other advances in cognitive neuroscience have the 
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potential  to make similar  contributions to  economics.  This includes  the recent  advances in  our 

understanding of the brain basis of preferences, decisions, social interaction, and consciousness. 

The  main  impact  of  neuroeconomics  is  twofold;  first,  the  mere  transfer  of  knowledge  from 

cognitive neuroscience to economics may contribute to the generation of new ideas in economics. 

Second, cognitive neuroscience provides a powerful new tool to study the operation of the human 

mind that  may eventually offer  direct  assessment  of  responses  to  products  and advertisements. 

These methods offer the possibility of studying mental processes that are not detected with regular 

behavioural measures, for instance providing information about unconscious processes involved in 

decision making. In addition, advanced mathematical modelling of neuroimaging data holds the 

promise of the construction of predictive models. That is, it may be possible to predict behaviour 

from a given neuroimaging dataset.

Biological diversity

Imaging genetics  is  the  study of  how genetic  variance  leads  to  individual  differences  in  brain 

morphology and function, and, through this, differences in thought and behaviour  (Winterer et al. 

2005;  Hariri  et  al.  2006a;  Hariri  and Holmes 2006; Canli  et  al.  2005;  Aleman et  al.  2008).  In 

general,  this  area  of  research  makes  use  of  structural  and  functional  brain  imaging  tools  as 

phenotypic  assays  to  evaluate  genetic  variation.  Put  differently,  the  focus  is  on  how  genetic 

variations,  in  combination  with  life  experience,  lead  to  measurable  changes  in  cognitive  and 

affective processes, and eventually behaviour such as emotional responses and decision making. In 

practice, imaging genetics studies combine genetic analysis, behavioural data and imaging of brain 

activity in individuals to assess how different polymorphisms influence brain function, giving rise, 

in some circumstances, to differences in behaviour.  
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*** PLEASE INSERT FIGURE 2 ABOUT HERE

The background for this new method is the fact that genes influence behaviour indirectly, through 

the modulation of the molecular  environment of individual  neurons (see Figure 2).  The coding 

sequence of a  gene leads  to  the synthesis  of  a  protein or  an enzyme that  becomes part  of the 

operation of a cell. Such a protein may, for example, function as a membrane gateway for specific 

molecules, or may act as a transporter of synaptic neurotransmitters. In this way, genes might code 

for specific parts of a neuron that plays a specific function. For the sake of simplicity, we here avoid 

the  discussion  of  genetic  redundancy,  degeneracy  and  pluripotentiality  (Krakauer  et  al.  2002; 

Konopka 1985; Holloway et al. 2005; Budd 2006). This discussion is concerned with the fact that 

specific genes can code for more than one protein, depending on its local environment, and that 

many genes can code for a given protein. Consequently, individual differences in specific genes 

may lead to measurable differences in protein synthesis and, through this, to differences in how 

neurons respond. Finally, this may lead to differences in measurable behaviour. In the following, we 

will review a few studies that have demonstrated how genetic difference may lead to individual 

variance in neural activation and behaviour. Although this review is not exhaustive of the imaging 

genetics literature, it will nevertheless allow the construction of a tentative model for how genes 

impact neural function, cognition and behaviour that is relevant to decision making. 

Emotions

In the new interdisciplinary world of neuroeconomics, terms such as 'emotion' may refer to different 

phenomena. In cognitive neuroscience, an emotion is typically used as to denote neural processes 

and behaviour that occur to stimuli that are either regarded as positive or negative. The term 'feeing' 

is  mostly  used  to  refer  to  emotional  processes  that  are  conscious.  Importantly,  (unconscious) 

emotions may not always lead to conscious feelings, i.e., it is possible to observe neural and even 
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bodily  responses  to  emotional  stimuli  that  are  not  perceived  consciously  (Calder  et  al.  2001; 

Bechara et al. 2003). Furthermore, it has been shown in several studies that emotional processes 

need not be experienced consciously to have an effect on decision-making situations and behaviour 

