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Why, Jon, why?” His mother asked. “Why is it so hard to be like the rest of the flock, Jon? Why can’t you 
leave low flying to the pelicans, the albatross? Why don’t you eat? Jon, you are bone and feathers!” 

“I don’t mind being bone and feathers, Mum. I just want to know what I can do in the air and what I can’t, 
that’s all. I just want to know” 

“See here, Jonathan,” said his father, not unkindly. “Winter isn’t far away. Boats will be few, and the surface 
fish will be swimming deep. If you must study, then study food, and how to get it. This flying business is all 
very well, but you can’t eat a glide, you know. Don’t you forget that the reason you fly is to eat” 

 

        Jonathan Livingston Seagull 

        Richard Bach 
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Abstract 

 

This is an investigation of the neural processes associated with abnormal 

responses to food in women with subtypes of eating disorders (ED): Restricting 

Anorexia Nervosa (RAN), Binge Purge Anorexia Nervosa (BPAN) and Bulimia 

Nervosa (BN).  Brain activation was assessed using functional MRI and a 

symptom provocation block design (food, non-food, aversive and neutral 

images). Cognitive engagement with the images was achieved using verbal 

instructions, e.g. ‘imagine eating the food shown’ and ‘how anxious do you feel 

now?’ Differential neural activation to the food images was seen.  In all women 

with AN, reduced activation was observed in interoceptive regions (insular 

cortex, superior temporal gyrus) and the cerebellum.  In the subgroup of women 

with RAN, there was increased activation in the right dorsolateral prefrontal 

cortex (DLPFC), parahippocampal gyrus, ventral anterior cingulate cortex 

(VACC) and visual cortex.  In the subgroup of women with BPAN, there was 

increased activation in the visual cortex.  In those with BN increased activation 

in the dorsal striatum and supplementary motor area was observed.  A parallel 

neuropsychological investigation in women with RAN with two cognitive tasks 

showed that subliminal food images impaired working memory (associated with 

the DLPFC) and correlated with trait anxiety, but not with conflict monitoring 

(associated with ACC).  These data suggest that in women with RAN, subliminal 

food stimuli are highly salient and compete for processing resources in the 

DLPFC.  The neuroimaging and neuropsychological data are consistent with the 

proposal that activation in the DLPFC is associated with restricting ED and 

bottom-up activation in appetitive regions is associated with bingeing subtypes 

of ED.  All women with ED had reduced activation in regions associated with 

interoceptive awareness to food images.  A neurocircuitry model for the 

subtypes of ED is proposed. 
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INTRODUCTION 

 

EDs are the most fatal and ‘resistant-to-treatment’ psychiatric disorders in the 

world.   The aetiology of these disorders is still not understood and if left 

untreated, the quality of life in people who sufferer from them is markedly 

reduced.  Having an ED prevents a person from having a normal life.  For 

example, a person with ED will likely suffer from anxiety and depression, making 

it difficult to form and maintain relationships.  People with ED have problems 

with emotional regulation, and often find it hard to recognise and respond to their 

own, and others emotions.  Also, people with ED have maladaptive cognitions 

that are rigid and that prevent a global view, which may underlie resistance to 

treatment.  Physically, EDs can lead to long term health complications commonly, 

osteoporosis, oesophagus damage caused by excessive vomiting and 

malnutrition.  Therefore, determining biomarkers in the brain for these disorders 

may help us to elucidate potential causes for resistance to treatment.  One way 

to do this is to examine how the brain functions in people with ED.  The following 

studies use fMRI and neuropsychology to understand how the brain is functioning 

in people with different types of ED. 
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1 Eating Disorders (ED) 

________________________________________________________________________ 

 

This section describes the diagnostic subtypes of ED.  These are: restricting AN 

(RAN) and binge-purge AN (BPAN), bulimia nervosa (BN), binge eating disorder 

(BED) and ‘eating disorder not otherwise specified’ (EDNOS).  Following this, 

current issues in the classification of ED are discussed.  To end this section, a 

transdiagnostic approach to reclassifying people with ED is summarised, as one 

way of addressing some of the diagnostic issues. 

 

1.1 Classifications of ED 

1.1.1 Anorexia Nervosa (AN) 

 

Gull and Lasègue introduced the term anorexia nervosa (AN) in the late 19th 

century, classifying it as a form of hysteria (Gull, 1873). The Diagnostic and 

Statistical Manual version IV revised (DSM-IVR) (American Psychiatric 

Association (APA, 2002) classifies people with AN as those who are currently at 

85 percent or less of their normal body weight, or with a Body Mass Index (BMI) 

of 17.5.  Women with AN also have amenorrhea (an abnormally absent 

menstrual cycle, not related to any other medical condition) for three consecutive 

months.  It is rumoured that in DSM-V, amenorrhea as a criteria, will be omitted 

from the diagnosis of AN.  Women with AN refuse to maintain body weight 

despite damaging their health, intensely fear gaining weight, have a 

misperception of body size and shape and are preoccupied with food. The 

prevalence of AN in a general population of women is reported to be 

approximately 0.28%, using screening and diagnostic measures (Hoek, 2002), and 

0.7% based on epidemiological studies (Fairburn and Harrison, 2003).  
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1.1.1.1 Subtypes of AN 

 

DSM-IVR recognizes two diagnostically distinct subtypes of AN: restricting (R-

AN) and binge-purging (BP-AN).   People with R-AN and BP-AN use different 

strategies to control food intake:   both groups show severe dietary restriction 

but in addition, those with BP-AN intermittently over eat and use compensatory 

weight-reducing measures such as vomiting, laxative abuse and excessive 

exercise to prevent weight gain.   These behavioural differences suggest that 

there is excessive cognitive control of appetite in people with R-AN and a 

somewhat greater appetitive response in those with BP-AN.  In general, all 

people with AN are characterised by excessive restriction of food intake.   

1.1.2 Bulimia Nervosa (BN) 

BN was first described by Russell et al. (1979) and thus from a historical 

perspective, is not so well-documented as AN. Core symptoms include recurrent 

binge episodes, and unlike AN, maintenance of a healthy weight often makes BN 

difficult to visually detect.   According to the DSM-IVR, a binge constitutes an 

amount of food that most people would consider to be large, together with a 

sense of loss of control over eating over a short period of time (e.g. half an 

hour).  Compensatory behaviours such as purging (e.g. vomiting, laxative, 

diuretic and enema use) excessive exercise or intermittent food restriction are 

also core symptoms and help to counteract weight gain.  The diagnosis requires 

that binge eating and compensatory behaviours occur at least twice weekly over 

three months.  People with BN often have physical problems such as tooth 

erosion and swollen salivary glands (as a consequence of repeated vomiting), and 

psychological problems such excessive concerns about body size and shape, and 

a fear of losing control.  The prevalence rates for BN based on screening and 

diagnosic measures is approximately 1% (Hoek, 2002), and 1-2% based on 

epidemiological studies (Fairburn and Harrison, 2003).   
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1.1.2.1  Subtypes of BN 

DSM-IVR recognises two distinct subtypes of BN; purging and non-purging. 

People with the purging subtype engage in compensatory behaviours over at 

least a three month period, such as vomiting, use of diuretics, enemas or 

laxatives to counteract weight gain from a binge episode.  People with non-

purging subtype use compensatory measures such as intermittent calorie 

restriction or excessive exercise to avoid gaining weight.  BN has similarities 

with addiction; both are chronic relapsing disorders often induced by substance-

related cues (e.g. food cues), together with compulsive seeking and consuming 

behaviour despite adverse consequences: hence, both conditions may have 

overlapping aetiologies (Everitt and Robbins, 2005a; Volkow et al., 2008).  

1.1.3 Binge eating disorder (BED) 

DSM-IVR includes BED, an ED that is similar to BN in that people will binge on a 

large quantity of food (within a two hour period), and have a sense of loss of 

control over eating.  People with BED may eat until they feel uncomfortably full, 

eat large amounts when not hungry, eat rapidly and eat alone due to feeling 

embarrassed about their eating.  Those with BED will often experience distress, 

disgust and feel depressed and ashamed.  Bingeing must occur on at least two 

consecutive days over a six month period.  However, BED differs from BN in that 

people suffering from this condition will not take compensatory measures to 

avoid weight gain, e.g. by using laxative, vomiting or excessively exercising.    

 

If one were to imagine the different subtypes of ED on a spectrum of symptoms 

characterising their eating pathology, those with restricting subtypes might be at 

one extreme, whereas those with BED might be at the opposing extreme.  Those 

with BPAN and BN could be placed between these extremes.  The dimension 

would be restriction versus impulsivity, and functional neurobiology might 

underlie these differences.  Fig. 1 illustrates the ED spectrum concept. 
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Fig.1 A spectrum of ED pathology with restrictive – impulsive dimensions

 

1.1.4 Eating Disorder Not Otherwise Specified (EDNOS) 

 

DSM-IVR has a category for those ED cases that meet some but not all of the 

diagnostic criteria for AN or BN.  Previously categorised as ‘atypical’ in earlier 

versions of DSM, the ‘ED not otherwise specified’ (EDNOS) category is the most 

prevalent diagnosis (Fairburn and Bohn, 2005).  EDNOS cases usually fail to 

meet formal diagnoses for AN or BN for example, because menstruation is still 

present, or the BMI is greater than 17.5 or the number of binges per week do not 

meet the diagnostic criteria.  Cases of EDNOS, that represent some 60% of all 

ED cases (Fairburn et al., 2007) are commonly marked by cognitive dysfunction 

and suboptimal functioning (Fairburn and Bohn, 2005).  The heterogeneity of the 

EDNOS category (e.g. incorporating people who may later develop AN or BN, or 

who may never fully meet criteria for a specific ED) makes effective treatment 

intervention difficult, and suggests that the current classification may not be 

entirely satisfactory. 
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1.2 Classification issues in ED 

Many clinicians argue that the most important objective of the classification of 

ED is to improve diagnostic criteria to enable better treatment and to reduce 

relapse rates.  However, it is important to capture the essence of the underlying 

problems that lead to the development and maintenance of an eating disorder, for 

both clinical validation and scientific progression (Robins and Guze, 1970).  An 

additional role of classification is to understand the underlying mechanisms that 

may lead to the development and maintenance of an ED.   The diagram below 

illustrates some of the current viewpoints on how to classify people with eating 

disorders (Wonderlich et al., 2007): 
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Models that use distinct categorisation are useful because they provide 

constructs that are open and falsifiable.  However, one problem with such models 

(as in a, b & d above) is that the boundaries, whether they be biologically, 

cognitively or personality-disorder driven are largely arbitrary and can, as in 

EDNOS cases, promote exclusion from specific categorisation if all diagnostic 

criteria are not met.  Excluding ED cases from a pre-classified sub-category 

makes therapeutic intervention and research more difficult.  Strict categorisation 

could lead to misdiagnosis, mistreatment and research based on false concepts.  
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Some suggest that it is paradoxical for clinicians to rely on such rigid 

classifications, as rigid adherence to rules is also a common symptom in people 

with ED. (Lask and Frampton, 2009). An alternative viewpoint is to approach the 

reclassification of ED from a ‘transdiagnostic’ perspective, to avoid arbitrary 

categorization that excludes the majority of cases. 

 

1.2.1 A transdiagnostic view of ED 

Some clinicians (e.g Fairburn et al., 2007; Waller, 2008) put forward a convincing 

argument that future classifications of ED should encompass a ‘transdiagnostic’ 

approach.  A transdiagnostic approach is one that adheres to a spectrum of 

symptoms, or ‘indicators’ (Andrews et al., in press) within two extremes (e.g. 

restrictive versus impulsive eating behaviour) rather than distinct categorization.  

Fairburn et al., (2007) propose a transdiagnostic approach based on severity of 

concerns about weight, shape and eating.  Alternatively, Waller (2008) proposes 

that common concerns in ED are tethered to an underlying sensitivity to anxiety.   

Adopting a transdiagnostic approach would possibly address the troublesome 

task of categorising, for effective treatment, the majority of clinically severe 

cases currently diagnosed as EDNOS (Fairburn et al., 2007). The current 

categorisation of ED and likely direction of revised classifications can be 

considered using Venn schematic diagrams (Waller, 2008): 
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Model one represents current ED subtypes as classified by the current DSM-

IVR.  This has proven to be somewhat unsatisfactory because, as the diagram 

illustrates, the majority of cases are classified as EDNOS (Fairburn et al., 2007).  

Model two is an attempt to reclassify and expand some of the clinically severe 

EDNOS cases for DSM-V that do not meet the criteria for either AN or BN in 

DSM-IVR.  Model three attempts to coordinate existing criteria for AN and BN 

(Fairburn & Cooper, 2007), by expanding the boundaries of the present 

diagnoses to account for any restricting or bingeing behaviour.  However, this 

approach does not account for duration of illness, fluctuation between different 

diagnoses nor address what constitutes ED based on biological boundaries. A 

single ‘eating disorder’ diagnosis that takes a ‘transdiagnostic’ approach based on 

concerns uniting the current distinct diagnoses (e.g. overvalued concerns about 

shape, weight and eating) is proposed in model four to overcome the boundaries 

of current classifications (Fairburn et al., 2003).  However, this approach is 

problematic for example, severe cases of AN are different from most EDNOS, 

especially in terms of treatment and outcome.  Another problem with the 

transdiagnostic approach is that it does not differentiate between someone who 
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is ‘steady’ in the category and someone with AN, BN or EDNOS in transition 

between the diagnoses.   

 

1.3 Overview 

The current classification system for ED (DSM-IVR) is based on criteria with 

boundaries that may not fully capture the essence of their development and 

maintenance.  However, reorganisation of the criteria to reflect findings from 

research may require more than a revision of the existing criteria.  DSM-V 

revision experts may adopt a spectrum of ‘indicators’ rather than a categorical 

perspective that reflects the underlying mechanisms of ED.  The foundation for a 

spectrum could be based on opposing neural mechanisms of restriction of 

appetite versus impulsivity.  One proposed useful indicator to inform a spectrum 

of symptoms is in neural substrates, that is, brain function that may underlie 

behaviour or a psychiatric state (Andrews et al., in press).  The following section 

reviews neural substrates associated with appetitive responses that are likely to 

be anxiogenic in those with ED. 
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2 Neural substrates of appetitive processing 

 

 

This section reviews neuropeptide and monoamine neural processes that underlie 

appetitive responses to food stimuli.  This is followed by a summary of the 

topography and normal function of subcortical and then cortical brain regions – 

summarised to aid interpretation of the main regions that are differentially 

activated in healthy controls and people with disordered eating behaviour. Neural 

mechanisms linked to cognitive control and impulsivity involved in the regulation 

of feeding behaviour are described.  “Top-down” versus “bottom-up” are terms 

used to describe the direction of influential neural activation and the effects on 

behaviour.  Top-down refers to activation of cortical regions (e.g. regions of the 

Pre-Frontal Cortex, PFC) and their modulatory effects on lower regions of the 

brain.  Broadly, top-down describes learned cognitive responses associated with 

cortical activation and cognitive control.  Bottom-up processing refers to 

activation of subcortical regions (e.g. striatum, amygdalae) linked to innate, 

impulsive and automatic homeostatic responses and their influence upon higher 

regions of the brain.  To end, an overview of current perspectives on functional 

Magnetic Resonance Imaging (fMRI) summarises studies that examine differential 

activation to food stimuli in people with AN, BN and the subtypes.                                                

2.1 Neural mechanisms of appetite 

 
This section compares brain regions and signaling mechanisms involved in 

appetitive processing.  The neuropeptide and monoamine systems involved in 

appetitive processing are described, followed by dysfunctional processing of 

these systems in people with ED.  Brain regions linked to top-down control 

versus bottom-up impulsive responses are summarised, as it is likely that 

functional differences will be found in these regions between the subtypes of ED.  
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Finally, current perspectives on neuroimaging and ED are given, providing an 

overview of what is currently known about brain function in ED. 

 

2.1.1 Neuropeptides  

 

Lesion and stimulation studies show that neuropeptides signal to several 

hypothalamic nuclei and have an important role in the regulation of feeding (for 

rev., see Adan et al., 2008).  Lesioning of the ventral medial hypothalamus 

(VMH) results in overeating, and lesioning of the interconnected paraventricular 

nucleus (PVN) and the arcuate nucleus (ARC), suggests that these are involved in 

signalling satiety. The ARC is activated by many of the feeding-related 

neuropeptides described below (Adan et al., 2008).  Stimulation of the lateral 

hypothalamus (LH) increases feeding behaviour, implicating this structure in the 

signaling of hunger. 

 

Neuropeptides secreted from the peripheral nervous system (PNS), such as the 

intestines, gut, pancreas and adipose tissue, act on receptors in the 

hypothalamus and the cortico-limbic circuitry to regulate feeding behaviour.  

There is an increase in leptin, an adipose tissue-derived hormone, when adipose 

fat stores are high, which acts on the dopaminergic system to influence ingestive 

behaviour (DiLeone, 2009; Palmiter, 2007).  Conversely, ghrelin, a stomach and 

pancreas-derived hormone, signals to the hypothalamus and mesolimbic 

dopaminergic pathway to initiate satiety (Quarta et al., 2009).  Other 

gastrointestinal and pancreatic hormones, such as cholecystokinin (CCK), amylin, 

insulin and glucagon are released when eating and in anticipation of a meal to 

regulate food intake, by acting on receptors in the hypothalamus (Woods et al., 

2006; Dhillo and Bloom, 2004; Naslund and Hellstrom, 2007).  Other intestinal 

hormones, for example peptide YY (PYY), glucagon-like peptide (GLP-1) and 

oxyntomodulin  regulate food intake by postponing the initiation of another meal, 

by signaling to the hypothalamus and cortico-limbic regions (e.g OFC and 
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striatum), and their levels remain elevated for some time in the postprandial 

period (Dhillo and Bloom, 2004).   

 

These gastrointestinal and pancreatic hormones signal via vagal afferents to the 

nucleus solitary tract (NST) or area postrema (AP) in the brainstem (Grill, 2006).  

The parabrachial nucleus (PBN) and raphe nucleus (RN) relays information from 

the brainstem to higher brain regions, including the motor cortex, reward regions 

of the mesolimbic system and cognitive evaluative regions in the PFC to regulate 

feeding behaviour and to facilitate associations with food-related stimuli (e.g. 

food images).  For a thorough review of these feeding regulatory systems, see 

Adan et al., 2008).  Fig 4 illustrates these processes. 

 

Figure 4 a) Fluctuations in some of the hunger, satiation and satiety hormones 

that are released pre-, during and post food ingestion; b) neural circuitry and 

hormonal interaction during appetitive responses 

 

 

 

 

 

 

 

 

 

PBN, Parabrachial Nucleus (brainstem); Raphe (brainstem); CCK, Cholecystokinin; NE, Norepinephrine; 5-HT, Serotonin; 

GLP-1, Glucagon-like peptide; Oxyn, Oxyntomodulin; PYY, Peptide YY; Enk, Enkephalin; POMC, proopiomelanocortin; CART, 

cocaine- and amphetamine-regulated transcript; NPY, Neuropeptide Y; NTS Complex, Nucleus Tractus Solitarius; GABA, 

Gamma Amino Butyric Acid; GLU, Glutamate; AP, Area Postrema;  

After Adan et al., (2008), Trends in 

Pharmacological Sciences, Vol 29 (4) 
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2.1.1.1   Neuropeptides implicated in eating behaviours and in ED 

 
Dysfunctional leptin signaling between the PNS and CNS likely contributes to the 

physiological, behavioural and psychological disturbances in people with ED, e.g. 

in feeding, mood (e.g. anxiety and depression) and impulse control (Bailer and 

Kaye, 2003).  Leptin is released from adipose tissue to signal increased energy 

stores and to initiate feelings of satiety.  In people with AN, leptin levels drop to 

extremely low levels, due to regular fasting and weight loss and reduced adipose 

storage.  In people with BN, leptin levels are also extremely low despite an 

increase in weight, food consumption and adipose storage compared to people 

with AN.  Alterations in overall food consumption in people with ED seem to 

disrupt leptin regulation, with some evidence that the level of leptin increases 

after refeeding (Baranowska et al., 2008). 

 

 
Ghrelin, a gastric hormone that functions antagonistically with leptin, has 

orexigenic, adipogenic and somatotropic effects (Meier and Gressner, 2004).  

Ghrelin is a starvation-signaling molecule that acts to stimulate feeding in 

healthy people.  Levels of ghrelin are reduced in obesity (Tschop et al., 2001), 

and increased in people who restrict their calorie intake (Muller et al., 2002).  In 

comparison to healthy controls, people with AN have increased plasma ghrelin 

(Otto et al., 2001), in people with BN, the levels are increased or normal (Tanaka 

et al., 2002), and in people with Binge Eating Disorder (BED) the levels are 

reduced (Monteleone et al., 2003).  Ghrelin also stimulates DA release at the 

VTA and influences top-down cortical responses, and are therefore likely 

involved in the hedonic aspects of eating, rather than purely for homeostatic 

balance (Palmiter, 2007). 

 
CCK is a gastrointestinal hormone that induces satiety and reduces food intake.  

Baseline concentrations of plasma CCK are normal in people with BN but are 

increased, both at baseline and postprandially in people with AN (Phillipp et al., 
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1991).  Therefore, increases in levels of CCK may contribute to food restriction 

in people with AN. 

 
Insulin is a polypeptide released by the beta cells of the pancreas in response to 

food intake.  A recent review and meta-analysis found reduced levels of insulin 

in all people with ED (Prince et al., 2009), which may suggest that severely 

altered food intake (both restriction and bingeing) disrupts insulin function. 

 

Amylin is a polypeptide that is co-secreted with insulin by the beta cells of the 

pancreas to decrease food intake.  The anorexigenic effects of amylin may be 

induced by increasing the transport of the 5-HT precursor tryptophan, which 

may inhibit appetitive neural circuits (Wookey et al., 2006). 

 

 
There is currently some debate over the role of PYY, a gut-regulatory peptide 

released in the gastrointestinal tract.  Some suggest that PYY is a potent 

anorexigenic peptide that signals satiety and inhibits feeding.  For example, 

circulatory PYY increases postprandially and decreases during fasting, the 

proportion of circulatory PYY being related to the calorie content consumed 

(Murphy and Bloom, 2006). Infusion of PYY into rats is associated with satiation 

and reduced food intake (Batterham et al., 2006).  However, studies have been 

unable to replicate the appetite-suppressant role of PYY (Tschoep et al., 2004).  

During high plasma PYY concentrations feeding behaviour is predicted by neural 

activation in the orbitofrontal cortex (OFC), a region associated the cognitive 

evaluation of the hedonic value of food, whereas low concentrations of PYY are 

associated with hypothalamic activation (Batterham et al., 2007).  This suggests 

that low levels of PYY may initiate homeostatic regulation of feeding, whereas 

high levels of PYY may be linked to hedonic aspects of feeding.  A recent meta-

analysis shows that people with ED have higher baseline concentrations of PYY 

in comparison to controls (Prince et al., 2009), which in part supports the view 

that PYY is linked to satiation. 
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Oxyntomodulin is released from the gut post-prandially in proportion to energy 

intake, and interacts with appetite-reducing hypothalamic nuclei.  It is negatively 

correlated with hunger levels, suppresses appetite, reduces food intake and 

levels of oxytomodulin are elevated in people with AN (Cohen et al., 2003). 

Preprandial levels of ghrelin are suppressed by oxyntomodulin (Cohen et al., 

2003), and therefore, it is likely that levels of oxyntomodulin are reduced in 

people with BN, but elevated or normal in people with AN. 

2.1.2 Monoaminergic systems involved in eating behaviour 

 
The neurobiological regulation of feeding and behavioural responses to appetitive 

stimuli involves complex interactions between systems linked to the experience 

of reward, and also to peripheral, endocrinological and central factors operating 

beyond hedonics (Levine et al., 2003). The peripherally-secreted neuropeptides 

described above interact with monoamines in the CNS to regulate feeding: 

dopamine (DA) and serotonin (5-HT) are two of the main monoamine 

neurotransmitters involved in the regulation of feeding.   A recent review 

highlights that fluctuations in the neuropeptides described above can inhibit or 

excite these neurotransmitter systems in the mesolimbic reward neurocircuitry 

to alter feeding behaviour (Palmiter, 2007).   

 

Dopaminergic neural circuitry associated with feeding behaviour involves the 

cortico-limbic reward pathway, commencing at the ventral tegmental area (VTA) 

and substantia nigra, projecting to the amygdalae, ventral striatum (nucleus 

accumbens, [NAcc]), dorsal striatum (caudate and putamen. [Cpu]) and 

prefrontal cortical areas via the anterior cingulate cortex (ACC) (Palmiter, 2007). 

The dopaminergic pathway is linked to reward and the motivation to seek 

(‘wanting’) and experience pleasure (hedonia, ‘liking’), the compulsion to act and 

perseveration in response to obtaining a goal (for rev, see (Wise, 2008).    

Dopaminergic transmission in the cortico-limbic circuitry plays a prominent role 
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in food seeking and food consumption and learning the reward value of food 

(Wise, 2006).  Dopaminergic transmission, and ‘hedonic hotspots’ in the Nacc are 

involved in the ‘incentive salience’ of food stimuli, that is, the ability of food 

stimuli to elicit motivational ‘wanting’ and hedonic ‘liking’ (Berridge, 2009).   

Others have shown that DA modulates striatal activity via inputs from other 

subcortical regions, and it is suggested that DA transmission strengthens 

associations between stimuli and the hedonic experience of wanting (Berridge 

and Robinson, 1998).  However, a recent review highlights that it is the 

regulatory effects of feeding-related peripheral hormones on dopaminergic 

transmission in the dorsal striatum (Cpu), rather than the Nacc that mediates 

feeding behaviour (Palmiter, 2007). 

 

Serotonergic neural circuitry commences at the Raphe Nucleus (RN) in the 

brainstem and ascends to prefrontal cortical regions.   Serotonergic innervations 

from the RN also project to limbic regions such as the Nacc, dorsal striatum, 

hippocampus and hypothalamus.  Affect is modulated by serotonergic activation, 

for example in states of anxiety and depression there is reduced serotonergic 

function (Ressler and Nemeroff, 2000).  Genes associated with dyregulated 5-HT 

function are linked to higher rates of anxiety and depression (Schosser and 

Kasper, 2009).  Feeding behaviour is influenced by serotonergic activity: 

stimulation of 5-HT1B and 5-HT2C receptors on the hypothalamus induces 

hypophagia, stimulation of 5-HT2A receptors disrupts feeding and stimulation of 

5-HT1A and 5-HT2B receptors induced hyperphagia (De and Schreiber, 2000).  

Disturbances in the hypothalamic release of 5-HT occurs when limiting food 

intake, and so could be linked to disordered eating behaviour (Curzon, 1990).  

Therefore, it is likely that a dyregulation of the 5-HT system contributes to 

disordered eating, anxiety and depression in people with ED. 
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Figure 5: Dopaminergic and Serotonergic pathways involved in the regulation of 

motivation, reward and feeding behaviour. 

 

 

 

 

 

 

 

 

 

From:  

http://upload.wikimedia.org/wikipedia/en/8/88/Dopamin

eseratonin.png 

 

2.1.2.1   Monoamines implicated in ED 

People with ED experience anhedonia, they sometimes exercise compulsively, 

are ascetic, perfectionistic and anxious – traits which often remain after recovery 

from an ED (Wagner et al., 2006; Klump et al., 2004).  Dysfunctional 

dopaminergic transmission in fronto-striatal circuits could account for some of 

these traits in ED (e.g. Steinglass & Walsh, 2006).  For example, one Positron 

Emission Tomography (PET) study showed increased D2/D3 receptor binding in 

the ventral striatum (a region activated during the experience of rewarding 

stimuli) in people recovered from AN (Frank et al., 2005).   A reduced ventral 

striatal response to reward has been demonstrated using fMRI, in people who 

have recovered from AN and BN, which may indicate a failure to form hedonic 

associations with rewarding stimuli (Wagner et al., 2007; Wagner et al., 2009).  

The same study showed a positive correlation between trait anxiety and caudate 
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activation.  This could indicate a more ‘strategic’ rather than a ‘hedonic’ 

response to an emotionally-charged situation (e.g. responding to immediate 

monetary loss and reward).  Overall, it has been suggested that people with ED 

are less able to modulate spontaneous affective responses linked to striatal 

activation, but rely more on top-down strategies that utlilise PFC regions such as 

the DLPFC (Kaye et al., 2009).   

 

Dysregulation in the serotonergic neural circuitry is linked to symptoms in 

people with ED, such as impulse control (Lesch and Merschdorf, 2000), 

obsessive-compulsiveness and anxiety (Serpell et al., 2002), depression (Mann, 

1999) and altered satiety (Simansky, 1996; Soubrie, 1986).  Others have 

demonstrated altered serotonin function in people with AN (Kaye et al., 2005), 

which may be linked to higher states of anxiety.  Food restriction in women with 

RAN can reduce levels of plasma tryptophan (a precursor to 5-HT) and may be a 

way for these women to regulate their experience of anxiety (Kaye et al., 2003).  

Conversely, in people with ED, eating leads to the onset of dysmorphia (Vitousek 

and Manke, 1994), and it has been suggested that a normal amount of food intake 

leads to an excessive 5-HT response (Kaye et al., 1991).   

 

Dyregulated eating behaviour is likely to contribute to both state and trait effects 

in people with ED.  For example, brain imaging studies show that, in comparison 

to healthy controls, people currently ill with, or recovered from an ED have  

dyregulated binding potentials in 5-HT1A, 5-HT1B and 5-HT2A receptors (e.g. 

(Tiihonen and et al., 2004; Bailer et al., 2007; Frank et al., 2002).   Other imaging 

studies using PET show that dysregulation of serotonergic function is linked to 

the experience of anxiety in healthy people (File et al., 2000; Tauscher et al., 

2001; Moresco et al., 2002).  Despite abnormalities in 5HT function, people with 

ED do not respond well when treated with selective serotonin reuptake inhibitors 

(SSRIs) (Attia and Schroeder, 2005).  However, dysfunction in 5HT 

neurocircuitry is likely to lead to a reduction in the amount of 5HT released at 
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the synapse; SSRIs rely on synaptic release of 5HT, so this could explain the 

inefficiency of this treatment (Kaye et al., 2009).  The serotonergic neural 

circuitry is complex, incorporating different receptor types and it is currently 

still unclear how dysregulation of the serotenergic pathways link aversion and 

appetite.   

 

It has been proposed that 5-HT neurocircuitry functions antagonistically with 

appetite-related DA neurocircuitry (Daw et al., 2002).  Others have suggested 

that 5HT influences ‘action choice’, e.g. deciding whether to take an immediate 

reward or to delay it, via top-down lateral PFC modulatory effects on the dorsal 

and ventral striatum (Schweighofer et al., 2007; McClure et al., 2004).  This 

proposal is supported by the observations that an increased serotonergic 

response in the PFC is linked to behavioural inhibition, whereas a decreased 

response is linked to impulsiveness (Schweighofer et al., 2007; Westergaard et 

al., 2003).  Therefore, in people with ED it is possible that there is an imbalance 

between 5HT and DA dorsal and ventral neurocircuitry (Kaye et al., 2009), 

associated with dysregulated appetite, behavioural inhibition and impulsivity.     

 

It is unclear how neural mechanisms might be associated with comorbidity for 

anxiety in people with ED.  It may be that an exacerbated 5HT aversive response 

coinciding with a diminished DA appetitive response leads to eating disordered 

behaviour (Daw et al., 2002; Cools et al., 2008).   Interoceptive awareness of 

appetite in people with ED may activate an anxiety response, congruent with 

current concerns about shape, weight and eating.  This may also link to 

excessive top-down restriction (that delays an immediate reward) versus 

impulsivity (that impinges upon top-down control).  Disturbances in 5HT 

regulation associated with a propensity to be anxious could predate the onset of 

an ED.  For example, changes in puberty might lead to disturbances in the 5HT 

and DA neurocircuitry, which coincide with increases in life stressors associated 

with socio-cultural pressures (Kaye et al., 2009).    
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The regulation of appetite is assisted by the secretion of neuropeptites, such as 

leptin, insulin, ghrelin and orexin but these are dysregulated in people with AN 

and BN (Bailer and Kaye, 2003).    Dopaminergic transmission is inhibited by 

gamma-amino butyric acid (GABA) and excited by glutamate, and the actions of 

these neurotransmitter systems are mediated by these peripheral hormones 

(Palmiter, 2007).  It is therefore likely, that peripheral hormone release in people 

with ED leads to dysfunctional DA activation and disturbances in normal appetite.  

Fig 6 illustrates the influence of peripheral hormones on the release of DA at the 

VTA. 

Before discussing the various brain regions that may be dysregulated in people 

with ED, the next section briefly summarises brain classification and coordination 

systems.  This is done so that one can understand how neuroscientists classify 

and measure the topography and function of brain regions.
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2.2 Topography and function of brain regions 

 
Various classification and coordination systems are used by neuroscientists that 

provide a description of the topography of brain regions (both cortical and 

subcortical).  Classification and coordination systems differ; classification 

historically came first (e.g. Brodmann, see below), as a way to distinguish brain 

regions, based on cytoarchitecture using various staining methods post mortem 

(e.g. the Nissl stain).  By contrast, coordination systems have expanded initial 

classifications, by attempting to provide discrete, systematic 3-dimensional 

coordinates in order to create an atlas of the brain (e.g. Talairach, AFNI, and 

MNI atlases).  Thus, classification finds the region, whereas coordination defines 

the region.  

 

Obvious difficulties ensue in both classification and coordination, for example, 

brains sizes differ, and dynamic changes in a lifetime may alter the state of brain 

regions.  The living brain is difficult to image in vivo, and post mortem accounts 

of the brain may not be accurate (e.g. the duration of illness and cause of death 

may influence the state of the brain).  There is still debate over the exact 

classification and coordination of brain regions (e.g. the existence of a ‘limbic 

system’: MacLean (1952), and subsequent revision of the limbic system: Conn 

2003).  Also, the debate over localisation versus globalisation (that is, whether 

brain function can be isolated to one region, or if it emerges from an 

orchestration of functioning neuronal populations) influences the credibility of 

classification and coordination.   Nevertheless, classification and coordination of 

brain regions help to isolate and examine specific brain regions, to aid groups of 

researchers in replicating findings from contrasts in these regions between 

healthy and unhealthy brains. 
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2.2.1  Classification of brain regions 

A map of the cytoarchitecture of the mammalian cortex was published in 1909 by 

Korbinian Brodmann (for a biography, see Danek and Rettig, 1989) using the 

Nissl stain to identify the organisation of neuronal populations that delineate 

specific cortical regions.  Each cortical region therefore is identified by a 

‘Brodmann area (BA)’, and a BA reference is given for the cortical regions 

described below (Fig 7 and Table 1).  The following regions have been chosen 

for a detailed description, because they are the main cortical areas identified in 

structural and functional brain examinations of healthy controls and people with 

ED.    
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Table 1: List of Brodmann areas of human cortical regions of the brain 

Brodmann Area Brain Region Brodmann Area Brain Region 

BA 1,2,& 3 Primary Somatosensory Cortex BA 32 Dorsal Anterior Cingulate Cortex 

BA 4 Primary Motor Cortex BA 33 Anterior Cingulate Cortex 

BA 5 & 7 Somatosensory Association Cortex BA 34 Anterior Entorhinal Cortex 

BA 6 & 8 Premotor Cortex BA 35 Perirhinal Cortex 

BA 9 Dorsolateral Prefrontal Cortex (DLPFC) BA 36 Parahippocampal Gyrus 

BA 12 Medial Prefrontal Cortex (mPFC) BA 37 Fusiform Gyrus 

BA 10 & 11 Orbito-frontal Cortex (OFC) BA 38 Temporopolar Area 

BA 13 Insular Cortex BA 39  Angular Gyrus 

BA 17 Primary Visual Cortex (V1) BA 40 Supramarginal Gyrus 

BA 18 Secondary Visual Cortex (V2) BA 41 & 42 Primary & Auditory Association 

BA 19 Associative Visual Cortex (V3) BA 43 Subcentral Area 

BA 20 Inferior Temporal Gyrus (ITG) BA 44 Pars opercularis 

BA 21 Middle Temporal Gyrus (MTG) BA 45 Pars triangularis 

BA 22 Superior Temporal Gyrus (STG) BA 46 Dorsolateral Prefrontal Cortex (DLPFC) 

BA 23 Ventral Posterior Cingulate Cortex BA 47 Inferior Prefrontal Gyrus 

BA 24 Ventral Anterior Cingulate Cortex BA 48 Retrosubicular Area 

BA 25  Subgenual Cortex BA 52 Parainsular Area 

BA 26 Ectosplenial Area   

BA 27 Piriform Cortex   

BA 28 Posterior Entorhinal Cortex   

BA 29 Retrospenial Cingulate Cortex   

BA 30 Cingulate Cortex   

BA 31 Dorsal Posterior Cingulate Cortex   

 43



2.2.2 Atlases of brain regions 

The three most widely used coordination systems in neuroscience to date are the 

Talairach atlas (Talairach and Tournoux, 1988), the Montreal Neuological 

Institute (MNI) atlas, and the Analysis of Function in Neuroimages (AFNI) system 

from the National Institute of Mental Health (NIMH).  In this study, I have used 

the Talairach atlas, because the in-house analysis package I used (XBAM, 

described later) provides an output of Talairach coordinates.  However, it is 

possible to convert coordinates from one system into coordinates of another (e.g. 

by using Statistical Parametric Mapping, SPM). 

2.2.2.1 The Talairach atlas 

 

This 3-D atlas was created by Jean Talairach (Talairach and Tournoux, 1988) by 

isolating the anterior commissure (AC) and posterior commisure (PC) along a 

straight horizontal plane.  By using these two points, it was easier to warp the 

image of an individual brain to this standard space.  However, the Talairach atlas 

has been criticised for using visual inspection to identify Brodmann areas, rather 

than cyctoarchitectural measures (as in the BA map).  Also, the Talairach atlas 

was based on a brain of smaller than average size.   

 

The coordinates of the Talairach atlas are given along the x (saggital), y 

(coronal) and z (axial) planes.  The AC begins at 0,0,0 (x,y,z): on the saggital 

plane, coordinates to the left of the AC have an ascending negative value, 

coordinates to the right have an ascending positive value.  On the coronal plane, 

coordinates rostral to the AC have an ascending positive value; coordinates 

caudal to the AC have an ascending negative value.  Finally, on the axial plane, 

coordinates dorsal to the AC have an ascending positive value; coordinates 

ventral to the AC have an ascending negative value.  Fig. 8 provides an 

illustration of the Talairach coordinates. 
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2.2.2.2 The MNI atlas 

The MNI atlas addressed the criticism that the Talairach system is based on a 

single brain of average size, by using 250 MRI scans of normal controls that 

better represent the variance of brain structure within a normal population.   

