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ABSTRACT 

 

Behaviour is guided by accumulated experience, valuation and comparison. While many aspects 

associated with these functions are mediated by the frontal lobes, the precise contribution from 

particular regions remains debated. This thesis will deal with how an organism comes to select 

an option and will specifically focus on the role of the orbitofrontal cortex (OFC) in two 

mechanisms in this process: learning of outcome specificities and selecting between multiple 

options based on their expected values. Despite evidence emphasizing anatomical and connective 

heterogeneity within this structure, the OFC is often regarded as a uniform region. This thesis 

aims to resolve some of this uncertainty by assuming that the medial and lateral regions of the 

OFC contribute differentially to learning and decision-making. Two distinct methodologies were 

used in these investigations. First, the contribution of the medial OFC to social and emotional 

processing was examined. The findings from this study disprove previously held beliefs that the 

medial regions of the OFC guide social and emotional behaviours, but indicted a role for this 

region in value-guided decision-making. The second study examined functional differences 

between the lateral and medial OFC by making circumscribed lesions to either region in 

macaque monkeys. The animals performed a number of 3-armed bandit tasks which were 

designed to investigate different aspects of value assignment and comparison. The results show 

that while lateral OFC was required for “credit assignment” – the correct assignment of values to 

visual cues – medial OFC was critical for comparison of the cues’ values during decision-

making. In unchanging probabilistic environments, mOFC lesions induced decision-making 

impairments when value comparison was difficult without affecting credit assignment and 

associative learning. By contrast, lateral OFC lesions caused the opposite pattern of impairment. 

The final study used human-neuroimaging techniques to investigate the differential 

representation of outcome-specific contingency learning and found not only that the expectation 

of a unique outcome facilitated learning and memory recall but that this was supported by a 

neural network which included the lateral regions of the OFC and the anterior cingulate cortex. 

Activity in the mOFC did not correlate with outcome-specific contingency learning but instead 

reflected both the value associated with the receipt and expectation of a reward. Taken together, 

the results from this thesis suggest that specific parts of the OFC make markedly different 

contributions to these very different cognitive functions.  

This work was funded by a 4 year Wellcome Trust studentship 
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LONG ABSTRACT 

The ventromedial prefrontal cortex (vmPFC) in humans is associated with emotional processing, 

learning and decision-making. However, whilst the nature of these functions has been examined 

the anatomical foci of function have tended to be overlooked. The vmPFC is composed of a 

number of distinct anatomical subregions; the orbitofrontal, the anterior cingulate and 

frontopolar cortex. For many years the orbitofrontal cortex (OFC) was believed to support 

emotional and social processing through its role in representing primary reinforcement or 

punishment (Rolls, 1999). However recent evidence suggests the contributions of the anterior 

cingulate cortex (ACC) to normal social evaluative processes and the frontal polar cortex (FPC) 

to relative choice valuation should not be overlooked. Moreover, detailed analysis of the 

anatomical structure and connectivity of the OFC has demonstrated that it is far from a 

homogeneous structure and instead is composed of a mosaic of areas. Based on cortico-cortical 

and cortico-subcortical connections these subregions have been broadly divided into two 

connectional networks: the ‘medial’ and the more lateral ‘orbital’ prefrontal network. As cortical 

function is critically dependent on the intrinsic and extrinsic connective patterns of a brain region 

as well as its anatomical structure it is possible that functional differences exist within OFC 

subregions. Chapter 1 will review a number of animal and human studies which have contributed 

to the understanding of the role of the OFC in emotional and emotional processing, learning and 

decision-making. Chapter 2 will discuss the anatomy of the OFC. Describing cyctoarchitectonic 

and connective differences between medial and lateral regions of the OFC and how these may 

relate to differences in regional function. Collectively, these chapters will consider the 

hypothesis that learning and decision-making are functionally separable within the OFC and set 
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out a number of experiments described in detail in the subsequent chapters which support this 

hypothesis. 

The first experiment set out to address the alterations in socially guided behaviour after 

damage to parts of the vmPFC. The debate over the loci of social and emotional processing in 

humans is complicated by the nature of stroke damage: being rarely restricted to a well defined 

cortical area. Various theories have argued that changes in personality following frontal brain 

injury were due to damage to the OFC and were supported by this region’s role in stimulus-

reinforcement learning (Rolls, 1999). However vmPFC damage in patients usually includes 

mOFC, as well as affecting subgenual/perigenual ACC. Recent work shows that only emotional 

processing relies on the OFC (Rudebeck et al., 2006a). Social valuation, in contrast, is mediated 

by the ACC. If changes in emotional processing are attributed to reinforcement guided learning 

mechanisms, and these mechanisms are only supported by the lOFC (Walton et al., 2010), only 

damage to lateral areas should contribute to impairments in emotional processing. Therefore, the 

purpose of the study described in Chapter 3 was to investigate the specific contribution of mOFC 

to emotional and social valuation. Four macaque monkeys were tested on a species-specific task 

measuring the animals’ valuation of emotional and social stimuli (Rudebeck et al., 2006a), prior 

to and after focal lesions of mOFC. This group of animals was compared to previously collected 

data on the same task with animals with lesions to the ventral and lateral regions of the prefrontal 

cortex as well as animals with lesions to the anterior cingulate gyrus (ACCg). These comparisons 

revealed that only animals whose lesions included the lOFC were impaired in emotional 

valuation and only animals with ACCg lesions were impaired in using social information to 

guide subsequent actions. This chapter does however implicate the mOFC in value-guided 

decision-making as mOFC lesions deficits were identified in a probabilistic 2-choice decision 
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task. These deficits were not seen after ACCg lesions. In summary, the double dissociation 

between the patterns of impairment suggests that vmPFC involvement in decision-making, 

emotional and social valuation may be mediated by distinct subregions centred on mOFC, lOFC 

and ACCg respectively. 

In order to directly address the uncertainty surrounding the role of the OFC in value-

guided learning and decision-making, the second experiment explored the hypothesis that the 

lOFC is involved in the assignment of value to a previously selected option (Walton et al., 2010), 

while the mOFC contributes to value comparison between multiple competing options. 

Macaques performed 3-armed bandit tasks designed to probe these different aspects of learning 

and choice behaviour and the effects of selective mOFC lesions were contrasted against lOFC 

lesions. The results described in Chapter 4 confirmed the specificity of impairments in value 

assignment to the lOFC, as mOFC-lesioned animals were still able to learn stimulus values. 

However, mOFC-lesioned animals demonstrated deficits in comparing the stimulus cues’ values 

during decision-making. In unchanging probabilistic environments, mOFC lesions induced 

decision-making impairments when value comparison occurred in difficult multi-option 

environments. In contrast, lOFC-lesioned animals showed no such impairment in decision-

making. These results therefore describe a double dissociation within the OFC. 

Chapter 5 attempts to clarify the nature of the impairment experienced by mOFC-

lesioned animals by comparing their choice behaviour in dynamically-changing environments 

relative to their control performance. The results suggest that, contrary to axiomatic assumptions 

of decision theory, the mOFC-lesioned animals’ value comparisons were no longer independent 

of context or the presence of alternative options. MOFC-lesioned animals were beguiled into 

choosing the second best option partly as a function of there being a large difference in value 
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between it and the worst option. The pattern of impairment suggests the mOFC is critical for 

maintaining a uniformly scaled “decision-making space” for rational decision-making.  

The final experiment initially investigated whether outcome-specific expectations of a 

forthcoming reward were associated with improved learning and memory. This concept has been 

demonstrated in numerous animal learning experiments (Schmidtke et al.; Carlson and 

Wielkiewicz, 1972; Trapold and Overmier, 1972; Jones and White, 1994; Miyashita et al., 2000; 

Kelly and Grant, 2001; Easton and Gaffan, 2002; Urcuioli, 2005; Ramirez and Savage, 2007). 

Such studies suggest that this process relies on a number of cortical and subcortical regions 

including the OFC, temporal cortex and the amygdala. However, this network is still not well 

understood, particularly in humans. The current study sought to investigate learned expectations 

acquired through an outcome-specific contingency learning mechanism, using a novel version of 

the Differential Outcomes Procedure adapted for humans. Pre-conditioning Stimulus-outcome 

(S-O) and Response-outcome (R-O) exposure phases were combined with final Stimulus-

response (S-R) learning and during each phase the consistency of the outcomes which followed 

individual stimuli and actions were manipulated. Chapter 6 describes how predicable outcomes 

were found to significantly improve learning and recall of visuomotor associations and implied 

that a specific expected outcome can act to guide a selective human behavioural response.  

The second objective of the experiment described above was to investigate the neural 

basis of underlying the behavioural advantage associated with outcome consistency. Functional 

magnetic resonance imaging (fMRI) measured the blood-oxygen-level dependent (BOLD) 

responses during the final S-R learning phase and it was anticipated that the OFC would show 

increased activation in subjects with access to outcome-specific information to guide choice 

behaviour. This hypothesis was based on rat lesion (Ostlund and Balleine, 2005, 2007a, b; 



8 
 

Ramirez and Savage, 2007) as well as human neuroimaging experiments (Valentin et al., 2007; 

de Wit et al., 2009) which implicated this region in outcome-specific contingency and goal-

directed S-O learning. The results presented in Chapter 7 indicated that the lateral orbitofrontal 

cortex showed differential activation for error related feedback and the knowledge of the 

rewarding environment when consistent S-O and R-O mappings were available to guide action 

selection. Furthermore, the ACC also showed differential activation in proportion to the subject’s 

knowledge about which response to select. Critically though, this experiment distinguishes 

between the contributions of the mOFC and lOFC to outcome-specific learning. Previous studies 

emphasize the role of more medial regions of frontoventral cortex in outcome-specific or goal-

directed learning (Valentin et al., 2007; de Wit et al., 2009). However, this chapter will argue 

that for various reasons these studies misattribute mOFC activation that is really related to 

valuation and choice, to the updating of stimulus-outcome values.  

Chapter 8 brings all the work in this thesis together and discusses the markedly different 

contributions of the lOFC and mOFC to learning and decision-making. This chapter also 

explores a number of potential avenues for further research and discusses potential reasons 

to explain why some of the results conflict with previous studies.  
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CHAPTER 1: THE CONTRIBUTION OF THE VENTROMEDIAL 

PREFRONTAL CORTEX TO EMOTIONAL AND SOCIAL 

PROCESSING, LEARNING AND DECISION-MAKING 

Damage to the ventromedial prefrontal cortex (vmPFC) in humans is associated with impaired 

learning, decision-making and emotional processing. However, whilst attention has been focused 

on the nature of these impairments, the anatomical foci of function has tended to be overlooked. 

For a number of years it was suspected that sub-region of the vmPFC, the orbitofrontal cortex 

(OFC), was the critical foci for all of these deficits, as it was thought to underlie emotional and 

social processing through its role in representing primary reinforcement or punishment. 

However, recent evidence suggests that the contributions of the anterior cingulate cortex (ACC) 

to normal social evaluative processes, and the frontal polar cortex to relative choice valuation 

should not be overlooked. As a result research is beginning to consider the importance of 

anatomical differences between the subregions of the frontal cortex. This thesis presents 

evidence that the anatomical subdivisions within the OFC are functionally meaningful, with 

relatively independent regions uniquely contributing to specific aspects of learning and decision-

making.  

 

1.1 Introduction 

What an apple must be to Newtonian physicist, a tamping iron is to a frontal lobe cognitive 

neuroscientist. Just as the apple is said to have fallen from the sky, striking the head of Issac 

Newton and inspiring a branch of physics for the following 500 years, a tamping iron is reported 
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to have exploded through the medial frontal lobe of one Phineas Gage and inspired the theory 

that the frontal lobes play a distinct and critical role in guiding behaviour. This thesis is inspired 

by the latter event and aims to contribute to the developing theories of frontal lobe function. 

The reason why this and so many previous theses can be inspired from a single event in 

medical history is that it is so well documented. In 1848, Phineas Gage, a 25-year-old New 

England railway foreman, attempted to push an explosive charge into solid rock with a tamping 

iron. Unfortunately, his choice of actions set off an uncontrolled explosion that drove the iron 

into the left side of his skull. Remarkably, Gage survived and was delivered to John Harlow who 

treated and recorded the subsequent recovery. Over the next 12 years, until Gage’s death, Harlow 

detailed the severe changes in emotion, social behaviour and decision-making. In the years since 

various attempts have been made to localise the lesion Gage suffered. Using his still-existing 

skull and modern neuroimaging techniques (Figure 1.1) it is suggested that the damage involved 

bilateral anterior and right mesial OFC, bilateral polar and mesial frontal cortices and bilateral 

anterior ACC gyrus (Damasio et al., 1994). These conclusions are not without controversy and 

so the precise locus of the damage, as well as the extent of the personality changes following the 

injury, remain in debate. Despite this, Gage’s case retains its status as the first to demonstrate the 

importance of the frontal lobes in normal emotional, social processing as well as decision-

making. It therefore stands in history as an event which shaped the theory and understanding of 

brain function. 
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Figure 1.1. A reconstruction of the passage of the tamping iron through the head of Phineas Gage. The images are 

based on scans from the skull (top left) and show that the tamping iron entered through his left cheek and exited 

close to the midline, predominantly damaging the left ventral and medial frontal cortex. Permission to adapt and 

reprint granted by Damasio et al (1994) and the American Association for the Advancement of Science. 

 

Since Gage, another patient with a more selective vmPFC lesion has been studied 

extensively (Eslinger and Damasio, 1985; Saver and Damasio, 1991). Patient EVR had a large 

orbitofrontal meningioma surgically removed and, despite the evidence of his intelligent 

remaining intact, EVR developed profound personality changes. The surgery removed bilateral 

OFC and right mesial Brodmann areas 32, 10, 8, 9, 24 and the anterior portion of area 6. 
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Similarly, on the left mesial damage included areas 8, 9 and 24. The lesion also affected the right 

dorsolateral cortex (prefrontal fields 8, 9, and 46). In tests of language, memory, visual 

perception, construction, abstraction, calculation and orientation EVR showed above average 

functioning. His social judgement was deemed sensible; his reasoning logical and his Minnesota 

Multiphasic Personality Inventory (MMPI) profile did not indicate psychopathology. Yet, the 

authors argued, there was a dissociation between the intact cognitive abilities, as measured by 

standardised testing, and the actual utilisation of those abilities in the real environment. When 

EVR was called to act on the real-life equivalent of the problems he was posed with in the 

laboratory he usually took the wrong action. In his life since the surgery this manifested in 

bankruptcy, two divorces, a potentially new bad marriage, the loss of numerous jobs and 

continued employment problems. Eslinger and Damasio coined the term “acquired sociopathy” 

to describe EVR’s dramatic change in personality.  

Case studies, while considerably informative, require corroboration. Subsequent to the 

discovery of EVR, groups of patients with damage localised within the ventromedial frontal 

cortex have been studied and compared to patients with lesions outside of the vmPFC, such as 

the dorsolateral PFC (dlPFC), and to normal healthy control subjects. Collectively, these patients 

are described as showing alterations in personality, learning and decision-making. Patient studies 

can be broadly divided into two groups. First, there are those which emphasise the social 

impairments and personality changes, such as increases in the expression of socially 

inappropriate behaviour, aggression and impulsivity, as well as the tendency to misinterpret other 

people’s moods (Hornak et al., 1996; Hornak et al., 2003; Berlin et al., 2004). Patients often 

show impairments in the judgement of other people’s intimacy through non-verbal cues (Mah et 

al., 2004), as well as in their ability to interpret facial and vocal emotional expressions (Hornak 



15 
 

et al., 1996; Mah et al., 2005; Heberlein et al., 2008) and processing of moral violations 

(Ciaramelli et al., 2007).  

Second, there are those studies that describe vmPFC patients impairments in learning and 

decision-making (Rolls, 2005). In what are now considered seminal studies in frontal lobe 

psychology conducted at the University of Iowa, vmPFC patients, including EVR and normal 

healthy controls, played a probabilistic game for monetary reward (Bechara et al., 1994; 

Bechara et al., 1997; Bechara et al., 1999). In the Iowa gambling task (IGT) participants 

choose between four decks of cards that lead to either monetary gains or losses at different 

rates. Two of the decks are described as “safe”, because choosing cards from them yields 

small but constant gains with minimal losses. The other two decks are described as ‘risky’, 

as picking cards from them leads to large payoffs but even greater monetary losses. Bechara 

and colleagues (1994) showed that vmPFC patients initially behave like normal controls by 

exploring all decks. However, while the controls gradually begin to select more and more 

frequently from the overall advantageous decks, vmPFC patients continue to select frequently 

from the disadvantageous decks. Subsequent experiments measured skin conductance while the 

subjects played the game. Normal subjects were found to begin to generate anticipatory skin 

conductance responses (SCR) whenever they pondered a choice that turned out to be risky, 

before they knew explicitly that it was a risky choice, whereas vmPFC patients never developed 

anticipatory SCRs, although some eventually realised which choices were risky (Bechara et al., 

1997; Bechara et al., 1999). Along with the impairments described by the Iowa group, vmPFC 

patients are also described as impaired in flexible stimulus-reinforcement learning. Patients have 

great difficulty in extinguishing their response to a now no longer rewarded stimulus in 

preference for the stimulus which was previously unrewarded (Rolls et al., 1994). This 
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impairment is particularly apparent in probabilistic environments and manifests in patients who 

have OFC and vmPFC damage, and who tend to accumulate less money over the course of a 

testing session (Rolls et al., 1994; Hornak et al., 2004).  

Deficits are not only apparent in value-guided learning, but also in many aspects of 

value-guided decision-making, such as choice, risk, regret and guilt. Patients are significantly 

more inconsistent in their hypothetical paired choice preferences for food, famous people and 

colours than controls and non-vmPFC patients (Fellows and Farah, 2007). Furthermore, the 

deficits in relative value judgment did not correlate with deficits in reversal learning in these 

patients, suggesting two potentially dissociable functions of the vmPFC (Fellows, 2007). 

Additionally, they also show increased risky behaviour, often being more likely than controls to 

make risky choices when gains are small and losses high (Weller et al., 2007), and betting 

regardless of the chance of winning (Clark et al., 2008). Regret also appears to be processed 

differently after damage to the vmPFC. In the context of gambling, OFC patients show no 

discrimination in SCRs when viewing a better unchosen option compared to controls who do 

show discriminatory SCRs (Camille et al., 2004). vmPFC patients also appear to employ 

maximising strategies less often than normal subjects, consistent with the hypothesis that such 

damage affects the influence of regret on decision-making (Fellows, 2006). Similarly, patients 

are less sensitive to guilt, being less likely to donate money in economic games and less 

trustworthy in their play (Krajbich et al., 2009).  

Deficits found in the laboratory do translate to real-world impairments. Tranel and 

colleagues investigated vmPFC patients using the Multiple Errands Test, which requires patients 

to execute a series of unstructured tasks in a real-world setting. These tasks include purchasing a 

number of small items and determining a number of pieces of information. The patients were 
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impaired relative to controls in the number of tasks they completed and the number of errors they 

made (Tranel et al., 2007).  

A number of theories have been proposed to account for the changes in patient behaviour 

following vmPFC damage. One theory, by Damasio and colleagues (Damasio et al., 1990), was 

based on the findings from the IGT described above. The Somatic Marker hypothesis suggests 

that during normal learning emotion-based biasing signals generated from the body (SCR or 

somatic markers) are associated with specific events or different response options. When making 

a decision the reactivation of the somatic marker indicates the emotional reaction to a response 

option and biases appropriate action selection. Bechara and colleagues (1994) argue that vmPFC 

patients who show a preference for selecting decks of cards that are risky and disadvantageous 

overall are insensitive to future consequences and driven primarily by immediate outcomes. The 

theory argues that the lack of skin conductance responses in vmPFC patients suggest their 

representation of future outcomes are not marked (positively or negatively) with a somatic state 

and, as a result, patients struggle to easily accept or reject options.  

While the Somatic Marker hypothesis attempts to account for the social and decision-

making impairments in vmPFC patients, more recent evidence suggests that the absence of 

somatic markers may not fully explain patients’ deficits. Indeed, it has been suggested that the 

SCRs described as anticipatory may not actually reflect the end product of the decision (Dunn et 

al., 2006). Furthermore, studies have suggested that vmPFC patients are aware that certain decks 

in the IGT are more risky than others, and that their impaired decision-making may actually be 

due to an inability to flexibly assign reinforcement values to stimuli (Rolls, 1999; Maia and 

McClelland, 2004; Fellows and Farah, 2005; Fellows, 2007). The latter theory suggests that this 

ability is a basic prerequisite for normal patterns of emotion and social behaviour, as well as 
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decision-making. It draws its support from a number of studies described above that show 

patients with vmPFC lesions perform poorly on tasks that require altering stimulus reward 

associations, such as visual discrimination reversal learning (Fellows and Farah, 2003; Hornak et 

al., 2004). 

Whilst both theories attempt to fuse the impairments in decision-making and social 

processing together, they often fail to consider the extent of damage caused by the patient’s brain 

injury. Lesions in humans typically straddle a number of anatomically distinct boundaries, and 

such theories may become overly complicated by attempts to amalgamate numerous deficits into 

one account. The frontal lobes contain a number of anatomical divisions and as such it is 

possible that function changes between them. Therefore, lesions that affect more than one brain 

region may produce more than one impairment. This suggests that the impairments in social 

processing, learning and decision-making experienced by vmPFC patients can be explained by 

exploring the specific brain foci of each function. This thesis will present evidence for this 

theory, focusing almost exclusively on a sub-region of the vmPFC, the OFC, its medial and 

lateral division and their respective roles in learning and decision-making. The remainder of this 

chapter will discuss the contribution of this region to emotional and social processing, and 

learning and decision-making, as investigated in animal studies and with human neuroimaging 

techniques. One of the benefits of animal research is that lesions can be made in precise locations 

within the brain, unlike those in human patients, where lesions often encroach across the 

boundaries of anatomical areas. Similarly, many neuroimaging techniques have very high spatial 

resolution and so offer numerous advantages for exploring regional functional specialization. 

Although Chapter 2 will discuss the connections and cytoarchitecture of these two areas in the 



19 
 

human and macaque in detail, the following three sections will assume that there are genuine 

cross species correspondences in these areas’ anatomical connections and functions. 

 

1.2 Contribution of the mOFC to Social and Emotional Behaviour 

Animal Studies 

The previous discussion focused on the OFCs role in learning and decision-making, which is 

thought to underlie the social and emotional impairments experienced by patients with lesions in 

this area of the frontal cortex (Rolls, 1999). Yet despite the interest in the role of the frontal lobe 

few studies have objectively investigated impairments in social and emotional processing in 

animals and so much remains unknown about how the OFC contributes in isolation to these 

functions.  

Those studies that have examined these issues have tended to focus on the effects of OFC 

lesions to fear responses in the macaque monkey and exploited their natural perception of 

unfamiliar humans as threatening. Monkeys have an innate aversion to snakes and this is 

typically assessed using variants of a task developed by Mineka and colleagues (1980). In this 

task a piece of food, desired by the animal, is placed near a toy snake. The macaques are then 

given the opportunity to retrieve the food, and their latency to do so acts as an index of how 

fearful they are of the snake. Normal macaques are slow to retrieve the food, if they do so at all. 

In contrast, macaques with lesions to the OFC are more reliable in taking the food, suggesting 

that they perceive the snake as less threatening (Kalin, 2003; Izquierdo et al., 2005; Rudebeck et 

al., 2006a). These same OFC-lesioned macaques also show more aggression to unfamiliar 

humans (Izquierdo et al., 2005) and less freezing behaviour (Kalin, 2003; Fox et al., 2010). In 
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more ecological settings OFC-lesioned animals show more aggression to other macaques during 

social interaction than control animals (Machado and Bachevalier, 2006).  

Recent work has demonstrated a double dissociation between social and emotional 

processing in the vmPFC (Rudebeck et al., 2006a). Three groups of macaques performed a task 

similar to that described above, used by Mineka and colleagues (1980). One group of animals 

had lesions made to their ventrolateral and lateral orbital prefrontal cortex (PFv+o), one group 

had anterior cingulate gyrus (ACCg) lesions, while another group acted as the un-operated 

control group. The animals’ reaching latencies to pieces of food were measured while they were 

exposed to either emotive snake stimuli; socially relevant stimuli, including images of other 

macaques; or staring unfamiliar humans; or neutral junk items. The authors reported that normal 

macaques respond fearfully in the presence of the snake and demonstrated differential interest in 

the different types of social stimuli, suggesting differential value estimations (Figure 1.2). 

Macaques with PFv+o lesions were only significantly different to control animals in how they 

reacted to the fearful stimuli, while they maintained similar differential reaching latencies to the 

different social stimuli. The authors therefore concluded that the valuation of emotional but not 

social information was supported by this region of the OFC. In contrast, they argued that the 

ACCg was a more likely candidate in social valuation, as the animals who received lesions to 

this region were uninterested in any of the videos of the other macaques and the pattern of 

differential interest seen in control animals was absent.  
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Figure 1.2. Median latencies to retrieve a piece of food in the presence of mildly fearful (A) or socially relevant 

stimuli (B) as well as neutral items (C) of PFv+o, ACC sulcus and gyrus lesioned monkeys compared to un-operated 

control animals. Symbols indicate scores from each individual. Permission to adapt and reprint granted by Rudebeck 

et al. (2006a) and the American Association for the Advancement of Science. 

 

These impairments are not only restricted to humans and macaque monkeys; whilst rare, 

studies of OFC-lesioned rats report a similar pattern of emotional impairment. After OFC 

lesions, made either through aspiration or electrolyte, rats are more aggressive in tests of social 

interaction (Kolb, 1974; de Bruin et al., 1983; Rudebeck et al., 2007). Frontal lesions focusing on 

the OFC also show a decrease in anxiety-related behaviour in unconditioned fear condition 

paradigms, such as elevated maze or in the open field, as well as during social interactions, shock 

probe burying (Gonzalez et al., 2000; Lacroix et al., 2000; Shah and Treit, 2003) and decision-

making tasks (Rudebeck et al., 2007). 

As described, the similarity between OFC-lesioned animals and human patients with 

vmPFC damage underscores the important contribution of the OFC to emotional processing. 

Moreover, the close association between emotional impairment and the ability to flexibly learn 
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stimulus-reinforcement associations after OFC lesions has led to the argument that the latter 

inability may underlie the former (Rolls, 1999). According to this view, if an animal or person 

with an OFC lesion is unable to predict the reinforcement consequence of a stimulus, the 

mechanism which guides normal emotional response to the stimulus will be impaired as well. 

 

Human neuroimaging studies 

Discrete lesion studies can often neglect the neural network which operates to co-ordinate 

behavioural responses. Functional imaging studies in humans provide a useful tool for 

highlighting the contribution of other brains regions, including the amygdala, insula and striatum 

(Frey et al., 2000; Murphy et al., 2003; Schienle et al., 2006; Schafer et al., 2009). Morris and 

Dolan (2004), for example, investigated conditioned fear stimulus reversals in a human 

neuroimaging study. They demonstrated that the OFC flexibly responds to the stimuli after a 

reversal, but that the amygdala shows a persistent memory response that reflects the previous 

conditioning. Furthermore, the extinction of fear conditioning has been shown to activate the 

vmPFC and hippocampus (Phelps et al., 2004; Milad et al., 2007). 

Collectively the studies described above implicate the OFC in emotional processing, but 

as discussed earlier the OFC is not a uniform structure. The anatomical and connective 

differences between the medial and lateral regions of the OFC have been extensively 

characterised (Carmichael and Price, 1994, 1996; Ongur et al., 2003), and it therefore may be 

that the different regions have differing contributions to emotional processing. Until recently the 

majority of animal OFC lesion studies remove cortex in both the lateral and medial regions. 

However, recently a macaque lesion study focused on the impact of lOFC lesions on associative 

S-R learning and found that post-operatively animals were impaired in assigning reinforcement 
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value to the appropriate stimuli (Walton et al., 2010). Moreover, this impairment was confined to 

the lateral regions as an independent study demonstrated that this impairment was not present 

after mOFC lesions (Chapter 5). If it is the case that impairments in stimulus-outcome (S-O) 

learning underlie the deficits in emotional processing (Rolls, 1999) one could hypothesise that 

emotional deficits should be seen only after lOFC lesions and not medial. Therefore tests that 

directly assess changes in emotional processing after mOFC and lOFC lesions are needed in 

order to identify the specific contribution of these brain regions. Chapter 3 describes an 

experiment that aimed to address this hypothesis. Using identical task set-up and stimuli as the 

Rudebeck and colleagues (2006a) study this chapter explored the contribution of specific mOFC 

damage to a macaque’s ability to utilise socially or emotionally valuable information to guide 

actions.  

 

1.3 Assigning and Comparing the Unique Contributions of the OFC to 

Reward-Guided Learning and Decision-Making 

The OFC has a well documented involvement in learning and decision-making. Investigators 

have made use of various techniques and species in an attempt to define the specific regions’ 

contributions to these complex and multifaceted cognitive functions. However, whilst substantial 

accumulated knowledge has evolved theories and understanding of this brain region, questions 

still remain over the precise nature of the OFC involvement. Difficulties in interpreting the role 

of the OFC in learning and decision-making may be due in part to the tasks used in the 

investigations. Many tasks inadvertently confound learning and decision-making; often, once a 

choice is made, the outcome is used to update reward expectancies. Likewise, during tasks 

designed to investigate learning subjects typically are choosing between stimuli and actions. For 
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example, an extinction test, which aims to assess choice in the absence of the confound of reward 

outcome, is alternatively confounded by violations of learned expectations: negative prediction 

errors. For these reasons, establishing the OFCs role in these two functions is challenging. 

However, the following sections will attempt to review studies of learning and of decision-

making in the OFC and vmPFC. It draws on data obtained from a number of different species as 

well as with different methodologies.  

 

The Contribution of the OFC to Reward-Guided Learning 

Animal Studies 

Aspiration lesions of the OFC in monkeys have been shown to affect tasks that assess the 

flexible reassignment of stimulus-reinforcement associations (Jones and Mishkin, 1972; Meunier 

et al., 1997; Izquierdo et al., 2004). Typically these tasks require macaques to perform two-

choice visual object discriminations for food rewards. Once the animal learns that one object 

leads reliably to food, the object-reward contingency is reversed, such that the previously 

unrewarded object now yields reward. After a reversal normal monkeys are quick to learn the 

new associations. In contrast, OFC-lesioned animals perseverate and continue to choose the 

previously rewarded object, suggesting that OFC-lesioned animals are unable to flexibly assign 

reward value to the previously unrewarded objects. However, recent work indicates this is not 

the complete picture, as the OFC lesion impairment lies more particularly in the monkey’s 

inability to use correctly performed trails to guide subsequent choice (Rudebeck and Murray, 

2008). Furthermore, Walton and colleagues demonstrated that OFC lesions impair a monkey’s 

ability in causally assigning reward value to a particular stimulus choice: credit assignment 

(Walton et al., 2010). The authors argue that normal monkeys learn to attribute value to a 
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stimulus as a function of the precise history of reward received in association with the choice of 

that particular stimulus. In contrast, animals with OFC lesions value a particular stimulus as a 

proximity-weighted function of the history of all rewards received approximately at the time of 

stimulus choice, even when the rewards were actually caused by choices of the alternative 

stimuli on preceding and subsequent trials, a phenomenon that Thorndike termed “Spread of 

Effect” (Thorndike, 1933). Thus these data imply that OFC monkeys, whilst able to process the 

outcomes of choices, are no longer able to associate these outcomes with the preceding choice on 

which they were contingent “Law of Effect”. Instead the animals can only form associations 

between the overall integrated history of choices and an overall integrated history of outcomes. 

The OFCs role in generating reinforcement or outcome expectancies associated with 

visual stimuli has been further emphasised by devaluation studies (Gallagher et al., 1999; Baxter 

et al., 2000; Pickens et al., 2003). One version of the outcome devaluation paradigm initially 

requires one set of stimuli to be paired with one specific outcome, such as a peanut, and another 

set of stimuli to be paired with a different outcome, such as a raisin (Izquierdo et al., 2004). In 

the training phases rewards are hidden beneath stimulus objects and the animals learn to push 

over the object to reveal the reward. Once these training phases have been completed the animals 

are allowed free access to one of the two rewards and allowed to consume it to satiety. 

Immediately after this experience the animals are tested in extinction but the two sets of stimuli 

associated with the different rewards are now paired against each other and the animals must 

choose between them. The consistent finding is that control animals select stimuli that are 

associated with the reward that has not been devalued, suggesting they have updated their 

expected reward values as a result of being sated with one of the outcomes. In contrast, animals 
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with complete OFC lesions do not show this bias and choose equally between the two sets of 

stimuli, suggesting that they are unable to manipulate or utilise outcomes expectancies.  

These effects are not confined to primate species and are evident in OFC-lesioned rodents 

for both reversal learning and Delayed Non-match to Sample paradigms (Gallagher et al., 1999; 

Chudasama and Robbins, 2003; Schoenbaum et al., 2003b). Furthermore, lesions of the rat OFC 

have uncovered a very precise role in reinforcement devaluation (Rescorla, 1992; Gallagher et 

al., 1999). Pickens and colleagues manipulated whether reinforcement was devalued before or 

after lesions, and revealed that the OFC is essential for maintaining representations of the current 

value of reinforcement and the subsequent use of this information to guide choices (Pickens et 

al., 2003; Pickens et al., 2005). This role of the OFC in using outcome expectancies has been 

further supported by the finding that lesions disrupt the use of differences in outcome 

expectancies to guide learning of instrumental responses (McDannald et al., 2005).  

In addition, detailed lesion work has distinguished the anatomical loci of Pavlovian (cue 

driven) from instrumental (action driven) reward contingency learning. In non-human primates 

OFC lesions typically impair stimulus-reinforcement learning tasks (Rolls, 1999; Murray et al., 

2007; Rudebeck et al., 2008b; Walton et al., 2010), whereas more medial vmPFC and ACC 

lesions impair response-reinforcement learning tasks (Shima and Tanji, 1998; Hadland et al., 

2003; Kennerley et al., 2006). The findings in rat lesion experiments, whilst more difficult to 

translate to humans also suggest a medial versus lateral difference in location for Pavlovian and 

instrumental learning mechanisms. Lesions to prelimbic cortex (PL; sometimes argued to 

correspond to human ACC/vmPFC) have been shown to impair instrumental contingency 

degradation learning, namely, the selective weakening of the predictive status previously trained 

conditioned stimulus by means of delivering its outcome with the same probability in its 
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presence as in its absence (Corbit and Balleine, 2003; Killcross and Coutureau, 2003), as well as 

abolishing sensitivity of instrumental performance to outcome devaluation, while leaving intact 

pavlovian-instrumental transfer (PIT) effects (Ostlund and Balleine, 2005). In contrast, lesions to 

rat OFC disrupt the tendency of Pavlovian cues to facilitate instrumental performance in a PIT 

task but do not influence the suppressive effects of instrumental outcome devaluation (Ostlund 

and Balleine, 2007a). Ostlund and colleagues argued that its role was therefore limited to 

encoding predicative S-O relationships that could bias action selection (Ostlund and Balleine, 

2007a). Taken together these findings indicate that, while the ventromedial regions of cortex are 

important for encoding response-outcome (R-O) associations (Dickinson and Balleine, 1993; 

Corbit and Balleine, 2000; Balleine, 2005; Kennerley et al., 2006), the OFC is critical for 

representing S-O associations (Ostlund and Balleine, 2007a; Walton et al., 2010).  

Devaluation studies demonstrate not only that the OFC plays an important role in reward 

expectation but that this region holds an outcome-specific representation of an expected reward. 

Additional evidence for this comes from studies using the Differential Outcomes Procedure 

(DOP). This task involves subjects learning to press either right or left levers in an operant 

chamber in the presence of discriminative auditory stimuli, for example, either an auditory tone 

or clicker. As trials progress subjects learn that if they press the left response in the presence of 

the clicker they are rewarded with sucrose solution. If the animal makes the right lever response 

in the presence of the tone, solid food is delivered to the rat. Incorrect responses on the levers in 

the alternative auditory context are never rewarded. The rat’s ability to learn the stimulus-

response (S-R) associations in the DOP condition is compared to a condition in which the same 

food type is delivered (Non-differential Outcomes Procedure, NOP). Under normal 

circumstances, animals in the differential-outcomes condition have more rapid learning curves 
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than animals in control conditions, where the outcome of the event provides no outcome-specific 

cue to the appropriate action (Trapold and Overmier, 1972; Urcuioli, 2005). This effect has 

become known as the differential outcomes effect (DOE).  

The DOEs effect is reported to be dependent on a network of brain regions including the OFC 

and amygdala. Ramirez and Savage (2007) had groups of rats with lesions to the OFC perform 

this task and revealed that OFC lesions impair accuracy in maintaining and using outcome-

specific expectations (Figure 1.3). By contrast, lesions made to the amygdala impaired the ability 

to acquire S-R associations, as indicated by the persistence of the impairment. Finally, animals 

with nucleus accumbens lesions tended to show improved learning across the session relative to 

sham controls. Chapters 6 and 7 describe a novel version of the DOP adapted for use in humans 

in order to investigate the behavioural evidence (chapter 6) of the use DOE in humans S-R 

learning as well as the neural mechanisms potentially underlying outcome-specific contingency 

learning (chapter 7). Specifically, chapter 7 investigates the precise role of three cortical brain 

regions, the lOFC, mOFC and ACC with fMRI.  
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Figure 1.3. A. Photomicrographs showing stained sections, of amygdala, OFC and nucleus accumbens lesions (left 

panels), sham control (middle panel) and schematic representations of lesion extent (left panel). B. Mean percentage 

correct performance of the amygdala (top), OFC (middle) and nucleus accumbens (bottom) lesioned animals relative 

to sham controls for the acquisition and maintenance of conditional discrimination learning. From Ramirez and 

Savage (2007). Permissions for reprints are unnecessary for a single figure from the American Psychological 

Association.  

 

Electrophysiological studies support the findings from ablative lesion studies. Recordings 

from macaque OFC neurons show that cells code reward upon receipt (Thorpe et al., 1983; Rolls 

et al., 1996; Hosokawa et al., 2004), as well as properties associated with external cues predictive 

of a forthcoming reward (Schoenbaum et al., 1998; Schultz et al., 2000; Schoenbaum et al., 

2003a; Padoa-Schioppa and Assad, 2006) or punishment (Morrison and Salzman, 2009). With 

access to both critical pieces of information it is perhaps not surprising that cells have also been 
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shown to encode outcome-specific information, such as taste (Padoa-Schioppa and Assad, 2006), 

texture (Rolls et al., 2003b; Verhagen et al., 2003) and olfactory and gustatory sensation (Rolls 

and Baylis, 1994). More complex signals of anticipated magnitude of rewards or punishments 

(Padoa-Schioppa and Assad, 2006; Rolls et al., 2008; Kobayashi et al., 2010), probability 

(Kennerley and Wallis, 2009a), expected delay before reward onset (Wallis and Miller, 2003; 

Roesch and Olson, 2004, 2005a) and even reward preference (Tremblay and Schultz, 1999; 

Hosokawa et al., 2007) are also identified in neurons throughout the subdivisions of the OFC. 

Neuronal recordings during a S-O reversal suggest that OFC neurons code an error which 

requires a behavioural switch (Thorpe et al., 1983) and track visual or olfactory stimulus 

reinforcement across the reversal (Rolls et al., 1996). Similarly, in an olfactory discrimination 

task in rats, Schoenbaum and colleagues demonstrate that OFC neurons gradually develop 

specificity for different odour-outcome pairings, such that they fire in anticipation of either 

positive or negative outcomes (Schoenbaum et al., 1998; Schoenbaum et al., 2003a). 

Furthermore, after rats had learnt these pairings the activity of the cells encoded the value of the 

anticipated outcome following presentation of the different odour. Combining recording and 

lesion methods, these researchers demonstrate that through mutual interactions with the 

amygdala, the OFC is part of a system that is critical for integrating stimulus reward information 

to guide behaviour.  

For learning to occur there must exist a difference between what is expected in the 

environment and what actually happens. This difference can often be quantified and has been 

termed prediction error (Sutton and Barto, 1998). Prediction errors can be bidirectional. If an 

outcome is more valuable than expected, the prediction error will be positive. In contrast, if the 

outcome fell short of expectations it would lead to a negative prediction error. Prediction errors 
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are particularly important signals and any brain regions critical for learning might be expected to 

modulate their neuronal firing rates in relation to such violations in expectations. Just such a 

signal can be identified in midbrain dopamine neurons (Schultz, 2000), which are known to 

project to a number of brain regions including the OFC (Ferry et al., 2000; Croxson et al., 2005; 

Haber et al., 2006). Whilst a number of studies tend to find weak or no evidence of positive or 

negative reward prediction error signals in the OFC (Kennerley et al., 2009; Takahashi et al., 

2009), one very recent study shows neurons in the rat OFC which increase firing rates for both 

positive and negative reward prediction errors, encoding them at the same time (Sul et al., 2010). 

If verified, this finding suggests that prediction errors are encoded in multiple brain regions and 

potentially contribute to learning in a number of ways. 

Collectively, the animal lesion and electrophysiological work suggests that the OFC plays 

a critical role in flexible and adaptive learning of S-O associations. Unfortunately, the methods 

described above have the tendency to neglect the anatomical and connective differences within 

this brain region. The OFC has some of the most studied anatomical and connection patterns in 

the frontal lobe and is far from a homogeneous structure (detailed in Chapter 2). Briefly, the 

OFC can be differentiated into two regions that lie mainly on the medial surface and on the 

ventral or orbital surface. The regions’ connection profiles are distinct and there are relatively 

few connections between the two regions. Lesions in the OFC are often complete, removing both 

the medial and lateral surfaces and, due to the difficultly of accessing the medial surface with 

electrophysiological recording equipment, recordings are often restricted to only the more lateral 

parts of the orbital surface. This means that investigations of the OFC are often biased towards 

the lateral regions or fail to distinguish between the potentially different roles of lateral and 

medial OFC. One method without this potential bias is neuroimaging. The subsequent section 
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will present data acquired from functional magnetic resonance imaging (fMRI) and Positron 

Emission Topography (PET) experiments which have supported and expanded the interpretations 

of the function of the OFC in value-guided learning. 