(Zajonc et al. 1989; Zajonc 1985; Ekman et al. 1985; Winkielman et al. 2001, 2001, 1998). For the 

present purpose, we first focus on emotions. It has been long suggested that emotional responses are 

related to the formation and maintenance of preferences (Zernicki 2002; Mellers et al. 1998; Gibson 

2006; Fehr et al.  2007; Dunn et al.  2006; Damasio 2005; Bechara et  al.  2000). While negative 

emotions are related to avoidance and reduced preference, positive emotions of reward are related 

to  preference  formation  and  maintenance.  Both  kinds  of  emotional  reactions  are  related  to 

behavioural changes in the likelihood that an organism is choosing a given behaviour.

Recent studies have demonstrated effects  of genetic variation on neural  function and behaviour 

during emotional processing. Naturally occurring genetic variations – so-called polymorphisms – 

that  code  for  the  neurotransmitter  transporter  of  serotonin  have  been  demonstrated  to  impose 

individual  differences  in  the  levels  of  serotonin  available  in  the  synapse,  and,  through  this, 

eventually lead to individual differences in emotional reactions and thoughts (Hariri, Drabant, et al. 

2006b).  Within the population,  humans  show a common variation  of  a  promoter  region of  the 

serotonin transporter gene called 5-HTTLPR: a short (s) and a long (l) version. People who have 

two copies of the long genetic sequence in this region have less serotonin available in the synapse, 

due to a higher pre-synaptic reuptake of the neurotransmitter. Conversely, people with two copies of 

the s allele show a lower reuptake and therefore have higher synaptic serotonin levels. Thus, one 

may claim that emotional responses in a population show individual variance according to specific 

genetic factors, and that the double s allele version leads subjects to be predisposed to increased 

emotional responses.
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In a  study using functional Magnetic Resonance Imaging (fMRI) Ahmad Hariri  and colleagues 

(Hariri  et al.  2002) compared the activation of the amygdala in the s/l  allelic groups during an 

emotion task (matching of facial expressions compared to matching of geometric figures). It is well 

known from previous neuroimaging experiments that the amygdala exhibits increased activation 

during processing of aversive stimuli, including aversive facial expressions (LeDoux 2007, 2002, 

1998, 1992), although studies have also implicated a role in positive emotions (Murray, 2007). In 

the Hariri study it was found that the activation of the amygdala differed according to genotype. The 

s allelic group showed a significantly higher signal increase in the amygdala during the emotion 

task than the l allelic group. In other words, the level of amygdala activation was influenced by 

genotype,  demonstrating  that  normal  genetic  variance  in  a  population  influences  emotional 

reactions. The results implies that the higher concentrations of serotonin found in the s allelic group 

lead to higher engagement of the amygdala, and that this signalled a heightened emotional response 

to  the aversive faces (see Figure 3).  Put into a behavioural  context,  people may differ  in their 

responses to aversive stimuli – e.g., loss aversion – in a way that is influenced by their genetic 

makeup.

*** PLEASE INSERT FIGURE 3 ABOUT HERE 

Similar  results  have  been  found  for  Catechol-O-methyl  transferase  (COMT),  an  enzyme  that 

degrades catecholaminergic neurotransmitters such as dopamine, epinephrine, and norepinephrine. 

A functional polymorphism in the COMT gene (val158met) is the cause of a fourfold increase in 

enzyme activity (Tan et al. 2007). In particular, the low-activity met158 allele has been associated 

with  improved  working  memory performance  (Goldberg  et  al.  2003),  while  some val158 allele 

carriers  display an advantageous increase in  emotional resilience against  anxiety and dysphoric 

mood (Enoch et al. 2003; Zubieta et al. 2003).
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Working memory

Value-based decision making depends on the ability to hold information about values, motives and 

contexts  over brief  periods of  time.  In  this  respect,  one relevant  cognitive function is  working 

memory (WM), the process of holding information “on-line” in the mind's eye and manipulating it 

in the service of guiding behaviour  (Repovs et al.  2006; Baddeley 2003; Andrés; Collette et al. 