They first manually defined gross brain regions to isolate the AC-PC line, and 

scaled the 250 brain images (e.g. by warping).    Then, an extra 55 normal brain 

images were registered to the 250 brain atlas using complex computation.  They 

averaged the 250 manually registered brains with the 55 computationally 

registered brains, which resulted in the MNI 305 atlas.  The MNI305 was the first 

brain atlas by the Montreal group, but more recently the International Consortium 

for Brain Mapping (ICBM) used computational methods to average 152 brains and 

match the result to the MNI305.  This has resulted in a brain atlas known as the 

ICBM152.  One criticism of the MNI atlas system is that the original linear 

transform used in the computational registration of MNI305 did not entirely 

correspond with the brain used in the Talairach atlas.  For example, the MNI 

brain (derived from the average of the images) is higher, longer and deeper than 

the Talairach brain.  Specifically, differences are more pronounced between the 

lateral regions of these systems (for a review, see: http://imaging.mrc-

cbu.cam.ac.uk/imaging/MniTalairach).   
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2.2.2.3 The AFNI atlas 

 

AFNI was developed by Robert Cox at the medical college of Wisconsin (Cox, 

1996). AFNI is essentially a software package (e.g. such as XBAM, SPM) used to 

analyse functional neuroimaging data, but it creates coordinates of the brain that 

are not derived from Talairach or MNI but from the BA cortical landmarks of a 

single brain.  AFNI coordinates can be transformed into Talairach or MNI 

coordinates using relatively simple-to-follow computations.  The AFNI system 

attempts to enable the AC-PC line to define brain regions at the individual level.  

AFNI differs from the other atlases because it uses functional rather than 

structural data to compile a map of the brain. 

2.3 Cortical brain regions 

The following sections describe regions of cortex that have been commonly 

implicated as differentially activated between healthy controls and people with 

eating disorders when viewing food images.  A description of these regions is 

provided first, followed by sub-cortical regions, in order to aid the interpretation 

of functional neuroimaging studies that have analysed neural responses to food 

images in healthly people and those with eating disorders. 

 

2.3.1  Visual cortex 

The visual cortex is in the occipital lobe of the brain (Fig 9 & 10).  It is divided 

into areas; V1, V2, V3, V4 and V5.  Area V1 is represented by BA17 on the 

Brodmann area map, and is also known as the striate cortex, due to the pattern 

of myelinated axons permeating the area from the lateral geniculate nucleus 

(LGN) of the thalamus.  It is involved in object recognition, transforming the 

visual image from the retina to area V1.  Area V1 sends information to other 

cortical regions via two main pathways: the dorsal stream and the ventral stream 

(Ungerleider and Mishkin, 1982). The dorsal stream begins at V1 and projects to 

V2, V5 and the posterior parietal lobe.  It is referred to as the ‘where’ or ‘how’ 
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pathway because it processes information about the movement and spatial 

location of an object.  The ventral stream begins at V1, then to V2 and V4 and on 

to the inferior temporal lobe, and is referred to as the ‘what’ pathway because it 

processes information about object recognition and representation.   

 

Fig 9: A schematic illustration of the dorsal (‘where or how’) and ventral (‘what’) 

stream of visual processing (after (Ungerleider and Mishkin, 1982). 

 

 

 

 

 

 

 

 

From: 

http://philosophy.hku.hk/courses/cog

sci/media/visionstreams.jpg

 

Area V2 is known as the para-, pre- or extra-striate cortex and can be found in 

BA18.  It is a similar region to V1 in that it recreates the retinal images in the 

cortex, but there is more attentional modulation of V2 via reciprocal projections 

to medial prefrontal cortex (mPFC) (Gazzaley et al., 2007).  Area V3 is located in 

BA19 on the Brodmann areas map. It has been proposed that dorsal and ventral 

areas of V3 have distinct functional properties (Van et al., 1986). Dorsal V3 is 

considered to be part of the dorsal visual stream, and has extensive connections 

to the parietal cortex, whereas ventral V3 is activated during colour processing 

of visual stimuli, and has strong connections to the inferior temporal gyrus.  Area 

V4 was first described by Semir Zeki (Zeki, 1978) and is also found in BA18, 
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forming part of the extra-striate visual cortex anterior to V2.  V4 is another 

visual cortical region in the ventral pathway and is influenced by attentional 

modulation by the PFC (Moran and Desimone, 1985). Others have shown that a 

‘salience map’ in the parietal cortex may modulate firing rates in V4 to coincide 

with the salience of a given visual stimulus (Gee et al., 2008).  Area V5 or the 

mid-temporal region (MT) is considered to be involved in the processing of 

motion, and converting local movement into a global view.  It is also implicated in 

the generation of saccades (eye movements) (Born and Bradley, 2005). 

 

fMRI studies of healthy people show increased global visual cortex activation in 

response to food images (Killgore et al., 2003; Killgore and Yurgelun-Todd, 

2007; Simmons et al., 2005).  Women currently ill with AN in comparison to 

controls have reduced visual cortex activation, which persists in women who 

have recovered from AN (Uher et al., 2003). When hungry, women with AN have 

reduced visual cortex activation, but greater visual cortex activation when 

satiated, in comparison to healthy women. (Santel et al., 2006).   Women with BN 

have increased visual cortex activation to food images (Uher et al., 2004).   

Fig 10. The main visual areas  

 

 

 

 

 

 

 

From: http://www.owlnet.rice.edu/.../Images/visualcortex.jpg
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2.3.2 Precuneus 

The precuneus is adjacent to the visual cortex and parietal cortex in the 

posteromedial portion of the parietal lobe at BA7 (Fig 11).  It is thought to be 

involved in visio-spatial imagery, episodic memory retrieval, and processing of 

self-relevant information.  A recent review has highlighted functional 

subdivisions of the precuneus, in that the anterior region is involved in self-

centred mental imagery strategies, whereas the posterior region subserves 

episodic memory (Cavanna and Trimble, 2006).   

 

Fig 11: Location of the precuneus (labeled) 

 

 

 

 

 

 

 
  From: http://www.psypress.com/

 

2.3.3 Fusiform gyrus 

The fusiform gyrus is part of the temporal lobe, in the occipitotemporal gyrus, at 

BA19, adjacent to the lingual gyrus (Fig 11).  It is well-known as the ‘fusiform 

face area’ (FFA) as it is activated during the processing of faces (Sergent et al., 

1992).  Others argue that the role of the FFA is to recognize variations in detail 

of familiar objects (e.g. faces, but also common objects) (Gauthier et al., 2000).  

The fusiform gyrus is also activated when processing information about the 

colour of an object, word recognition and recognizing objects belonging to 

previously-learned category, and more recently it has been implicated in 

Pavlovian fear conditioning (Dunsmoor et al., 2007).   
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2.3.4 Inferior temporal gyrus (ITG) 

The ITG is found at BA 20 in the inferior temporal lobe and is thought to be the 

final stage of the ventral visual stream, and is involved in higher order visual 

recognition (Fig 12).  The visual recognition deficit observed in Kluvy-Bucy 

syndrome is associated with lesions to the ITG (Pribram and Mishkin, 1955).  

One fMRI study of healthy people shows increased activation in the ITG in 

response to high calorie food images (Cornier et al., 2007). 

2.3.5 Middle temporal gyrus (MTG) 

The MTG is a strip of grey matter at BA 21, and its function is less well-known 

than other regions of the temporal gyrus (Fig 12).  It is likely to be linked to the 

functions of the ITG and STG, that is, to aid semantic processing of visual 

stimuli.   

2.3.6 Superior temporal gyrus (STG) 

The STG is a strip of grey matter at BA 22 caudal to the Sylvian or lateral 

fissure and rostral to the preoccipital notch (Fig 12).  Wenicke’s area for speech 

comprehension is located here, and processing of auditory information is linked 

to activation of this region.  It is likely that the STG is activated during semantic 

conceptualization of stimuli from different modalities (Vandenberghe, 2007).   

 

Fig 12: The STG (labeled in orange, the uppermost gyri), the MTG (labeled in 

green, the mid gyri) and ITG (labeled in purple, the lowermost gyri).   

 

 

 

 

 

 

 

From: 

http://psychology.uwo.ca/fmri4newb

ies/Images/temporal_lobe_sulci.jpg 
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2.3.7 The somatosensory cortex 

Somatosensory translates as “awareness of the body”, and this region is found in 

BA 1, 2 & 3 in the parietal lobe (Fig 13).  Topographically, a representational 

upside-down ‘homunculus’ is spread across the somatosensory cortex, and 

specific parts of the cortex are activated in relation to the body part engaged.  It 

is located adjacent to the motor cortex, on the post-central gyrus, for 

orchestration of sensory input and motor output.  It is responsible for integrating 

sensory information from different modalities and is activated in response to 

manipulation of objects and visuo-spatial processing.  It forms the end of the 

dorsal stream of visual processing, responsible for allocating the ‘where’ and the 

‘how’ in response to a visual object.   

 

An fMRI study shows that in response to high calorie food images, healthy people 

have increased activation in the somatosensory cortex, but overfeeding leads to 

an attenuation of this activation (Cornier et al., 2007).  In women currently ill and 

recovered from ED, there is a lack of activation in this region (Uher et al., 2003, 

2004). 

 

Fig 13: Location and topographical organisation of the somato-sensory cortex, in 

relation to the adjacent motor cortex. 

 

 

 

 

 

 

 

 

 

From: 

http://www.natur

einstitute.org/pub

/ic/ic13/images/b

rain_2.gif 
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2.3.8 Anterior cingulate cortex (ACC) 

The ACC is the anterior portion of the cingulate gyrus that borders the corpus 

callosum, and is found in BA24 and BA32 (Fig 14).    The dorsal (DACC) and 

ventral (VACC) anterior cingulate cortices are functionally distinct and regulate 

cognitive and emotional processing respectively (Bush et al., 2000).  The DACC 

has reciprocal projections to the prefrontal, parietal and motor cortices and is 

involved in cognitive aspects of functioning, whereas the VACC has extensive 

connections to the amygdalae, nucleus accumbens, hypothalamus and insular 

cortex and is more involved in emotional aspects of functioning.  It has been 

proposed that the ACC is involved in ‘error detection’, that is, predicting when an 

error is made, for example on the Stroop Task (Bush et al., 2000).  However, it 

also activates when no error is made, so it has also been proposed that the ACC 

is involved in ‘conflict monitoring’, in that detection of conflict between cognitive 

evaluation and somatic responses aids decision making by guiding future action 

(Botvinick, 2007).  The Go/No-Go neuropsychological task activates the ACC, 

and people with OCD have impairments on this task, which is linked to deficits in 

the Fronto-striatal-thalamic-cortical loop incorporating the ACC (Roth et al., 

2007).  Conflict-processing on the Stroop task is also related to activation of the 

ACC (Carter et al., 2000).  

 

fMRI studies show that viewing food images when hungry during an fMRI scan 

activates the ACC in healthy people (Siep et al., 2009g).  BMI in healthy women 

negatively correlates with ACC activation when viewing food images (Killgore 

and Yurgelun-Todd, 2005).  In both cases, there was likely conflict between 

being hungry and looking at images of food. 
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Fig 14: Location of the ACC  

From: 

http://scienceblogs.com/mixingme

mory/ACC.JPG 

 

 

 

 

 

 

 

 

2.3.9 Medial Prefrontal Cortex (mPFC) 

The mPFC is located in BA 12 of the Prefrontal Cortex (PFC) (see Fig. 15), and 

is implicated in complex cognitive evaluation and decision-making as part of a 

complex reward-processing network (Tzschentke, 2000).  It modulates action 

choice by influencing mesolimbic DA function, to maximise executive function for 

efficient coordination between approach behaviour and available rewards, e.g  

when foraging for food, (Phillips et al., 2008).  In the case of Phineas Gage 

(Harlow, 1848), a railway worker suffered injury to his mPFC when a tamping 

iron was forced through his head following a premature explosion.  After the 

incident he was no longer a mild-mannered man, but a belligerent person who 

found it difficult to make decisions and to follow rules.  Based on the Gage case, 

it is thought that the mPFC, via connections to the amygdalae and other limbic 

regions, aids regulation of somatic responses in order to make social judgments.  

Antonio Damasio and colleagues have extensively studied patients with lesions to 

the mPFC and have found that they are impaired on decision-making tasks and 

social cognition (e.g. Bechara et al., 1994).  Based on their collective findings, 

they have developed the ‘Somatic Marker Hypothesis’ (Damasio, 1996) to explain 

how the mPFC aids decision making by processing discrete bodily sensations 

(e.g. heart rate, perspiration, raised blood pressure).  Somatic markers are used 

to guide cognitive labeling in response to changes in the environment and current 
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goals, in order to have a ‘feeling for what happens’, both real or an anticipated 

‘what if’ (Damasio, 1999).  It is likely that neural traffic from subcortical regions 

arrives, via the insular cortex and somatosensory cortex at the mPFC for 

processing that forms an emotional representation of the stimulus (that is 

salience and valence of a stimulus in relation to one’s current goals) and an 

appropriate action outcome.  fMRI studies of healthy people show activation of 

the mPFC in response to high calorie food images (Killgore et al., 2003).  Explicit 

evaluation of food images when reporting hunger, and when viewing high calorie 

food images during fasting increases activation in the mPFC in healthy individuals 

(Siep et al., 2009; Goldstone et al., 2009).  Women with AN and BN have 

increased mPFC activation to food images that persists following recovery (Uher 

et al., 2003; Uher et al., 2004).  Thus, the mPFC is likely activated during both 

positive and negative evaluations of food stimuli. 

 

Fig 15: a) Saggital and b) Ventral axial illustrations of the location of the mPFC 

(labeled in red), with the adjacent OFC (labeled in green) 

 

a) 

b) 

 

 

 

 

 

 

 

 

 

 

 From: http://en.wikipedia.org/wiki/File:Ventromedial_prefrontal_cortex_orb.png
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2.3.10   The Orbito-frontal cortex (OFC) 

 

This bulbous cortical region of the frontal lobe is so-called because it rests 

above the orbits of the eyes, in BAs 10 & 11 (Fig 15).  It is likely that the OFC 

differs from the mPFC in that it is more involved in evaluating the reward value 

of a stimulus, whereas the mPFC is mainly concerned with decision making based 

on goal-directed action). The OFC links hedonic experience (via connections 

with the insular cortex and other limbic regions such as ‘hedonic hotspots’ in the 

NAcc) with the top-down evaluation of the stimulus (Berridge and Kringelbach, 

2008).  The OFC has direct afferent projections from the anterior insular cortex 

(Ongur and Price, 2000), and through this pathway may also regulate planning 

behaviour and impulsivity, based on sensitivity to reward and punishment 

(Bechara et al., 1994).   The OFC has localised neuronal populations that fire to 

discreet categories of appetitive stimuli, neurones that cease to fire when 

satiation is reached, activation known as ‘sensory-specific satiety’ (Rolls, 2004), 

In this way the OFC can alter the perceived reward value of a stimulus based on 

the current state of the body (Rolls, 1996).  In fMRI studies of healthy women, 

BMI negatively correlates with neural activation in the OFC when viewing food 

images (Killgore and Yurgelun-Todd, 2005), but increased activation in the OFC 

is observed when healthy people report that they are hungry (Siep et al., 2009), 

particularly when viewing high calorie foods (Goldstone et al., 2009). 

2.3.11   Dorso-lateral prefrontal cortex (DLPFC) 

The DLPFC in BA 9 & 46 is linked to motor coordination, planning based on 

predetermined goals, and cognitive inhibition of impulsive responses (Asahi et 

al., 2004) (Fig 16).  Working memory activates the DLPFC, that is, during 

temporary storage and management of information in order to carry out a 

complex cognitive task and to filter-out information deemed to be irrelevant to 

the task (Mecklinger et al., 2003).  The main function that unites these actions of 

the DLPFC is ‘attentional selection’ which orients the organisms’ mental 
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resources in order to correctly manipulate motor responses in a self-reverential 

manner (Abe and Hanakawa, 2009).  It is via reciprocal connections with the ACC 

that the DLPFC is able to switch between competing goals, based on error 

signals it receives from the ACC, and to engage greater cognitive control (Kerns 

et al., 2004).  Differential activation between the left and right DLPFC reflects 

adjustments in the type of control exerted in response to conflict.  The left 

DLPFC activates with rapid upregulation in expectation of a conflict rather than 

the conflict itself, whereas the right DLPFC modifies attentional control in 

response to the immediate conflict (Vanderhasselt et al., 2009).    

 

fMRI studies of healthy people reveal that in response to high calorie versus low 

calorie food images there is greater DLPFC activation (laterality not specified) 

(Killgore et al., 2003), however there is an attenuation of the DLPFC response 

when overfed to satiety (laterality not specified) (Cornier et al., 2007).  In 

another study of healthy people, level of dietary restraint positively correlated 

with activation in the left DLPFC when viewing high calorie food images 

(Goldstone et al., 2009).  fMRI studies have reported that women with AN and BN 

have reduced left DLPFC activation when viewing food images, and women with 

BN have reduced left DLPFC activation in comparison to women with AN (Uher 

et al., 2004).   However, following recovery (defined by re-feeding and not by 

therapy-induced cognitive change), women with AN have an increased right 

DLPFC response to food images compared to those who are chronically ill (Uher 

et al., 2003).  Thus, reduced left DLPFC activation in women with ED may reflect 

a lowered expectancy that food images will cause conflict, whereas a re-

engagement of right DLPFC might indicate greater immediate conflict when 

presented with food stimuli. 
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 Fig 16: Location of the DLPFC  

 

 

 

 

 

 

 

 

 

 

          From: http://psychophysiology.blogspot.com

 

2.4 Sub-cortical brain regions 

2.4.1 Cerebellum 

 
The cerebellum is a highly convoluted structure, its name derived from the Latin 

for ‘little brain’ (Fig 17).  The two hemispheres of the cerebellum are joined by 

the pons, and the midline of the cerebellum is known as the vermis.  The 

cerebellum is considered to be a processing region for motor coordination and 

balance but, in a recent review, the cerebellum’s role in feeding behaviour is 

shown to be a prominent feature (Zhu and Wang, 2008).  Studies with animals 

show that lesions to the cerebellum lead to alterations in feeding behaviour, a 

disturbance in nutritional utilisation and to weight loss (Scalera, 1991); (Mahler 

et al., 1993).  However, the neural circuitry and mechanisms by which the 

cerebellum influences feeding behaviour are still largely unknown.  One fMRI 

study shows reduced activation in the cerebellum in women with ED (Uher et al., 
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2004c), whereas in healthy women there is increased activation, to food images 

(Killgore et al., 2003). 

 

 

 

Figure 17: Location of the cerebellum at the posterior section of the brain. 

 

 

 

 

 

 

 

 

 

    Fromhttp://library.thinkquest.org

 

2.4.2 Striatum 

The striatum is part of a large subcortical network known as the basal ganglia 

(Fig 18).  The dorsal striatum is the uppermost section and is comprised of the 

caudate body and putamen, which are connected by the fundus.  The ventral 

striatum is the lowermost section and is known as the Nucleus Accumbens 

(NAcc). The dorsal striatum is implicated in impulse-driven habitual behaviour 

(e.g. compulsive drug taking) (Everitt and Robbins, 2005). A recent review has 

reported that the caudate body is involved in consolidation of stimulus-response 

learning, or Pavlovian conditioning, and working memory, whereas the putamen 

is involved in sensory-motor responses (Grahn et al., 2008).  The NAcc is 

implicated in instrumental and reward-based learning: the NAcc core is thought 
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to be involved in ‘liking’, the NAcc shell contributes to the experience of 

‘wanting’ or ‘incentive salience’ and a recent review has highlighted the role of 

the NAcc in feeding behaviour (Berridge, 2009). fMRI studies show that in 

healthy people, the bilateral striatum is activated to photographs of fattening 

foods (Schur et al., 2009), especially when fasted (Goldstone et al., 2009) and to 

those high in reward drive (Beaver et al., 2006), and the dorsal striatum to the 

evaluation of food images when hungry (Siep et al., 2009).  In women recovered 

from RAN, a reduced dorsal striatum response is observed in response to taste 

stimuli (Wagner et al., 2008). 

Fig 18: Location of: a) the dorsal striatum (caudate and putamen) and b) ventral 

striatum (NAcc) From: http://www.nida.nih.gov and http://brainmind.com  
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2.4.3 The insular cortex 

The insular cortex, at BA 13, takes its Latin name from the folded gyrus 

structure resembling an ‘island’ located deep under the cortical surface of the 

operculum, between the temporal and parietal lobes in the lateral (Sylvanian) 

fissure (Fig 19).  It constitutes the larger anterior and smaller posterior regions, 

and these regions are functionally distinct with dense connections to many 

regions of the cortex and sub-cortex, acting as a bridge between subcortical and 

cortical structures for somatosensory processing (Shelley and Trimble, 2004).  

There are afferent cortical projections to the insular cortex from frontal, 
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temporal and parietal lobes, and subcortical afferent projections from the 

amygdalae, hippocampus, thalamus, and hypothalamus and nucleus accumbens in 

the ventral striatum.  Efferent projections from the insular cortex reach the 

frontal, temporal and parietal cortices, and extensively to limbic areas.  

Specifically, the anterior insular cortex (AIC) receives strong input from the 

ventral medial nucleus of the thalamus and the central nucleus of the amygdalae, 

and projects a strong input to the central nucleus of the amygdalae. The 

posterior insular cortex (PIC) has reciprocal connections with the sensory 

cortex, and receives direct input from thalamic nuclei. 

 

One of the main functions of the insular cortex is interoceptive awareness; i.e. 

awareness of one’s bodily sensations from the internal milieu or viscera, such as 

heart rate, temperature of the body, blood pressure, pain, hunger, air hunger and 

muscle tension (Critchley et al., 2004), and the AIC is specifically involved in 

self-awareness of the ‘feeling’ of the body (Craig, 2009).  The insular cortex is 

also thought to be involved in the experience of anxiety (Paulus and Stein M, 

2006)   It achieves this function by orchestrating signals from the internal milieu 

or viscera with external cues, for adaption and to maintain homeostasis, and can 

be viewed as a ‘series of bridges’ (Nunn et al., 2008).  The AIC is involved in 

bodily self-awareness, sense of agency and sense of self, whereas the smaller 

PIC is involved in general sensory processing, such as during the experience of 

pain, hunger, change in temperature and in anxiety (Craig, 2009).  The insular 

cortex is involved in somatosensory processing, i.e. the ability to make decisions 

based on emotional feedback derived from somatic markers in the body ( e.g. the 

Somatic Marker Hypothesis, (Damasio, 1996).   

 

In healthy people, fMRI studies reveal that in response to food images there is an 

increased insula response (Schur et al., 2009; Simmons et al., 2005; Uher et al., 

2006), which also occurs to taste stimuli (Uher et al., 2006).  Activation of the 

AIC is found in fasted healthy women in response to high calorie food images 
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(Goldstone et al., 2009).  One fMRI study of women with AN showed that anxiety 

ratings correlate with increased activation in the insula when viewing images of 

high calorie drinks (Ellison et al., 1998).  In an fMRI study of women with BN, 

increased insula activation was observed in response to food images (Schienle et 

al., 2009).  In an fMRI study of women recovered from RAN, taste stimuli 

correlated with reduced insula activation in comparison to the activation 

observed in healthy controls (Wagner et al., 2008). Some contemporary theories 

of ED propose that a ‘rate-limiting’ defect of the insula is linked to vulnerability 

to develop disordered eating behaviour and poor decision-making abilities, as 

part of a wider fronto-striatal-insular network that may have gone awry (Kaye et 

al., 2009; Nunn et al., 2008; Steinglass & Walsh, 2006).  Historically, it is well-

documented that altered interoceptive awareness is a core symptom in ED 

(Bruch, 1962), thus highlighting a possible central role of insula dysfunction in 

the pathogenisis of ED. 
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2.4.4 Thalamus 

The thalamus is a collection of nuclei in the mesencephalon, or brainstem region 

of the brain, below the cerebrum (Fig 20).  Its main function is to relay sensory 

information to cortical and subcortical regions for further processing, and also to 

receive feedback from these regions during motor output.  The thalamus also 

controls autonomic functions, such as sleep and wakefulness. Photographs of 

fattening food (Schur et al., 2009), high and low calorie food images (Killgore et 

al., 2003)  activate the bilateral thalamus in healthy people, but no fMRI studies 

have shown differential activation in this region in people with ED. 

 

 

 

 

 

 

 

 

 

2.4.5 Hypothalamus 

The hypothalamus is a structure below the thalamus at the base of the brain and 

is comprised of a collection of nuclei with a variety of functions (Fig 21).  The 

hypothalamus is connected to the pituitary gland via the pituitary stalk, or 

infundibulum, and its main function is to control endocrine function via the 

pituitary gland.  The hypothalamic-pituitary-adrenal (HPA) axis is the main 

system that is activated during stress and anxiety.  The hypothalamus is also 

involved in feeding behaviour.  fMRI studies of healthy women using high calorie 

food images (Killgore et al., 2003) and photographs of fattening foods (Schur et 

al., 2009) show increased activation in the hypothalamus.  No fMRI studies of 
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people with ED have shown differential neural activation in the hypothalamus to 

food stimuli. 

Fig 21: Location of the hypothalamus, and hypothalamic nuclei involved in 

feeding behaviour. 

 

 

 

 

 

 

 

 

 

 

 

 

From:http://web.bvu.edu/faculty/ferguson/Course_Material/BioPsych/Images1/Hy

pothalamus.jpg

 

2.4.6 Hippocampi 

The hippocampi (singular: hippocampus) are dual structures in the limbic system, 

or left and right medial temporal lobe of the brain, deriving their name from the 

Greek for ‘seahorse’ to reflect their shape (Fig 22).  The hippocampi are 

involved in the consolidation of long term memory and spatial navigation 

(episodic memory), particularly for the recognition of familiar objects (Squire et 

al., 2007).  Memory associated with this region is largely declarative, that is, it 

can be explicitly recalled rather than subconsciously influencing behaviour, and 

that it likely interacts with parts of the neocortex to refine memories based on 
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updated information (Axmacher et al., 2008).  fMRI studies of healthy people 

show that the parahippocampal gyrus has increased activation when passively 

viewing high calorie food images (Killgore et al., 2003) and when viewing such 

images whilst being hungry (LaBar et al., 2001).  In one fMRI study of women 

with ED, anxiety levels positively correlate with hippocampal activation when 

viewing high calorie images (Ellison et al., 1998). 

 

2.4.7 Amygdalae 

 
The amygdalae (singular: amygdala) are a complex almond-shape collection of 

nuclei found bilaterally at the ends of the hippocampi in the medial temporal lobe 

of the brain (Fig 22).  Damage to the amygdalae leads to a reduction in fear 

sensitivity, particularly fear conditioning based on Pavlovian associations, as 

seen in many anxiety disorders. A recent review of neuroimaging studies shows 

that the amygdalae are generally activated by emotionally-salient stimuli 

(Costafreda et al., 2008).  Others suggest that the amygdalae help to consolidate 

implicit, subconscious emotional memory for fearful stimuli (Ohman et al., 2007; 

Morris et al., 1998). A recent review reports that activation of the amygdalae is 

linked to anxiety-induced regulation of memory (Roozendaal et al., 2009).  

Connections between the amygdalae and prefrontal cortex (PFC) lead to the 

regulation of executive functions such as attention and perception and of emotion 

(Delgado et al., 2008) which may underlie cognitive bias to food stimuli in people 

with ED.  In healthy women, fMRI studies show that high and low calorie food 

images activate the bilateral amygdala (Killgore et al., 2003), and viewing food 

images whilst being hungry and explicitly attending to the images (LaBar et al., 

2001; Siep et al., 2008; Goldstone et al., 2009) whereas another study showed 

activation of the left amygdala only to photographs of fattening foods (Schur et 

al., 2009).  Another fMRI study of healthy people showed a positive correlation 

between measures of reward sensitivity and amygdala activation to images of 

appetising foods (Beaver et al., 2006).  In one study that showed images of high 
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calorie drinks to women with AN, there was increased amygdala activation 

(Ellison et al., 1998). 

 

Figure 22: Location of the bilateral amygdale and the hippocampi. 
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                               From: http://www.brainconnection.com 

 

 

2.5 Brain regions associated with cognitive control versus impulsivity in 

the regulation of feeding 

The regulation of feeding occurs with fluctuating levels of polypeptides and 

monoamines released in the PNS and CNS, which interact and combine into 

distinct CNS systems associated with top-down cognitive control and bottom-up 

impulsive neural processes.  The cognitive control of eating can be defined as 

the self-regulated and deliberate restriction of eating (e.g. when dieting, satiated 

or when delaying the gratification of immediate urges to eat when hungry).  

Impulsive feeding behaviour encompasses automatic nutritional regulation linked 

to homeostasis, hedonic stimulus-response-driven aspects of eating, and instant 

gratification of the urge to eat.  Neural activation of top-down cortical regions in 

a cognitive control network (CCN) (Cole and Schneider, 2007) associated with 

the cognitive control of eating include the ACC and AIC (Pliquett et al., 2006), the 

DLPFC and vmPFC (Hare et al., 2009) and the OFC (Rolls, 2007).  Bottom-up 

neural activation associated with impulsive feeding behaviour is linked to 

subcortical regions such as the dorsal striatum (Palmiter, 2008), ventral striatum 

http://www.brainconnection.com/


(NAcc) (Kelley, 2004), amygdalae (Phillips et al., 2003), the basal ganglia 

network in general (Ono et al., 2000) and the cerebellum (Zhu and Wang, 2008).  

The nature of the interaction between top-down and bottom-up neural circuits in 

feeding behaviour remains elusive. However, the data from this study and what is 

known about the general function of the brain regions activated during top-down 

and bottom-up responses will help to form a neurocircuitry model underpinning 

normal and disordered eating behaviour. 

 

Excessive restriction of food intake and binge-eating in people with ED may be 

associated with differential activation in top-down and bottom-up neural systems 

for appetite control versus impulsivity.  People with broadly similar diagnoses of 

restrictive eating behaviour may have a specific pattern of neural activation that 

is different to those with a broadly similar diagnosis of impulsive eating 

behaviour (e.g. bingeing).  Activation of top-down control regions (e.g. in brain 

regions that evaluate the nutritional state of the body in conjunction with 

personal goals and environmental stimuli to direct action choice: PFC regions) 

may be inextricably linked to the automatic activation of impulsive responses 

(e.g. in brain regions that receive peripheral signals associated with hunger and 

satiety: the hypothalamus, striatum). It is difficult, therefore, to isolate and 

measure bottom-up processes and their impact on cognitive functioning, without 

the influence of deliberate, conscious responding.  Isolating and measuring 

bottom-up processes may help to clarify the nature of the interaction between 

automatic appetitive responses and conscious top-down responses that underpin 

subtypes of ED.  For example, it is not clear a whether a top-down response in 

people with AN is a compensatory measure for a lack of subcortical activation, or 

a suppression of subcortical responses (Chambers et al., 2003; Connan et al., 

2003).  A lack of top-down activation in people who binge (e.g. those with BN 

and BED) may be because subcortical activation impinges on these mechanisms 

(Volkow et al., 2008).  One way to clarify the nature of the interaction is to 

examine how automatic responses might bias top-down cognitive functions (e.g. 
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executive functions such as attention, memory and evaluation).  Another way is 

to use masked stimuli and measure how subliminal information processing 

impacts on cognitive processes.  The following sections summarise these two 

methods. 

 

2.5.1 Cognitive bias studies 

 
Paradigms such as the Stroop and Dot-Probe task, memory tests and distractor 

tasks have been used to examine how the presentation of food stimuli activates 

cognitive biases, both in people with an ED and in people at high risk, e.g. 

restrained eaters (RE).  Some suggest that food stimuli are better able to evoke a 

cognitive bias than other disease-salient stimuli (Faunce, 2002). Cognitive bias 

refers to how emotionally salient stimuli are preferentially processed, for 

example attentional bias refers to how conscious attention mechanisms, e.g. 

hyper vigilance towards or avoidance of the stimuli (MacLeod et al., 1986). Other 

measures of attentional bias use distracter tasks to determine whether disease-

related stimuli can draw attention away from a target stimulus.   

 

Memory and judgement biases are the two other cognitive domains extensively 

studied in ED (Williamson et al., 1999), but neglected in reviews.  Information 

related to an individual’s concerns is thought to be encoded more readily in 

memory and easier to recall, therefore one might predict greater memory for 

food stimuli.  Judgement bias refers to the evaluation of body- and food-related 

stimuli and how perception is altered in relation to a person’s current concerns 

or maladaptive schemata.  All these measures of cognitive bias might be 

influenced by underlying non-conscious processes that impact on regions of the 

brain associated with deliberate, conscious responses.  Attentional biases likely 

utilise PFC regions such as the ACC (for conflict monitoring), the mPFC (for 

evaluation of the self-relevancy of the stimulus), the OFC (to calculate the 

saliency of the stimulus) and the DLPFC (to direct attention based on working 
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memory and previous calculations about the stimulus).  Memory biases likely 

utilise episodic memory circuits between the hippocampus and the PFC.  

Judgement biases likely activate the mPFC and OFC as evaluations are carried 

out in relation to self-relevant concerns.  Therefore, by examining top-down 

responses (e.g. in attention, memory and judgement) to disease-salient stimuli, 

we can elucidate whether specific top-down functions are influenced by 

automatic responses that likely originate in subcortical regions. 

 

2.5.2 Masking studies 

 
A limitation of the cognitive bias studies is that they cannot determine whether 

subcortical processing of disease-salient stimuli is driving the bias, or if a 

cognitive bias reflects a compensation for a diminished subcortical response.  

For example, a biased top-down response to food stimuli could reflect activation 

of a PFC suppression mechanism in anticipation of an undesirable somatic 

response, and not an activation of subcortical regions linked to appetite.  One 

way to examine whether a subcortical response is intact in people with ED is to 

use a backward masking paradigm and present the stimuli subliminally. 

 

Backward masking is a technique that presents a stimulus for a brief period of 

time prior to a mask that interrupts neural processing between the visual cortex 

and conscious perception.  The time between the presentation of the stimulus 

and the mask is known as Stimulus Onset Asyncrony (SOA) – a SOA ≤ 50ms is 

generally not consciously perceived and is therefore subliminal.  For continuity, 

the mask is usually similar to the stimulus (e.g. in shape, colour, size).   Studies 

show that presenting salient subliminal stimuli can influence cognitive processes 

(e.g. Banse, Seise and Zerbes, 2001; Fazio & Olson, 2002; Murphy & Zajonc, 

1993; Gray, 1999; Gray et al., 2001; Hartikainen et al., 2000).  LeDoux (1996) 

reported that a ‘quick and dirty’ neural pathway exists that relays sensory 

information from the thalamus directly to the amygdala and other subcortical 
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regions – without engaging conscious evaluation by the cortex.  In this scenario, 

threatening stimuli (e.g. food images for people with AN) are processed without 

conscious awareness.   

 

There is some evidence that subliminally presented threatening disease-related 

stimuli (e.g. ego-threats and body image cues) are processed by people with ED 

(Meyer & Waller, 1999; Waller & Barnes, 2002) although evidence for an 

unconsciously-derived cognitive bias towards food in AN patients is 

inconclusive. In one study using a Startle Eyeblink Modulation (SEM) task, the 

bias appears to be independent of conscious cognitive control (Friederich et al., 

2006). However, apart from a study examining distractibility in AN, which did not 

find that subliminal food stimuli had an interference effect (Dickson et al., 2008), 

there are no other studies of pre-attentive cognitive bias to food in people with 

AN. Paradigms such as the Implicit Association Task (IAT) or the Affective 

Simon Task (De Houwer J., 2003; Greenwald et al., 1998) also measure 

automatic processes, but instead these paradigms present implicit stimuli on the 

periphery of awareness.  It could be argued that subliminal paradigms are better 

at isolating the effects of bottom-up responses than implicit paradigms, because 

the stimuli of interest are not (as in implicit paradigms) available to be 

consciously perceived, and therefore unlikely to activate top-down evaluative 

systems.  Thus, by presenting subliminal disease-related stimuli in people with 

ED, we may be able to elucidate whether a subcortical response occurs in 

isolation from top-down influences.   

 

Data from cognitive bias studies can highlight which top-down processes are 

involved in automatic responses to food images (and thus put forward candidate 

PFC regions).  Data from studies using subliminal paradigms can determine 

whether processing associated with subcortical regions is intact in people with 

ED.  It might be that interplay between regional activation in the PFC and 

subcortical activation reflects the subtype of ED, based on a spectrum between 
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restriction (top-down activation) versus impulsivity (bottom-up activation).  The 

following section summarises what is currently known about cortical and 

subcortical activation to food stimuli in healthy people and those with ED. 

 

 

2.6 Neuroimaging studies of appetitive systems and of ED 

 
Ten fMRI studies in healthy women (Killgore and Yurgelun-Todd, 2005; Killgore 

et al., 2003; Schur et al., 2009; Simmons et al., 2005; Uher et al., 2006; LaBar et 

al., 2001; Siep et al., 2009; Beaver et al., 2006; Cornier et al., 2007; Goldstone et 

al., 2009) and six studies in people with ED have examined neural activation to 

food-related stimuli (Ellison et al., 1998; Uher et al., 2003; Uher et al., 2004; 

Schienle et al., 2009; Wagner et al., 2008; Santel et al., 2006).  In the studies of 

those with ED, the number of participants in each experimental group range from 

nine to nineteen, and all were women.  The studies of those with ED used 

paradigms that involve a) passive viewing of food images in the resting state 

(Ellison et al., 1998; Uher et al., 2003; Uher et al., 2004; Schienle et al., 2008), b) 

ingestion of taste stimuli (e.g. liquid food, sugar solutions)(Wagner et al., 2008), 

and c) cognitive evaluation of stimuli (Santel et al., 2006).  Some studies have 

examined those with AN without distinguishing between the subtypes of AN 

(Santel et al., 2006; Uher et al., 2004; Ellison et al., 1998), those only diagnosed 

with RAN (Uher et al., 2003; Wagner et al., 2008), and those only diagnosed with 

BN (Schienle et al., 2008).   No fMRI studies have examined people with BPAN 

as a separate group.  One study compared brain activation in people with AN and 

BN (Uher et al., 2004).  Most have examined people currently ill, but some have 

examined those who have recovered from AN and BN (Uher et al., 2003; Frank 

et al., 2007; Wagner et al., 2007; Wagner et al., 2008).  However, no studies 

have used fMRI to examine differences in brain activation to food images 

between those currently ill with RAN, BPAN and BN.  The present study has 
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compared people with RAN, BPAN and BN, while cognitively engaging the 

participants in the food images.   

 

Paradigms involving passive viewing of food stimuli in people with ED show 

reduced activation in visual and somatosensory regions (e.g. the inferior parietal 

cortex) and cerebellum but increased activation in regions associated with 

obsessive-compulsivity (e.g. the mPFC) (Uher et al., 2004; Uher et al., 2003).  