 

Human neuroimaging studies 

Similar to the animal work described above, human neuroimaging studies have identified activity 

throughout the OFC and vmPFC associated with S-O reversal learning (O'Doherty et al., 2003a) 

and stimulus valence itself (O'Doherty et al., 2003a; Smith et al., 2010). Devaluation studies also 

implicate the OFC in the representation of changes in stimulus valuation. Activity in the OFC 

evoked towards predictive stimuli tends to decrease following outcome devaluation while 

activity associated with still-valuable stimuli is maintained (O'Doherty et al., 2000; Gottfried et 

al., 2003; Kringelbach et al., 2003). Furthermore, this decrease in OFC activation correlates with 

decreases in the subjective pleasantness of the food (Kringelbach et al., 2003). Collectively, 

these results suggest that the human OFC, just like the monkey, encodes stimulus-specific 

motivational and incentive values. 

Devaluation studies have been taken as evidence that the OFC contributes to goal-

directed learning (Valentin et al., 2007; de Wit et al., 2009). During value-guided learning, 

learned associations are dependent on an animal’s specific reinforcement history of actions, 

stimuli or both, as well as the animal’s subjective preference. Specific reinforcement history can 

be associated with environmental stimuli; such as visual cues, as is the case in Pavlovian 

learning, or individual actions; such as lever presses, as is the case in instrumental learning. In 

rats this has been localised to PL cortex and the OFC respectively (Killcross and Coutureau, 

2003; Ostlund and Balleine, 2005, 2007a; Ramirez and Savage, 2007). Humans neuroimaging 



33 
 

studies show that this brain region encodes not only the valence of stimuli (O'Doherty et al., 

2003a), but also action based and stimulus-response-outcome valence (Glascher et al., 2009). 

Valentin and colleagues scanned human subjects with fMRI while they learned to choose 

instrumental actions that were associated with the subsequent delivery of different food rewards 

(tomato juice, chocolate milk and orange juice). Following training, one of these foods was 

devalued by feeding to satiety on that food. The subjects were then scanned again while re-

exposed to the instrumental choice procedure in extinction. Comparing BOLD response before 

and after stimulus-specific devaluation revealed changes associated with R-O information 

present in the medial and central OFC (Valentin et al., 2007).  

Pavlovian and instrumental associations can both be contrasted with habitual responses, 

which are guided by a strong association between the stimulus and response in the absence of 

any explicit representation of the specific outcome generated by the response, and tend to 

activate more ventrolateral frontal cortex (as opposed to OFC), striatal (caudate nucleus), 

parahippocampal regions as well as middle temporal gyrus (Toni et al., 2001; Toni et al., 2002).  

Together, these studies emphasise the importance of the OFC in monitoring and updating 

stimulus-specific reinforcement histories. However, these studies are not able to distinguish the 

source of the activation. Stimulus reversal and devaluation studies confound the factor of 

learning, i.e. updating value expectations on the basis of the presence or absence of a reward on 

that choice, with the act of then deciding between the two different options. Increasingly detailed 

fMRI studies have aimed to investigate the precise nature of value representation in the frontal 

cortex with the hope of determining which parts of the OFC play a role in learning the encoding 

of S-O or R-O associations (Tremblay and Schultz, 1999; Rolls, 2000) and which parts are 
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involved in guiding decisions, by encoding the value of alternative goals (Arana et al., 2003; 

Schoenbaum and Roesch, 2005; Padoa-Schioppa and Assad, 2006).  

Many studies have found that the BOLD responses in the OFC correlate with the 

subjective value of expected, experienced and imagined outcomes. Various types of outcomes 

including positive and negative primary rewards (O'Doherty et al., 2001a; Gottfried et al., 2002; 

Plassmann et al., 2008), real and imaginary monetary reinforcements (Breiter et al., 2001; 

O'Doherty et al., 2001b; Bray et al., 2010), as well as socially rewarding stimuli such as the 

smile of an attractive face (O'Doherty et al., 2003b), have been shown to activate the OFC. These 

responses were predominantly observed in central and/or medial parts of OFC and there is some 

evidence that the experience of certain rewards and punishments can be dissociated to different 

OFC regions (O'Doherty et al., 2001a; Small et al., 2001; Ursu and Carter, 2005; Kim et al., 

2006). In 2004, Kringelbach and Rolls reviewed this evidence and proposed two distinct trends 

of neural activity based on a meta-analysis (Kringelbach and Rolls, 2004). They argued for a 

posterior-anterior distinction in the OFC, with the more posterior regions involved in 

representing simple primary reinforcers, whilst more complex, abstract reinforcers were 

represented in more anterior structures. Similarly, they posited a medial-lateral trend, whereby 

mOFC was related to decoding and monitoring the reward value of reinforcers and the lOFC was 

involved in evaluating punishers, which when detected may lead to a change in current 

behaviour. Whilst this dissociation mirrors the functional segregation between gains and losses 

represented in prediction error coding in anterior and posterior ventral striatum respectively, the 

evidence in support of it in the OFC is not always consistent (Breiter et al., 2001; Elliott et al., 

2003). O’Doherty and colleagues have suggested that the discrepancies relate to whether or not 

the negative reinforcement leads to a subsequent behavioural change and that this dissociation 
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may only be relevant during the receipt, rather than the expectation of reinforcement (O'Doherty, 

2007).  

There is strong evidence that the OFC and vmPFC encode the expectation of a 

forthcoming reward, called expected value. Activity in these regions has been shown to represent 

a number of components that contribute to the estimate of such an expected reward, such as 

magnitude (Elliott et al., 2000; Breiter et al., 2001; Galvan et al., 2005; Rolls et al., 2008), 

probability (Knutson et al., 2005), temporal delay (McClure et al., 2004; Tanaka et al., 2004; 

Kable and Glimcher, 2007; McClure et al., 2007) and uncertainty or risk (Tobler et al., 2007), 

even in the absence of choice (Knutson et al., 2005). Furthermore, OFC signals appear to 

integrate a number of these variables (Knutson et al., 2005). Knutson and colleagues demonstrate 

that activation in mesolimbic regions, including the mOFC and vmPFC correlate linearly with 

expected value in a probabilistic monetary incentive delay task (Knutson et al., 2005). Additional 

decomposition analyses indicate that distinct regions of the mesolimbic regions respond 

differently to particular components of expected value. Whilst the foci of activation for expected 

incentive value was the left anterior cingulate and bilateral nucleus accumbens, the main effect 

of reward magnitude was the OFC, and probability was encoded in the mesioprefrontal cortex. 

Finally, the authors showed that the interaction between the value and magnitude localised to the 

medial prefrontal cortex. In a separate experiment, Rolls and colleagues showed that mOFC 

represented both the actual amount of reward magnitude at the time of outcome, as well as the 

amount of reward expected probabilistically for a particular choice measured earlier in time 

(Rolls et al., 2008). 

As discussed previously, the OFC has access to both the expectation of an outcome and 

the representation of the outcome itself, and as such has the potential to calculate prediction 
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error. Just as the dopamine system encodes this signal at the neural level in non-human primates 

(Schultz, 2000), investigations in human imaging experiments have similarly identified the 

presence of this key learning signal in the VTA (D'Ardenne et al., 2008), as well as regions 

targeted by dopaminergic neurons, including the striatum (Abler et al., 2006; Schonberg et al., 

2007; den Ouden et al., 2009; Valentin and O'Doherty, 2009) and insula (Preuschoff et al., 

2008). Specifically, studies have shown that activity in the nucleus accumbens correlates linearly 

with both positive and negative prediction errors (Abler et al., 2006) and that better learners have 

stronger BOLD activations, which correlate with reward prediction errors in the ventral and 

dorsal striatum (Schonberg et al., 2007). The OFC is anatomically networked with these regions 

(Ferry et al., 2000; Croxson et al., 2005; Haber et al., 2006) and, whilst the evidence for 

prediction error signals is still debated in the monkey, there is collective evidence of its presence 

in human OFC (Knutson and Cooper, 2005; Tobler et al., 2006; Bray and O'Doherty, 2007). 

Tobler and colleagues used a blocking paradigm in order to directly investigate the neural 

representation of reward prediction error (Tobler et al., 2006). In this task, a novel stimulus is 

blocked from learning by presenting it simultaneously with a stimulus which already fully 

predicts a subsequent outcome in a number of compound conditioning trials. By definition of its 

association, when subsequently presented on its own in test trials where no reward is delivered, 

the blocked stimulus would be expected to elicit no reward prediction error. Brain activity 

elicited by the blocked stimulus is compared to that of a stimulus which has come to acquire an 

association with an outcome, and on trials where the reward is withheld does produce a 

prediction error. The findings from this study showed that medial regions of the OFC show more 

activation to the stimulus that elicited a reward prediction error than the one that did not. 

Furthermore, activation in a more anterior region of the OFC increased towards the paired non-
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blocked stimulus during learning trials which mirrored the increasing degree of associative 

strength between the stimulus and outcome. Finally, studies that model fMRI learning tasks with 

reinforcement learning algorithms find prediction error signals in the OFC which reflect the 

difference between the value of the outcome received on a given trial and the value of the 

expected outcome on that trial (Bray and O'Doherty, 2007).  

As demonstrated in animal lesion experiments, contingency between outcomes and 

instrumental action or an external cue is a critical aspect of learning and has been localised to the 

PL and OFC of rats respectively (Ostlund and Balleine, 2005, 2007a). In humans, changes in 

OFC activity have also been demonstrated with regards to this aspect of associative learning. For 

example, Tanaka and colleagues investigated brain regions involved in contingency between 

actions (button presses) and outcomes (monetary reward) (Tanaka et al., 2008). Enhanced 

activity was found in dorsomedial striatum and vmPFC during blocks with greater contingency 

between actions and outcomes. Moreover, activity in vmPFC tracked local changes in 

contingency within blocks.  

 

The Contribution of the OFC to Reward-Guided Decision-Making 

Animal studies  

Patients with vmPFC lesions not only display deficits in value-based learning, but also in value-

guided decision-making. The classic report of patient EVR refers to his very laborious and often 

poor real-life decision-making which appeared to conflict with his evident access to the 

hypothetically correct course of action (Eslinger and Damasio, 1985). Similarly, patients are 

often more inconsistent in paired choice preferences for food, colours and famous people than 

controls and non-vmPFC patients, as well as in multi-attribute decisions, such as hypothetical 
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choices between rental apartments (Fellows, 2006; Fellows and Farah, 2007). Deficits in 

decision-making are less often studied in animal lesion experiments and the impairments in 

devaluation studies are typically attributed to an inability in updating current expected value. An 

alternative hypothesis suggests the deficit lies in the value-guided decision-making system. This 

account assumes subjects may still be able to update stimulus-value, but can no longer use these 

values for comparison between the options. The subsequent sections will explore the evidence 

from animal studies and human neuroimaging experiments that implicate the OFC in value-

guided decision-making, and will ultimately propose that it might be possible to dissociate 

learning and decision-making within the OFC.  

The previous sections detailed that neurons in the OFC encode expected and experienced 

rewards (Thorpe et al., 1983; Rolls et al., 1996; Schoenbaum et al., 1998; Schultz et al., 2000; 

Schoenbaum et al., 2003a; Padoa-Schioppa and Assad, 2006), and suggested that these signals 

are modulated by reward magnitude, probability and uncertainty (Padoa-Schioppa and Assad, 

2006; Rolls et al., 2008; van Duuren et al., 2008; Kennerley and Wallis, 2009a; Kobayashi et al., 

2010). As rewards act as basic goals of behaviour it is possible that the OFCs rich representation 

of the reward could serve to bias choice behaviour. OFC-lesioned animals demonstrate similar 

impairments to vmPFC patients in their altered representations of reward exceptions (Jones and 

Mishkin, 1972; Meunier et al., 1997; Izquierdo et al., 2004), as well as inconsistencies in reward 

preferences to paired food choices (Baylis and Gaffan, 1991). The specific nature of neuronal 

encoding of reward preferences was investigated by Tremblay and Schultz (1999). They 

proposed that preferences expressed by overt choice behaviour were relative and dependent on 

the available alternatives. For example, reward B preferred over reward C may be instantly 

neglected if alternatively paired against a more appetizing reward, A. To investigate whether 
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OFC neurons encoded this relative motivational value monkeys were presented with blocks of 

trials in which one of two visual cues, each associated a specific juice reward, in a standard 

delayed response task. Three different cue stimuli were used, paired with three distinct flavours 

of juice, but only two of them were presented in a given trial block. With independent 

verification of reward choice preferences (A over B and B over C) Tremblay and Schultz 

demonstrated that the activity of many OFC neurons in the posteriomedial areas 11, close to area 

14, depended on the combination in which a particular reward occurred. Neurons were found 

which showed significantly higher activation preceding reward A when compared with reward 

B, but then would also elicit higher activation to reward B when paired in blocks with reward C. 

Neurons were also found which encoded the relative non-preferred juice option, and both types 

of activity were demonstrated during the receipt of the outcome, as well as with the reward-

predicting cue stimulus. Subsequent investigations have shown that a similar pattern of relative 

encoding occurs with aversive outcomes (Hosokawa et al., 2007), and have also demonstrated 

changes in cerebral blood responses, as measured by PET, correlated with relative preferences 

(Obayashi et al., 2009). More recent studies have demonstrated that the time course of events is 

critical for the neuronal display of relative preference encoding. Padoa-Schippo and Assad 

intermixed alternative trials within blocks (a trial of B and C, followed by a trial of A and B), as 

opposed to the previous studies which compared alternatives across blocks (one block of A and 

B, followed by another block of B and C), while recording from area 13m and found that OFC 

neurons now only coded absolute economic value (Padoa-Schioppa and Assad, 2008).  

As well as encoding some aspects of relative reward preferences OFC neurons also 

encode a number of aspects of economic choice, such as value of offer and chosen value. 

Economic choices are made when individuals select an option among many available 



40 
 

alternatives. These choices have no explicit “correct” answer but depend on subjective 

preferences. Padoa-Schioppa and Assad offered monkeys choices between different amounts of 

differentially preferred juice rewards. Monkeys’ choices are based on a trade-off between juice 

type and juice quantity, and so relative value differences can be manipulated by systematically 

increasing the volume of the non-preferred juice (B), while keeping the preferred juice (A) 

volume constant. Neurons were identified in region 13 which encoded the offer value of the two 

juices during the period of time after the offer was presented to the animal; around the time value 

is being assigned to a particular choice. In order to choose between the two different offers their 

relative values must be encoded and compared. Behaviourally, choice preferences can be 

calculated by putting the different quantities of the two different juices on the same scale. Using 

a sigmoid function it is possible to estimate the value of the juice chosen by the animal and the 

point at which the volume of B is enough to cause the monkeys to choose it 50% of the time is 

called the indifference point. When the volume of B is below the indifference point its value is 

proportionally less than the value of A and the monkey is increasingly less likely to select it. In 

contrast, when the volume of B is above the indifference point its value is proportionally higher 

than that for A. Neurons have been identified that encode this chosen value of juice, showing 

decreased firing rates when the value of the chosen option is low and increasing its firing rates 

linearly as the chosen value increases. Chosen value signals were found at the time of the offer, 

as well as the periods before and after juice delivery. Finally, shortly after the delivery of the 

juice, taste neurons were identified which encoded the type of juice regardless of offer value or 

chosen value. These findings have been subsequently replicated and expanded by experiments 

from the same laboratory (Padoa-Schioppa and Assad, 2008; Padoa-Schioppa, 2009). Padoa-

Schippa questioned whether these signals, which are intrinsically limited in their range of firing 
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rates, are capable of representing the huge range in potential goods (Padoa-Schioppa, 2009). 

From comparing values in their thousands of pounds, humans are able to switch to compare 

between values of just a few pounds. OFC neurons in the macaque solve this problem by 

dynamically adjusting their firing rate range to the range of values on offer (Padoa-Schioppa, 

2009).  

Taken together, these studies illustrate that context, as defined by the presence of 

preferred alternatives, as well as the value range of the options, modulate the firing rates of OFC 

neurons. Alternative contexts, defined by additional decision variables, are also encoded in the 

OFC. Neurons in both the rat and monkey adjust their firing rates according to the costs involved 

in acquiring the outcome (Roesch and Olson, 2004; Morrison and Salzman, 2009). Some costs 

are defined in terms of energy spent acquiring a reward or the time spent waiting for a reward, 

and both show increased firing rates in situations when costs are low. OFC neurons also encode 

the probability that a choice will be successful (Roesch and Olson, 2005b; Kennerley et al., 

2009), as well as confidence in the choice, which itself correlated with an animal’s willingness to 

wait for reward delivery (Kepecs et al., 2008).  

Other than the devaluation and choice preference tests very few animal experiments have 

explicitly investigated choice behaviour while manipulating these types of complex decision-

making variables after lesions to the OFC. To address this Chapter 4 and 5 describe a number of 

experiments in which macaques performed 3-armed bandit tasks designed to probe different 

aspects of learning and choice behaviour. Lesions made selectively to the lOFC have recently 

been shown to impair the particular aspect of causally assigning value to an appropriate stimulus 

(Walton et al., 2010). Therefore one of the aims of the present study was to investigate the 

effects of mOFC lesions on learning and decision-making tasks, specifically examine the role of 
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the mOFC in comparing expected value difference in order to bias choice. By contrasting the two 

different lesion groups these experiments were designed to investigate the possibility that the 

anatomical foci of learning and decision-making were distinct in the OFC. Chapter 4 details the 

resulting dissociation of learning and decision-making mechanisms while Chapter 5 will present 

findings which elaborate and clarify the nature of deficit experienced by the mOFC lesioned 

animals in decision-making. Whilst not able to establish causality, human neuroimaging 

experiments have the capacity to specify regional changes in cerebral activity and can indicate 

whether decision-making tasks selectively activate a particular subdivision of the OFC. The 

increasing interest in human decision-making from both a psychological, neuroscientific as well 

as neuroeconomical perspective has driven the flurry of recent neuroimaging studies 

investigating complex value computation and comparison. This work will be briefly reviewed in 

the following section. 

 

Human neuroimaging studies 

The human orbitofrontal cortex is typically activated by any task which involves an outcome. As 

detailed in the previous sections, that outcome could be primary reinforcement (O'Doherty et al., 

2001a) or abstract monetary reinforcement (Breiter et al., 2001; O'Doherty et al., 2001b); it 

might even constitute socially rewarding attractive faces (O'Doherty et al., 2003b). Changes in 

OFC BOLD responses correlate with expected and experienced outcomes that are either positive, 

negative (Breiter et al., 2001; Gottfried et al., 2003; Rolls et al., 2008) or even imagined (Bray et 

al., 2010). OFC cerebral activity encodes particular decision variable which contribute to the 

formation of expected value, such as magnitude and probability (Elliott et al., 2000; Breiter et al., 

2001; Galvan et al., 2005; Knutson et al., 2005; Rolls et al., 2008), but does not act alone in this 
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complex assessment of an outcome. The OFC is described as part of the reward circuit, 

networked with the striatum, amygdala, insula and hippocampus, as well as the ACC and sensory 

areas of temporal cortex (Croxson et al., 2005; Haber et al., 2006). The previous section 

described these studies in relation to the OFCs contribution to value-guided learning; however 

this does not preclude them from acting as decision-making signals. An animal seeking to satisfy 

a particular biological need might want to compare the values of alternative options that are 

present in a representation of the animals’ reward environment in order to select the goal which 

has the capacity to satisfy its biological requirement. A number of neuroimaging experiments 

have provided evidence that many aspects of this process involve the OFC. For example, a 

comparator system might be expected to signal the relative, rather than the absolute expected 

reward value. Replicating the finding of Tremblay and Schultz (1999), Elliott and colleagues 

show that responses in a medial region of the human OFC to a perceptually identical stimulus are 

greater when the stimulus predicts the more valuable of two rewards than when it predicts the 

less valuable (Elliott et al., 2008). Specifically, the mOFC, amygdala and ventral striatum are 

more active towards a stimulus which predicts a 50p reward, when it is presented in the context 

of a stimulus associated with 10p, than when it is paired with a more valuable stimulus predictive 

of a £1 reward (Figure 1.4a). The nature of relative value encoding in the OFC has been explored 

further in a number decision based tasks for both monetary rewards (Boorman et al., 2009) and 

incommensurable items (FitzGerald et al., 2009), implying that this signal may code for a 

common currency of value during a complex decision. Boorman and colleagues used a two-

armed bandit task and asked subjects to choose between two actions each associated with an 

explicit size of reward earnings (Boorman et al., 2009). The probability of the subject receiving a 

reward for each alternative response varied across the course of the scan, and the subjects 
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developed an estimate of this probability by exploring the different action, and learning through 

trial-and-error which action was currently more likely to be rewarded. As subjects were 

motivated to accumulate as much money as possible for their time, they were required to 

implicitly trade the size of reward with the probability of the action eliciting the reward. In order 

for subjects to select the optimal choice they had to compare the expected values associated with 

the two alternatives. Brain regions involved in making this decision are therefore expected to 

show activation correlated with the relative difference in chosen value (i.e. the difference 

between the chosen and unchosen expected values). Boorman and colleagues identified signals 

in the vmPFC that encoded relative chosen value during the period of contemplation, i.e. before a 

response had been made (Figure 1.4b). Moreover, the vmPFC encoded the component parts of 

the signal, showing a positive correlation with chosen action value and a negative correlation 

with unchosen action value. The study contrasted the relative chosen value signals found in the 

vmPFC with that of the relative unchosen probability signals found in the adjacent frontopolar 

region of cortex. Furthermore, while activity in the frontopolar cortex was found to encode the 

evidence in favour of subjects switching away from their current choice (Boorman et al., 2009), 

this study also found that activation in the vmPFC correlated with the likelihood that the subject 

maintained their current choice (Boorman et al., unpublished observations). These observations 

support the distinction between brain regions involved in exploitative and exploratory actions 

drawn by Daw and colleagues. Here the authors identified that the frontopolar cortex and 

intraparietal sulcus are preferentially active during exploratory decisions, i.e. choices during 

which a subject might be attempting to gather information about the state of their reward 

environment. In contrast, decisions which exploited this information to harvest rewards were 

associated with increased activations in regions of vmPFC and the striatum (Daw et al., 2006). 
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Figure 1.4. MOFC and vmPFC responses during relative reward processing A. mOFC is more active to cue B when 

it represents the better of two rewards (i.e. following an AB than BC pairing) from Elliott et al. (2008). B. vmPFC 

activity to relative chosen value (leftwards panel) and its time course (top right) decomposed into chosen and 

unchosen action values (bottom right) from Boorman et al. (2009). Permission to adapt and reprint granted by Elliott 

et al. (2008), Boorman et al. (2009), John Wiley and Sons and Elsevier. 

 

Human decision-making is often remarkably irrational, being particularly susceptible to 

the context in which available choices are presented. Economists define one particular aspect of 

rationality as ‘invariance’, which is the assumption that logical consistency across decision is 

maintained regardless of the available choices. However, numerous studies suggest that human 

choice behaviour deviates from this description and choices are often influenced by the manner 

in which they are framed. The neural basis of the so-called framing effect was investigated by De 

Martino and colleagues (2006). The task asked subjects to either gamble a proportion of an 

endowment or chose a ‘sure’ option which was equally matched with the gamble. The choice 

was framed as either a Gain or a Loss, with the sure option stating that the subject would ‘keep’ 
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or ‘lose’ the stated amount of money, while the gamble was represented as a proportion of a pie 

chart. In real terms the value of choices were identical, yet subjects behaviour choices were 

significantly affected by the manner in which the choice was presented. In accordance with the 

predictions from prospect theory (Kahneman and Tversky, 1979; Tversky and Kahneman, 1981) 

subjects were risk-averse in the Gain frame, tending to choose the sure option over the gamble, 

and risk-seeking in the Loss frame, opting now to gamble. The authors reported that bilateral 

amygdala was more active when subjects chose in accordance with the frame effect than when 

choices went against it, while the ACC was identified in the reverse contrast, showing enhanced 

activity when choices went against the framing effect. Interestingly, vmPFC activity correlated 

with the degree to which subjects’ decisions were rational and uninfluenced by irrelevant 

features of the context in which they are made. Increased activation in the OFC and vmPFC was 

associated with a decreased susceptibility to the framing effect. These three brain regions are 

anatomically interconnected and together, it appears, they work in a functional network to bias 

choice behaviour. 

A number of researchers have emphasised the importance of other neural signals which 

contribute to sound economic decision-making. As described above, learning occurs when there 

is a need to update a value assigned to a previously chosen option on the basis of deviations 

between the expected and actual reward, i.e. a prediction error. However, in order to choose 

between options, a brain region must compute a number of other value-related signals. In a 

manner the reward prediction error signal contributes to the calculation of the goal value, a 

measure of the predicted reward that result from the outcome generated by each of the option 

(choice or action) under consideration. Behaviourally, goal value can be estimated as a subject’s 

willingness to pay to acquire or avoid a particular outcome, and these signals have been 
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identified by a number of studies in medial regions of the OFC (Plassmann et al., 2007; Hare et 

al., 2008; De Martino et al., 2009; Hare et al., 2009; Plassmann et al., 2010). These signals are 

not modulated by a subject’s role as buyer or seller in the transaction, and are therefore reference 

independent (De Martino et al., 2009). Once goal value has been established the system is able to 

measure the net value difference between taking either of alternative options and calculate the 

decision value. The OFC also encodes signals related to decision values, associated with 

different rewarding food choices (Hare et al., 2009), and during a task where subjects paid 

money to view attractive faces (Smith et al., 2010). Decision value signals were also notably 

present in the absence of an overt choice task (Smith et al., 2010). 

 

Summary of Value-Guided Learning and Decision-Making in the Orbitofrontal Cortex 

The OFC plays a critical role in both the learning of, and comparison between, multiple expected 

values. However, an important question is whether the specific anatomical foci of these two 

functions are dissociable in the brain. Kable and Glimcher have recently argued that they are and 

proposed a “basic model” for primate decision-making (Kable and Glimcher, 2009). Their 

review suggests a system for learning, storing and representing subjective values involves the 

ventromedial sectors of the PFC and associated regions of the striatum. In contrast, they claim 

that the choice of a single highly valued action from among a number under consideration relies 

on lateral prefrontal and parietal areas. This interpretation, which is largely based on 

electrophysiological recordings in non-human primates, where inference of influence and 

directionality is often challenging, has never been tested with methods which assign causality of 

function. Whilst, Kable and Glimchers (2009) argue against the strict interpretation of the 

neurons identified by Tremblay and Schultz (1999) as encoding relative value, suggesting 
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instead they are “condition-variant” (longer-term adaptive reward scaling), they neglect the 

increasing human imaging evidence which identifies vmPFC activity that correlates with relative 

subjective value (De Martino et al., 2006; Elliott et al., 2008; Boorman et al., 2009; Smith et al., 

2010). The authors also fail to consider the effect of vmPFC and OFC lesions in both human and 

monkey lesions which impair the consistency of choice preference tests (Baylis and Gaffan, 

1991; Fellows and Farah, 2007). An alternative hypothesis suggests that aspects of value-guided 

learning and decision-making can be dissociated within the OFC itself. The evidence presented 

above describing OFC activity in relative reward encoding, rational decision-making and the 

degree to which subjects are influenced by irrelevant aspects of context, often localize to the 

ventromedial regions of the PFC and mOFC. Interestingly, OFC lesions which don’t include area 

14 fail to produce food preference changes (Machado and Bachevalier, 2007). This suggests that 

the vmPFC and mOFC themselves may play a role in biasing choice behaviour. In contrast, 

although S-O learning is less clearly localized with neuroimaging or electrophysiological 

methods, potentially due to confounding variables and methodological difficulties respectively, 

the specific aspect of credit assignment can be localized to more lateral OFC regions (Walton et 

al., 2010). Chapter 4 explicitly investigates the hypothesis that the lOFC and mOFC are 

respectively, involved in learning and decision-making. The effects of mOFC and lOFC lesion in 

the macaque were compared while the animals perform 3-armed bandit tasks designed to probe 

different aspects of learning and choice behaviour. The first aim of the study was to confirm 

whether impairments of credit assignment were restricted to lOFC lesions, and if so what 

underpinned the deficits seen in mOFC lesioned animals. Chapter 5 went on to investigate the 

precise nature of the deficit experienced by mOFC lesioned animals in relative value comparison 

and the influence of irrelevant rewarding alternatives on choice behaviour. In an effort to 
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translate the principles of these findings into human subjects we explored whether outcome-

specific contingency learning was mediated by specific regions of the frontal lobe. Given the 

lOFCs involvement in S-O credit assignment (Walton et al., 2010) we hypothesised that its role 

may extend from assigning value to a specific stimulus to assigning the expectation of a specific 

outcome to a specific stimulus. Chapters 6 and 7 will investigate this possibility in a human 

fMRI experiment which uses a stimulus-specific contingency learning paradigm based on the 

DOP (Ramirez and Savage, 2007).   

 

1.4 Thesis experiments 

Does the Macaque mOFC Support Social or Emotional Evaluation? 

The first experiment, presented in Chapter 3, explores the contribution of specific mOFC damage 

to a macaque’s ability to utilise socially or emotionally valuable information to guide actions. 

The methods are identical to those adopted by Rudebeck and colleagues, which dissociated the 

contributions of the ACC and PFv+o to social and emotional processing respectively (Rudebeck 

et al., 2006a). By comparing the results of these two studies, this chapter concludes that the 

mOFC makes no major contribution to social or emotional processing but does indicate a role in 

value-guided decision-making.  

 

Assigning and Comparing the Roles of the lOFC and mOFC in Expected Value 

A basic model of decision-making should address two key questions. Firstly, how are subjective 

values of options under consideration learned, stored, and represented in the brain? Secondly, 

how are these multiple values compared and one ultimately chosen from among various 

alternatives? Much research has gone into answering these two questions using 
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electrophysiological, animal lesion work, as well as human neuroimaging experiments. However, 

to date no experiment has been designed to explicitly investigate the possibility of dissociation 

between the two functions in a targeted lesion experiment. Chapters 4 and 5 will outline a set of 

experiments which aimed to address both of these issues. This study expanded a reward 

environment to a three-choice situation and in doing so identified a double dissociation between 

the contribution of the lateral and medial regions of the OFC to value assignment and value 

comparison. Chapter 4 will detail this dissociation while Chapter 5 will present findings which 

elaborate and clarify the nature of deficit experienced by the mOFC lesioned animals in decision-

making. 

 

Differential Reinforcement Learning: Identifying the Unique Contribution of the OFC to 

Outcome-Specific Contingency Learning. 

As identified in the preceding section a question remains over the role of the human OFC and, 

more particularly, the regional specificity within this structure for the representation of outcome-

specific associations. Many investigators have interpreted rat lesion studies as suggesting that the 

OFC is the area which learns, stores and represents expected and stimulus-specific value 

(Ostlund and Balleine, 2007a; Ramirez and Savage, 2007). This hypothesis has gained support 

from a number of studies that identified changes in BOLD responses during tasks which 

manipulate expected value (Gottfried et al., 2003; Valentin et al., 2007). However, in both types 

of experiments, learning is often confounded by the subjects using expected value to choose 

between different options. Whilst this is interpreted as goal-directed learning, it may in fact 

represent goal-directed decisions. One set of experiments in this thesis set out to determine 

whether this latter hypothesis could be considered. Chapters 6 and 7 describe a novel version of 
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the DOP adapted for use in humans. The behavioural results are presented in Chapter 6, while 

the neural mechanisms underpinning outcome-specific contingency learning are explored in 

Chapter 7. 
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CHAPTER 2: THE ANATOMY OF THE ORBITOFRONTAL 

CORTEX  

Cortical function is critically dependent on the intrinsic and extrinsic connective patterns of a 

brain region, as well as its anatomical structure. Without clear knowledge of this information it 

is nearly impossible to interpret results from any functional method. Recently a series of detailed 

anatomical studies have demonstrated that the ventromedial prefrontal cortex in the macaque is 

far from a homogeneous structure, and is instead composed of a mosaic of areas. Based on 

differential cortico-cortical and cortico-subcortical connections these subregions have been 

broadly divided into two connectional networks; the ‘medial’ and the more lateral ‘orbital’ 

prefrontal network. This chapter will present the evidence for these two connective networks, 

and discuss how relative differences in connective inputs might serve to specialize functional 

roles. It will then compare the pattern of these connections with those of the human brain so that 

homologies between the two species can be drawn. 

 

2.1 Introduction 

The connections between neighbouring cortical regions and distinct cortical and subcortical 

structures determine the functional role of a brain area (Carmichael and Price, 1996; Passingham 

et al., 2002). Just as the inputs to a system will determine the types of processes possible within 

it, the outputs will determine the influence of processing in other networked systems. In the brain 

this translates to an influence on behaviour and serves to bias actions. As part of the 

ventromedial prefrontal cortex (vmPFC), the orbitofrontal cortex (OFC) has been implicated in 
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learning, decision-making, and social and emotional processing. However, in order to 

substantiate these claims it must be established that the OFC has access to the afferent inputs to 

assess the precursor elements of these complex behaviours, such as stimulus properties and 

value, which are processed elsewhere in the brain. Furthermore, it must be determined whether 

the OFC utilises this information to influence behaviour via interconnections with brain regions 

specialised for bodily sensations or action, such as motor, musculo-skeletal and subcortical 

systems.  

 

2.2 Cytoarchitectonic Divisions of the Macaque Prefrontal Cortex 

The OFC is on the ventral surface of the frontal lobe. It extends posteriorly from the frontal pole 

to the insula, and ventrally, from the rostral sulcus on the medial wall, it follows and includes the 

curvature of the frontal lobe above the eyes all the way to the lateral orbital sulcus (Walker, 

1940; Carmichael and Price, 1994; Petrides and Pandya, 1994; Petrides, 2006). Variations in 

cytoarchitecture within the OFC have encouraged numerous researchers to divide this area up. 

Rostro-caudally, differences in the concentration of the granular layer IV have been observed 

with the most anterior parts of the OFC containing a well defined granular layer. Dysgranular 

and even agranular regions have been identified in central and posterior orbital cortex 

respectively.  

Early classification, based on cell layer differences such as granulation, identified a 

number of prominent component structures. Brodmann (1905) was the first to parcellate the 

medial and orbital surfaces of the macaque brain, but subsequent improvements in staining and 

tracing techniques have led later researchers to differentiate these areas in increasingly more 

detailed ways. For example, Walker (1940) observed two fields within the posterior medial 
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orbital cortex (Figure 2.1). Area 13 was defined as cortex on the “posterior orbital gyrus”, 

extending dorsally from the posterior portion of the medial orbital sulcus to the frontomarginal 

sulcus. Adjacent cortex, which encompassed the gyrus rectus, as well as cortex beneath, and 

medial to the olfactory tract, was labelled area 14. Area 11 was indentified as cortex that lay 

rostral to area 13 and lateral to area 14; being immediately posterior to the frontopolar region of 

area 10, and extending from the lateral to the medial orbital sulcus. On the medial wall, dorsal 

from area 14, Walker identified areas 24 and 25. He argued these regions represented the 

agranular and granular cingulate gyrus respectively. 

 

Figure 2.1. Cytoarchitectonic map of orbital and medial prefrontal cortex from Walker (1940). The orbital and 

medial cortex was subdivided into seven areas. Later parcellations would use this map as a template for more fine 

grain regional divisions. Permission to adapt and reprint granted by Walker (1940) and John Wiley and Sons. 

 

Observed cyctotechonic differences within the PFC, in terms of layer IV granulation, 

pyramidal cell size, cell-packing densities and myelination, have led researchers to recognize 
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additional subdivisions in the OFC creating even more refined maps of the macaque OFC 

(Barbas and Pandya, 1989; Petrides and Pandya, 1994). For example, both Petrides and Pandya 

(1994) and Price and colleagues created parcellation maps (Figure 2.2) in which the 

nomenclature and analysis of architectonic subdivisions of the orbital and medial PFC was based 

on Walker (1940). Notably, Price and colleagues extended the subdivisions quite considerably. 

The group performed an extensive series of experiments investigating both the anatomical 

architectonic regional differences of the prefrontal cortex as well as the intrinsic and extrinsic 

cortico-cortical and cortico-subcortical connections (Ray and Price, 1993; Carmichael and Price, 

1995a, b, 1996; An et al., 1998; Ongur et al., 1998; Ferry et al., 2000; Kondo et al., 2003, 2005; 

Hsu and Price, 2007). Carmichael and Price (1996) subdivided each of Walker’s original six 

anatomical prefrontal areas, 10, 11, 12, 13, 14 and 24, and included the additional areas 25 and 

32, into 16 cyctoarcitectonically distinct areas. On the medial wall they identified areas 10o, 

10m, 24a, 24b, 32 and 25. Ventromedial to the gyrus rectus and extending around the 

ventromedial convexity to the medial orbital gyrus, area 14 is divisible into 14r and 14c. These 

two regions are distinguished along the caudo-rostral dimension by the introduction of a sparse 

dysgrandular layer IV in area 14r (Barbas and Pandya, 1989; Carmichael and Price, 1996). 

Lateral to the medial orbitfrontal sulcus, the central OFC (cOFC) can be subdivided into the 

dysgranular areas 13m and 13l, with more medial regions now classified as 13a and 13b. Area 

13a distinguishes itself from its numerical classification by being the only agranular region of 

area 13, as well as having distinct anatomical connective patterns, which will be discussed 

further below. Similarly, granular area 11 has been divided into 11m and 11l. 11m can be seen to 

extend both laterally and rostrally from area 13b. Area 11l includes cortex lateral from area 11m 

and extends roughly to the lateral orbital sulcus. Lateral to area 11l, area 12 has been subdivided 



56 
 

and classified as areas 12r and 12m, 12o and 12l. Finally, Carmichael and Price’s parcellation 

emphasizes the posterior agranular insular areas of orbital cortex and divides this grey matter 

into Iam, Ial, Iapm, Iapl and Iai (Carmichael and Price, 1996).  

 

Figure 2.2. Architectonic subdivision of the macaque orbital (at left) and medial surface (at right) described by 

(Carmichael and Price, 1996). Walkers original six anatomical prefrontal regions were expanded and divided into 16 

cyctoarcitectonically distinct areas. Permission to adapt and reprint granted by Carmichael and Price (1996) and 

John Wiley and Sons. 

 

Whilst debates over the reliability and relevance of such fine grained subdivisions 

(Petrides, 2007) have been raised, the divisions proposed by Carmichael and Price appear to have 

some functional significance, as within these regions various distinct cortio-cortical connective 

patterns have been demonstrated (Barbas and Pandya, 1989; Carmichael and Price, 1995a, b). 

Moreover, Carmichael and Price (1996) suggest that differences between cortio-cortical 

connections segregate the architectonic areas into two connective networks (Figure 2.3). The 

‘medial’ prefrontal network links most medial areas including 14r, 14c, 24, 25, 32 and 10m. In 

contrast the lateral ‘orbital’ prefrontal network selectively connects areas within lateral orbital 
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cortex, and includes posteriolateral areas Iam, Iapm, Ial, 13b, 13m, 13l and 11m, as well as 12m, 

12l and 12r. Very few connections between the two networks were identified, but ‘intermediate’ 

areas 13a, 12o and Iai had substantial connections to both networks, and so were argued to serve 

as points of interaction. 

 

Figure 2.3. Summary of corticocortical connections within the OMPFC (from Ongur and Price (2000), modified 

from Carmichael and Price (1996)). Although the two networks are distinct there are several points of interaction 

especially through areas near the ventromedial corner of the frontal lobe. Permission to adapt and reprint granted by 

Carmichael and Price (1996) and Oxford University Press. 

 

The prefrontal networks established by Carmichael and Price (1996) are further 

corroborated by a series of experiments investigating regional connections to distant cortical and 
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subcortical structures. The details of these distinct connectional networks will be presented in the 

subsequent section, with particular emphasis on their functional interpretations. However, whilst 

the discussion will aim to encompass each network as a whole, specific attention will be paid to 

areas; 24 and 14, as representatives of the medial network; and 13 and 11, as representative 

nodes in the orbital network.  

 

2.3 Connectional Networks of the OFC  

Carmichael and colleagues propose two distinct connective networks and argue that these two 

networks have differential reciprocal connections with a number of cortical and subcortical 

regions, including sensory and premotor regions, as well as limbic structures, such as the 

amygdala nuclei, hippocampus, parahippocampas and cingulate cortex (Ray and Price, 1993; 

Carmichael and Price, 1995a, b, 1996; An et al., 1998; Ongur et al., 1998; Ferry et al., 2000; 

Kondo et al., 2003, 2005; Hsu and Price, 2007). This proposed distinction will provide the 

framework of the subsequent sections in this chapter. Critically, because most connections 

described are reciprocal in nature, this chapter will tend not to focus on directionality of 

projections. In arguments about functions, however, the connections described with sensory and 

limbic regions are emphasized as important afferent connections, while connections with motor 

and premotor areas are described more in terms of efferent projections from the OFC.  

 

The Stimulus: Sensory and Hippocampal Connections 

The OFC is implicated in flexible learning of stimulus-reinforcement associations. Lesions to 

this region disrupt the ability to alter behaviour following a change in reward contingencies 

(Butter et al., 1970; Iversen and Mishkin, 1970; Izquierdo and Murray, 2004; Walton et al., 
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2010). Extracellular recordings show that neurons track the integrative information of stimulus 

reward value (Thorpe et al., 1983; Rolls et al., 1996; Tremblay and Schultz, 2000). Furthermore, 

neuronal responses can discriminate stimuli on the basis of distinct outcomes and on outcome 

preference (Tremblay and Schultz, 1999). It is therefore essential that the OFC receives input 

from regions specialized for processing the independent elements of these associations in order 

to accurately represent distinct stimulus properties, and the associated hedonic or intrinsic reward 

value.  

The OFC receives projections from visual and sensory related areas in the inferior 

temporal lobe (Pandya and Kuypers, 1969; Jones and Powell, 1970; Chavis and Pandya, 1976; 

Webster et al., 1994), as well as from other sensory modalities including somatosensory (Seltzer 

and Pandya, 1989), gustatory and olfactory cortex (Carmichael et al., 1994; Carmichael and 

Price, 1995b). However, the strength of connections to areas within the OFC are vastly 

disproportionate (Carmichael and Price, 1995b). Lateral regions of the OFC, such as area 11 and 

13, receive input from nearly all sensory regions, while the more medial OFC, including area 14 

and cingulate areas 24, receive almost none. The majority of connections with visual association 

cortex are directed to area 12l, but innovation is scattered to most lateral granular and 

dysgranular orbital frontal regions, including subregions of areas 13 and 11, in addition to 

caudual agranular insular areas. The lateral OFC also receives sensory information from 

somatosensory cortex. The second somatosensory area, the anterior infraparietal area and 

granular insula areas send strong projections to areas 12m, caudomedial regions of area 13 and 

Ial. Weaker projections are also seen to 11l. Gustatory, visceral and primary olfactory 

innovations are also strong projections to posteriolateral areas. Olfactory innovations of OFC are 

particularly unusual. Most primary sensory projections to OFC, and cortex in general, are 
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mediated via association areas or through thalamic structures, which act as relay stations. 