2002).  It  has  been  found that  genetic  variance  leads  to  specific  differences  in  behaviours  that 

include the ability to hold and manipulate information for brief periods of time. For example, a 

polymorphism in the promoter region of the Mono-Amine Oxidase A (MAO-A) gene is known to 

code  for  an  enzyme  especially  involved  in  serotonin  (5-HT)  catabolism.  Recently,  it  was 

demonstrated that this polymorphism also plays a role in spatial WM (Cerasa et al. 2008). By using 

fMRI during a spatial WM task, these researchers demonstrated that subjects with one genotype 

(high activity allele) were associated with increased activity of the right ventrolateral prefrontal 

cortex (PfC) during the high load condition of the WM task.  Furthermore,  since no significant 

difference  on  task  performance  between  the  two  groups  was  observed,  the  observed  neural 

activation in high activity allele subjects was suggested to be a sign of a compensatory mechanism 

that ensured a normal performance level. 

Other studies have documented similar genotype effects for the COMT val158met polymorphism. 

For example, one study suggests that met carriers perform better than val/val individuals on verbal 

WM (Aguilera  et  al.  2008) while  another  study indicate  that  met  carriers  likewise  outperform 

val/val carriers during arithmetic and temporal transformations in WM (Tan et al. 2007). 

Taken together, this accumulating research demonstrates that genetic differences lead to individual 

differences  in  the  workings  of  the  dopamine  system,  and that  this  in  turn  leads  to  observable 
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differences in WM performance. WM can be considered a crucial function that ties encoding and 

memory  together  with  the  present,  thus  enabling  executive  functions.  In  particular,  working 

memory capacity reflects the efficiency of executive functions, most notably the ability to maintain 

a few task-relevant representations in the face of distracting irrelevant information. Consequently, 

genetic polymorphisms that lead to differences in WM performance will affect differences in how 

information is processed, remembered and acted upon.

Executive functions

Decision making constitutes the core behavioural part of economic models, and the accumulated 

knowledge from the past decades has lead to improved understanding of the neurobiological basis 

of how decisions are made. Decision making is known to be based on a conglomerate of different 

sub-processes.  For  instance,  “executive  function”,  thought  to  be  an  important  component  in 

decision making processes, is often subdivided into three distinct functions: (1) the manipulation of 

information, such as performing mental arithmetic (thus, a WM component); (2) the control and 

management of cognitive processes, including impulse control; and (3) the planning, initiation and 

monitoring of specific  behaviour.  In general,  executive functions  are  served by neurobiological 

processes located anatomically in the prefrontal cortex, as demonstrated by both lesion studies (Volz 

et al. 2006; Manes et al. 2002; Floden et al. 2008; Clark et al. 2008, 2004) and neuroimaging studies 

(Vorhold et al. 2007; Rao et al. 2008; Forstmann et al. 2008; Ivanoff et al. 2008). However, lesions 

may lead to selective executive dysfunctions, e.g., preserved impulse control but with diminished 

WM function. This suggests that different executive functions (and their neural substrates) should 

be considered to be heterogeneous systems. 

As mentioned earlier, several studies have identified different neural systems for decisions relating 

to immediate and delayed rewards (Wittmann et al. 2007; Kalenscher et al. 2008b; McClure et al. 
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2004). A number of brain regions are known to be involved in the selection of immediate rewards, 

including the medial orbitofrontal cortex (OFC), the posterior cingulate cortex, posterior parietal 

cortex, ventral striatum, and dorsolateral PfC (McClure et al. 2004). In addition lesion studies have 

suggested the involvement of other structures, including the amygdala (Winstanley et al. 2005) and 

the hippocampus (Levine et al. 2005). The systems implicated in this research points to dopamine 

as an important neurotransmitter of impulsive behaviour, and several studies have demonstrated a 

close relationship between dopamine levels and impulsivity (Volkow et al. 2007; Takahashi 2007; 