Activation of regions associated with obsessive-compulsivity remain in 

recovered patients, thus it is likely a trait in people with AN and BN (Uher et al., 

2003).  A reduced left lateral PFC response in those currently ill, but an 

increased response in the right lateral PFC to food images is found in those 

recovered from AN is observed (Uher et al., 2003; Uher et al., 2004).  However, 

rather than activation of this region being associated with a ‘good outcome’ it 

may reflect re-engagement of cognitive inhibition in response to a re-ignited 

appetitive system. One study of women with AN using food stimuli shows that 

cognitive engagement activates somatosensory regions when hungry, but top-

down attentional systems when satiated (Santel et al., 2006). A study using taste 

stimuli in women recovered from RAN shows reduced activation in regions 

associated with interoceptive awareness and impulsivity linked to reward 

(Wagner et al., 2008), whereas in women with BN, one study shows passive 

viewing of food stimuli activates regions associated with increased sensitivity to 

reward and greater interoceptive awareness (Schienle et al., 2008).  These 

findings are discussed in more detail below. 

 

Collectively, these fMRI studies suggest that in people with ED there are deficits 

in fronto-striatal-insular neural circuitry that may underpin deficits in reward, 

interoceptive awareness and excessive cognitive inhibition (Steinglass & Walsh, 

2006; Kaye et al., 2009).  They suggest that there is greater activation of top-

down cognitive inhibition but reduced appetitive and interoceptive processing in 

those with AN, but greater interoceptive and appetitive activation, with a lack of 
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an excessive top-down response in people with BN.  The following section 

reviews the normal function of subcortical and cortical regions in response to 

food stimuli, and also current data relating to those with ED. 

 

2.6.1 Neural activation to food stimuli in healthy people 

2.6.1.1 Subcortical activation 

Subcortical brain regions associated with reward and emotion are involved in the 

normal homeostatic response to hunger and satiety (Adan et al., 2008) thus one 

might predict similar regions to be activated in association with food cues, as a 

‘reenactment’, or conditioned reinforcement of a gustatory response to food 

(Simmons et al., 2005).   One study examined brain activation and the 

motivational aspects of viewing high and low calorie food images in healthy 

women (Killgore et al., 2003):  all food images activated the bilateral amygdalae, 

whereas high calorie foods activated the thalamus, hypothalamus, 

parahippocampal gyrus and cerebellum.  A similar study (Schur et al., 2009), 

examined the neural responses in healthy women to photographs of fattening and 

non-fattening foods (rated by a separate group of volunteers as fattening).  

Foods deemed ‘fattening’ activated the subcortical regions: brainstem, bilateral 

thalamus, hypothalamus, left amygdala, right insular cortex and bilateral striatum 

(including the nucleus accumbens, caudate nucleus and putamen).  Other studies 

show an expected gustatory response in the brain to all categories of food 

images, for example, in the insular cortex (Simmons et al., 2005), which is also 

more apparent in healthy, but fasting women compared to men (Uher et al., 

2006).  These studies show that brain regions associated with homeostatic (e.g. 

the hypothalamus, thalamus, brainstem and cerebellum) and hedonic responses 

(e.g. the amygdalae, insula, striatum) to food are normally activated in response 

to food stimuli. 

 



Other fMRI studies have examined how motivation to eat (e.g. during hunger and 

satiety) alters subcortical brain activation to food cues.  For example, one study 

has shown that hunger selectively modulates neural activation in a network 

comprising the amygdala, parahippocampal and fusiform gyri (LaBar et al., 2001), 

and conclude that these regions integrate the subjective sensory experience of 

food cues processed via the ventral visual stream.  Another study has shown that 

hunger specifically modulates subcortical activation in response to high over 

low-calorie foods in the ventral striatum, amygdala and AIC (Goldstone et al., 

2009).   Attention modulates the healthy response to food images in a hungry and 

satiated state (Siep et al., 2009): in a hungry state, food images activated the 

insular cortex and dorsal striatum in healthy females, but amygdala activation 

was only observed when explicit evaluation of the food occurred, suggesting that 

there is some “top-down” modulatory effect.   

 

Individual differences in reward drive are reported to modulate neural activation 

to food images in a healthy population, in a frontal-striatal-amygdala-midbrain 

network (Beaver et al., 2006).  Specifically, healthy individuals who have a high 

score on reward sensitivity measures are more likely to experience craving and 

limited control over food consumption and this is linked to increased activation in 

subcortical regions such as the striatum, with reduced activation in top-down 

cortical regions.  It is possible that trait differences in reward sensitivity that are 

largely represented by activation of subcortical regions may interact with top-

down cortical attention systems to influence behaviour in response to food cues.  

 

2.6.1.2 Cortical activation 

Cortical regions involved in evaluating the saliency and self-relevance of stimuli 

(perhaps in relation to homeostasis), as well as cognitive control of behaviour are 

activated in healthy people in response to food images.  (Killgore et al., 2003) 

found that the DLPFC and mPFC were activated when healthy people viewed 
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images of high calorie foods in comparison to low calorie foods, which is perhaps 

indicative that high calorie foods were highly salient and directed attentional 

resources.  Hunger and satiety modulate the cortical response to food, for 

example the OFC and ACC are activated in response to food images in healthy 

people who are hungry, and the mPFC was particularly activated when explicitly 

evaluating the foods (Siep et al., 2009).  Viewing high calorie foods when hungry 

activates the mPFC and OFC, regions that also positively correlate with appeal 

bias for high versus low calorie foods. The left DLPFC positively correlates with 

dietary restraint (Goldstone et al., 2009), perhaps in anticipation of a conflict 

between hunger signals and current goals. Similarly, another study showed 

attenuation of the DLPFC response to food stimuli when healthy individuals had 

been overfed and reported when they had reached satiety (Cornier et al., 2007), 

perhaps highlighting a reduced attentional bias related to conflict.  Another study 

showed that the BMI of healthy women negatively correlates with activation in 

both the OFC and ACC (Killgore and Yurgelun-Todd, 2005).  This provides a link 

between increased levels of food consumption and reduced activation in regions 

related to evaluating and modifying learned stimulus-response reactions to 

appetitive stimuli.  Collectively, these fMRI data show a top-down response in 

the mPFC and OFC to food stimuli that is salient, for example because for 

healthy people it is desirable, but an increased DLPFC response when food is not 

desirable (e.g. anticipating a conflict when satiated or engaging in dietary 

restraint). 

 

There is activation of cortical networks associated with visual processing in 

response to food stimuli in healthy people, which may indicate a recruitment of 

attention systems.  For example, in response to pictures of high calorie foods 

(Cornier et al., 2007) found that in a balanced nutritional state, healthy people 

show activation of regions associated with attention and visual processing: they 

include the inferior temporal gyrus, posterior parietal cortex and premotor 

cortex.  In their study, overfeeding led to an attenuation of activation in these 
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regions.   Other studies have found increased activation in visual processing 

cortical regions in response to food images compared to non-food images 

(Killgore et al., 2003; Killgore and Yurgelun-Todd, 2007; Simmons et al., 2005). 

 

 

2.6.2 Neural activation to food stimuli in people with ED 

 

2.6.2.1 Subcortical activation 

 

There are few studies showing differences in subcortical activation to food 

stimuli between people with ED and healthy controls (HC).  This may not be 

because there are no subcortical functional differences, but because current 

paradigms do not effectively evoke the subcortical pathological states of ED in 

response to food stimuli.  For example, most fMRI studies ask participants to 

passively view the images without any further engagement of attentional 

resources.  Engaging attention seems more likely to activate maladaptive 

schemata associated with the disorder, whereas by not engaging attention, the 

stimuli may be more easily avoided.  In these studies, activation of top-down 

responses may also alter the default subcortical response that may be 

pathological in people with ED. 

 

In an early fMRI study by our group, images of high calorie drinks were shown to 

women with AN and to HC women, who rated how anxious they felt (Ellison et 

al., 1998).  Anxiety in response to viewing the high calorie images correlated 

with increased neural activation in the left amygdala/hippocampal region, the left 

insular cortex and the ACC.  This activation may reflect conditioned fear, and 

automatic arousal and attention responses.  Subsequent fMRI data by our group 

detected most differences in cortical regions between women with ED and HC 

when viewing food images, whereas in subcortical regions, people with ED had 



reduced bilateral cerebellar activation (Uher et al., 2004).  The cerebellum is 

linked to basic appetitive responses (Zhu and Wang, 2008), as one might predict 

reduced activation is found in those with ED.  In another fMRI study, women with 

BN showed a greater insula response to food images in comparison to people 

with BED and controls (Schienle et al., 2009).  A greater insula response in 

women with BN could be indicative of a ‘rate-limiting’ defect (Nunn et al., 2008), 

that is, a failure of the insula to orchestrate excessive subcortical activation 

associated with impulsive bingeing, and top-down cognitive control mechanisms. 

 

Other fMRI studies have examined neural differences between people who have 

recovered from ED when processing food stimuli.  Examining this group allows 

the confounding effects of malnutrition to be avoided.  One Region of Interest 

(ROI) fMRI study gave sucrose and water solutions to women who recovered 

from RAN (Wagner et al., 2008):  they found reduced activation in the insula and 

dorsal striatum following ingestion of both solutions in the women who 

previously had RAN compared to HC women.  In addition, pleasantness ratings 

positively correlated with insula activation in the HC women, but not in the 

recovered RAN women.  This was the first fMRI study to suggest that 

dysfunction in insular-striatal neural circuitry underpins disordered eating 

behaviour in people with AN.  However, these studies are unable to separate 

top-down modulation of subcortical activation, and so underlying subcortical 

responses in ED are not clearly elucidated.  For example, it is not clear whether 

an excessive top-down response suppressed subcortical activation (Chambers et 

al., 2003), or if it is engaged to compensate for a lack of subcortical activation 

(Connan et al., 2003). 

 

In the few fMRI studies that have detected subcortical differences in activation in 

response to food stimuli, differences are seen in the bilateral cerebellum, 

amygdala, hippocampus and insular-striatal network in women with ED.  This is 
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consistent with dysfunctional emotional processing, interoceptive awareness and 

reward processing in response to food stimuli observed in people with ED. 

2.6.2.2 Cortical activation 

 
Differences in cortical activation to food stimuli are more consistently shown in 

fMRI studies of people with ED than subcortical differences.  This may indicate 

that the major dysfunction underpinning ED is associated with aberrant top-down 

responses.  However, it could also be a feature of study design, in that most 

studies require subjects to evaluate a stimulus, either implicitly (e.g. passive 

viewing also requires some evaluation) or explicitly (e.g. being instructed by the 

experimenter to evaluate the stimulus), which may influence subcortical 

responses.  Specifically, differences in PFC activation are mostly observed.  In 

an fMRI study by our group, reduced left DLPFC activation was found when 

viewing food images, in all women with ED compared to HC and in women with 

BN compared to HC, and reduced right DLPFC activation was observed in women 

with BN compared to AN (Uher et al., 2004).  In women recovered from AN 

compared to those chronically ill with AN, an increased right DLPFC response to 

food stimuli was found (Uher et al., 2003).  However, rather than being 

associated with ‘good outcome’, re-activation of the right DLPFC may reflect re-

engagement of top-down suppression associated with the conflict between a re-

ignited appetite caused by re-feeding and the unabating pursuit of thinness.  

There is increased mPFC activation in people with AN and BN compared to HC in 

response to food stimuli (Uher et al., 2004), relating to obsessive-compulsive 

symptoms.  Similarly, people with BED show increased activation of the medial 

OFC in response to food images, whereas people with BN show increased 

activation in response to food stimuli in the ACC (Schienle et al., 2009).   

 

Another study examined the motivational aspects of attending to food stimuli in 

people with AN, by comparing neural activation in hungry and satiated states 

(Santel et al., 2006).  They found that when processing visual food stimuli in a 
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satiated state, there was reduced somatosensory cortex activation in women with 

AN, but greater activation of attentional regions, such as the ACC, OFC and 

temporal gyrus when they were hungry.  Other studies have also shown 

differential neural activation in the visual cortex between people with ED and 

controls when viewing food images.  When hungry, women with AN have reduced 

visual cortex activation, but greater visual cortex activation when satiated 

(Santel et al., 2006).  In another fMRI study, women currently ill with AN in 

comparison to controls have reduced visual cortex activation, but women with 

BN have increased visual cortex activation to food images (Uher et al., 2004).  

Reduced visual cortex activation to food images persists in women who have 

recovered from AN (Uher et al., 2003).   

 

2.6.3 Overview 

 

Differential neural activation in cortical responses, particularly in PFC regions 

associated with top-down cognitive control and evaluation, such as in the OFC, 

mPFC, left and right DLPFC and ACC in response to food images is observed in 

people with ED compared to healthy controls.  Activation in these regions may 

show that food stimuli are highly salient, that they activate obsessive-compulsive 

cognitions, and direct attention for suppression of anticipated or actual conflict 

(e.g. between hunger and the desire to be thin).  Furthermore, reduced visual 

cortex activation is observed in most studies, except when patients are satiated, 

in which case there is greater visual activation.  This is consistent with the view 

that dysfunction in dorsal neural circuitry, for example, excessive top-down 

regulation of appetitive responses  contribute to the pathological cognitions and 

attention mechanisms prevalent in ED.  Excessive top-down visual activation in 

response to food images may be a reflection of greater cognitive engagement 

with the images, associated with an obsessive-compulsive trait in people with 

ED.  However, excessive top-down activation may make it difficult to elucidate 
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bottom-up processing in subcortical regions such as the amygdalae, striatum and 

hippocampus, in people with ED. 

 

2.7 Rationale for the current studies 

FMRI studies by our group have shown that there are potential biomarkers in 

differential neural activation between women with ED and healthy controls when 

viewing food images, e.g. increased mPFC, ACC and decreased somatosensory 

activation.  They found differences between women with AN and BN: women 

with BN had less activation of lateral PFC regions (e.g. the left lateral and apical 

PFC).   Also, these studies found a re-engagement of the right lateral PFC on 

recovery from an ED.  To progress these findings, I sought to examine whether a 

top-down cortical or bottom-up subcortical neural response to food images can 

predict the subtype of ED.  It is difficult to isolate bottom-up subcortical 

responses from top-down modulatory effects when explicitly presenting food 

images.  Therefore, I used a parallel neuropsychological study to present food 

images subliminally.  This was to examine whether there is differential activation 

in bottom-up processes, independent of top-down modulation, in those with ED 

when responding to food images.  I also examined whether a specific region of 

the PFC interacts with subcortical activation in people with ED.  The 

neuropsychological study was a pilot study and was therefore not incorporated 

into an fMRI study.  It is not known whether bottom-up processing remains intact 

in people with ED without top-down modulation.   

 

This fMRI study differs from previous fMRI studies by our group (Uher et al., 

2003, 2004).  In the first (although published later) study (Uher et al., 2004), 

women with AN and BN (and healthy women) were asked at the beginning of the 

experiment only (and not throughout the experiment), to “think about how hungry 

the images make you feel”.  They were shown 30-second blocks of 10 food 

images (interspersed with non-food images); each image was shown for 2.5 



seconds followed by a 0.5 second blank screen; this procedure was repeated 5 

times for each stimulus type.  The participants in these studies were scanned 3 

hours after eating, between 4pm and 7pm, mid-range between post-prandial 

satiety and hunger.  The second fMRI study (Uher et al., 2003) compared neural 

activation to food images between women chronically ill with AN and those who 

had recovered.  The paradigm was the same except that participants were asked 

to think about “how hungry the images make you feel”,  and “whether you would 

like to eat it”, again at the beginning of the experiment only.   

 

This fMRI study differs in that a) I compared women with RAN, BPAN, BN and 

healthy women; b) I asked them to imagine eating the food at the beginning of 

every food block, and how anxious they felt at the end of each block, c) I 

presented the images over a longer duration: 36-second blocks of 12 images for 

3 seconds without a blank screen, repeating 6 times for each block and d) the 

participants in my study took part approximately 1.5 hours after lunch between 

1.30pm and 4pm.  These differences mean that a) I can examine differential 

activation between the subtypes of ED; b) I can continuously evoke cognitive 

engagement with the images during the experiment and measure state anxiety, 

which may engage top-down neural processes to a greater extent than in the 

previous experiments; c) I can maximise the signal with longer block 

presentations to ensure cognitive engagement with the images and d) I can scan 

participants in the period between post-prandial satiety and hunger, but not at a 

time when most people associate with eating an evening meal, which may bias 

responses to food images regardless of disease state.  
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METHODS 

3 Methods and materials: aims 

The aim of this study is to explicitly test whether subtypes of ED, namely RAN, 

BPAN and BN have differential neural activation in top-down cortical regions 

associated with cognitive control versus bottom-up regions associated with 

appetitive responses.  The fMRI experiment was designed to explicitly engage 

top-down responses to food images, whereas the neuropsychological study 

sought to engage bottom-up responses without the influence of top-down 

modulatory effects.  Isolating top-down and bottom-up activation in response to 

food images in this way might uncover differences in the subtypes of ED, that are 

specific to learned responses (top-down) versus temperamental responses 

(bottom-up).  For example, I posit that people with restricting subtypes of ED 

have excessive top-down cortical activation (e.g. in the DLPFC, mPFC, OFC, 

ACC).  Conversely, binge-purge subtypes (e.g. BPAN, BN) will have greater 

bottom-up subcortical activation associated with appetititive response (e.g. 

striatum, amygdalae) in comparison to RAN.  Excessive top-down cortical and 

bottom-up subcortical activation in restricting and bingeing subtypes 

respectively will both cause differential processing in the insular cortex in 

comparison to healthy people associated with dysfunctional interoceptive 

awareness in those with all types of ED.  
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3.1 Rationale for fMRI methods used 

 

Interplay between top-down cortical and bottom-up subcortical responses to 

food stimuli may underpin maladaptive cognitions in people with ED.  Specifically, 

neural circuitry underlying top-down restriction of appetite may be found in 

those with a broadly similar diagnosis of restrictive eating.  Conversely, those 

with a broadly similar diagnosis of bingeing behaviour may have reduced top-

down restriction combined with activation in subcortical regions associated with 

impulsivity.  In this study I have examined whether there is differential cortical 

and subcortical neural activation between the subtypes of ED in response to food 

stimuli.  I used a strategy to cognitively engage the participants during the fMRI 

study.  However, I also undertook a neuropsychological study (a pilot for a 

potential fMRI study) to isolate subcortical responses from cortical processing.  

 

I used functional Magnetic Resonance Imaging (fMRI) to examine the neural 

correlates underlying cognitive processing of disease-salient stimuli (e.g. images 

of food on plates).  I ensured that there was cognitive processing of the images 

by asking the participants to imagine eating the food shown.  I also investigated 

how the neural correlates link to feelings of anxiety, by asking participants at 

regular intervals (every 44 seconds) during the scan to report how anxious they 

felt.   

 

I used a subliminal paradigm to present food images during two cognitive tasks 

that utilise different regions of the PFC (the DLPFC and ACC).  Engaging these 

regions of the PFC would mean that processing resources were limited to the 

cognitive tasks, and that ‘competitive interference’ would ensue if other forms of 

processing placed demands on the PFC.  I did this to isolate subcortical effects 

on top-down systems, and to examine whether unconsciously-processed food 
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stimuli caused interference in the functioning of a specific region of the PFC (e.g. 

the DLPFC versus ACC).  The next sections describe the fMRI methodology and 

then the neuropsychological methodology that involved the use of subliminal 

images. 

3.1.1 Principles of MRI and fMRI 

 
Functional Magnetic Resonance Imaging (fMRI) is a useful non-invasive brain 

imaging technique that defines neuronal activation with high spatial and temporal 

resolution, usually during experimental manipulation.  fMRI was chosen for this 

study over other imaging methods, because it is non-invasive, differences in 

brain function are easy to visualize and statistical analysis uses validated and 

robust models (see below for details of the statistical analysis).     Models are 

used in fMRI to determine the Blood Oxygenation Level Dependent (BOLD) signal 

derived from the amount of deoxygenated haemoglobin surrounding a local 

neuronal population, with spatial resolution in the order of approximately 5 cubic 

millimeters.  It uses the spatial resolution from structural MRI and maps the 

BOLD response on to the MRI image.  Temporal resolution is determined by the 

intensity of haemodynamic response in a given region, the strength of the 

magnetic field and the alignment of the scanner to detect it.   However, BOLD is 

an indirect measure of neuronal activation because the ratio between oxygenated 

and deoxygenated haemoglobin may represent other activation in the brain.  For 

example, BOLD could reflect the amount of blood in vessels supplying glial cells, 

the size of the local vasculature and the speed of oxygen consumption.  Also, the 

observed effects are related to the contrasts chosen by the experimenter, and do 

not represent general brain activation.  Thus, caution must be taken when 

interpreting the output of an fMRI experiment.  Nevertheless, due to its non-

invasive nature and systematic methodology, fMRI is a popular technique in 

neuroscience for measuring changes in brain activation in clinical populations. 
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3.1.1.1 Physics of MRI, fMRI and the BOLD response 

 

3.1.1.2 The nuclear moment 

 
A fundamental physical property of protons and neutrons is that they spin on a 

virtual axis that is most often slightly off-centre with the top having an ‘angular 

momentum’ known as ‘spin’. The movement of the spinning nucleus is known as 

‘precessing’. Figure 23 illustrates a spinning nucleus with angular momentum.   

 

Figure 23: An illustration of a ‘spinning top’ rotating nucleus with angular 

frequency ׂש radians per second.  The ‘angular momentum’ (B) pointing along the 

axis at the top is zero, but in most usual cases, B is non-zero, or angular, as 

shown in this figure by the spinning nucleus (angular momentum represented by 

the circle trajectory of the spin). 

 

 ׂש

 

 

 

 

 

 

 

 

The spin of these nuclear protons and the net angular momentum is determined 

by the surrounding protons and neutrons in the nucleus.  Proton spin is also 

determined by unpaired electrons that create a paramagnetic effect on proton 

relaxation time, effectively shortening the time the proton spin returns to 

baseline.  In addition, the nucleus of an atom is positively charged, and this 
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causes a non-zero nuclear magnetic moment if the angular momentum is non-

zero (as in the figure above).  In MRI, it is the net nuclear moment, or ‘net spin’ 

of a collection of atoms that is measured.  Some atoms do not have a net spin, 

and therefore do not emit a signal for MRI. Any atom with an even mass number 

and even charge number (thus, no unpaired electrons) does not emit a spin, for 

example oxygen-16.  However, hydrogen-1 (with an odd mass and charge 

number, and an unpaired electron) has the strongest angular momentum, or spin, 

and is thus commonly used in MRI.  It is the spin of each hydrogen atom 

measured in the brain that causes a small magnetic field, referred to a ‘magnetic 

moment’.  The movement of this magnetic moment is known as ‘resonance’.  

Under normal circumstances these moments do not have fixed orientation and so 

produce no magnetic field.   

3.1.1.3 Spin excitation 

 
When placed in a magnetic field, the energy levels for an atom such as 

hydrogen-1 with a spin quantum number of I = ½ splits into (21 +1) discrete 

energy levels. The two extreme energy levels can be seen as possible relative 

orientations in the externally-applied magnetic field.  In the lowest energy state, 

the magnetic moment is aligned parallel to the externally applied magnetic field.  

In the highest energy state, the magnetic moment is aligned anti-parallel to the 

externally applied magnetic field.  Without thermal agitation, all protons would 

align with the magnetic field and be in the absolute minimum energy state.  

However, in physiological systems, there is always thermal agitation, which 

dictates the energy difference between the parallel and anti-parallel energy 

states.  As a result there is only a small imbalance in energy states; thus for 

example, in a 1.5 Tesla scanner (as used in this study) under normal 

physiological temperatures, only approximately 10 spins in every 1,000, 000 

constitute the net magnetic moment, the remainder does not register.   However, 

there is a sufficient number of spins per sample to detect an imbalance in energy 

states that constitute the MR signal. 
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Calculating the difference between parallel and anti-parallel states is done by an 

equation that allows the net magnetic field strength to be related to the expected 

resonance of the proton spin frequency. When an extra radiofrequency magnetic 

field is applied to the sample, energy is transferred between the two opposing 

energy states (parallel versus anti-parallel), and this causes interference to the 

overall net magnetisation.  This is what creates an MR signal and the Larmor 

equation as shown below calculates the difference between parallel and anti-

parallel hydrogen-1 states: 

 

Ʋ= ƴƁo 

 

where Ʋ represents the frequency in MHz (=2/ׂשπ), ƴ is the gyromagnetic ratio in 

MHz/Tesla for the spin, and Ɓo is the magnetic field strength in Tesla.  This 

equation provides important information in MRI, as it also relates the frequency 

of the signal output to the static magnetic field strength.  Therefore, a hydrogen-

1 atom in a 1.5 Tesla scanner will resonate at approximately 64 MHz: this is 

known as the ‘radio frequency’ (RF) range. In essence the MRI signal is derived 

when the nuclear magnetic moment is perturbed away from the z axis into the 

transverse plane using a brief RF pulse (Ɓ₁); this signal is observed when it is 

received by the receiver coil.  Figure 24 provides a pictorial summary of the 

sequence of events during the scanning of hydrogen atoms in MRI (after (Jezzard 

et al., 2001). 
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3.1.1.4 Free induction decay (FID) 

The resonance signal derived from perturbing the net nuclear magnetization is 

best represented as a classical transverse vector across the x,y plane (see 

above).  However, the strength of the signal detected from the transverse vector 

is determined by the length of the Ɓ₁ pulse used to perturb the net nuclear 

magnetisation.  For a pulse with short duration, the net nuclear magnetization 

vector is tipped off the z axis only by a small degree, thus emitting a small 

signal.  However, for a pulse with a longer duration the vector is tipped further 

off the z axis and a larger signal is detected.  When the pulse length tips the net 

magnetization 180 ° no signal is detected because the vector does not transverse 

the x,y plane.  The length of pulse is determined by the type of experimental 

design, as it is not always possible to use a longer pulse to induce a stronger 

signal (e.g. due to experimental design constraints).  During FID a delay is 

inserted to allow the equilibrium z distribution to be re-established, and this 

delay is referred to as ‘scan repeat time’ or ‘TR’.  In this study, the TR was 4 

seconds, which means that there was a delay of 4 seconds before the 

commencement of the next RF pulse.  Frequency analysis or spatial encoding of 

the Hydrogen-1 atom during FID is calculated using a Fourier transform equation 

(see below) to derive the fMRI.  For a Hydrogen-1 atom it is a single resonant 

line that is used for most MRI experiments.    

3.1.1.5 Spin echo 

Following the principles of FID, if a 180 ° refocusing RF pulse (an ‘echo’) is 

applied to the original RF pulse sequence (i.e. following a 90 ° pulse) the spins 

rotate by 180 ° about the axis of the Ɓ₁ field.  The magnetisation vector effect 

during the extra refocusing pulse at time t = 0 is to rotate the z-magnetisation to 

the transverse plane.  After the 90 ° pulse the vector has a phase angle relative 

to the x-axis because of its precessing in the transverse plane.  In essence, the 
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spin echo caused by the application of the extra refocusing pulse strengthens the 

initial signal, and improves flaws in the uniformity of the static magnetization 

from the scanner magnet.  Most scanning magnets do not have total homogenous 

magnetic fields, and this is further affected by the lack of uniformity in the 

composition of the sample.  Thus, as a result of these differences a single 

Larmor equation cannot account for the signal strength (i.e. the difference 

between parallel and anti-parallel states in order to calculate the net 

magnetisation of the sample).  Differences in the magnetisation vectors across 

the sample will result in a net loss of signal, but the application of a subsequent 

180 ° pulse at T = τ causes the signal to be refocused. This refocusing time is 

known as the ‘echo time’ or TE.  In this study, the TE was 4 milliseconds with an 

in-plane resolution of 3.75mm x 3.75mm, and the flip angle was 90° (that is, the 

angle at which the z-magnetisation vector transverses the x,y plane). 

 

3.1.1.6 Echo planar imaging (EPI) 

EPI is an MRI acquisition technique first described by Peter Mansfield in 1977 

(for a review see DeLaPaz, 1997).  During this technique, MRIs are acquired 

rapidly from a single FID in 100ms or less.  EPI refers to the type (e.g. time point 

and duration during the experiment) of RF pulse applied (as described above).  

An MRI is acquired because the RF pulse perturbs the net magnetisation along 

the Z axis, so that it briefly creates a vector transversing the x,y plane (in this 

study, at 90°)  – it is the spin-spin T2* relaxation time that creates a fMRI signal. 

The repetition time (TR), that is, the length of time it takes for one whole brain 

image to be acquired, is determined by the pulse sequence in EPI.  In order to 

fully understand EPI, gradient spatial encoding, k-space and Fourier 

Transformation (FT) must also be described. 
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3.1.1.6.1    Gradient spatial encoding 

The gradient at which the protons in the brain spin (after their precessing has 

been perturbed by the RF pulse) determines the spatial information acquired in 

MRI.   The spin gradient is referred to as ‘spatial phase change’ or ‘phase warp’. 

Gradients with a low amplitude (e.g. if the phase change along a gradient is only 

180°) create a MR signal that discriminates only between widely spaced points 

and large structures.  Whereas, gradients with a high amplitude (e.g. if the phase 

change is 360°) create a MR signal that discriminates between closely spaced, 

small structures (see Fig. 25).  It is not only the amplitude (e.g. the gradient of a 

proton’s phase change) but the duration of the applied gradient that influences 

the spatial encoding of MR signal.  Short durations, like low amplitude gradients 

can only detect contrasts between widely spaced points and large structures, 

whereas long durations, like high amplitude gradients, can detect closely spaced, 

smaller structure contrasts.  It is both gradient amplitude and duration that 

determines spatial frequency encoding of protons that constitute the MRI.  See 

Fig 25 for a schematic diagram of these processes. 
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Figure 25.  Phase warp for a single proton at two different gradients  
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The spatial location of the spinning proton is given at timepoints A-E along a time series (phase warp).  

The spatial frequency is given at each time point, and determines the amplitude of the gradient.  

Increases in gradient and amplitude increase the spatial frequency.  (After DeLaPaz, 1994). 

 

3.1.1.6.2   K-Space 

K-space is a mapping system based on coordinates to determine the spatial 

frequency information, before the spatial frequencies are Fourier transformed for 

image acquisition (see below). K-space is not simply a grid overlaying a MRI of 

the brain, but a catergorisation process that defines spatial frequency 

information.  Low spatial frequencies (e.g. large brain structures that are widely 

spaced) are encoded in the centre of k-space, whereas high spatial frequencies 

(e.g. small brain structures that are close together) are encoded in the periphery 

of k-space.   Large brain regions (e.g. the visual cortex) are likely to be mapped 

in the centre of k-space, whereas smaller brain regions (e.g. the amygdalae) are 

likely to be mapped in the periphery of k-space.  Images taken only from the 
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centre of k-space are blurry and undefined, because the spatial frequency is low 

(due to low amplitude and duration), whereas images from the periphery of k-

space are sharper (due to their relatively higher amplitude and duration).  See 

Fig. 26 for a diagram of k-space. 

 

Fig.26 Diagram of k-space 

 

 

 

 

 

 

 

 

 

 

                                (After DeLaPaz 1997) 

 

3.1.1.6.3    Fourier Transformation (FT) 

It is outside the scope of this study to describe in detail the principles of the 

complex mathematics underlying FT; however, a basic description of its place in 

fMRI is required.  So far, I have described how complex information (e.g. spatial 

and temporal) regarding the behaviour of Hydrogen-1 protons when placed in a 

magnetic field and after a RF pulse has perturbed the original net magnetisation 

(following the principles of FID), is derived and calculated.  In order to obtain an 

fMRI image, this complex functional information must be transformed into 

meaningful data representing local and global brain activation using FT, as a 

mathematical procedure that calculates the frequency at which protons resonate 

(or spin).  In the case of this fMRI study, FT will transform the information about 
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the movement of collections of proton resonances into clusters of activation 

related to specific brain regions (derived from Talairach coordinates). The 

domain of the orginal data was time (e.g. relaxation times: T1, T2 and T2*), but 

the FT calculates frequency at which these protons resonate, in order to derive 

the MR signal.   

 

3.1.1.7 Magnetic relaxation times  

The signal derived from a MRI experiment comes from both the density of 

hydrogen in water and from the detection of three relaxation times.  The 

relaxation times refer to the time it takes for the perturbation of the original net 

magnetisation to return to baseline.  The three relaxation times of interest in MRI 

are T1, T2 and T2*.  These relaxation times can be visualised by thinking about 

the static magnetisation (Ɓo), the brief radiofrequency pulse that perturbs the 

original signal into the transverse plane (Ɓ₁) and the time it takes for these 

separate magnetisation vectors to return to baseline.  First, the time it takes for 

the longitudinal (z-direction) magnetisation vector (whereby net nuclear spins in 

a magnetic moment align with the external static magnetic field – some anti-

parallel, but most in parallel alignment) to return to equilibrium along the z axis, 

is termed T1 relaxation, or spin-lattice relaxation.  Second, the transverse (x,y) 

magnetisation vector is at maximum immediately after a pulse, and the decay of 

this transverse magnetization back to zero is termed T2 relaxation, or spin-spin 

relaxation.  T1 relaxation will always be greater than T2 relaxation because no 

transverse magnetisation is possible without longitudinal magnetization.   Finally, 

T2* relaxation highlights similar effects to those seen in T2 relaxation.  

However, whereas T2 relaxation refers to the decay of magnetization on the 

transverse plane taking into account random fluctuations in the Larmor 

frequency, T2* refers to larger scale fluctuations in the applied static magnetic 

field.  In fMRI, the fluctuations that account for the T2* signal occur as a result 
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of the different magnetic properties of oxygenated and deoxygenated 

haemoglobin in the vasculature of the brain.   



 

3.1.1.8 Physics of the BOLD response 

Perturbations in the net magnetisation of sub-atomic hydrogen-1 particles 

contribute to the structural image that is observed in MRI.   In contrast, the 

temporal resolution that represents neuronal activation in fMRI is derived from a 

haemodynamic response in local vasculature in the brain.  This response is 

known in fMRI as BOLD, and it is fluctuations in the levels of deoxygenated 

haemoglobin that perturbs the static magnetisation and provides a signal (T2*).  

Blood flow supplying oxygenated haemoglobin to neuronal populations is 

indirectly related to neuronal functioning (Magistretti and Pellerin, 1996); 

however, other factors can affect local blood flow and amounts of oxygenated 

and deoxygenated haemoglobin in the brain.   There are many possible mediators 

of arteriole blood perfusion, but nitric oxide (NO) for example is a vasodilator, 

and release of NO potentially increases local blood flow (Buerk et al., 2003).  

Gluatamate binding on to neighbouring astrocyte receptors triggers NO release, 

and glial cells near the synapse may also control vascular function (Faraci and 

Brian, Jr., 1994).  Thus, caution must be exercised when interpreting the BOLD 

response as the signal could be due to fluctuations in blood flow, size of 

vasculature or metabolic rates for example, rather than neuronal activation 

(Logothetis, 2008). 

 

During neuronal activation regional fluctuations in the ratio between oxygenated 

and deoxygenated haemoglobin contribute to the BOLD response.  This is 

because haemoglobin carrying oxygen (oxyHb) is isomagnetic, whereas 

deoxygenated haemoglobin (deoxyHb) is paramagnetic in contrast to brain tissue 

(Pauling and Coryell, 1936).  Isomagnetism mimics, or has an equivalent 

magnetism to T1, whereas paramagnetism perturbs the T1 signal because it has 

an opposing magnetic field to T1.  Vasculature that contains oxyHb does not 

perturb the magnetic field of the surrounding brain tissue significantly, but when 
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the level of deoxyHb in veins and capillaries rise (as the surrounding cells 

consume oxygen), this distorts the local magnetic field.  As a result, the signal in 

the voxel representing the tissue associated with deoxyHb is distorted, which 

shortens the T2* relaxation time and intensifies the BOLD signal.  However, the 

amount of deoxyHb in relation to oxyHb becomes less as cerebral blood flow 

(CBF) increases to supply greater neuronal activity to account for greater 

oxygen consumption.  This is because the amount of oxygen extracted from the 

blood relative to CBF decreases, thus the signal from the blood flow becomes 

isomagnetic, the T2* relaxation time becomes longer and the fMRI BOLD signal 

derived becomes less intense.   

 

There is an initial ‘dip’ in the BOLD signal before the characteristic increase, 

which is assumed to reflect a surge of CBF to areas of increased neuronal 

activation.   The ‘balloon model’ has been used to describe the transient 

dynamics in CBF, deoxyHb and how the BOLD signal is affected (Buxton et al., 

1998).  For example, this model describes the initial dip and overshoot, followed 

by a post-stimulus undershoot of the BOLD signal, which must be taken into 

account when interpreting the results of experimental manipulation.  Some 

suggest that the initial dip in BOLD signal is better at characterising the 

hemodynamic response in fMRI studies, because the subsequent increase 

(consistent with increased CBF to supply oxyHb for greater oxygen consumption 

by neuronal populations) dominates and is much slower than the initial response 

(the dip) to experimental manipulation (Sirotin et al., 2009).  Thus, caution must 

be observed when examining the ‘neural correlates’ of the BOLD response, 

because the increase in CBF (which is currently used in fMRI studies) may occur 

much later than the initial dip. 
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3.1.2 Experimental design and contrasts 

 
During an fMRI experiment, the participant usually engages in a task that causes 

a shift between at least two mental states evoked by separate experimental 

conditions.  Whilst this occurs, many brain volumes are acquired in order to 

correlate brain activation with a specific voxel in a particular slice of the brain.  

In this study, whole brain coverage was acquired on an axial plane with 43 slices 

(slice thickness 3mm, interslice gap 0.3mm).  Fifty-four T2* -weighted whole 

brain volumes were acquired in each condition (active versus control), a total of 

108 brain volumes with a TR of 4 seconds (e.g. the total brain was scanned 108 

times during one experiment).  This was done in two separate experiments (with 

identical design): one presenting food versus non-food images, the other 

presenting aversive versus neutral images.  These experiments are described in 

detail below.   

 

The general design of the fMRI experiment followed a block-design paradigm.  A 

block-design of 6 blocks in the active condition (food/aversive) and 6 blocks in 

the control condition (non-food/neutral) was used; in each experiment blocks 

were alternated between active and control conditions.  Each block consisted of 

12 images; each image was presented for 3 seconds with no gap so that images 

for each category were presented continuously for 36 seconds.  See appendix for 

examples of the food, non-food, aversive and neutral images used during the 

experiment.    

 

At the beginning of each block, there was a ‘partially silent’ period of 8 seconds, 

and another 8 second partial silent period at the end of each block where no data 

was acquired.  These partially silent periods were introduced into the sequence 

during which the EPI sequence was disabled to allow audio stimuli and verbal 

responses.  During these partially silent periods, the RF pulses and gradients 
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continued, to maintain the MR signal in a steady state and allow data collection to 

continue immediately during subsequent volumes.   