Primary olfactory cortex, including piriform, entorhinal, ventral tenia tecta and anterior olfactory 

nuclei receive direct projections from the olfactory bulb and project, many of them, via the 

uncinate fasciculus (Van Hoesen et al., 1972; Van Hoesen et al., 1975), directly to OFC regions, 

including lateral areas 13 and agranular insular areas, in addition to medial areas 14c and 25. 

Finally, the OFC has access to polysensory or multimodal sensory information from superior 

temporal gyral regions, which directly innervate intermediate areas 12o, 13a and Iai.  

As described sensory projections are consistently strongest to lateral OFC structures, with 

virtually no projections to medial structures. One of the few exceptions to this pattern comes 

from auditory association cortex including ventrolateral and superior temporal cortex. Cingulate 

cortex in particular therefore has access to complex auditory information, as well as integrated 

and highly processed visual and auditory information, such as species-specific vocalizations and 

facial expressions (Bruce et al., 1981; Poremba et al., 2004; Ghazanfar et al., 2005).  

The hippocampus also innervates OFC. The subiculum of the hippocampus sends 

projections exclusively to the medial structures, including area 14 and 10; with smaller 

projections to area 32. In contrast, the body of the hippocampus and area CA1 send projections 

to lateral 13a and 13b (Carmichael and Price, 1995a). The hippocampus is associated with 

perception, long-term memory and aspects of contextual memory (Parkinson et al., 1988; Smith 

and Milner, 1989; Eichenbaum et al., 1990; Mishkin et al., 1997; Murray and Richmond, 2001; 

Buckley and Gaffan, 2006). Hippocampal connections innervate the frontal cortex directly along 

the uncinate fasciculus (Van Hoesen et al., 1972; Van Hoesen et al., 1975), or indirectly via 

connections from cortical sites in the temporal lobe. The enthorhinal and perirhinal cortices, as 

well as the temporal pole and parahippocampal cortex, are all reciprocally connected to the OFC, 
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and here again, connective patterns serve to differentiate the frontal networks (Carmichael and 

Price, 1995b; Kondo et al., 2005). Projections from perirhinial and entorhinal cortex also connect 

with lateral OFC structures, including 13, 12l and agranular insular areas. However, whilst 

perirhinal cortex is relatively confined in its lateral innervation, with only 14c receiving light 

innovation, entorhinal cortex connects with a number of medial structures including 14 and 24. 

Meanwhile, the temporal pole innervates both networks relatively evenly, but differentiates 

between the networks based on the source of connections within itself (Kondo et al., 2003). 

Specifically, ventromedial regions of the temporal pole, TGvg and TGvd, project almost 

exclusively to lateral OFC structures such as 13b, 13l, 13m and 12m and agranular insular areas. 

In contrast, dorsolateral regions of the temporal pole, TGdg and TGdd, preferably innervate the 

medial network, including areas 10m, 14, 32 and 24. Similarly, the posterior parahippocampus, 

known for representing contextual information about stimuli, also connects more exclusively 

with medial and intermediate OFC regions (Vidyasagar et al., 1991; Salzmann et al., 1993).  

 

The Value: Striatal and Amygdala Connections 

In order to integrate flexibly encoded stimulus values, in addition to information regarding 

stimulus properties, the OFC also requires input representing the receipt of an outcome and the 

intrinsic value of that outcome. The acknowledged receipt of reward is critical to a system. 

Monkey physiological studies have identified neurons in the ventral striatum and nucleus 

accumbens, in addition to both medial and lateral structures of the OFC that fire in response to a 

rewarding event (Schultz et al., 1998). However, reward related responses are not homogeneous 

throughout the midbrain and cortical structures. Dopamine neurons in the accumbens fire in 

response to primary rewards, or reward-predicting stimuli, without discriminating between 
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rewarding stimuli. Meanwhile, striatal neurons respond to expectations of specific rewards, and 

may especially adapt expectation to new reward situations. However, OFC neuronal responses 

encode more complex factors such as monkeys’ relative preference for each reward (Schultz et 

al., 1998; Tremblay and Schultz, 1999).  

It is critical then that the OFC has access to dopaminergic and striatal reward-related 

input. Detailed analyses of the cortico-striatal network suggests that both medial and cingulate 

regions connect to the core of the nucleus accumbens, but whilst frontopolar and ventromedial 

areas (including rostral areas of 14) connect with the medial body of the caudate and rostral and 

ventral regions of the putamen, cingulate regions, 24b and 24c, connect with dorsal regions of 

the caudate and the putamen. In contrast, lateral structures of the OFC innervate lateral regions 

of the caudate and ventromedial regions of the putamen. Interestingly, these lateral regions do 

not connect with the nucleus accumbens; labelled axons were identified close to the edge of the 

accumbens nucleus, but rarely in the medial part itself (core or shell). Ferry and colleagues 

(2000) suggest that OFC and dopaminergic inputs to the ventral striatum determine its responses, 

and that the ventral striatum acts to choose between different reward-guided behaviours by 

suppressing inappropriate or undesired stimulus-reward associations. This mechanism is very 

similar to the dorsal striatum’s proposed mechanism of action selection, choosing between 

different opposing actions, and allowing one pattern of activity to initiate one action by 

suppressing another antagonistic pattern (Mink, 1996).  

Whilst this analysis emphasizes the distinct projection terminals from cortical regions, in 

line with the concept of parallel corticostriatal pathways (Alexander et al., 1990), more recent 

investigations of the innervation of the striatum from OFC and ACC show an organization that 

features a dual system for parallel and integrative network processing (Haber et al., 2006). Haber 
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and colleagues traced axonal projections from the OFC; areas 11 and 13, dACC; areas 24b and 

32, and dlPFC; area 9/46, and found that whilst the focal projections from these regions occupied 

their own territory, at rostral levels of the striatum dlPFC terminals converged with those from 

both the dACC and OFC (Figure 2.4). Focal projections were complimented by a pattern of 

diffuse terminal fields, some invading fields some distance from their focal site into regions that 

receive their focal input from other PFC areas. The authors argued that functional coordination at 

the level of the striatal terminals between the OFC, ACC and dlPFC would be particularly 

valuable to a system involved in learning new procedures and associations.  

 

Figure 2.4. Schematic illustration of ventral striatal connections. Inputs and outputs are represented blue and gray 

arrows respectively. Abbreviations: Amy = amygdala; BNST= bed nucleus stria terminalis; Hipp=hippocampus; 

hypo=hypothalamus; MD=medio-dorsal nucleus of the thalamus; PPT=pedunculopontine nucleus; S=shell; 

SNc=substantia nigra, pars compacta; STN=subthalamic nucleus; Thal=thalamus; VP=ventral pallidum; VS=ventral 

striatum; VTA=ventral tegmental area; vmPFC=ventral medial prefrontal cortex. Permission to reproduce granted 

by Haber and Knutson (2010) and Nature Publishing Group. 
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Like the striatum, the amygdala has been implicated in several primate studies as having 

a critical role in generating associations between stimuli and rewarding or aversive events, in 

addition to learning and emotional responses (Aggleton and Passingham, 1981; Malkova et al., 

1997; Baxter et al., 2000; Izquierdo et al., 2005; Paton et al., 2006). Therefore, in order for the 

OFC to integrate stimulus information from sensory regions with value-related information from 

medial temporal lobe nuclei, it is essential that the OFC receives input from these structures.  

Both the medial and orbital networks, described by Carmichael and Price (1996), are 

connected to the basal nucleus of the amygdala, but the distribution of projections within this 

structure is different between the two networks. Areas defined as part of the medial, including 

both areas 24 and 14 and intermediate network, are relatively more connected to ventrolateral 

regions within the basal nucleus. In contrast, area 12l of the lateral network is connected to more 

dorsal regions of the basal nucleus. Similarly, the relative strength of projections from other 

amygloid nuclei also differentiates the two networks. Lateral structures such as 13a and 13b and 

posterior agranluar insular areas are relatively more connected to the lateral nucleus of the 

amygdala and the anterior cortical nucleus. In contrast, medial regions receive very few, if any, 

connection to these amygloid nuclei (Carmichael and Price, 1995a).  

As well as presumably providing information about the value of an external event, the 

amygdala innervation to the OFC is also associated with focusing attention on relevant task 

features and suppressing distracters (Wang et al., 2004). Neurons from the amygdala typically 

terminate in the superficial layers I and II of the OFC; intermingling with local inhibitory 

neurons (Ghashghaei et al., 2007). Activity in these inhibitory neurons may serve to focus 

attention on stimuli with emotional importance and explain the behavioural changes seen in 
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macaques in terms of heightened aggressiveness directed to emotive stimuli (Izquierdo et al., 

2005; Rudebeck et al., 2006a).  

 

The Action: Motor Connections 

The frontal lobe of the macaque contains several distinct areas that possess reciprocal 

connections with the motor cortex, spinal cord or superior colliculus. These are defined as 

premotor regions (Muakkassa and Strick, 1979; Godschalk et al., 1984; Matelli et al., 1986; 

Huerta and Kaas, 1990; Dum and Strick, 1991; Morecraft and Van Hoesen, 1992), and a number 

have been found to project directly to orbital and ventromedial areas. For example, the premotor 

region of rostral ACC, area 24c, projects to the face, digit and limb parts of the motor cortex in 

addition to dorsomedial pre-motor regions, such as the supplementary motor area and the spinal 

cord. This type of connective pattern is suggestive of an area that has direct influence over the 

motor system, and therefore of behaviour. In keeping with this interpretation it is not surprising 

that lesions to this region affect the integration of intrinsic costs and benefits of an action 

(Walton et al., 2003; Rudebeck et al., 2006b), and neuronal activity in this region reflect the 

valuation of a course of action (Kennerley et al., 2009). 

Whilst the OFC does not project to cortical motor areas, it is connected to a number of 

cortical and sub-cortical motor related regions. Medial area 24b and agranular insular area Ial 

have been shown to connect to premotor cingulate area 24c. Likewise, premotor areas 6va, 6vb 

and the supplementary eye field connect to a number of subregions within lateral areas 12 and 

13. The OFC is also connected to a number of subcortical motor related areas in the midbrain. 

The periaqueductal gray (PAG) is associated with the coordination of actions, and as such 

receives projections from a number of motor and premotor cortical regions including 6va and 
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6vb, 24c, 9 and 8. It is therefore situated in an appropriate connectional position to bias 

behaviour indirectly via its prefrontal efferent projections. Afferent connections towards PAG 

were detailed by An and colleagues (1998), and suggest a network with strong medial OFC 

connections. Both the dorsolateral and ventrolateral column of the PAG direct and receive 

projections from medial regions 10m, 14c, 25, 32 and 24b, as well as intermediate structures 13a, 

12o and Iai. The only designated lateral prefrontal region even lightly innervated by the PAG is 

area 12l.  

As well as connections to motor related areas in the midbrain the orbital and 

ventromedial also project to the hypothalamus. The hypothalamus is an area associated with 

autonomic control and homeostatic regulation, and just like the PAG the majority of projections 

to the hypothalamus come from medial regions. Medial and intermediate structures, such as area 

10m, 14, 25 and 32, as well as 13a, 12o and agranular insula areas, send projections to both 

rostral and caudal regions of the hypothalamus. In contrast, area 24 and area 13 are more 

exclusive in their projections towards caudal regions. Collectively, the interconnections of the 

medial network with the hypothalamus, amygdala and PAG prompted Ongur and colleagues to 

propose the existence of a further three sub-networks (Ongur et al., 1998). They argued that as 

each network incorporates discrete compartments of the ventromedial cortex, the amygdala, 

hypothalamus and PAG allow visceral information to be processed in parallel, yet separate 

systems (Figure 2.5).  
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Figure 2.5. Connections between the medial “visceromotor” network, hypothalamus, periaqueductal grey and 

amygdala. Distinct parts of the medial network project to separable areas within limbic, autonomic and midbrain 

structures that are in turn interconnected. Permission to adapt and reprint granted by Ongur et al (1998) and John 

Wiley and Sons. 

 

It is important to remember that claims of functional differentiation based on 

cytoarchitecture and connective patterns must also be tested directly with behavioural 

experiments. Price and colleagues used their anatomical studies to propose a functional division 

between lateral and medial networks as a “viscerosensory” system, dedicated to feeding and 

reward, and a “visceromotor” system devoted to visceral control and emotion. Whilst this 
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dissociation is plausible, it has never been explicitly tested with discrete lesion experiments. 

Moreover, despite broad differences between the connectional profiles of orbital structures 

described above, the two networks are far from mutually exclusive. Reciprocal connections from 

numerous cortical and subcortical structures innervate both networks, suggesting that these 

regions have access to similar information regarding value and stimulus properties (Barbas and 

Pandya, 1989; Carmichael and Price, 1995a, b). This implies that neighbouring structures 

perform interrelated functions either in parallel or in sequence.  

Recently, a number of lesion studies have investigated the effects of lesions 

circumscribed lesions within the orbital and medial PFC. Walton and colleagues lesioned lateral 

areas 11 and 13, and argued that these structures are involved in credit assignment, the process 

by which value is casually and appropriately assigned to a particular stimulus (Walton et al., 

2010). Similarly, recent lesion work in the ACC suggests that this structure is involved in 

monitoring the outcome of actions (Rudebeck et al., 2006a) and evaluating the importance of 

social information (Rudebeck et al., 2006a). However, a question remains over the function of 

cortex between these regions.  

Area 14 lies ventral to the frontopolar area 10m and lateral to cingulate area 25, and is 

separated from areas 11 and 13 by the medial orbitofrontal sulcus. This region is considered part 

of Carmichael and Price’s medial network; yet despite being intimately connected with areas 24, 

25 and 32 there are a number of discrete differences in its connectivity profile from these 

cingulate regions (Barbas and Pandya, 1989; Carmichael and Price, 1995a, b). Specifically, area 

14 lacks premotor connections, but is more connected with the anteriomedial thalamic and 

amygloid nuclei than cingulate regions (Carmichael and Price, 1995b). Area 14 and cingulate 

cortex also differ in their connections within the mediodorsal thalamus, as area 14 is more 
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connected to rostral regions of the pars caudodorsalis, whereas areas 24 and 32 are connected to 

neurons in more caudal regions (Ray and Price, 1993). Area 14 also receives additional 

innovation from the pars paramediana, whereas the cingulate does not. This connective pattern 

indicates that area 14 may play a less critical role in directly modulating behaviour than its 

cingulate neighbours, but, via its connections with areas 23, 32 and 24, area 14 may be able to 

bias behaviour to a greater extent than the more lateral component structures. Area 14 is not 

particularly innervated by sensory regions, suggesting that it may not share in the role attributed 

to adjacent areas 11 and 13 of assigning value to stimuli (Barbas and Pandya, 1989; Carmichael 

and Price, 1995a, b). However, this region does still have access to value information from the 

amygdala and so may still perform a role utilizing this information (Carmichael and Price, 

1995a; Kondo et al., 2003, 2005). This thesis will investigate the functional differences between 

these three areas using aspiration lesions in macaque monkeys and functional magnetic 

resonance imaging (fMRI) in humans. The following section will detail the cytoarchitechonic 

similarities and differences between the human OFC and the macaque as described by 

Carmichael and Price (Carmichael and Price, 1994, 1996). Additionally, the distinct cortical 

connective patterns of the human OFC will also be illustrated. 

 

2.4 Comparative Anatomy of Macaque and Human OFC  

In recent years neuroscientists have made increasing use of new, non-invasive neuroimaging 

technologies. These methods include fMRI, position-emission topography (PET), as well as 

electroencephalography (EEG) and magnetoencephalography (MEG). However, whilst 

electrophysiological and lesion studies allow precise localisation through histological 

examination, the very nature of non-invasive methods means this is not possible in human 

http://en.wikipedia.org/wiki/Electroencephalography
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studies. The vmPFC, along with much of the prefrontal cortex has expanded disproportionally 

from the rest of the brain through evolution from monkey to man (Schoenemann et al., 2005). As 

such, it may be hypothesised that the cortical divisions of the human possess distinct connections 

profiles from macaques. Comparative studies of anatomy and connection are therefore critical in 

order to confidently compare the different primate species, and allow generalisation of proposed 

brain functions. Furthermore, if a goal of neuroimaging work is to investigate the fractionation of 

prefrontal function, it has never been more important to understand and appreciate anatomical 

and connective differences between neighbouring brain regions. Yet, despite the value of 

comparative studies very few have actually been performed in frontal lobe regions.  

Brodmann was one of the first to complete a comprehensive cytoarchitectural analysis of 

the human and non-human primate brain (Brodmann, 1905, 1909). However, despite assigning 

unique numbers to different cytoarchitectonic areas, his investigation of the OFC was not 

particularly detailed. In the human map, Brodmann identified areas 24, 25, 32 on the medial 

wall, and described areas 10, 11 and 47 on the lateral OFC surface (Figure 2.6A). Whilst the 

human map resembled the monkey, Brodmann was clear in stating that the maps were not 

identical. Indeed, area 32 in the human map was highlighted as not being homologous to area 32 

in the macaque. In recent years, subsequent parcellations have increasingly attempted to 

reconcile Brodmann’s human prefrontal regions with Walker’s (1940) macaque OFC divisions in 

terms of coordinating nomenclature, cytoarchitectonic boundaries and labelling schemes 

(Economo and Koskinas, 1925; Bailey and Bonin, 1951). For example, in one of the first direct 

comparative architectonic analyses, Petrides and Pandya (1994) specifically introduced the term 

47/12 to refer to the lateral orbital areas in humans and monkeys, thereby creating a map with 
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good alignment between the gross cytoarchitecture of the orbital cortex of the two primate 

species (Figure 2.6B).  

 

Figure 2.6. Subdivisions of the human orbital and medial PFC. A. Brodmann (1909) only labelled the OFC as area 

11 and 47 and recognised areas 10, 32, 24 and 25 on the medial wall. B. Petrides and Pandya attempted to reconcile 

differences between Brodmann’s human and Walkers monkey maps by introducing the term 12/47 and dissociating 

area 32. Permission to adapt and reprint granted by Ongur et al (2003) and John Wiley and Sons.  

 

Ongur and colleagues have gone further by proposing a division of cytoarchitecture in the 

human brain, which closely matches the subdivisions of the monkey OFC by Carmichael and 

Price (Carmichael and Price, 1994; Ongur and Price, 2000; Ongur et al., 2003). Using a number 

of histological and immunohistochemical stains, Ongur and colleagues recognised all 21 areas 

identified by Carmichael and Price and two further subdivisions of area 10 and 32 (Figure 2.7). 
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Specifically, frontopolar area 10 was subdivided into 10m, 10p (equivalent to monkey area 10o), 

and the additional area 10r. Meanwhile, Brodmann’s human dorsal anterior cingulate area 32 and 

his monkey prelimbic area of the same name were reconciled by defining the human area 32 as 

32ac, and identifying a human OFC region, areas 32pl, as equivalent in structure and position to 

areas 32 in monkeys in the caudoventral zone of agranular cortex. Whilst expansions of human 

frontopolar cortex have pushed structures such as areas 25 and 32pl from their non-human 

primate locations, Ongur and colleagues believe the macaque and human brains to be 

cyctoarchietectonically similar (Ongur et al., 2003). However, this claim is difficult to 

substantiate without proof that the subregions’ individual connection patterns are also 

comparable.  

 

Figure 2.7. Architectonic subdivisions of the human orbital (left) and medial surface (right) as described by Ongar et 

al (2003). Permission to adapt and reprint granted by Ongar et al (2003) and John Wiley and Sons.  
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In humans, it has only recently become possible to perform comparative white matter 

tracing studies. Higher resolutions of MRI machines, in combination with the development of 

diffusion-weighted imaging (DWI) (Behrens et al., 2003), and the application of probabilistic 

diffusion tractography, now allows the quantitative analysis of human fibre tracts. DWI provides 

information about the orientation of brain fibre pathways; while applying the statistical analysis 

of probabilistic tractography generates estimates of the likelihood of a pathway existing between 

two brain areas. A number of studies have applied this approach to different structures and 

regions, and have compared across the human and non-human primate species. However, only 

one study to date has investigated the connective profiles of the prefrontal cortex (Croxson et al., 

2005). Croxson and colleagues characterised the comparative connectivity profiles of PFC and 

found that each subcortical region had a distinct pattern of connectivity (Figure 2.8). 

Furthermore, these patterns of human PFC connectivity resemble those found in the DWI-based 

estimations of connections in macaques and the traditional tracer studies in macaques (Van 

Hoesen et al., 1972; Van Hoesen et al., 1975; Rosene and Van Hoesen, 1977; Barbas, 1988; 

Morecraft et al., 1992; Barbas, 1993; Barbas and Blatt, 1995; Carmichael and Price, 1995a). As 

seen in the macaque, different subregions of the vmPFC and OFC have differential cortico-

cortical and cortico-subcortical connective patterns. In humans, all subregions of the OFC appear 

to have similar strength of connections to sensory brain regions such as posterior temporal 

cortex, via the extreme capsule (EC). However, central regions of the OFC are relatively more 

connected to anterior temporal cortex, via the uncinate fasciculus (UF). In contrast, the OFC is 

not especially connected to the parietal cortex, as very few tracts were indentified along the 

superior longitudinal fascicle (SLF). In macaques, probabilistic tractography (Croxson et al., 

2005) and tracer injections (Van Hoesen et al., 1972; Van Hoesen et al., 1975; Rosene and Van 
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Hoesen, 1977; Barbas, 1988; Morecraft et al., 1992; Barbas, 1993; Barbas and Blatt, 1995; 

Carmichael and Price, 1995a) similar patterns of OFC connection with temporal and perirhinal 

structures. Observed connections along the cingulum bundle (CB) between lateral OFC and 

subcortical structures, such as the hippocampus, are both relatively sparse in humans and 

macaque (Croxson et al., 2005). 

Comparisons of connective patterns towards value related regions, such as the amygdala 

and striatum, suggest a number of similarities exist across the two species (Croxson et al., 2005). 

There was evidence of a gradient of increasing strength of connections with the amygdala going 

from lateral to medial OFC in both humans and macaques. Similarly, fornix connections are 

evident in both species and are more prominent with mOFC. Evidence of stronger connection 

between the mOFC and ventral striatum was also found in both species.  

The connectivity pattern of cingulate regions is also similar in both species (Croxson et 

al., 2005), as are the connections to the amygdala and hippocampus, along the CB and fornix. 

Cingulate regions are also connected to the striatum in both humans and macaques.  

 

 
Figure 2.8. Comparative quantatative results of probabilistic tractography from seeds in human (upper) and 

macaque (lower) brain areas. Abbreviations; Uncinate fasciculus, UF; Cingulum bundle, CB; Ventral striatum, VS.  

Permission to adapt and reprint granted by Croxson et al (2005) and Society for Neuroscience. 
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Functional Considerations 

Established comparative anatomical and connective similarities across human and non-human 

primate species are important for interpreting the functional similarities between the two species. 

Proposed mechanisms of behaviour from studies of discrete lesions and electrophysiological 

recordings in macaques can only inform human imaging studies (where neuronal responses can 

are only inferred from change in regional blood oxygenation ratios) if the brains across the 

species are relatively homologous. By being so they thereby validate the use of non-human 

primates as models of human brain function, and suggest that lesions can accurately represent 

and clarify the nature of impairments experienced by frontal lobe patients. For example, 

functional neuroimaging studies in humans have demonstrated changes in neuronal activity in 

the OFC in relation to sensory processes, such as olfaction (Zatorre et al., 1992; Zald and Pardo, 

1997; Dade et al., 1998) and gustation (Small et al., 1997a, b; Zald et al., 1998; Small et al., 

1999). In light of the OFCs mutual connections with primary olfactory cortex and gustatory 

responsive neurons (Carmichael et al., 1994) these functional experiments are relevant and 

interpretable. However, although these studies localise regional blood flow and oxygenation 

changes to the OFC, it has often been difficult to relate these changes to specific orbital 

subregions. This problem often stems from inconsistencies in the use of patterns of anatomical 

landmarks and the inherent intra-subject variability of gross anatomical organisation. Chiavaras 

and colleagues attempted to address this problem by assessing the patterns formed by individual 

sulci, and compared them to those of the less convoluted macaque brain (Chiavaras and Petrides, 

2000; Chiavaras et al., 2001). They identified four sulci in both the human and macaque brain 

which formed a very similar set of patterns in both species. The olfactory, medial, lateral and 

transverse sulci often formed patterns resembling an “H”, “X” or “K”, and the division imposed 
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on the brains by such an arrangement resulted in four consistent major gyri: the medial, lateral, 

anterior and posterior orbital gyri. Whilst additional sulci in the human and intra-subject 

variability observed in both species added complexities to the organisation of the cortex, the 

pattern was very similar from macaques to humans. With a better understanding of anatomical 

landmarks, improvements in the localisation of functional activation should contribute to an 

overall advance in understanding of function in anatomically divisible regions of cortex.  

The OFC has been described as a heterogeneous structure in both the human and non-

human primates (Ongur et al., 2003; Croxson et al., 2005) and as such it is possible that the 

different categories of reported OFC deficit and task-specific changes in regional blood flow, as 

measured by neuroimaging studies, can be selectively associated with differing brain regions. 

One theory has proposed that medial and lateral OFC have distinct roles in representing 

rewarding and punishing events respectively, while a posterior-anterior gradient within the OFC 

distinguishes the representation of primary reinforcers to more complex abstract reinforcers, such 

as monetary gain and loss (Kringelbach and Rolls, 2004). This claim was made on the basis of a 

meta-analysis on a number of neuroimaging studies, where activation in the OFC was identified, 

but has never been tested directly in an animal lesion experiment. This thesis will argue that this 

proposed division of function does not capture the precise nature of regional contributions to 

learning and decision-making, and will therefore explore an alternative hypothesis.  

Anatomically, the ACC is well located to bias actions based on the recent accumulated 

history of outcomes associated with a particular action (Rushworth et al., 2007a). It has multiple 

anatomical connections to motor and premotor brain regions, as well as receiving information 

about value from the amygdala and ventral striatum. Lesion work in monkeys has shown that 

animals with lesions to the cingulate sulcus have particular deficits in response-outcome (R-O) 
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reversal (Kennerley et al., 2006) and matching tasks (Rudebeck et al., 2008b), whilst being 

unimpaired in performing a stimulus-outcome (S-O) matching task (Rudebeck et al., 2008b). 

Human fMRI studies have also demonstrated a similar distinction between the two associative 

learning tasks, with the ACC showing activation in tasks involving monitoring performance and 

actions (Ridderinkhof et al., 2004; Walton et al., 2004). In contrast, the OFC is more typically 

activated in stimulus based learning tasks (O'Doherty, 2007), and both human patients and OFC 

lesioned macaques consistently report impairments in S-O reversal learning and stimulus 

devaluation (Baxter et al., 2000; Fellows and Farah, 2003; Izquierdo and Murray, 2004; 

Izquierdo et al., 2004; Walton et al., 2010). Recently this deficit has been found in macaques 

whose lesions were relatively confined to lOFC, and spared the mOFC. Indeed, the lateral 

structures of the OFC are particularly well suited to integrate stimulus and value information 

with multiple efferent inputs from sensory cortex and amyloid nuclei.  

However, much less is known of the mOFC. Area 14 lies between the cingulate and 

lOFC, and many studies do not distinguish it from neighbouring orbital areas 11 and 13. 

Anatomically though, area 14 receives relatively more sensory input than the cingulate cortex, as 

well as relatively more cingulate connections than the lOFC. It is therefore possible that its 

function lies in utilising the S-O associations, created in the lOFC, to guide behaviour. It has 

been suggested that the mOFC has a role in relative reward representation (Elliott et al., 2008), 

and this may explain deficits experienced by patients in decision-making and consistency of 

choice preferences in human and macaques (Baylis and Gaffan, 1991; Fellows and Farah, 2007).  

The subsequent experimental chapters will describe three experiments designed to 

investigate the hypothesis described above. However, whilst Carmichael and Price’s (1996) 

medial and orbital connective networks have proved a useful framework for anatomical analyses, 
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due to this thesis’ chosen methods, it will now be necessary to identify these regions based on 

gross anatomical architecture. Therefore, in both human and non-human primates the medial and 

lateral OFC will be distinguished by the medial orbital sulcus. Similarly, the rostral sulcus will 

serve to discriminate between mOFC and dorsal cingulate regions. 

 

2.5 Conclusions  

This chapter presented evidence for the cytoarchitectural and connective distinctions between 

multiple neighbouring regions in the macaque orbital and ventromedial cortex, and has 

established that this region of frontal lobe is not a homogeneous structure. It also discussed how 

the connective patterns of this region imply two connective networks within the human and non-

human primate OFC. Finally, this chapter detailed how differences in connective inputs might 

underlie specialized functional roles, and suggested that anatomical similarities between different 

species makes it possible to draw on both macaque and human studies when attempting to 

describe OFC function. Subsequent chapters will draw upon these principles in order to 

investigate the premise that the anatomical foci for R-O learning, S-O learning and value 

comparison are the ACC, lOFC and mOFC respectively.  
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CHAPTER 3: THE MEDIAL ORBITOFRONTAL CORTEX IN 

EMOTIONAL AND SOCIAL PROCESSING 

Socially guided behavior alters after damage to the ventromedial prefrontal cortex (vmPFC). 

However, interpretations of impairments based on patients with vmPFC lesions are complicated 

as damage is rarely restricted to a well-defined cortical area. Patients’ lesions usually include 

medial orbitofrontal cortex (mOFC) as well as anterior cingulate cortex (ACC). The purpose of 

the current study was to investigate the contribution of the mOFC to social valuation and 

decision-making. Macaque monkeys were tested on a species-specific task measuring animals’ 

valuation of emotional and social stimuli, prior to, and after focal lesions of mOFC. MOFC-

lesioned animals were compared to previously collected data with animals with anterior 

cingulate gyrus (ACCg) and lateral orbital and ventral prefrontal cortex (PFv+o) lesions. The 

results revealed that, unlike lesions of the PFv+o, mOFC lesions did not induce alterations in 

emotional processes. Similarly, mOFC lesions did not affect social valuation, unlike the ACCg 

lesioned animals. MOFC lesions did, however, produce mild impairments in a probabilistic 2-

choice decision task, which were not seen after ACCg lesions. The distinct patterns of 

impairment after ACCg, PFv+o and mOFC lesions suggest that different subregions of the 

vmPFC contribute differentially to social, emotional and decision-making.  

 

3.1 Introduction 

As discussed in Chapter 1 the mOFC as part of the vmPFC has been implicated in controlling 

social behaviours. Normal human social interactions are disrupted after damage to the vmPFC 
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(Bechara et al., 1997; Camille et al., 2004; Damasio, 2005; Clark et al., 2008). Patients are seen 

to become disinhibited in their behaviour, have impaired abilities in recognising emotional faces 

and voices, and become socially inappropriate: as rated by their friends or families (Hornak et 

al., 1996). VMPFC patients also struggle in personal moral judgements (Young et al., 2010).  

The region of cortex that the vmPFC label is often used to refer to includes both ventral 

ACC and mOFC (Bechara et al., 1997; Camille et al., 2004; Damasio, 2005; Clark et al., 2008). 

It was the accidental actions of the infamous American Midwestern railway worker, Phineas 

Gage, who exploded a tamping iron rod through his prefrontal cortex, and the diligence of his 

doctor, John Martyn Harlow, which sparked theories of the frontal lobes being a critical region 

for controlling social aspects of behaviour. Gage was described by his doctor as having altered 

from a “shrewd, smart businessman, very energetic and persistent in executing all his plans of 

operation” to a “fitful, irreverent, indulging at times in the grossest profanity [], manifesting but 

little deference for his fellows, [and] impatient of restraint or advice when it conflicts with his 

desires.” To his friends he was “No longer Gage”. These descriptions imply that Gage’s social 

competence had changed dramatically after his brain injury. Reconstructions of the lesion 

suggest that damage to the vmPFC had occurred (Damasio et al., 1994), although more recent 

reconstructions have emphasised the likelihood that surrounding cortex, including the ACC, was 

also damaged. Whilst debate has focused on the nature of the deficit, the precise anatomical 

position of the critical lesion has received less attention. VMPFC lesions in human patients 

usually encompass both mOFC (Broadman Area 14) and the subgenual/perigenual anterior 

cingulate gyrus (Broadman Areas 25, 32) while the OFC lesions in monkeys associated with 

changes in emotional responsiveness encompass both mOFC and lateral OFC (Izquierdo and 

Murray, 2004; Izquierdo et al., 2005; Rudebeck et al., 2006a; Machado et al., 2009). The animals 
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in these studies tend to demonstrate diminished fearful responses to naturally fear inducing 

stimuli, such as snakes and unfamiliar humans, as well as exhibiting increased aggression 

towards these stimuli. This pattern of increased aggressive behaviour has also been observed in 

OFC-lesioned rats interacting with other rats (Rudebeck et al., 2007). In addition to these 

impairments (Meunier et al., 1997), OFC-lesioned animals also show deficits in decision-

making, tested in the context of visual discrimination reversal tasks (Meunier et al., 1997; 

Izquierdo et al., 2004, 2005; Rudebeck et al., 2008b; Rudebeck and Murray, 2008). This deficit 

has been proposed to reflect an inability to predict the reinforcement consequences of a stimulus. 

The modification of associations between stimuli and primary reinforcers, assumed to be 

impaired in visual discrimination reversal learning (Izquierdo et al., 2004), has been suggested to 

underlie emotion and social mechanisms (Rolls, 1999, 2005).  

This hypothesis has been directly tested in animals with lesions to either the lateral orbital 

and ventral prefrontal cortex (PFv+o) or the anterior cingulate gyrus (ACCg). Rudebeck and 

colleagues measured animals’ latencies in retrieving food items placed in front of fear-inducing 

stimuli (toy snakes) or while videos of interesting social stimuli were presented (Rudebeck et al., 

2006a). The latencies indexed the macaques’ assessment of the relative value of obtaining further 

information about the stimulus before reaching, in contrast to the incentive value of the food. 

Normal macaques responded fearfully in the presence of the snake and demonstrated differential 

interest in the different types of social stimuli, suggesting differential social value estimations 

(see figure 1.2). However macaques with PFv+o lesions were significantly different to control 

animals in how they reacted to the fearful stimuli. This group of animals retrieved the food very 

quickly; indicating they did not find this stimulus threatening. In contrast, PFv+o lesioned 

animals maintained control-like differential reaching latencies in the presence of the social 
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stimuli. The authors therefore concluded the valuation of social information was not the 

responsibility of this region of the orbitofrontal cortex (OFC). Instead, Rudebeck and colleagues 

argued that the ACCg was a more likely candidate in social valuation as the animals who 

received lesions to this region were uninterested in any of the videos of the other macaques and 

the pattern of differential interest seen in control animals was absent. ACCg animals also 

exhibited significantly fewer affiliative or aggressive behavioural responses to any of the stimuli. 

Notably, only the PFv+o-lesioned animals were impaired in visual discrimination reversal 

learning, suggesting perhaps that just emotional processing is supported by adaptive stimulus-

outcome learning mechanisms.  

A number of human neuroimaging studies also implicate the vmPFC in aspects of social 

behaviour. We conducted a meta-analysis of functional magnetic resonance imaging (fMRI) 

investigations of social judgment that identified a cluster of activation in the mOFC and adjacent 

ACC (Figure 3.1 and Appendix II: Cluster analysis). The meta-analysis focussed on papers listed 

on Pubmed, and published between 2007 and February 2010. The keywords used were “fmri” 

and “social”. To compare social and non-social related activities in the OFC, we conducted 

another analysis using the following keywords: “orbitofrontal”, “decision”, “feedback”. We 

disregarded studies on patients, elders (> 60years old) or children/teenagers (< 20years old). We 

also removed from our analysis PET studies and fMRI experiments focussing on regions of 

interest. Finally, we did not take into account articles published in the social neuroscience 

journals because of a lack of access. Where necessary coordinates were transformed from 

Talairach coordinates to MNI coordinates. The meta-analysis highlighted the importance of 

reward-guided decision-making; activation in the same general area as found during decision-

making and feedback evaluation. It is not; however, always clear whether involvement of either 
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mOFC or adjacent ACC in social judgment can be explained by a more fundamental role in 

decision-making.  

 

Figure 3.1. Meta-analysis of fMRI activities for social related processes. A. Activities are reported on a schematic 

representation of a ventral view of the prefrontal cortex (adapted from Kringelbach and Rolls, 2004(115)(51)(50)). 

B. Activities are reported on a schematic representation of a medial view of the prefrontal cortex (adapted from Paus 

et al. 1996(241)(95)(94)). Activations were reported in the mOFC and lateral OFC (A) as well as in the adjacent 

anterior cingulate, and medial prefrontal cortices (B). 

 

The orbital and medial frontal region in human and non-human primates is composed of 

multiple cytoarchitectonic areas with different anatomical connections (Petrides and Pandya, 

1994; Carmichael and Price, 1995b, a; Ongur et al., 2003; Haber et al., 2006). It is therefore 

likely that different component regions are involved in different processes. To assess the specific 

role of one part of the vmPFC, the mOFC, to social valuation and decision-related processes, we 

conducted a lesion study in monkeys. Notable, the mOFC was a region not included in the 

PFv+o lesions in the Rudebeck and colleagues (2006a) study, so it was hoped that this 

investigation would further isolate the contribution of different frontal lobe regions in social and 
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emotional processing. We used an identical paradigm to Rudebeck and colleagues (2006a) and 

tested social valuation in four macaques before and after mOFC lesions. Furthermore, utilization 

of the same behavioural protocol allowed us to compare the mOFC lesion results with the PFv+o 

and ACCg lesion results obtained by Rudebeck and colleagues (2006a). 

To ascertain whether any potential impairment in social valuation was associated with 

impairment in fundamental aspects of reward-guided decision-making we also tested both mOFC 

and ACCg animals, pre- and post-operatively, on identical probabilistic 2-choice decision tasks 

with visual stimuli. Unfortunately, the PFv+o data on the decision-making tasks was not 

available for analysis. The effects of ACCg lesions on social valuation have previously been 

published (Rudebeck et al., 2006a) but the effect of ACCg lesions on the probabilistic decision-

making tasks has not been reported.  

 

3.2 Methods 

Animals 

Four male rhesus macaque monkeys (Macaca mulatta) aged between 7 and 10 years old and 

weighing between 9 and 13.5kg received mOFC lesions. All animals were maintained on a 12hr 

light/dark cycle and had 24hr ad-lib access to water, apart from when they were testing. All 

experiments were conducted in accordance with the United Kingdom Scientific Procedures Act 

(1986).  

 

Surgery & anesthetic procedures 

At least 12hrs before surgery, macaques were treated with an antibiotic (8.75 mg/kg 

amoxicillin, i.m.) and a steroidal anti-inflammatory (20 mg/kg methylprednisolone, i.m.) to 



85 
 

reduce the risk of postoperative infection, edema, and inflammation. Additional supplements of 

steroids were given at 4–6hrs intervals during surgery. On the morning of surgery, animals were 

sedated with ketamine (10 mg/kg, i.m.) and xylazine (0.5 mg/kg, i.m.) and given injections of 

atropine (0.05 mg/kg), an opioid (0.01 mg/kg buprenorphine), and a non-steroidal anti-

inflammatory (0.2 mg/kg meloxicam) to reduce secretions and provide analgesia, respectively. 

They were also treated with anH2 receptor antagonist (1 mg/kg ranitidine) to protect against 

gastric ulceration, which might have occurred as a result of administering both a steroid and non-

steroidal anti-inflammatory treatments. Macaques were then moved to the operating theatre 

where they were intubated, switched onto isoflurane anaesthesia (1–2%, to effect in 100% 

oxygen), and placed in a head holder. The head was shaved and cleaned using antimicrobial 

scrub and alcohol. A midline incision was made, the tissue retracted in anatomical layers, and a 

bilateral bone flap removed. All lesions were made by aspiration with a fine gauge sucker. 

Throughout the surgery, heart rate, respiration rate, blood pressure, expired CO2, and body 

temperature were continuously monitored. At the completion of the lesion, the wound was closed 

in anatomical layers. Non-steroidal anti-inflammatory analgesic (0.2 mg/kg meloxicam, orally) 

and antibiotic (8.75 mg/kg amoxicillin, orally) treatment were administered for at least 5 days 

postoperatively. All surgery was carried out under sterile conditions with the aid of a binocular 

microscope. At least two weeks were allowed for recovery before testing resumed.  

The mOFC lesion was made by removing the cortex from the medial orbitofrontal sulcus 

to the rostral sulcus and included mainly Walker’s area 14 (Walker, 1940) but in addition some 

parts of area 10. Procedures specific to the lesions made in the comparison groups in the PFv+o 

and ACCg have been published previously (Rudebeck et al., 2006a). 
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Postmortem lesion analysis 

When the animals had completed their testing they were anesthetized with sodium 

pentobarbitone and perfused with 90% saline and 10% formalin. The brains were then removed, 

and placed in 10% sucrose formalin until they sank. The brains were blocked in the coronal 

plane at the level of the most medial part of the central sulcus. Each brain was cut in 50μm 

coronal sections. Every tenth section was retained for analysis and stained with cresyl violet.  

 

Experiment 1 

Apparatus 

All training and testing was conducted while the animals were in a transport cage inside a 

modified Wisconsin General Testing Apparatus (WGTA; figure 3.2a). A Plexiglas box 

measuring 70 x 11 x 11cm with a hinged back was fixed to the WGTA 20cm in front of the 

transport cage. In addition behind the box, 50cm from the front of the transport cage was a PC 

monitor for presenting visual stimuli. On each trial stimuli could be presented either in the box or 

on the PC monitor. The stimuli presented in the box could be one of the following: 20 neutral 

control ‘junk’ objects, one of two fear inducting stimuli (a static rubber snake or a moving 

wooden snake). Stimuli presented on the screen were video clips 30s in length and were one of 

two human stimuli: (one of two unknown staring human faces), or one of five social stimuli 

including a large (11kg) monkey staring, a monkey (8kg) exhibiting affiliative behaviours – lip-

smacking, a monkey (9kg) inspecting a transport cage or a monkey (5kg) with food, a female 

macaque (5kg) with prominent perineal swelling). Alternatively, a moving, neutral control 

stimulus (a moving randomly changing coloured object) was presented on screen (Figure 3.2b). 