Pattij et al. 2008; Isaias et al. 2008; Arce et al. 2006; Cardinal 2006, 2004). Correspondingly, many 

genetic polymorphisms influencing the dopaminergic system, which target these brain structures, 

have been identified as likely contributors to impulsivity (Kreek et al. 2005). In a recent study, it 

was  first  demonstrated  that  impulsive  and  time-delayed  choices,  served  by  different  neural 

mechanisms, were influenced by genotype (Boettiger et al. 2007). The researchers found a positive 

correlation between the choice of  immediate  reward and the magnitude of  BOLD fMRI signal 

during  decision  making  in  the  posterior  parietal  cortex  (PPC),  dorsal  PfC,  and  rostral 

parahippocampal cortex, while the tendency to choose larger, delayed rewards was correlated with 

activation in lateral OFC. Interestingly, and central to the present discussion, is the fact that the 

researchers  included  an  analysis  of  genotype  of  the  COMT gene  and  its  effect  on  both  brain 

activation and decision behaviour. It was found that the genotype at the val158met polymorphism of 

the COMT gene predicted both impulsive behaviour and activity levels in the dorsal PfC and PPC 

during decision making. In particular, this difference was driven by the val/val genotype compared 

to met/met or val/met genotypes. That is, val/val subjects more often displayed increased levels of 

activity in dorsal PfC and PPC, and more often chose immediate rewards.

With  regard  to  the  previously mentioned study by Cerasa  et  al.  (2008),  the  fact  that  MAO-A 

genotype  affects  ventrolateral  PfC  activation  also  relates  to  executive  function.  Studies  have 

11



recently demonstrated that the ventrolateral PfC plays an important role in inhibitory control (Volz 

et al. 2006; Sakagami et al. 2006, 2007; Krawczyk 2002). These results indicate that genetically 

mediated differences in MAO-A may impact individual differences in inhibitory functions.  

How genes make up your mind

Recent  studies  in  the  newly  established  discipline  of  imaging  genetics  has  provided  valuable 

insights into value-based decision making. First, the results provide a detailed insight into the basic 

brain mechanisms of decision making – alleles, neurotransmitters and neuronal ensembles – and 

how they influence behaviour. Increased knowledge is always desirable, and it provides the means 

to affect systems with more specific and tailored approaches than currently used. Second, the results 

suggest  a  model  for  individual  variance.  That  is,  a  great  deal  of  behavioural  variance  during 

preference formation and decision making may now be explained by specific biological factors. 

Taken together, the impacts from imaging genetics may be plentiful and have yet to be realized in 

any aspect of science, from medical disciplines and psychology to economic theory.

Next, we briefly turn to ageing research, as a second important biological modulator of value-based 

decision making.

The effects of age on emotion and cognition

In biology, “ageing” and “senescence” are terms for the deterioration of organisms over time. In 

reality the term “ageing” refers to a manifold of biological processes which, with time, profoundly 

alter the anatomy, neurochemistry and physiology of all organisms. The impact of ageing affects the 

whole body, but the effects on the central nervous system are especially dramatic. On mere visual 

inspection, brains of older people can easily be distinguished from their younger peers, and more 

specific tests ranging from whole-brain volumetric analysis to studies of neurochemistry and cell 
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biology demonstrate substantial age-related changes in the brain. For example, MRI studies of the 

effects of age on specific brain volumes have shown independent and often non-linear changes with 

increasing age. In a study of the effect of age on grey and white matter tissues of the cerebrum and 

cerebellum, it was found that the hippocampus showed a significantly accelerated loss relative to 

grey matter elsewhere in the brain, and that the prefrontal cortex was disproportionally affected by 

cortical volume loss and increased white matter abnormality (Jernigan et al. 2001). Furthermore, it 

was found that age-related volumetric changes were better described using non-linear than linear 

models. Some regions showed a 'plateau' phase where increasing age had small effects on regional 

brain  volume,  while  other  regions  did  not  show any such  plateau  phase,  and  were  thus  more 

continuously affected by age. The results of the Jernigan et al. study also showed that the loss of 

cerebral and cerebellar white matter occurred later than the loss of grey matter, but that, ultimately, 

white matter loss was larger than grey matter loss.