 

Audio stimuli (presented during the partial silent period at the beginning of each 

block) were pre-recorded sentences by a female voice asking participants to; a) 

“imagine eating the food shown in the images”; b) “imagine using the items 

presented”; c) “imagine being in contact with the images” (in the aversive 

condition) and d) “imagine being in contact with the neutral images”.  For each 

instruction, there were 4 separate but semantically similar phrases given via 

headphones.  For a list of the audio instructions used, see Appendix.  In the 

second partial silent period (at the end of each block) an audio instruction asked 

participants to rate how anxious they felt on a scale of 0-10: participants 

provided a number to reflect their subjective experience of anxiety via a 

microphone attached to the headset in the scanner.  This paradigm was designed 

after the symptom-provocation paradigm used by Mataix-Cols et al., (2004), who 

examined people with OCD.  It is known as a symptom-provocation paradigm 

because cognitive engagement with the images at the beginning of each block, 

using images related to the disorder during each block and asking how anxious 

participants feel at the end of the block is thought to provoke symptoms akin to 

those that are associated with the disorder.    See Figure 27 for a diagram of the 

experimental paradigm. 
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3.1.2.1 Stimuli 

 
72 colour photographs of high and low calorie, sweet and savoury food (e.g. 

hamburgers, chocolate brownies, and sandwiches) were presented on white 

plates in random order: these were created by a researcher in the eating 

disorders unit at the Institute of Psychiatry, London (see Appendix for full set of 

images used). The control condition was 72 colour photographs of non-food 

items (e.g. a stapler, yellow clothes pegs) on white plates.  Food and non-food 

items were selected and matched according to colour.  As a control condition to 

measure for general emotional neural responses, 72, aversive images (e.g. a 

snarling dog, dirty toilet) and 72 neutral images (e.g. an armchair, telephone) 

were taken from the International Affective Picture System (IAPS (Lang P et al., 

2001) (see Appendix for full set of images used). 
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3.1.2.2 Statistical analysis 

 
FMRI data 18 women with AN were analysed, 5 were excluded due to scanning 

technical deficits, such as blurring of the image, head motion or over-heating of 

the scanner.  One of these participants became claustrophobic (despite not 

reporting claustrophobia before the scan) and withdrew from the experiment.  Of 

the 10 women with BN that were scanned, data from one participant was spoiled 

due to a technical problem; thus data from 9 women with BN were analyzed.  

Finally, 3 HC women were excluded from analysis because of technical 

difficulties during the scan, leaving 24 HC women in the final fMRI analysis.  A 

total of 51 participants were analysed using the methods described below. 

 
 
Analysis of the BOLD signal was carried out using XBAM software, specifically 

version 3.4 developed at the Institute of Psychiatry (Brammer et al., 1997; 

Bullmore et al., 1999).  Non-parametric analysis using the XBAM package was 

used, as group fMRI data is often not normally distributed, and parametric tests 

must satisfy both normal distribution and homogeneity of variance assumptions 

(Thirion et al., 2007).  A popular alternative parametric approach is Statistical 

Parametric Mapping (SPM), and the package developed by University College 

London (UCL), known as SPM-5 is the most frequently used MATLAB package 

(http://www.fil.ion.ucl.ac.uk/spm).  Another parametric approach to analyse fMRI 

data is the FMRIB Software Library (FSL) developed by researchers at Oxford 

University (www.fmrib.ox.ac.uk/fsl). 

3.1.2.3 Registration and motion correction 

Initial processing was done to rid the data of any motion-related artefacts caused 

by the participant moving their head, movements during breathing, talking etc 

(Bullmore et al., 1999).  After motion correction, the average intensity of 

activation at each voxel (the 3D pixel image unit) in the brain for each participant 

was calculated and registered to a template.  The 3D volume image was applied 
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to this template at each timepoint using random permutation testing, by 

computing the combination of rotations around the x, y and z axes.  Translations 

were then calculated to maximise the correlation between the template and the 

volume image intensity.  Finally, to improve signal-to-noise detection, the 

realignment data was smoothed by convolving with a Gaussian kernel (Full Width 

Half Maximum [FWHM] 7.2mm). 

 

3.1.2.4 Individual Brain Activation Maps (IBAMs) 

 

Activation during the experimental conditions was mapped in individual 

participants by convolving the estimated BOLD effect using a model of two 

Poisson functions with haemodynamic delays of 4 and 8 seconds.  The best fit 

was acquired by comparing the weighted sum of the convolved data and the time 

series at each voxel using the constrained BOLD effect model (Friman et al., 

2003).  This ensures that the model fit obtained is mathematically and 

physiologically plausible, based on assumptions of the haemodynamic response in 

the brain.  Once the model was fitted to the data, a goodness of fit statistic was 

calculated for each individual.  This is the ratio of the sum of squares deviations 

for mean voxel intensity across the raw data that constitutes the time series for 

each voxel.  A quotient was derived for each voxel to account for the residuals 

and is known as the Sum of Squares Quotient (SSQ).  The ratio was ‘squared’ to 

cancel out positive and negative values, so that the distance from the expected 

model fit was calculated.  One problem with fMRI data is that the residual 

variance is unknowable, because there is inherent background noise in neuronal 

activation that is not accounted for by the experimental conditions.  Thus, the 

usual F (variance) statistic would not be suitable in this case, so SSQ data was 

used.  The SSQ statistic was more suitable than the F statistic, because it took 

into account the variance in relation to the model fit, rather than overall variance 

of the data. 
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After the SSQ statistic for each voxel was calculated, the data was randomly 

permuted using wavelet-based resampling (Bullmore et al., 2001).  Wavelet-

based resampling takes into account the fractal nature of brain activation, in that 

regional activation will in some way be related to each other.  This method was 

repeated at each voxel, whereby the SSQ was recalculated from the permuted 

data.  By combining the results obtained across voxels intracerebrally, the null 

distribution could be tested in a data-driven manner over many permutations, 

testing the assumption that there was no experimentally-determined activation at 

any voxel.  By using this permutation technique it was possible to define the 

critical values at voxel and cluster level to introduce a threshold to account for 

Type I errors.  As well as the SSQ statistic (goodness of fit), the size of BOLD 

activation at each voxel for each experimental condition was calculated as a 

percentage of the mean minimum activation.  To calculate the BOLD effect size, 

the difference between the minimum and maximum values of the fitted model for 

each condition is given as the percentage of the mean image intensity across the 

whole time series. 

3.1.2.5  Talairach Brain Activation Maps (TBAMs) 

 
SSQ data and the BOLD effect size data for each individual were warped to fit 

the standard space of Talairach and Tournoux (1988).  This was done using a 

warping procedure described in detail in Brammer et al., (1997).  The average 

fMRI signal intensity at each voxel for each individual over the entire 

experimental run was calculated. The correlations between the structural image 

and the talaraich image are maximised using computations devised by Brammer 

et al (1997).   SSQ data and the BOLD effect sizes are transformed into Talairach 

space using these computations. 

3.1.2.6  Group Brain Activation Maps (GBAMs) 

 
Group maps for five separate groups were analysed: all subjects (n=51), all 

women with AN (n=18), women with RAN (n=11), women with BPAN (n=7), 
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women with BN (n=9) and healthy comparison women (n=24).  Control conditions 

were used as an implicit baseline against the active conditions, to represent 

greater or less activation in the active conditions.  A fixation cross was not used 

in this study, because I wanted to use a baseline condition that was closely 

matched to the active condition, so that I could examine differences in neural 

activation that was linked to emotional and cognitive responses, and not 

confounded by differences in visual presentation.  To further illustrate the 

differences between the active and control conditions at group map level, I 

extracted mean time series data for each group in each condition and plotted 

them in a bar chart. 

  

Active (food/aversive) versus control (non-food/neutral) conditions were 

analysed in whole brain generic group activation maps (GBAMs), and these were 

constructed by mapping the observed and randomised test statistics into 

standard Talairaich (Talairach and Tournoux, 1988) space.  This was done using 

a two-stage warping procedure (Brammer et al., 1997) and then by calculating 

and testing median activation maps.    Group maps of activation were calculated 

by determining the median SSQ value for each voxel in all participants, in both 

the observed and permuted data maps.  Medians were used to avoid the 

confounding effects of outlier values.  For GBAM analysis, global analysis was 

used to detect significant clusters across the whole brain; the default number of 

permutations advised by in-house experts was 50 permutations at each voxel.  

The permutations across the whole brain were then combined to create an 

overall probability distribution.  Thus, the whole-brain coverage template 

(described above) was 64 x 64 x 25 voxels, and so the total number of 

permutations at the global level was 64 x 64 x 25 x 50 = 5,120,000 permutations.  

A design matrix of one column was used to test the contrasts between food 

versus non-food in each group, as follows: 
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1 

1 

1 

1 

1 

1 
1 represents the active condition (e.g. food images) 

0 represents the control condition (e.g. non-food images) 

There are 9 in each condition to represent the number of 

TRs per block 

1 

1 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

……… repeat x 5 

 

 

There were 9 digits in each condition, each digit represented 1 TR (=4 seconds).  

Each block presented 12 images at 3 seconds = 36 seconds.  Therefore, there 

were 9 full brain volumes that were modeled in the design matrix in each 

condition.  This was repeated 5 times because there were 6 blocks of each 

condition presented in an alternating design = 12 total blocks.  The 8 second 

partial-silent condition at the beginning of each block (for the verbal instruction) 

and at the end of each block (for the anxiety-rating) did not need to be modeled 

in the design matrix, as the XBAM program during registration was able to cut 

these sections from the ‘active’ data using the command ‘lotsa_mick cut’ 

(personal communication, Professor Mick Brammer). 

 

The null distribution for the group activation maps was derived from the 

distribution of median SSQ values across all intra-cerebral voxels from the 

permuted data.  This was thresholded at < 1 type I error per brain.  Computing 

the SSQs at the individual level and then examining the median SSQs across 
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groups means that the intra- and inter-subject variation were analysed 

separately.  A mixed effect approach such as this was more suited to the highly 

variability in fMRI data. 

 

3.1.2.7  Analysis of between-group variance (ABAM) 

 

Eight separate contrasts between groups were carried out for this study: 1) 

Women with anorexia versus healthy controls; 2) women with restricting 

anorexia versus healthy controls; 3) women with binge-purge anorexia versus 

healthy controls; 4) women with restricting anorexia versus women with binge-

purge anorexia; 5) women with bulimia versus healthy controls; 6) women with 

bulimia versus women with anorexia; 7) women with restricting anorexia versus 

women with bulimia; 8) women with binge-purge anorexia versus women with 

bulimia.   

The analysis of contrasting two groups was based, as is commonplace with this 

type of image contrast in fMRI (comparing greater activation in an active versus 

control condition) on subtracting the control (e.g. non-food) from the active 

condition (e.g. food).  Thus, the analyses described below were based on this 

subtraction.  This method is not without flaws; for example, it is difficult to 

ascertain the relative activation of the implicit baseline (the control condition).  

This could be problematic, as reduced activation in the active condition might 

merely reflect relatively greater activation in the control condition.  However, in 

an attempt to overcome this issue, I plotted the mean percentage BOLD signal 

change to food and to non-food in some of the main activated regions to 

illustrate the direction of greatest activation.  In addition, this approach was 

unable to represent non-linear activation across the experimental run.  To 

overcome this I plotted average time series data for some regions of interest 

(ROI) in the ‘extraction brain activation maps (EBAMs) described below.  Time 

series data represents the percentage BOLD signal change for a ROI. 
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A non-linear model was used to fit the intra-cerebral data at each voxel where 

all subjects had non-zero data, in order to make comparisons between the 

groups above.  The non-linear model was of the type: 

 

 

Y   =   a  + bX  + e 

 

 
 

where Y is the vector of the BOLD effect sizes for each individual (see above for 

a description of the vector in the transverse plane); X is the contrast matrix for 

the group comparison; a is the mean effect across all individuals for a given 

group; b is the computed group difference; e is a vector for the residual errors.  

The model is fitted so that the sum of absolute deviations is at a minimum.  The 

null distribution of b is calculated by permuting the data between groups, under 

the null hypothesis that there will be no effect of group membership.  In this 

instance, I used local permutation rather than global permutation testing, because 

I wanted to prevent larger clusters of activation (for example in the visual 

cortex) from obscuring potential clusters of activation in smaller brain regions 

(for example in the amygdalae).  I could not do this at the GBAM level because 

there was not enough computational space, and the procedure would be too time 

consuming and costly (to buy more space).  In-house experts I consulted advised 

that it was feasible to run local analyses at the ABAM rather than GBAM level 

(Dr Vincent Giampietro, personal communication).  After permuting the data the 

model is refitted.  ABAM maps were computed as for GBAM differences between 

conditions at both the voxel and cluster levels by thresholding at the level of <1 

false positive.  I chose to correct at both the voxel and cluster levels because I 

have small group numbers, and wanted to ensure that I could be confident that 

the activations were due to group membership and not individual variation in the 

groups. 



 

A design-matrix of 1 column (as shown below) was used for the ANOVAs 

between groups to test the difference in neural activation between the groups 

after subtracting the control from the active condition: 

 

-1 

-1 

-1 

-1 represents the patient group  

1 represents the comparison group. 

The number in each block (in this case 11 and 7) 

represents the number in each group (in this case 

restricting AN versus binge-purge AN) 

-1 

-1 

-1 

-1 

-1 

-1 

-1 

-1 

1 

1 

1 

1 

1 

1 

1 

 

 

 

 

3.1.2.8 Self-report behavioural data and correlations with brain activation 

(BBAM) 

 

Self-report data was obtained using a variety of validated measures (see below 

for a description of the self-report measures used).  To examine correlations 

between self-report data and brain activation observed during specific stimulus 

contrasts, Pearson product-moment correlation coefficients were calculated.  

This was done between the observed self-report data and the BOLD effect data.  

In this case, the BOLD effect data I used was SSQ data, rather than percentage 

change in BOLD signal.  I chose to use the ‘goodness of fit’ statistic because I 
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wanted to avoid the criticism highlighted in a recent paper arguing that non-

independent correlation of data in fMRI provides false positive results (Vul et al., 

2009).  By using the SSQ statistic to correlate with behavioural data, I am 

actually showing correlations between deviations from the model for example 

(which I would expect from activation due to experimental manipulation) and 

behavioural measures that I deem to be associated with such deviation from the 

model fit.   

 

Following the calculation of the correlation coefficient between SSQ and self-

report data, the null distribution of the coefficients was then computed by 

permuting the SSQ data at each voxel (a minimum of 50 permutations) and then 

the data was combined over all voxels.  Again, probability thresholds were 

calculated to reduce the likelihood of making type I errors (e.g. the threshold 

was set at < 1 false positive at both the voxel and cluster level). 

Self-reported data for within and between-subject differences were calculated 

using repeated measures analysis of variance (ANOVA), and post-hoc t-tests to 

confirm the direction of the differences.  Examination of associations between 

continuous variables was calculated using the Spearman’s rank non-parametric 

correlation coefficient (Spearman’s Rho).  Associations were deemed significant 

if the p-value was <0.05.  In all comparisons, Bonferroni corrections were 

applied to correct the probability threshold for multiple comparisons. 

3.1.2.9 Time series extractions (EBAM) 

 

Regions of interest (ROI) were defined by using spheres of 10mm radius at 

specific sets of Talairach coordinates.  In this case I chose to examine ROIs 

bilaterally for the DLPFC (coordinates: x=-47, y= 7, z =30), striatum 

(coordinates: x= -14, y =7, z =12) and insular cortex (coordinates: x=-40, y=0, 

z=-7).  These regions were chosen because they were some of the main areas of 

differential activation between those with ED and healthy controls.  The resulting 

image masks were then used to extract, for each ROI, the average time series 
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over all the subjects.  The time series were extracted from co-registered 

images, i.e. before any further pre-processing and statistical analysis, but after 

movement correction and basic global normalizing. 

 

3.1.3 Participants 

Women with anorexia nervosa (AN) and bulimia nervosa (BN) were recruited 

from the Bethlem Royal Hospital and Maudsley Hospital Outpatient Eating 

Disorders Unit.  HC women were recruited via public advertisement.  All 

participants were financially reimbursed with £30.  68 women were scanned: 23 

women with AN, 10 women with BN and 27 HC women.  8 women were 

reclassified as ‘Eating Disorder Not Otherwise Specified’ (EDNOS) after careful 

consideration of their symptomatology.  The EDNOS group was not included in 

the analysis because of their mixed symptomatology.  I decided to keep the 

diagnostic groups as distinct as possible in order to aid interpretation. 

 

Using the DSM-IVR (American Psychiatric Association, APA, 2002), 11 women 

with AN were classified as being Restricting Anorexic (R-AN), 7 women as being 

Binge-Purge Anorexic (BP-AN). Out of the 10 women with BN scanned, data 

from one participant was spoiled due to one of the scanning technical deficits 

described above; thus 9 women with BN were analyzed.  Finally, 3 HC women 

were excluded from analysis because of technical difficulties during the scan, 

leaving 24 HC women in the final fMRI analysis.  

 

General exclusion criteria for MRI were: left handedness, a history of head 

trauma, hearing or visual impairments, neurological disease, metallic implants, 

claustrophobia and psychotropic medication other than selective serotonin 

reuptake inhibitors (SSRIs). The South London and Maudsley (SLaM) NHS Trust 

Ethics Committee approved the study.See Table 2 for AN versus HC participant 

information, and Table 3 for BN versus AN and HC information.



Table 2.  Demographic characteristics and self-report measures: mean values, standard deviations, and differences in scores between 

anorexic patients (and the subtypes) and healthy controls 

 
 Controls 

(HC) 

(n=24) 

AN 

patients 

(AN) 

(n=18) 

AN v. 

HC 

T value 

AN v. 

HC 

p 

 

ES 

ANR 

patients 

(n=11) 

ANBP 

Patients 

(n=7) 

ANR v. 

HC 

t-value 

ANR v. 

HC 

p 

 

ES 

ANBP 

v. HC 

t-value 

ANBP 

v. HC 

p 

 

ES 

ANR 

v. 

ANBP 

t-

value 

ANR 

v. 

ANBP 

p 

 

ES 

Age, years (Mean, SD) 

BMI, kg/m² (Mean, SD) 

Education, years (Mean, SD) 

Duration of ED, years (Mean, SD) 

Hunger before scan (0-10) (Mean, SD) 

Mood before scan (0-10) (Mean, SD) 

Food anx in scan (0-10) (Mean, SD) 

Non-food anx in scan (0-10) (Mean, SD) 

Aversive anx in scan (0-10) (Mean, SD) 

Neutral anx in scan (0-10) (Mean, SD) 

SSRI medication (No., %) 

EDE-Q (0-6) 

- restrained eating 

- eating concern 

- weight concern 

- shape concern 

EDE-Q(Q8) No. of binges month (0-6) 

EDE-Q (Q22) No. of vomits in month 

HADS- Anxiety (0-21) (Mean, SD) 

HADS-Depression (0-21) Mean, SD) 

Psychiatric co-morbidity 

- Depressive disorders (No., %) 

- Anxiety disorders (No., %) 

- Depression & Anxiety (No., %) 

26(9.5) 

21.7(2.4) 

12(6.5) 

- 

2.7(2.1) 

6.4(1.7) 

2.4(2.0) 

1.8(1.7) 

7.3(2.3) 

1.5(1.3) 

- 

 

0.78(1.0) 

0.30(0.5) 

0.78(0.8) 

1.29(1.1) 

- 

- 

4.4(2.7) 

1.6(1.7) 

0 

0 

0 

0 

26(6.8) 

15.7(1.2) 

8(3.4) 

7.2(4.0) 

2.5(1.8) 

4.2(2.2) 

6.9(1.8) 

1.8(0.9) 

8.2(1.5) 

2.1(2.4) 

10(55.5) 

 

2.63(1.7) 

2.97(1.45) 

3.43(1.56) 

4.39(1.29) 

0.9412(1.78) 

2.83 (7.28) 

13.6(3.6) 

13.6(3.7) 

14(77.7) 

3(16.6) 

6(33.3) 

5(27.7) 

0.95 

9.567 

2.380 

- 

3.41 

3.564 

6.305 

0.006 

1.413 

1.120 

- 

 

4.453 

8.289 

7.203 

8.336 

- 

- 

9.429 

7.832 

- 

- 

- 

- 

0.93 

<0.001 

0.022 

- 

0.74 

0.001 

<0.001 

0.26 

0.17 

0.27 

- 

 

<0.001 

<0.001 

<0.001 

<0.001 

- 

- 

<0.001 

<0.001 

- 

- 

- 

- 

0 

3.1 

0.76 

- 

0.1 

1.17 

2.4 

0 

0.46 

0.31 

- 

 

1.31 

2.39 

2.1 

2.68 

- 

- 

3.03 

4.5 

- 

- 

- 

- 

25.82(7.24) 

15.23(1.23) 

8.18(4.02) 

8.80(7.41) 

2.53(1.88) 

4.47(2.23) 

5.98(2.14) 

1.44(0.78) 

7.91(1.61) 

1.70(1.79) 

4(36) 

 

2.09(1.53) 

2.55(1.27) 

3.10(1.52) 

4.08(1.28) 

- 

- 

12.18(3.6) 

8.18(4.62) 

8(73) 

2(18) 

3(27) 

3(27) 

25.43(6.5) 

16.4(0.5) 

7.71(2.36) 

8.74(5.08) 

2.53(1.89) 

3.91(2.22) 

7.56(1.98) 

2.58(0.43) 

8.67(1.2) 

2.97(3.34) 

6(86) 

 

3.49(1.75) 

3.63(1.56) 

3.97(1.56) 

4.88(1.25) 

2.14(2.34) 

6.86(10.45) 

15.71(2.69) 

11.57(3.82) 

5(71) 

1(14) 

2(29) 

2(29) 

0.030 

8.294 

1.794 

- 

0.286 

2.814 

4.834 

0.722 

0.824 

0.398 

- 

 

3.094 

7.392 

5.923 

6.582 

- 

- 

7.192 

6.183 

- 

- 

- 

- 

0.976 

<0.001 

0.082 

- 

0.78 

0.008 

<0.001 

0.48 

0.42 

0.69 

- 

 

0.004 

<0.001 

<0.001 

<0.001 

- 

- 

<0.001 

<0.001 

- 

- 

- 

- 

0.02 

3.15 

0.67 

- 

0.09 

1.06 

1.8 

0.25 

0.3 

0.14 

- 

 

1.14 

2.85 

2.23 

2.48 

- 

- 

2.67 

2.33 

- 

- 

- 

- 

0.126 

5.588 

1.699 

- 

0.238 

3.179 

5.720 

1.019 

1.416 

1.765 

- 

 

5.383 

9.005 

7.403 

7.306 

- 

- 

9.879 

9.976 

- 

- 

- 

- 

0.90 

<0.001 

0.1 

- 

0.81 

0.004 

<0.001 

0.32 

0.17 

0.089 

- 

 

<0.001 

<0.001 

<0.001 

<0.001 

- 

- 

<0.001 

<0.001 

- 

- 

- 

- 

0.07 

2.55 

0.75 

- 

0.09 

1.09 

1.82 

0.24 

0.29 

0.15 

- 

 

1.2 

3.19 

2.42 

2.53 

- 

 

2.77 

2.63 

- 

- 

- 

- 

0.116 

2.110 

0.277 

0.821 

0.1 

0.519 

1.482 

3.299 

1.006 

1.038 

2.213 

 

1.785 

1.618 

1.184 

1.297 

- 

- 

2.221 

1.615 

0.57 

0.204 

0.057 

0.057 

0.91 

0.05 

0.79 

0.61 

1.0 

0.61 

0.16 

0.005 

0.33 

0.32 

0.042 

 

0.093 

0.13 

0.25 

0.21 

- 

- 

0.041 

0.13 

0.96 

0.84 

0.96 

0.96 

0.06 

1.22 

0.14 

0.01 

0.01 

0.27 

0.81 

1.8 

0.55 

0.54 

0.04 

 

0.92 

0.83 

0.6 

0.67 

- 

- 

1.14 

0.83 

0.04 

0.06 

0.04 

0.04 

 

AN=Anorexia Nervosa, ANR=Restricting Subtype, ANBP=Binge-Purging Subtype, HC=Healthy Control, ES=Effect Size, BMI=Body Mass Index, ED=Eating Disorder, anx= anxiety 

measured during scan as a self-report verbal response where 0=least anxious and 10=most anxious, SSRI=Selective Serotonin Reuptake Inhibitor, EDE-Q=Eating Disorder Examination-

Questionnaire, 0-6 scale for subscale scores where 0 is least severe, 6 is most severe, EDE-Q (Q8) number of binges in one month, scale 0= no days, 1=1-5 days, 2=6-12 days, 3=13-15 

days, 4=16-22 days, 5=23-27 days, 6=everyday, EDE-Q (Q22) number of vomits in month=absolute number of vomits in one month, HADS=Hospital Anxiety and Depression Scale, 0-21 

scale where 0 is least severe and 21 is most severe for trait anxiety and depression as subscales.  Separate analysis of difference between HC>R-AN and HC>BP-AN revealed the same 

as for overall HC>AN contrast, details available on request.  Significant differences between contrasts in bold. 
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Table 3.  Demographic characteristics of women with Anorexia Nervosa, Bulimia Nervosa and Healthy Controls 

 
 Control

s 

(n=24) 

AN 

patients 

(n=18) 

BN 

patients

(n=9) 

AN v. 

HC 

TValu

e 

AN v. 

HC  

p 

 

ES 

BN v. 

HC 

TValu

e 

BN v. 

HC 

p 

 

ES 

AN v. 

BN  

T 

value 

AN v. 

BN 

p 

 

ES 

Age, years (Mean, SD) 

BMI, kg/m² (Mean, SD) 

Education, years (Mean, SD) 

Duration of ED, years (Mean, SD) 

Hunger before scan (0-10) (Mean, SD) 

Mood before scan (0-10) (Mean, SD) 

Food anxiety during scan (0-10) (Mean, SD) 

Non-food anxiety during scan (0-10) (Mean, SD) 

Aversive anxiety during scan (0-10) (Mean, SD) 

Neutral anxiety during scan (0-10) (Mean, SD) 

SSRI medication (No., %) 

EDE-Q (0-6) 

- restrained eating 

- eating concern 

- weight concern 

- shape concern 

HADS- Anxiety (0-21) (Mean, SD) 

HADS-Depression (0-21) Mean, SD) 

Psychiatric co-morbidity 

- Depressive disorders (No., %) 

- Anxiety disorders (No., %) 

- Depression & Anxiety (No., %) 

25(9.5) 

21.7(2.4) 

12(6.5) 

- 

2.7(2.1) 

6.4(1.7) 

2.4(2.0) 

1.8(1.1) 

7.3(2.3) 

1.5(1.3) 

- 

 

0.8(1.0) 

0.1(0.2) 

0.2(0.4) 

0.4(0.4) 

4.4(2.7) 

1.6(1.7) 

0 

0 

0 

0 

26(6.8) 

15.7(1.2) 

8(3.4) 

7.2(4.0) 

2.5(1.8) 

4.2(2.2) 

6.9(1.8) 

1.8(0.9) 

8.2(1.5) 

2.1(2.4) 

10(55.5) 

 

2.63(1.7) 

2.97(1.45) 

3.43(1.56) 

4.39(1.29) 

13.6(3.6) 

13.6(3.7) 

14(77.7) 

3(16.6) 

6(33.3) 

5(27.7) 

25(7.1) 

21.6(3.4) 

12.5(6.3) 

12(7.8) 

5.3(2.8) 

3.6(2.2) 

6.5(1.5) 

1.0(1.1) 

8.0(1.1) 

1.6(1.3) 

0 

 

4.4(0.3) 

2.8(2.0) 

5.7(2.2) 

3.2(1.0) 

11.2(3.8) 

7.2(4.3) 

1(11.1) 

0 

1(11.1) 

0 

0.95 

9.567 

2.380 

- 

3.41 

3.564 

6.305 

0.006 

1.413 

1.120 

- 

 

4.453 

8.289 

7.203 

8.336 

9.429 

7.832 

- 

- 

- 

- 

0.93 

<0.001 

0.022 

- 

0.74 

0.001 

<0.001 

0.26 

0.17 

0.27 

- 

 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

- 

- 

- 

- 

0.93 

<0.001 

0.022 

- 

0.74 

0.001 

<0.001 

0.26 

0.17 

0.27 

- 

 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

- 

- 

- 

- 

0.249 

0.083 

0.170 

- 

2.435 

3.414 

4.774 

1.262 

0.743 

0.263 

- 

 

8.938 

6.903 

12.279 

10.271 

5.515 

5.107 

- 

- 

- 

- 

0.81 

0.93 

0.87 

- 

0.02 

0.002 

<0.001 

0.2 

0.46 

0.8 

- 

 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

- 

- 

- 

- 

0 

0.04 

0.08 

- 

1.18 

1.58 

2.23 

0.75 

0.35 

0.08 

- 

 

4.19 

2.84 

5.08 

4.85 

2.35 

2.26 

- 

- 

- 

- 

0.243 

-7.794 

-3.121 

-0.756 

-3.441 

0.144 

1.018 

1.594 

0.063 

0.650 

- 

 

-2.472 

-0.311 

-0.871 

-0.230 

4.461 

4.218 

1.733 

- 

1.930 

- 

0.85 

<0.001 

0.011 

0.61 

0.632 

0.362 

0.397 

0.672 

0.18 

0.43 

- 

 

0.002 

0.494 

0.119 

0.77 

<0.001 

<0.001 

0.471 

- 

0.69 

- 

0.15 

2.93 

1.05 

0.93 

1.36 

0.28 

0.24 

0.86 

0.15 

0.24 

- 

 

1.28 

0.11 

1.33 

1.02 

2.09 

1.96 

0.68 

- 

1.71 

- 

 

BN=Bulimia Nervosa, HC=Healthy Control, BMI=Body Mass Index, ED=Eating Disorder, SSRI=Selective Serotonin Reuptake Inhibitor, EDE-Q=Eating Disorder Examination-Questionnaire, 

HADS=Hospital Anxiety and Depression Scale, 0-10 scale is where 0 is least severe for hunger and anxiety scores; 0-10 mood scale is where 0 indicates lowest mood, 0-6 scale for EDE-Q is 

where 0 is least severe on each subscale, 0-21 scale on HADS is where 0 is lowest level of trait anxiety or depression. 



3.1.4 Process and time scale 

Functional neuroimaging took place between 1.30pm and 4pm.  Images were 

presented on a rear-projection screen and viewed through a double-mirror 

periscope fitted to the headcoil.  Food versus non food and aversive versus 

neutral images were presented in two separate experiments during the same 

scanning period.   

 

3.1.5 Questionnaire measures 

See Appendix A for all measures used during the fMRI study. 

3.1.5.1 Eating disorders examination – questionnaire (EDE-Q) 

 
This is a 36-item measure of dysfunctional behaviour and cognitions related to 

eating, with sub-scales: eating concern, shape concern, weight concern and 

restrained eating, and a global eating disorder score amalgamating scores on the 

subtypes (EDE-Q; Fairburn and Beglin, 1994).  The questionnaire was adapted 

from an interview version of the Eating Disorder Examination (EDE; Fairburn and 

Cooper, 1993).    The questionnaire is a widely used measure of eating 

disordered behaviour, and some argue it is most accurate for measuring binge 

eating (Wilson, 1993).  Specifically, the questionnaire focuses on eating 

behaviour over the last 28 days.   Questions are scored between 0-6, with a high 

score indicating greater eating disorder pathology. Sub-scale scores are based 

on the mean score of the items for the particular sub-scale.  The following item 

numbers constitute the subscales; Restraint: items 1,2,3,4 and 5; Eating Concern: 

items 6, 7,9,15 and 34; Shape Concern: items 10, 11, 12, 13, 30, 33, 35 and 36; 

and Weight Concern: items 11, 14, 29, 31 and 32.  For a global score to reflect 

severity of eating disordered symptoms, the sum score of subscales is divided by 

the number of subscales (i.e. four).   
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3.1.5.2 Hospital Anxiety and Depression Scale (HADS) 

 
The HADS is a 14-item self-screening measure with 7 items relating to anxiety 

and 7 items relating to depression (Zigmond and Snaith, 1983).  Individual 

questions are scored on a 4-point scale, with higher scores indicating greater 

anxiety or depression.  Some questions are reverse-scored to prevent uniformity 

of answers and an average of scores for anxiety and depression separately 

constitutes the overall score.   

3.1.5.3 Structured Clinical Interview for Diagnosis (SCID) 

For my studies I used the short research version of the SCID (First et al., 2001) 

to screen for psychiatric diseases based on the DSM-IVR.  It was also used to 

gain general demographic information, such as length of education, marital status, 

living arrangements for example.  Duration of illness was also recorded: this was 

the time between diagnosis of AN or BN and the time of the scan.  It is of note 

that eating disorder symptoms were most likely present before formal diagnosis, 

but this measure gives a systematic score of illness duration.  Participant 

responses are recorded as ‘absent/false’ to indicate no symptoms, ‘subthreshold’ 

to indicate some minor symptoms or ‘threshold/true’, when there is a major 

indication that symptoms are present.  The participant was asked to provide 

examples, for example, about the ‘thoughts that bothered them’.  Participants 

were reminded that their responses were totally confidential.   

 

3.2 Rationale for neuropsychological methods used 

These neuropsychological studies were conducted to determine a) whether a 

subcortical response to food stimuli occurs in people with RAN and b) which 

region of the PFC is associated with top-down processing of the automatic 

subcortical responses to food stimuli.  It is currently unclear whether a top-down 

cortical response in women with RAN reflects a strategic response to 

compensate for a lack of bottom-up activation (Connan et al., 2003), or whether 
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a cortical response is employed to suppress subcortical responses to appetitive 

stimuli (Chambers et al., 2003).  Using subliminal stimuli enables subcortical 

responses to be isolated from cortical responses that consciously evaluate 

stimuli and influence subcortical responses (e.g. in the fMRI study participants 

were asked to consciously engage in the images by thinking about eating the 

food shown).   Using two unrelated cognitive tasks that utlilise different region of 

the PFC will enable measurement of a) whether a subcortical response occurs to 

food stimuli and b) what region of the PFC interacts with subcortical responses in 

women with RAN.  Interference would suggest competitive interference (Uher et 

al., unpublished manuscript), in that subcortical activation might compete for 

processing space in a region of the PFC that is also being used to complete a 

cognitive task.   

 

3.2.1 N-Back task (working memory) 

 

The N-Back Task is a widely used test of working memory (Kane et al., 2007) in 

which the demand on working memory can be modified using a different number 

n (usually 1, 2 or 3).  People with AN are reported to be proficient at working 

memory tasks (Fowler et al., 2006).  In this study, alternating blocks of 1-back 

(low demand on working memory) and 2-back (high demand on working memory) 

were used to investigate the relationship between emotional interference and 

task difficulty. Participants were presented with a sequence of cards with a 

mosaic background, on a computer screen depicting capital and lower case 

letters and asked to press the mouse button if the same letter (independent of 

case) was shown as the one preceding it by ‘n’ positions.  Blocks of 1-back and 

2-back tasks (20 cards/ block) were separated by 4-second breaks when the 

inscription ‘1-BACK’ or ‘2-BACK’ was presented on the screen. There were six 

blocks of 1-back and six blocks of 2-back tasks.  In both variants, 20% of the 

letters were targets (four in each block) – a percentage chosen to avoid pseudo-
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pattern recognition in the task.  Cross-targets were avoided, so that there were 

no 1-back targets in the 2-back task and vice versa.  A training trial of 20 cards 

was given at the start to ensure the participants understood the instructions.  See 

Figure 28 for a diagram of the task. 

 

Figure 28: The N-Back task of working memory and Go/No-Go task of conflict 

monitoring 
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The green arrows and red 

highlights on the letters 

illustrate where the participant 

is required to either press the 

mouse button (in the N-Back 

task) or stop pressing the 

mouse button (in the Go/No-Go 

task); order of letter 

presentation is from bottom left 

to top right 
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3.2.2 Go/No-Go Task (Conflict Monitoring, set shifting) 

 

The Go/No-Go task is a validated measure of cognitive inhibition and conflict 

monitoring and the ability to inhibit a pre-potent response (Schultz et al., 2007).  

The lateral aspects of the orbitofrontal cortex (OFC) and inferior frontal cortices 

have been linked with the ability to inhibit pre-potent responses (Elliott et al., 

2000, 2002, 2004), and the anterior cingulate cortex (ACC) is linked to conflict 

monitoring/error detection.  Cognitive restriction in AN is related to dysfunction 

in the OFC (Spinella & Lyke, 2004).  Similarly, people with restricting AN show 

increased activation in the mPFC region, which is in proximal distance to OFC, in 

response to food stimuli (Uher et al., 2004).  

 

In the Go/No-Go task used in this study, participants were presented with a 

sequence of cards with a mosaic background, depicting capital or lower case 

letters.   They were instructed to press the mouse button at the presentation of a 

letter, but were told to withhold a response if one of the ‘no-go’ letters (D, K, X) 

appeared on the screen.  During this task, 240 letters were presented – 48 (20%) 

of which were ‘no-go’ letters.  20% was used as the percentage for target letters 

again to preven pseudo pattern recognition.   A training run was given at the 

beginning to ensure the participants understood the instructions.  See Figure 28 

for a diagram of the Go/No-Go Task. 

3.2.3 Participants 

 
For the subliminal paradigm, 43 women, aged between 17 and 37 years were 

recruited by public advertisement and from the South London and Maudsley 

(SLaM) NHS Trust.   13 female AN patients were recruited from SLaM; they 

fulfilled DSM-IVR (American Psychiatric Association (APA), 2002) criteria for 

restricting AN (RAN).  I chose to examine people with RAN only during this 

experiment, because there is some evidence that RAN is the most aetiologically 
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homogeneous subtype of eating disorder (Anderluh et al., 2008).  Women with 

RAN were diagnosed using the DSM-IVR criteria, as were those who took part in 

the fMRI study.  Healthy control participants (HC, n = 30) were females and were 

recruited by public advertisement.  Ten of the healthy female volunteers 

henceforth termed the ‘non-subliminal exposed group’ were not exposed to the 

subliminal images during performance of the cognitive tasks.  This was done to 

directly contrast cognitive performance with and without subliminal images.  The 

groups were matched for age, IQ and years of education.  See Table 4 for 

demographic information. Exclusion criteria were: axis I mental disorder (First et 

al., 1996) neurological disease, history of head trauma with loss of consciousness 

and current use of psychotropic medication. All volunteers completed the tasks in 

the afternoon after lunch so that the effects of subliminal food stimuli were not 

associated with hunger states.  All volunteers were paid £10 for participating.  

The study was approved by the Ethics Committee at the Institute of Psychiatry, 

King’s College, London (Ethics Code: 297/02).    Participants were told about the 

presentation of emotionally strong images but were not told that these would be 

inserted during performance of the cognitive tasks. They all gave written 

consent after the procedures had been explained. 