The video clips were chosen because it made it possible to compare the effects of mOFC lesions 
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with the effects of ACCg and PFv+o lesions; the stimuli had previously been used in an 

investigation of the effects of ACCg and PFv+o lesions (Rudebeck et al., 2006). The social 

stimuli were chosen because they were expected to elicit varying degrees of interest from control 

monkeys (and indeed this proved to be the case as explained below). Video stimuli were clips 

taken from longer videos of other monkeys in the colony; recorded while they were either in 

transport cages or primate chairs. At the time of testing all the monkeys in the video social 

stimuli were novel to the subjects. All videos were taken using a Panasonic EZ35 mini-DV 

camera, and edited using Adobe Premier Pro 1.5 software. Videos were played using Windows 

media player version 9.0.  

A camera mounted on top of the PC monitor recorded each monkey’s behaviour. The 

camera faced the whole cage and allowed monkeys’ latencies to take food rewards placed at the 

back of the Perspex box to be measured, and general behaviour and/or facial expressions to be 

recorded for later analysis. 

 

Procedure 

Briefly, animals were tested in the WGTA (Figure 3.2a) and on every trial the monkey retrieved 

a small food item that was placed in a fixed central position on the top of a transparent plastic 

box. Two different emotive toy snakes (static and moving) were used to investigate fearfulness 

(experiment 1a).  The five short films of other macaques (detailed above) were used to 

investigate social valuation in experiment 1b. Responsiveness to videos of humans staring was 

assessed in experiment 1c. Finally responsiveness to neutral control objects was assessed in order 

to provide a baseline against which to compare any changes in fearfulness and social valuation 

(experiment 1d). On each trial, stimuli were placed in the Perspex box or displayed on a screen 
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behind the box. The animal had 30s to retrieve the food item or else an opaque moveable screen 

was lowered in-between the animal and the box for the duration of a 30s inter-trial interval. The 

latency to reach for the piece of food indexed the macaques’ assessments of the value of 

obtaining additional information about the stimulus before reaching, and reflected their relative 

valuation of the stimulus in contrast to the incentive value of the food. Every other day, animals 

were exposed to ten different stimuli of possible social or emotional importance and 20 neutral 

objects. The test was repeated over four sessions (with a day of rest in between each session), 

and the median reaching latency for each stimulus per animal was calculated. Each stimulus, 

either in the box or on the screen, was presented once per day. Objects in the box and images on 

the screen were presented in a pseudorandom order. The constraints enforced on order were that 

neutral object trials always followed trials in which potentially fear-inducing/social stimuli 

(snake/monitor stimuli) were presented. In Experiment 1 two animals (mO1 and mO2) had acted 

as un-operated controls in a previous experiment (Rudebeck et al., 2006a). The other two 

animals (mO3 and mO4) were tested only in this study; pre- and post-operatively. The data from 

all four animals were considered together because there was no discernable difference between 

animals’ performances in relation to the time of testing.  
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Figure 3.2: WGTA testing apparatus and representations of stimuli. A. Monkeys sat in a transport cage facing the 

perspex box and PC monitor. On each trial the moveable screen was raised and animals could take the valued food 

item (peanut or quarter date) placed at the far edge of the perspex box. After 30s the screen was lowered regardless 

of whether the animal had taken the food or not. Represented below are the stimuli (B) used including snakes and 

individual frames of the 5 videos of macaque social stimuli. From left to right: monkey inspecting cage, monkey 

with food, monkey making affiliative gestures, female monkey perineum and staring monkey. Additional stimuli 

used included the human social stimuli and neutral stimuli.  

 

Habituation and reward preference test 

Animals were first habituated to the testing environment and then trained to take food from the 

top of the Perspex box while it was empty. The food reward was located at the centre of the back 

edge of the box nearest the PC monitor so that during the actual test the animal would have to 
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reach over anything in the box, or as close as possible to the monitor. A small mark on the back 

of the box meant that the food reward was always put in the same place. Each trial began with 

the movable screen being raised. The monkey then had 30secs to retrieve the food reward located 

on the box. The screen stayed up regardless of whether or not the monkey took food reward 

within the 30s. At the end of the trial the screen was lowered for 30s before the next trial. During 

this period, the experimenter could change the object in the box or image on the monitor and 

replace the food item. Before the screen was raised for the next trial, a curtain that obstructed the 

animal’s view of the experimenter was fixed to the back of the WGTA. The curtain was used to 

ensure that monkeys could not see the experimenter during the trial as the presence of a human 

could have affected later trials involving human or monkey stimuli presented on the screen. 

For the test to assess emotional and social value of the different stimuli the food rewards 

had to be motivationally significant. We therefore sought a food highly valued by each 

individual animal. All animals were initially trained to take a single peanut food reward. A food 

reward was judged as motivational significant if the animal took the food item from the back of 

the box in under 5s for 20 consecutive trials. Animals who did not reach this criterion with 

peanut food reward were trained to criterion with a quarter piece of date. This food object was 

then used throughout the rest of training and testing. Over a further 3 days they were then trained 

to take their preferred food reward from the top of the box while any one of 9 novel ‘junk’ object 

were presented inside, or a moving, changing coloured object was presented on the computer 

screen positioned behind the box. Objects were presented in sets of 5 per day, with each object 

being presented twice (10 trials). These junk objects were not used subsequently during testing, 

and instead further sets of novel junk object were used in the interleaved control trials in the tests 

of emotion and social behaviour.  
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Data acquisition 

Each trial was recorded on VHS video and analyzed independently by two raters (MPN and JS). 

Reaching latencies were measured from the beginning of the trial, as defined by the raising of the 

screen, to the time the animals first grasped the piece of food. Despite high inter-rater reliability 

(Pearson correlation r=0.986), all trials, in which there was a discrepancy of more than 40ms 

between the two raters scores, were re-evaluated. 46/960 trials were identified in this manner and 

re-analysed by both raters. 

 

Data analysis 

The start of each trial was initiated when the screen was raised above a fixed point marked on the 

side of the cage at approximately the same height as the top of the Perspex box. For the reaching 

latency measurement, the response was considered finished at the point just before the animal 

moved the food object from its initial position. If the animals did not retrieve the food reward 

within the 30s, a score of 30s was given. Latency measurements were scored to the nearest 

frame/0.04s. 

The data from Experiment 1a was subjected to a 3-way repeated measures ANOVA with 

factors of Surgery (2 levels; pre and post-operative), Session (4 levels; 1-4 days), and Stimuli (2 

levels; moving and rubber snake). The first two factors were also used in the 3-way repeated 

measures ANOVAs used to analyze the data from all the other experiments but then the third 

factor either reflected the 5 levels of social Stimuli (monkey inspecting cage, monkey with food, 

monkey making affiliative gestures, female monkey perineum and staring monkey) in 

experiment 1b, the two different human video stimuli (experiment 1c), or the two different 
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classes of neutral stimuli (moving or static objects).  Reaching latencies were log-transformed, 

when necessary, to minimize the impact of positive skewing, and to reduce between-group 

differences in reaching latency variance. 

In addition to measuring reaching latencies to the food, two experimenters (JS, MPN) 

scored animals’ behaviour in response to each stimulus using an adapted form of the checklist 

employed by Aggleton and Passingham (Aggleton and Passingham, 1981; Izquierdo and Murray, 

2004; Izquierdo et al., 2005; Rudebeck et al., 2006a). The behavioural responses were 

categorized into affiliative behaviour (lip-smacking) and aggressive/conflict behaviour (ears flat, 

open mouth threat, piloerection and cage shaking). Each instance of a behaviour, in each relevant 

behavioural category, during the 30s trial period, was recorded and the mean frequency was 

compared pre- and post-operatively. Because the stimuli in the present experiment, as in the 

study of Rudebeck and colleagues (2006a), were never used to directly threaten the animal they 

were far less effective in eliciting strong behavioural responses than those used by Aggleton and 

Passingham. A three way within-subjects ANOVA compared the responses of the animals pre- 

and post-operatively (Lesion) with respect to the two behavioural Categories (social/affiliative 

and aggressive/conflict) to the five social stimuli (Stimuli: staring human, female monkey 

perineum, staring monkey, moving snake and moving pattern). 

Subsequent analyses compared the effects of mOFC lesions with those induced by lesions 

to other regions of the frontal lobe. Previously collected data from animals with PFv+o lesions 

were compared to the mOFC post-operative testing sessions. Four independent 2 way-repeated 

measures ANOVAs mirrored the analyses described above. Emotional Stimuli were compared in 

a 3-way ANOVA of Stimulus, Session and the between-subjects factor of Lesion position 

(mOFC; PFv+o). Social stimulus effects were compared in a 3-way ANOVA of social Stimuli, 
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Session and the between-subjects factor of Lesion position. Responses to human video stimuli 

were compared in a 3-way ANOVA of social human Stimuli, Session and the between-subjects 

factor of Lesion position. Finally, responses to neutral stimuli were compared in a 3-way 

ANOVA of neutral Stimuli, Session and the between-subjects factor of Lesion position. 

Similarly, post-operative latency data from mOFC-lesioned animals were compared with 

previously collected data from animals with ACCg lesions. The same four independent 2 way-

repeated measures ANOVAs, described for the PFv+o comparison were performed for the ACCg 

comparison. Emotional, Social, human Social and Neutral stimuli were compared in a four 

independent 3-way ANOVA of Stimulus, Session and the between-subjects factor of Lesion 

position (mOFC; ACCg).  

 

Experiment 2 

Apparatus 

Each monkey sat in a testing room, unrestrained in a wheeled transport cage placed 20cm from a 

touch-sensitive monitor (38cm wide x 28cm high) on which visual stimuli could be presented (8 

bit color clipart bitmap images, 128 x 128 pixels) and responses recorded. The clipart stimuli 

presented to the animals varied location from trial to trial (Figure 3.3). Rewards (190mg Noyes 

pellets) were delivered from a dispenser (MED Associates) into a food well immediately to the 

right of the touch screen. A large metal food box, situated to the left below the touch screen, 

contained each individual’s daily food allowance (given in addition to the reward pellets), 

consisting of proprietary monkey food, fruit, peanuts and seeds, delivered immediately after 

testing each day. This was supplemented by a forage mix of seeds and grains given ~6 hours 
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prior to testing in the home cage. Stimulus presentation, experimental contingencies, reward 

delivery and food box opening was controlled by a computer using in-house software. 

 

Procedure 

The mOFC animals were tested pre- and post-operatively on a simple 2-choice task. Before
 
the 

start of testing, all macaques had received extensive training
 
with touch screens and knew that 

touching a stimulus on the
 
screen could lead to food reward. Each day, macaques were presented

 

with two novel stimuli on the touch screen at the same time
 
in a left/right configuration. Each 

stimulus’ side of presentation varied from trial to trial. On each trial, selecting one stimulus 

caused the other to extinguish, and reward to be delivered according to the reward schedule. 

Auditory tones were used to cue the animal to the presentation of the stimuli, to the selection of a 

stimulus and to the potential delivery of a reward. Each stimulus was associated with a different 

outcome probability, one stimulus always being rewarded more than the other. At the start of 

testing, each
 
stimulus was randomly assigned one of two reward probabilities. The ratios of 

reward associated with the two stimuli were either 75:25 (in other words one stimulus had a 0.75 

probability of reward while the other had a 0.25 probability of reward) and 50:18. Each schedule 

was performed twice and in an interleaved manner. Monkeys’ touches registered their stimulus 

selections. Upon a decision being made, rewards were delivered according to a specific schedule 

(75:25 and 50:18) with a fixed probability with a reward matching contingency in place 

(Herrnstein, 1997; Sugrue et al., 2004; Kennerley et al., 2006; Rudebeck et al., 2008b). This 

meant that rewards once allocated to a stimulus, remained available until that stimulus was 

chosen. Further details can be in Rudebeck and colleagues (2008b). 
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Figure 3.3. Schematic representation of the decision-making task. On each trial, monkeys were presented with 2 

clipart stimuli in a left/right configuration on a touch-screen. Each stimulus’ side of location varied from trial to 

trial. Each was associated with a different outcome probability, one stimulus always being rewarded 

probabilistically more than the other. On each trial, selecting one stimulus caused the other to extinguish and reward 

to be delivered according to the reward schedule. Grey, blue and red circles represent different 250ms tones. Tones 

were used to cue the animal to the presentation of the stimuli, to the selection of a stimulus and to the potential 

delivery of a reward. The animals experienced two reward schedules a 50:18 and a 75:25. 

 

Data Analysis 

The performance of each macaque was assessed by calculating
 
the number of trials to reach the 

ratio of responses (high-probability
 
stimulus choices to low-probability stimulus choices) that 

yielded
 
97% of the maximum rate of reward (ropt) (Kennerley et al., 2006). Briefly, ropt was 

calculated by plotting the expected
 
value (EV) given each rate, r, of high stimulus choice, EV(r),
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for the different probability ratios (75:25, 50:18), where p and q represent the probability of 

reward
 
associated with the high and low stimuli (Eq.1). ropt was then determined for each 

probability ratio by taking
 
the maximum point on each of the curves plotted. The number of trials 

that macaques took to achieve
 
97% of the ropt was determined using a 20 trial moving window

 
(–

10/+10) of the subjects choices for the high reward
 
probability stimulus. 

Equation 1 

If criterion was not reached by the end of the 100 trial session, a score of 100 was 

allocated to that animal on that session. The results were subjected to a repeated measure 

ANOVA of Lesion (pre- and post-operative) x Reward Ratio (50:18 and 75:25) x Session.  

The ACCg animals were tested and analyzed in a similar way although they were 

compared to a group of un-operated control animals (N=6) in a three-way ANOVA with a two 

level factor of Reward Ratio (50:18 and 75:25) x two level factor of Session x the between 

subjects factor of Group (ACCg; un-operated controls). It is difficult to make direct comparisons 

between the post-operative performances of the mOFC and ACCg animals as three of the un-

operated control animals that were used in the ACCg experiment were subsequently tested as 

part of the mOFC group. This means that at the final mOFC post-operative test these animals had 

been tested 3 times on this paradigm whereas the post-operative ACCg animals had never 

previously been tested on a reward matching task, although they had had experience of other 

reward-guided visual discrimination tasks. 
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3.3 Results 

Histology 

The histology of the mOFC-lesioned animals is shown in Figure 3.4 (and appendix I- 

Histology) and shows that mOFC lesions were made as intended. The cortex from the medial 

orbitofrontal sulcus to the rostral sulcus, including mainly Walker’s area 14 (Walker, 1940) but 

also some parts of area 10 were removed. For full details of the ACCg and PFv+o lesions please 

refer to Rudebeck et al. (2006a). However, the ACCg lesions were largely confined to area 32 

and the anterior ventral tiers of area 24, while the PFv+o lesions covered areas 11, 13, 12, 9 and 

46. 

 

Figure 3.4. Diagram of mOFC intended (left) and actual (right) lesions (mOFC: 1-4 animals). The intensity of 

redness indicates the extent of the lesion overlap in the four animals. 
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Experiment 1 

Reaching Latencies 

MOFC lesions produced no significant effects on reaching latencies for any fear-inducing stimuli 

in Experiment 1a (Figure 3.5a; neither main effect of mOFC lesion; F1,3=0.014, p=0.912, nor 

interaction of lesion with stimulus type; F1,3=0.045, P=0.845). There was, however, a main effect 

of stimulus type (F1,3=27.84, p=0.013); with the animals being slower to reach for the moving 

snake than the rubber snake.  

There was also no effect of lesion (F1,3=0.41, p=0.568), or interaction of lesion with 

stimulus type (F4,12=1.30, p=0.327) for reaching times to the social stimuli in experiment 1b 

(Figure 3.5b). However, a linear main effect of social stimulus type was revealed (F1,3=3.48, 

p=0.040) suggesting that animals, regardless of the presence of an mOFC lesion, agree which 

images of other macaques are the most interesting (Deaner et al., 2005, Rudebeck et al., 2006, 

Klein et al., ,2008, 2009). All animals were slower to retrieve food in the presence of a large 

staring male, a female macaque with visible sexual perineal swellings and a midsized macaque 

making affiliative lip-smacking gestures, than was the case with the other less socially salient 

images. As can been seen in figure 3.5c, there was also no effect of mOFC lesion on reaching 

latencies for the social human stimuli in experiment 1c (F1,3=2.53, p=0.210) or interaction 

between the mOFC lesion and human stimulus type (F1,3=0.91, p=0.410).  

Finally there was no effect of mOFC lesion on reaching latency in the presence of neutral 

stimuli (figure 3.5d; main effect: F1,3=1.25, p=0.345; interaction of mOFC lesion and neutral 

stimulus category: F1,3=2.332, p=0.0.224). In contrast, there was a three-way interaction between 

lesion, neutral stimuli and session (F3,9=4.21, p=0.041), and a main effect of neutral stimuli 

(F1,3=22.56, p=0.018). Inspection of the data suggests that this three-way interaction can be 
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attributed to longer reaching latencies in the first testing session pre-operatively towards moving 

stimuli only. The main effect is due to longer reaching latencies towards the moving stimuli: 

regardless of the presence of lesion (paired samples t-test pre-op t3,=-3.06, p=0.055, post-op t3=-

3.15, p=0.051).  

 

 

Figure 3.5. Response to mild fear and social stimuli in Experiment 1. Median latency to retrieve food in the 

presence of a mild fear-inducing stimulus (a, static or moving snake), social stimuli, either unknown macaques (b) 

or human actors (b) and neutral control stimuli (d). Symbols indicate scores for each individual. No changes in the 

mean latency to retrieve the food placed in front of any different stimulus types were seem after mOFC lesion 

effects were seen. 

 

To note, we observed effects of habituation in the responses to all 4 stimuli types. One-

way ANOVAs of Session (4 levels; 4 testing days) and fear Stimulus (2 levels; Moving and 
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Static snake) revealed a near main effect of Session (F3,9=4.77, p=0.068), which individual one-

way ANOVAs attributed to habituation to the static snake only (F3,9=4.89, p=0.028), the moving 

snake did not show habituation effects over testing session (F3,9=0.77, p=0.536). Analyses of the 

other stimulus types revealed a main effect of Session for the social monkey Stimuli (F3,9=11.92, 

p=0.005) and social human Stimuli (F3,9=11.53, p=0.002). Effects of Session to the neutral 

Stimuli on tended to significance (F3,9=4.19, p0.091).  

 

Behavioural responses to stimuli 

Not only did the mOFC lesion fail to alter monkeys’ reaching latencies to the various categories 

of stimuli, but it also did not greatly alter any measure of their social interaction during the test 

(Figure 3.6). Analysis of the frequency of certain social behaviours revealed very few significant 

effects. MOFC lesions produced no differences in the frequency with which aggressive or 

affiliative behaviours were displayed. There was no effect of Lesion (F1,3=2.99, p=0.182), 

behavioural Category (F1,3=0.71, p=0.461), or social Stimuli (F4,12=0.77, p=0.507). There was, 

however, a significant interaction of Lesion with Stimuli (F4,12=5.67, p=0.008), which appears to 

be as a result of fewer behavioural responses elicited towards the human staring stimuli after 

mOFC lesions (two-tailed paired samples t-test: t3=2.45, p=0.092, t3=5.00, p=0.015; affiliative 

and aggressive respectively). These results imply mOFC-lesioned animals do not greatly change 

their overt behaviour to macaque social or emotional stimuli, even if there is a reduction in the 

responsiveness towards videos of people. 
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Figure 3.6. Behavioural response to mild fear and social stimuli in Experiment 1. Comparison of the effect of mOFC 

lesions on the most commonly observed combined measures of affiliative behaviour (a; lip-smacking) and 

aggression and conflict (b; ear flattening, open mouth threat, cage shaking, and piloerection). Symbols indicate 

scores for each individual. Overall no differences in the number of affiliative or aggressive responses were observed.  

 

Comparison of mOFC reaching latencies to PFv+o and ACCg-lesioned animals 

Rudebeck and colleagues (2006) report that lesions of PFv+o do not alter monkeys reaching 

latencies in response to social stimuli, but they did affect responsiveness to fear-inducing stimuli 

(Rudebeck et al., 2006a). In a direct comparison of mOFC and PFv+o lesioned animals’ reaching 

latencies in the context of fear-inducing stimuli it can be seen that the PFv+o-lesioned animals 

are significantly faster to reach for food placed over emotive stimuli than animals with mOFC 

lesions (figure 3.7; Fear x Group interaction; F1,5=9.29, p0.028 and main effect of Group; 

F1,5=9.59, p=0.027). This suggests that PFv+o animals were less fearful than mOFC animals. In 
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contrast, no differences were found between the two lesion groups in their responses to the social 

stimuli (social monkey Stimuli x Session x Group; F12,60=1.30, p=0.031). 

 

Figure 3.7. A comparison of mOFC and PFv+o lesions in reaching latencies in the presence of mild-fear inducing 

stimuli (left panel) and the macaque social stimuli (right panel). PFv+o lesion details and effects have been 

published previously by Rudebeck et al., (2006a). Group differences are demonstrated in reaching latencies towards 

fear-inducing stimuli with PFv+o lesioned animals being significantly faster in reaching food placed over emotive 

stimuli than animals mOFC lesions (Fear x Group interaction; F1,5=9.29, p0.028 and main effect of Group; 

F1,5=9.59, p=0.027). In contrast, no differences were found between the two lesion groups in their responses to the 

social stimuli (social monkey Stimuli x Session x Group; F12,60=1.30, p=0.0310).  

 

An additional analysis directly compared the effect of mOFC and Rudebeck and 

colleagues ACCg-lesioned animals on the same social valuation test (Rudebeck et al., 2006a). 

We compared the two groups in their responses to the fear inducing stimuli and found no 
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differences between the effects of the two lesions (Figure 3.8). Specifically, there were no 

interactions involving Group (fear Stimuli x Group F1,5=1.04, p=0.355, fear Stimuli x Session x 

Group F3,15=0.72, p=0.513) nor main effects of Group (F1,5=4.38, p=0.090). The only main effect 

of interest related to the identity of the fear Stimuli (F1,5=11.70, p=0.019). This implies, neither 

the mOFC nor the ACCg have fundamentally critical roles in guiding this type of behaviour. 

In contrast, a comparison of group responses towards the social stimuli (pictures of other 

monkeys) revealed that the ACCg was the critical region for social valuation (Figure 3.8bii). 

There was a significant linear main effect of the identity of the social monkey stimuli on 

responsiveness (F1,7=7.37, p=0.030), confirming that monkeys’ behaviour concurred with one 

another in their valuations of the videos of other monkeys. There was a significant interaction of 

social monkey Stimulus, Session and Group (ACCg versus mOFC) on the log-transformed 

reaching latencies (F12,60=2.45, p=0.016), in addition to a significant main effect of the identity 

of the social monkey Stimuli (F4,20=3.83, p=0.029).  

An analysis that compared both lesion groups’ responses to the human Stimuli found no 

significant group differences (F1,5=1.54, p=0.269) or interaction with the stimulus identity 

(F1,5=0.058, p=0.819). Similarly, there were no significant group differences in an analysis of the 

neutral Stimuli (F1,5=0.36, p=0.573), or interactions between group and stimulus identity 

(F1,5=2.10, p=0.207). A main effect of neutral Stimuli was noted (F1,5=13.78, p=0.014), which 

was a result of longer reaching latencies towards the moving pattern stimuli that the neutral static 

objects (paired samples t-test pre-op t3,=-3.15, p=0.051, post-op t3=-3.06, p=0.055). 
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Figure 3.8. A comparison of mOFC and ACCg behaviour elicited towards mild fear and social stimuli MOFC and 

ACCg lesion groups reaching latencies in the presence of mild-fear inducing stimuli (A) and the macaque social 

stimuli (B). There were no group differences in reaching latencies towards fearful stimuli, instead ACCg animals 

showed a decrease in their reaching latencies in the presence of socially relevant stimuli as compared to mOFC 

lesioned animals. 

 

Experiment 2 

Although the mOFC plays no fundamental role in social valuation or emotional responsiveness it 

was implicated in the 2-choice decision-making task. Analysis of the data shown in figure 3.9 

revealed a main effect of mOFC lesion (F1,3=44.17, p=0.007). In contrast, when the ACCg-

lesioned animals were compared to their matched controls (Figure 3.9b) no lesion deficit was 
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apparent; there was neither a main effect of the Lesion (F1,7=2.00, p=0.201) nor any interaction 

between the effect of the Lesion and the particular type of decision-making Task (F1,7=0.02, 

p=0.889). This suggests the mOFCs role may be more directed towards decision-making.  

 

Figure 3.9. Results of the decision-making task and. A. and B. Performance in experiment 3. Mean number of trials 

across the two days testing sessions each macaque took to achieve the ratio of responses associated with 97% of the 

maximum reward rate (ropt) in the stimulus-outcome decision-making task for the two reward schedules. The 

unfilled bars represent the pre mOFC and CON group (A and B respectively), whereas grey represent mOFC and 

ACCg groups (A and B respectively). The performance of individual macaques, within each group, is represented by 

distinct symbols. 

 

3.4 Discussion 

This study examined the effects of mOFC lesions (centred on area 14) on social and emotional 

valuation, and reinforcement-guided
 
stimulus selection; comparing them with that of PFv+o and 

ACCg lesions (PFv+o centred on areas 11, 13, 12, 9 and 46, while ACCg centred on 24a, b and 

32). MOFC lesions caused no impairments in social valuation or emotional responsiveness. The 

animals were equally reluctant to reach for food in the presence of fear-inducing stimuli both 

before and after mOFC lesions. Similarly, there was no change in animals’ assessments of how 
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interesting each social stimulus was: as indexed by reaching latencies, before and after their 

lesion. Nor did we observe an alteration in other aspects of behaviour in the context of the social 

stimuli. 

The lack of change in social valuation or fearfulness in the mOFC-lesion group cannot be 

attributed to a lack of sensitivity in the task; the task was sensitive to altered social valuation in 

animals with ACCg lesions and to altered emotional responsiveness in animals with PFv+o 

lesions (Rudebeck et al., 2006a). A formal comparison demonstrated that PFv+o-lesioned 

animals were significantly less fearful of the snake stimuli that mOFC-lesioned animals. 

Similarly, the ACCg-lesioned animals were significantly less interested in the social stimuli than 

were the animals with mOFC lesions. Moreover, the null effect of the mOFC lesion on the social 

and fear tasks cannot be attributed to some deficiency in the surgery; the mOFC-lesioned 

animals, but not the ACCg-lesioned animals, were impaired in the decision-making task. 

Experiment 2 showed that mOFC lesions disrupt the ability to choose the better value stimulus 

option. There is also evidence that the mOFC decision-making deficit becomes more severe 

when animals choose between more than two different stimuli (Chapter 4 and 5). In summary, 

there was evidence for a double dissociation between the effects of ACCg and mOFC lesions on 

social valuation and reward-guided decision-making.  

The absence of impairment in social and emotional processing after mOFC lesions 

initially appears to conflict with the prevalent view that vmPFC lesions cause disinhibited and 

socially inappropriate behaviour (Damasio, 1994; Rolls et al., 1994; Anderson et al., 2006; Blake 

and Grafman, 2006). VMPFC and OFC lesions have been implicated in a variety of emotional 

and decision-making deficits (Bechara et al., 2000; Fellows, 2007; Clark et al., 2008; Heberlein 

et al., 2008). However, the lesions in patients are often a result of stroke or head trauma and as a 
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result the damage is often not restricted to one cortical area. In conjunction with the previous 

study reported by Rudebeck and colleagues (2006a) the present results suggest that it is not 

damage to the mOFC in patients with vmPFC lesions which causes alterations in social 

behaviour, but rather damage to the subgenual and perigenual cingulate cortex, and possibly to 

the medial frontopolar cortex (Bechara et al., 1997; Camille et al., 2004). Furthermore, loss of 

the white matter tracks underlying damaged cortex may contribute to impairments (Philippi et 

al., 2009).  

It remains a possibility that while mOFC is not essential for simple social valuation, it is 

important for more complex judgments involving regret or guilt (Saver and Damasio, 1991; 

Camille et al., 2004; Koenigs and Tranel, 2007; Koenigs et al., 2007; Krajbich et al., 2009). 

However, judgments about regret do not just reflect broader social considerations, but they also 

require consideration of counterfactual outcomes that are then compared with actual outcomes. It 

has recently become clear that information about counterfactual outcomes is represented in parts 

of frontopolar cortex (Boorman et al., 2009) that may also be damaged in patients with vmPFC 

lesions. Judgments about guilt may also require knowledge of one’s own or another person’s 

intentions and therefore depend on paracingulate areas implicated in theory of mind (Amodio 

and Frith, 2006; Frith and Frith, 2006; Behrens et al., 2008; Hampton et al., 2008).  

It is also possible that the mOFC is more important in complex social situations in which 

choices have to be made between many different possible courses of action. Chapter 4 and 5 

describe evidence that the macaque mOFC is especially important when decisions have to be 

made between multiple options that are all associated with different levels of reward. This 

suggests that mOFC might be more important in complex social decision-making settings that 

require consideration of the benefits of several different possible choices. 
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Previous investigations of large OFC lesions have reported reduced fearfulness and 

increased aggressiveness (Izquierdo et al., 2005; Machado and Bachevalier, 2006, 2008). The 

work of Machado and Bachevalier (2006) suggests that the lesion in the lateral part of the OFC 

(area 11 and 13) may have been critical for causing these deficits. Rudebeck and colleagues 

(2006a) previously show that animals with PFv+o lesions, which included lateral OFC, were 

significantly less fearful than control animals and animals with ACCg lesions. Here we show that 

the same animals with PFv+o lesions were also significantly less fearful than animals with 

mOFC lesions; PFv+o lesion animals were significantly faster to reach for food placed over 

emotive stimuli than animals with mOFC lesions. Neither mOFC lesions in the present study nor 

lesions that included lateral OFC (Rudebeck et al., 2006a) altered social valuation. Furthermore 

mOFC-lesioned animals did not display any other changes in their general emotional 

responsiveness to the various stimuli (Figure 3.6). 

The lack of importance of the mOFC in the analysis of social stimuli can perhaps be 

understood in the context of its anatomical connections. Unlike the lateral OFC, the mOFC 

receives few direct inputs from temporal areas involved in processing macaque vocalizations (i.e. 

temporal auditory areas; see Ghazanfar et al., (2005) and Romanski and Averbeck (2009) or 

faces; areas TE, TEO see Webster et al., (1994) and Carmichael and Price (1995b). FMRI studies 

conducted with macaques demonstrate lateral OFC responsiveness to images of faces (Tsao et 

al., 2008), while the ACCg is particularly responsive to the vocalizations of conspecifics (Gil-da-

Costa et al., 2004).  

Valuation of social information is also an important determinant of activation in the 

human ACC. Behrens and colleagues (Behrens et al., 2008; Behrens et al., 2009) found that 

ACCg activation to the delivery of feedback after decision-making, increased in proportion to the 
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importance of the feedback for finding out about another person. The subjects studied by 

Behrens and colleagues, played an interactive decision-making game with another player. 

Feedback was more important for finding out about the other player in phases of the game when 

the other player’s behaviour was changing more rapidly; it was at these points in the game that 

outcome-related ACCg activity was highest. Predictions and prediction errors concerning the 

other player’s intentions were associated with changes in activation in the paracingulate cortex. 

Such information about the other player was then used, in conjunction with the subject’s own 

choice-reward history, to estimate the probability of obtaining a reward on each trial of the game 

and this estimate was associated with mOFC activation. The dissociation between ACCg 

activation during the valuation of social information and mOFC activation in relation to reward-

guided decision-making, mirrors the dissociation between the impairments found after lesions to 

the two areas in the current experiment. The studies suggest that while mOFC may be active in 

social decision-making contexts, its activation reflects expectations about the rewards or other 

benefits that the subjects hope to obtain from the decisions that are made. 

Because the mOFC is active in social situations, albeit in a manner that reflects the 

benefits for the subject that might be obtained from the social situation (Behrens et al., 2008, 

2009), it is to be expected that lesions that affect the mOFC are likely to alter the decisions that 

people and animals make in complex social situations. There is certainly evidence for changes in 

behaviour in monkeys with OFC lesions in naturalistic and complex social situations (Machado 

and Bachevalier, 2006, 2008). Such changes may partly reflect the consequences of more 

primary alterations in animals’ fearfulness and aggression that occur as a result of damage to 

lateral parts of the OFC (Rudebeck et al., 2006). In addition, alterations in behaviour in complex 
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social situations after OFC lesions, may partly reflect the role that the mOFC has in making 

reward-based decisions in situations where there are many possible choices (Chapter 4 and 5). 

In summary, the mOFC appears to have no critical role in social valuation or in mediating 

emotional responsiveness. Instead the mOFC seems more involved in comparing the values of 

choices. This possibility is explored more fully in the following two chapters. Socially 

inappropriate behaviour, described after vmPFC damage in humans, may be due to the damage 

which has extended into the ACCg, as this region appears to be far more critical for social 

valuation. Perhaps what underlies the changes in behaviour exhibited by vmPFC patients is an 

inability to evaluate the outcome of their socially orientated actions or the potential reaction of 

the other person.  
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CHAPTER 4: CONTRASTING ROLES FOR MACAQUE 

LATERAL AND MEDIAL ORBITOFRONTAL CORTEX IN 

VALUE ASSIGNMENT AND COMPARISON  

Uncertainty about the function of orbitofrontal cortex (OFC) in guiding decisions may be due to 

its medial and lateral divisions (mOFC, lOFC) having distinct functions. Here we test the 

hypothesis that the mOFC is more concerned with reward-guided decision-making; in contrast 

with the lOFCs role in reward-guided learning. Macaques performed 3-armed bandit tasks 

designed to probe different aspects of learning and choice behavior, and the effects of selective 

mOFC lesions were contrasted against lOFC lesions. We found that, while lOFC was required 

for “credit assignment” – the correct assignment of values to visual cues – mOFC was critical 

for comparison of the cues’ values during decision-making. In unchanging probabilistic 

environments, mOFC lesions induced decision-making impairments when value comparison was 

difficult without affecting credit assignment and associative learning. By contrast, lOFC lesions 

caused the opposite pattern of impairment.  

 

4.1 Introduction 

Choice is something we are confronted with countless times in our everyday lives. Choices can 

range from trivial to the profound, and are often based on what we expect to occur following the 

selection of each option. Some choices present no dilemma, having what we subjectively 

perceive as an immediately obvious best option, but for most decisions there is not a single 

option that is more advantageous in every respect. A distributed network of brain regions, 
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including the amygdala (Morrison and Salzman; Pratt and Mizumori, 1998; Ghods-Sharifi et al., 

2009), ventral striatum (Apicella et al., 1991; Roesch et al., 2009) and the OFC (Murray et al., 

2007; Rushworth et al., 2007a; Simmons et al., 2007; Platt and Huettel, 2008; Rangel et al., 

2008; Schoenbaum et al., 2009) is implicated in representing reward and in decision-making. 

Whilst many of these areas show a relative degree of specialization of function the contribution 

of the frontal lobes, and the OFC in particular, remain unclear. It is possible that determining the 

precise contribution of the OFC may be hampered by an under-appreciation of the profound 

anatomical segregation between mOFC and lOFC (Ongur and Price, 2000). As detailed in 

Chapter 2, Ongur and Price dissociate the medial and lateral subdivisions of the OFC into the 

orbital and medial prefrontal networks. The orbital network receives input from all sensory 

modalities and is characterized by strong connections with the amygdala, thalamus, insula, 

temporal pole and dosolateral PFC (Mesulam and Mufson, 1982; Goldman-Rakic, 1987a; 

Yeterian and Pandya, 1988; Barbas and De Olmos, 1990; Morecraft et al., 1992; Fuster, 1997). 

In contrast, the medial network has extensive visceromotor outputs, with strong connections with 

the hippocampus and associated areas of the cingulate, retrosplenial and entorhinal cortices, 

anterior thalamus and septal diagonal band (Pandya (Pandya et al., 1981; Mesulam et al., 1983; 

Vogt and Pandya, 1987; Morecraft et al., 1992) .  

However, very few lesion experiments have sought to account for these anatomical 

differences in terms of functional specialisation. One of the few exceptions to date is the study 

by Iversen and Mishkin (1970) who show evidence for a distinction between medial and lateral 

orbitofrontal function in terms of visual discrimination reversal learning. This study shows that 

mOFC lesions impair animals’ ability to associate a previously non-rewarded stimulus with 

reward; while lesions to the lOFC result in a failure to inhibit a response to previously rewarded 
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stimuli. According to an influential proposal, mOFC and lOFC differ in the degree to which they 

are concerned with reward and error processing respectively (Kringelbach and Rolls, 2004). The 

account is based on fMRI data and is untested by any other method. In the following report we 

examine this hypothesis by investigating whether lesions of mOFC and lOFC in macaques 

(Macaca mulatta) selectively affect animals’ responses to positive reinforcement and the absence 

of reinforcement respectively.  

Despite anatomical segregation within the OFC, animal studies typically encompass all of 

the orbital surface or, for technical reasons, focus on lateral regions. Some of these experiments 

emphasize the OFCs role in decision-making, particularly when stimulus-outcome relationships 

are changing, for example in “reversal” tasks (Schoenbaum et al., 2003b; Izquierdo et al., 2004; 

Clarke et al., 2008; Rudebeck and Murray, 2008) and consistency of choice preferences (Baylis 

and Gaffan, 1991). Neuronal activity, recorded in the macaque OFC, encodes a number of 

decision-making signals such as relative reward expectations (Tremblay and Schultz, 1999; 

Padoa-Schioppa and Assad, 2008). These results are complemented by human patients, whose 

large and extensive OFC lesions impair aspects of decision-making such as consistency of 

preference judgments (Fellows and Farah, 2007), and by human neuroimaging studies, which 

also identify signals reflecting relative reward expectations in the OFC (Plassmann et al., 2007; 

Elliott et al., 2008; Boorman et al., 2009; FitzGerald et al., 2009). 

Kable and Glimcher (2009) recently proposed a two-stage “standard model” of decision-

making in which “options under consideration are learned, stored and represented in 

ventromedial frontal cortex and striatum” at the first stage and then “implemented in lateral 

prefrontal and parietal areas”, as “a choice stage at which a single highly valued action is chosen 

from amongst the options under consideration”. In contrast, recent neuroimaging experiments 
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suggest ventromedial frontal cortex is part of the circuit for deciding between options on the 

basis of their value (Boorman et al., 2009; FitzGerald et al., 2009). Moreover, De Martino and 

colleagues (2006) report that ventromedial frontal activity is correlated with the degree to which 

subjects’ decisions are rational and uninfluenced by irrelevant features of the context in which 

they are made. 

Here we focus on one part of the complex of areas that comprise ventromedial frontal 

cortex, the mOFC, and test which view of its function – that it learns the values of potential 

choices, or that it makes decisions between options on the basis of their values – is correct. We 

examined the effect of lesions of mOFC in four macaques. A lesion that disrupts part a circuit for 

deciding and discriminating between choice options of differing value should impair decision-

making as a function of the proximity between the options’ values. By analogy, lesions of visual 

feature discrimination mechanisms disrupt discrimination as a function of the similarity of the 

visual features (Buckley et al., 1997). In experiments reported below, macaques were trained to 

choose between three stimuli associated with differing probabilities of reward. The probabilities 

of reward therefore determined the options’ values and the proximity of the best (V1) and second 

best (V2) options’ values was manipulated. 

We therefore first tested the hypothesis that the lOFC and mOFC are relatively more 

concerned with “credit assignment” – the process by which visual stimuli are associated with 

reward values during associative learning – and reward-guided decision-making respectively. 

Recent experiments have shown that OFC lesions which, upon histological examination were 

found to be centered on lOFC disrupt credit assignment (Walton et al., 2010). Normally, 

monkeys learn to attribute value to a stimulus as a function of the precise history of reward 

received in association with the choice of that particular stimulus. Animals with lOFC lesions 
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instead value a particular stimulus as a proximity-weighted function of the history of all rewards 

received approximately at the time of stimulus choice, even when the rewards were actually 

caused by choices of the alternative stimuli on preceding and subsequent trials. This leads to the 

very counterintuitive, and to date untested prediction, that animals with lOFC lesions should 

actually be more impaired than controls in “easy” decisions when the reward values of the 

possible stimulus choices are very different from one another. While normal animals credit such 

stimuli with each stimulus’ own distinct value, in contrast, animals with lOFC lesions should 

credit both stimuli with approximately their mean value. The first aim of the study was to test 

this prediction.  

By contrast, if the OFC, or a sub-region of the OFC, is important for reward-guided 

decision-making then lesions might be expected to impair “difficult” decisions where the reward 

values of potential choices are similar to one another; it is in just such situations that it is more 

difficult to discern which option is the better one and to choose it. Reward expectation related 

activity is prominent in the OFC (Tremblay and Schultz, 1999; Plassmann et al., 2007; Simmons 

et al., 2007; Padoa-Schioppa and Assad, 2008). One interpretation of its presence in the OFC is 

that it functions to guide reward prediction error-based learning (Schoenbaum et al., 2009). An 

alternative possibility, however, is that it guides reward-based decisions (Boorman et al., 2009; 

FitzGerald et al., 2009). The second aim of the study was to assess the contributions made by 

lOFC and mOFC to reward-guided decision-making. The experiment therefore, examined the 

effect of mOFC and lOFC lesions on “easy” or “difficult” decisions in which the reward values 

associated with the different possible choices were either far apart or close together. 

By contrasting the roles of lOFC and mOFC in the macaque monkey using a stimulus-

guided 3-armed bandit task, the current study found that in line with our hypothesis the areas 
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made distinct contributions to fundamental aspects of value learning and value comparison 

respectively.  

 

4.2 Method 

Animals 

10 male rhesus macaque monkeys (Macaca mulatta) aged between 4 and 10 years old and 

weighing between 7 and 13.5kg were used. 3 animals acted as un-operated controls whereas the 

other 7 received bilateral aspiration orbitofrontal cortex (OFC), either medial (n=4) or lateral 

(n=3) lesions following training and pre-surgical testing. The lesions made in the lateral OFC 

group were initially intended as complete OFC lesions. Only upon histological examination for 

the publications of Walton et al. (2010)were the lesions discovered to be incomplete and centred 

on lateral regions. All animals were maintained on a 12hr light/dark cycle and had 24hr ad-lib 

access to water, apart from when they were being tested. All experiments were conducted in 

accordance with the United Kingdom Scientific Procedures Act (1986).  