Apart from the obvious physical changes that accompany increasing age, other well known age-

related  changes  are  of  a  mental  and  cognitive  kind  and  thus  more  directly  related  to  decision 

making. It has been known that old adults, while still being mentally healthy, become slower and 

gradually  have  specific  cognitive  problems such as  reduced  performance  on  different  kinds  of 

memory tests. Empirical studies of healthy ageing have long explored these cognitive changes. For 

example, increasing age has been associated with significant reductions in speed, working memory, 

and long-term memory function and efficiency (Whalley et al. 2004; Cabeza, Nyberg, et al. 2004; 

Cabeza et al. 2002). 

It  has  been  suggested  that  in  older  age,  it  becomes  increasingly  difficult  to  ignore  irrelevant 

information or thoughts, and to inhibit dominant responses (Cabeza 2002; Dolcos et al. 2002; Park 

et al. 2002). The consequence of these changes is that older adults may remember items, facts and 
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news relatively well,  but exhibit diminished capacity,  relative to young adults, to remember the 

context in which the information was first presented. Hence, it is possible that age-related decline in 

working  memory  performance  does  not  represent  a  decrease  in  capacity  per  se,  but  rather  a 

cluttering of irrelevant information due to decreased ability to control working memory contents. 

The cognitive neuroscience of ageing

Until  recently,  the  cognitive  and  neural  mechanisms  of  age-related  changes  in  cognition  were 

studied independently of each other, i.e. as the cognitive science of ageing and the neuroscience of 

ageing, respectively. While the former focuses on age-related changes in behavioural measures of 

cognition  such as  attention  and memory,  the latter  studies  how age alters  the morphology and 

physiology of the brain. Although it has been reasonable to assume that the observed cognitive 

changes are consequences of changes in the brain, the direct link between these approaches has only 

recently  been  formalized,  specifically  through  the  cognitive  neuroscience  of  ageing  (Cabeza, 

Nyberg, et al.  2004). The advent of modern neuroimaging methods have allowed studies of the 

effects of healthy ageing on brain morphology and function. 

Among the large range of studies that have focused on the effects of age upon functional activation, 

two types of consistent findings have emerged. The first finding is that older adults tend to show a 

more bilateral recruitment of the prefrontal cortex during demanding task, and that this response is 

interpreted as a sign of relative preserved or improved performance, compared to old subjects that 

do not show this pattern. The second class of finding is that age leads to a reduced efficiency and 

specificity in functional activation, compared to young adults. 

Loss of function and compensatory mechanisms

In studies of episodic memory, the memory of personally experiences, young healthy individuals 
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display  a  hemispheric  asymmetry  for  different  stages  of  the  mnemonic  process.  Functional 

neuroimaging studies have shown that the left PfC is more involved in episodic encoding, whereas 

the  right  PfC  is  more  involved  in  episodic  retrieval,  a  pattern  described  by  the  hemispheric 

encoding/retrieval asymmetry (HERA) model (Blanchet et al. 2001; Desgranges et al. 1998; Habib 

et al. 2003). Left PfC has been associated with semantic processing, and it is known from a number 

of  studies  that  semantic  processing  enhances  encoding.  In  contrast,  the  right  PfC  has  been 

associated with verification and checking operations. When left PfC activation is observed during 

retrieval, it is often attributed to semantic generation. 

In  studies  of  ageing,  one  of  the  most  consistent  findings  has  been  an  age-related  change  in 

asymmetry  during  episodic  memory  processing.  According  to  the  Hemispheric  Asymmetry 

Reduction in Older Adults (HAROLD) model PfC activity tends to be less lateralized in older than 

younger adults  (Dolcos et al. 2002; Cabeza, Daselaar, et al. 2004; Cabeza 2002; R Cabeza 2001). 