 

Table 4: Participant variables for the subliminal paradigm 

Variable Anorexic (n=13) Controls (n=20) Non-subliminal (n=10) 

Age 25 (± 11) 22 (± 5) 23 (± 9) 

Education (yrs) 14 (±1.3) 14.5  (± 2.59) 14 (± 1) 

IQ (NART) 112 (±7.5) 111 (± 7.6) 116 (± 5.7) 

BMI 15 (±1.54) * 22.38 (± 2.66)* 23.24 (± 3.05)* 

HADS-Anxiety 8.77(±3.94)* 18.53(±2.34)*  

HADS-Depression 5.54(±3.45)* 14.26(±2.23)*  

OCI-R 28.54(±15.9)* 4.8(±4.53)*  

BIS-Attentional 

Impulsiveness 

19.85(±3.44)* 16.75(±2.57)*  

EDI-Interoceptive 

Awareness 

2.61(±0.81)* 4.96(±0.46)*  

* Significant differences (p<0.01) between the Anorexic Group, and the Control/Non-Subliminal Group 

 
For the supraliminal paradigm 48 women, aged between 18 and 55 years were 

recruited by public advertisement and from SLaM NHS Trust.  24 participants 

were women with RAN, 24 were healthy control women.  All participants were 

native English speakers.  Exclusion criteria were axis I mental disorder (SCID, 

First 2001), neurological disease, a history of head injury, substance misuse and 

current use of psychotropic medication.   

3.2.4 Process and time scale 

After a screening interview, participants took part in the n-back task of working 

memory and the go/no- go task of cognitive inhibition.  The order of task 

completion was alternated between participants. As stated above, the ‘non-

subliminal exposed group’ (n=10) were not exposed to subliminal images during 

performance of the tasks.  The AN and HC groups were exposed to masked 

neutral and emotional (food and aversive) stimuli during the tasks, introduced in a 

pseudo-random block pattern, so that the influence of each stimulus type could 

be assessed. Subsequent to task completion, a forced choice test was used to 

confirm that the stimuli were subliminal (Eimer & Schlaghecken, 2002; Esteves & 

Ohman, 1993).  Tasks were performed on a 15” LCD monitor driven by a 1.5 GHz 
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Pentium 4 computer. Participants responded by pressing the computer mouse: 

the number of errors and the time taken to respond was recorded, as a measure 

of interference caused by the presentation of subliminal images (compared to the 

group not exposed to subliminal images during the tasks).  After the tasks 

participants completed a post-hoc questionnaire to assess subjective experience 

of performance on the tasks, the Eating Disorders Inventory (EDE, Garner, 1991) 

and the Hospital Anxiety and Depression Scale (HADS, Zigmond and Snaith, 

1983). 

 

 

3.2.5 Subliminal paradigm (backward masking) 

Backward masking is a popular technique that renders presentation of 

subsequent stimuli subliminal (Breitmeyer and Ogmen, 2000).  In this study I used 

backward masking.  This was done using a mosaic-effect mask made up of tiles 

taken from unrecognizable sections of the stimuli rendered subliminal. If the 

subliminal stimulus was substantially different to the mask (in colour for 

example), this may raise the threshold at which the stimuli became subliminal.  

This type of mask is known as ‘structural backward masking’ because the mask 

shares many of the features of the stimuli to be masked (Turvey, 1973).    The 

backward mosaic mask was presented directly after the stimuli, and I included 

the target letter on the mask, to reduce the duration of the experimental run (as 

providing a separate card with the target letter would increase this significantly).  

The time separating the stimulus from the mask is known as Stimulus Onset 

Asyncrony (SOA), and in this study, pilot data revealed that a SOA of 23ms 

deemed the stimuli subliminal in almost all cases (stimuli were visible in the 

absence of the mask).  To test that the stimuli were subliminal for the 

participants in this study, I used both a subjective measure (asking them 

afterwards if they had seen any images, and to describe them if they answered in 
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the affirmative), and an objective measure (a forced choice task) – for details see 

below. 

 

Food (F), aversive (A) and neutral (N) images (described below and given in the 

Appendix) were introduced in blocks of 20, in a block-design.  Each picture 

stimulus block was permuted four times (twice in each task), totaling 12 blocks in 

the total run (e.g. for block order AFN, the permutation would be:  

A,F,N,A,F,N,A,F,N,A,F,N).  Thus, 240 individual pictures were presented 

subliminally.  In each task, the order of permutations was counterbalanced 

between participants to control for order effects and differential transfer (e.g. 

AFN, ANF, FAN, FNA, NAF, NFA).  In the N-back task, task difficulty (1 back 

versus 2 back) was included in the counterbalancing procedure (12 different 

permutations of the stimulus category and task difficulty were used).  In addition, 

target letter sequences were counterbalanced between conditions.   

 

For the subliminal effect, individual stimuli consisting of a colour photograph (12 

x 8 cm) were presented on the screen for 23 ms, immediately preceding each 

letter during the cognitive tasks.  Target background (high contrast mosaic) 

served as a mask for backward masking of the stimuli, and the target/non-target 

letters were placed in the middle of the mosaic.  Each trial (subliminal stimulus 

and mosaic with target/non-target letter) was presented for 1500 msec.  In the 

N-back task, 20 trials were presented for a block of stimuli; the total time for 

each block was 30 seconds in length.  12 blocks were presented in the n-back 

task, alternating between subliminal stimulus type and task difficulty.  The total 

length of the n-back task, with breaks between the commencement of 1-back 

and 2-back tasks was approximately 7 minutes.  Following a short interval, 

participants continued with the go/no-go task.  This task does not have varying 

levels of difficulty and so the continuous run consisted of 12 alternating blocks of 

20 trials with the presentation of different subliminal stimuli.  Each block was 30 

seconds, and so the duration of the go/no-go task was 6 minutes.  See Figures 
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29 and 30 for schematic diagrams of backward masking and experimental 

paradigm. 

 

Figure 29: Schematic diagram of backward masking 

 

 

 

 

 

 

 

 

 

 

Figure 30:  Schematic diagram of the task design with NFA subliminal stimulus 

permutation and alternation between 1-back and 2-back tasks.  In the Go/No-Go 

task, there was no alternation between task difficulties, but subliminal stimulus 

permutation was also applied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Backward Masking:

Block design for n-back:
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On completion of the tasks, participants were asked whether they had seen any 

screen images during the tasks:  if ‘yes’, they were asked to describe them, and 

were excluded if they identified any of the pictures presented subliminally. 

Participants who were not excluded were then told about the masked pictures 

and shown all ‘primed’ stimuli explicitly, paired with novel stimuli matched to the 

content category. They were asked to take part in a Forced Choice task.  In this 

task they chose one of the two photographs they thought were presented during 

the tasks, and to guess in cases of uncertainty.  Photographs (12 x 8 cm) were 

presented adjacent to each other on the computer screen (position was 

counterbalanced between stimuli and novel pictures) until the participant 

responded, by pressing the mouse.  Participants who performed above chance on 

the forced choice task were excluded from further analysis.  No women with AN 

but 6 healthy control women were excluded from the study because they 

correctly identified at least one subliminal image. 

3.2.6 Stimuli 

Food, aversive and neutral visual stimuli were selected in two steps.  56 colour 

photographs were pre-selected from the International Affective Picture System 

(IAPS: Lang 1996) and 126 from a database of images created at the Eating 

Disorders Unit, Institute of Psychiatry, IOP.  Images were selected to provide 

diversity of content and to minimise overlap between categories (e.g. neutral 

images related to food, such as kitchen utensils, were excluded).  As images 

were to be presented subliminally, attention was paid to clarity and 

recognisability: pictures with ambiguous content were excluded.  Cultural 

dependency of content and meaning was also minimised so that most pictures 

were recognisable and understandable for most subjects. In the second step, 5 

independent volunteers rated all 182 preselected photographs for pleasantness, 

aversiveness, salience, visual complexity and recognisability, using computerised 

visual analogue scales (0-100).  Based on these ratings, 20 pictures from each 
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category were selected according to the following criteria: maximum 

recognisability, maximum aversiveness in the aversive category and maximum 

pleasantness in the food category.  All categories were matched for visual 

complexity and colour.  See the Appendix for the stimuli used. 

 

For the aversive stimuli, colour photographs were selected from the IAPS (Lang 

et al., 2001) and included scenes of violence, injury, dirt, etc.  Average ratings of 

these images were: salience 75 (S.D. 17), pleasantness 30 (S.D. 19), aversion 68 

(S.D. 8), complexity 48 (S.D. 23), recognisability 73 (S.D. 15).  For the food 

stimuli, colour photographs of sweet (e.g. chocolate bar, cake, ice-cream) and 

savoury (e.g. sandwich, hamburger, chicken, pasta) foods were selected from the 

IAPS and additional photographs were created by the authors and matched to the 

neutral pictures for colour and visual complexity.  The order of sub-category of 

foods was randomly presented throughout the experiment.  Average ratings of 

these images were: salience 61 (S.D. 13), pleasantness 71 (S.D. 10), aversion 19 

(S.D. 11), complexity 34 (S.D. 17), recognisability 82 (S.D. 13).  Finally, neutral 

stimuli were colour photographs of neutral inanimate objects (household objects, 

vehicles, outdoor scenes) created in the Eating Disorders Unit, IOP.  Average 

ratings of these images were: salience 43 (S.D. 23), pleasantness 56 (S.D. 9), 

aversion 24 (S.D. 9), complexity 35 (S.D. 17), recognisability 85 (S.D. 11).  See 

the Appendix for the stimuli used. 

3.2.7 Questionnaire measures 

 

3.2.7.1 Hospital Anxiety and Depression Scale (HADS) 

 
The HADS is a 14-item self-screening measure with 7 items relating to anxiety 

and 7 items relating to depression (Zigmond and Snaith, 1983).  Individual 

questions are scored on a 4-point scale, with higher scores indicating greater 

anxiety or depression.  Some questions are reverse-scored to prevent uniformity 

of answers and an average of scores for anxiety and depression separately 
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constitutes the overall score.  This measure was included to use as a correlation 

between levels of trait anxiety and regional brain size.  For a copy of the HADS, 

see the Appendix. 

3.2.7.2 Eating Disorders Inventory (EDI-2) 

The original Eating Disorders Inventory (EDI; Garner and Olmstead, 1984) was 

devised as a measure of eating disorder symptoms and psychological aspects 

underlying disordered eating behaviour.  In the revised version, the EDI-2 

comprises a 91-item checklist, retaining the original subscales from the EDI: 

Drive for Thinness, Bulimia, Body Dissatisfaction, Ineffectiveness, Perfectionism, 

Interpersonal Distrust, Interoceptive Awareness, and Maturity Fears.  

Additionally, 3 subscales were included in the revised version: Asceticism, 

Impulse Regulation and Social Insecurity.  Research supports the validity and 

reliability of this measure.  For example, internal consistency for the subscales 

are generally greater than 0.8 (Garner, 1991), and the measure has good inter-

rater reliability (Wear and Prantz, 1987).  Scores on the EDI-2 are shown to be 

consistent over time in longitudinal studies (Crowther et al., 1992), supporting 

the view that cognitions are an important underlying factor in the development 

and maintenance of disordered eating behaviour. 

 

3.2.7.3 Structured Clinical Interview for Diagnosis (SCID) 

 
For my study, I used the short research version of the SCID to screen for 

psychiatric diseases (First et al., 2001).  It was also used to gain general 

demographic information, such as length of education, marital status, living 

arrangements for example.  Duration of illness was also recorded: this was the 

time between diagnosis and AN or BN and the time of the scan.  It is of note that 

eating disorder symptoms were most likely present before formal diagnosis, but 

this measure gives a systematic score of illness duration.  Participant responses 

are recorded as ‘absent/false’ to indicate no symptoms, ‘subthreshold’ to indicate 
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some minor symptoms or ‘threshold/true’, when there is a major indication that 

symptoms are present.  The participant was asked to provide examples, for 

example, about the ‘thoughts that bothered them’.  Participants were reminded 

that their responses were totally confidential.  See Appendix for a copy of the 

SCID. 

3.2.8 Statistical analysis of data from the neuropsychological tests 

 

The assumptions of homogeneity of variance (Levine’s Test) and normal 

distribution (Kolmogorov-Smirnov / Shapiro-Wilk) in all groups were not met (for 

response times and accuracy in performance).  Therefore, non-parametric tests 

were chosen to examine the main effects of group and condition on accuracy 

(total number of errors) and response time (in milliseconds).  Where appropriate, 

Bonferroni corrections were applied to correct for false positives (Type I errors) 

arising from multiple comparisons.  To examine the independent factor of group, 

the Kruskal-Wallis test was used, with post-hoc analysis using the Mann 

Whitney test to demonstrate the direction of the differences.  To examine the 

within subject factor of condition, the Friedman test was used, and post-hoc 

analysis with the Wilcoxon test to demonstrate the direction of any differences.  

Post-hoc correlation analysis was applied to anxiety scores on the HADS and 

total number of errors during the subliminal presentation of food stimuli using 

bivariate non-parametric Spearman’s Rho correlation. 
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RESULTS 

_______________________________________________________ 

4 fMRI Results 

4.1 Introduction 

 

Women with anorexia nervosa (AN) refuse to maintain body weight, intensely 

fear gaining weight, have a misperception of body size and shape and are 

preoccupied with food (DSM-IV [APA, 1994]).  People with restricting (R-AN) 

and binge-purging (BP-AN) subtypes of AN use different strategies to control 

food intake:   both groups show severe dietary restriction but those with BP-AN 

intermittently overeat and use compensatory weight-reducing measures such as 

vomiting, laxative abuse and excessive exercise.   These behavioural differences 

suggest that there is a high degree of cognitive control of appetite in people with 

R-AN and a greater appetitive response in those with BP-AN and  identifying 

neural substrates underlying levels of control of appetitive responses would 

contribute to understanding the aetiology of AN and the subtypes.  

 

In Bulimia Nervosa (BN) the core symptoms are frequent bingeing on large 

quantities of food, dysregulation of mood, lack of impulse control and a 

compulsion to engage in compensatory behaviour such as vomiting and physical 

exercise to prevent weight gain (DSM-IV, (American Psychiatric Association 

(APA), 2002). In addition, loss of control over behaviour causes anxiety and 

depression (Swinbourne and Touyz, 2007).  Prevalence of BN is high in Western 

societies, where abundant food and associated advertising coincides with mass-

media portrayal of the ‘thin-ideal’ (Keel and Klump, 2003).  BN has parallels with 

addiction; both are chronic relapsing disorders often induced by substance-

related cues (e.g. abundant food advertising in Western societies), with 

compulsive seeking and consuming behaviour despite adverse consequences and 
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hence both conditions may have overlapping aetiologies.  Thus, bingeing and 

obesity could be associated with activation of brain regions associated with 

impulsive responses to food cues. 

 

Interoceptive and exteroceptive factors influencing appetite moderate neural 

responses to food stimuli (Batterham et al., 2007; Farooqi et al., 2007; Malik et 

al., 2008; Pliquett et al., 2006; Rotte et al., 2005). Indirect measures of appetite, 

such as BMI influence neural responses to food cues (Killgore et al., 2003). 

Hunger when compared to satiety increases neural activation when attention is 

paid to food stimuli (Fuhrer et al., 2008; Siep et al., 2008). Stimuli imbued with 

‘incentive salience’ have been proposed to engage attention via distributed 

cortico-limbic neural circuitry that integrate ‘top-down’ learned values (e.g. 

cognitive appraisals) with ‘bottom-up’ physiological states (e.g. appetite) 

(Berridge, 2007). Alterations in this type of neural processing may underlie the 

preoccupation with and cognitive bias towards food stimuli that has been 

observed in people with ED (Dobson and Dozois, 2004; Johansson et al., 2005; 

Williamson et al., 1999), and may support the development and maintenance of 

eating disorders. 

 

People with AN may use top-down executive functions, such as working 

memory, to utilise cognitive strategies that ultimately suppress or block sub-

cortical activity appraised by them as negative (e.g. physiological signals 

associated with hunger that are anxiogenic).  For example, women with AN seem 

to have reduced activation in limbic regions that may be associated with appetite 

and reward (e.g. Chowdhury et al., 2003; Gordon et al., 1997). Conversely, 

women who binge may be less able to restrict their appetite in this top-down 

manner (Kaye, 2008), perhaps because their appetitive responses are too 

excessive. It is of note therefore that women with bulimia nervosa (BN) have 

been shown to have reduced activation of top-down neural regions that mediate 

self-regulatory control (Marsh et al., 2009).  Direct comparisons of top-down 
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neural activation have not been made between individuals with R-AN and BP-

AN.  As these diagnostic subtypes differ in appetitive responses to food only 

(both restrict food and have low BMI but differ in amount of food consumed) this 

may help to identify the neural substrates underlying eating behaviour. For 

example, cortical regions such as the dorsolateral prefrontal cortex (DLPFC), the 

orbitofrontal cortex (OFC), medial prefrontal cortex (mPFC), and the anterior 

cingulate cortex (ACC), and sub-cortical regions including the amygdalae, 

hippocampus and striatum may be involved in these processes. 

 

Neuroimaging research has identified neural activation linked to symptomatology 

in BN (Kaye, 2008, Uher and Treasure, 2005) that is also present in addiction 

(Fowler et al., 2007; Volkow et al., 2007). Theories of addiction suggest that 

maladaptive DA function alters the incentive salience in response to an abused 

substance, placing an individual on a trajectory of addictive behaviour, (Robinson 

and Berridge, 1993); (Koob and Le, 1997); (Jentsch and Taylor, 1999); (Hyman 

and Malenka, 2001); (Wise, 2002); (Volkow et al., 2002); (Everitt and Robbins, 

2005b); (Volkow et al., 2006), which can be activated by substance-related cues 

(Carter and Tiffany, 2001) (Brody et al., 2007) (Stewart, 1984) (Siegel and 

Ramos, 2002) (Field and Cox, 2008). The dopaminergic (DA) meso-cortico-

limbic pathway is dysfunctional in BN (Frank et al., 2006); (Carr, 2007); (Kaplan 

et al., 2008).    The meso-cortico-limbic DA system begins at the Ventral 

Tegmental Area (VTA) and projects to mesolimbic regions (mesolimbic pathway) 

such as the amygdalae, ventral pallidum, hippocampus and Nucleus Accumbens 

(NAcc, ventral striatum), regions associated with motivation, reward and 

compulsions.  Meso-cortical regions (mesocortical pathway) involve projections 

from the VTA to cortical regions, such as regions of the prefrontal cortex (PFC), 

including the Orbitofrontal/medial prefrontal cortex (OFC/mPFC), the dorsolateral 

prefrontal cortex (DLPFC) and the anterior cingulate (ACC), and are involved in 

cognitive evaluation of reward, behavioural inhibition and affect regulation. 
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In both women with AN and BN, dysfunctional top-down versus bottom-up 

neural activation in response to food stimuli likely has an adverse affect on the 

insular cortex – a region of the brain that relays information between the cortex 

and sub-cortex to enable interoceptive processing (Shelley and Trimble, 2004).  

Rate-limiting defects in the insular cortex might play a crucial role in people with 

ED (Kaye et al., 2009; Nunn et al., 2008), especially as reduced interoceptive 

awareness is a symptom of ED (Lilenfeld et al., 2006a; Bruch, 1962b; Fassino et 

al., 2004). 

 

4.1.1 Aims and hypotheses 

 
Comparisons of the neural correlates associated with thinking about eating food 

shown in food images, in people with subtypes of ED has not yet been done.  In 

this study I compare neural activation in women with RAN, BPAN, BN and 

healthy controls, to examine whether a transdiagnostic approach (cognitive 

control versus impulsivity), when thinking about eating food shown in images can 

explain underlying neural mechanisms that may account for differences in 

disordered eating behaviour across the subtypes of ED. 

 

The following hypotheses have been tested: 

 

1) In women with AN, thinking about eating food shown in images will 

increase top-down cortical activation (e.g. OFC, DLPFC, mPFC, ACC, 

visual cortex); but subcortical activation will be reduced (e.g. amygdalae, 

striatum, hippocampus, insular cortex, hypothalamus) in comparison to 

healthy and bulimic women.  This activation will be specific to food 

stimuli, with differential activation between food and aversive images. 

 

2) In response to food images, differential neural activation will be 

identifiable between the subtypes of AN: specifically, in women with R-



AN in comparison with BP-AN there will be greater activation in 

prefrontal regions; whereas in women with BP-AN in comparison to R-AN 

there will be greater activation in subcortical regions linked to automatic 

appetitive responses. 

 

3) Women with AN will be more anxious overall and will report feeling more 

anxious when viewing food images in comparison to healthy control 

women. 

 

4) Women with R-AN in comparison to BP-AN will be less anxious when 

viewing food images and this will correlate with PFC activation. 

 

5) Anxiety ratings in people with AN, when thinking about eating food in the 

images will correlate with PFC regions – indicative of a top-down 

response to anxiogenic appetitive stimuli. 

 

6)  Women with BN will report higher levels of anxiety than healthy women, 

but similar levels of anxiety to women with AN. 

 

7) Women with BN will have increased neural activation in meso-cortico-

limbic regions associated with impulsivity and reward (e.g. greater 

activation in the striatum, amygdala, insular cortex, ACC, but reduced 

activation in PFC regions such as DLPFC, mPFC) in comparison to women 

with AN and healthy control women. 

 

8) Regions of the PFC will be negatively correlated, and striatal activation 

positively corrrelated with measures of appetite (e.g. hunger ratings), to 

indicate a subcortical vulnerability and breakdown of top-down control in 

women with BN. 
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4.1.2 Materials and methods 

 
For a detailed description of the fMRI procedures used here, see Chapter 2: 

Methods. 

 

4.1.3 Results 

 
In this section I provide a summary of the fMRI data, followed by an 

interpretation based on the findings of other fMRI studies.  This is to aid 

clarification of the many regions of activation observed.  I will elaborate on these 

findings in the discussion, to draw together these findings and propose a 

neurocircuitry model of top-down versus bottom-up neural responses to 

appetitive stimuli in people with ED and healthy controls. 

 

4.1.3.1 Demographics 

 

Tables 2 and 3 give an overview of the differences, probability values and effect sizes 

between women with AN (including the subtypes) and healthy control women.  There 

were no differences in age, hunger before the scan and anxiety reported during the 

scan for aversive and neutral images, between women with AN and healthy control 

women.  However, as expected there was a significant difference in Body Mass Index 

(t [41] =9.567, p<0.001), as the women with AN had a lower mean BMI. Also, there 

was a significant difference in the number of years of education, in that women with 

AN had been in formal education for fewer years than HC women, perhaps an 

indication of inpatient treatment (t [41] =2.380, p=0.022). Women with AN reported a 

significantly lower mood before the scan (t [41] =3.564, p<0.001), and greater anxiety 

during the scan when food images were presented (t [41] =6.305, p<0.001) than HC 

women.  As expected, women with AN had significantly higher scores on the EDE-Q 

subscales than HC women: restraint (t[41]=4.453, p<0.001); eating concern 

(t[41]=8.289, p<0.001); weight concern (t[41]=7.203, p<0.001) and shape concern 
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(t[41]=8.336, p<0.001).  Finally, as measured by the HADS, women with AN had 

significantly higher levels of trait anxiety (t [41] =9.429, p<0.001) and depression (t 

[41] =7.832, p<0.001) than HC women. 

 

 

Comparisons between the subtypes of AN revealed no differences in age, years of 

education, duration of illness, hunger levels and mood reported before the scan, 

anxiety for food, aversive and neutral images during the scan, on any of the subscales 

of the EDE-Q, levels of depression on the HADS or percentage co-morbidity for 

anxiety or depression.  However, there was a significant difference in BMI, as women 

with BP-AN had a higher mean BMI than women with R-AN (t [17] =2.110, p=0.05).  

There was also a significant difference in anxiety reported during the scan to non-

food images, as women with BP-AN reported higher levels of anxiety than women 

with R-AN (t[17]=3.299, p=0.005).  There were significantly more women with BP-

AN on SSRI medication than women with R-AN (t [17] =2.213, p=0.042).  Finally, 

women with BP-AN had significantly higher trait anxiety as measured by the HADS 

than the women with R-AN (t [17] =2.221, p=0.041). 

 

 

Table 5 provides an overview of the differences, probability values and effect sizes 

between women with BN, women with AN and healthy control women.  There were no 

significant differences between women with BN and healthy control women in age, 

BMI, years of education and self-reported anxiety for non-food, aversive and neutral 

images during the scan.  However, women with BN reported being significantly more 

hungry than control women before the scan (t [31] =2.435, p=0.02).  Women with BN 

also reported being significantly lower in mood before the scan than healthy control 

women (t[31]=3.414, p=0.002).  Women with BN reported significantly higher levels 

of anxiety during the scan than healthy control women when viewing images of food (t 

[31] =4.774, p<0.001).  As expected, women with BN had significantly higher scores 

than healthy control women on the EDE-Q subscales: restraint (t [31] =8.938, 
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p<0.001); eating concern (t [31] =6.903, p<0.001; weight concern t [31] =12.279, 

p<0.001 and shape concern t [31] =10.271, p<0.001). 

 

Comparisons between women with AN and women with BN revealed no significant 

differences in age, duration of illness, hunger and mood levels before the scan, 

anxiety during the scan for food/non-food or aversive/neutral images, percentage of 

people taking SSRI medication, eating, shape or weight concerns measured by the 

EDE-Q, and percentage of anxiety and depression co-morbidity.  However, as 

expected, women with BN had a significantly higher BMI than women with AN (t [25] 

=7.794, p<0.001).  Women with BN also had significantly more years in formal 

education than women with AN, again perhaps reflecting inpatient care in women with 

AN (t[25]=3.121, p=0.011).  Women with BN had significantly higher scores on the 

restraint scale of the EDE-Q (t[25]=2.472, p=0.002), which could be an indication that 

they felt a greater need to restrain their eating (discussed further below).  Women 

with BN had significantly lower levels of trait anxiety (t[25]=4.461, p<0.001) and 

depression (t[25]=4.218, p<0.001) as measured by the HADS. 



 

 

 

Table 2.  Demographic characteristics and self-report measures: mean values, standard deviations, and differences 

in scores between anorexic patients (and the subtypes) and healthy controls 

 

 
 Controls 

(HC) 

(n=24) 

AN patients 

(AN) 

(n=18) 

AN v. HC 

T value 

AN v. 

HC 

p 

 

ES 

ANR 

patients 

(n=11) 

ANBP 

Patients 

(n=7) 

ANR v. 

HC 

t-value 

ANR v. 

HC 

p 

 

ES 

ANBP 

v. HC 

t-value 

ANBP 

v. HC 

p 

 

ES 

ANR v. 

ANBP 

t-value 

ANR v. 

ANBP 

p 

 

ES 

Age, years (Mean, SD) 

BMI, kg/m² (Mean, SD) 

Education, years (Mean, SD) 

Duration of ED, years (Mean, SD) 

Hunger before scan (0-10) (Mean, SD) 

Mood before scan (0-10) (Mean, SD) 

Food anx in scan (0-10) (Mean, SD) 

Non-food anx in scan (0-10) (Mean, SD) 

Aversive anx in scan (0-10) (Mean, SD) 

Neutral anx in scan (0-10) (Mean, SD) 

SSRI medication (No., %) 

EDE-Q (0-6) 

- restrained eating 

- eating concern 

- weight concern 

- shape concern 

EDE-Q(Q8) No. of binges month (0-6) 

EDE-Q (Q22) No. of vomits in month 

HADS- Anxiety (0-21) (Mean, SD) 

HADS-Depression (0-21) Mean, SD) 

Psychiatric co-morbidity 

- Depressive disorders (No., %) 

- Anxiety disorders (No., %) 

- Depression & Anxiety (No., %) 

26(9.5) 

21.7(2.4) 

12(6.5) 

- 

2.7(2.1) 

6.4(1.7) 

2.4(2.0) 

1.8(1.7) 

7.3(2.3) 

1.5(1.3) 

- 

 

0.78(1.0) 

0.30(0.5) 

0.78(0.8) 

1.29(1.1) 

- 

- 

4.4(2.7) 

1.6(1.7) 

0 

0 

0 

0 

26(6.8) 

15.7(1.2) 

8(3.4) 

7.2(4.0) 

2.5(1.8) 

4.2(2.2) 

6.9(1.8) 

1.8(0.9) 

8.2(1.5) 

2.1(2.4) 

10(55.5) 

 

2.63(1.7) 

2.97(1.45) 

3.43(1.56) 

4.39(1.29) 

0.9412(1.78) 

2.83 (7.28) 

13.6(3.6) 

13.6(3.7) 

14(77.7) 

3(16.6) 

6(33.3) 

5(27.7) 

0.95 

9.567 

2.380 

- 

3.41 

3.564 

6.305 

0.006 

1.413 

1.120 

- 

 

4.453 

8.289 

7.203 

8.336 

- 

- 

9.429 

7.832 

- 

- 

- 

- 

0.93 

<0.001 

0.022 

- 

0.74 

0.001 

<0.001 

0.26 

0.17 

0.27 

- 

 

<0.001 

<0.001 

<0.001 

<0.001 

- 

- 

<0.001 

<0.001 

- 

- 

- 

- 

0 

3.1 

0.76 

- 

0.1 

1.17 

2.4 

0 

0.46 

0.31 

- 

 

1.31 

2.39 

2.1 

2.68 

- 

- 

3.03 

4.5 

- 

- 

- 

- 

25.82(7.24) 

15.23(1.23) 

8.18(4.02) 

8.80(7.41) 

2.53(1.88) 

4.47(2.23) 

5.98(2.14) 

1.44(0.78) 

7.91(1.61) 

1.70(1.79) 

4(36) 

 

2.09(1.53) 

2.55(1.27) 

3.10(1.52) 

4.08(1.28) 

- 

- 

12.18(3.6) 

8.18(4.62) 

8(73) 

2(18) 

3(27) 

3(27) 

25.43(6.5) 

16.4(0.5) 

7.71(2.36) 

8.74(5.08) 

2.53(1.89) 

3.91(2.22) 

7.56(1.98) 

2.58(0.43) 

8.67(1.2) 

2.97(3.34) 

6(86) 

 

3.49(1.75) 

3.63(1.56) 

3.97(1.56) 

4.88(1.25) 

2.14(2.34) 

6.86(10.45) 

15.71(2.69) 

11.57(3.82) 

5(71) 

1(14) 

2(29) 

2(29) 

0.030 

8.294 

1.794 

- 

0.286 

2.814 

4.834 

0.722 

0.824 

0.398 

- 

 

3.094 

7.392 

5.923 

6.582 

- 

- 

7.192 

6.183 

- 

- 

- 

- 

0.976 

<0.001 

0.082 

- 

0.78 

0.008 

<0.001 

0.48 

0.42 

0.69 

- 

 

0.004 

<0.001 

<0.001 

<0.001 

- 

- 

<0.001 

<0.001 

- 

- 

- 

- 

0.02 

3.15 

0.67 

- 

0.09 

1.06 

1.8 

0.25 

0.3 

0.14 

- 

 

1.14 

2.85 

2.23 

2.48 

- 

- 

2.67 

2.33 

- 

- 

- 

- 

0.126 

5.588 

1.699 

- 

0.238 

3.179 

5.720 

1.019 

1.416 

1.765 

- 

 

5.383 

9.005 

7.403 

7.306 

- 

- 

9.879 

9.976 

- 

- 

- 

- 

0.90 

<0.001 

0.1 

- 

0.81 

0.004 

<0.001 

0.32 

0.17 

0.089 

- 

 

<0.001 

<0.001 

<0.001 

<0.001 

- 

- 

<0.001 

<0.001 

- 

- 

- 

- 

0.07 

2.55 

0.75 

- 

0.09 

1.09 

1.82 

0.24 

0.29 

0.15 

- 

 

1.2 

3.19 

2.42 

2.53 

- 

 

2.77 

2.63 

- 

- 

- 

- 

0.116 

2.110 

0.277 

0.821 

0.1 

0.519 

1.482 

3.299 

1.006 

1.038 

2.213 

 

1.785 

1.618 

1.184 

1.297 

- 

- 

2.221 

1.615 

0.57 

0.204 

0.057 

0.057 

0.91 

0.05 

0.79 

0.61 

1.0 

0.61 

0.16 

0.005 

0.33 

0.32 

0.042 

 

0.093 

0.13 

0.25 

0.21 

- 

- 

0.041 

0.13 

0.96 

0.84 

0.96 

0.96 

0.06 

1.22 

0.14 

0.01 

0.01 

0.27 

0.81 

1.8 

0.55 

0.54 

0.04 

 

0.92 

0.83 

0.6 

0.67 

- 

- 

1.14 

0.83 

0.04 

0.06 

0.04 

0.04 

AN=Anorexia Nervosa, ANR=Restricting Subtype, ANBP=Binge-Purging Subtype, HC=Healthy Control, ES=Effect Size, BMI=Body Mass Index, ED=Eating Disorder, anx= anxiety measured 

during scan as a self-report verbal response where 0=least anxious and 10=most anxious, SSRI=Selective Serotonin Reuptake Inhibitor, EDE-Q=Eating Disorder Examination-Questionnaire, 0-6 

scale for subscale scores where 0 is least severe, 6 is most severe, EDE-Q (Q8) number of binges in one month, scale 0= no days, 1=1-5 days, 2=6-12 days, 3=13-15 days, 4=16-22 days, 

5=23-27 days, 6=everyday, EDE-Q (Q22) number of vomits in month=absolute number of vomits in one month, HADS=Hospital Anxiety and Depression Scale, 0-21 scale where 0 is least severe 

and 21 is most severe for trait anxiety and depression as subscales.  Separate analysis of difference between HC>R-AN and HC>BP-AN revealed the same as for overall HC>AN contrast, 

details available on request.  Significant differences between contrasts in bold. 
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Table 3.  Demographic characteristics of women with Anorexia Nervosa, Bulimia Nervosa and Healthy Controls 

 
 Controls 

(n=24) 

AN 

patients 

(n=18) 

BN 

patients 

(n=8) 

AN v. HC

TValue 

AN v. 

HC  

p 

 

ES 

BN v. 

HC 

TValue 

BN v. 

HC 

p 

 

ES 

AN v. 

BN  

T value 

AN v. 

BN 

p 

 

ES 

Age, years (Mean, SD) 

BMI, kg/m² (Mean, SD) 

Education, years (Mean, SD) 

Duration of ED, years (Mean, SD) 

Hunger before scan (0-10) (Mean, SD) 

Mood before scan (0-10) (Mean, SD) 

Food anxiety during scan (0-10) (Mean, SD) 

Non-food anxiety during scan (0-10) (Mean, SD) 

Aversive anxiety during scan (0-10) (Mean, SD) 

Neutral anxiety during scan (0-10) (Mean, SD) 

SSRI medication (No., %) 

EDE-Q (0-6) 

- restrained eating 

- eating concern 

- weight concern 

- shape concern 

HADS- Anxiety (0-21) (Mean, SD) 

HADS-Depression (0-21) Mean, SD) 

Psychiatric co-morbidity 

- Depressive disorders (No., %) 

- Anxiety disorders (No., %) 

- Depression & Anxiety (No., %) 

25(9.5) 

21.7(2.4) 

12(6.5) 

- 

2.7(2.1) 

6.4(1.7) 

2.4(2.0) 

1.8(1.1) 

7.3(2.3) 

1.5(1.3) 

- 

 

0.8(1.0) 

0.1(0.2) 

0.2(0.4) 

0.4(0.4) 

4.4(2.7) 

1.6(1.7) 

0 

0 

0 

0 

26(6.8) 

15.7(1.2) 

8(3.4) 

7.2(4.0) 

2.5(1.8) 

4.2(2.2) 

6.9(1.8) 

1.8(0.9) 

8.2(1.5) 

2.1(2.4) 

10(55.5) 

 

2.63(1.7) 

2.97(1.45) 

3.43(1.56) 

4.39(1.29) 

13.6(3.6) 

13.6(3.7) 

14(77.7) 

3(16.6) 

6(33.3) 

5(27.7) 

25(7.1) 

21.6(3.4) 

12.5(6.3) 

12(7.8) 

5.3(2.8) 

3.6(2.2) 

6.5(1.5) 

1.0(1.1) 

8.0(1.1) 

1.6(1.3) 

0 

 

4.4(0.3) 

2.8(2.0) 

5.7(2.2) 

3.2(1.0) 

11.2(3.8) 

7.2(4.3) 

1(11.1) 

0 

1(11.1) 

0 

0.95 

9.567 

2.380 

- 

3.41 

3.564 

6.305 

0.006 

1.413 

1.120 

- 

 

4.453 

8.289 

7.203 

8.336 

9.429 

7.832 

- 

- 

- 

- 

0.93 

<0.001 

0.022 

- 

0.74 

0.001 

<0.001 

0.26 

0.17 

0.27 

- 

 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

- 

- 

- 

- 

0 

3.1 

0.76 

- 

0.1 

1.17 

2.4 

0 

0.46 

0.31 

- 

 

1.31 

2.39 

2.1 

2.68 

3.03 

4.5 

- 

- 

- 

- 

0.249 

0.083 

0.170 

- 

2.435 

3.414 

4.774 

1.262 

0.743 

0.263 

- 

 

8.938 

6.903 

12.279 

10.271 

5.515 

5.107 

- 

- 

- 

- 

0.81 

0.93 

0.87 

- 

0.02 

0.002 

<0.001 

0.2 

0.46 

0.8 

- 

 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

- 

- 

- 

- 

0 

0.04 

0.08 

- 

1.18 

1.58 

2.23 

0.75 

0.35 

0.08 

- 

 

4.19 

2.84 

5.08 

4.85 

2.35 

2.26 

- 

- 

- 

- 

0.243 

-7.794 

-3.121 

-0.756 

-3.441 

0.144 

1.018 

1.594 

0.063 

0.650 

- 

 

-2.472 

-0.311 

-0.871 

-0.230 

4.461 

4.218 

1.733 

- 

1.930 

- 

0.85 

<0.001 

0.011 

0.61 

0.632 

0.362 

0.397 

0.672 

0.18 

0.43 

- 

 

0.002 

0.494 

0.119 

0.77 

<0.001 

<0.001 

0.471 

- 

0.69 

- 

0.15 

2.93 

1.05 

0.93 

1.36 

0.28 

0.24 

0.86 

0.15 

0.24 

- 

 

1.28 

0.11 

1.33 

1.02 

2.09 

1.96 

0.68 

- 

1.71 

- 

BN=Bulimia Nervosa, HC=Healthy Control, BMI=Body Mass Index, ED=Eating Disorder, SSRI=Selective Serotonin Reuptake Inhibitor, EDE-Q=Eating Disorder Examination-Questionnaire, 

HADS=Hospital Anxiety and Depression Scale, 0-10 scale is where 0 is least severe for hunger and anxiety scores; 0-10 mood scale is where 0 indicates lowest mood, 0-6 scale for EDE-Q is 

where 0 is least severe on each subscale, 0-21 scale on HADS is where 0 is lowest level of trait anxiety or depression.
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4.1.3.2 Anxiety ratings for food and aversive during the scan 

 
Figure 31: Bar chart to show self-report anxiety scores given by women with 

AN, BN and healthy control women when thinking about eating the food shown in 

images during the scan 
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**

** **

          = Food images 
           
           = Non-Food images 

Block colours on bars represent anxiety for food images; striped patterned bars represent anxiety for non-food 

images; subtypes of AN are not separated in this graph as there was no significant difference in anxiety scores 

reported during the scan when viewing food images; ** = <0.001 significant difference between controls and AN 

and BN (but no difference between AN and BN) 

 

4.1.3.3 Group maps (GBAMs) 

4.1.3.3.1  Activation to food versus non-food images 

 
In the group map analyses I report activation to food images that are greater than 

the activation to non-food images.  For details of the statistics used see Methods 

section. 