 

Habituation & Pre-training 

All animals had extensive experience of three choice touch-screen tasks and, prior to surgery 

were trained to a criterion of choosing the best, V1, option on 80% of trials in several varying 

reward probability conditions (Figure 4.2, discussed below). 

 

Apparatus 

The apparatus used in this experiment was identical to that used in Chapter 3, Experiment 2.  
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Surgery and Histology  

The details of the surgery, anaesthesia and histological protocols for the mOFC-lesioned animals 

have been described in Chapter 3. In contrast the lOFC lesion was made by removing cortex 

between the medial and lateral orbitofrontal sulci (predominantly Walker’s areas 11 and 13). For 

specific details of lOFC lesions see Rudebeck et al. (2008b) and Walton et al. (2010). 

 

Training Histories  

Three lOFC-lesion animals were trained, tested and compared with three animals that acted as 

un-operated controls for the varying schedules for a study recently published by Walton et al. 

(2010). For this study all animals had extensive training on varying reward schedules prior to 

testing. With the addition of another animal, three of the un-operated control animals from this 

experiment went on to become part of the current mOFC-lesion group. Approximately 18 

months separated testing in the Walton et al. (2010) experiment and training in the present study. 

Prior to testing in the current experiment all animals in the mOFC-lesion group were brought to a 

criterion of 80% correct on 3-choice reversal schedules. We ensured they were at roughly the 

same pre-operative performance level as they were when they acted as un-operated controls. 

Critically, the two lesion groups did not differ in terms of their pre-operative performances. This 

suggests that any differences in post-operative performance between the two groups cannot be 

attributed to differences in training histories. 

 

Reward Schedules 

In all 3-choice experiments, animals made choices between 3 novel stimuli, each associated with 

different probabilities of reward controlled by pre-determined schedules (Figure 4.2 and 4.3). 



118 
 

The only information available about which stimulus to choose in each session came from trial-

by-trial experience of reinforcement. Each schedule was used five times, but the stimuli were 

novel in each session.  

 

Figure 4.1. Schematic of Task. On each trial, monkeys were presented with 3 clipart stimuli in 3 of 4 possible 

locations on a touch-screen. Each stimulus’ location varied from trial to trial. Each was associated with a different 

outcome probability. On each trial, selecting one stimulus caused the other two to extinguish and reward to be 

delivered according to the reward schedule. Grey, blue and red circles represent different 250ms tones.  

 

Variable 

Four animals completed four 3-choice tasks, in which the reward probability associated with 

each stimulus varied over the course of the session, pre and post-operatively. The schedules were 

presented in an interleaved manner across testing days. Each stimulus was associated with a 

different probability of receiving a reward, but, as shown in Figure 4.2, the expected reward 

values changed across the course of the session. This meant that the identity of the best, mid and 

worst stimulus changed from trial-to-trial. Therefore, in order for the animals to maximize its 
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reward it had to track these changing probabilities for all three stimuli. The lOFC-lesioned 

animals had previously completed these varying reward schedules and their data has been 

published in Walton et al. (2010). This meant that direct comparisons could be made between 

lesion groups. 

 

Figure 4.2. Schematic representation of the reward probability associated with each stimulus in the varying 

schedules averaged over 20 running trials. In these schedules assignment of V1, V2, and V3 identities to each 

stimulus (S1, S2, S3) was determined by a reinforcement learning algorithm on each trial. 

 

Fixed 

We next investigated how differences between the options’ values affected learning and 

decision-making in fixed reward probability schedules. The reward probability of the stimuli 

with best (V1) and worst (V3) values were the same in all three fixed schedules (0.6 and 0 

respectively), but the value of the second best stimulus (V2) was systematically varied between 
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0.375 (V2_HIGH), 0.2 (V2_MID) or 0 (V2_LOW) (Figures 4.1a-c respectively). We reasoned 

that a lesion to a brain structure critical for making fine-grained value-guided decisions should 

impair performance to a greater extent when the difference in value between the best and second 

best options was small. By contrast, if the lesioned structure is important for value assignment 

then impairments should be greatest when value differences are large. This hypothesis is derived 

from the observations by Walton and colleagues (2010) that lOFC lesioned animals’ value 

stimuli as a proximity-weighted average of all outcomes experienced recently, before and after 

choices are made. While normal animals credit stimuli with each stimulus’ own distinct value, 

making particular use of Thorndike’s (1933) “law of effect”, in contrast, animals with lOFC 

lesions credit both stimuli with approximately their mean value, having to rely on  intact “spread 

of effect” mechanisms. This means that lOFC-lesioned animals’ stimulus value estimates will be 

more accurate when value differences are close together than when the value differences are 

further apart. It is just in these latter situations that the Thorndike’s “law of effect”, contributes 

so noticeably to the speed of value learning. The first aim of the study was to test these 

predictions. 

 

Figure 4.3. Schematic of Fixed reward schedules. The value of best (V1) and worst (V3) options were constant in all 

three fixed schedules but the value of the second best option (V2) varied from close to V1 to equal to V3 across 

V2_HIGH (B), V2_MID (C), and V2_LOW (D).   



121 
 

Data analysis - Varying reward schedules and credit assignment 

In general all analyses were conducted with standard parametric ANOVAs, that used the Huynh-

Feldt correction where appropriate, and standard t-tests.  

Gross lesion deficit analysis 

The data from the varying reward schedules were analyzed as a function of the subjective 

expected values of all three different stimuli which were derived using a standard Rescorla-

Wagner learning model.  The reward learning rate (α) was fitted individually to each animal’s 

pre- and post-operative data using standard non-linear minimization procedures. This was used 

to estimate the expected value of each of the three stimuli on every trial (the same learning rate 

was used for all three stimuli). The aim was to identify V1, V2 and V3 stimulus for every trial 

and determine the probability that the animals chose the best option. The log transformed 

proportion of V1 choices as function of the total choices was calculated and averaged across 

monkeys for each third of a testing session. These values were subjected to a repeated measures 

ANOVA of Lesion (2 levels; pre and post) x Split (3 levels; trial 1-100, 101-200, 201-300). 

The effect of past reward history and past choice history on the assignment of reward to 

stimulus choices 

The data from the varying schedules were pooled into two condition schedules and reported 

using parametric repeated measures analyses, with within-subjects factors of Surgery (2 levels: 

Pre- or Post-Surgery), Condition (2 levels), and Reward (2 levels; rewarded and un-rewarded). 

When choice history was considered, this additional factor had 3 levels (Figure 4.6; AB, A
2-3

B, 

and A
4-7

B). Alternatively, when comparing across different reward histories (Figure 4.7) a fourth 

factor of Reward history was included (4 levels; A
?
AAAB, AA

?
AAB, AAA

?
AB AAAA

?
B) 

where the “?” refers to the presence or absence of reward at the point in the history. Comparison 
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between mOFC and lOFC-lesion groups required an additional between-subjects factor of Group 

(2 levels; mOFC and lOFC). Note that options “A”, “B” and “C” do not necessarily directly refer 

to stimuli A, B and C, as depicted in Figure 4.3, but instead to sequences of similar choices; i.e., 

an “AAB” history could be made up of choice sequences of stimuli AAB, AAC, BBA, CCB, 

BBC or CCA. Also note that in order to correct for positive skew in the data, values were log 

transformed prior to analysis. 

 

Fixed reward schedules and reward-guided decision-making  

Best Choice analysis 

The data from the fixed reward schedules were analyzed as a function of the objective value for 

all three stimuli, and on that basis stimuli were defined as V1, V2 and V3 for the best, mid and 

worst option respectively (Figure 4.3). The number of trials to reach a criterion of 70% of V1 

stimulus choices was calculated for each session, for each animal, pre and post-operatively. 

These totals were averaged across the five sessions, and subjected to a two-way repeated 

measures ANOVA, with factors of Testing Session (pre and post-operative) and Condition 

(V2_HIGH, V2_MID and V2_LOW). Animals with mOFC and lOFC lesions were compared 

post-operatively on the same measure in a two-way ANOVA of Condition (V2_HIGH, V2_MID 

and V2_LOW) and the between-subjects factor of Group (mOFC and lOFC). 

Learning Rates  

The reward learning rate (α), was fitted individually to each animal’s pre and post-operative data 

on each day using standard non-linear minimization procedures. For the analysis shown in Figure 

4.9 data was pooled over the 5 testing days for each animal and then comparisons were made 

between groups 
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Re-analysis of the varying reward schedules and reward guided decision-making 

Interval Value Difference Analysis 

Trials across all varying schedules in which the subjective difference in value between V1 and 

V2 and between V2 and V3 resembled the value differences in the three fixed schedules used and 

described above were extracted (figure 4.8G-L). The fixed V2_high schedule was approximately 

equivalent to trials drawn from the varying schedules with a small V1V2 value difference (0.1-

0.3 difference in reward probability) and a large V2V3 value difference (0.2-0.5 difference in 

reward probability). Fixed V2_mid was approximated by trials from varying schedules with 

V1V2 and V2V3 value differences of 0.3-0.5 and 0.0499-0.2 respectively while fixed V2_low 

was approximated by trials in which V1V2 and V2V3 value differences were 0.5-0.7 and 0-

0.0499 respectively. Trials were binned according to these divisions in value differences and the 

probability of choosing V1 was compared across the three value difference bins in a two-way 

repeated measure ANOVA of Testing Session (pre and post-operative) and Value Difference (3 

levels; 3 Value Bin (V1V2 small/V2V3 large, V1V2 mid/V2V3 mid and V1V2 large/V2V3 

small). The percentage of trials included in this analysis for the mOFC group was 26% and 23% 

for pre and post respectively and 32% and 19% for the lOFC group.  

Error and Correct Switching Analysis 

Percentages switching after trials on which a reward was not delivered (an error; ErSw) and 

percentage of switching on the stimulus choice after a reward (CrSw) was calculated for all three 

groups in the four variable reinforcement schedules. Groups were compared in two-way 

ANOVA of Surgery (2 levels; pre and post) and Trial type (2 levels; ErSw and CrSw) with the 

between subjects factor of Group (2 levels; lOFC and mOFC). 
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4.3 Results 

Histology 

Schematics of the actual (Figure 4.4a) alongside the averaged actual (Figure 4.4b) lesions, 

merged onto a single normal control macaque brain, show the extent of the lesions for animals 

with mOFC and lOFC lesions. The intensity of redness indicates the extent of the lesion overlap 

of the respective animal groups. Coronal sections through the frontal lobes, for each individual 

animal are shown in Appendix I: Histology. As can be observed, the mOFC lesions were made 

as intended and there was no consistent common area of damage between the two animal groups’ 

lesions. In the mOFC group the cortex from the medial orbitofrontal sulcus to the rostral sulcus, 

including mainly Walker’s area 14 (Walker, 1940) but also some parts of area 10 were removed. 

In contrast, the lOFC lesion removed cortex between the medial and lateral orbitofrontal sulci 

including predominantly Walker’s areas 11 and 13.  
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Figure 4.4. Schematics of the actual (A) lesions merged onto a single normal control macaque brain show the extent 

of the lesions for animals with mOFC and lOFC lesions. The intensity of redness indicates the extent of the lesion 

overlap of the respective animal groups. B. Lesion overlap for mOFC (blue) and lOFC (pink) represented single 

normal control macaque brain show there was no consistent common area of the two animal group’s lesion. 

 

Varying reward schedules and credit assignment 

Using schedules that were identical to ones employed to identify impairments in credit 

assignment after lOFC lesions (Walton et al., 2010), and together with the absence of group 

differences in pre-operative performance, meant direct comparisons could be made between 

mOFC lesions in the current experiment (figure 4.6 and 4.7) and lOFC lesions (Walton et al., 

2010).  

We first looked for a general deficit in performance similar to that seen after lOFC 

lesions. LOFC lesions impair performance on such schedules particularly in the second half of 
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each day’s testing session after the options’ values have changed (Rudebeck et al., 2008b). We 

performed a complementary analysis on the pre and post-operative data from the mOFC. Values 

were assigned to stimuli A, B, and C on each trial on the basis of a Rescorla-Wagner learning 

algorithm. The proportions of trials on which monkeys took the best value option (V1), as 

opposed to the second best (V2) or worst (V3) value options, for the first, second and last thirds 

of the different testing sessions were calculated. As similarly reported for lOFC lesions, mOFC 

lesions lead to a decrement in the proportion of V1 choices particularly in the later periods of 

testing sessions (Surgery x Session period interaction: F1,6=8.41, p=0.0430). The effects of the 

two lesions on these measures are very similar. 

 

Figure 4.5. Gross mOFC lesion deficit on V1 choices as a function of total choice. As similarly reported for lOFC 

lesions, mOFC lesions lead to a decrement in the proportion of V1 choices particularly in the later periods of testing 

sessions (Surgery x Session period interaction: F1,6=8.41, p=0.0430). 

 

The next two analyses examined whether mOFC lesions induced poor performance in the 

same manner as lOFC lesions – by disrupting the assignment of the correct credit for an outcome 

to the particular stimulus that was chosen. Recent experiments have shown that OFC lesions 
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centred on lOFC, disrupt credit assignment (Walton et al., 2010). An animal with such a pattern 

of impaired learning mechanisms will struggle to learn when each option’s value is very different 

from the others; if the animal alternates between choices it will erroneously estimate the value of 

each as close to the mean. By contrast, in control animals, the ability to learn precise conjoint 

relationships between choices and outcomes will confer a learning advantage when outcomes 

associated with each stimulus are very different. While choice history and reward history are 

represented in several brain areas, conjoint representations of reward and choice may be 

restricted to particular brain regions, and updating the value of a particular choice may depend on 

an OFC sub-region (Seo and Lee, 2007, 2008; Sul et al., in press). 

 Subsequent analysis, directly investigated how the valuation of stimuli reflected the 

recent history of choices and rewards. In this challenging, varying, learning environment, the 

mOFC-lesioned monkeys performed 3-armed bandit tasks under 4 varying schedules of reward 

assignment (Figure 4.1) pre and post-operatively. The schedules were identical to those 

employed previously to identify impairments in credit assignment after lOFC lesion (Walton et 

al., 2010) and so direct comparisons could be made between experiments (Methods). The lOFC-

lesioned animals’ deficit in apportioning credit, leads to a predictable pattern of errors. 

Reinforcement was not assigned to the specific choice that led to its delivery, but rather was 

distributed between preceding and subsequent choices. After a long history of one choice (for 

example, option A), a new choice (i.e., option B) becomes less likely to be reselected by lOFC-

lesioned animals, if rewarded than if not, because reinforcement for the B choice was 

erroneously assigned to the preceding choices of A (choice history effect: Figure 4.6Aii).  
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Figure 4.6. Likelihood of choosing a particular option on the current trial (n) after having chosen option A on 4 past 

trials (n-2 to n-5) and then option B on the previous trial (n-1), plotted as a function of reinforcement on one 

particular A option in the past (A?). Top row = likelihood of choosing option B on trial n when previous A choice 

(A?) was either rewarded (filled line) or not rewarded (dashed line). B. Figure A is prepared by comparing the 

difference in probability of choosing option B for rewarded and unrewarded trials, plotted here independently. Pre 

(green) and post-operative (blue) results are plotted separately (left and right panels respectively). MOFC and lOFC 

groups were compared directly in a 5-way repeated measure ANOVA but only mOFC results are presented here, 

lOFC-lesioned data are published elsewhere (Walton et al., 2010)  
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However, option B would be more likely to be reselected if the preceding A was rewarded than if 

not, because the reward for the preceding A was erroneously assigned to B (reward proximity 

effect: Figure 4.7Bii (Walton et al., 2010)). The mOFC group displayed neither pattern of 

choices (choice history: Figure 4.6B F2,6=2.41, p=0.175; reward proximity: Figure 4.7B 

F1,3=0.67, p=0.465). Moreover, direct comparison between the two lesion groups demonstrated a 

significant difference between the size of the effects (choice history: interaction between Lesion 

Location x Pre/post-surgery x Choice History, F2,10=3.974, p=0.020; reward proximity: 

interaction between Lesion Location x Pre/post-surgery x Past Reward Trial, F1,5=6.726, 

p=0.049).  
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Figure 4.7. Value assignment during learning: Influence of past rewards on valuation of current choice. The 

difference in likelihood of choosing option B on trial n after previously selecting option A on trials n-2 to n-5 and 

option B on the previous trial (n-1), as a function of whether the A choices were or were not rewarded (“?” on axis 

labels indicates presence or absence of reward at that point in the history). After lOFC lesions (inset panel: redrawn 

from Walton et al. (2010), but not mOFC lesions (main panel), credit for rewards received for earlier choices of A is 

partly assigned to the subsequent choice of B. Pre-operative control, post mOFC lesion, and post lOFC lesion data 

are shown in green, blue, and pink respectively. B. Figure A is prepared by comparing the difference in probability 

of choosing option B for rewarded and unrewarded trials, plotted here independently. Pre (green) and Post-operative 

(blue) results are plotted separately (left and right panels respectively). 
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Fixed reward schedules and reward-guided decision-making 

In order to test the hypothesis that the mOFC acts as a critical structure for making fine-grained 

value-guided decisions, macaques made choices between 3 novel stimuli, each associated with 

fixed reward probabilities controlled by pre-determined schedules. We investigated how 

differences between the options’ values affected learning and decision-making by manipulating 

the reward likelihood of the middle value option across three testing schedules. If the mOFC was 

involved in a value comparison process we reasoned that a lesion to it should impair 

performance to a greater extent when the difference in value between the V1 and V2 options was 

small. By contrast, as detailed above, if the lesioned structure is important for value assignment 

then impairments should be greatest when value differences are large. As reported below, value 

learning in control animals is usually fastest in such situations when Thorndike’s  (1933) “law of 

effect” can assign value to the appropriate stimulus choice.  

Post-operatively, the mOFC group was profoundly impaired when V1 and V2 values 

were proximate (figure 4.8; blue bars). Choice behaviour was quantified as a function of the 

number of trials it took animals to reach a criterion of 70% best (V1) choices across 10 trials 

(Walton et al., 2010). Analysis of mOFC group results revealed a significant interaction between 

testing Session (Session: pre- and post-surgery) and Condition (F2,6=5.63, P=0.042) due to poorer 

post-operative performance with more proximate option values (t3=-4.05, P=0.027). Such a 

pattern of performance suggests the mOFC lesions compromise the process by which options’ 

values are compared so that proximate values can no longer be distinguished. 

By contrast lOFC lesions affected performance in the opposite manner (figure 4.8; pink 

bars). A comparison of the lOFC and mOFC groups’ post-operative performance revealed a 

double dissociation in impairments (Group*Condition: F2,10=11.38, P=0.003). The mOFC-lesion 
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group was worse than the lOFC group in the V2_HIGH condition (t5=2.87, P=0.035), whereas 

the lOFC group was worse than the mOFC group in the V2_MID and V2_lOW conditions (t5=-

4.71, P=0.005; t5=-2.79, P=0.039 respectively). Note that the lOFC impairment pattern is the one 

predicted for a region primarily concerned with credit assignment during learning. Also 

consistent with the lOFC impairment being one of learning, rather than decision-making, was the 

finding that when the deficit was prominent (figure 4.8F) it was only present at the beginning of 

the session but absent in the second half of the session (t5=- 1.76, P>0.05) at a time when the 

animals had learned which option to choose. By contrast, the mOFC deficit was apparent even in 

the second half of the session (t5=5.04, P=0.004) as might be expected if it reflected a persistent 

failure of value-guided decision-making (Figure 4.8A). 

Prior to fixed schedules testing, animals with mOFC and lOFC lesions had received 

identical training on the varying schedules and performed similarly (figure 4.2). Both 

considerations suggest it is appropriate to compare the groups’ post-operative fixed schedule 

performances. Although animals with lOFC lesions had not received pre-operative testing on the 

fixed schedules it is difficult to see how this could account for the double dissociation observed. 

We nevertheless carried out four additional tests to establish whether value guided decision-

making was impaired after mOFC, but not lOFC, lesions.  
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Figure 4.8. Value comparison during decision-making: probability of choosing V1, in the fixed reward schedules, 

V2_HIGH (A,D), V2_MID(B,E) and V2_LOW (C,F). A-C show pre- (green) and post-operative (blue) performance 

of mOFC animals, D-F show post-operative performane of the lOFC group (pink) and their un-operated controls 

(green) (D-F). Mean scores and SEMs are indicated by darker and lighter colours in each case. insets represent the 

number of trials to reach 70% V1 choices for unoperated or control animals (dark green bars) and mOFC and lOFC 

lesioned animals (dark blue and pink bars respectively). Controls became slower to choose V1 predominantly as the 

difference in value between V1 and V2 decreased (right to left of figure) and mOFC lesion animals appeared most 

impaired when decision-making was most difficult (A). LOFC-lesioned monkeys were, however, no different to 

controls in this situation (D). By contrast, lOFC-lesioned monkes failed to identify V1 as fast as controls when the 

V1V2 value difference was high (F, G) but mOFC-lesioned monkeys performed similarly to controls in these 

situations (B, C).  
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First, to confirm that lOFC lesions impaired performance on easy decision-making trials, 

when the V1V2 difference was large, lOFC performance was compared with that of a control 

group of three macaques with no lesions. The control macaques had training and testing histories 

that were identical in every respect to that of the lOFC animals (methods (Walton et al., 2010)). 

Just as in the comparison with the mOFC lesion it was found that the lOFC group was more 

impaired than controls when V1 and V2 option values were disparate (V2_MID: t4=-4.82, 

p=0.009; V2_low: t4=-4.97, p=0.008) but not when they were proximate (V2_High: t4=-1.65, 

p=0.174).  

Before moving to the next two tests of value-guided decision-making we carried out one 

further search for value-learning impairments in the fixed schedules to check that we had not 

confounded them with decision-making impairments. A learning rate, a parameter describing the 

extent to which feedback changed stimulus value estimates, was fitted to each animal’s 

performance using standard non-linear minimization procedures on each testing day. While the 

learning rate increased with increasing V1-V2 value differences in controls and mOFC-lesioned 

animals (both p<0.05), this effect was significantly reduced in the lOFC group (linear interaction 

Group*Condition; lOFCs vs controls: F1,4=27.92, p=0.006; lOFCs vs mOFCs: F1,5=17.82, 

p=0.008 and no effect in lOFC group alone – p>0.1). 



135 
 

 

Figure 4.9. A. Influence of multiple option context on learning: The reward learning rate (α) was fitted individually 

to each animal’s pre- and post-operative fixed data using standard non-linear minimization procedures. While the 

learning rate increased with increasing V1-V2 value differences in the controls and mOFC-lesioned animals, this 

effect was significantly reduced in the lOFC group.  

 

Re-analysis of the varying reward schedules and reward guided decision-making 

The second analysis of value-guided decision-making, sought to confirm that mOFC lesions 

caused a greater impairment than lOFC lesions when values of choice options were proximate. 

To conduct this analysis we once again focused on the varying reward schedule data (Figure 4.2) 

that was collected from both lesion groups under identical pre- and post-operative conditions 

(methods). Trials were identified across all varying schedules in which V1V2 and V2V3 value 

differences resembled those in the three fixed schedules. Despite the dynamic trial-by-trial 

changes in choice values that characterized varying schedules, the same pattern of impairment 

was seen again after mOFC lesions (Figure 4.8g, i, k; main effects of lesion: F1,3=19.43, P=0.022; 

value difference: F2,6=73.84, P<0.001; linear interaction of lesion across three levels of value 

difference:F1,3=48.59, P=0.006) but not after lOFC lesions (figure 4.8h, j, l; F1,2=1.96, P=0.296). 
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Moreover there was once again a significant difference between the patterns of impairment seen 

after mOFC and lOFC lesions (3-way interaction of Lesion, value difference and Group 

F1,10=6.51, P=0.015;). The dynamic nature of the varying environment means that this analysis 

was less sensitive to the nature of the lOFC lesion impairment than the analyses presented in 

figures 4.6 and 4.7. 

 

MOFC and lOFC are not specialized for processing rewards and errors 

Previous attempts to characterize mOFC/lOFC differences have focused on specialization for 

reward and error processing respectively (Kringelbach and Rolls, 2004). If lOFC is specialized 

for error processing then a lesion should hamper the ability to switch to an alternative after one 

choice has been unrewarded. By contrast, if mOFC is critical for detecting occurrence of reward 

then mOFC lesions should have the complementary effect and diminish the rate at which animals 

stay with the same option after a reward is received. Although both groups, unsurprisingly, 

switched more after errors both before and after surgery (main effect of trial type: F1,5=198.17, 

p<0.001) there was no evidence for relative insensitivity to rewards and errors after mOFC and 

lOFC lesions respectively. Instead both lesions caused a general increase in switching (Figure 

4.10; main effect of surgery F1,5=13.09, p=0.015). Although there was a non-significant trend for 

mOFC lesion animals to switch more frequently than lOFC lesion animals they did so even prior 

to surgery.  
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Figure 4.10. Error and Reward sensitivity in pre-operated control animals (green), mOFC (blue) and lOFC (pink) 

lesioned animals. Proportion of switching after trials on which a reward was not delivered (an error; ErSw) and 

percentage of switching on the stimulus choice after a reward (CrSw) was calculated for all three groups in the four 

variable reinforcement schedules. Groups were compared in two-way ANOVA of Surgery (2 levels; pre and post) 

and Trial type (2 levels; ErSw and CrSw) with the between subjects factor of Group (2 levels; lOFC and mOFC). 

This analysis showed that both lesions caused a general increase in switching (main effect of surgery F1,5=13.09, 

p=0.015). 

 

4.4 Discussion 

The mOFC and lOFC have distinct roles in reward-guided decision-making and learning. There 

is a double dissociation between the effects of lesions to the two areas. Unlike lOFC, the mOFC 

does not play a central role in credit assignment during value learning (figure 4.6 and 4.7). 

Instead mOFC plays a central role in reward-guided multiple option decision-making (figure 

4.8). 



138 
 

Although the focus of the current report is on mOFC we will first discuss the results pertaining to 

the lOFC. The lOFC is critical for credit assignment (Walton et al., 2010). In its absence the 

values of stimuli no longer reflect the precise history of reward experienced in conjunction with 

choices of that stimulus; in other words Thorndike’s “law of effect” (Thorndike, 1911) is no 

longer in operation. Instead stimulus values reflect a proximity-weighted average of all outcomes 

experienced recently, before and after choices are made; in other words the “spread of effect” of 

reward identified by Thorndike (Thorndike, 1933) still operates. Such an account makes the 

counterintuitive, and previously untested, prediction that lOFC lesions should make animals 

relatively worse than control animals on “easy” decision-making tasks when the value of one 

choice is much better than the values of the alternatives. Under these conditions, control animals 

learn quickly which choice to make. The expected but counterintuitive pattern of impairment was 

indeed found after lOFC lesions (figure 4.8F). Moreover it was shown that the impairment was 

associated with a failure to increase learning rate when the values of choice options were very 

distinct from one another (figure 4.9). An lOFC role in credit assignment and stimulus reward 

association learning, accords with recent demonstrations that the representations of the choices 

that have just been made are activated in lOFC at the time of reward feedback (Tsujimoto et al., 

2009). Other accounts of OFC function have also emphasized its importance for learning 

stimulus-reward associations (Schoenbaum et al., 2009). Although representations of choice 

history and reward history might be relatively widely distributed throughout the brain (Seo and 

Lee, 2007, 2008) only a limited number of regions may represent the conjoint history of choices 

and rewards; parts of the OFC might be unusual in updating the value associated with particular 

choices (Sul et al., 2010). 
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While value learning is the first stage of the proposed “standard model” of decision-

making, value comparison is the second stage (Kable and Glimcher, 2009). Contrary to the 

suggestion made by Kable and Glimcher (2009) the lOFC rather than a ventromedial area such 

as mOFC was essential for value learning in the present study. Moreover Kable and Glimcher’s 

claim that the second stage is “implemented in lateral prefrontal and parietal areas” rather than a 

ventromedial area such as the mOFC must be qualified. Although small in size mOFC lesions in 

the current study impaired value-guided decision-making in a number of different analyses. The 

analyses (figure 4.8) demonstrated that, after mOFC lesions, value comparison was particularly 

susceptible to errors when the options’ values were close. There was, however, no evidence that 

mOFC lesions impaired credit assignment or other aspects of value learning. 

We suggest the “standard model” must be revised in recognition of the finding that 

ventromedial prefrontal frontal areas such as mOFC affect a comparison between the values of 

potential choice options. It is for this reason that fMRI studies have reported that activity here, 

but not lOFC, not only reflects the value of the option that will be chosen, but the difference 

between its value and the value of the option that will go unchosen (Boorman et al., 2009; 

FitzGerald et al., 2009). We suggest mOFC is critical for selecting one option’s value, rather 

than the another’s, as the goal of behaviour. This would be consistent with the finding that the 

region is more active when behaviour is under the guidance of goal values and responses are not 

being made in a “habitual” fashion (de Wit et al., 2009). As the goal value that will guide 

behaviour is selected, the saliency of representations of locations in the environment and of 

responses that bring the animal’s eye or hand to that location are enhanced in lateral parietal and 

frontal cortex (Sugrue et al., 2005). 
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Although fMRI studies of value expectation-related activations in mOFC and adjacent 

ventromedial prefrontal cortex (vmPFC) are numerous (Murray et al., 2007; Rangel et al., 2008) 

little is known of this region in other species. While reward expectation-related activation is most 

prominent in vmPFC/mOFC in such human fMRI studies most neurophysiological recordings 

made in the OFCs of other primate species have focused on lOFC (Wallis and Kennerley). 

MOFC lesions have usually only be made in the context of lOFC lesions in the monkey 

(Izquierdo et al., 2004; Murray et al., 2007; Rudebeck et al., 2008a). The effects of such lesions 

have been interpreted in terms of impairments of both value learning and decision-making 

(Murray and Wise; Izquierdo et al., 2004). A number of studies have reported single neuron 

activity within the region included in the lOFC lesion that is correlated with the values of choices 

that are taken, as well as with the rewards or errors that follow (Wallis and Kennerley; Wallis, 

2007; Kable and Glimcher, 2009).  

Prediction errors may guide reward learning (Sutton and Barto, 1998). A representation 

of expected value must be maintained by the brain to calculate value prediction errors when 

outcomes do not match prior expectations. The mOFC lesion-induced impairment in decision-

making suggests how value expectation-related activity changes in vmPFC/mOFC (Murray et 

al., 2007; Rangel et al., 2008) might best be interpreted. A representation of expected value must 

be maintained by the brain to calculate value prediction errors, when outcomes do not match 

prior expectations (Schoenbaum et al., 2009). Such prediction errors are widely thought to be 

critical for learning to occur (Rangel et al., 2008; Schoenbaum et al., 2009). If mOFC carried a 

representation of reward expectation critical for reward prediction error learning, then mOFC 

lesions, like lOFC lesions, should have altered learning but that was not the case (figure 4.9). 

MOFC value signals, even if automatically generated (Lebreton et al., 2009), instead appear to 
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be critical for guiding decisions (Boorman et al., 2009; FitzGerald et al., 2009) then the decision-

making impairments that were found after mOFC lesion would be predicted. Although small in 

size mOFC lesions also impaired aspects of task performance in the present study. There was no 

evidence that mOFC lesions impaired credit assignment (figure 4.6 and 5.7), but instead the 

mOFC lesion-induced failure was more easily interpreted in terms of an impairment in value-

guided decision-making (figure 4.3).   

Some neuroimaging studies (O'Doherty et al., 2001b), and meta-analyses of 

neuroimaging data (Kringelbach and Rolls, 2004), have been use to support the argument for the 

relative specialization of the processing of reward and error outcomes in the mOFC and lOFC 

respectively. No support, however, was found for this hypothesis in the current study (Figure 

4.10). The hypothesis that mOFC is concerned with value-guided decision-making can account 

for the neuroimaging data; it predicts mOFC signals should correlate with the reward 

expectations associated with choices during and after the comparison process. In addition 

however, it also predicts that mOFC signals should correlate with the difference in value 

between choice options (Boorman et al., 2009; FitzGerald et al., 2009) during the comparison 

process. Moreover, an account of lOFC that focuses on value assignment and learning, predicts 

lOFC activation to errors if the errors occasion the reassignment of values to options. In addition, 

however, it predicts an lOFC response to positive outcomes if they also occasion the revaluation 

of an option. MOFC involvement in value comparison accords with its connections with brain 

regions implicated in other aspects of reward-guided behavior (Ongur and Price, 2000). By 

contrast, lOFC involvement in assignment of value to stimuli is consistent with its connections 

with higher order sensory areas, such as anterior temporal and perirhinal cortex, that represent 

those stimuli (Kondo et al., 2005), and the finding that the primate lOFC is a prerequisite for 
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stimulus-reward association learning but not action-reward association learning (Rudebeck et al., 

2008b).   

We have presented and discussed findings which imply a double dissociation between the 

function of medial and lateral regions of the OFC. The following chapter will present some 

further analyses that explore the precise nature of the mOFC animals’ deficits in value-guided 

decision-making. Specifically, it will focus on how the context of a decision influences normal 

choices and how after mOFC damage the influence of context on the rationality of the decision 

changes. 
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CHAPTER 5: DISTORTIONS IN DECISION SPACE - THE 

ROLE OF THE MACAQUE MEDIAL ORBITOFRONTAL 

CORTEX IN DECISION-MAKING 

The human medial orbitofrontal cortex (mOFC) is implicated in relative reward processing and 

in macaques we have shown this sub-region has a critical role in comparing expected reward 

values in multi-option environments. By subsequently investigating animal choice behaviour in 

dynamically-changing environments we intended to clarify the impairments experienced by 

mOFC-lesioned macaques relative to their control performances. The results suggest that 

contrary to axiomatic assumptions of decision theory, the mOFC-lesioned animals’ value 

comparisons became no longer independent of context, or the presence of alternative options. 

MOFC-lesioned animals are beguiled into choosing the second best option partly as a function 

of there being a large difference in value between it and the worst option. The pattern of 

impairment suggests mOFC is critical for maintaining a uniformly scaled “decision-making 

space” for rational decision-making.  

 

5.1 Introduction 

The previous chapter described a double dissociation between the functions of the medial and 

lateral orbitofrontal cortex. We presented evidence that the lateral regions (lOFC) are relatively 

more concerned with credit assignment; the process by which expected value is assigned to the 

appropriate stimuli. In contrast, we show that the medial regions are involved in comparing 

multiple values in order to make a decision and to select the best option. Whilst still 
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controversial, if it is indeed the mOFC that makes the decision, then it is possible that the 

rationality of decisions might be challenged by lesions to this region. 

Economic theories argue that a central tenant of rational decision-making is logical 

consistency across decisions, regardless of the manner in which available choices are presented. 

It is generally accepted that many human decisions fall outside the economic definition of 

rational, appearing to be influenced by factors such as risk and context (De Martino et al., 2006; 

Boorman et al., 2009). Very few animal lesion studies have directly investigated the 

neurobiological basis of context dependent rational decision-making (Baylis and Gaffan, 1991), 

however, a number of electrophysiological recording experiments in monkeys have identified 

neurons in areas 11 and 13 of the orbitofrontal cortex (OFC) which encode relative expectation 

about the values of choices being made (Tremblay and Schultz, 1999). Cynomolgus monkeys 

were presented with pairs of stimuli each associated with a different food type. Tremblay and 

Schultz used three food rewards but presented only two of them in a given trial block. 

Behaviourally, animals showed clear food preferences, preferring A over B and B over C. 

Interestingly, when investigating neuronal firing patterns, the authors found that a high 

proportion of OFC neurons were activated by the reward, or the discriminative instruction cue 

that was relatively more preferred than the available alternative. For example, a neuron would be 

more active to A in the presence of B but show stronger activity to B if it was paired with C. The 

reverse pattern could be seen in relative encoding of the non-preferred rewards and stimuli. More 

recently, related findings have suggested that the OFC encodes relative expectations about 

choice values (Padoa-Schioppa and Assad, 2008) implying that context is shaping the neurons’ 

firing patterns.  
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Context dependency and relative reward effects are also apparent in the OFC in humans 

(Plassmann et al., 2007; Elliott et al., 2008). Elliott and colleagues (2008) used a human 

analogue of the Tremblay and Schultz (1999) task comparing BOLD responses to the 

presentation of abstract patterns which were associated with a particular expectation of a 

financial reward. The preceding context in which this pattern was presented was manipulated and 

could either have been simultaneously presented with a pattern associated with a lower reward 

expectation or a higher expectation of reward. The authors observed that mOFC activity to the 

same perceptual stimulus was greater when the stimulus predicted the more valuable of the two 

rewards than when it predicted the less valuable. In contrast, BOLD response in right lOFC was 

enhanced for the less valuable stimulus. Elliott and colleagues (2008) argued that relative 

financial reward value is coded in distinct subregions of an extended reward and decision-

making network.  

It could be argued that a loss of the relative reward expectations might lead to 

inconsistency in choice preferences. This is just what is seen in monkeys with lesions to the 

ventromedial prefrontal cortex. Monkeys with lesions in this region show inconsistency in 

decision-making preferences among pieces of unfamiliar food (Baylis and Gaffan, 1991). These 

results are complemented by studies of human patients with extensive ventromedial prefrontal 

cortical lesions who show impairments in decision-making. These patients are inconsistent in 

their preference judgments among pairs of choices of both primary and abstract concepts 

(Fellows and Farah, 2007). 

Neuroimaging experiments also implicate the ventromedial prefrontal cortex (vmPFC) in 

decision-making. This region of cortex in humans is thought to be equivalent to more medial 

regions of macaque mOFC. It has been argued that the ventromedial prefrontal cortex is part of 
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the circuit for deciding between options on the basis of their expected value; with evidence that it 

encodes the relative value difference of the current decision (Boorman et al., 2009) for gains as 

well as losses (FitzGerald et al., 2009). Moreover, De Martino and colleagues (2006) report that 

vmPFC activity is correlated with the degree to which subjects’ decisions are rational and 

uninfluenced by irrelevant features of the context in which they are made. Increased activation in 

the OFC and vmPFC was associated with a decreased susceptibility to the framing effect: a 

manipulation of the context of the decision, which has been shown to influence choices.  

The current experiment used the data acquired and discussed in the previous chapter from 

four macaque monkeys to examine the rationality of decision-making under different reward 

contexts. The animals were tested on a number of 3-choice tasks, during which the reward 

probability associated with each stimulus varied across a day’s testing session, before and after 

lesions to the mOFC. We performed additional statistical analyses to quantify the effects of the 

lesion and to test our interpretations. Specifically, we examined animals’ performance as a 

function of where a decision lay in the “decision-space” defined by the context. We investigated 

the influence of two contexts. First, we determined how the value difference between the best 

and second best option, and the value difference between the second best and the worst option 

would affect selection of the best option. We then investigated how the value of an irrelevant 

alternative third option in the environment influenced the decision between the other two 

options. We found that animals with mOFC lesions were negatively influenced by increased 

value differences between the different options and by high values of an alternative option. 
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5.2 Method 

Four male rhesus macaque monkeys (Macaca mulatta) aged between 7 and 10 years old and 

weighing between 9 and 13.5kg performed a number of 3-choice probabilistic decision-making 

tasks in which the reward probability varied throughout the course of the session before and after 

receiving mOFC lesions. The methodological details of the task-specific habituation and pre-

training, experimental apparatus and the precise surgical and anesthetic procedures used are 

described in chapter 3 and specifically chapter 4.  

 

Reward Schedule 

Three monkeys completed 5 variable three choice tasks in which the reward probability 

associated with each stimulus varied over the course of the session, pre and post-operatively 

(Figure 4.2). As a result of an experimental oversight a fourth monkey only completed four 

varying schedules. All trials completed are included in the regression analysis and softmax 

analysis. All other analyses are based only on the four schedules that all monkeys completed. 

The schedules were presented in an interleaved manner across testing days. The varying 

schedules were described in the previous chapter however, in short, expected reward values 

associated with the three different stimuli changed across the course of the session. This meant 

that the identity of the best (V1), mid (V2) and worst (V3) stimulus changed from trial-to-trial. 

Therefore, in order for the animals to maximize its reward it now had to track these changing 

probabilities for all three stimuli. Direct comparisons could be made between the mOFC and 

lOFC lesioned animals in the softmax analyses (Figure 5.4 and 5.5) because the lOFC-lesioned 

animals had previously completed these varying reward schedules (Walton et al., 2010). 
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Data analysis 

The data from the varying reward schedules were analyzed as a function of the subjective 

expected values of all three different stimuli which were derived using a standard Rescorla-

Wagner learning model and for analyses making use of softmax regression a Boltzmann action 

selection rule was applied.  The reward learning rate (α) was fitted individually to each animal’s 

pre- and post-operative data using standard non-linear minimization procedures. Boltzmann 

action selection rules allow you to model choices based on the stimulus value estimations 

calculated by RL models. Specifically, Boltzmann softmax rules assume that alternative options 

are ranked and weighted according to their value estimates. Alternative, E-greedy action 

selection rules do not make this assumption.  

V1 choices as a function V1V2 and V2V3 

To investigate whether the context of the decision differentially affects choice after mOFC 

surgery we investigated the impact of increasing V2V3 differences on V1 choices. The data were 

binned as a function of increasing log V1V2 difference (indexed by the different colours) and log 

V2V3 difference (on the x-axis), pre and post-operatively. The probability of choosing the V1 

was then calculated for each of these bins for every animal and averaged (shown on y-axis).  

Logistic regression analyses  

To quantify the effects suggested by the analysis above we performed two parallel analyses that 

examined animal performance as a function of where a decision lies in the “decision-space” 

defined by V1V2 and V2V3. In each case we used regression analyses to predict various aspects 

of performance using linear factors of V1V2, V2V3 and the (V1V2)*(V2V3) interaction. By 

including the (V1V2)*(V2V3) interaction in the analyses allows performance, and deficits, to be 

measured in particular corners of the decision-space (as opposed to assuming V1V2 and V2V3 
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act independently).  The regression assigns coefficients that indicate the weight of influence of 

each of the factors on the measure of performance investigated. The first analyses examined 

whether each of these factors predicted which option, V1, V2 or V3 would be taken. We also 

included three additional regression terms in this analysis. Specifically, we included the factors 

of the absolute value V3 and its interaction with the V1V2 or V2V3 value differences; 

(V1V2)*V3 and (V2V3)*V3 respectively. Pre and post-operative beta weights for each 

regression were subjected to paired-sampled t-tests.  