The  model  is  now supported  by functional  neuroimaging,  electrophysiological  and  behavioural 

evidence in the domains of episodic memory, semantic memory, working memory, perception and 

inhibitory  control.  As  previously  mentioned,  in  young  adults,  brain  activation  during  episodic 

memory retrieval tends to be right lateralized. However, compared to this group, older adults show 

significant activations in both hemispheres during word pair cued recall, working memory, and face 

matching (Dolcos et al. 2002; Cabeza et al. 2004). 

In general, the bilateral involvement in older adults is interpreted as compensatory and as a sign of 

preserved cognitive function. That is, to counteract cognitive decline, older adults are thought to 

recruit both hemispheres in tasks where young subjects only recruit one hemisphere. Important to 

the present context is the realization that healthy ageing leads to significant changes in cognition, 

emotion and behaviour. In this respect, neural activation should not be considered as stable across 
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(or within) subjects. On the other hands, ageing should not be considered as a disease, but rather as 

part of the normal, healthy spectrum of human cognition.

Several  studies  have  demonstrated an  association  between age-related reduction in  hemispheric 

asymmetry and preserved performance. Here, one can distinguish between two classes of findings: 

studies  comparing  the  performance  of  younger  and  older  adults,  and  studies  in  which  there  a 

difference is found between high and low performing older adults. An example of the former class 

of  findings  comes from a study by Mattay et  al.  (Mattay et  al.  2006) who found that  even at 

comparable  performance  levels  during  a  low load  WM task  older  subjects  showed  a  bilateral 

engagement of the PfC, compared to young subjects.  When WM load increased,  older subjects 

performed worse than young subjects, and showed a reduction in the bilateral recruitment of the 

PfC. This suggests that, within capacity, compensatory mechanisms such as additional prefrontal 

cortical activity are called upon to maintain proficiency in task performance. However, as cognitive 

demand  increases  older  adults  are  pushed  past  a  threshold  beyond  which  physiological 

compensation cannot be made and a decline in performance occurs.

The second class of studies on compensatory mechanisms focuses on high- and low-performing 

older adults. For example, in a comparison of young adults, low-performing old adults and high-

performing old adults, it was found that low-performing older adults recruited similar right PFC 

regions as young adults during memory retrieval, while high-performing older adults engaged PFC 

regions bilaterally  (Cabeza et al. 2002). This suggests that low-performing older adults recruit a 

network  similar  to  young  adults  but  use  it  inefficiently,  whereas  high-performing  older  adults 

counteract  age-related  neural  decline  through  a  functional  reorganization  of  neurocognitive 

networks. Such findings indicate that the older brain can reorganize to better cope with cognitive 

challenges.  Although  over-activation  may play  a  compensatory  role  when  cognitive  decline  is 
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limited, under-activation seems to be the typical pattern when cognitive impairment is in a more 

progressed  state.  This  pattern  of  age-related  changes  suggests  that  compensation  through over-

activation is restricted to the early stages of cognitive impairment in ageing.

It  has  furthermore  been  found  that  age  leads  to  reduced  performance  on  high-order  cognitive 

functions such as WM and attention despite a preserved internal organization. Compared to the 

results mentioned previously that show significant alterations in neural activations in both preserved 

and  reduced  performance  in  older  adults,  the  claim for  unaffected  internal  organization  is  not 

supported. Instead, several findings now suggest that the neural architecture underlying different 

cognitive functions is disrupted with increasing age  (Rajah et  al.  2005; Park et al.  2002, 2004; 

Dolcos et al. 2002; Park et al. 1996). 

Contrary  to  the  compensatory  model  of  ageing,  other  authors  have  suggested  alternative 

explanations of the observed age-related changes in brain activation. Rather than seeing an age-

related reduced hemispheric asymmetry in the PfC as a sign of compensatory mechanisms, it might 

signal  a  failure  to  keep  neural  activity  confined  within  a  single  hemisphere.  According  to  the 

dedifferentiation  model  of  ageing,  old  age  is  associated  with  a  loss  of  specificity  in  neural 

activation. This model follows the idea of a differentiation process during brain maturation in early 

childhood and adolescence, as originally stated in the early child development literature by Garrett 

(Garrett 1946). Here, it was suggested that during maturation, a global cognitive capacity branches 

into  a  series  of  specialized cognitive  abilities.  More  recently,  the  idea  of  differentiation  during 

maturation  has  been  supported  by  functional  neuroimaging  studies  (Park  et  al.  2004).  The 

dedifferentiation model, on the other hand, suggests that in old age, neural systems become less 

functionally  differentiated  as  a  consequence  of  general  atrophy and reduced neuronal  function. 