 

See Figure 32 and Table 5 for illustrations and statistical details of the regions of 

activation. 
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Figure 32: Food >non-food activation experiment.  Generic brain activations (individual groups) are 
shown in response to these contrasts in all subjects, women with AN and the subtypes and HC women 

ªAxial slices, representing brain activation to food greater than non-food and aversive greater than 
neutral at cluster level p<0.01 for all four groups, z coordinates below each image indicate level of 
axial slice; radiological convention: right hemisphere on left of image; DLPFC=Dorsal Lateral 
Prefrontal Cortex, ACC=Anterior Cingulate Cortex, VC=Visual Cortex, CB=Cerebellum, 
STG=Superior Temporal Gyrus, MTG=Middle Temporal Gyrus, VS=Ventral Striatum,  
PC=Precuneus, PL=Parietal Lobe, FG=Fusiform Gyrus; Cau=Caudate Body; all data corrected at 
cluster level for less than one false positive; bar charts show mean BOLD responses (raw data 
from time series), activation to food images on the left, activation to non-food images on the right, 
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Table 5. Generic brain activation to food stimuli in people with anorexia nervosa, 

bulimia nervosa and in healthy control subjects. 
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   Talairach’s 
coordinates 

  

Brain Regions BA Laterality x y z Cluster size 
(voxels) 

Cluster-p 

Food > Non-Food 

All Subjects (n=42) 

     Cerebellum 

 
--- 

 
L 

 
-11 

 
-74 

 
-17 

 
454 

 
0.0002 

     Caudate Body 

 
--- 

 
L 

 
-25 

 
0 

 
-13 

 
21 

 
0.008 

All women with Eating Disorders (ED) (n=26)      

     Visual Cortex 

 
18 

 
R 

 
28 

 
-60 

 
11 

 
18 

 
0.005 

Women with Anorexia Nervosa (AN) (n=18) 

     Cerebellum 

  
L 

 
-18 

 
-74 

 
-23 

 
443 

 
0.0002 

     Dorsal Lateral Prefrontal Cortex 

 
9 

 
R 

 
47 

 
7 

 
30 

 
74 

 
0.001 

      Precuneus 

 
39 

 
R 

 
40 

 
-63 

 
33 

 
119 

 
0.002 

Women with Restricting Anorexoa (RAN) (n=11) 

     Cerebellum 

 
-- 

 
L 

 
-25 

 
-67 

 
-23 

 
41 

 
0.001 

    Visual Cortex 

 
18 

 
L 

 
-14 

 
-85 

 
-13 

 
50 

 
0.001 

   Dorsal Lateral Prefrontal Cortex 

 
9 

 
R 
 

 
40 

 
4 

 
26 

 
66 

 
0.002 

    Parietal Lobe/ Precuneus 

 
7 

 
-- 

 
0 

 
41 

 
46 

 
179 

 
0.0006 

Women with Binge-Purge Anorexia (BPAN) (n=7) 

    Cerebellum 

 
-- 

 
L 

 
-4 

 
-56 

 
-36 

 
111 

 
0.0008 

   Cerrebellum 

--  
R 

 
-25 

 
-63 

 
-20 

 
389 

 
0.0002 

   Supplementary Motor Area 

 
6 

 
R 

 
22 

 
-4 

 
53 

 
124 

 

 
0.0009 

Women with Bulimia Nervosa (BN) (n=8) 

  Visual Cortex/Cerebellum 

 
18 

 
R 

 
11 

 
81 

 
7 

 
1416 

 
0.01 

 Corpus Striatum (Caudate) 

 
---- 

 
R 

 
14 

 
7 

 
17 

 
68 

 
0.005 

  Dorsal Lateral Prefrontal Cortex 

 
46 

 
R 

 
33 

 
30 

 
17 

 
154 

 
0.01 

Primary Somatosensory Cortex 

 
3 

 
L 

 
-54 

 
15 

 
26 

 
2774 

 
0.01 

Healthy Control Women (n=24) 

 Cerebellum 

 
-- 

 
L 

 
-4 

 
-63 

 
-20 

 
497 

 
0.0002 

 Superior Temporal Gyrus 

 
22 

 
R 

 
51 

 
-11 

 
-7 

 
300 

 
0.0002 

Middle Temporal Gyrus 

 
22 

 
R 

 
51 

 
-37 

 
7 

 
78 

 
0.002 

Caudate Body 

 
-- 

 
R 

 
-4 

 
0 

 
20 

 
236 

 
0.0003 

 BA=Brodmann’s Area; Laterality=L, Left, R, Right; Talairach Coordinates = x, Saggital plane, y, Coronal plane, z, Axial plane; Cluster 
each voxel equals 3.75mm x 3.75mm x 3mm; Cluster p=cluster probability corrected at the level of one false positive or less  

 



 

4.1.3.3.1.1 All subjects (n = 42) 

 

Data 

In all subjects, greater activation of the caudate nucleus and cerebellar vermis 

was observed in response to food images compared to non-food images.   

 

Interpretation 

The caudate nucleus is part of the dorsal striatum, in the basal ganglia network 

that primarily uses dopaminergic neurotransmission: it is involved in learning 

basic appetitive responses to stimuli that have a Pavlovian association with 

reward (Grahn et al., 2009).  The caudate is also involved in dopaminergic 

transmission linking feeding behaviour and incentive salience, or ‘cue triggered 

wanting’ (Berridge, 2009).  The cerebellum may be be linked to control of 

feeding behaviour (Zhu and Wang, 2008), as lesions to regions of the cerebellum 

in animals causes alterations in feeding behaviour, a disturbance in nutritional 

utilization and weight loss (Scalera, 1991;Mahler et al., 1993).  Therefore, 

without taking disease-status into account, it seems that a basic response to 

food images involves activation of appetitive regions such as the caudate and 

cerebellum.  

4.1.3.3.1.2 All women with ED (n=26) 

 

Data 

In all women with ED greater activation was found in the right visual cortex (area 

V2) when viewing food compared to non-food images.   

 

Interpretation 

Area V2 is part of the ventral processing stream or ‘what’ pathway (Ungerleider 

and Mishkin, 1982), and so it is likely that in comparison to healthy women, 

women with ED would have greater visual processing of disease-salient stimuli. 
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4.1.3.3.1.3 All women with AN (n=18) 

 

Data 

In women with AN, greater activation in the cerebellum, right dorsolateral 

prefrontal cortex (DLPFC) and right posterior precuneus was observed in 

response to food images compared to non-food images.   

 

Interpretation 

Cerebellar activation likely reflects a similar appetitive response to the food 

images in comparison to non-food images: this was observed in the healthy 

control group.  However, the right DLPFC activation to food images is not 

observed in the healthy control group, but only in the women with AN.  The 

DLPFC is linked to inhibition of impulsive responses and is implicated in working 

memory function (Asahi et al., 2004), and the right DLPFC is activated during 

cognitive control of immediate rather than anticipatory conflict (Vanderhasselt et 

al., 2009f).  It could be that greater DLPFC activation to food than non-food 

images in women with AN reflects attempts to inhibit impulsive associative 

appetitive responses to food images: for example, there is activation in the 

striatum in healthy women but not in women with AN.  The posterior precuneus 

is located between the visual and somato-sensory cortices and a recent review 

indicates that it is involved in an interwoven network of self-related mental 

representations (Cavanna and Trimble, 2006).  Therefore, activation of the 

precuneus to food images in women with AN might reflect imaginings of how the 

food might make them feel if they were to eat it. 

 

 

 

 



4.1.3.3.1.4 Women with restricting AN (RAN (n=11) 

 

Data 

Women with restricting AN had similar regions of activation to food in 

comparison to non-food images, as described for the whole group above (the 

cerebellum, right DLPFC and precuneus).    However, they also had greater 

activation in the left visual cortex, specifically in BA18, or area V2.   

 

Interpretation 

Area V2 is similar to V1 in that it recreates a mental representation of what is 

captured on the retina; however, there is more attentional modulation of 

activation in V2 due to reciprocal connections to the PFC (Gazzaley et al., 2007).  

Therefore, increased activation in V2 to food images in women with restricting 

AN could be a PFC modulatory effect linked to engagement of attentional 

resources (e.g connections with the DLPFC). 

4.1.3.3.1.5 Women with Binge-Purge AN (BPAN) (n=7) 

 

Data 

Women with binge-purging AN also had activation in the cerebellum in response 

to food compared to non-food images. However, unlike the women with 

restricting AN, they did not show activation of the right DLPFC.  Women with 

BPAN had increased activation in the right Supplementary Motor Area (SMA), in 

BA6 in response to food images compared to non-food images.    

 

Interpretation 

The absence of activation in the DLPFC might reflect reduced cognitive control 

of impulsive appetitive responses to food images.  However, it must be 

remembered that women of the binge-purge subtype are still women with AN 

who are underweight due to severe food restriction; in this cohort, the women 

with BPAN are different from the women with RAN because they have 
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significantly higher mean BMI (although still <17.5) (see Table 4 above).  

Therefore, it is plausible that similarly to women with RAN, women with BPAN 

have reduced appetitive activation to food images, but in contrast to women with 

RAN they do not have an increased DLPFC response to suppress an appetitive 

response.  The suppression mechanism that may be linked to DLPFC activation is 

absent in women with BPAN, which may explain why this subtype experience 

periods of bingeing.    

 

The SMA is implicated in actions that are internally generated, in other words, 

planned actions from memory, rather than impulsive responses to stimuli (which 

are associated with the dorsal striatum) (Shima and Tanji, 1998a;Tanji and 

Shima, 1996).  SMA activation in women with BPAN might reflect engagement in 

the food images that resembles a memory for the actions of eating the food (e.g. 

bringing a hamburger to the mouth with the hands, using a knife and fork).  SMA 

activation might be specific to women with BPAN and not detectable in women 

with RAN because the women with BPAN are more frequently engaged in eating, 

i.e. they binge. 

4.1.3.3.1.6 Women with Bulimia Nervosa (BN) (n=8) 

 

Data 

Women with BN had increased activation in response to food compared to non-

food images in the visual cortex (incorporating the cerebellum), caudate body, 

right DLPFC and primary somatosensory cortex (PSC).  However, in a similar 

manner to the women with AN, women with BN have increased right DLPFC 

activation to food images compared to non-food images.   

 

Interpretation 

Greater cerebellum and caudate activation in response to food images compared 

to non-food images is similar to the activation found in healthy control women, 

and thus is likely to indicate an appetitive response to the food images.  Visual 
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cortex activation is likely a reflection that attentional resources are being 

recruited, as was seen in women with RAN, and may underpin cognitive biases to 

food stimuli (Johansson et al., 2005).   PSC activation likely occurs as a reflection 

of bodily responses to appetitive stimuli (e.g. release of gut-hormones to 

stimulate appetitive associations, e.g. salivation, hunger pangs).  It could also be 

that the somatosensory ‘homunculus’ in the brain of women with BN has not fully 

developed and therefore produces a magnified or aberrant sensory response to 

food stimuli (Schaefer et al., 2008). 

 

As discussed above, right DLPFC activation is associated with cognitive control 

of impulsive responses (Asahi et al., 2004).  A right DLPFC response to the food 

images might reflect cognitive control associated with immediate conflict, as 

opposed to left DLPFC activation that might be associated with anticipatory 

conflict (Vanderhasselt et al., 2009).  This is plausible, as women with BN 

activate regions associated with appetite (e.g. the caudate and cerebellum), that 

may conflict with cognitions associated with food restriction.  

 

It is also of note that women with BN have a significantly higher restraint score 

on the EDE_Q than women with AN.  Since women with BN have both a ‘top-

down’ response in the right DLPFC and a ‘bottom-up’ appetitive response in the 

brain (e.g. the caudate and cerebellum), feelings of restraint might be 

exacerbated in people who desire cognitive control of appetite in the presence of 

exaggerated appetitive responses.  This is in line with Herman & Polivy’s view 

that dietary restraint is linked to binge-eating (Herman and Polivy, 1975; Herman 

and Polivy, 1990).  In line with previous views, the DLPFC response in women 

with BN could be linked to exaggerated cognitive control to dampen reward 

processing (Chambers et al., 2003).  The DLPFC response in women with RAN 

could be linked to excessive cognitive engagement, reflecting cognitive 

strategies that are related to reducing subcortical responses (Connan et al., 

2003). 
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4.1.3.3.1.7 Healthy control women (n=24) 

 
Data 

In healthy women, greater caudate and cerebellum activation was observed in 

response to food images compared to non-food images.  The right middle (MTG) 

and superior temporal gyri (STG) were also activated.   

 

Interpretation 

The MTG and STG are likely involved in the ventral visual processing stream (or 

‘what’ pathway) (Pribram and Mishkin, 1955).  Therefore, activation of these 

regions may be a reflection of the coordination of auditory and visual information 

presented during the scan.  This could be an indication that food stimuli, in 

comparison to non-food stimuli caused greater activation of attentional 

resources in healthy women.  This seems plausible as the food images in 

comparison to non-food images were likely deemed to be more desirable by the 

healthy controls, and activation of the caudate and cerebellum may reflect 

motivation to eat the foods shown. 

4.1.3.3.1.8 Overview 

Observations within groups (GBAMs) between food and non-food images have 

revealed that there is differential neural activation to food images in comparison 

to non-food images in all groups.  This suggests that the food images were able 

to evoke specific neural responses in the brain, and that these neural responses 

(without, at this stage, explicitly comparing groups) are different in each group.   

 

Women with the restricting subtype of AN (i.e. those with the lowest level of 

food consumption and arguably the lowest appetitive response to food stimuli in 

comparison to all groups) have a reduced neural response in brain regions linked 

to appetitive activation (e.g. the caudate and cerebellum), but an increased 

response to food stimuli in the right DLPFC.  Conversely, women with BPAN 

have less right DLPFC activation but greater cerebellar activation that may be 
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linked to normal appetitive responses to food stimuli, as well as mental 

representation of motor responses in the SMA, likely linked to imagining the 

actions associated with food consumption.   

 

Women with BN had greater appetitive neural responses to food stimuli (in the 

striatum and cerebellum), and also right DLPFC activation.  These data might be 

linked to the significantly higher restraint scores and bingeing behaviour in this 

group.  Activation of the right DLPFC may reflect recruitment of cognitive coping 

strategies that are employed to help restrain appetitive processes when viewing 

and thinking about eating food shown in images.  However, group comparisons 

(ABAMs, see below) reveal that the right DLPFC response is greater in women 

with AN than BN.  This may indicate that excessive appetitive responses in 

women with BN impinge on attempts to maintain cognitive control that is 

associated with a right DLPFC response. 

 

4.1.3.3.2   Activation to aversive versus neutral images 

All groups activated the fusiform gyrus (some bilaterally); therefore an 

interpretation of these findings is given as an overview at the end of this section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 6. Generic brain activation to aversive emotional stimuli in anorexia 

nervosa, bulimia nervosa and healthy controls. 

 

 
Aversive > Neutral 
All Subjects (n=42) 

      Fusiform Gyrus 

 

37 

 

L 

 

-40 

 

-59 

 

-13 

 

254 

 

0.001 

      Fusiform Gyrus 

 

37 

 

R 

 

36 

 

-59 

 

-13 

 

239 

 

0.001 
 
All women with ED (n=26) 

       Fusiform Gyrus 

 

37 

 

L 

 

-34 

 

-52 

 

-7 

 

232 

 

0.001 

All Anorexic Women (n=18) 

       Fusiform Gyrus 

 

37 

 

L 

 

-43 

 

-56 

 

-13 

 

230 

 

0.003 

Restricting Anorexic Women (n=11) 

      Fusiform Gyrus 

 

37 

 

L 

 

-43 

 

-56 

 

-13 

 

236 

 

0.001 

Binge-Purgeing Anorexic Women (n=7) 

     Fusiform Gyrus 

 

19 

 

L 

 

-25 

 

-63 

 

-5 

 

84 

 

0.001 

Bulimic Women (n=8) 

     Fusiform Gyrus 

 

19 

 

L 

 

-25 

 

-63 

 

-5 

 

84 

 

0.001 

Healthy Control Women (n=24) 

    Fusiform Gyrus 

 

37 

 

L 

 

-40 

 

-67 

 

-7 

 

251 

 

0.002 

    Fusiform Gyrus 

 

37 

 

R 

 

25 

 

-78 

 

10 

 

348 

 

0.002 

 

4.1.3.3.2.1 All subjects (n=42) 

Contrasting neural activation to aversive versus neutral images revealed that 

there was greater bilateral activation of the fusiform gyrus to aversive images in 

all subjects. 

4.1.3.3.2.2 All women with ED (n=26) 

 

In all women with ED there was greater activation to the aversive images in the 

left fusiform gyrus. 
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4.1.3.3.2.3 All women with AN (n=18) 

 

In all women with AN there was greater activation to the aversive images in the 

left fusiform gyrus. 

4.1.3.3.2.4 Women with RAN (n=11) 

 

In women with RAN there was greater activation to the aversive images in the 

left fusiform gyrus. 

4.1.3.3.2.5 Women with BPAN (n=7) 

 
In women with BPAN there was greater activation to the aversive images in the 

left fusiform gyrus. 

4.1.3.3.2.6 Women with BN (n=8) 

 
In women with BN there was greater activation to the aversive images in the left 

fusiform gyrus. 

 

4.1.3.3.2.7 HC women (n=24) 

 

In healthy control women there was greater activation to the aversive images in 

the bilateral fusiform gyrus. 

4.1.3.3.2.8 Overview 

 

Contrasts between aversive and neutral images identified increased activation in 

the fusiform gyrus in all groups.  This was strongest in the left fusiform gyrus in 

women with ED (both AN and BN), whereas a bilateral response was observed in 
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the healthy control women.  The fusiform gyrus is activated in response to faces, 

and is known as the fusiform face area (FFA) (Sergent et al., 1992).  However, 

the fusiform gyrus is also involved in conditioned fear processing.  In one fMRI 

study of (Pavlovian) fear conditioning using a paradigm with either continuous or 

intermittent pairing of an aversive stimulus to an innocuous stimulus (Dunsmoor 

et al., 2007), fusiform gyrus activation was observed during ‘expected’ (e.g. 

continuous) fear conditioning.  However, the insular cortex and DLPFC were 

responsive to ‘unexpected’ (e.g. intermittent) fear conditioning, and right DLPFC 

activation is also linked to unexpected conflict (Vanderhasselt et al., 2009).  The 

authors argue that these disparate patterns of activation reflect “expected” fear 

versus “uncertain” fear conflict monitoring (e.g. uncertain predictions about 

whether an aversive stimulus will ensue).  Greater activation of the fusiform 

gyrus during the presentation of aversive in comparison to neutral images may, 

therefore reflect a natural fear response that is associated with aversive images.  

However, in women with ED an ‘unexpected’ fear response to food images, 

which has been associated with the right DLPFC (Vanderhasselt et al., 2009) may 

show that the brain initially does not expect the food stimuli to be feared, but a 

top-down response modulates responses in the fusiform gyrus in women with 

ED.  Further support for this proposal is provided by the observation that only 

the left fusiform gyrus is activation to aversive images in women with ED, and 

not bilateral activation as is in the healthy women.  It could be that excessive 

activity in the right DLPFC of women with ED is linked to a right-lateralised top-

down modulatory network and has a dampening effect on right fusiform gyrus 

activation to reduce the saliency of stimuli perceived as negative. 

4.1.3.4 Comparison maps (ABAMs) 

 

4.1.3.4.1  Non-food subtracted from food activation  

 
In the comparison analyses, I report activation to food images after activation to 

non-food images has been subtracted.  This is a standard procedure in fMRI 
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research.  For further details of the statistics used see Methods section.  In the 

descriptions of GBAM activation, I related my findings to what is generally 

known about the functions of specific brain regions.  However, in this section I 

specifically relate the activations to previous findings in women with ED.  See 

Figures 33 & 34 and Tables 7 & 8 for illustrations and statistical details of the 

regions of activation. 
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Table 7: Comparisons of neural activation to food (food minus non-food activation) 
stimuli between women with AN versus healthy controls, and between women with 
RAN and BPAN 

   Talairach’s 
coordinates 

 

Brain Regions & Contrasts BA Laterality x y z Cluster size 
(voxels) 

Food Stimuli 
Eating Disorders  > Healthy Controls 

Visual Cortex (V2) 
 

18 
 

R 
 

31 
 

-62 
 

14 
 

24 

Anorexic > Healthy Controls 

Visual Cortex (V2) 
 

18 
 

R 
 

29 
 

-70 
 

13 
 

22 

Restricting Anorexic > Healthy Controls 

Visual Cortex 
 

19 
 

R 
 

29 
 

-78 
 

18 
 

23 

Dorsal Lateral Prefrontal Cortex 
      

46 R 40 37 18 29 

Binge-Purgeing anorexic > Healthy Controls 
      

18 R 18 -78 -7 18 Visual Cortex 

Restricting anorexic > Binge-Purgeing anorexic 
      

19 R 22 -67 -7 29 Visual Cortex 

      
18 L -11 -81 17 71 Visual Cortex 

      
27 L -18 -33 0 28 Parahippocampal Gyrus 

      
24 L -4 -20 34 24 Ventral Anterior Cingulate Cortex 

Binge-Purgeing anorexic > Restricting anorexic 
      
 L -15 -63 -7 10 Cerebellum 

Healthy Controls > Eating Disorders 
------ ------ ----- ----- ----- ----- 

-------------------------------------- 

Healthy Controls > Anorexic 
      

R 14 -33 -20 22 Cerebellum 

      
L -7 -44 -23 30 Cerebellum 

      
22/13 R 43 -26 0 21 Temporal Gyrus/ Insula 

Healthy Controls > Restricting Anorexic 
      
 L 18 -41 -23 123 Cerebellum 

      
-41 -6 149 37/13 R 47 Temporal Gyrus/Insula 

Healthy Controls > Binge-Purgeing anorexic 

      
 L -7 -56 -11 127 Cerebellum 

 151 Temporal Gyrus/ Insula 
 

22/13 
 

R 
 

43 
 

-19 
 

-6 
 

168 
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Table 8. Comparisons of neural activation to food (food minus non-food activation) stimuli 
between women with AN and women with BN 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   Talairach’s 
coordinates 

  

Brain Regions & Contrasts BA Laterality x y z Cluster size 
(voxels) 

Cluster-p 

Food Stimuli 
Bulimic> Healthy Controls 

       
---- ----- ---- ---- --- ----- -----    ------------------------------------- 

Bulimic>Anorexic 
       

13 R 40 -4 13 48 0.004   Superiror Temporal Gyrus 

       
--- L 12 9 17 68 0.005 Dorsal Striatum (Caudate Body) 

       
6 L -43 4 40 57 0.003 Supplementary Motor Area  

Bulimic>Restricting Anorexic 
       

6 R 43 4 43 20 0.008  Supplementary Motor Area 

Bulimic>BingePurge Anorexic 
       

---- ---- ---- --- --- ----- -----  ----------------------------- 

Healthy Controls>Bulimic 
       

38 L 54 -26 -7 18 0.001 Superior Temporal Gyrus 

       
22 R -51 -15 0 17 0.001 Superior Temporal Gyrus 

       
31 L 44 -67 26 12 0.002 Visual Cortex (Precuneus) 

Anorexic>Bulimic 
       

31 L -11 -52 46 13 0.006 Anterior Cingulate 

       
2 R 54 -26 36 43 0.003  Inferior Parietal Lobe 

Restricting Anorexic>Bulimic 
       

---- L -4 -67 -10 35 0.005  Cerebellum 

       
13 43 0.006 29 --- 0 -41  Retrosplenial Cortex 

       
31 --- 0 -67 26 74 0.002  Visual Cortex (Precuneus) 

       
40 R 47 -37 36 62 0.002 Inferior Parietal Lobe (IPL) 

Binge Purge Anorexic>Bulimic 
       

----- ----- ---- ----- ---- ---- ----   ---------------------------------- 
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4.1.3.4.1.1 HC (n=24) versus ED (n = 26) 

 
Data 

All women with ED had increased activation in the right visual cortex (V2) in 

comparison to healthy control women.  There were no areas that were 

significantly reduced in the total ED group in comparison to controls.   

 

Interpretation 

The absence of greater neural activation to food images in the total ED group, in 

comparison to healthy controls (despite differences being observed in the group 

maps) might suggest that neural activation to food stimuli is not homogeneous in 

the subtypes of ED.  For example, women with AN may have reduced cerebellar 

activation, but women with BN have increased cerebellar activation in 

comparison to controls – this was the pattern of activation in food versus non-

food contrasts in the GBAMs – and would cancel out any differences observed in 

relation to the healthy control group.  Increased right visual cortex activation 

(V2) was also observed in all women with ED in comparison to the healthy 

control group. Increased activation in the visual cortex could indicate recruitment 

of attentional resources, and be driven by strategic processing, rather than 

impulsive responses to food images in women with ED (Kaye et al., 2009).  Area 

V2 is similar to V1 in that it recreates a mental representation of what is 

captured on the retina; however, there is more attentional modulation of 

activation in V2 due to reciprocal connections to the PFC (Gazzaley et al., 2007).    

Observing greater V2 activation in healthy women may suggest that they were 

attending more to the images, without top-down modulation of the visual cortex. 
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4.1.3.4.1.2 HC (n=24) versus AN (n=18) 

 

Data 

Women with AN had reduced bilateral activation in the bilateral cerebellum and 

right temporal gyrus/insular cortex, but increased activation in the right visual 

cortex (V2) in comparison to the healthy control group.     

 

Interpretation 

As described above, cerebellum activation may be involved in a basic appetitive 

response to food stimuli in preparation for engagement in eating behaviour.  For 

example, fMRI studies show cerebellar activation in response to high calorie food 

images in healthy controls (Killgore et al., 2003).  Previous fMRI studies by our 

group confirm that women with ED have a reduced cerebellar response to food 

images (Uher et al., 2004).  It is possible that women with AN have reduced 

activation in this region in response to food images as they would likely have a 

reduced appetitive response.   

 

Reduced right temporal gyrus/insular cortex activation is in line with current 

ideas of dysfunctional activation of the insular cortex in women with AN; e.g. that 

there is an underlying rate-limiting dysfunction in neural networks, converging 

on the insular cortex (Nunn et al., 2008; Kaye et al., 2009).    The insular cortex 

acts as a bridge between subcortical regions linked to automatic processing and 

cortical regions linked predominantly to executive function (Shelley and Trimble, 

2004).  Dysfunctional activation in the insular cortex may explain the 

predisposition for women with ED to have altered interoceptive awareness 

(Lilenfeld et al., 2006; Fassino et al., 2004).   Dysfunctional insular cortex 

activation may also underpin abnormal responses to food, for example, in a 

recent fMRI study; women who have recovered from RAN have been reported to 
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have reduced insular-striatal activation (Wagner et al., 2008).  This also 

suggests that altered insula activation is a trait and not state effect (e.g. is not 

due to malnutrition).   It has also been suggested that some symptoms of AN, 

such as a distorted body image, a disregard for malnutrition and a rigid cognitive 

style, could be due to an altered sense of self (Pollatos et al., 2008; Kaye et al., 

2009).  It could also be that women with AN experience an aversion to appetitive 

responses caused by food stimuli, and that this evokes anxiety and top-down 

cognitive coping mechanisms that have an inhibiting effect on the insular cortex 

and subcortical processing of rewarding stimuli (e.g. in the mesolimbic 

dopaminergic neural pathway). 

 

Increased right visual cortex activation (V2) was observed in the women with AN 

in comparison to the healthy control group, which could be driven by strategic 

processing, rather than impulsive responses to food images (Kaye et al., 2009).  

Area V2 is similar to V1 in that it recreates a mental representation of what is 

captured on the retina; however, there is more attentional modulation of 

activation in V2 due to reciprocal connections to the PFC (Gazzaley et al., 2007).    

Therefore, in women with AN, the response to food images may be driven by a 

top-down modulating cognitive response (e.g. to reduce anxiety associated with 

current concerns about shape, weight and eating) rather than a bottom-up 

automatic appetitive response (e.g. an impulsive response to food stimuli that 

would perhaps normally be deemed desirable).  The increased activation in the 

visual cortex observed in the present study is in contrast to previous findings 

from our group, that women who were currently ill and those that had recovered 

from AN, had reduced visual cortex activation when viewing food images (Uher 

et al., 2003; Uher et al., 2004).  In the previous studies by our group, participants 

merely viewed the images and were not instructed to think about eating the food, 

or to consider how the images made them feel, as in this study.  Therefore, 

studies may have evoked less attention modulation, which was reflected in 

reduced visual cortex activation.  In another study, comparisons of activation 
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when rating food images during hunger and satiety in women with AN compared 

to healthy controls, showed reduced activation in the visual cortex when the 

women were hungry, but increased activation when satiated (Santel et al., 2006).  

This may again demonstrate less attention modulation when the women with AN 

were hungry, and could be a mechanism that aids food restriction. 

4.1.3.4.1.3 HC (n=24) versus RAN (n=11) 

 

Data 

In this contrast, women with RAN had reduced activation in the left cerebellum 

and right temporal gyrus, but increased activation in the right visual cortex and 

right DLPFC. Significant peak activation was observed in healthy control women 

in the right temporal gyrus but this cluster also incorporated the right insular 

cortex (as observed in other contrasts between healthy control women and 

women with AN).   

 

Interpretation 

As described above, reduced cerebellar activation is likely to reflect a reduced 

appetitive response in women with RAN compared to healthy control women. The 

close proximity of the right temporal gyrus to the right insular cortex in women 

with RAN may reflect diminished activation in a similar region/network described 

in the total AN group above.  The right temporal gyrus activation incorporates 

the STG, which includes Wernicke’s area and is involved in speech 

comprehension and part of the ventral visual stream (the ‘what’ pathway).  It may 

be that reduced STG activation in women with RAN reflects reduced attentional 

resources directed towards the auditory and visual food stimuli (e.g. top-down 

suppression mechanisms reduced attention to the auditory command at the start 

of each block and the subsequent presentation of visual images). 
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DLPFC activation is linked to cognitive inhibition of impulsive responses (Asahi 

et al., 2004) and working memory: this may be used to filter out irrelevant 

information to aid selective attention for desired action (Mecklinger et al., 2003; 

Abe and Hanakawa, 2009).  Right DLPFC activation has been linked to cognitive 

inhibition of immediate conflict, as opposed to anticipatory conflict 

(Vanderhasselt et al., 2009).  This may indicate that thinking about eating food 

activates cognitions associated with immediate conflict control (e.g. desire to be 

thin versus appetitive response) in women with RAN.  Current ideas on the 

aetiology of ED suggest that the DLPFC is engaged to either dampen reward 

processing (Chambers et al., 2003) or to compensate for a lack of limbic 

activation (Connan et al., 2003).  However, in previous fMRI studies by our 

group, reduced left DLPFC activation (Vanderhasselt et al., 2009) was observed 

in women currently ill with ED (Uher et al., 2004c), but increased right DLPFC 

activation (Vanderhasselt et al., 2009) is observed in women who have recovered 

from ED in comparison to those chronically ill (Uher et al., 2003).  It is arguable 

that this is because in previous fMRI studies, the women with ED were simply 

asked to view the images, whereas in the present study the women with ED were 

continually asked to imagine eating the food in the images, reflecting differences 

in attentional engagement.  Increased right DLPFC activation on recovery may 

reflect a return of top-down cognitions that aid the suppression of appetitive 

responses food images in women with ED.  The current finding that women with 

RAN have increased right DLPFC activation is consistent with the view that 

dorsal neurocircuitry is being excessively engaged to restrict appetitive 

responses (Kaye et al., 2009). 
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4.1.3.4.1.4 HC (n=24) versus BPAN (n=7) 

 

Data 

Women with BPAN had increased right visual cortex activation, but decreased 

cerebellum and STG/insular cortex activation in comparison to healthy control 

women.  This is an almost identical pattern of activation to the women with RAN, 

except that the women with BPAN do not show increased right DLPFC activation 

to food images.  This pattern of activation was also observed in the individual 

group activation maps (illustrating activation to food versus non-food).   

 

Interpretation 

A lack of significant right DLPFC activation in comparison to the controls might 

be due to the fact that women with BPAN employ less top-down cognitive 

control than women with RAN.  As is described below, women with BPAN in 

comparison to women with RAN had greater cerebellum activation in response to 

the food images; thus may indicate that there is a greater appetitive response, 

which is not suppressed by the right DLPFC.   

 

4.1.3.4.1.5 HC (n=24) versus BN (n=8) 

 

Data 

In this contrast, women with BN had reduced activation in the bilateral STG and 

the left precuneus, with no other regions more activated in people with BN 

compared to the controls.   
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Interpretation 

The STG is involved in auditory processing of stimuli, incorporating Wernicke’s 

area for speech comprehension, and may aid semantic processing of visual 

stimuli (Vandenberghe, 2007).  Therefore, reduced activation in this region in 

women with BN may have occurred because these women were trying to avoid 

the instructions to think about eating the food shown in the images in order to 

cognitively block aversive visceral sensations associated with the appetitive 

stimuli (Heatherton and Baumeister, 1991; Ainsworth et al., 2002).  The 

precuneus is a region between the visual and parietal cortices and is involved in 

the processing of self-relevant or salient stimuli (Cavanna and Trimble, 2006).  

Reduced activation of the precuneus in women with BN in response to food 

images may also reflect that these women have blocked the processing of the 

food images. 

4.1.3.4.1.6 RAN (n=11) versus BPAN (n=7) 

 

Data 

In response to food images, women with RAN relative to women with BPAN had 

reduced left cerebellum activation but increased visual cortex activation in the 

left V2 and right V3 areas, left parahippocampal gyrus and left VACC.   

 

Interpretation 

Reduced activation of the left cerebellum may indicate a reduced appetitive 

response, and increased visual cortex activation may reflect the employment of 

greater attentional resources towards the food stimuli, as described previously.  

The hippocampi are involved in the consolidation of long term memory and 

spatial navigation (episodic memory), particularly for the recognition of familiar 

objects (Squire et al., 2007).  Memory associated with this region is largely 

declarative, in that it can be explicitly recalled, interacting with parts of the 

neocortex to refine memories based on updated information (Axmacher et al., 
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2008).  Therefore, activation of the parahippocampal gyrus in women with RAN 

in response to food images may reflect recognition of objects that are familiar to 

them.  From clinical observations, it is known that despite wanting to restrict 

their food intake, women with AN are preoccupied with food stimuli (Cooper, 

1997; Cooper and Fairburn, 1992; Mizes and Christiano, 1995), and activation of 

this region may reflect this.   Activation of the VACC may be related to emotional 

processing of the food stimuli, particularly involving error detection/conflict 

monitoring (Bush et al., 2000; Botvinick, 2007), for example, food is normally 

viewed as appetitive but this conflicts with the current concerns of a woman with 

RAN. 

 

4.1.3.4.1.7 AN (n=18) versus BN (n=8) 

 

Data 

In response to food images, women with AN relative to those with BN had 

reduced activation in the left dorsal striatum, the right STG and the left 

supplementary motor area (SMA), but increased activation in the left ACC and 

right inferior parietal lobe.   

 

Interpretation 

Activation in the dorsal striatum is linked to impulsive responses to rewarding 

stimuli (Everitt and Robbins, 2005), and people with high sensitivity to reward 

show greater activation of the dorsal striatum in response to food images 

(Beaver et al., 2006).  In women recovered from AN a reduced response in the 

striatum is observed when ingesting a sucrose solution and water (Wagner et al., 

2008).  Therefore, in the present case, it is likely that dorsal striatum activation 

reflects greater reward sensitivity when thinking about eating the food shown in 

the images in women with BN, relative to women with AN.   
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Right STG activation is involved in semantic processing of visual and auditory 

stimuli, and is the last stage of the ventral ‘what’ visual processing stream 

(Vandenberghe, 2007).  Reduced activation in the right STG in women with AN 

could reflect top-down modulation that suppresses attentional systems in 

response to the food images, as a means to restrict subsequent subcortical 

reward processing of the stimuli.  The SMA is involved in imagining available 

action outcomes, in this case, thinking about the actions involved in eating the 

food in the images (Shima and Tanji, 1998; Tanji and Shima, 1996).  Therefore, 

women with BN are perhaps more likely to think about the actions involved in 

eating when viewing food images because they eat more than women with AN.  

The ACC has extensive connections to the inferior parietal cortex and activation 

of these regions occur during orchestration of cognitive and emotional responses 

(Bush et al., 2000), particularly in relation to conflict monitoring and error 

detection (Botvinick, 2007).  Therefore, increased activation in women with AN 

in comparison to women with BN may reflect conflict between bodily responses 

associated with appetite when viewing the food images, and cognitions 

associated with current concerns about weight, shape and eating, and the need to 

restrict one’s food and appetite.  Increased activation in the inferior parietal 

4.1.3.4.1.8 RAN (n=11) versus BN (n=8) 

 

Data 

In response to food images, women with RAN relative to women with BN had 

increased activation in the left cerebellum, the retrosplenial cortex, precuneus 

and right inferior parietal lobe (IPL), but decreased activation in the left SMA.   

 

Interpretation 

Increased left cerebellum activation in women with AN is in contrast with what 

one might expect, given the previous findings indicating the involvement of the 

cerebellum in healthy appetitive processes and reduced activation in women with 

ED (e.g. Uher et al., 2004).  However, one possible explanation for this paradox 
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is that, in an explicit comparison between women with BN; women with RAN 

suppress hedonic responses to food associated with reduced activation in the 

striatum, whereas women with BN suppress basic motor responses associated 

with cerebellar activation.  If the cerebellum is associated with basic motor 

responses, activation of this region might underlie excessive exercising often 

seen in women with AN.  Whereas, if the striatum is more closely associated with 

‘hedonic motivation’ rather than basic coordination of movement (cerebellum), 

and activaton of the striatum is intact in women with BN but not AN, this 

provides clues to possible diverging top-down suppression mechanisms of the 

different EDs.   

 

The retrosplenial cortex and precuneus are both part of the visual processing 

network, and increased activation in these regions in women with RAN may 

indicate greater attentional engagement in the images, or avoidance of the 

images in the women with BN.   

 

Increased activation in the right IPL found in this study is in contrast to previous 

findings by our group who found decreased activation in the IPL in women with 

ED (Uher et al., 2004).  Previous studies have shown that the IPL is related to 

body image, and that reduced activation may be associated with body image 

distortion (Wagner et al., 2003).  In this study, women were asked to imagine 

eating the food, unlike in the previous study by our group, which may have 

activated the right IPL in association with concerns about the body, and the 

anticipation of an aversive experience associated with hunger (Kaye et al., 2009).  