Decision space analysis and regression 

The second analysis fitted the choice data with softmax functions whose inverse temperatures (β) 

were allowed to vary throughout this same decision space. In this way we hoped to investigate 

the how animals’ choices were influenced by changing contexts. Such softmax functions 

illustrate how the probability of choosing an option varies as a function of differences between 

its value and those of other options. 

 

Equation 1 
 

Logistic Softmax Function 

In order to determine whether the value comparisons the mOFC animals were making were 

influenced by the context in which they were made, logistic softmax functions were fitted to each 

animal’s choice data (Figure 5.4 and 5.5). This tested whether the animals were choosing 

optimally in their environment. We defined three positions in the decision context and allowed 

each of the three stimuli to act in each role. Stimuli could either be the “chosen option”, referred 

to as X, the ‘unchosen’ option, as Y, or as the “alternative” option, Z. The data were processed 
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twice, with each stimulus on every trial acting as each option where possible. The proportions of 

trials on which a subject chose as a function of the value difference with respect to another 

option (this could either be positive or negative) were plotted separately for situations when Z 

was high (top 33% of Z values) and low (bottom 33% of Z values) in value. These distributions 

were then fitted with a logistic sigmoid function. The function of the logistic curves for when the 

other option, Z, was high and low value were compared independently in paired sample t-tests 

for the pre and post-operative data.  

In a separate analysis we compared the susceptibility to the influence of context between 

the medial and lateral OFC lesioned animals (described in the previous chapter). The approach 

was difficult to apply to the second halves of each day’s testing session in the lOFC lesion 

animals because no learning tended to occur. In general, however, animals with lOFC lesions 

exhibited learning in the first halves of each session. We therefore applied the same analysis to 

the first halves of each day’s testing session to both groups of animals independently. The 

function of the logistic curves when the other option, Z, was high, mid or low in value was 

compared in repeated measures ANOVA of Lesion (2 levels; pre- and post-surgery) and Z value 

(3 levels; low, mid, high). In a direct comparison of the two lesion groups the additional 

between-subjects factor of Group (2 levels; mOFC and lOFC) was introduced. The behavioral 

analysis was performed using Matlab 6.5 (MathWorks). 

Average value and response vigor analysis 

Pre and post-operative trials were divided into ten value bins on the basis of the mean value of all 

three stimuli on that trial and as estimated by the reinforcement learning model described above. 

Average stimulus value increased by 0.05 from one bin to the next. We compared the median 
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RTs on trials in the ten average value bins before and after surgery in a repeated measures 

ANOVA of Lesion (2 levels; pre and post surgery) and Value (10 levels). 

 

5.3 Results 

Histology 

The histological details of these animals have been described in detail in chapters 3 and 4 

(figures 3.4, 4.4a and b) and full coronal sections through the frontal lobes, for each individual 

animal, are also shown in Appendix I: Histology. Briefly however, the lesions were made as 

intended with the cortex from the medial orbitofrontal sulcus to the rostral sulcus, including 

mainly Walker’s area 14 (Walker, 1940), but also some parts of area 10 being removed.  

 

Contextual effects on reward-guided decision-making  

We explored the nature of the mOFC-lesioned animals’ decision-making deficits, described in 

the previous chapter and investigated whether they were related to the context defined by the 

value of the alternative choices. Re-plotting the data shown in Chapter 4, figure 4.8G-L as a 

function of the proportion of trials in which the best choice was made as a function of both V1V2 

and V2V3 value differences shows that control animals were more likely to take the best option 

as the V1V2 and the V2V3 difference increased (solid lines, figure 5.1a). By contrast, in 

comparison with pre-operative performance, a large V2V3 difference made it more difficult for 

mOFC-lesioned animals to choose effectively, especially when the V1V2 difference was large 

(solid lines, figure 5.1b). This may be due to the V2 option appearing distractingly attractive if it 

is much better than V3. This would suggest that in such situation it becomes more difficult for 

mOFC- lesioned animals to ignore V2. 
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Figure 5.1. Influence of multiple option context on value comparison. A. Preoperatively (left) choices of V1 

increased with increasing V1V2 (color key) and V2V3 (abscissa) differences. B. After mOFC lesion (right) larger 

V1V2 and V2V3 differences were associated with relatively fewer V1 choices. Solid and dashed lines indicate 

actual choices and choices predicted by the fitting of a softmax decision rule (figure 5.3).  

 

This effect was quantified by carrying out a regression analysis which tested whether the 

proportion of V1 choices was predicted by linear factors, not just of the V1V2 difference but 

terms representing the (V1V2)*(V2V3), the (V1V2)*V3 and the (V2V3)*V3 interaction terms. 

To estimate these interaction effects the regression included main effects of the V1V2 difference, 

the V2V3 difference and magnitude of V3. Inspection of figure 5.2 suggests that increasing 
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V1V2 value differences have a positive impact on V1 choices pre and post-operatively, this 

result is not inconsistent with the results from Chapter 4, as discussed in the previous chapter 

mOFC lesion deficits are only apparent when the V1V2 value difference is small. As such the 

current analysis is not investigating those types of contexts. The analysis showed that the 

regression coefficients all became significantly more negative after the mOFC lesion (Figure 5.2; 

F1,3=75.79, p=0.003). This result suggests the post-operative decline in performance after 

mOFC lesion was not just a function of small V1V2 value differences as suggested by Chapter 4 

but also of the value of V2 being much better than that of V3; V3 value itself being large, and the 

interaction of these effects, as if such contexts distracted monkeys with mOFC lesions from 

identifying the best options. What slight decline in this positive influence of increasing V1V2 

value differences there is (which while is significantly more negative in the context of all 6 

regression terms a one sample t-test suggests the effect is not exceptionally strong for the V1V2 

value difference factor independently, t3=1.49, p=0.234), has to be considered in the context of 

the increasing V2V3 value differences and indicated by the V1V2*V2V3 interaction term 

(t3=3.13, p=0.052). 
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Figure 5.2. Weights of influence of stimulus value differences on choices of V1 before (green) and after (blue) 

mOFC lesion. The interactions between the stimulus value differences, for example the interaction between the 

V1V2 and V2V3 difference ((V1V2)(V2V3)), and (V1V2)V3 and (V2V3)V3, are shown on the right of the figure. 

While the interaction terms are positive prior to surgery, indicating that such combinations of value difference were 

conducive to good performance, they are all significantly more negative after mOFC lesion. 

 

Distortion of “decision space” during value comparison after mOFC lesion 

The analysis described above suggests that the context, or the decision space, of the reward 

environment influences choice behaviour differentially after mOFC lesions. Another way of 

illustrating this is to fit the choice data with softmax functions whose inverse temperatures (β) 

are allowed to vary throughout the decision space. Such softmax functions illustrate how the 

probability of choosing an option varies as a function of differences between its value and those 

of other options. If a softmax function has a high β then choices are deterministic functions of 

value differences, rather than random, and the slopes of the sigmoid functions depicting the 

decision rule are steep (figure 5.3a). Such a logistic function decision rule predicted V1 choices 
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well, both pre and post-operatively (proximity between dashed and solid lines in figure 5.1). 

Animals that are choosing equally effectively throughout the space should, however, have 

constant values of β. i.e. the linear terms, K, in equation 1 should not differ from zero. The 

results are summarized in figure 5.3a which shows the change in softmax function through the 

space described by equation 1 (methods). Equivalent 2-choice functions are shown for 

illustrative purposes (figure 5.3b). Steep, rather than shallow, slopes indicate that decisions are 

predictable functions of value differences rather than random. Whilst, preoperatively, almost 

identical logistic slopes were fitted to the decision functions throughout the decision-space, post-

operatively, the slopes become increasingly shallow towards the top right of decision-space 

where both V1V2 and V2V3 value differences are large. Specifically, prior to mOFC lesion the 

weights, K, assigned to each term were indeed not significantly different from zero (all Ps> 0.1, 

figure 5.3b). The mOFC lesion induced a significant negative change in Kint (t3=5.121, p=0.014, 

figure 5.3b); i.e. decisions became increasingly random with increasing (V1V2)*(V2V3) 

interaction (top right hand corner of the decision space). Whilst three out of 4 animals’ deficits 

were in this top right-hand corner, the fourth’s spanned the entire right-hand side of decision-

space (K23). The sum of the two terms, Kint and K23, was significantly less than zero after mOFC 

lesions; indicating irrational decision-making (t3=6.189, p=0.008). 
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Figure 5.3. Influence of multiple option context on value comparison. A. Logistic functions for softmax decision 

rules, relating probability of choosing one option rather than another (inset ordinates) to their difference in value 

(inset abscissas). Similar functions were fitted throughout the “decision space” defined by V1V2 and V2V3 

differences before (green) but not after mOFC lesion (blue). B. Weight of influence of V1V2 and V2V3 value 

differences and their interaction, (V1V2)(V2V3) on the inverse temperature parameter, β; when β is high then 

choices become deterministic functions of value differences between options and the slopes of the softmax functions 

in panel A are steep. In control animals β remains constant and is unaffected by the factors (all regression weights 

are close to zero); decisions are made in a similar way throughout the decision space. After mOFC lesion the 

influence of the factors, particularly V2V3 and the (V1V2)(V2V3) interaction term (the sum of the influences of 

these two terms is shown in the right hand column labeled “combine”), increase. After mOFC lesion decisions are 

irrational in that they are influenced by position in decision space.   

 

The mOFC and the contextual dependence of value comparison 

The final assessment of value-guided decision-making also tested whether or not value-guided 

comparisons were influenced by the context in which they were made. Rationale value-guided 

decisions between a given pair of options should be made in the same manner regardless of 

context (von Neumann and Morgenstern, 1947). Logistic functions were constructed to describe 

each animal’s choices between possible pairs of options under two conditions (Figure 5.4). The 



157 
 

gradient of the slope reflects the degree to which decisions are deterministic functions of value as 

opposed to random. Note however, that a reduction in sigmoid slope after a lesion could reflect 

impaired value-guided decision-making or impairments in the learning and assignment of values 

to options prior to comparison during decision-making. Our analysis therefore did not focus 

simply on the change in sigmoid slope describing value comparison between possible pairs of 

options in pre and post-operative tests, but on its dependence on the value of the third option. In 

the first condition the value of the alterative option was high (top 33 percentiles) and in the 

second condition the value of the alternative option was low (bottom 33 percentiles). It is 

possible that a faulty learning mechanism might estimate the values of the two options being 

compared incorrectly but it should do so in the same way in both conditions. It is possible that 

our modeling and estimation of the options’ values was inaccurate but the inaccuracy should be 

the same in each condition. What is at stake then, is whether the sigmoid curves describing 

decision-making in the two conditions are identical or different to one another. The two curves 

were identical pre-operatively (t3=0.342, p=0.755, figure 5.4a) showing that the distribution of 

monkeys’ choices between any two options does not normally depend on context, as defined in 

this case by the value of the third, alterative option. After mOFC lesions, however, value 

comparisons between each pair of options depended significantly on what alternative option was 

available at the same time (t3=5.44, p=0.012; figure 5.4b). 
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Figure 5.4. Proportion of trials on which monkeys chose options as a function of the relative value difference with 

respect to one other option in the context of a high (solid line) or low (dashed line) value third option before (i) and 

after (ii) mOFC lesion (fitted with logistic functions). Normally monkeys’ comparisons of two values are 

uninfluenced by the context of the other available option. This is no longer true after mOFC lesions.  

 

To investigate whether this effect was regionally specific within the OFC, we applied the 

same analysis principles to the lOFC lesioned animals that had completed the same varying 

schedules included in the current analysis (see Chapter 4 for details on these animals). The 

approach was difficult to apply to the second halves of each day’s testing session in the lOFC 

lesion animals because no learning occurred. In general, however, animals with lOFC lesions 

exhibited learning in the first halves of each session. We therefore applied the same analysis to 

first halves of each day’s testing session and revealed no lOFC impairment (Figure 5.5b, i-ii, F2, 

4=1.222, p=0.386). By contrast, an increase in the contextual dependency of decision-making 

was still apparent in the first halves of each day’s testing sessions after mOFC lesions (figure 

5.5a, i-ii, F2, 6=10.092, p=0.039). This was true even though the mOFC impairment was at its 

least apparent in the first halves of the testing sessions. Finally a direct comparison of the two 
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lesion groups confirmed that the contextual dependency became significantly greater after 

mOFC lesion, than it did after lOFC lesions (F2, 10=6.76, p=0.019). 

 

 

Figure 5.5. Weights of influence of stimulus value differences on choices of V1 before (green) and after (blue) 

mOFC and (pink) lOFC lesion. The displacement of the softmax function remained statistically significant in the 

mOFC lesion group, even if small in absolute terms, when the analysis focused just on the first halves of each 

testing session when performance tended to be strong even post-operatively (Ai-ii) but no such effect was seen after 

lOFC lesions (CBi-ii); In summary, both pre-operative and lOFC lesion monkeys’ comparisons of two values are 

uninfluenced by the context of the other available option but this is not true after mOFC lesions. 

 

The mOFC and the representation of value 

Niv and colleagues have shown that response vigor, as indexed by decreased average reaction 

time (RT), increases with the average value of an environment (Niv et al., 2007). Slower RTs 

constitute greater opportunity costs in higher value environments. If mOFC lesions deprive 

macaques of any sense of value then this relationship should be abolished or at least 

compromised. Pre and post-operative trials were divided into ten bins on the basis of the mean 

value of all three stimuli on that trial, as estimated by the reinforcement learning model. This 

analysis revealed a main effect of average Value (F9, 27=26.779 p=0.000), but no effect of the 

lesion (F1, 3=0.670, p=0.473) or interaction between Lesion and average Value (F9, 27=0.972, 
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p=0.455). Essentially the same results were obtained even if the first two bins, when RTs were 

longest, were excluded from the analysis (F7, 21=10.25 p=0.001). We therefore argue that 

macaques with mOFC lesions have not lost their estimate of value but instead are no longer able 

to use it to compare between different options in certain contexts.  

 

Figure 5.6. mOFC choice reaction times in different mean reward value environments. Pre-and post-operative trials 

were divided into ten bins on the basis of the mean value of all three stimuli on each trial as estimated by the 

reinforcement learning model described above. We compared the median RTs on trials in the ten average value bins 

before and after surgery. Average stimulus value increased by 0.05 from one bin to the next. Normal controls 

showed faster RTs to higher mean reward value trials and mOFC lesions did not significantly influence this pattern.  

 

5.4 Discussion 

The previous chapter suggested that mOFC-lesioned animals struggled to make value 

comparison judgments particularly when the difference between the best and second best option 

was small. The current chapter presents data which extends and clarifies the nature of this 

impairment. We have shown that normal monkeys’ choices are positively influenced by 

increasing differences between the best and mid value and the mid value and worst option, such 
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that when values are separated, the decision is easy and animals successfully chose the best 

option. In contrast, mOFC-lesioned animals are negatively influenced by this type of context and 

seem unable to use these differences to facilitate optimal choice. Moreover, we demonstrate that 

the mOFC-lesion deficit was not just a function of V1V2 difference but also of the value of V2 

being much better than that of V3, V3 value itself being large, and the interaction of these 

effects, as if such contexts distracted monkeys with mOFC lesions from identifying the best 

option. 

The multiple-option context may have been useful for revealing the mOFC deficit. In a 

three choice decision, animals with mOFC lesions were sometimes distracted into choosing the 

worse of any two options partly as a function of the third option’s value (Figure 5.5b). In certain 

combinations a large difference between V2 and V3 values or a high V3 value distracted the 

mOFC-lesioned animals from identifying V1 (Figure 5.4). Human subjects with lower 

vmPFC/mOFC BOLD signals are more likely to make irrational decisions that are no longer a 

function of value differences between options, but which are influenced by context (De Martino 

et al., 2006). Human patients with vmPFC/mOFC lesions make unusual decisions (Fellows and 

Farah, 2005), and these changes may stem from failure to attend to the relevant aspects of the 

decision-making context, or “decision-making space” (Damasio, 1994; Fellows, 2006). The 

current results demonstrate how certain combinations of value difference, in a quantitatively 

defined decision-making space, may beguile those with mOFC lesions into making sub-optimal 

choices. Propensity to make sub-optimal choices varies partly as a function of how much better 

one sub-optimal choice is than another. This means that people with mOFC lesions might appear 

to act as satisficers rather than optimizers (Simon, 1957). The current analysis, however, 

suggests that impairment is a consequence of disruption of a value comparison mechanism, and 
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need not reflect motivational change. The decisions made after mOFC lesions may reflect the 

compromised operation of other brain areas that remained intact. For example, the striatum and 

anterior cingulate cortex (ACC) also carry choice value signals and are implicated in decision-

making (Shidara and Richmond, 2002; Samejima et al., 2005; Amiez et al., 2006; Kennerley et 

al., 2006; Hayden et al., 2008; Quilodran et al., 2008; Rudebeck et al., 2008b; FitzGerald et al., 

2009; Kennerley and Wallis, 2009b). The different functions of reward representations in areas 

such as OFC and ACC are currently debated (Wallis and Kennerley; Rushworth et al., 2007b; 

Rudebeck et al., 2008b; Kennerley et al., 2009). Such differences suggest the areas can only 

partially compensate for one another.  

The finding, that after mOFC lesions, decisions are influenced by the context in which 

they are made has neuroeconomic and computational implications. After practice, under normal 

circumstances, monkeys’ choices abide by decision theory’s independence of the irrelevance 

alternative axiom (Luce, 1959; Ray, 1973) – the distribution of choices made between two 

options is independent of the value of any third option (figure 5.4a); this is no longer the case 

after mOFC lesion (figure 5.5b). The same principle is a corollary of many decision rules, such 

as softmax or probability matching, used in the computational modeling of value-guided choice 

(Dayan and Abbott, 1999). The present results suggest that such rules only poorly describe how 

decisions are made in the absence of mOFC.  

 Neuroimaging experiments have identified value-related activity changes in mOFC and 

vmPFC in decision-making tasks (Murray et al., 2007) but interpretation has focused on the 

possibility that it encodes the expected value of the choice taken (O'Doherty et al., 2002). A 

representation of expected value must be maintained to calculate value prediction errors, when 

outcomes do not match expectations, and for learning to occur. Two recent studies, however, 
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suggested that vmPFC/mOFC activity may encode the difference in value between choice 

options, and that activity correlated with the expected value of a choice actually reflects the 

output of a competitive interaction between neuronal populations representing the best and 

second best values (Boorman et al., 2009; FitzGerald et al., 2009). The current results are most 

easily interpreted in line with this latter notion of an mOFC role in comparing the conditioned 

values of stimuli. If instead mOFC carried a representation of reward expectation critical for 

reward prediction error learning, then mOFC lesions should have altered learning rates, but this 

was not what was found.  

Recently, it has been shown that the vmPFC encodes attention-dependent relative value 

signals between two alternative food items (Lark et al., in press). Whilst this signal was not 

found to reflect a subsequent decision choice, its existence may be interpreted in the context of 

the mOFC lesion deficits. We show that choices in contexts in which alternative options have 

high values are sub-optimal. It is possible that after the mOFC lesion animals are less able to 

focus or attend exclusively on the stimuli most critical to the decision. Relative value signals, 

dependent on the focus of attention, may support optimal choices in an intact network, but may 

lead to the wrong choice being made if the focus of attention is misplaced and the wrong options 

are considered. 

It could be argued that the impairment experienced by the mOFC-lesioned animals 

reflected only a deficit in representing value per se rather than an impairment of comparison and 

decision-making. The counter argument is that the animals still appear to have some 

representation of value as its influence on behaviour remain intact after mOFC lesions (Figure 

5.6). The average value of the environment influences response vigour, as well as the speed with 

which responses are made (Niv et al., 2007) and this also remains the case after mOFC lesions. 
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We therefore suggest that the mOFC encodes value in a multi-dimensional manner. As a critical 

region in a decision-making network, one of its roles might be to represent the values of outcome 

goals under consideration. This process might influence the decision process, potentially through 

interactions with the amygdala (De Martino et al., 2006), so as to discard distracting values from 

consideration in order to confine the decision-space to the most relevant options. The mOFCs 

connections to the ACC might then serve to convey the decision to the action selection network 

and so to bias subsequent behaviour (Cavada et al., 2000). 
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CHAPTER 6: THE CONTRIBUTION OF PREDICTABLE 

REWARDS TO HUMAN VISUOMOTOR ASSOCIATIVE 

LEARNING 

Anticipating the outcome of your choice is critical for guiding behaviour. The formation and 

maintenance of these learned expectations has been investigated in macaque and rat studies and 

their acquisition has been associated with improved behavioural accuracy. However, studies in 

humans are rare as it has often been difficult to prove that outcome consistency facilitates 

learning. The current study sought to investigate learned expectations, acquired through a goal-

directed learning mechanism, using a novel version of the Differential Outcomes Procedure 

adapted for humans. We combined pre-conditioning stimulus-outcome and response-outcome 

exposure phases with final stimulus-response learning. During each phase we manipulated the 

consistency of the outcomes which followed individual stimuli and actions. Predicable outcomes 

were found to significantly improve learning and recall of visuomotor associations. These results 

imply that a specific expected outcome can act to guide a selective human behavioural response.  

 

6.1 Introduction 

Learned expectations are the basis for many higher order cognitive functions. They can be the 

result of a number of associations (stimulus–outcome [S-O], stimulus–response [S-R], response–

outcome [R-O]) that collectively become the building blocks for trial-and error learning and 

memory foundation. Once established, they are instrumental in the planning of a choice or an 
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action and in multi-option environments. Indeed, knowing which option is associated with a 

desired reward is fundamental for optimal decision-making.  

Classic learning theories emphasise the S-R system originally advanced in Thorndike’s 

(1911) ‘Law of Effect’. Central to this idea is that the presentation of a reward shortly after the 

performance of an instrumental action strengthens or reinforces an association between the 

stimuli present when the response was performed and the response production mechanism. The 

result is that these stimuli become capable of eliciting the response. However, in response to a 

number of limitations of this theory, not least the inability of this model to encode the causal 

relationship between an action and a reward, an additional learning mechanism was proposed. 

This additional learning mechanism explained a number of early experimental results, namely 

from devaluation studies, which had emphasized the importance of the outcome in guiding 

choices and actions (Adams and Dickinson, 1981; Colwill and Rescorla, 1985; Rescorla, 1990; 

Balleine and Dickinson, 1991; Rescorla, 1992; Balleine and Dickinson, 1998). 

One particularly interesting finding is that learning and memory recall are improved 

when distinct outcomes are available after particular contingent responses. This was first 

demonstrated in rats that had to learn to press either a right or left lever, inserted into an operant 

chamber: in the presence of either an auditory tone or clicker. If the animal made the left 

response in the presence of the clicker it received sucrose solution. If, however, the rat made the 

right lever response in the presence of the tone solid food was delivered. This paradigm is 

commonly referred to as the Differential Outcomes Procedure (DOP). The rat’s ability to learn 

the S-R associations in this condition is compared to a condition in which the same food type is 

delivered (Non-differential Outcomes Procedure; NOP). Typical findings show that animals in 

the differential-outcomes condition have more rapid learning curves than animals in control 
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conditions, where the outcome of the event provides no cue to the appropriate action (Trapold 

and Overmier, 1972; Urcuioli, 2005). This procedure has been shown to facilitate both the initial 

learning of conditional relationships (as trained in the manner described above) and memory for 

the conditional stimuli in delayed matching-to-sample tasks (Brodigan and Peterson, 1976). 

Across species, this finding has been replicated in a number of additional studies with rats 

(Carlson and Wielkiewicz, 1972; Jones and White, 1994), pigeons (Schmidtke et al.; Kelly and 

Grant, 2001), horses (Miyashita et al., 2000) and monkeys (Easton and Gaffan, 2002). This effect 

has become known as the differential outcomes effect (DOE). 

The nature of the DOEs mechanism is thought to act by allowing subjects to learn to 

predict which outcome will be delivered when a correct choice response is made, in order to 

develop a distinct expectation of each unique reward event, upon the presentation of a stimulus 

(Savage, 2001). When a sample stimulus is presented, a “representation” of the unique reward 

associated with it is activated, and serves as an expectation of the forthcoming reward. As 

learning progresses, each sample stimulus in the set comes to activate an outcome expectancy 

that is unique to that stimulus. These differential expectancies thus provide an additional source 

of information for choosing the correct response. Manipulating reward contingences in this 

manner therefore serves to dramatically facilitate learning and memory.  

Given the power of the DOE to facilitate learning in so many species it is curious that the 

effect has been so rarely reproduced in humans. Match-to-sample studies in young children have 

shown that differential outcomes, such as tokens of different colours which represent rewards of 

either toys or food, facilitate learning (Maki et al., 1995; Estevez et al., 2001). Interestingly, 

older children and adults, when tested under easy match-to-sample conditions, do not 

demonstrate the DOE (Estevez et al., 2007; Lopez-Crespo et al., 2009). Increasing task difficulty 
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has however shown to produce a DOE accuracy advantages in older children and adults (Estevez 

et al., 2003; Estevez et al., 2007).  

Easton (2004) used a biconditional discrimination task, adapted from the task used by 

Easton and Gaffan (2002), which reported differential reinforcement effects in monkeys. Briefly, 

this task had two sets of instruction cues: immediate and delayed correct feedback. During the 

task, two stimuli from the same set were presented simultaneously, and one stimulus was 

arbitrarily deemed correct and one incorrect. If the stimulus came from the immediate set, and 

the subject selected the correct stimulus, they were immediately reinforced by an auditory tone 

indicating a correct choice had been selected. In contrast, if the incorrect choice object was 

selected no feedback was delivered. If an instruction cue was presented from the delayed 

reinforcement set, and the subject chose the correct choice object, the tone was sounded after 

1.5secs. Similarly, incorrect feedback was the same as the immediate cue sets. Subjects were 

required to learn six independent instruction cue-choice object associations in a successive 

manner, interspersed with recall test stages where subjects were assessed while they responded to 

all six of these choice problems. There were also two successive transfer stages, in which half of 

the choice problems were presented concurrently with a new instruction pair (one delayed and 

one immediate reinforcement). Learning was compared to a control conditional discrimination 

task, in which correct feedback was always an immediate tone and incorrect feedback was no 

auditory tone. Easton found, in this version of the task for humans, the only effect of differential 

outcomes on learning was during the second transfer phase of the experiment. The re-learning of 

associations between instruction cue and choice object was improved in the differential outcome 

condition compared to non-differential conditional learning.  
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There are a number of caveats to be borne in mind when considering this experiment 

which may have contributed to the limited DOE. Firstly, the results may be subject to a floor 

effect, due to the very few numbers of associative learning problems, and as mentioned above, 

latency or accuracy improvements are only found in humans in particularly challenging tasks 

(Estevez et al., 2007). Secondly, whilst studies in animals have shown that delayed and 

immediate outcomes can serve as differential outcomes (Astley and Wasserman, 1999; Astley et 

al., 2001), in humans this may not be the case. Finally, the outcomes given to subjects were only 

auditory tones which did not translate to any meaningful reward. It is therefore possible subjects 

were not motivated to utilize the differential outcomes. 

The current study sought to investigate differential reward expectations and their effect 

on human learning, in a challenging conditional discrimination task. To do so, two groups of 

subjects were given twelve S-R associations to learn. In one group of Consistent subjects S-R 

associations were differentially rewarded with one of four outcomes which took the form of 

distinct gift vouchers. In the other group, a control group of Inconsistent subjects, rewards for 

correct S-R selections were randomly selected from one of the four potential outcomes. Two pre-

conditioning phases were included in the design in order to enforce the outcome expectations of 

the two groups. These phases involved exposing subjects, sequentially, to the stimuli in a choice 

based problem with distinct S-O associations for the Consistent subjects and random S-O 

associations in the Inconsistent subjects. Similarly, subjects explored response buttons, where the 

R-O relationships were differential in the Consistent condition and random in the Inconsistent 

condition. The paradigm was designed in such a way to allow us to investigate whether subjects 

in the Consistent condition made use of outcome-specific reward expectations to guide their 



170 
 

behaviour, and if by doing so their speed, or accuracy of learning was improved when compared 

to subjects who could not form learned expectations.  

 
 

6.2 Methods 

Subjects 

All subjects gave informed consent to participate in the investigation, which had been approved 

by the Central Office for Research Ethics Committee (COREC reference number: 05/Q1606/96). 

36 right-handed subjects, 16 of whom were men completed the experiment. Collectively subjects 

had a mean age (and standard deviation) of 25.14yr (4.20). All had normal or corrected-to-

normal vision and indicated no family history of psychiatric or neurological disease.  

 

Task and procedure 

Reinforcement outcomes took the form of visually presented pictures of gift tokens that were 

converted into a payment at the end of the experiment. Each subject was asked to rate and choose 

four distinct gift vouchers to collect from a set of twelve. For each subject we aimed to select gift 

vouchers which were associated with very different classes of consumables; food, beverages, 

books or music. Therefore the four most preferred tokens, which fitted within these constraints, 

were then used as rewards for correct choices in all the subsequent behavioural sessions 

performed by that subject.  

Stage 1: Stimulus-outcome learning task  

The first stage of the experiment for all subjects was a concurrent visual discrimination learning 

task consisting of 12 pairs of visual stimuli. One stimulus in each pair was designated the correct 

one and choices of it were rewarded with presentation of a reward token. Correct choices of a 
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given stimulus were always rewarded with a given token outcome for subjects assigned to the 

Consistent group. In the Inconsistent group, however, correct choices were rewarded with one of 

the four tokens selected at random (Figure 6.1a, A, S-O phase). On completion of stage 1 

subjects in both the Consistent and the Inconsistent groups had learned 12 visual discrimination 

problems and had learned that 12 visual stimuli were associated with reward. Only subjects in 

the Consistent group, however, would have been able to form an association between each 

stimulus and one of four types of reward.   

Stage 2: Response-outcome learning task 

In the second stage of the experiment subjects explored four button press responses, which were 

either paired consistently with specific token reward outcomes (Consistent), or random token 

reward outcomes (Inconsistent; Figure 6.1b, B, R-O). On completion of stage 2 subjects in both 

the Consistent and Inconsistent groups had learned that all four actions were rewarded when 

made but only subjects in the Consistent mapping group would have been able to form an 

association between each response and one of the four types of reward.  

Stage 3: Stimulus-outcome repetition task 

Subjects then completed an additional 24 trials of the S-O part of the experiment. This was 

incorporated because of the fixed order of experimental events and allowed us to assess how well 

the subjects had learned the initial discrimination. 

Stage 4. Stimulus-response learning task 

Subjects were then required to learn S-R associations as they learned to pair together the stimuli 

they had seen in stage 1 with the buttons they had explored in stage 2 (Figure 6.1c). Choice of 

the correct response, for a given S-R pairing was either consistently rewarded with a given 

reward token outcome (Consistent condition), or randomly rewarded with any of the four 
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possible reward token outcomes (Inconsistent condition). For subjects in the Consistent condition 

a given stimulus was always rewarded with given token outcome both at stage 1, 3 and at stage 4 

and a given response was always rewarded with a given token outcome both at stage 2 and stage 

4. In other words, the component parts of a correct S-R pair rewarded by, for example, a 

Starbuck’s token, at stage 4, would have also both been rewarded by a Starbuck’s token in stages 

1, 2 and 3. The S-R learning task ended when a criterion of 95% correct performance was 

reached. For subjects in the Inconsistent group response selection could only be achieved via a 

direct S-R association. For subjects in the Consistent group response selection could also be 

based on an indirect link mediated by an S-O association and an O-R association.  

The following day, subjects returned to the laboratory and were given sufficient trials in 

order to reach the same criterion level of performance using the same S-R associations that had 

been learned on the previous day. They were then also asked to complete the first three parts of 

the experiment with a new stimulus set, the same reward outcome tokens, and the same response 

buttons. Response-reward token associations remained consistent across the two sets of tasks for 

subjects in the Consistent group. The final S-R association learning tasks was performed in a 

Siemens 3T scanner, and the neural mechanisms mediating reward-guided action selection will 

be presented and discussed in Chapter 7. Blocks of the previously learned S-R associations (Old 

learning task) were interspersed pseudo-randomly with blocks of the novel stimuli, when 

subjects were learning, by trial-and-error, the new S-R associations (New learning task), and 

blocks of rest (Figure 6.1d). During the final S-R learning phase, as before, rewards were either 

given in a consistent manner for a given S-R association (Consistent condition) or randomly 

(Inconsistent condition). Each experimental block consisted of nine stimuli and lasted in total 

40.5secs. Before each experimental block began it was cued for two seconds with “Today’s 
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pictures” (New learning task), “Yesterday’s pictures” (Old learning task). There were a total of 

216 trials per experimental condition. Rest blocks were 30s in length. At the end of the 

experiment the total reward tokens were converted into the appropriate monetary payment and 

rounded to the nearest whole number.  

 

 

Figure 6.1. (A-C) Schematic representation of the trial events for each phase of Experiment 2. A-C, Timing of 

stimulus events was the same for all phases of the experiment. Either a pair of stimuli (Stage 1 and 3: Stimulus-

outcome: A), four red squares corresponding to the four possible button responses subjects could make, (Stage 2: 

C 

B 

D 

A 



174 
 

Response-outcome: B) or a single stimuli (stage 4: Stimulus-response learning: C) was presented on screen for 

1000ms.Subjects were required to either identify which stimulus was rewarded and indicating the side of the screen 

it was presented on with a corresponding button press (A), or select one of the response buttons that corresponded to 

one of the high-lighted red squares (B). In stage 4, the Stimulus-response learning phase (C) subjects had to identify 

which of the four possible responses was rewarded after presentation of each stimulus. Subjects always had the 

duration of the stimulus presentation and an additional 500ms in which to respond. Feedback was the same 

regardless of experimental phase. The outcome of the subject’s choice was presented. Four money bars reflected the 

cumulative total of earnings of each token type up until that point in the task. The feedback screen was visible for 

1500ms and then immediately replaced by an inter-trial interval (ITI) of 1000ms long. D, Schematic representation 

of the order of events in the fMRI phase of the experiment. Blocks of trials were presented in a pseudorandom order 

each consisting of either nine trials of old stimuli (already learned on the previous day) or nine trials of new stimuli 

(learned during the course of scanning). Each block lasted 45 seconds and was cued for 2 seconds with ‘Yesterdays 

pictures’ or ‘Todays Pictures’ for old and new stimuli respectively. Trial events within these blocks were the same 

as C. 30 second rest blocks were interspersed within the experiment.  

 

Data acquisition 

Stimuli were presented using Presentation (Neurobehavioral Systems, Inc. Albany, CA. Version 

0.53 Build 12.05.02) on a Windows 2007 operating system on a MacBook computer (Apple 

Cupertino, CA).  

 

Data Analysis 

Accuracy data were analysed using Excel (Microsoft Office Excel 2003), Matlab 6.5 

(MathWorks) and SPSS software (SPSS inc. version 14.0). In general all analyses were 

conducted with standard parametric ANOVAs, that used the Huynh-Feldt correction where 

appropriate, and standard two-sample t-tests. 
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Day 1 

The number of correct trials in stage 1, the S-O learning phase, was compared in a two-sample t-

test. Response choice was analysed for stage 2, the R-O phases, using a repeated measures 1-way 

ANOVA with Response (4 levels; 4 responses) and the between subjects factor of Group (2 

levels; Consistent and Inconsistent). 

The size of the outcome-specific learning effect was calculated for day 1. The percentage 

of trials performed correctly during the first 3 blocks, each consisting of 36 trials, were 

calculated and compared between the Consistent and Inconsistent conditions with 2-tailed 

independent samples t-tests.  

Day 2 

Accuracy in the S-O phase and response choice in the R-O phases was calculated in the same 

manner as described above for day 1.  

The retention of S-R associations learned on day 1 was measured by calculating the 

percentage of trials performed correctly for the first 24 trials of the pre-scanning recall session 24 

hours after the initial training. One-tailed independent samples t-tests were used to compare the 

two groups of subjects in the Consistent and Inconsistent conditions.  

The accuracy of subjects on day 2 was calculated independently for the New and Old 

stimulus sets by determining the percentage of correct trials in 6 larger blocks consisting now of 

36 trials. The log-transformed scores for the Old and New tasks for both groups of subjects were 

subjected to a 3-way ANOVA of Task (Old; New), by Time (six blocks of 36 trials) and with the 

between-subjects factor of Group (Consistent; Inconsistent). Independent samples t-tests were 

used to further investigate the effects. 
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6.3 Results 

Day 1  

Subjects in the Consistent and Inconsistent groups were equally accurate in selecting the 

rewarded stimulus of a pair in the primary S-O learning phase (t34=0.71, p=0.482), and during 

the stage 3 S-O repetition phase (t34=0.25, p=0.640), regardless of their group. Investigation of 

the distribution of response choices in the R-O learning phase also did not suggest a group 

difference (F1,34=0.12, p=0.746) or an interaction with a particular choice of response 

(F1,34=102=0.661, p=0.422). However, there was a significant effect of Response 

(F3,102=6.89,p=0.000). 

 

Table 6.1. Means (and standard deviations) of the distribution of responses across the four response options on day 1 

of R-O learning. Whilst there is no main effect of Group there is a significant main effect of Response with both 

groups preferring option 1 to option 4 in a linear manner. (N=36)  

 

Figure 6.2 shows the size of the outcome-specific learning effect; comparing percentage 

accuracy within the first three blocks of pre-scanning training. Comparing the blocks with 

independent samples t-tests revealed a significant difference in the first block indicating that 

subjects in the Consistent condition were more accurate over the first 36 trials than those in the 

Inconsistent condition (t34=2.07, p=0.046). By the second and third block the groups were 

equally accurate (Block 2; t34=-0.033, p=0.0974, Block3; t34=0.681, p=0.501). 
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Figure 6.2. Mean percent correct of trials over the first 3 blocks (36 trials per block) of S-R associative learning on 

day 1. Subjects in the Consistent and Inconsistent Groups are represented by the black and grey bars respectively 

(n=36). 

 

Day2 

If learning of S-R associations was initially facilitated by knowledge of specific S-O and O-R 

associations it might be hypothesised that memory recall would also be improved. Figure 6.3 

shows the accuracy of S-R retention in the first 24 trials, 24hrs after the initial training. An 

independent t-test confirmed that accuracy was significantly higher in the Consistent group (1-

tailed t34=1.74, p=0.046). 
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Figure 6.3. Mean percent correct for the first 24 trials of S-R associative recall on day 2. Subjects in the Consistent 

and Inconsistent Groups are represented by the black and grey bars respectively (n=36) 

 

There were no differences between the groups in their learning of the new stimulus 

discriminations on day 2. Similar to the results acquired on day 1 there were no group 

differences in the percentage of trials performed correctly in the initial S-O learning phase 

(t34=0.25, p=0.640) or stage 3 repetition S-O phase (t34=0.30, p=0.898). The distribution of 

response choices in the R-O learning phase, again, did not suggest a group difference 

(F3,102=0.20, p=0.656), or an interaction with a particular choice of response (F1,34=0.69, 

p=0.539). There was however, again, a significant effect of Response (F3,102=7.05,p=0.001).  

 

Table 6.2. Means (and standard deviations) of the distribution of responses across the four response options on the 

second day of R-O learning. Whilst there is no main effect of Group there is a significant main effect of Response 

with both groups preferring option 1 to option 4 in a linear manner. (N=36)  
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Percentage accuracy scores for the S-R associative learning task acquired on the second 

day resembled those from day 1 and are shown in figure 6.4. There was a significant advantage 

of having been trained with Consistent reward outcome mappings as opposed to Inconsistent 

reward outcome mappings as a repeated measures ANOVA revealed a 3-way interaction of the 

three factors (F5,34=2.67, p=0.043). This was significant for the New stimulus task in a two-way 

ANOVA, revealing a Time by Group interaction (F5,34=2.67, p=0.039). There was no such 

interaction in the Old stimulus task (Time x Group F5,34=0.41, p=0.803). The first block of the 

New stimulus task was tested with a one-tailed independent samples t-test, which showed that 

subjects in the Consistent condition were more accurate than those in the Inconsistent condition 

(t34=1.80, p=0.040). 
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Figure 6.4. Mean percentage correct on day 2 for the 6 blocks (36 trials per block) of S-R associative learning of the 

New (A) and old (B) stimuli for the Consistent and Inconsistent Group (black and grey bars respectively), (n=36).  

 

6.4 Discussion 

The present study has shown a facilitation in the speed of learning and the accuracy of memory 

recall when subjects have access to outcome-specific reward expectations during S-R learning. 
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We developed a novel version of the DOP by introducing preconditioning phases which allowed 

subjects to initially learn S-O and R-O associations prior to learning the S-R associations. We 

compared subjects trained under this schedule with subjects trained in environments where 

outcomes were random after choices. A number of species of animals (Schmidtke et al.; Carlson 

and Wielkiewicz, 1972; Jones and White, 1994; Miyashita et al., 2000; Kelly and Grant, 2001; 

Easton and Gaffan, 2002) and human under certain match-to-sample conditions (Maki et al., 

1995; Estevez et al., 2001) have been shown to benefit, in terms of accuracy and speed of 

learning, when outcome-specific reward expectations are available to guide behaviour, and now 

we have demonstrated that this effect in humans generalises to other learning paradigms. 

We have shown that subjects learned two sets of novel S-R problems faster if there were 

consistent S-R-O associations. Although the DOE on the second day was stronger than on the 

first, this cannot be wholly explained by the subjects’ previous experience of S-R learning as the 

same effect is visible even during the very first blocks in the first learning sessions. Similarly, we 

were also able to demonstrate an advantage on memory recall of S-R associations after 24hrs for 

subjects trained with outcome-specific reward expectations. 

Despite the deviations of the current paradigm from the standard methods of investigating 

the DOE in animals, in either match-to-sample or training experiments, we believe our results are 

compatible with animal studies. Indeed, we propose that the paradigm used in the current 

experiment adopted a number of critical features which allowed our subjects to make use of 

outcome-specific reward expectations. First, we challenged our subjects with 12 pairs of S-R 

associations each day. This number is well beyond Millers magic number 7+/- 2 (Miller, 1956). 