Following this view, the age-related reduction in episodic memory and other cognitive functions 
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may be caused by dedifferentiation in related structures. 

A number  of  specialized  structures  have  been  suggested,  including  the  amygdala  in  emotional 

processing,  the  nucleus  accumbens  in  reward  processing,  a  part  of  the  fusiform gyrus  in  face 

processing, and a part of the posterior parahippocampal gyrus in place processing. Importantly, it 

has been found that the amygdala response to aversive stimuli is reduced in older age, suggesting a 

general reduction in emotional reaction to such input (Tessitore et al. 2005; St Jacques et al. 2008; 

Iidaka et al.  2002; Gunning-Dixon et al.;  Fischer et al.  2005). In particular, recent research has 

found that  increasing  age  affects  loss  aversion  processing  but  not  gain  anticipation  processing 

(Samanez-Larkin et al. 2007). Other studies, suggest that age-related function loss may occur at a 

more basic level. For example, functional neuroimaging studies have demonstrated an age-related 

loss of regional specialization in visual perception. Park et al. (2004) studied the regional activation 

during perception of visual stimuli such as houses, faces, chairs, and pseudo words. In young adults 

these regions are known to produce specific and dissociable responses in occipito-temporal regions. 

By comparing  functional  activations  in  young and old  subjects,  it  was  found that  older  adults 

displayed significantly less neural specialization for each stimulus category in ventral parts of the 

visual cortex compared to young adults. 

Taken together, although the dedifferentiation model falls short of an interpretation of age-related 

reduced hemispheric asymmetry, it may explain the reduced neural specificity observed in other 

regions of the brain. It is possible that dedifferentiation is a sign of age-related changes that are due 

to stochastic processes, and that this induces 'noise' in the neuroarchitecture of cognitive functions. 

Ageing mind, ageing decisions

Taken  together,  recent  insights  from the  study of  healthy  ageing  suggests  that  the  very  basic 
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mechanisms of value-based decision making is  changing in  many ways.  In particular,  although 

research suggests that many structures and functions show reduced responses, de-specialization and 

generally more noisy processing, other structures and functions are better preserved. These findings 

may bear implications for both theoretical accounts of functional modules of preference formation 

and decision making, as well as practical applications where the specific age-related changes are 

considered. 

Diversity-driven models of value-based decision making

Models of the mind and behaviour seek to determine the general features that apply to all subjects. 

As such, one of the main aims is to provide an explanation that explains at a level of detail that can 

apply to everyone. However, with the discovery of microbiological factors that significantly affects 

cognition,  emotion  and  behaviour,  one  could  ask  whether  there  is  a  lower  limit  to  the 

generalizability of such models.  Indeed,  if  individual differences are  largely caused by specific 

biological factors, generalist models should adapt and incorporate this knowledge. 

Our present knowledge of these factors, both individual biological factors and their interactions (for 

example, gene by age interaction), is incomplete and poorly understood at the general level. Here, 

we suggest the tentative idea that biological factors can be included in neuroeconomic models as 

covariates.  That is,  genotype should be included as a categorical  variable,  while age should be 

included as  a  continuous variable.  This  can be illustrated with  a  reconstruction of  the  Rangel-

Camerer-Montague model cited earlier in this paper. The original model introduced value-based 

decision making as the result of representation, valuation, action selection, outcome evaluation and 

learning.  For  each  individual  step,  we here suggest  that  genotype  and age  should  be added as 

dimensions in the model. This is illustrated in Figure 4:
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*** PLEASE INSERT FIGURE 4 ABOUT HERE

Several advantages for this model are apparent. It allows the determination and factoring out of 

important  biological effects,  and,  in particular,  their  relative roles and strengths in the decision 

making process. For example, the emotional aspect during valuation is both affected by serotonin 

genotype, age and gene by age interactions. Executive control, such as reward-seeking behaviour, is 

modelled  by  genotype  effects  in  the  COMT gene,  as  well  as  in  MAO-A,  but  might  be  less 

influenced by age-effects.