Decreased activation in the SMA may reflect reduced mental imagery about the 

actions associated with eating in the women with RAN, who have less 

engagement with food than women with BN. 
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4.1.3.4.1.9 BPAN (n=7) versus BN (n=8) 

Data 

There were no significant differences in activation to food related stimuli 

between these groups.   

 

Interpretation 

One might expect greater striatum activation in the women with BN (as a 

reflection of greater impulsivity and less top-down control), who arguably have a 

higher frequency of binges compared to women with BPAN.  It is arguable, that 

since the women with BPAN, (who, like women with BN partake in some bingeing 

behaviour), did not show greater activation of the DLPFC (as seen in the women 

with RAN), the main difference between women with BPAN and BN is the amount 

of appetitve neural responses. However, during a single scan session, it may be 

difficult to detect the differences in neural activation between women with BPAN 

and BN.  Longitudinal examination of these women may reveal more differences 

in neural activation to food images.  For example, there may be greater striatum 

activation, but reduced DLPFC activation in the women with BN in comparison to 

women with BPAN. 

4.1.3.4.1.10 Overview 

 

In line with the hypotheses, that there would be greater top-down activation in 

women with AN, but greater bottom-up activation in women with bingeing 

subtypes of ED (BPAN and BN) using direct comparisons between groups, I 

found that women with AN have increased cortical activation to food images (e.g. 

the left DLPFC) but reduced activation in sub-cortical regions associated with 

appetitive responses (e.g. the cerebellum, striatum, insular cortex) in comparison 

to healthy controls and women with BN.  Conversely, but also in accord with the 

hypotheses, I found that women with BN have increased activation in regions 

associated with reward and appetitive responses (e.g. the dorsal striatum and 
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supplementary motor area), but a lack of activation in cortical regions associated 

with top-down control (e.g. the DLPFC).  I have also found that neural responses 

in women with BPAN did not differ from the women with BN.  However, women 

with BPAN did not activate a top-down response in the right DLPFC, which 

differentiates them from the women with RAN.  I have also found that in 

comparison to healthy controls, women with ED have a reduced insular 

cortex/STG response to food images, and an increased visual cortex response 

associated with attentional modulation.    

 

Overall, the findings support the proposal that in women with ED there is an 

aberrant interplay between top-down cognitive responses in dorsal 

neurocircuitry and bottom-up limbic responses in ventral neurocircuitry (Kaye et 

al., 2009).  The current findings support the view that women with restricting 

subtypes of ED engage excessive top-down mechanisms in the DLPFC during 

thoughts about eating food.  It is unclear from the present fMRI data however, 

whether excessive activation of the right DLPFC in the women with RAN is 

utilised to dampen automatic primal responses associated with appetite and 

anxiety (Chambers et al., 2003), or to compensate for a lack of bottom-up 

automatic responses in the limbic system, characterised by an over-reliance on 

cognitive strategies (Connan et al., 2003).   

 

Women with AN had reduced activation in the insular cortex in response to food 

images, which suggests a reduction in interoceptive processing in women with 

ED (Nunn et al., 2008).  It may be that the insular cortex acts as a relay between 

cortical and subcortical regions.  Excessive cognitive inhibition via the DLPFC in 

women with AN, and excessive striatal activation in women with BN to food 

stimuli may be associated with dysregulation in the insular cortex.  The sense of 

a ‘gut feeling’ (Damasio, 1996) when healthy people make decisions, is thought to 

occur due to an intergration, in the insular cortex, between activation of the PFC 

and subcortical regions.  However, if these regions are excessively activated 
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(e.g. an excessive PFC response in women with AN due to the rehearsal of 

cognitive strategies to avoid food intake in working memory systems; and an 

excessive response in the striatum in women with BN associated with bingeing), 

the insular cortex may not be able to effectively intergrate the information for 

decision making.   Dysregulation of the insular cortex in this way might explain 

why women with ED are often unable to rely on somatic responses to make 

flexible, rather than inflexible choices about actions to take.  

 

In the data presented here, it seems that bingeing subtypes of ED (BPAN and 

BN) do not have an excessive top-down response to the food images, and 

instead show activation of bottom-up neurocircuitry associated with reward (e.g. 

the striatum, cerebellum), which in the case of women with BN (and not women 

with BPAN) might be excessive.  Current hypotheses on the underlying 

neurobiological vulnerability are few for people with binge-eating behaviour. One 

study has demonstrated that there is a deficit in top-down control of impulsive 

responses in people with BN during a response-inhibition task (Marsh et al., 

2009).  In an fMRI study that examined neural activation to food images (rated as 

pleasant in women with BN and BED), an increased insular cortex, OFC and ACC 

response was observed in comparison to healthy controls (Schienle et al., 2008).  

Increased insula activation may reflect greater somatic responses to the food 

stimuli; OFC activation likely reflects an evaluation of the reward value of the 

images and ACC activation is likely linked to processing the conflict between 

appetitive responses and the desire to control food intake in women with BN.   

However, these regions of activation were not observed in my study, and a 

fundamental difference between this and my fMRI study is that I continuously 

asked the women to think about eating the food, and to rate how anxious they 

felt during the scan. Provoking thoughts about eating food likely induces 

excessive top-down cognitive control (in the DLPFC) in women with AN and an 

excessive bottom-up appetitive responses (in the dorsal striatum) in women with 

BN.  In women with BPAN, I found cerebellar activation, which may be reflect a 
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minor appetitive response (e.g. in the cerebellum but not in the dorsal striatum), 

without activation of a top-down suppression system. 

 

One current model of the neurocircuitry associated with binge-eating in obesity 

suggests that there is overlapping neurocircuitry in addiction and bingeing 

behaviour (Volkow et al., 2008).  The model proposes that the value of a 

reinforcer is enhanced at the expense of others, eliciting seeking and consuming 

behaviour based on activation of memory systems.  Specifically, DA circuits such 

as the mesolimbic reward circuitry from the VTA to the striatum are over 

activated in response to food cues in women who are obese, and that food cues 

evoke memories of pleasurable eating (e.g. conditioned reinforcement) via the 

hippocampus and cerebellum.  This increases the motivation to eat (e.g. in the 

SMA), activates ventral reward neural circuitry (e.g. in the striatum and OFC) and 

deactivates the dorsal cognitive control neural circuitry (e.g. in the DLPFC) (for a 

review of the proposed diverging dorsal and ventral neurocircuits in ED, see 

Kaye, 2009).   

 

Volkow’s model is similar to Everitt’s model of addiction (Everitt and Robbins, 

2005).  In Everitt’s model, it is proposed that there is a switch between top-down 

cognitive control to impulsive behaviour in the onset of addictive behaviour, 

which is represented at the neural level as a transition from prefrontal cortical to 

striatal activation.  According to both models, this switch is mediated by 

plasticity in interconnecting DA neurocircuitry between top-down and bottom-up 

regions, initiated by self-induced excessive intake of the rewarding stimulus 

(e.g. excessively large amounts of food).  However, activation of anxiety neural 

circuits, incorporating an excessive DLPFC response might rescue women with 

BN from an addictive trajectory, as a top-down cognitive control response may 

be activated alongside excessive striatal activation.  This fits with the clinical 

picture, in that women with BN do not continue on a linear trajectory of 
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consuming greater quantities of food; rather, they are caught in a vicious cycle 

between the desire to eat and to maintain control of eating. 

 

4.1.3.4.2  Neutral stimuli activation subtracted from the aversive stimuli 

activation  

 

 
Table 9: Comparisons of neural activation to aversive (aversive minus neutral activation) 
stimuli between women with AN, RAN, BPAN and healthy controls 

 
Aversive Stimuli 
ED > Healthy Controls 

-- 

-- -- -- -- -- -- -- 

Anorexic  > Healthy Controls 

-- 

 

-- 

 

-- 

 

-- 

 

-- 

 

-- 

 

-- 

 

-- 

Restricting anorexic > Healthy Control 

 

-- 

 

-- 

 

-- 

 

-- 

 

-- 

 

-- 

 

-- 

 

-- 

Binge-Purgeing anorexic > Healthy Control 

Superior Temporal Gyrus 

 

22 

 

L 

 

-40 

 

-33 

 

-3 

 

184 

 

0.002 

Restricting anorexic > Binge-Purgeing anorexic 

Fusiform Gyrus 

 

37 

 

L 

 

-43 

 

-59 

 

-10 

 

65 

 

0.004 

Binge-Purgeing anorexic > Restricting anorexic 

Fusiform Gyrus 

 

37 

 

R 

 

33 

 

-48 

 

-9 

 

20 

 

0.001 

Healthy Controls > ED 

-- 

-- -- -- -- -- -- -- 

Healthy Control > Anorexic 

Fusiform Gyrus 

 

37 

 

R 

 

40 

 

-59 

 

7 

 

17 

 

0.001 

Healthy Control > Restricting anorexic 

Cingulate Gyrus 

 

32 

 

L 

 

-4 

 

15 

 

36 

 

143 

 

0.002 

Healthy Control > Binge-Purgeing anorexic 

-- 

 

-- 

 

-- 

 

-- 

 

-- 

 

-- 

 

-- 

 

-- 

 
 



 
Table 10: Comparisons of neural activation to aversive (aversive minus neutral activation) 
stimuli between women with AN, BN and healthy controls 

 
   Talairach’s 

coordinates 

  

Brain Regions & Contrasts BA Laterality x y z Cluster 

size 

(voxels) 

Cluster-p 

Aversive  Stimuli 
Bulimic> Healthy Control 

Thalamus 

-- R 4 -19 0 16 0.001 

Bulimic>Anorexic 

---------------- 

----- ------- -- ---- --- ------ ------ 

Bulimic>Restricting Anorexic 

---------------- 

----- ------- --- ---- --- ------ ------ 

Bulimic>BingePurge Anorexic 

---------------- 

----- ------- --- ---- --- ------ ------ 

Healthy Controls>Bulimic 

---------------- 

----- ------- --- ---- --- ------ ------ 

Anorexic>Bulimic 

---------------- 

----- ------- --- ---- --- ------ ------ 

Restricting Anorexic>Bulimic 

---------------- 

---- ------- --- ---- --- ------ ------ 

Binge Purge Anorexic>Bulimic 

---------------- 

---- ------- --- ---- -- ------ ------ 

 

4.1.3.4.2.1 HC versus ED 

 
There were no differences found in neural activation to aversive images between 

healthy women and the total ED group. 

4.1.3.4.2.2 HC versus AN 

 

In the healthy control group there was greater activation in the right fusiform 

gyrus in comparison to women with AN, in response to aversive images. 
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4.1.3.4.2.3 HC versus RAN 

 

In the healthy control group there was greater activation in the left cingulate 

gyrus in response to aversive images, in comparison to women with RAN. 

4.1.3.4.2.4 HC versus BPAN 

 
In the women with BPAN, there was greater activation in the right STG in 

response to aversive images, in comparison to healthy control women. 

4.1.3.4.2.5 HC versus BN 

 

In the women with BN, there was greater activation in the thalamus in response 

to aversive images, in comparison to healthy control women. 

4.1.3.4.2.6 RAN versus BPAN 

 

In the women with RAN, there was greater activation in the left fusiform gyrus in 

comparison to women with BPAN, who had greater right fusiform gyrus 

activation. 

 

4.1.3.4.2.7 AN versus BN 

 

There were no differences found in neural activation to aversive images between 

women with AN versus women with BN. 

 

 

4.1.3.4.2.8 RAN versus BN 

 
There were no differences found in neural activation to aversive images between 

women with RAN and BPAN. 
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4.1.3.4.2.9 BPAN versus BN 

 

There were no differences found in neural activation to aversive images between 

women with RAN and BPAN. 

 

4.1.3.4.2.10 Overview 

 

In the ABAM contrasts, the fusiform gyrus was most commonly activated across 

groups and likely reflects fear-conditioned processing in response to aversive 

images (Dunsmoor et al., 2007).  This region was also activated in the GBAMs 

and so likely reflects a fearful response to stimuli.  However, the left STG and 

not the fusiform gyrus showed greater activation in the women with BPAN 

compared to controls.  The STG is part of the ventral processing stream or 

‘what’ pathway (Pribram and Mishkin, 1955) and so this may indicate that women 

with BPAN are more attentive to aversive stimuli.  Speculatively, this could be 

due to greater activation of subcortical regions involved in fear-based anxiety 

disorders.  If it is the case that bingeing behaviour is linked to fear-based 

anxiety, this may direct attention toward threatening stimuli.  Women with BPAN 

do not have the DLPFC response to food stimuli that is observed in women with 

RAN (which may help to suppress anxiogenic activation), and are perhaps more 

prone to attend to aversive images.  Conversely, women with RAN are perhaps 

the least affected by aversive images, as they utilise a top-down DLPFC 

response to control primal anxiogenic activation.  Support for this view is seen in 

the contrast between women with RAN and healthy controls, as the healthy 

women activate the ACC in response to aversive images.  The ACC is linked to 

conflict monitoring and error detection, and so this might reflect a conflict in 

healthy women between having to look at disgusting images and not wanting to.  

In contrast, the women with RAN are likely to be less affected by them.  This is 
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in line with observations that women with AN have reduced interoceptive 

awareness (Bruch, 1962). 

 

Women with BN do not show increased activation of the fusiform gyrus.  Instead 

they have greater activation of the thalamus in comparison to healthy control 

women.  This could be a reflection of an excessive subcortical response to 

threatening stimuli that is mediated by activation of the thalamus (Cannistraro 

and Rauch, 2003).

 

4.1.3.5 Interactions (ANOVAs: Group x Stimuli) 

 

4.1.3.5.1   3x2 Interactions (Group [AN, BN, HC]) x Stimuli [Food, 

Aversive] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 

 

In this interaction, it can be seen that peak activation in the left cerebellum is the 

least activated in the women with AN – this is to both food and aversive images.  
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However, in the women with BN this region seems to activate for general arousal 

(e.g. both appetitive and aversive).  In the healthy control women, there is 

greatest activation in the cerebellar region to food images, but a diminished 

response to aversive images.  This suggests that this region may be associated 

with a general approach motivation associated with increased arousal, which is 

dampened in women with AN. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The temporal lobe is associated with the ventral ‘what’ visual processing stream 

(Pribram & Mishkin, 1955).  This interaction suggests that women with AN are 

not engaged in processing ‘what’ the food in the image is, whereas women with 

BN have greater activation in this region.  In the healthy women there is a 

deactivation in response to aversive images, suggesting reduced attentional 

engagement in these images because they are unpleasant, but conversely an 

increased response to appetitive images likely deemed desirable. 
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In summary, these 3x2 interactions suggest that in the cerebellum and STG there 

are dissociable neural substrates for appetitive versus aversive stimuli in healthy 

women, but that food images are processed in a similar way to aversive images 

in these regions in women with ED. 

 

4.1.3.5.2   2x2 Interactions (Group x Stimuli) 

 

4.1.3.5.2.1 Group (HC, AN) x Stimuli (Food, Aversive) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

  

 

a) In the interaction associated with peak activation in the right cerebellum, women 

with AN show a similar pattern of activation to aversive images as healthy control 
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women.  However, although the healthy control group show increased activation to 

food images, this is not seen in the AN group.  Thus, activation of this region could 

be indicative of a basic appetitive drive that is absent (perhaps due to top-down 

suppression) in women with RAN. 

 

b) In the interaction associated with the parahippocampal gyrus, there is no 

dissociable difference between activation to aversive and food images in women 

with AN.  Conversely, healthy control women show greater activation to food 

stimuli in this region, but a diminished response to aversive stimuli.  This may 

indicate that thinking about eating food in the images evokes memories of eating. 

Such memories are likely to be absent in women with AN, either because they do 

not engage in eating behaviours regularly, or that they wish to suppress 

behaviours that they might employ to eat such foods.   

 

c) In the cuneus interaction, there is greater activation to both food and aversive 

images in the women with AN compared to the healthy control women.  However, 

in both cases the aversive images cause greater activation in comparison to food 

images.  The precuneus is a region associated with the processing of salient 

stimuli (Cavanna and Trimble, 2006).  Therefore, it is likely that aversive images 

are more salient than food images for healthy women because they are more 

shocking.  However, a similar activation in this region to both food and aversive 

images in women with AN might reflect that food images are also highly salient, 

perhaps because they are anxiogenic and incongruent with their current concerns, 

or simply because the AN group are more hungry. 
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4.1.3.5.2.2 Group (HC, BN) x Stimuli (Food, Aversive) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
This interaction shows that there is no activation of the right cerebellum in 

response to both food and aversive images in women with BN, but in healthy 

women, this region is activated in response to food images.  This suggests that 

this region of the cerebellum is associated with a basic appetitive response that 

is absent in women with BN. 
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The temporal lobe is associated with the ventral ‘what’ visual processing stream 

(Pribram & Mishkin, 1955).  A reduced activation to aversive images in the 

temporal lobe in both women with BN and healthy controls may reflect an 

avoidance of emotional images.  This is in accord with clinical accounts that 

women with BN have harm avoidant traits (Berg et al., 2000; Bruce et al., 2004). 
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4.1.3.5.2.3 Group (AN, BN) x Stimuli (Food, Aversive) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

In this interaction, a dissociable neural substrate is observed between women 

with AN and BN in the mPFC region.  This region is linked to decision making 

and social cognition, and processing of somatic information linked to subcortical 

activation (Damasio, 1996; Bechara et al., 1994).  It is likely that the mPFC and 

the adjacent ACC have increased activation in women with AN as a reflection of 

greater cognitive evaluation of food images, related to concerns about eating, 

shape and weight.  This is in accord with previous findings from our group of an 

increased mPFC in people with ED (Uher et al., 2004).  
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4.1.3.5.3  Overview 

These statistical interactions show dissociable differences in neural activation 

between women with AN, BN and healthy controls in response to food and 

aversive images, in the cerebellum, temporal lobe, parahippocampal gyrus, 

cuneus and mPFC.  The cerebellum activation is likely to reflect a basic 

appetitive response to food images in healthy controls, that is reduced in women 

with AN or BN.  The temporal lobe activation seen in the healthy women in 

response to food images is likely to reflect processing associated with the 

ventral ‘what’ visual stream, that is dampened in women with AN and BN as they 

attempt to avoid cognitive processing of the stimuli.  Parahippocampal gyrus 

activation is likely to be related to memories about eating, and responsivity to 

food in this region is reduced in women with AN because they do not like to think 

about eating.  The cuneus is activated in response to highly salient images: thus 

aversive images activate this region in the healthy women, whereas both 

aversive and food images activate this region in women with AN.  Suggesting 

that food and aversive images are similarly salient to women with AN.  Finally, a 

dissociable difference in neural activation is observed in the mPFC between 

women with AN and those with BN.  Specifically, women with AN show greater 

activation to food images in this region.  This could be a reflection of cognitive 

evaluation and obsessive thoughts about food in women with AN.   

 

Overall, these interactions support the view that there is a reduced appetitive 

response in women with AN and BN.  In women with AN, this is linked to 

excessive top-down activation of PFC regions (e.g. the mPFC, and the DLPFC as 

shown in the ABAMs).  In women with BN, there is no differential activation in 

the cerebellum, temporal lobe and mPFC to food and aversive images.  This may 

indicate an aversive response to food images, associated with a hyper-active 

appetitive system that is unpleasant for women with BN. 



 

4.1.3.6 Correlations between neural activation and self-report measures 

The following behavioural traits and neural correlates (in response to food 

images) were chosen to illustrate some possible mechanisms associated with 

bottom-up arousal (hunger ratings and anxiety scores) and top-down 

suppression (restraint scores).  These correlations were Bonferroni corrected to 

account for the multiple correlations conducted, and thresholded at voxel and 

cluster level (see methods for a detailed explanation) to limit the possibility of 

making type I (false-positive) errors.  In some cases (e.g. hunger rating and 

neural activation in women with BN) no correlations were found that survived 

threshold adjustments.  Further correlations could have been presented here, e.g. 

correlations between current BMI and neural activation as an illustration of 

bottom-up appetitive responses to food.  However, I wanted to limit these 

correlations, and to provide more direct measures of appetitive responses, e.g. 

hunger scores on the day of the experiment could be regarded as more indicative 

of appetite than BMI, which may fluctuate or be related to other health issues.   

Therefore, the following data illustrates correlations between neural activation to 

food images and: hunger ratings, anxiety and restraint scores. 
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4.1.3.6.1     Hunger ratings before the scan 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
This shows that SSQ values for the voxel mean in the region of the left vLPFC 

are negatively correlated with hunger ratings before the scan in women with AN.   

The women were asked to rate how hungry they felt on a scale of 0-10 before 

they entered the scan, at approximately 1.5 hours after they had eaten.  These 

data suggest that the more activation in this region, the less hungry these women 

reported feeling.  This supports the view that the lateral PFC is associated with 

suppressing the feelings associated with hunger in women with ED.  In a previous 

study by our group, it was found that this region was excessively activated in 

women with ED, and that activation in this region remained when the women had 

recovered (e.g. weight restored, not after Cognitive Behavioural Therapy, CBT) 

(Uher et al., 2004).   
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These data show that there is a positive correlation between SSQ values for the 

voxel mean in the right dorsal striatum and hunger ratings before the scan in 

healthy women.  The dorsal striatum is associated with impulsive responses to 

appetitive stimuli (Everitt and Robbins, 2005), and more specifically the caudate 

nucleus is involved in Pavlovian conditioning (Grahn et al., 2009).  Therefore, it 

is not unexpected to observe that this region is activated in response to food 

stimuli that are associated with an appetitive response (e.g. desire to eat, 

feelings of hunger) in healthy women.  In comparison to women with AN, women 

with BN show a greater activation of this region in response to food images (see 

the ABAM section previously), but not a greater activation in comparison to 

healthy controls.  Suggesting that in women with AN, activation to food images in 

the dorsal striatum may be dampened, but that in women with BN, self-reported 

hunger ratings are not able to accurately predict an associated activation of the 

dorsal striatum. 
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4.1.3.6.2    Anxiety to food images during the scan 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

These data show that there is a positive correlation between the peak voxel 

mean in the left vLPFC and self-reported anxiety when thinking about eating the 

food images shown during the scan, on a scale of 0-10 (with 10 being the most 

anxious) in all women with ED.  In line with findings that this region is activated 

in women who have a chronic ED and also those who have recovered (Uher et 

al., 2004), the correlation suggests that activation of this region is associated 

with the propensity for women with AN to experience anxiety.  Specifically, it 

could be that feeling anxious when thinking about eating food is associated with a 

top-down neural response associated with obsessionality, rigidity and cognitive 

inhibition of behavioural responses (e.g. behaviours associated with satisfying 

one’s appetite).  This region also negatively correlated with hunger scores in all 

women with AN: thus greater activation of the vLPFC in response to food images 

reflects heightened anxiety towards food but reduced hunger.  It may be the case 
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that activation of the vLPFC is linked to cognitions that generate anxiety (e.g. 

ruminating concerns about shape, weight and eating), which antagonise appetitive 

systems and reduce hunger.  

 

4.1.3.6.3    Restraint score from the EDE-Q in women with RAN 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
These data demonstrate that there is a negative correlation between the restraint 

score (from the EDE-Q) and the peak voxel mean activation in the right DLPFC 

in women with RAN.  This suggests that activation of the right DLPFC is 

associated with reduced feelings of restraint in women with RAN.  It could be 

that an increased response in the right DLPFC to food images suppresses 

subcortical activation associated with the impulsive urge to eat (e.g. in the 

striatum, which is deactivated in women with AN, in comparison to the response 

observed in women with BN).  A low restraint score may be associated with a 

reduced urge to eat, with is linked to the reduced dorsal striatum activation in 

this study, in women with RAN. 
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4.1.3.6.4   Overview 

These correlational data implicate neural activation in the left vLPFC, the right 

dorsal striatum and the right DLPFC as being linked to hunger scores, anxiety 

and restraint in women with ED.  Specifically, these data suggest that greater 

activation of the left vLPFC is associated with a reduction in the experience of 

hunger, but also with an increase in anxiety when women with ED think about 

eating the food shown in the images.  This may reflect an antagonistic effect of 

anxiety cognitions on appetitive responses in women with ED.  Activation of the 

right dorsal striatum is linked to feelings of hunger in healthy women.  This 

finding is informative, in conjunction with the ABAM data given previously, in 

that women with BN show greater activation of the dorsal striatum in comparison 

to women with AN when thinking about eating food shown in the images.  Thus, 

activation of the dorsal striatum seems a likely region for a subcortical appetitive 

response to food images.  Activation of the right DLPFC is associated with a 

reduced experience of restraint in women with RAN.  Previous studies by our 

group found an increased activation in the right DLPFC in those who had 

recovered from an ED (Uher et al., 2004).  The authors suggest that reactivation 

of the right DLPFC on recovery is indicative of a good outcome; conversely, this 

might reflect a re-engagement of restraint in response to appetite following 

weight gain.  In this study, I find increased right DLPFC activation in women with 

RAN (but not in the other subtypes of ED when compared to healthy controls) in 

response to viewing food images.  Studies have suggested that the right DLPFC 

is involved in controlling novel conflict, whereas the left DLPFC is involved in 

controlling anticipatory conflict (Vanderhasselt et al., 2009).  Combined with 

these correlational data, this supports the view that the right DLPFC is involved 

in restraining appetitive responses to food stimuli in women with AN.
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4.1.3.7  Time series data: neural activation to food images 

 

4.1.3.7.1    Right DLPFC 

 
Fig 45. Time series showing activation in the right DLPFC to food and non-food 

blocks in healthy women compared to women with RAN, BPAN and BN 
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a) 

Time series data (% BOLD signal change) for food and non-food blocks in a) women with restricting AN (RAN); b) women with binge-purge 

AN (BPAN); c) women with BN; x axis represents alternating food and non-food blocks (see methods section for details): each block 

consists of 12 images presented for 3 seconds.  The graphs here present average data for the 12 time points in each 36 second block; y axis 

presents the percentage that the signal deviates (positively or negatively) from the model fit (based on randomly permuted data from this 

dataset); black line represents activation in healthy women, coloured bars represent the respective patient groups. 

 

F
oo

d

N
on

-F
oo

d

F
oo

d

N
on

-F
oo

d

F
oo

d

N
on

-F
oo

d

F
oo

d

N
on

-F
oo

d

F
oo

d

N
on

-F
oo

d

F
oo

d

N
on

-F
oo

d

HC

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

% BOLD 
signal 

change

Condition

Time series data for the right DLPFC in women with BPAN and healthy control 
women 

HC

BPAN

b) 

F
oo

d

N
on

-F
oo

d

F
oo

d

N
on

-F
oo

d

F
oo
d

N
on

-F
oo

d

F
oo
d

N
on

-F
oo

d

F
oo

d

N
on

-F
oo

d

F
oo

d

N
on
-F
oo
d

HC

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

% BOLD 
signal 

change

Condition 

Time series data for the right DLPFC in women with BN and healthy 
control women 

HC

BN

 186



The right DLPFC is associated with cognitive control of stimuli that conflict with 

immediate goals (Vanderhasselt et al., 2009).  For example, appetitive responses 

to food images might conflict with immediate goals to stay thin in women with 

ED.  The right DLPFC is reduced in women with chronic ED, and in women with 

BN compared to AN, with increased activation on recovery (Uher et al., 2004).  

Increased activation in this region in women who have recovered from an ED 

may illustrate a re-engagement of cognitive control.  The following section 

summarises the right DLPFC response to thinking about eating food shown in the 

images, throughout the food and non-food image block presentation. 

 

In graph a), it was only during the last block of food images that the women with 

RAN had greater activation to food images in comparison to the healthy control 

group.  This suggests that the repetitive presentation of food images throughout 

the experiment led to the final increased activation of the right DLPFC in the 

women with RAN.  It could be that the women ruminated on the food images as 

they were presented throughout the experiment, which activated anxiety-related 

cognitions associated with this brain region (see correlation above).  

Interestingly, the pattern of activation across the experiment in women with RAN 

is similar to that of the healthy control group, but differs due to greater 

activation at the end.  Thus, perhaps the women with RAN had more rumination 

about the food images that led to an excessive right DLPFC response. 

 

In graph b), time series data is given of the right DLPFC in the women with 

BPAN.  The ABAM data did not show a significant difference between the women 

with BPAN and healthy controls.  As the graph shows, this may be due to the 

high variability of activation in this region in the women with BPAN in response 

to food and non-food images.  Conversely, it may be due to the pattern of 

activation in the women with BPAN diverging with the activation to food images 

in the healthy control women during the experiment.  For example, there are four 

apparent differences in activation across the experiment: in the first, the women 
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with BPAN have greater activation in the right DLPFC, but this switches to 

healthy control women having a greater response.  This pattern of activation 

occurs again in the second half of the experiment.  Thus, no significant average 

difference would be found in the experiment overall.  This pattern of activation 

might be due to the women with BPAN experiencing more anxiety towards the 

food stimuli at the beginning, and therefore attempting to restrain their visceral 

responses to the images (the correlations given previously implicate the LPFC in 

both anxiety and restraint responses in women with ED).  However, unlike the 

women with RAN, the women with BPAN have a greater appetitive response, 

which may impinge on attempts to restrain their appetite, associated with a drop 

in signal in the right DLPFC as the experiment progresses.  Re-engagement of 

this region in the second half of the experimental run may reflect attempts to re-

engage restraint over appetitive responses to food images.  This explanation fits 

with the clinical accounts of women with BPAN, in that they have intermittent 

bouts of bingeing and restraining their appetite. 

 

In graph c), time series data is given of the right DLPFC in women with BN.  The 

ABAM data showed some increased activation in this region in comparison to 

healthy women, but this activation was not found to be significant.  This could be 

due to fluctuation in right DLPFC activation across the whole experiment as the 

women with BN attempted to restrain their appetitive responses.  However, as 

the ABAM data showed, women with BN have excessive activation to food 

images in the striatum, which may impinge on attempts to exert top-down 

control.  Activation to food images in the right DLPFC in the women with BN 

seems intermittent across the experiment, and so it is plausible that increases in 

the striatum may impinge on attempts to exert top-down control over appetitive 

responses (e.g. Marsh et al., 2009). 
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4.1.3.7.2  Left DLPFC 

Fig 46. Time series showing activation in the left DLPFC to food and non-food 

blocks in healthy women compared to women with RAN, BPAN and BN 
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Time series data (% BOLD signal change) for food and non-food blocks in a) women with restricting AN (RAN); b) women with binge-purge 

AN (BPAN); c) women with BN; x axis represents alternating food and non-food blocks (see methods section for details): each block 

consists of 12 images presented for 3 seconds.  The graphs here present average data for the 12 time points in each 36 second block; y axis 

presents the percentage that the signal deviates (positively or negatively) from the model fit (based on randomly permuted data from this 

dataset); black line represents activation in healthy women, coloured bars represent the respective patient groups. 

 189



The left DLPFC is associated with anticipatory conflict, as opposed to immediate 

conflict, which is linked to the right DLPFC (Vanderhasselt et al., 2009b).  Left 

DLPFC activation is reduced when viewing food images, in women currently ill 

with ED (Uher et al., 2004).  This may reflect that women with ED do not 

anticipate that food images will cause conflict in the longer term, because they 

are aware of mastery over their appetitive responses.  However, it could also 

reflect that merely viewing food images (as opposed to thinking about eating 

them) does not cause anticipatory conflict.  The following section summarises 

responses to food and non-food images across the whole experiment. 

 

In graph a), activation in the left DLPFC in women with RAN and healthy control 

women shows that both groups have a similar pattern of activation in this region.  

In this study, there was no significant difference found in the ABAM contrasts 

between women with RAN and healthy controls in the left DLPFC.  One visual 

difference, however, is that the healthy women seem to have a stronger 

response to food images than the women with RAN, mid-way through the 

experiment.  It is possible that this could be a reflection (in healthy women) of an 

emerging attempt to cognitively control the conflict caused by food images that 

provoke an appetitive response without the opportunity to satisfy one’s appetite.  

The same pattern of activation in the left DLPFC is absent, possibly because 

their appetite is not so strongly provoked by the food images. 

 

In graph b), activation in the left DLPFC in women with BPAN and healthy control 

women shows an inverse pattern.  Specifically, the women with BPAN have an 

increased response overall in comparison to the healthy women, but they also 

seem to have an increased response to non-food in comparison to food images 

(although no significant average differences in the XBAM contrasts described 

previously).   
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In graph c), activation in the left DLPFC shows a similar pattern of activation in 

the women with BN compared to the healthy control women.  However, visually 

it seems that the women with BN have an increased response to food images at 

the beginning and at the end of the experiment.  It could be that women with BN 

have greater anticipatory cognitive control associated with conflict between 

appetitive responses to the food images and the desire for restraint than the 

healthy women at these time points, and may reflect some underlying dynamics 

of the left DLPFC system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 191



4.1.3.7.3  Right dorsal striatum 

 
Fig 47. Time series showing activation in the right dorsal striatum to food and 

non-food blocks in healthy women compared to women with RAN, BPAN and BN 
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Time series data (% BOLD signal change) for food and non-food blocks in a) women with restricting AN (RAN); b) women 

with binge-purge AN (BPAN); c) women with BN; x axis represents alternating food and non-food blocks (see methods 

section for details): each block consists of 12 images presented for 3 seconds.  The graphs here present average data for 

the 12 time points in each 36 second block; y axis presents the percentage that the signal deviates (positively or 

negatively) from the model fit (based on randomly permuted data from this dataset); black line represents activation in 

healthy women, coloured bars represent the respective patient groups. 
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The dorsal striatum is linked to impulsive, stimulus-driven responses, e.g. as in addictive 

behaviours (Everitt and Robbins, 2005; Volkow et al., 2008).   Therefore, it is plausible 

that an increased dorsal striatum response is linked to bingeing behaviour.   In people 

with a high reward sensitivity, there is an increased dorsal striatum response to food 

images (Beaver et al., 2006), whereas women who have recovered from RAN have a 

reduced dorsal striatum response to taste stimuli (Wagner et al., 2006). In this study, 

women with BN have an increased dorsal striatum response to food images compared to 

women with AN. The following section summarises time series data in the bilateral dorsal 

striatum in response to blocks of food and non-food images. 

 

Graph a) illustrates right dorsal striatum activation in the women with RAN and 

the healthy control women during the experiment presentating food and non-food 

images.  As can be seen, both groups have a comparable pattern of activation 

over the experimental run.  However, the healthy women have three noticeable 

peak activations to images of food throughout the experiment.  This may be 

expected, since the healthy women are likely to have a greater reward-based, 

impulsive response to appetising food pictures, than compared to women with 

RAN who attempt to suppress their appetite. 

 

Graph b) illustrates right dorsal striatum activation in the women with BPAN and 

the healthy control women.  The time series data shows an intermittent pattern 

of activation in the women with BPAN that opposes the activation seen in the 

healthy women.  This intermittent patten may be associated with top-down 

attempts to suppress appetitive responses in the women with BPAN.   

 

Graph c) shows right dorsal striatum activation in the women with BN and the 

healthy control women.  In two blocks of food images the women with BN have 

an increased response in comparison to the healthy women.  This might be 

indicative of an impulsive response that underlies the bingeing behaviour in these 

women



 

4.1.3.7.4  Left dorsal striatum 

 
Fig. 48. Time series showing activation in the left dorsal striatum to food and non-

food blocks in healthy women compared to women with RAN, BPAN and BN 
Times series data (% BOLD signal change) for food and non-food blocks in a) women with restricting AN (RAN), b) women with 

binge-purge AN (BPAN); c) women with BN; x axis represents alternating food and non-food blocks (see methods section for 

details): each block consists of 12 images presented for 3 seconds.  The graphs here present average data for the 12 time 

points in each 36 second block; y axis presents the percentage that the signal deviates (positively or negatively) from the 

model fit (based on randomly permuted data from this dataset); black line represents activation in healthy women, coloured bars 

represent the respective patient groups. 
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Graph a) demonstrates neural activation across the experiment in the left dorsal 

striatum in the women with RAN and the healthy control group in response to 

food and non-food images.  As in the right dorsal striatum activation, the women 

with RAN had a similar pattern of activation to food and non-food images as the 

healthy women.   

 

Graph b) shows neural activation across the experiment in the left dorsal 

striatum in the women with BPAN and the healthy control group.  Again, a similar 

pattern of activation is observed in both groups of women in the left striatum, as 

was seen in the right striatum. 

 

Graph c) shows neural activation across the experiment in the left dorsal 

striatum in the women with BN and the healthy control group.  Again, increased 

activation to food images in the women with BN in comparison to the healthy 

women suggests an underlying mechanism in the dorsal striatum that may 

account for bingeing behaviour. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4.1.3.7.5  Right insular cortex 

 
Fig. 49. Time series showing activation in the right insular cortex to food and non-

food blocks in healthy women compared to women with RAN, BPAN and BN 
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Times series data (% BOLD signal change) for food and non-food blocks in a) women with restricting AN (RAN), b) 

women with binge-purge AN (BPAN); c) women with BN; x axis represents alternating food and non-food blocks (see 

methods section for details): each block consists of 12 images presented for 3 seconds.  The graphs here present average 

data for the 12 time points in each 36 second block; y axis presents the percentage that the signal deviates (positively or 

negatively) from the model fit (based on randomly permuted data from this dataset); black line represents activation in 

healthy women, coloured bars represent the respective patient groups 
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The insular cortex is associated with interoceptive processing, that is, self-

awareness of one’s bodily sensations from the viscera or internal mileu 

(Critchley et al., 2004; Craig, 2009).  Hilda Bruch was the first to note that 

women with ED have altered interoceptive processing (Bruch, 1962).   

Contemporary theories of ED suggest that altered insula activation may be 

associated with a rate-limiting defect as part of a wider dysfunctional fronto-

striatal-insula network (Steinglass & Walsh, 2006; Kaye et al., 2009; Nunn et al., 

2008).  An insula response is intact to food images in healthy women (Schur et 

al., 2009; Simmons et al., 2005; Uher et al., 2006).  Therefore, one might expect 

a greater insula response in the time series overall in the healthy control group.  

The following section summarises the bilateral insula response in women with 

RAN, BPAN and BN in comparison to healthy control women. 

 
In graph a) the time series data for women with RAN and healthy women is 

shown.  In the ABAMs (group comparison of average responses across the 

blocks, shown previously) the healthy control group had increased activation in 

the insular cortex in comparison to women with RAN.  However, the time series 

data shows that in the women with RAN, during the middle of the experiment 

they in fact had increased activation to food images in comparison to healthy 

women.  Nevertheless, across the entire experiment they seem to have a general 

diminished response.  But in conclusion, it seems that the insula has a similar 

pattern of activation to the food images as seen in the healthy control women, 

but that some other neural mechanism is intermittently suppressing insula 

activation in the women with RAN. 