It may be the case that the benefits of outcome-specific expectations are only apparent in more 

difficult learning environments. Indeed, the DOE in young children only becomes apparent in 
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older children when match-to-sample tasks are made more challenging by increasing the number 

of comparison stimuli (Estevez et al., 2001). Similarly, in healthy adults, accuracy advantages 

with the DOP are only seen after increasing task difficulty in a symbol judgment task (Estevez et 

al., 2007). Secondly, we introduced preconditioning phases which served to emphasize the 

different outcomes for each S-R association in the Consistent condition. Whilst this manipulation 

has not previously been used in standard DOP it is likely that reward expectations, if available, 

will guide action selection in a similar manner regardless of the precise way in which they were 

established. Finally, we used monetary gift vouchers instead of primary rewards to differentiate 

outcomes. We chose gift vouchers which the subjects had themselves rated as highly rewarding. 

Human subjects may have been more motivated to perform the task well than would have been 

the case had juice rewards been used. For each subject we also aimed to select gift vouchers 

which were associated with very different classes of consumables; food, beverages, books or 

music. We believe that by doing this we made the task more engaging for subjects. The current 

study showed images of the outcome types to the subject as positive feedback but it should be 

noted that experiments with human children have shown that even abstract different coloured 

tokens, each colour associated with a different class of reward, is an effective means of 

differentiating outcome s (Estevez et al., 2001). It may be important that future work replicates 

this experiment using primary reinforcers. Doing so would have the added benefit of being able 

to determine if subsequent devaluation of an outcome led to a predictable pattern of stimulus 

selection in a choice task in extinction.    

A question of particular importance is whether the DOP could be used to enhance the 

memory performance of brain damaged populations. Amnesic patients have great difficulty 

laying down new memories; particularly explicit memories. Savage and Laglais (1995) 
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implemented the DOP in a T-maze matching-to-position task with an amnesic rat model 

(Pyrithiamine-induced thiamine deficiency; PTD). The authors show that the PTD rats were 

severely impaired in learning under a NOP schedule relative to controls, but that this deficit was 

attenuated, and all but disappeared, when differential outcomes were introduced. Similarly, a 

follow-up study showed attenuated effects of normal memory impairments due to aging when 

older rats were trained under the DOP as compared to the NOP and to younger rats. This 

research raises the possibility that amnesic human patients may benefit from rehabilitation 

protocols that incorporate elements of differential outcomes. Indeed, Lopez-Crespo and 

colleagues (2009) demonstrated this very age dependent DOE in humans. Whilst younger adults 

were found not to take advantage, in terms of their accuracy, of the differential outcomes, the 

older adults’ accuracy increased to that of the younger people’s under DOP conditions. The DOE 

is also evident in adults with learning difficulties. Estevez et al (2003) has shown that differential 

reinforcements can ameliorate discriminative learning deficits in people with Down’s Syndrome. 

As such, the paradigm used in the current experiment could be easily adapted for use in patients 

and aged populations, and be used to investigate whether the DOE might relieve learning and 

memory problems in more complex learning environments.  

The data presented above adds to the growing evidence that two distinct neural 

mechanisms mediate response selection when outcome-specific reward expectations are 

available. One possibility is that a goal-directed component learns the associations between 

stimuli, responses and the incentive value of outcomes (S-O, R-O or S-R-O), while a habit-based 

learning component learns the associations between the stimulus (or context) and the response 

(S-R). It could be that our Consistent subjects trained under the DOP are able to utilize a goal-
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directed and habitual learning mechanism to complete the task whereas Inconsistent subjects 

would only have access to the habitual learning mechanism. 

An alternative theory to the goal-directed learning mechanisms proposes that the dual 

memory system theory of explicit and implicit memory can explain the DOE enhancements in 

learning and memory performance (Overmier and Linwick, 2001; Savage, 2001). Explicit 

memory describes the system that processes the intentional recall and recognition of people, 

places, things and events. In contrast, implicit memory refers to the process of unintentional 

learning. This perspective assumes that the DOP taps into the implicit memory system, whereas 

the explicit memory system is used to solve memory problems with the NOP. It has been argued 

that the DOP produces unique reward expectations, via classical conditioning (S-O), and that 

these are discriminable and have predictive value. Therefore after multiple learning trials, the 

presentation of the sample stimulus itself can result in an activation of the representation of the 

unique reward. Reward-related learning evokes additional neurobiological substrates including 

the OFC, amygdala and striatum, when added to an operant task (Kesner and Williams, 1995; 

Pratt and Mizumori, 1998; Schoenbaum et al., 1999; Baxter et al., 2000) and damage to either 

the OFC or amygdala has been shown to impair performance during S-R learning under DOP, 

but not NOP (Ramirez and Savage, 2007). This recruitment, it has been claimed contributes to 

the activation of the alternative implicit memory system used by the DOP, which is different 

from the system commonly used to solve conditional discrimination tasks.  

If explicit and implicit memory systems are mediating NOP and DOP independently then 

there should be evidence that disruption to each system should impair learning under the two 

conditions. Indeed, explicit memory is disrupted by challenges to the cholinergic 

neurotransmitter system (Schliebs and Arendt, 2006) and it has been shown in elderly human 
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subjects that under these circumstances NOP performance is impaired. However, if subjects are 

able to utilise differential outcomes to guide learning i.e. DOP conditions, performance is no 

different to controls. Similarly, there is also evidence in rats that two different neurotransmitters 

mediate the DOP and NOP learning systems differentially. Savage and Parson (1997) have 

shown that learning under DOP is disrupted by challenges from glutamatergic antagonists, 

whereas learning under NOP is disrupted by cholinergic antagonists. The reverse impairments 

are not seen in these animals.  

It may be the case that the two lines of theoretical reasoning, goal-directed and implicit 

memory, are not mutually exclusive. It is possible that goal-directed learning and subsequent 

choices relies on an implicit memory system, which itself recruits or receives reward-related 

information from specialised regions of the brain. The following chapter aims to address the 

questions into the neural mechanisms mediating outcome-specific learning. We used the 

behavioural study outlined above and fMRI to investigate cerebral activity during the final S-R 

learning phase on the second day of testing. 
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CHAPTER 7: NEURAL MECHANISMS MEDIATING REWARD-

GUIDED ACTION SELECTION  

The formation and maintenance of learned reward expectations has been investigated in 

macaque and rat lesion studies. This process appears to rely on a number of cortical and 

subcortical regions including the orbitofrontal cortex (OFC), temporal cortex and amygdala. 

However, this network is still not well understood, particularly in humans. We used a novel 

Differential Outcomes Procedure described in Chapter 6, which combined initial pre-

conditioning stimulus-outcome and response-outcome learning phases with a final stimulus-

response learning phase. During each phase we manipulated the consistency of the outcomes 

which followed stimuli and actions. Functional magnetic resonance imaging was used to 

investigate the neural mechanisms underlying the behavioural accuracy advantage bestowed 

when outcomes which follow actions are consistent across learning. The results indicated that 

three areas commonly involved in reward-guided learning, the lateral OFC (lOFC), medial 

orbitofrontal/ventromedial frontal cortex (mOFC/vmPFC) and anterior cingulate cortex (ACC) 

were activated by the task. We show that each of area’s contribution can be dissociated, with 

only the lOFC and ACC more active in subjects with knowledge of reward consistency.  

 

7.1 Introduction 

Monitoring, learning, and updating the expected value associated with environmental stimuli are 

essential for optimal decision-making. Three frontal cortical areas are implicated in reward-

guided learning and decision-making: ACC, mOFC/vmPFC, and lOFC but how their 
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contributions differ remains unclear (Rushworth et al., 2007a; Hare et al., 2008; Rushworth and 

Behrens, 2008; Rangel and Hare, 2010). We attempted to examine their functions in a reward-

guided learning task in which type of reward outcome, and not just presence or amount of 

reward, could influence action selection.  

The OFC is thought to be critical for processing negative outcomes (Kringelbach and 

Rolls, 2004; Fellows, 2007), and inhibiting previously rewarded actions, such as after a reversal 

or devaluation (Jones and Mishkin, 1972; Dias et al., 1997; Elliott et al., 2000; Chudasama and 

Robbins, 2003; Clarke et al., 2008). Furthermore, beyond simply encoding an outcome’s scalar 

value, it appears that the OFC is capable of encoding an outcome’s identity. Devaluation studies 

have shown that, under normal circumstances, a stimulus associated with a once valued outcome 

will be chosen less frequently if that outcome becomes devalued through satiation (Adams and 

Dickinson, 1981; Colwill and Rescorla, 1985; Rescorla, 1990; Balleine and Dickinson, 1991; 

Rescorla, 1992; Balleine and Dickinson, 1998). In contrast though, subjects with OFC damage 

continue to choose equally between the options (Gallagher et al., 1999; Pickens et al., 2003; 

Izquierdo and Murray, 2004; Pickens et al., 2005). This has been interpreted as suggesting that 

OFC animals are incapable of representing the causal relationship between a stimulus, response 

and a specific outcome. Response selection is often thought to be mediated by S-R associations 

but distinct outcomes, represented in the OFC could provide part of an additional route, 

involving both S-O and O-R associations, by which responses might be selected.  

Recent evidence suggests macaque lOFC and mOFC, which have distinct anatomical 

connections (Ongur and Price, 2000), have distinct functions (Walton et al., 2010; Noonan et al., 

in press). LOFC is critical when macaques learn and assign credit for reward occurrence to a 

specific stimulus. Our first aim was, therefore, to examine whether lOFC might also be 
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implicated in learning associations between specific stimuli and specific types of reward. We 

used the novel version of the Differential Outcomes Procedure (DOP), described in Chapter 6 

which manipulated reward contingencies associated with specific S-R associations (Savage, 

2001; Trapold, 1970; Trapold & Overmier, 1972; Urcuioli, 2005). The behavioural results 

described in the previous chapter demonstrate, that similarly to monkeys and rats trained under 

the DOP (Schmidtke et al.; Carlson and Wielkiewicz, 1972; Jones and White, 1994; Miyashita et 

al., 2000; Kelly and Grant, 2001; Easton and Gaffan, 2002), subjects who had the potential to 

develop and to use outcome-specific reward expectations to guide action selection benefited in 

terms of S-R learning and memory facilitation (the Differential Outcomes Effect; DOE).  

Lesion work in rats suggests that the neural mechanisms which support behavioural 

advantages include the basolateral amygdala and the OFC. Damage to the amygdala impairs a 

rat’s performance throughout the task, while OFC lesions impair accuracy only in the later 

maintenance phase (Ramirez and Savage, 2007). To investigate the neural mechanisms 

underlying the behavioural advantage in our Consistent subjects we collected functional 

magnetic resonance image (fMRI) scans while the two groups of subjects learned to select 

responses either in the context of differential or non-differential outcomes. If lOFC is important 

for learning associations between specific stimuli and outcome types then lOFC activity will be 

greater in the differential outcome group whenever an outcome is delivered that informs subjects 

about those associations.  

As part of the investigation of the role of the lOFC we also tested whether the functional 

connectively between this region and the rest of the brain would change as a result of the 

availability of differential outcomes in learning. We therefore conducted a PPI analysis, and 

hypothesised that temporal cortex, including perirhinal cortex and the amygdala, regions which 
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are repeatedly implicated in value-guided learning (Buckley and Gaffan, 1997, 1998; Gaffan et 

al., 2000; Murray and Richmond, 2001; Lee et al., 2006; Aggleton et al., 2010) and visual object 

recognition and discrimination (Gaffan et al., 1993; Baxter et al., 2000; Baxter and Murray, 

2002; De Martino et al., 2006; Hampton et al., 2007; Ramirez and Savage, 2007), would show 

increased functional connectivity between this region and the lOFC during feedback.  

Comparison studies of the DOE in humans, with either training or matching-to-sample 

paradigms, are rare (Easton, 2004; Estevez et al., 2007) possibly because tasks have to be 

particularly challenging to elicit behavioural effects of differential outcomes. As a result, 

investigations into the neural mechanisms mediating the acquisition of learned expectations in 

humans are particularly sparse. These human fMRI studies tend to focus on reward-guided 

processes once learning has taken place or have confounded learning with choice or conflict and 

typically find outcome-specific value expectation represented in the vmPFC (Valentin et al., 

2007; de Wit et al., 2009). The second aim was to examine whether activity in other frontal areas 

was concerned with other aspects of a reward’s influence on behaviour. The differential outcome 

procedure allowed testing not only of whether mOFC/vmPFC activity reflected how informative 

an outcome was for updating reward-related associations but alternatively whether it reflected 

the differing values assigned to outcomes (Plassmann et al., 2007; Lebreton et al., 2009).  

The ability to monitor and compare ongoing actions as well as performance outcomes 

with internal goals and standards is critical for optimising decision-making. We therefore also 

compared the mechanisms mediating successful response retrieval by examining brain activity 

that changed with increasing response accuracy as a function of whether or not subjects had had 

the opportunity to learn specific O-R associations (because of their membership of the Consistent 

and Inconsistent mapping groups). The ACC has been shown to have a role in this function. This 
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region shows increased activation when subjects explore reward environments, and when 

feedback is received as a consequence of an explorative action (Walton et al., 2004; Daw et al., 

2006; Forstmann et al., 2006; Yoshida and Ishii, 2006). Our third aim was to investigate the 

ACCs role in reward-guided action selection. If ACC is critical for reward-guided action 

selection (Rudebeck et al., 2008b) then its activity should reflect the changing probability of 

selecting correct responses during learning in the context of the DOE.  

 

7.2 Methods 

Subjects 

The same 36 right-handed subjects (16 males) described in chapter 6 also participated in 

the present fMRI experiment. Collectively, subjects had a mean age (and standard deviation) of 

25.14yr (4.20). All had normal or corrected-to-normal vision and indicated no family history of 

psychiatric or neurological disease. All subjects gave informed consent to participate in the 

investigation, which had been approved by the Central Office for Research Ethics Committee 

(COREC reference number: 05/Q1606/96).  

 

Task and procedure 

The task and experimental procedure of this experiment has been described in the previous 

chapter. Briefly, either a pair of stimuli (stimulus-outcome phase: stage 1 and 3), four red squares 

corresponding to the four possible button responses subjects could make, (response-outcome 

phase: stage 2) or a single stimuli (S-R phase: stage 4) was presented to a subject (see Table 7.1 

for details). Subjects were required to either identify which stimulus was rewarded and respond 

by indicating which side of the screen it was presented on with a corresponding button press 
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(stage 1 and 3), or in response to a red square, select one of the response buttons that 

corresponded to one of the high-lighted red squares (stage 2). In the S-R phase (stage 4) subjects 

had to identify which of the four possible responses was correctly rewarded after presentation of 

a specific stimuli.  

 

Table 7.1. Representation of the experimental phases. Over two days subjects initially completed a phases of 

stimulus-outcome learning of 24 stimili. Timing of stimulus events was the same for all phases of the experiment. 

Either a pair of stimuli (Stimulus-outcome phase: stage 1 and 3), four red squares corresponding to the four possible 

button responses subjects could make, (Response-outcome phase: stage 1) or a single stimulus (S-R: stage 4) was 

presented on screen for 1000ms. Subjects were required to either identify which stimulus was rewarded and respond 

by indicating which side of the screen it was presented on with a corresponding button press (stage 1 and 3), or 

select one of the response buttons that corresponds to one of the high-lighted red squares (stage 2). In the S-R phase 

(stage 4) subjects had to identify which of the four possible responses was correctly rewarded after presentation of a 

specific stimuli. Subjects always had the duration of the stimulus presentation and an additional 500ms in which to 

respond. Feedback was the same regardless of experimental phase. The outcome of the subject’s choice was 

presented above four money bars that, if a reward was earned, cumulatively added that reward to the corresponding 

money bar. The feedback screen was visible for 1500ms and then immediately replaced by an inter-trial interval 

(ITI) of 1000ms long. During the fMRI phase of the experiment (stage 4 fMRI: OLD + NEW) blocks of trials were 

presented in a pseudorandom order. Each block consisted of either nine trials of old stimuli or new stimuli and lasted 

45 seconds. 2 second cues were used to inform subjects which block of trials they could expect, either ‘Yesterdays 

pictures’ or ‘Todays Pictures’ for old and new stimuli respectively. Trial events within these blocks were the same 

as previous phases. 30 second rest blocks were interspersed within the experiment.  
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Feedback consisted of tokens representing one of four gift vouchers which the subject 

had chosen to collect during the course of the experiment, and was the same regardless of 

experimental phase. As outlined in Table 7.2, the outcome of the subject’s choice was dependent 

on the condition the subject had been placed in. Subjects were assigned to either a “Consistent” 

or “Inconsistent” condition. In the consistent condition, correct S-O, R-O or S-R selections were 

rewarded with one of the four distinct gift voucher outcome. In contrast, Inconsistent group 

subjects were rewarded randomly with any of the outcomes.  

 

 

Table 7.2. In each phase of the experiment subjects had the opportunity to earn rewards for correct responses but the 

identity of reward was manipulated depending on group. In the consistent condition, correct S-O (stage 1 and 3), R-

O (stage 2) or S-R (stage 3) selections were rewarded with one of the four distinct gift voucher outcome and subjects 

were trained under the DOP. In contrast, Inconsistent subjects were rewarded randomly after a correct choice or 

response with any of the outcomes, much like a NOP. 

 

Subjects completed the task over two days, as illustrated in Table 7.1. All preconditioning 

phases (stage 1, OLD and NEW; stage 2; stage 3, OLD and NEW repeat), as well as S-R 
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learning on day 1 (stage 4, OLD) and recall of S-R learning on day 2 (stage 4r, OLD recap) took 

place in a quiet testing room. The final S-R learning phase (stage 4, NEW+OLD) was performed 

in a Siemens 3T scanner. Blocks of the previously learned S-R associations (Old learning task) 

were interspersed pseudo-randomly with blocks of the novel stimuli which required the subjects 

to learn, by trial-and-error new S-R associations (New learning task) and blocks of rest. As in the 

previous experimental phases, rewards were either consistent for a given S-R association 

(Consistent condition) or random (Inconsistent condition). Each experimental block consisted of 

nine stimuli and took 40.5secs. Before each block subjects were cued for two seconds with 

“Today’s pictures” (New learning task), “Yesterday’s pictures” (Old learning task). There were a 

total of 216 trials per experimental condition. Rest blocks were 30s in length. Whilst there was a 

fixed order and timing of events, blocks were jittered by the inclusion of the 2secs cue periods. 

 

Image acquisition  

Blood oxygenation-level-dependent (BOLD) fMRI images and T1-weighted anatomical images 

were acquired on a 3T Siemens MR scanner with a maximum gradient strength of 40 mT•m-1 at 

the Oxford University Centre for Clinical Magnetic Resonance Imaging (OCMR). 

BOLD fMRI data were acquired by using echo planar imaging (EPI) (25 x 5 mm thick 

axial slices positioned from the top of the brain, with a base resolution of 64mm, matrix size 192 

x 192, field of view 192 x 192mm
2
, giving a voxel size of 3 x 3 x 5mm, repetition time = 1.5s, 

620 volumes, echo time = 30 ms, and flip angle = 73°). A T1-weighted anatomical image was 

acquired for each subject by using a FLASH sequence (repetition time = 3 ms, echo time = 4.71 

ms, and flip angle = 80°, giving a voxel size of 1 x 1 x 1 mm). The EPI scanning sequence lasted 

50 minutes. 
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Data Analysis 

Pre-processing 

Pre-processing was identical for all of the general linear model (GLM)-based analyses described 

below. fMRI data were analyzed using tools from the FMRIB Software Library 

(www.fmrib.ox.ac.uk/fsl). At the first level (single-subjects) pre-processing involved several 

stages. Non-brain structures were removed using BET (Smith, 2002). Motion artefacts were 

removed using ICA Melodic software (Jenkinson and Smith, 2001), and the data were spatially 

smoothed using a 5mm Gaussian kernel of full-width at half maximum. Low-frequency drifts 

were removed with high-pass temporal filtering with a 90 seconds cut-off. The time series data 

were analysed using a GLM approach. Registration to standard space was carried out using 

FLIRT (Jenkinson and Smith, 2001). Statistical analysis was carried out in FEAT (version 5.63) 

using FILM with local autocorrelation correction (Woolrich et al., 2001). The hemodynamic 

response function was modelled as a γ function, a normalization of the probability density 

function of the γ distribution with zero phase, standard deviation of three seconds, and a mean 

lag of six seconds.  

Primary General Linear Model 

For the primary GLM analysis, the explanatory variables (EVs) were modelled with their 

temporal derivates. Four EVs, modelled in an event-related manner, were entered into the GLM 

at the first level. Specifically, Errors were modelled from the time of onset of the incorrect 

feedback for 1.5secs; informative First Correct trials, which included any trial in which the 

subject correctly paired the stimulus and response for the first time, or after at least one Error 

trial, were also modelled from the time of onset of the feedback for 1.5secs. Probability of 

correct response retrieval was modelled parametrically, as the average accuracy within each 9 
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trial block, from the time of the trial onset for 1.5 seconds. Every Response was also modelled 

from the time of its onset until the beginning of the feedback epoch. FEAT was used to fit this 

model to the data in order to generate Parameter estimates (PEs) for each of the EVs, and to 

contrast these PEs against one another. There were five contrasts of interest at the first level; 

Errors, Correct, Informative feedback (Errors + Correct), Informative Reward (Correct-Errors), 

Probability of correct responses and Responses.  

Mixed effects analyses (FLAME 1+2) were applied to the whole-brain group data to generate 

statistical activation maps for each of the EVs, and to test for an effect of condition. Group Z 

(Gaussianized T) statistic images were thresholded using clusters determined by Z > 2.3 and a 

corrected cluster extent significance threshold of p = 0.05. Whilst a number of effects were 

revealed in this manner at the whole-brain level, only uncorrected images are presented for 

illustrative purposes. There were four contrasts of interest at the second level. These were 

Consistent, Inconsistent, Consistent – Inconsistent, and Inconsistent – Consistent. 

 Additional GLM of Consistent group subjects 

While the primary analysis allowed examination of the brain areas with activity that were related 

to how informative an outcome was for the updating of reward outcome-related associations it 

did not examine the value of outcomes. Because each token outcomes had a subjective value that 

the subjects had reported at the beginning of the experiment it was possible to construct a 

regressor which identified brain activity that was related to the expected value of the outcome. 

The parametric value expectation related regressor was constructed from the rating (between 0 

and10) subjects had assigned to the gift voucher token that would be received for correct 

response selection on each trial multiplied by the probability that the subject would receive that 

token – the probability that response selection would be correct (based on the average accuracy 
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within each 9 trial mini-block). The regressor was modelled from the onset of the stimulus for 1 

second. The GLM also included the same EVs as the primary analysis but no data from the 

Inconsistent Group were included in the analysis. Subjects in the Inconsistent group could not 

anticipate the identities of reward outcomes. In theory a regressor reflecting the average value of 

the outcome multiplied by the probability of correct response selection would have reflected the 

Inconsistent group subjects’ outcome value expectations but such a regressor would have been 

completely correlated with the Probability of Correct Response Selection. Three subjects from 

the Consistent group were excluded from this analysis: two as a result of an experimental 

oversight in misplacing their reward ratings sheets; and one because the subject had indicated 

that all their chosen gift vouchers were equally valuable.  

ROI based signal extraction 

We anticipated using three regions of interest (ROI) in our analyses that corresponded to the 

lOFC, ACC and mOFC/vmPFC. These were selected on the basis of activation coordinates 

reported in previous studies. The lOFC ROI had an 16mm radius and its location was based on 

the coordinates from the Kringelbach and Rolls (Kringelbach and Rolls, 2004) meta-analysis of 

error outcome related activation 32, 42, -18. The coordinate from the peak group difference of 

the voxels which survived this small volume correction was used as a 4mm diameter ROI in 

order to extract parameter estimate (-32, 48, -20), translated 4mm dorsally to 32, 48, -18 so that it 

fell within the cortex, rather than outside the brain, of our subjects. The ACC ROI also had an 

16mm radius and its location was based on the average co-ordinates from a number of studies 

(Walton et al., 2004; Croxson et al., 2005; Behrens et al., 2007; Behrens et al., 2008) conducted 

in this laboratory that have found reward-related activations in the ACC (-9, 21, 37). The 

coordinate from the peak group difference of the voxels which survived this small volume 
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correction was used as a 4mm diameter ROI in order to extract parameter estimate (-8, 20, 32). 

The mOFC/vmPFC ROI was based on Kringelbach and Rolls’ (2004) meta-analysis (4, 40, -24). 

In practice, however, activity was clearly identifiable in each of the three areas of interest, lOFC 

and ACC for at least one of the key contrasts of interest. The mean for each Group (Consistent 

and Inconsistent) was calculated and compared against each other for Errors, Correct and 

Probability of correct responses in independent-samples t-tests. As no Group differences were 

identified in the contrast of Informative Correct minus Errors we extracted the peak region of 

activation from the vmPFC/mOFC (0, 48, -10) and the lOFC region (-28, 50, -20), for the 

Consistent subjects only. As with the previous lOFC ROI it was impossible to place an ROI over 

the peak activation as it was too close to the edge of the brain. We therefore placed an ROI 4mm 

dorsally to the peak (-28, 50, -16). We used a 4mm radius ROI to extract PEs associated with the 

Errors and Informative Correct feedback regressors, and compared the two regions of interest in 

a repeated measures ANOVA of Regions (lOFC; vmPFC/mOFC) and Feedback (error; correct). 

Finally, a 4mm mOFC/vmPFC ROI was located at the peak coordinate (6, 26, -14) in a region 

reported to reflect reward expectation by Smith and colleagues (2009). PEs were extracted from 

these regions and compared against zero in independent one-sample t-tests, and directly against 

each region of interest (vmPFC/mOFC and lOFC) in paired sample t-tests.  

Psycholophysiological Interaction (PPI) analysis of lOFC-related activity 

A BOLD signal related to the informativeness of outcomes for updating reward outcome-related 

associations that was greater in the Consistent than the Inconsistent group subjects. Because 

these results suggested a role for lOFC in learning associations between specific stimuli and 

reward outcomes we hypothesized that the lOFC might have this specialized role because of its 

interactions with three regions. First, we examined its interactions with temporal cortical regions 
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known to represent the forms of the types of stimuli used in the experiment (Grill-Spector, 

2003). In the macaque the lOFC is more strongly connected with temporal cortical visual form 

processing regions than the mOFC/vmPFC (Carmichael and Price, 1995c; Kondo et al., 2005; 

Saleem et al., 2008). Second, we examined its interactions with perirhinal cortex and the 

amygdala which have been repeatedly implicated in value-guided learning (Gaffan et al., 1993; 

Baxter et al., 2000; Baxter and Murray, 2002; De Martino et al., 2006; Hampton et al., 2007; 

Ramirez and Savage, 2007) and visual object recognition and discrimination (Buckley and 

Gaffan, 1997, 1998; Gaffan et al., 2000; Murray and Richmond, 2001; Lee et al., 2006; Aggleton 

et al., 2010) and are known to anatomically connect to OFC (Carmichael and Price, 1995a; 

Kondo et al., 2005). We therefore looked for task related changes in functional connectivity 

between lOFC and other brain regions using the psychophysiological interaction (PPI) analysis 

described by Friston et al. (1997). We focused on: 1) 4mm diameter ROIs derived from co-

ordinates from the meta-analysis of object recognition in the occipitotemporal cortex from Grill-

Spector (2003). The lateral occipital (LO) and mid fusiform area (mFA) were chosen because of 

their relatively selective activation for novel, abstract objects similar to the ones that were used 

in the current experiment. The Talairach coordinates reported by Grill-Spector were converted 

into MNI space using Matthew Brett’s (1999) Matlab conversion Tal2MNI.m script 

(http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach). The resulting MNI coordinates were 

40, -76, -7 for the LO, and 33, -38, -20 for the mFA.: 2) two 4mm bilateral ROIs in perirhinal 

cortex (36, -16, -24 and -36, 16, -24) as identified by Lee and colleagues (Lee et al., 2006): 3) 

two 4mm bilateral ROIs in the amygdala (27, -6, -21 and -27, -6, -21) from Hampton and 

colleagues (2007).  



199 
 

At the single subject level, preprocessing involved the same stages as those described 

above. The lOFC was chosen as a seed region for this analysis. In standard space, a 4mm 

diameter ROI was drawn around the peak group difference in activation for the Errors contrast in 

the lOFC (32, 42, -16). FLIRT was used to register this mask into each individual subject space 

(Jenkinson and Smith, 2001). For each subject, the Error EV, Correct EV and the mean BOLD 

time-series of the lOFC region were entered independently, and as interactions, into a first level 

GLM analysis. Probability (with their temporal derivative) and 6 motion correction EV were also 

included in this analysis. FEAT was used to fit these models to the data in order to generate PEs 

for each of the EVs and the PPI. The contrast of interest was the PPI and this was entered into a 

Mixed effects analyses (FLAME 1+2) which was applied to the whole-brain group data. This 

analysis generated statistical activation maps for each of the EVs and tested for an effect of 

condition. Group Z (Gaussianized T) statistic images were thresholded using clusters determined 

by Z > 2.3 and a corrected cluster extent significance threshold of p = 0.05. As previously 

described there were four contrasts of interest at the second level. These were Consistent, 

Inconsistent, Consistent – Inconsistent, Inconsistent – Consistent. 

Given our specific a priori hypotheses concerning the LO, mFA, perirhinal cortex and the 

amygdala and in processing stimulus and outcome related information, we hypothesized that 

these regions would interact differentially depending on the availability of outcome-specific 

information during correct feedback. To explore these hypotheses, we compared the differential 

functional connectivity between Consistent and Inconsistent group subjects by extracting PEs 

from two bilateral ROIs in each independent region in separate repeated measures ANOVAs of 

PPI (Errors, Corrects), Hemisphere (left, right) and Group (Consistent, Inconsistent).  



200 
 

As a point of comparison we performed a similar PPI analysis with the Probability of 

Correct Responses as the psychological regressor and the timeseries of the ACC and extracted 

PEs for the same four regions: LO, mFA, perirhinal cortex and amygdala. We compared the PEs 

directly in a three-way ANOVA of Hemisphere, Region and Group. We compared between 

Probability of Correct Responses and Error regressors and between Probability of Correct 

Responses and First Correct regressors directly for the individual regions in three-way repeated 

measures ANOVAs of Regressor, Hemisphere and Group. 

Correlational analyses of subject accuracy and BOLD signal  

BOLD signal changes in ACC were better correlated with a greater probability of correct 

response selection in the Consistent group than in the Inconsistent group. The extent to which 

each ACC BOLD PEs explained between-subject differences in task performance was 

investigated. At the single subject level, preprocessing involved the same stages as those 

described above. In this analysis there were 20 EVs at the first level: six corresponded to the 

blocks (36 trials each); of the new learning task and six to the old learning task blocks; and six 

for the rest blocks. There were also six blocks of rest. Each block was modelled from the onset of 

each experimental 9 trial mini block, or the onset of the rest periods. Each block was composed 

of 4 mini blocks of either new or old stimuli, or rest. Cues and errors were also included in the 

model; as were 6 motion parameters. FEAT was used to fit these models to the data and to 

generate PEs for each of the EVs. For the purpose of this correlational analysis, the PEs for the 

12 experimental regressors (NEW and OLD stimuli) for each subject were extracted from a 4mm 

radius ROI based on coordinates from the ACC (-8, 20, 32) and correlated with each individual’s 

corresponding blocked measure of percentage accuracy.  
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The two groups of subjects (Consistent and Inconsistent) were compared in a fixed 

analysis of covariate with a time varying covariate. This analysis allowed us to predict subjects’ 

performance by the parameter estimates of their BOLD signal changes, while considering other 

non-constant factors such as Time (6 blocks) and Task (OLD and NEW stimuli). Whilst in a 

standard covariate analysis each subject would contribute a single data pair; this analysis allows 

subjects to contribute multiple covariates from different periods of time across the testing 

session, or from different learning conditions. We extracted measures of correlation for Group, 

Task, Time and for the interactions of the factors Group x Parameter Estimates and Group x 

Task x Time x Parameter Estimates. 

 

7.3 Results 

Identifying the neural mechanisms mediating reward-guided action selection  

lOFC and error processing 

In order to identify the neural mechanisms mediating reward-guided action selection we first 

looked for BOLD activity which was modulated by error feedback, in both groups of subjects. 

We then compared this activation in between-group contrast of Consistent subjects minus 

Inconsistent subjects. This contrast identified error-related activity that was greater in subjects 

who were able to employ previously learned outcome-specific reward expectations in order to 

learn and recall responses. Regions more strongly activated in the Consistent group subjects, 

relative to the Inconsistent group subjects, who had not previously acquired outcome-specific 

learned expectations, arguably encode outcome-specific error related information which might 

serve to contribute to the facilitated learning effects described in the previous chapter.  
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Figure 7.1. Voxels in the lOFC (z=4.15 -32, 48, -20) survived thresholding at p=0.001 (uncorrected) and correction 

for small volume at p=0.05 with an 8 mm sphere centred on coordinates derived from Kringelbach and Rolls. Areas 

in the lOFC showing BOLD responses to error feedback in a between-subjects contrast of Consistent-Inconsistent. 

Images are presented on a mean brain. The threshold is set at p<0.05 (dark red) and p<0.001 (light red) for 

illustration. A plot of effect sizes from the lOFC from an ROI over the peak difference is shown for each Errors, 

Informative correct and Probability of correct responses. Significant differences were Errors (p<0.05) and 

Probability (p<0.05) (n=36). 
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Activity related to Error feedback was significantly increased in the lOFC of Consistent 

group subjects. Activity associated with this contrast in the lOFC also survived correction for 

small volume at p=0.05 with an 8mm radius sphere centred on coordinates derived from 

Kringelbach and Rolls meta-analysis of fMRI activations classified as “punishers leading to a 

behavioural change” (-32, 42, -18). This contrast, shown in Figure 7.1, revealed brain activity in 

the lOFC (z=4.15 -32, 48, -20) whose voxels survived thresholding at p=0.001 (uncorrected). 

However, this region does not appear to be selective for punishers leading to a behavioural 

changes as PEs extracted for the Informative Correct regressor revealed significant activation in 

this region in the Consistent subjects (one sample t-test; t17=2.98, p=0.008). There was also no 

significant difference between Error and Correct feedback related PEs in the adjacent peak 

activation for the Consistent subjects (paired sample t-test; t17=-0.79, p=0.440). 

Outside this large orbitofrontal ROI sphere, the contrast also revealed activation which 

survived thresholding at p=0.001 (uncorrected) in the left insula (z=4.57, -38, 2, 16), globus 

paladus (3.17, -20, -6, -4), premotor (2.99, -56, -10, 28) superior temporal gyrus (3.164, -68, -14, 

10) and cerebellum (3.55, 8, -56, -16). These regions were found to be more active in Consistent 

subjects and are therefore potentially contributing to a heightened Error related signal that 

facilitates overall learning and performance. 

To confirm function specificity of the lOFC to Error related activity we examined the role 

of this region in representing response selection knowledge (Probability of Correct Response 

contrast). We used the same 16mm sphere centred on coordinates derived from Kringelbach and 

Rolls and identified voxels in the lOFC that survived small volume correction at p=0.05 for the 

Probability of correct responses contrast. PEs were extracted for Errors and Probability of correct 

responses related activity with an ROI centred on the peak activation of the uncorrected image in 
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the lOFC (-32, 48, -18). This analysis revealed a significant difference between the two groups in 

the Errors (t34=2.46, p=0.019) and the Probability of correct responses PEs (t34=2.54, p=0.016).  

Interpretation of the reverse Errors contrast (Inconsistent – Consistent) is challenging as it 

is unlikely to reflect activity related to a pure habitual learning mechanism. It is possible this 

activity reflects the increased resources needed to complete the task in the absence of reward 

expectations. Exploratory analysis indicated two small clusters of voxels in the dorsolateral 

prefrontal (dlPFC; z=3.617, 36, 10, 52) and posterior inferior occipitotemporal cortex (z=3.617, 

56, -56, -8). This interpretation for the latter, dlPFC activation, is consistent with reports of its 

correlation with increasing task difficulty in many different cognitive domains (Duncan and 

Owen, 2000).  

 

lOFC and stimulus-outcome associations 

The OFC and particularly its lateral regions are increasingly being thought of as involved in 

forging associations between stimuli and outcomes (Murray and Wise; Rolls, 1999; Walton et 

al., 2010). If this is the case then one would expect brain areas encoding stimulus information, 

such as the occipital and temporal regions, to work with the lOFC during periods of increased 

activation. We performed a PPI analysis which examined the interaction of a physiological 

factor, the time series of lOFC activation, with the psychological, or task factors, of error 

occurrence (indexed by the Errors regressor) or informative correct feedback (indexed by the 

Correct regressor). This analysis revealed activity in a number of visual and temporal areas 

which survived at the whole brain level (corrected p=0.05), and changed significantly in relation 

to fluctuations in errors (Figure 7.2a) and correct feedback (Figure 7.2b).  
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Figure 7.2. The lOFC links stimuli to negative and positive outcomes. Voxels in occipitotemporal cortex during 

errors (A) and perirhinal cortex and the amygdala during first correct feedback of Consistent subjects which 

survived whole brain (uncorrected; dark red) and those which survive p=0.001 uncorrected (light red) thresholding 

from a PPI analyses with seed voxels in the lOFC (n=18) 

 

Several regions of the occipitotemporal cortex are known to represent novel objects 

similar to the stimuli used in the current task (Grill-Spector, 2003). PEs were therefore extracted 

from two ROIs derived from regions identified as showing relatively selective enhanced 

activation to novel abstract objects in the lateral occipital region (LO, 40, -76, -7) and the mid 

fusiform area (mFA, 40, -51, -21) (Figure 7.3). As a repeated measures ANOVA indicated no 
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effect of Group or Group interactions with either factors of hemisphere or feedback for either 

occipitotemporal region the two groups of subjects were pooled and the PEs compared against 

zero in a number of one-sample t-tests. As hypothesised a number of regions significantly 

increased in functionally connectivity with the lOFC during errors (right LO; t35=2.60, p=0.014, 

left mFA; t35=2.03, p=0.050, right mFA; t35=3.73, p=0.001) and correct feedback (right mFA; 

t35=2.06, p=0.047).  

 

Figure 7.3. Changes in functional connectivity between the lOFC and regions in the occipitotemporal cortex for 

errors and correct feedback. PEs were extracted from bilateral ROIs in the Lateral Occipital (A) and medial fusiform 

area (B) from independent PPI analyses with seed voxels in the lOFC for the Consistent (red) and Inconsistent (blue) 

subjects. Insets show positions of the ROIs for both extracted regions and were based on the meta-analysis from 

Grill-Spector (2003). As hypothesised a number of regions were significantly more functionally connected with the 

lOFC during errors (right LO and left and right mFA) and correct feedback (right mFA) (n=36). 

 



207 
 

The present task required subjects to learn associations between complex objects and 

rewarding outcomes. The perirhinal cortex is involved in visual object recognition and 

discrimination (Buckley and Gaffan, 1997, 1998; Gaffan et al., 2000; Murray and Richmond, 

2001; Lee et al., 2006; Aggleton et al., 2010), while the amygdala encodes signals which relate 

to value-guided learning (Gaffan et al., 1993; Baxter et al., 2000; Baxter and Murray, 2002; De 

Martino et al., 2006; Hampton et al., 2007; Ramirez and Savage, 2007). As such, we 

hypothesised that these two regions would show changes in functional connectivity with the 

lOFC during feedback periods in the task. Exploration of the PPI analysis described above for 

the Consistent group subjects indentified a large cluster of activation in the perirhinal cortex and 

amygdala which survived whole brain comparisons (Figure 7.2b). We extracted PEs using 

bilateral 4mm radius ROI in the perirhinal cortex based on coordinates from Lee and colleagues 

(2006) for the PPI for Error and Correct feedback and compared the activity in a three-way 

repeated measures ANOVA (Figure 7.4a). The results showed a significant three-way interaction 

of Feedback, Hemisphere and Group (F1,34=8.22, p=0.007), and a main effect of Hemisphere 

(F1,34=5.24, p=0.028). Independent samples t-tests restricted the significant differential group 

effects to the Correct feedback in the right hemisphere and a trend to significance in the left 

hemisphere (t34=2.69, p=0.011 and t34=1.84, p=0.074, respectively) 

Similarly, in figure 7.4b we extracted PEs using bilateral 4mm radius ROI in the 

amygdala based on coordinates from Hampton and colleagues (2007) and in the same way 

identified a significant three-way interaction of Feedback, Hemisphere and Group (F1,34=7.22, 

p=0.011) and a main effect of Hemisphere (F1,34=6.20, p=0.018). Independent samples t-tests 

restricted the significant differential group effects to the Correct feedback in the right hemisphere 

and a trend to significance in the left hemisphere (t34=2.48, p=0.018 and t34=1.78, p=0.085 
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respectively). These results suggests that despite the PPI analysis being insensitive to the original 

group difference at the lOFC seed, the perirhinal cortex and amygdala increase in functional 

connectivity with the lOFC while processing correct feedback selectively when outcome-specific 

information is available in the reward environment.  

 

 

Figure 7.4 Changes in functional connectivity between the lOFC and the anterior temporal cortex for error and 

correct feedback. PEs extracted from bilateral ROIs in the perirhinal cortex (A) and amygdala (B) based on 

coordinates from Lee et al. (2006) and Hampton et al. (2007) respectively for Consistent (red) and Inconsistent 

(blue) subjects. Significant group differences in functional connectivity between Consistent and Inconsistent 

subjects for the correct feedback were found in both regions. PEs were extracted with a 4mm seed and extraction 

ROI shown above on the averaged brain (n=36).  
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mOFC and first-correct outcomes 

Recent non-human primate lesion work has suggested that the lOFC plays a critical function in 

value assignment (Walton et al., 2010). The authors show that damage to the lOFC causes 

animals to erroneously misattribute the credit for rewards, not just to the stimulus choice that led 

to its delivery, but to prior and subsequent stimulus choices. This means that values of stimuli no 

longer reflect the precise history of reward experienced in conjunction with choices of that 

stimulus. Moreover, this role has been shown to be exclusive to the lateral regions of the OFC; as 

mOFC-lesioned animals do not show this deficit (Noonan et al., 2010) (details in Chapter 4). In 

light of this we investigated whether the outcome-specific activity found in the OFC in the 

present study was specific to the lateral regions, or whether it was also evident, albeit not 

significant, at a group level analysis in more medial OFC. To do so we extracted the Error 

feedback related activity in the co-ordinates from an ROI in the medial regions of the OFC based 

on Kringelbach and Rolls’ (2004) meta-analysis (4, 40, -24). This analysis indicated there was no 

significant difference between the effect identified by this regressor in the two conditions 

(independent sample t-test, t34=-0.62, p=0.541).  