One important feature of this model is the description of biological factors that may be altered 

artificially in order to induce alterations in behaviour. For example, the idea that serotonin models 

the production and expression of aversive emotions may suggest that medically induced changes in 

serotonin  levels  may  lead  to  alterations  in  aversive  emotions  and  behaviour.  Indeed,  this  was 

recently demonstrated in a recent double-blind study in which a acute serotonin depletion (the short 

term reduction  of  serotonin  levels)  changes  subjects'  behaviours  in  a  prisoner's  dilemma game 

(Crockett et al. 2008). During serotonin depletion, subjects tended to reject unfair offers more often, 

without  affecting  mood,  fairness  judgement,  basic  reward  processing  or  response  inhibition. 

Similarly, acute serotonin depletion has already been found to lead to attentional bias, disturbed 

emotional responses, learning and memory, and in decision making  (van der Plasse et al.  2007; 

Roiser et al. 2007; Külz et al. 2007; Riedel 2004; Clarke et al. 2004; Evers et al. 2006; Blair et al. 

2008). Taken together, the literature suggests a negative relationship between serotonin levels risk 

seeking/impulsivity, and a positive relationship between serotonin level and risk aversion. It may 

thus  seem  that  higher  concentrations  of  serotonin  leads  to  increased  tendencies  for  negative 

emotional responses, anxiety and, through this, behavioural changes such as  risk aversion.
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Concluding remarks

Models of value-based decision making are currently identifying the basic processing nodes and 

functions that are responsible for representation, valuation, action selection and learning. However, 

just  as  recent  inclusion  of  cognitive  neuroscience  has  influenced economic  models  of  decision 

making, similar contributions can be expected from some of the more recent research trends in 

cognitive neuroscience, imaging genetics and the cognitive neuroscience of ageing. We have here 

presented some of the possible contributions this research can make, but acknowledge that much 

more research is needed. In particular, cross-disciplinary collaboration is needed in order to provide 

comprehensive and sufficiently detailed models of value-based decision making. 
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FIGURE CAPTIONS

Figure 1

The  Rangel-Camerer-Montague model of basic computations involved in decision making. It has 

recently been suggested that  decision making can be broken down into a  few basic  processes; 

representation, valuation, action selection, outcome evaluation, and learning. The dotted line box 

indicates processing stages  that  are  primarily treated in  the current  paper.  Figure adapted from 

Rangel et al. (2008).



Figure 2

The basics of imaging genetics and individual difference. Subtle allelic differences lead to small 

changes in neural structure and function. During development and learning  the small variations 

may lead to system-wide individual differences in neural processing and structure that eventually 

lead to observable behavioural differences.



Figure 3

Effect of 5-HTT genotype on right amygdala activation (inset, indicated by white dot). The fMRI 

paradigm (top)  in  which  emotional  face processing (A) was compared  to  a  sensimotor  control 

condition (B). A genotype-based parametric comparison demonstrated that the s group showed a 

significantly greater activation in the right amygdala than the l group, as shown on the BOLD fMRI 

response overlaid on an averaged structural MRI (inset), and by comparing the mean BOLD fMRI 

percent signal change in the right amygdala (bottom). Adapted figure (permission pending)



Figure 4

Extended  version  of  the  Rangel-Camerer-Montague  model.  Within  each  processing  node,  two 

dimensions are added, here exemplified with the three primary nodes. The genotype dimension is a 

categorical  variable  that  divides  subjects  into two or  three  classes,  while  the age dimension  is 

continuous (inset, top left). 