To further explore differences between the lOFC and mOFC we compared activity 

associated with the experience of positive feedback. A number of experiments find activity in the 

vmPFC/mOFC that represents positive reinforcement feedback (O'Doherty et al., 2001b; Rolls et 

al., 2003c) and so we attempted to replicate this in the present study. The comparison of 

informative Correct minus Error feedback across the whole brain revealed reward-related 

activation in a network of areas including the vmPFC/mOFC. As in other studies vmPFC/mOFC 

activity to reward outcomes was a relative activation, from a deactivated state, compared to error 

feedback. We extracted the PEs for the Errors and Correct regressors from an ROI centred on the 
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peak vmPFC/mOFC co-ordinates (z=7.52, 0, 48, -10) and compared them to the same regressors 

extracted from the peak activation of the Errors regressor in the lOFC. To simplify the 

comparison and because of the lack of evidence for Group differences we chose to compare PEs 

for the Consistent group subjects only (-28, 50, -16). As illustrated in Figure 7.5 the 

vmPFC/mOFC shows a striking relative activation in response to correct feedback compared to 

errors whereas the lOFC does not. A repeated measures ANOVA of Region (vmPFC/mOFC; 

lOFC) and Feedback (Correct; Errors) confirms the significance of the effect. There was a main 

effect of Region (F1,17=66.52, p=0.000), Feedback (F1,17=45.95, p=0.000) and critically an 

interaction between the two factors (F1,17=58.40, p=0.000).  
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Figure 7.5. The reward network. Voxels surviving thresholding at p=0.05 (corrected) are shown in dark red for the 

contrast of Informative Correct feedback minus Error feedback. Shown in light red are those voxels which survive 

threshold at p=0.001. A plot of effect sizes from and ROI from the peak vmPFC/mOFC co-ordinates (z=7.52, 0, 48, 

-10) and compared to PEs from the peak activation for the Errors in the lOFC for the Consistent subjects only. 

Analysis confirmed the significant difference between the two frontal regions with the vmPFC/mOFC and not the 

lOFC showing a heightened activation in response to positive feedback (n=18). 

 

mOFC and reward expectation 

Several theories have emphasised the importance of the vmPFC/mOFC for value expectation 

(Schoenbaum et al., 1999; O'Doherty et al., 2002; Schoenbaum and Roesch, 2005; Smith et al., 
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2009). We therefore conducted an analysis to investigate whether there was evidence of this in 

the present study. We used an additional GLM analysis, which included a regressor designed to 

capture the expected reward value for each outcome on every trial. This regressor also varied 

parametrically with the probability that the subject would be correct on that trial and therefore 

reflected how strong their reward expectations were likely to be. This is only appropriate for the 

Consistent subjects as only those subjects were able to develop an expectation of a particular 

reward. We were able to do this with 15 Consistent group subjects whose reward ratings were 

available and showed differential preferences for at least one of the outcomes. Recently, Smith 

and colleagues (2009) identified a region within the vmPFC/mOFC which encoded reward 

expectation (12, 58, 2). We therefore compared activity related to reward expectation in this 

region with activity related to reward expectation in the lOFC. PEs related to reward expectation 

were extracted from ROIs from both the left and right vmPFC/mOFC co-ordinates (Figure 7.6). 

We averaged the signal between the two hemispheres and compared all PEs, drawn from both 

the vmPFC/mOFC and from the lOFC, against zero in one-sample t-test. We found that the 

activity in the vmPFC/mOFC was significantly above zero (one-tailed; t15=1.84, p=0.043) 

whereas the beta values in our lOFC region were not (two-tailed; t15=0.004, p=0.997). Moreover 

in a direct comparison between the vmPFC/mOFC and lOFC a paired samples t-test 

demonstrated that the two regions were significantly different from each other (one-tailed; 

t15=1.84, p=0.043).  
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Figure 7.6. PEs from a reward expectation EV from a lateral OFC (peak Consistent co-ordinates -28, 50, -16) and a 

vmPFC/mOFC reward expectation co-ordinates (averaged both hemispheres) from Smith et al (12, 58, 2 and -12, 

58, 2). Comparison between the vmPFC/mOFC and lOFC with an independent samples t-test suggests that the two 

regions are significantly different from each other (t=1.84, p=0.043) with the vmPFC/mOFC encoding to reward 

expectation parametrically (n=15). 

 

ACC and task knowledge 

Activity that was identified as parametrically modulating with the subjects’ probabilities of 

correct response selection (Probability of Correct Response contrast) was compared in the 

Consistent and Inconsistent group subjects. This variable reflects subjects’ knowledge of the task 

and which response is the correct one to select given each stimulus. Therefore, regions more 

active in Consistent group subjects arguably reflect the knowledge and deployment of S-O and 

O-R associations that mediate the superior performance in that group. 
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Figure 7.7. Voxels in ACC (z=4.34 -8, 20, 32) survived thresholding at p=0.001 (uncorrected) and correction for 

small volume at p=0.05 with an 8 mm sphere centred on averaged coordinates from reward-related activations in 

this laboratory (-9, 21, 37). These voxels show BOLD responses to parametrically varying activation associated with 

the probability of being correct over each 9 trial block in a between-subjects contrast of Consistent-Inconsistent. 

Images are presented on a mean brain. Voxels in dark red survive correction at the whole brain (p=0.05) and those 

which survive uncorrected at p<0.001 are shown in light red. A plot of effect sizes from the ACC from an ROI over 

the region of peak difference is shown for this regressor. Independent t-tests confirm a significant difference 

(p<0.05), (n=36) 
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Figure 7.7 shows voxels in the ACC with enhanced activation in Consistent group 

subjects (z=4.34, -8, 20, 32), surviving thresholding at p=0.001 (uncorrected), and correction for 

small volume at p=0.05 with an 8mm radius sphere centred on averaged coordinates from 

reward-related activations in this laboratory (-9, 21, 37). This activity changes with increasing 

knowledge of which is the correct response to make. ROI coordinates from the peak activation 

location for the Consistent-Inconsistent group difference were used to extract PEs for the effect 

of Probability of Correct Response. Independent sample t-tests confirmed that there were 

significant differences in PEs of the Probability of Correct Response related activity (t34=2.26, 

p=0.031). Whilst there was no a priori hypothesis concerning additional regions likely to be more 

active in this contrast, exploration of the data suggests that bilateral angular gyrus (z=3.49, -54, -

50, 36 and z=4.315, -42, -64, 42) also showed differential activation when outcome-specific 

reward expectations were available to guide behaviour.  

Recently, a diffusion weighted imaging and tractography-based parcelation study and 

meta-analysis suggested that more rostral regions of the ACC are activated in tasks requiring an 

element of motor function, and often overlap with responses to reward or error detection 

(Beckmann et al., 2009). The rostral cingulate region is known to interconnect heavily with 

motor and premotor regions in both the monkey (Dum and Strick, 1991; Morecraft and Van 

Hoesen, 1992; Dum and Strick, 1993, 1996) and human (Beckmann et al., 2009). This makes it 

an appropriate candidate for forging links between actions and their resulting consequences 

(Rushworth et al., 2007a; Rudebeck et al., 2008b). The ACC activation in the present study lies 

within this rostral region suggesting that it may similarly associate actions with outcomes. 

However, critically, its activation is dependent on the consistency of the outcome following the 

choice, which suggests it may be making a unique contribution to action-based outcome-specific 
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learning. In subjects in the Consistent group, specific reward expectations for each stimulus, the 

ACC activity may represent outcome-specific knowledge which could be used to facilitate action 

selection.  

The reverse contrast (Inconsistent – Consistent) revealed no substantiated activity. 

 

ACC and reward-guided action selection  

Previous studies suggest that the OFC and ACC appear to be relatively more concerned with the 

association of outcomes with stimuli, or with actions (Walton et al., 2004; Rudebeck et al., 

2008b). By extension, if the activation of the ACC in relation to the Probability of Correct 

Response in the present study is due to its role in mediating O-R associations, as opposed to S-O 

associations, then the ACC should show no increase in functional connectivity with temporal 

regions. We performed an equivalent PPI analysis for the ACC timeseries and the psychological 

regressor of Probability of Correct Response. We extracted PEs from the same bilateral LO, 

mFA, perirhinal cortex and amygdala ROIs described above. As illustrated in figure 7.8 there 

was no differential changes in functional connectivity in any of the regions tested. A three-way 

ANOVA confirmed there was no interactions between Group and Region (F3,102=0.93, p=0.383) 

or Group, Region and Hemisphere (F3,102=0.16, p=0.881). In independent repeated measures 

ANOVAs comparing PEs for the PPI regressors (Errors, Probability or Correct, Probability) with 

Hemisphere (left, right) and the between-subjects factor of Group (Consistent, Inconsistent) for 

each temporal ROI we showed that increases in functional connectivity were selective to 

analyses which were seeded in the lOFC. Of interest, increases in functional connectivity in the 

LO and mFA were only seen with the error timeseries PPI (main effect of PPI regressor: LO; 

F1,34=12.88, p=0.001, mFA; F1,34=14.48, p=0.001). Analysis which focused on correct feedback 
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compared to the Probability timeseries PPI in the perirhinal cortex and amygdala reveal 

Regressor by Group interactions (perirhinal; F1,34=10.50, p=0.003, amygdala; F1,34=11.73, 

p=0.002). These interactions are due to increases in functional connectivity in the Consistent 

group subjects during correct feedback (Figure 7.4, correct feedback) but decreases during the 

Probability regressor (Figure 7.8c and d). The reverse is evident for the Inconsistent group 

subjects. 

 

Figure 7.8. PEs from the Probability of Correct Responses contrast from the ROIs in the Lateral Occipital (A) 

medial fusiform Area (B) perirhinal cortex (C) and amygdala (D) from independent PPI analyses with seed voxels 

for Consistent (red) and Inconsistent (blue) subjects. PEs extracted from bilateral ROIs in the LO and mFA based on 

co-ordinates from a meta-analysis by Grill-Spector (2003). PEs extracted from bilateral ROIs in the perirhinal cortex 

and amygdala based on coordinates from Lee et al. (2006) and Hampton et al. (2007) respectively (n=36).  
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Finally, if ACC is critical for reward-guided action selection (Rudebeck et al., 2008b) 

then its activity should reflect the changing probability of selecting correct responses during 

learning in the context of the DOP. We therefore investigated whether the inter-individual 

differences in BOLD parameter effects in the ACC would correlate positively with inter-

individual differences in measures of behavioural accuracy. In other words we were interested in 

whether or not subjects with large Probability of Correct Response effects in the ACC were also 

the same subjects that performed best. A supplementary GLM included Probability of Correct 

Response regressors for each of the new and old learning blocks, (12 regressors, 6 for new 

learning blocks, 6 for old learning blocks). The possibility of correlation between the subjects’ 

block specific parameter effects with their behavioural accuracy scores was assessed. Figure 7.9 

suggests that accuracy in the Consistent condition is positively correlated with ACC BOLD 

activity. This is particularly apparent in the new learning blocks (upward slopes of red lines in 

figure 7.9, A and B). By contrast the same figure suggests that accuracy in the Inconsistent 

condition is negatively correlated with ACC BOLD activity (downward slopes of blue lines in 

figure 7.9, A and B). Again this effect is more evident in the new (A and B) rather than old (C 

and D) learning task, and is more consistent in the later blocks of time (B). The two groups of 

subjects (Consistent and Inconsistent) were compared in a fixed effects analysis of covariance 

with a time varying covariate. We investigated the predictability of subject performance (Block 

by block percentage accuracy) by BOLD activity in the ACC while considering the time varying 

covariates of Task and Time. This analysis suggested that subjects’ performance was predicted 

by the interaction between Group and Parameter estimates (F1,2=4.33, p=0.014), and the 

interaction between Group, Task, Time and Parameter estimates (F1,22=2.56, p=0.000). In this 

analysis, performance was not predictable by Group assignment alone (F1,1=0.22, p=0.640). 
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Figure 7.9. Linear correlations of extracted PE (2mm diameter ROI from ACC) for individual blocks (1-6) of S-R 

learning against its block related average percentage accuracy score during NEW (A and B) and OLD (C and D) 

stimulus blocks with percentage accuracy score over the same blocks for Consistent (red) and Inconsistent (blue) 

subjects. Consistent subjects tend to show positive correlations between PE from the ACC and percentage accuracy 

scores during NEW S-R learning while Inconsistent show a negative correlation between these two factors. No such 

difference is group difference is observed in the OLD S-R learning task (n=36). 

 

Response 

Responses were modelled from the time of the response onset until the onset of the feedback. 

Whilst no a priori hypothesis was established the same between-group contrasts were performed 
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on the data. These analyses revealed no significant group differences in BOLD activation that 

survived uncorrected thresholds (p=0.001) for the Consistent minus Inconsistent contrast. In 

comparison, the reverse contrast, shown in figure 7.10 (Inconsistent – Consistent), revealed a 

number of brain regions with higher activity in the Inconsistent subjects than Consistent Subjects 

(uncorrected p=0.001). These included: the caudate (z=4.00, -16, 12, 6), globus pallidus (z=3.99, 

p=-10, -8, 14); Supplementary Pre-motor (z=3.85, 4, -8, 58); post central (z=4.53, -24, -30, 64), 

angular gyrus (z=3.65, -48, -46, 30) and posterior inferior occipitotemporal cortex (z=3.69, -50, -

58, 2). This network may reflect the increased difficulty of the task faced by the subjects in the 

Inconsistent condition. 
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Figure 7.10. Voxels in Caudate, Putamen, SMA, post central sulcus, angular gyrus and inferior occipitotemporal 

cortex survived thresholding at p=0.001 (uncorrected). Areas showing BOLD responses to associated to a response 

in a between-subjects contrast of Inconsistent-Consistent. Images are presented on a mean brain and focus on the 

peak zstat for the caudate nucleus (-16, 12, 6). The threshold is set at p<0.05 (dark blue) and p<0.001 (light blue) for 

illustration (n=36). 

 

7.4 Discussion 

This study used a novel version of the Differential Outcomes Procedure to compare cerebral 

activity in subjects trained under a consistent reward schedule with subjects trained in 
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environments where reward outcomes types were random after correct choices. The findings 

presented above suggest that distinct brain regions, including the OFC and ACC, are specialised 

for reward-type specific processing and they are recruited when subjects have outcome-specific 

information to guide choice and behaviour. The improved learning and memory recall in 

Consistent subjects might be explained by the activation of these brain regions.  

The OFC has been repeatedly implicated in flexible behaviour in response to changes in 

reinforcements. Changes in cerebral activation in this region are seen in response to errors 

(Thorpe et al., 1983; O'Doherty et al., 2003a; Sul et al., 2010), positive reinforcement (Elliott et 

al., 2003; O'Doherty et al., 2003a) and rapid changes in S-O contingencies, which suggest a 

change is needed in behaviour (Tremblay and Schultz, 2000; O'Doherty et al., 2003a; Walton et 

al., 2004; Stalnaker et al., 2006). However, the OFC is responsible for more than just the binary 

properties of reward or lack thereof, as devaluation studies in animals suggest the OFC encodes 

reward identity (Gallagher et al., 1999; Pickens et al., 2003; Izquierdo et al., 2004; Pickens et al., 

2005; Ostlund and Balleine, 2007a). The present study localises the representation of reward 

identity to the lOFC as this area significantly increases in activation in response to error feedback 

in the Consistent subjects, relative to the Inconsistent subjects. It is therefore possible that the 

lOFC not only encodes the conjunction of a particular reward value with a particular stimulus 

choice (Walton et al., 2010), but if distinct outcomes are available in the reward environment, the 

lOFC encodes the conjunction of a particular reward identity with a particular stimulus choice.  

As learning is likely to be dependent on the distributed pattern of activity across brain 

networks we performed a PPI analysis to investigate changes in functional connectivity between 

the lOFC and other brain regions during the task. This analysis showed that the lOFC increased 

in functional connectivity with temporal cortical regions known to represent novel abstract 
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images of the sort that we used in the current experiment. This implied that the lOFC has access 

to stimulus representation at the time error feedback is received. We therefore speculate that the 

lOFC may be relatively more concerned with the S-O, as opposed to O-R associations. 

Interestingly, while there were no task differences in these posterior temporal regions between 

Consistent and Inconsistent group subjects, the PPI analysis identified group effects in more 

anterior temporal cortex. The perirhinal cortex and amygdala increased their functional 

connectivity with the lOFC more so in the Consistent group subjects than the Inconsistent group 

subjects during correct feedback. The perirhinal cortex has strong mutual connections with lOFC 

(Kondo et al., 2005) and is typically engaged in visual object recognition and discrimination (Lee 

et al., 2006). Damage to perirhinal cortex in both humans and animals produces amnesia and 

impairs discrimination of complex objects (Buckley and Gaffan, 1997, 1998; Gaffan et al., 2000; 

Murray and Richmond, 2001; Aggleton et al., 2010). Similarly, the amygdala, has established 

connections with lOFC (Carmichael and Price, 1995a) and like the OFC encodes value-related 

signals (De Martino et al., 2006; Hampton et al., 2007). Damage to this region has been shown to 

selectively impair animals’ ability to alter their actions to changes in the value of a reinforcer 

(Hatfield et al., 1996; Malkova et al., 1997). Notably lesions to the amygdala affect rats’ abilities 

to establish S-R associations under DOP conditions (Ramirez and Savage, 2007). Surgical 

disconnections between the amygdala and OFC impair monkeys choice behaviour following 

changes in value of specific outcomes (devaluation) (Baxter et al., 2000). Taken together and in 

the context of the present findings it appears that the lOFC, perirhinal cortex and amygdala are 

constructively coordinating in order to facilitate learning of multiple object-reward-specific 

associations.  
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Chapter 4 described lesion work in monkeys that suggests a double dissociation between 

the functions of the lateral and medial regions of the OFC (Noonan et al., 2010). Furthermore, it 

proposes that while the lOFC assigns value to the immediately chosen stimulus; the mOFC 

compares between the values of the choice options. The present study also demonstrated 

differences in the nature of the information encoded in the lOFC and vmPFC/ mOFC, suggesting 

that these may also reflect different contributions to learning and decision-making. The lOFC is 

more active in the Consistent group subjects suggesting that its activity reflects knowledge of 

associations between particular types of outcome. However, consistent with a number of studies 

(O'Doherty et al., 2001b; Rolls et al., 2003c), the vmPFC/mOFC showed a relatively greater 

level of activation to informative correct outcomes than to errors. The vmPFC/mOFC activity, 

therefore, probably does not reflect the informative impact that the reward outcome will have on 

learning; both informative correct outcomes and errors both provide subjects with information 

about the types of S, R, and O associations that exist the presence. Instead the vmPFC/mOFC 

appears to be representing the scalar value of the rewards; its activity was parametrical 

modulated by the size of the reward expectation. Other studies have emphasised the importance 

of the vmPFC/mOFC in representing reward expectation (O'Doherty et al., 2002).  

The present results conflict with recently published neuroimaging experiments which 

identify outcome-specific expectations in the vmPFC/mOFC (Valentin et al., 2007; de Wit et al., 

2009). The activation of the vmPFC/mOFC in those studies might reflect processes more related 

to reward-guided decision making that reward-guided learning. The experiment conducted by 

Valentin and colleagues, asked subjects to choose between different instrumental actions that 

were associated the subsequent delivery of different food rewards (tomato juice, chocolate milk 

and orange juice). Subjects were trained on this task and scanned during the last 20 trials of 
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learning. They were then fed to satiation with one of the specific outcomes before being 

rescanned while performing the same task in extinction. Not only did the authors find subjects 

less likely to select the action associated with the high probability of the devalued outcome, but 

this was reflected in higher activity in the vmPFC/mOFC. Arguably, during the periods when 

neurophyiological data was acquired the subjects had formed reasonably stable outcome-

expectations and so were now using this information to choose between the different options. 

Such a signal probably reflects choice rather than a learning signal.  

The OFC has some of the most well understood anatomical connective patterns in the 

frontal lobe, and so the functional differences proposed above are consistent with the different 

anatomical connections of the medial and lateral OFC (Ray and Price, 1993; Carmichael and 

Price, 1996; Ongur et al., 1998; Ferry et al., 2000). The lateral subdivision of the OFC is most 

strongly connected with the amygdala, medial thalamic regions, insula, temporal pole, inferior 

parietal lobule and the dlPFC (Mesulam and Mufson, 1982; Goldman-Rakic, 1987b; Yeterian 

and Pandya, 1988; Barbas and De Olmos, 1990; Fuster, 1997). In contrast, the medial 

subdivision has its strongest connections with the hippocampus and associated areas of the 

cingulate, retrosplenial and entorhinal cortices, anterior thalamus and the septal diagonal band 

(Pandya et al., 1981; Mesulam et al., 1983; Vogt and Pandya, 1987; Morecraft et al., 1992).  

The current work conflicts with alternative theories which have been proposed to account 

for the anatomical segregation of these two regions of the OFC. Kringelbach and Rolls (2004) 

conducted a meta-analysis and concluded that the lOFC were involved in evaluating punishers 

which when detected may lead to a change in the current behaviour. In contrast, they argued, 

mOFC areas were involved in decoding and monitoring the reward value of reinforcers. The 

present study argues against this distinction as there were no differences between the encoding of 
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errors or informative correct feedback in the lOFC. The lOFC, therefore, may not specifically 

encode errors, per se, but it may act to guide behavioural change by encoding any informative 

feedback which might serve to suggest a change is necessary. 

The ACC has an established role in monitoring ongoing actions. The ACC represents not 

only the occurrence of an error (Gemba et al., 1986; Ito et al., 2003), and correct responses 

(Walton et al., 2007b), but it does so whenever an outcome suggests the need to revise the 

estimate of the value of an action (Matsumoto et al., 2003; Walton et al., 2004; Amiez et al., 

2005; Kennerley et al., 2006). The present study contributes to this growing work; demonstrating 

that a region of the ACC encodes an outcome monitoring signal that is greater when distinct 

outcome-specific expectations are available to guide action selection. Furthermore, the PPI 

analysis is consistent with non-human primate work which has demonstrated that the OFC and 

ACC play distinct and complementary roles in representing S-O and R-O associations, 

respectively (Rushworth et al., 2007a; Rudebeck et al., 2008b). Given the ACCs role in guiding 

voluntary choice (Kennerley et al., 2006; Walton et al., 2007b) a representation of outcome 

identity might serve to facilitate appropriate action selection which would be reflected in 

improvements in learning and memory. Indeed, the signal in this region correlates positively 

with block-by-block learning in the Consistent subjects, particularly in the later stages of the new 

learning task. As well as having access to information regarding goals and internal states of the 

animal, from neurons originating in prefrontal and limbic regions (Bates and Goldman-Rakic, 

1993; Morecraft and Van Hoesen, 1998), parts of the primate dorsal ACC also send efferent 

projections to both primary motor cortex and the spinal cord, giving it direct influence over 

motor behaviour (Dum and Strick, 1991).  
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It is intriguing that the ACC signal correlates negatively with block-by-block learning in 

the subjects in the Inconsistent group with inconsistent S-O and R-O mappings. This could imply 

that this sub-region of the ACC is continually attempting to extract information regarding the 

nature of the reward from the environment, and when it is available it is able to successfully 

guide selection of the appropriate action. If no outcome-response expectations are established in 

the system, the ACC may lack appropriate information and could possibly disrupt successful 

action selection.  

Taken together, the evidence presented above supports the emerging dissociation 

between the ACC and OFC in their respective roles in reinforcement-guided learning. Typically 

reports of OFC impairment have been investigated using S-O learning tasks (Rolls, 1999; 

Murray et al., 2007), whereas ACC lesion impairments are identified with R-O learning tasks 

(Shima and Tanji, 1998; Hadland et al., 2003; Kennerley et al., 2006). Whilst the homologies are 

more difficult to establish between rats and humans than monkeys and humans, the findings are 

much the same. Ostlund and Balleine (2007a) neatly demonstrate that lesions to the rat OFC 

disrupt the tendency of Pavlovian cues to facilitate instrumental performance in a Pavlovian-

Instrumental Transfer task, but leave intact the suppressive effects of outcome devaluation. It 

was therefore argued that its role was limited to encoding predicative S-O relationships that 

could bias action selection. In contrast, lesions to the rat prelimbic cortex (PL; argued to be 

representative of the human ACC) abolish the animals’ sensitivity to instrumental performance 

in outcome devaluation but have no effect on pavlovian-instrumental transfer. PL lesions also 

impair instrumental contingency degradation learning; the selective weakening of the predictive 

status of a previously trained CS by delivering outcomes with the same probability both in its 

presence and absence (Ostlund and Balleine, 2005). Combining these findings suggest that while 
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the PL, or ACC is important for encoding R-O associations (Dickinson and Balleine, 1993; 

Corbit and Balleine, 2000; Balleine, 2005); the OFC is critical for representing S-O associations.  

Despite causality being notoriously difficult to infer in fMRI studies, this pattern is 

reflected in imaging experiments in humans. As noted above, the OFC shows increased 

activation in many stimulus based tasks where a choice leads to rewarding and punishing 

feedback in various sensory modalities (Kahnt et al.; Elliott et al., 1997; Rogers et al., 1999a; 

Elliott et al., 2000; Breiter et al., 2001; Critchley et al., 2001; Knutson et al., 2001; Gottfried et 

al., 2003; O'Doherty et al., 2003a; Rolls et al., 2003a; Rolls et al., 2003c), and activity reflects 

changes in S-O contingencies (O'Doherty et al., 2003a; Walton et al., 2004). In contrast, ACC 

activity is prominent when subjects explore their environments through trial-and-error learning; 

when salient feedback is obtained as a consequence of the explorative action, and when revision 

of expectation was required for the performance of a subsequent action (Walton et al., 2004; 

Daw et al., 2006; Forstmann et al., 2006; Yoshida and Ishii, 2006). 

This experiment has shown that the formation and maintenance of learned expectations 

appears to rely on a network of cortical and subcortical regions including the lOFC, ACC and the 

amygdala and perirhinal cortex. The differential signal in the lOFC suggests that if distinct 

outcomes are available in the reward environment it may encode the conjunction of a particular 

reward identity with a particular stimulus choice. Furthermore, this work implicates the lateral 

and medial regions in representing the informativeness of an outcome for guiding learning, 

regardless of whether or not it is positive or negative, and in representing the scalar value of 

reward respectively. The ACC also showed increased in proportion to the Probability of correct 

response retrieval that was greater when specific outcome expectations were available to guide 

response selection. These signals correlated with behavioural accuracy across individual subjects 
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during learning, and so may reflect the presence of O-R associations that facilitated task 

performance in the Consistent group. 
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CHAPTER 8: GENERAL DISCUSSION 

Behavioural choice, guided by accumulated experience, valuation and comparison is critical for 

an animal to negotiate its economic and social environment. While many aspects of these 

functions are mediated by the frontal lobes, the precise contribution from particular regions 

remains debated. Despite evidence showing anatomical and connectional heterogeneity within 

this structure, the OFC has often been regarded as a uniform region. This thesis aims to resolve 

some of the uncertainty about OFC function, by assuming that the medial and lateral regions of 

the OFC contribute differentially to learning and decision-making using two distinct 

methodologies. The first approach used circumscribed lesions to the mOFC of macaque monkeys 

and examined the contribution of the mOFC to social and emotional processing. The second set 

of experiments compared the effects of mOFC and lOFC lesions, investigating the unique 

contribution these regions in value assignment and comparison. Finally, a human-neuroimaging 

experiment investigated the differential representation of outcome-specific contingency learning 

in the vmPFC. Combining the findings from these experiments suggests that specific parts of the 

OFC make markedly different contributions to different cognitive functions.  

 

8.1 Social and emotional valuation in the vmPFC 

Various theories have argued that changes in personality following frontal brain injury are due to 

specific OFC damage and are supported by this region’s role in stimulus-outcome (S-O) 

learning. However, Rudebeck and colleagues show that only emotional processing relies on the 

OFC (Rudebeck et al., 2006a). In contrast, social valuation is mediated by the ACC. This thesis 
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argues that as only lateral regions of the OFC support S-O learning, only damage to lateral areas 

should contribute to impairments in emotional processing. Chapter 3 supported this argument 

showing that animals with selective lesions of the mOFC were no different in measures of 

fearfulness or aggression following surgery. Neither did mOFC-lesioned animals value social 

stimuli differentially to their pre-operative performance. It therefore appears that the region once 

thought of as the most likely candidate to account for the changes in personality experienced by 

Phineas Gage does not actually support these functions. MOFC lesions did however disrupt 

choice behaviour on simple 2-choice probabilistic tasks and the nature of this impairment was 

explored in Chapters 4 and 5. Taken together, however, the experiments from this thesis suggest 

that while the mOFC does not play a direct role in social or emotional processing, its part 

perhaps becomes more prominent in complex social or emotive environments. Experiments show 

that OFC damage impairs the subjective feelings of guilt and regret (Saver and Damasio, 1991; 

Camille et al., 2004; Koenigs and Tranel, 2007; Koenigs et al., 2007; Krajbich et al., 2009). 

These emotions involve an element of decision-making and of comparisons of counterfactual and 

actual choice outcomes which may depend on the mOFC. Further experiments might explore 

these issues in light of the findings from Chapter 3. 

 

8.2 Dissociating learning and decision-making in the OFC 

For many years the nature of neural encoding in the prefrontal cortex (PFC) has been debated. 

Many theorists suggest that higher-order mental processes arise from dynamic and distributed 

activity across the PFC and cite evidence that ‘executive’ tasks cause activation in a broad 

expanse of cortex (Carpenter et al., 2000; Duncan and Owen, 2000). Other theories propose a 

more modular organisation of PFC, drawing from the broad differences between collective 
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activations from the different portions of the PFC (Fletcher and Henson, 2001; Wagner et al., 

2001). In this context, Chapter 4 describes clear evidence for a double dissociation between 

effects of relatively small and focal OFC lesions. This work found that, in unchanging 

probabilistic environments, lOFC lesions induced credit assignment and associative learning 

impairments, but did not affect decision-making impairments when value comparison was 

difficult. By contrast, mOFC lesions caused the opposite pattern of impairment, and furthermore 

produced notable deficits in choice behaviour when the value of an irrelevant alternative option 

was high. These results imply a degree of fractionation of function even with the OFC. Finding a 

double dissociation within a region, often functionally considered as a homogenous structure, is 

particularly important as it highlights the significance of the fine-grain anatomical and 

connective differences. Furthermore, it suggests the necessity of consistent nomenclature across 

disciplines.  

It could be argued that the global deficits experienced by the mOFC and lOFC-lesioned 

animals are relatively slight compared to memory deficits experienced by temporal lobe lesioned 

animals. This could be taken as evidence that frontal areas are less regionally specialised than 

posterior brain regions and represent functions in a more distributed manner. However, while 

this may be the case, a number of experimental differences can also account for the relatively 

mild impairments. The animals used in Chapter 4 and 5 had extensive practice on many learning 

and decision-making tasks before the lesions were made. As such, the network employed to 

solve these problems was functionally more experienced and therefore may have been better able 

to compensate after lesions challenged nodes within it. It is also important to remember that 

whilst the lesion effects appear relatively mild when analysed using global measures, such as 

percentage of errors, selective impairments are prominent when more detailed and complex 
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analyses are applied. Indeed, global measures of lesion deficits do not distinguish between lOFC 

and mOFC lesioned animals (Figure 4.5), it is only when the animals’ abilities to solve the tasks 

are investigated on trial-by-trial basis that the group performance levels become distinct. The 

many trials performed by animals during these types of experiments not only reduce the impact 

of noise on estimates of behaviour, but also permit the detailed analyses described in this thesis. 

Furthermore, sophisticated trial-by-trial analyses allow researchers to make the most use of each 

experimental animal. This may be particularly relevant when considering the importance of 

reducing the ethical as well as the financial costs involved animal research. 

Another particularly important consideration with animal lesion experiments is the nature 

of the lesion itself. Traditional aspiration lesions often damage underlying white matter tracts, as 

well as targeted cortical grey matter. This means that it is often not possible to rule out an 

interpretation which attributes the deficit to a disconnection between two critical brain regions. It 

is known that many efferent hippocampal and inferior temporal cortical fibres pass by the 

ventromedial prefrontal regions through the fornix and uncinate fasicle (Cavada et al., 2000; 

Croxson et al., 2005; Shamy et al., 2010) en route to the OFC. The hippocampus and interior 

temporal cortex are particular involved in memory encoding (Lepage et al., 1998; Dolan and 

Fletcher, 1999) and it is therefore plausible that networked with a region involved in associating 

stimuli to outcomes a disconnection between those two regions would produce deficits similar to 

those seen in the lOFC animals. The hippocampus is also involved in memory retrieval. A 

disconnection between a comparator region, located within the medial prefrontal network, and a 

region holding stored stimulus-outcome representations would impair decision-making in a 

manner similar to the mOFC-lesioned animals. Similarly, the OFC receives efferent projections 

from the amygdala and perhaps relies on the value representations estimated by this region. 
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Without access to the amygdala through disconnection the lOFC may be unable to associate 

stimuli and outcomes (Gaffan et al., 1993; Baxter et al., 2000). Finally, local disconnection 

between the medial prefrontal network of areas 14, 10, 25, 32 and 24 may give rise to the 

decision-making impairments observed in the current experiments. For example, the frontal polar 

cortex is involved in representing couterfactoral options, choice switching and explorative 

behaviour (Daw et al., 2006; Boorman et al., 2009). Potential local disconnections may disrupt 

local inhibition or cellular competition between neighbouring brain regions resulting in choice 

being more reliant on FPC representations of second best option causing increased exploratory 

behaviour, evidenced by the shift in the softmax function in figure 5.4. Similarly, disconnection 

between mOFC and anterior cingulate regions, 25, 32 and 24, involved in action selection and 

outcome monitoring (Rushworth et al., 2004; Walton et al., 2004; Walton et al., 2007a), might be 

responsible for deficits in translating choice into action selection biases. It is therefore necessary 

to replicate these findings with fibre-sparing excitotoxic lesions in order to confirm the 

specificity of the interpretation. Future experiments could investigate the nature of the reward 

network by explicitly using disconnection lesions. Combining unilateral excitotoxic lesions 

targeting a prefrontal node, with a lesion of a subcortical valuation node, or even a cortical 

action-selection node, would lead to a greater understanding of critical anatomical pathways 

mediating the function under investigation here (Gaffan et al., 1993; Baxter et al., 2000). 

Furthermore, by exploring the BOLD responses of lesioned animals with fMRI during learning 

and decision-making tasks it would be possible to identify which downstream regions in the 

decision-making network depend on the information from lOFC or mOFC, and in the absence of 

this information how these regions compensate. From a clinical perspective, these studies could 

quantify not only the degradation in anatomical connectivity following damage, such as that seen 
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in patients who have suffered strokes, but also the potential connective plasticity and functional 

compensatory mechanisms which may contribution to recovery over time. Anatomical and 

functional reorganisations after brain damage, which if related to behavioural task-specific 

improvement, are particularly relevant for human stroke patients under clinical rehabilitation 

programs. 

A final consideration is that of the neuropharmacological contribution to learning and 

decision-making. Numerous studies show that chronic drug abusers have altered decision-

making (Rogers et al., 1999b; Grant et al., 2000; Hanson et al., 2008). One class of drugs, the 

opiates, when chronically abused, produce deficits in decision-making very similar to those 

experienced by patients with orbital damage (Rogers et al., 1999b). Indeed, both functional and 

structural changes have been identified in the OFC of substance dependent individuals relative to 

controls (Tanabe et al., 2007; Bjork et al., 2008; Tanabe et al., 2009). Dopamine and serotonin 

are two neurotransmitters which have been implicated in the neuromodulation of aspects of 

learning and decision-making. Reductions in dopamine levels in Parkinson patients are 

associated with lower than normal learning rates (Rutledge et al., 2009), impaired use of positive 

reward prediction errors (Rutledge et al., 2009) and in switching choice selection (Rutledge et 

al., 2009). In contrast, enhanced dopamine is associated with increased impulsivity and 

increasing temporal discounting on reward value (Pine et al., 2010). Similarly, administration of 

the antagonist haloperidol in healthy control subjects is associated with enhanced Go-learning 

from positive reinforcement during a Go and No-go task, whereas the dopamine agonist 

caberoline diminished just this type of learning. Depletions of serotonin, through tryptophan 

administration, also implicate this neurotransmitter in aspects of learning and decision-making. 

Specifically, challenges to serotonin levels alter discrimination between magnitudes of expected 
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gain (Rogers et al., 2003), although this does not affect decisions between losses of different 

magnitudes or relative probabilities (Anderson et al., 2003; Rogers et al., 2003). Low levels of 

serotonin are also associated with increased selection of a low rewarding stimuli and increases in 

the rate of temporal discounting (Schweighofer et al., 2008), as well as slower associative 

learning when actions are followed by a delayed punishment (Tanaka et al., 2009). Taken 

together, it would therefore be valuable to explore the specific role of dopamine and serotonin in 

the modulation of value assignment and comparison in the tasks described in this thesis.  

 

8.3 Processing differential reinforcement in the brain 

Many studies demonstrate that unique outcome-specific expectations can facilitate animal 

learning and memory recall of S-R associations in animals (Schmidtke et al.; Carlson and 

Wielkiewicz, 1972; Trapold and Overmier, 1972; Jones and White, 1994; Miyashita et al., 2000; 

Kelly and Grant, 2001; Easton and Gaffan, 2002; Urcuioli, 2005; Ramirez and Savage, 2007). 

Chapter 6 showed that these effects were also evident in human learners, and the following 

chapter described the neural basis of the improved performance. This study showed that the 

lOFC and ACC increased in regional BOLD responses in subjects with access to outcomes-

specific representations. However, while differential activity was identified in the lOFC at the 

time of an error feedback, the ACC distinguished between the different groups of subjects at the 

stimulus onset, in a contrast that reflected the probability that a subject would be correct in their 

choice. Chapter 7 argued that because the lOFC increased in functional connectivity with 

occipito-temporal regions of cortex it was involved in learning S-O specific associations. 

Selective lesions of OFC impair S-O learning (Rudebeck et al., 2008b; Rudebeck and Murray, 

2008) and selective damage to lateral parts specifically impairs credit-assignment (Walton et al., 
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2010). Combining these results suggests that the lOFC may be involved in assigning a particular 

outcome to a specific stimulus. The results of the experiment described in Chapter 7 conflict with 

many studies which argue that the mOFC (or vmPFC in humans) is more involved in outcome-

specific or goal-directed learning (Valentin et al., 2007; de Wit et al., 2009). However, as these 

studies tend to use devaluation experiments, which as discussed confound learning and decision-

making, they could be misidentifying the mOFCs activation in stimulus selection with the 

process of monitoring and updating the changes in outcome value. Therefore these experiments 

raise the question whether multiple brain regions have the ability to represent outcome-specific 

information, but may only do so in the context of specific types of task. If the present experiment 

had been designed to separate choice from learning, one could hypothesise that the mOFC and 

not the lOFC would show enhanced activation. Similarly, the ACC, a region which has not 

previously been implicated in goal-directed learning, may only be evident in tasks which 

emphasise the importance of response selection. In this experiment ACC activity is less likely to 

be associated with S-O learning as, unlike lOFC and temporal cortex, there was no increase in 

functional connectivity between ACC and the temporal cortex. Instead the peak ACC activation 

was centred in a region known to be connected with motor and premotor cortex. Damage to the 

ACC impairs R-O learning (Rudebeck et al., 2008b) and so the findings from the present study 

further support the suggestion that the ACC is important for this function, as well as suggesting 

that it may represent outcome-specific aspects of R-O learning. It therefore may be important to 

explore the role of the ACC in R-O devaluation experiments to confirm its involvement in goal-

directed behaviour.  

Whilst this was a challenging experiment, the paradigm was designed to accommodate a 

number of additional conditions, which may also serve to dissociate the prefrontal regional 
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contributions to S-O and R-O learning. The current experiment only compared subjects who had 

access to both consistent S-O and R-O associations (Consistent) with subjects who did not have 

established outcome-specific representations (Inconsistent). However, it would be interesting to 

compare between groups of subjects who were exposed to consistent S-O and inconsistent R-O 

associations during the preconditioning phases, with the groups of subjects exposed to the 

alternative mappings of consistent R-O and inconsistent S-O. It would be anticipated that at the 

presentation of the stimulus consistent S-O only subjects would hold an outcome-specific 

representation, which could be regionally localised, as the consistent R-O only subjects would 

lack this representation. Similarly, at the time of the response consistent R-O subjects would be 

expecting a specific outcome from that response, whereas consistent S-O subjects would not. 

Modelling the specific state-action values across learning might be expected to identify areas 

associated with updating and assigning outcome-specific credit to a particular stimulus or action.  

An alternative experiment would involve using multivariate decoding techniques (Haynes 

and Rees, 2006; Haynes et al., 2007). Such an analysis would distinguish patterns of BOLD 

activation across the brain induced by either one stimulus or another. If applied to an event-

related version of this paradigm, multivariate decoding might indentify brain regions whose 

overall activation distinguish between each outcome during the feedback epoch. If this activation 

overlapped with activation that distinguished outcome-specific expectations at the time of the 

stimulus presentation, it would provide particularly strong evidence that this brain region 

represents both outcome-specific reward expectation, as well as outcome-specific reward receipt. 

From the results of the present experiment, the lOFC is a likely candidate to mediate these 

functions. 
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APPENDIX 

I: Histology 

 

Figure AI.1. Coronal sections through the frontal lobes, for each individual animal of the mOFC-lesioned group 

(mo1, mo2, mo3, mo4). The lesions were made as intended, from the medial orbitofrontal sulcus to the rostral 

sulcus, including mainly Walker’s area 14 (1940) but also some parts of area 10 were removed.  

 

 



259 
 

 

Figure AI.2. Coronal sections through the frontal lobes, for each individual animal of the lOFC-lesioned group 

(mo1, mo2, mo3, mo4). The lOFC lesions removed cortex between the medial and lateral orbitofrontal sulci 

including predominantly Walker’s (1940) areas 11 and 13. 
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II: Cluster Analysis 

Coordinates for the social related activations were taken from the following studies: 
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