 

In graph b) the time series data for women with BPAN and healthy women is 

shown.  In the ABAMs, the healthy control women had increased activation in the 

insular cortex in comparison to women with BPAN.  However, again this time 

series graph shows that the women with BPAN do have an increased response to 

food images in comparison to the healthy women in some blocks.  Thus, it is 
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likely that dysregulation, rather than reduced activation accounts for altered 

interoceptive awareness in this group. 

 

In graph c) the time series data for women with BN and healthy women is shown.  

Again, ABAM contrasts revealed that the healthy women had an increased 

response in the insula in comparison to women with BN.  In this group however, 

it seems more consistent that the women with BN have a reduced response to 

food images than compared to the healthy women.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4.1.3.7.6   Left Insular Cortex 

 
Fig. 50. Time series showing activation in the left insular cortex to food and non-

food blocks in healthy women compared to women with RAN, BPAN and BN 
 

 

Times series data (% BOLD signal change) for food and non-food blocks in a) women with restricting AN (RAN), b) women with 

binge-purge AN (BPAN); c) women with BN; x axis represents alternating food and non-food blocks (see methods section for 

details): each block consists of 12 images presented for 3 seconds.  The graphs here present average data for the 12 time 

points in each 36 second block; y axis presents the percentage that the signal deviates (positively or negatively) from the 

model fit (based on randomly permuted data from this dataset); black line represents activation in healthy women, coloured bars 

represent the respective patient groups 
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In graph a) time series data for neural activation in the left insular cortex to food 

and non-food images in women with RAN and healthy women is shown.  In most 

cases, the responses to food images were greater in the healthy control women 

than in comparison to the women with RAN.  Thus, providing support for the 

view that neural activation in the insula is altered in women with RAN.   

 

In graph b) time series data for neural activation in the left insular cortex to food 

and non-food images in women with BPAN and healthy women is shown. In most 

cases, the response to blocks of food images, in the healthy women was greater 

than the response in women with BPAN.  However, in two blocks of food images, 

the response was greater in the women with BPAN.  This intermittent pattern of 

responding suggests that interoceptive awareness in these women might not be 

totally diminished, but is dysregulated.   

 

In graph c) time series data for neural activation in the left insular cortex to food 

and non-food images in women with BN and healthy women is shown.  The 

pattern of activation to food blocks is more sporadic than in previous graphs, in 

that in some cases, the healthy women have greater activation, but in others it is 

the women with BN who have a greater response.  It could be the case, as in the 

women with BPAN, that another neural mechanism is suppressing interoceptive 

awareness via the insular cortex.  However, an intact subcortical response to 

food images (e.g in the dorsal striatum) might be impinging on attempts to 

suppress interoceptive awareness linked to an appetitive response to food. 

 

4.1.3.8 Overview 

 

In conclusion, the time series data highlights that the fMRI contrasts described 

above (ABAMs) are not entirely representative of neural responses to food and 

non-food images.  The ABAMs calculate the average neural activation in each 
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block of images in order to contrast the data between the participant groups.  

However, the time series data demonstrates that the neural activation is dynamic 

and non-linear in the bilateral DLPFC, dorsal striatum and insular cortex in 

response to food and non-food images.  It could be possible that interplay 

between the DLPFC and the dorsal striatum causes intermittent neural responses 

to food images in the patient groups, characteristic of whether they are 

restrictors or bingers.  Sporadic activation to food images in the insular cortex 

may reflect a rate-limiting defect (Nunn et al., 2009), whereby this region of the 

brain is ineffective at processing the two-way neural traffic.  It is currently 

unclear, whether a top-down response is suppressing subcortical responses to 

food stimuli in women with ED, or whether there is a diminished subcortical 

response.  The next section presents data in an attempt to demonstrate the 

presence of a subcortical response to food in women with RAN, in isolation from 

a top-down affect. 
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4.2 Neuropsychology results: an introduction 

 
Individuals with AN have core symptoms that include severe weight loss and 

amenorrhea together with an excessive fear of weight gain, a disturbed 

perception (e.g. a negative self evaluation) of the body and active avoidance of 

food (DSM-IV, APA 1994, ICD-10, WHO 1994).  They also display abnormal 

cognitive traits: they strive for perfection, are cognitively inflexible and pay 

excessive attention to detail (Shafran & Mansell, 2001; Bulik et al., 2003; 

Tchanturia et al., 2006; Fairburn & Harrison, 2003; Halmi et al., 2000).  These 

abnormal cognitive traits often coincide with excessive preoccupation with 

thoughts of food (Cooper, 1997; Cooper & Fairburn, 1992; Mizes & Christiano 

1995). It is unclear whether, in response to food stimuli in women with RAN, an 

excessive top-down cognitive response to food stimuli is utilised to dampen 

primal automatic responses to food stimuli (Chambers et al., 2003), or whether 

an excessive top-down response is a compensatory measure for a reduced 

limbic response (Connan et al., 2003). 

 

Cognitive bias for food stimuli has been observed in patients with AN 

(Johannsson et al., 2005, 2004; Lee & Shafran, 2004), during performance of a 

modified Stroop task (Ben-Tovim et al, 1989; Ben-Tovim & Walker, 1991; 

Channon et al 1988; Green et al, 1994; Long et al, 1994; Perpina et al, 1993), a 

visual probe task (Reiger et al., 1998; Shafran et al., 2007) and in perceptual 

recall studies (Pietrowsky et al., 2002; Vinai et al., 2007).  Increased saliency 

towards  food-related words and images has also been reported (Stormark & 

Torkildsen, 2004  As people with AN rigidly control their behaviour, particularly 

in relation to food consumption (Shafran, Cooper & Fairburn 2002), the altered 

performance in these various tasks may reflect differences in deliberate 
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cognitive control rather than an unconscious bias. A study of cognitive bias to 

anxiety-related words supports this as it is reported that conscious perception 

alters responses to stimuli in comparison to masked stimuli (Hunt et al., 2006).  

Studies have shown that presentation of salient subliminal stimuli can influence 

cognitive processes in healthy people (e.g. Banse, Seise and Zerbes, 2001; Fazio 

& Olson, 2002; Murphy & Zajonc, 1993; Gray, 1999; Gray et al., 2001; 

Hartikainen et al., 2000).  LeDoux (1996) reported that a ‘quick and dirty’ neural 

pathway exists that relays sensory information about salient stimuli directly to 

the amygdalae via area V1 of the visual cortex – without engaging conscious 

evaluation.  In this scenario, threatening and anxiogenic stimuli (e.g. food images 

in people with AN) are processed without conscious awareness.  There is some 

evidence that subliminally presented threatening disease-related stimuli (e.g. 

ego-threats and body image cues) are processed by people with ED (Meyer & 

Waller, 1999; Waller & Barnes, 2002) although evidence for an unconsciously-

derived cognitive bias towards food in AN patients is inconclusive. In one study 

using a Startle Eyeblink Modulation (SEM) task, the bias appears to be 

independent of conscious cognitive control (Friederich et al., 2006). However, 

apart from a study examining distractibility in AN, which did not find that 

subliminal stimuli had an interference effect (Dickson et al., 2008), there are no 

other studies of pre-attentive cognitive bias to food in people with AN. 

 

The present study uses two different cognitive tasks to measure the interference 

effects of subliminal images: the rationale for this was that I could examine 

whether interference of subliminal images is a general function or a specific 

interaction between a particular brain region.  The N-Back task is a widely used, 

valid measure of working memory function (Kane et al., 2007) and people with 

AN are reportedly proficient at working memory tasks (Fowler et al., 2006).  The 

delay-sensitive neuronal circuitry of the DLPFC (Petrides, 1989) is believed to 

subserve working memory performance following the presentation of food 

stimuli, and people with AN display increased DLPFC activation independent of 
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malnutrition effects (Uher et al., 2003; Kaye et al., 2009).   The Go/No-Go task 

is a valided measure of conflict monitoring and the ability to inhibit a pre-potent 

response (Schultz et al., 2007).  Activation in the lateral aspects of the OFC and 

inferior frontal cortices have been linked with the ability to inhibit pre-potent 

responses (Elliott et al., 2000, 2002, 2004), and the ACC is linked to conflict 

monitoring/error detection.  Excessive restriction in AN is related to activation in 

the OFC (Spinella & Lyke, 2004).  Similarly, people with restricting AN show 

increased activation in the mPFC region in response to food stimuli, which is 

anatomically close to OFC and ACC, (Uher et al., 2004).  Therefore, one might 

expect activation of the DLPFC and ACC when women with AN are doing the N-

Back and Go/No-Go tasks respectively.  However, it is currently not known 

whether subliminal food stimuli will activate neural processes that interfere with 

activation of both the DLPFC and ACC, one or neither of these regions. 

4.2.1 Aims and hypotheses 

 

The aim was to examine whether women with RAN, who are competent in the 

two cognitive tasks chosen, will experience interference in performance of these 

tasks during the exposure to subliminal food stimuli.  If a specific region of the 

PFC (namely DLPFC and ACC) is used to dampen or restrict automatic appetitive 

response in limbic regions, one might expect interference in the performance of 

these tasks during the inclusion of subliminal food stimuli.   However, if a 

specific region of the PFC is utilised in women with AN to account for a lack of 

automatic appetitive activation, one might predict little or no interference caused 

by the inclusion of subliminal food stimuli. 

 

Specifically, the following hypotheses were tested: 

 

1) In all participants, the inclusion of subliminal images, in comparison to a non-

subliminal group will interfere with the performance on two unrelated cognitive 

tasks, by reducing accuracy and increasing response times to targets; 
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2) In women with RAN, subliminal food stimuli will cause more interference 

during the cognitive tasks than in healthy control women. 

 

3) Subliminal food stimuli will cause more interference in people with RAN than 

the two other categories of subliminal stimuli (aversive, neutral),  

 

4) Different interference effects will be observed between the two cognitive 

tasks in women with RAN, indicative of the recruitment of a specific brain region 

in response to subcortical activation caused by subliminal stimuli; 

 

5) Interference to task performance caused by the presentation of subliminal 

food stimuli will correlate with trait anxiety in women with RAN. 

4.2.2 Materials and methods 

For a detailed description of the methods used, see the Methods section.

 

4.2.3 Results

 
Table 11: Participant variables 

Variable Anorexic (n=13) Controls (n=20) Non-subliminal (n=10) 

Age 25 (± 11) 22 (± 5) 23 (± 9) 

Education (yrs) 14 (±1.3) 14.5  (± 2.59) 14 (± 1) 

IQ (NART) 112 (±7.5) 111 (± 7.6) 116 (± 5.7) 

BMI 15 (±1.54) * 22.38 (± 2.66)* 23.24 (± 3.05)* 

HADS-Anxiety 18.53(±2.34)* 8.77(±3.94)*  

HADS-Depression 14.26(±2.23)* 5.54(±3.45)*  

OCI-R 28.54(±15.9)* 4.8(±4.53)*  

BIS-Attentional 

Impulsiveness 

19.85(±3.44)* 16.75(±2.57)*  

EDI-Interoceptive 

Awareness 

2.61(±0.81)* 4.96(±0.46)*  



NART, National Adult Reading Test; BMI, Body Mass Index; HADS, Hospital Anxiety and Depression Scale; OCI-R, 

Obessive-Compulsive Inventory-Revised; BIS, Barrett Impulsivity Scale; EDI, Eating Disorders Inventory; * Significant 

differences (p<0.01) between the Anorexic Group, and the Control/Non-Subliminal Group 

4.2.3.1 Subliminal paradigm 

 

4.2.3.1.1  Subjective threshold 

 
Participants who accurately described any of the subliminal images were 

excluded from the analysis.  This led to 9 healthy controls being excluded but no 

patients with AN.  A Chi-Squared test revealed that this was a significant 

association between the AN group and control group in terms of level of 

awareness (χ² = 8.04, df = 1, p = 0.005).   In the end, 20 healthy control women 

were tested and 13 women with restricting AN, alongside a comparison group of 

10 healthy controls who were not exposed to subliminal images: this latter group 

was included to measure the absolute effect of subliminal stimuli exposure on 

task performance. 

 

4.2.3.1.2  Objective threshold 

 
The 13 women with RAN completed the forced choice task at the end of the 

experiment and their mean score for correctly choosing subliminal ‘primed’ 

stimuli was 28 (S.D. 2.1)/60, whereas for the 20 control women the mean score 

was 27 (S.D. 1.8)/60.  Thus, both groups performed at chance level and therefore 

the subliminal images were deemed not to have been consciously perceived by 

either group during the experiment.  The next objective was to show that there 

were differences in the way the subliminal stimuli were perceived between 

groups – by demonstrating interference effects during the performance of two 

unrelated cognitive tasks.  Before inferences can be made about the effects of 

subliminal stimuli, it must be demonstrated that the images were processed 
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subliminally by both groups.  This was achieved by showing that there was a 

greater interference effect in the ‘subliminal (AN & HC)’ versus ‘non-subliminal 

exposure’ (HC)’ groups. 

 

4.2.3.2  Subliminal versus non-subliminal exposure 

 

4.2.3.2.1  Working memory task (N-Back): Accuracy rates and response 

times 

 
Comparing the AN group and the ‘non-subliminal exposure’ group, showed that 

there was no significant difference in the total numbers of errors made between 

these groups during the N-Back task, but the mean scores were 4.5 for the non-

subliminal group and 10 for the AN group (suggesting a large range of variance 

in scores).  Comparisons between the healthy control group and ‘non-subliminal 

exposure’ group revealed a significant difference in total errors made during 

performance of the N-Back task (χ² (1) = 9.376, p= 0.002): this was seen in both 

the 1-back (χ² (1) = 9.163, p= 0.001) and the 2-back (χ² (1) = 7.353, p= 0.005) 

versions of the task.  Post-hoc Mann Whitney U-Tests tests confirmed that the 

healthy controls (exposed to the subliminal images) made more errors overall 

than the ‘non-subliminal exposure’ group (U = 30.5, p = 0.001, r = -0.53), and 

also during the 1-back (U = 33, p = 0.01, r = -0.53) and 2-back (U = 38.5, p = 

0.005, r = -0.44) versions of the task. 

 

Comparing the overall response times to correct targets between the AN group 

and ‘non-subliminal exposure’ group, there was a significant difference (χ² (1) = 

9.235, p = 0.001) between the two groups, which remained in the 1-back (χ² (1) 

= 8.862, p = 0.002) and 2-back versions of the task (χ² (1) = 6.465, p = 0.009).  

Post-hoc Mann Whitney U Tests confirmed that the AN group took longer to 

respond correctly to targets than the ‘non-subliminal exposure’ group overall (U 
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= 16, p = 0.001, r = -0.76) and in the 1-back (U = 17, p = 0.001, r = -0.72) and 

2-back (U = 24, p = 0.01, r = -0.52) versions of the task.  There was also a 

significant difference in the overall response times to correct targets between 

the healthy control group (exposed to the subliminal images) and the ‘non-

subliminal exposure’ group (χ² (1) = 15.677, p <0.001), which remained in the 1-

back (χ² (1) = 15.677, p <0.01) and 2-back (χ² (1) = 13.014, p <0.01) versions of 

the task.  Post-hoc Mann Whitney U Tests confirmed that the healthy control 

group (exposed to the subliminal images) took longer to respond than the ‘non-

subliminal exposed group’ overall (U = 10, p < 0.01), and in the 1-back (U = 

15.677, p <0.01) and 2-back (U = 13.014, p <0.01) versions of the task.  There 

was no significant difference between women with AN and controls and the 

comparison with the non-subliminal group.  See Figure 51.  

Figure 51: Total errors and correct response times in N-back task between 

subliminal (women with RAN and the healthy control group) and the non-subliminal 

control group 
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4.2.3.2.2  Conflict monitoring task (Go/No-Go): Accuracy rates and 

response times 

 
There was no significant difference in the number of errors made between 

patients with AN, controls (exposed to the subliminal images) and the non-

subliminal HC group.  Comparing the response times to targets of patients with 

AN and the ‘non-subliminal exposure’ group there was a significant difference 

(χ² (1) = 4.188, p = 0.045), and a Mann Whitney U Test confirmed that patients 

with AN took significantly longer than the ‘non-subliminal exposed’ group (U = 

32, p = 0.043, r = 4.082).  Comparing the response times to targets of control 

participants (exposed to the subliminal images) and the ‘non-subliminal 

exposure’ group there was a significant difference (χ² (1) = 13.657, p < 0.01), 

and the Mann Whitney U Test confirmed that control participants (exposed to the 

subliminal images) took longer than the ‘non-subliminal exposed group’ (U = 16, 

p < 0.01, r = 5.012).  Again, there was no significant difference between the AN 

group and controls and the comparison with the non-subliminal group.  See Fig 

52. for barcharts to illustrate the mean errors and response times. 

Figure 52: Total errors and correct response times in the Go/No-Go task between 

subliminal (women with RAN and the healthy control group) and the non-subliminal 

healthy control group 
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4.2.3.2.3  Overview 

I compared the performance of women with RAN and healthy controls during a 

working memory task (utilising the DLPFC) and a conflict monitoring task 

(utilising the ACC) with subliminal stimuli, against a group of healthy people who 

were not exposed to the subliminal stimuli.  It is important to mention that I did 

not have a separate group of women with RAN who were not exposed to the 

subliminal stimuli.  Unfortunately, due to lack of funds and time I was unable to 

do this, so some of the data must be interpreted with caution.  Nevertheless, 

these data suggest that during the working memory (N-Back) task, women with 

RAN were more accurate overall on the task than controls (exposed to the 

subliminal images), as they performed with the same level of accuracy in 

comparison to the non-subliminal group, whereas controls (exposed to the 

subliminal stimuli)  made more errors.  Both the women with RAN and healthy 

control women took longer to respond on the working memory task than the 

non-subliminal group.  On the conflict monitoring (Go/No-Go) task, all 

participants exposed to the subliminal stimuli took longer to respond, but made 

no more errors than the non-exposed group.  These data suggest that extra 

neural processes were engaged in processing the extra ‘subliminal’ information, 

which slowed the performance of both groups.   

 

It is during the working memory task (utilising the DLPFC) and not the conflict 

monitoring task (utilising the ACC) that differences emerge between women with 

RAN and controls (women with RAN were more accurate than the controls).  One 

might have expected differences during the conflict monitoring task, as 

processing of the subliminal images would likely cause a conflict in processing – 

but this happens to all participants, not just the women with RAN.  Therefore, 

this suggests that in women with RAN it is specifically the DLPFC and not the 

ACC that may be activated to suppress or block subcortical activation that, in this 

case is engaged to process subliminal stimuli that may be salient (e.g. subliminal 

stimuli of all categories causes interference).  The greater accuracy observed 
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during performance of the working memory task may reflect an underlying 

mechanism that is associated with perfectionism and cognitive rigidity seen in 

women with RAN. 

 

4.2.3.3  Women with RAN versus healthy controls 

4.2.3.3.1  Working memory task (N Back): Accuracy rates and response 

times 

 
An examination of the interfering effects of specific subliminal stimuli on 

accuracy during performance of the N-back task revealed a group difference (χ² 

(1) = 6.782, p=0.008) during the presentation of aversive (U=62.5, p=0.006, r= -

0.453) and a group difference (χ² (1) = 5.233, p=0.022) during neutral subliminal 

stimuli presentation (U=73, p=0.025, r= -0.4).  Specifically, controls made the 

most errors during subliminal aversive and neutral stimulus presentation, but 

there was no significant difference between RAN patients and controls during 

subliminal food presentation.  

 

Different versions of the N-Back task (1-Back and 2-Back) were examined to 

evaluate the effect of varying levels of difficulty (reflecting greater DLPFC 

engagement) on the difference in errors between RAN patients and controls.  In 

the 1-back task there was a significant difference between patients with RAN 

and controls during the presentation of aversive (χ² (1) = 6.782, p = 0.008) and 

neutral (χ² (1) = 5.233, p = 0.02) subliminal stimuli, but no significant difference 

in errors during presentation of subliminal food stimuli.  Mann Whitney U tests 

confirmed that the control group made more errors during subliminal aversive (U 

= 62.5, p = 0.009) and neutral (U = 73, p = 0.023) stimuli in the 1-back task.  In 

the 2-back task there was a significant difference between patients with RAN 

and the control group during the presentation of aversive stimuli only (χ² (1) = 

9.572, p = 0.001).  A Mann Whitney U test confirmed that the control group made 

more errors during subliminal aversive stimuli presentation (U = 47, p = 0.001).   



 

To examine whether there were significant differences between the errors 

caused by subliminal stimuli within each group, a Friedman test analysis was 

conducted.  The test confirmed a significant difference in number of errors in the 

RAN group (χ² (5) = 24.973, p < 0.01) and Healthy Control group (χ² (5) = 

42.681, p < 0.01).  Post Hoc analysis using the Wilcoxon Signed Ranks test 

revealed that patients with RAN made more errors during subliminal food stimuli 

presentation compared to aversive in 1-Back (T = -2.333, p = 0.017) and 2-

Back (T = -1.792, p = 0.037).  There were no other significant differences in 

numbers of errors.  Post Hoc analysis using the Wilcoxon Signed Ranks test 

showed that  the control group made more errors during subliminal aversive 

stimuli presentation compared to neutral in 1-Back (T = -2.275, p = 0.028) and 

2-Back (T = -2.293, p = 0.018), and during subliminal food stimuli presentation 

compared to neutral in 2-back (T = -2.192, p = 0.03). 

 

There were no significant differences between the control group and patients 

with AN in the time taken to respond correctly to targets during performance of 

the 1-back and 2-back tasks.  Subliminal images had no significant effect on the 

time taken to respond correctly to targets in both groups.  See Figure 53. for a 

bar chart of the results. 
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Figure 53:  Total errors and correct response times in the N-back task between 

women with RAN and the control group during subliminal presentation of different 

stimuli 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 54: Total Errors during 1-back and 2-back versions of the N-Back task  

between women with RAN and control group during subliminal stimuli presentation 
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4.2.3.3.2   Conflict monitoring task (Go/No-Go): Accuracy rates and 

response times 

 
Comparison of the anorexic and control groups showed that there was a 

significant difference in the number of errors made (χ² (1) = 3.868, p=0.05).  A 

Mann Whitney U Test revealed that patients with RAN made significantly more 

errors than the control group (U=77, p=0.049, r =-0.34). 

 

A significant difference in the number of errors caused by a specific type of 

subliminal stimulus was found in the control group only (χ² (2) = 8, p=0.016).  

Post-hoc analysis revealed that the control group made more errors during the 

subliminal presentation of aversive stimuli (T = -2.796, p =0.004, r = -0.49) and 

food stimuli (T = -2.254, p=0.02, r = -0.49).  There was no significant difference 

between the numbers of errors the control group made during the subliminal 

presentation of these ‘emotional’ stimuli.  See figure 55. 

 

Presentation of subliminal stimuli had no significant effect on the response times 

to correct targets in the women with RAN.  However, there was a significant 

effect in the control group (χ² (2) = 11.1, p = 0.003).  The control group took 

significantly longer to respond correctly to targets during the subliminal 

presentation of aversive (T = -2.912, p=0.002, r = -0.51) and food (T = -3.136, 

p=0.001, r = -0.55) stimuli in comparison to neutral stimuli (Fig 55). 
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Table 12:  Mean errors/response times in N-Back & Go/No-Go  

Subliminal Stimuli Exposure Groups 

Mean number of Errors 

1-Back 2-Back Go/No-Go 

RAN(n=13) HC (N=20) RAN(n=13) HC (N=20) RAN(n=13) HC (N=20) 

 

 

Aversive 

Food 

Neutral 

0.54 (±0.97) 

1.08 (±1.26) 

0.38 (±0.87) 

2.45 (±2.72) 

2.25 (± 2.25) 

1.55 (±2.19) 

1.92 (±2.12) 

3.69 (±3.45) 

2.15 (±1.77) 

2.45 (±2.72) 

4.55 (±3.19) 

3.25 (±2.21) 

3 (±2.12) 

2.31 (±1.65) 

1.69 (±1.11) 

2 (±1.17) 

1.75 (±1.21) 

0.75 (±1.11) 

Mean response times (ms) 

 1-Back 2-Back Go/No-Go 

 RAN(n=13) HC (N=20) RAN(n=13) HC (N=20) RAN(n=13) HC (N=20) 

Aversive 

Food 

Neutral 

565 (±92) 

582 (±102) 

582 (±119) 

617 (±83) 

620 (±78) 

615 (±69) 

642 (±157) 

648 (±162) 

669 (±122) 

712 (±78) 

716 (±113) 

677 (±119) 

588 (±114) 

570 (±111) 

583 (±109) 

592 (±84) 

602 (±101) 

565 (±77) 

RAN, Women with restricting AN; HC, healthy control women; ms, milliseconds; (), standard deviations 
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4.2.3.3.3   Overview 

Direct comparisons between women with RAN and healthy controls confirmed 

that it was only during the N-Back working memory task (utilising the DLPFC) 

and not the Go/No-Go conflict monitoring task (utilising the ACC) that 

differences were found.  Women with RAN were more accurate at the working 

memory task than controls, as they made fewer errors.  However, their superior 

performance on the working memory task was comprised when food stimuli (but 

not aversive or neutral) were presented subliminally.   

 

These data seem to answer the question about whether an excessive DLPFC 

activation dampens a subcortical response, or whether an excessive DLPFC 

activation reflects a compensation for a lack of limbic activation.   If the latter 

was true then there would be no interference effect observed.  Therefore, in 

women with RAN activation of the DLPFC likely reflects vulnerability cognitions 

that are ordinarily utilized to suppress automatic primal responses to food stimuli 

that are deemed threatening (e.g. evoke concerns about shape, weight and eating 

and the desire to be thin).  In this framework, subliminal food stimuli interfere 

with task performance in the women with RAN.  It is posited that this is because 

DLPFC resources are not available to suppress the anxiogenic primal responses 

to food stimuli as this region is already engaged in an unrelated task.   

 

4.2.3.4  Questionnaire measures and correlations 

 
Post-hoc analyses revealed significant differences, (after Bonferroni correction) 

p = 0.01, between women with RAN and healthy controls on self-report 

measures of anxiety collected after completion of the cognitive tasks.  Self-

reported trait anxiety on the HADS (Zigmond & Snaith, 1983) differed 

significantly between the RAN group and controls (t [30] = -8.794, p<0.01), in 
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that women with RAN were more anxious.  Self-reported measures of 

depression on the HADS also differed significantly between the RAN group and 

the control group (t[30] = -8.699, p<0.01), in that the women with RAN had 

higher levels of depression.   Self-report measures of Obsessive-Compulsive 

traits on the OCI-R were significantly different between the two groups (t[31] = 

6.340, p<0.02), with the RAN group reporting more OC traits than the controls.  

Attentional impulsiveness as reported by the BIS-11 was significantly different 

between the women with RAN and controls (t [31] =2.959, p=0.006), in that the 

women with RAN felt more impulsive than controls.  Finally, reports of 

interoceptive awareness from the EDI-2 (i.e. the ability to experience bodily 

sensations) were significantly different between women with RAN and the 

control group (t[31] = 10.649, p<0.01); the control group reported greater 

interoceptive awareness.   

 

Using Spearman’s Rho correlation analysis (also Bonferroni corrected) post-hoc 

correlations were run between interference scores (number of errors and 

response times) in both the cognitive tasks and the scores on the measures 

above, to examine whether any self-report measures acted as mediators for the 

interference.  A significant positive correlation was found between the response 

time to targets during subliminal presentation of food stimuli in the N-back task 

and the HADS anxiety score in women with RAN (r = -0.658, n = 13, p = 0.011).    

A positive trend was found between the trait anxiety score on the HADS and 

total errors during the subliminal presentation of food stimuli in the N-Back task 

in the women with RAN only (r = 0.51, n = 13, p = 0.07).  In the control group 

there were no significant correlations between self-report measures and the 

interference effects of subliminal food stimuli on performance in the N-Back 

task.  There were no other significant correlations between any other 

behavioural measures and interference scores on the N-back tasks. 
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In the Go/No-Go task, post-hoc (Bonferroni corrected) Spearman’s Rho 

correlations revealed that for people with RAN there was a significant positive 

relationship between errors made during subliminal presentation of aversive 

stimuli and self-reported anxiety (r = 0.665, n = 13, p = 0.01) (HADS).  In the 

control group there were significant positive correlations between number of 

errors made during subliminal presentation of aversive stimuli, self-reported 

anxiety (r = -0.590, n = 19, p = 0.008) and self-reported interoceptive 

awareness (r = -0.538, n = 19, p = 0.01).  There were no other significant 

correlations between behavioural data and interference scores on the Go/No 

task. 

 

4.2.3.5 Overview 

These correlational data suggest that the interference to the performance 

associated with DLPFC activation, which is caused by subliminal food stimuli 

presentation in the women with RAN is strongly linked to trait anxiety.  Trait 

anxiety is a temperamental measure that is related to levels of arousal in the 

anxiety neural circuitry (Cannistraro and Rauch, 2003).  An anxiety-based model 

of ED (Pallister and Waller, 2008) suggests that early developmental experiences 

may exacerbate an anxious temperament and lead to a vulnerability to develop 

an ED.  Further, the model proposes that activation of the primal mode impinges 

on top-down appraisal of the stimulus deemed threatening.  Instead, secondary 

elaboration in line with current concerns activates maladaptive schemata that 

regulate the experience of anxiety in the short-term, but function to maintain 

arousal of the primal mode in the long-term.  The correlational data in this study 

suggests that a temperamental predisposition to be more anxious in women with 

RAN is related to the level of primal activation caused by subliminal food stimuli, 

which interferes with the DLPFC activation (as measured by interference to 

performance of a working memory task utilising this brain region).  It is 



important to note that this is specific to subliminal food stimuli and not a general 

anxiety response in women with RAN, because subliminal aversive images did 

not have an interference effect on performance during the task utilising DLPFC 

resources.  It was only in the task that activates the ACC (the Go/No-Go task) 

that subliminal aversive images caused an interference effect in women with 

RAN.  This could indicate that the ACC has a gating function to prevent the 

processing of general subcortical arousal by higher-order processing regions 

that would be anxiogenic for women with AN.  The DLPFC may function to 

suppress anxiety associated with primal appetitive responses to food stimuli, but 

in relation to current concerns (e.g. core concerns about shape, weight and 

eating) that are likely represented in the mPFC and connections to the DLPFC, 

rather than an anxiety response associated with general arousal.   

 

The first hypothesis was supported: that in all participants, the inclusion of 

subliminal images, in comparison to a non-subliminal group caused more 

interference to the performance on two unrelated cognitive tasks, by reducing 

accuracy and increasing response times to targets.  This suggests that in all 

participants subcortical processing of these images does not enter conscious 

awareness, but does impinge on cortical processing.   Secondly, the next 

hypothesis was supported, that in women with RAN, subliminal food stimuli will 

cause more interference during the cognitive tasks than in healthy control 

women.  This was found to be true in the N-Back task, in that the superior 

performance of women with RAN was compromised only during the presentation 

of subliminal food images.  The third hypothesis, that subliminal food stimuli will 

cause more interference in people with RAN than the two other categories of 

subliminal stimuli (aversive, neutral); especially in those with high trait anxiety 

was supported by the data from the N-Back task.  However, during performance 

of the Go/No-go task, it was the subliminal aversive stimuli that caused more 

interference to performance in the women with RAN.  In support of the final 

hypothesis, different interference effects were observed between the two 
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cognitive tasks in women with RAN, indicative of the recruitment of a specific 

brain region in response to subcortical activation caused by subliminal stimuli.  

Specifically, in the task utilising the DLPFC it was subliminal food stimuli, 

whereas in the task utilising the ACC it was subliminal aversive stimuli that 

interfered with performance.  There are indications that higher levels of trait 

anxiety underlie the degree to which subliminal food stimuli interfere with 

performance in women with RAN. 

 

One limitation in this neuropsychological study was that there was not a non-

subliminal group of women with RAN.  This may be of some importance because 

although the data suggest that women with RAN were more accurate than the 

controls, who made more errors in comparison to the non-subliminal group than 

the women with AN, this could simply be a reflection that women with RAN are 

generally better at the working memory task.  Had this group of women with 

RAN been compared to a group of women with AN who were not exposed to the 

subliminal images, I may have found that those exposed to the subliminal images 

made more errors.   Furthermore, I did not compare subtypes of ED, that is, 

restricting and bingeing (including BPAN and BN) subtypes.  One might expect 

greater interference effects in women with bingeing subtypes, who may have 

greater activation in subcortical regions that would impact on cognitive 

processing. 

 

There is also an indication in these data that trait anxiety is related to the 

amount of interference caused by subliminal food stimuli in women with RAN.  

First, this supports the view that excessive DLPFC activation is utilised to 

dampen subcortical activation associated with automatic activation to appetitive 

stimuli (Chambers et al., 2003), rather than compensation for a reduced limbic 

response (Connan et al., 2003).  Second, interference caused by primal 

responses to food stimuli is associated with levels of trait anxiety, which may 

reflect an underlying sensitivity to anxiety that normally activates a top-down 
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DLPFC suppression response in women with RAN.  These findings are in line 

with neuroimaging data presented in this thesis, and help to explain 

discrepancies with previous fMRI data from our group (Uher et al., 2004; Uher et 

al., 2003).  In the previous studies by our group women currently ill with AN had 

a reduced response in the left DLPFC region, but women who had recovered 

showed an elevated response to food images in the right DLPFC.  Reduced 

activation could be due to differences in methodology in that the previous study 

merely asked the women to look at the images, and therefore may not activate 

top-down responses to the same extent.  An increased response in the right 

DLPFC in women recovered from AN might indicate reactivation of top-down 

suppression of an appetitive automatic neural response to food images. In 

conclusion, cognitive engagement of the DLPFC in women with RAN likely occurs 

in response to automatic primal responses to appetitive food stimuli that are 

deemed anxiogenic (perhaps because they are incongruent with current concerns 

about eating, shape and weight). 
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Chapter Five 

DISCUSSION 

 

5 Discussion  

5.1 Summary of fMRI and neuropsychological studies 

I have conducted an fMRI study, and a neuropsychological study, which included 

a novel paradigm with subliminal stimuli, in order to examine differential neural 

responses to food stimuli when comparing women with RAN, BPAN, BN and 

healthy control women.   

In the fMRI study, I presented food, non-food, aversive and neutral images to 

assess differential neural responses that would indicate specific neural 

substrates associated with responses to food in women with the different 

subtypes of ED.  However, it was impossible to isolate subcortical responses 

from activation of potential modulatory effects of the PFC in this fMRI study.    

Therefore, I piloted a novel neuropsychological study to isolate and measure 

responses to food stimuli that may be associated with subcortical activation, in 

women with RAN.   

In the neuropsychological study, I presented masked food, aversive and neutral 

images to examine whether a subcortical response to food is present in women 

with RAN, without potential top-down suppression effects.  I used two different 

cognitive tasks in order that I could identify a candidate PFC region that might 

modulate subcortical responses (when food stimuli are explicitly presented) 

women with RAN.  Therefore, I used the subliminal paradigm for two reasons: a) 

to determine whether a subcortical response exists in response to subliminal 

food stimuli, and b) which of two PFC regions might be involved in modulating 

subcortical responses to food stimuli, in women with RAN.  Excessive PFC 

activation (e.g. in dorsal neurocircuitry that incorporates the DLPFC) in women 
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with AN is commonly observed (e.g. Kaye et al., 2009).  Additionally, I found 

greater right DLPFC activation to explicitly-presented food images during this 

fMRI study.  However, it is not known whether an excessive cortical response 

(e.g. in the DLPFC) compensates for a lack of subcortical activation (e.g. that 

might reflect a reduced arousal mechanism: Connan et al., 2003), or whether 

greater activation of PFC regions reflects a suppression of subcortical activation 

(e.g. Chambers et al., 2003).   

 

The specific hypotheses tested in each study are reiterated below and this is 

followed by a brief statement as to whether each hypothesis was supported or 

rejected.  The results will be discussed in greater detail later in this section 

5.1.1 Summary of fMRI study hypotheses 

 

1) In women with AN, thinking about eating food shown in the images will 

increase top-down cortical activation (e.g. OFC, DLPFC, mPFC, ACC, 

visual cortex); but subcortical activation will be reduced (e.g. amygdalae, 

striatum, hippocampus, insular cortex, hypothalamus) in comparison to 

healthy women and those with BN.  This activation will be specific to food 

stimuli, with differential activation between food and aversive images. 

 

This hypothesis was supported: in response to food images, women with AN 

had greater activation in the DLPFC, vACC and visual cortex, but reduced 

activation in the cerebellum, insular cortex and dorsal striatum in comparison 

to healthy women and those with BN. 

 

2) In response to food images, differential neural activation will be 

identifiable between the subtypes of AN: specifically, in women with R-

AN, in comparison to BP-AN. there will be greater activation in prefrontal 

regions, whereas in women with BP-AN, in comparison to those with R-



AN, there will be greater activation in subcortical regions linked to 

automatic appetitive responses. 

 

This hypothesis was partially supported: in response to food images, women 

with RAN had greater cortical activation in the visual cortex, and in the vACC, 

which borders the PFC region.  The women with BPAN had greater activation 

in the cerebellum in comparison to the women with RAN. 

 

3) Women with AN will be more anxious overall and will report feeling more 

anxious when viewing food images in comparison to healthy control 

women. 

 

This hypothesis was supported: women with AN had significantly higher scores 

on the HADS measure of trait anxiety, and reported being more anxious when 

viewing food images in comparison to the healthy control group. 

 

 

4) Women with RAN in comparison to those with BPAN will be less anxious 

when viewing food images and this will correlate with PFC activation. 

 

This hypothesis was partially supported: women with RAN had lower levels of 

trait anxiety than women with BPAN, but there was no significant difference in 

the level of anxiety reported while viewing images of food during the scan.  

Anxiety scores during the scan positively correlated with activation in the left 

vLPFC in all women with ED. 

 

5) Anxiety ratings in people with AN, when thinking about eating food in the 

images will correlate with PFC regions – indicative of a top-down 

response to anxiogenic appetitive stimuli. 
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This hypothesis was partially supported: in all women with ED (and not only 

those with AN), the anxiety scores given after seeing the food images during the 

scan positively correlated with left vLPFC activation. 

 

 

6)  Women with BN will report higher levels of anxiety than healthy women, 

but similar levels of anxiety to women with AN. 

 

This hypothesis was supported: women with BN reported higher levels of 

anxiety during the scan in response to food images than the healthy control 

women.  Women with BN and women with AN had similar levels of anxiety in 

response to viewing food images during the scan. 

 

7) Women with BN will have increased neural activation in meso-cortico-

limbic regions associated with impulsivity and reward (e.g. greater 

activation in the striatum, amygdala, insular cortex, ACC), but reduced 

activation in PFC regions (e.g. DLPFC, mPFC) in comparison to women 

with AN and healthy control women. 

 

This hypothesis was supported: women with BN had greater activation in the 

dorsal striatum, STG (bordering the insular cortex) and the supplementary 

motor area in response to food images, in comparison to women with AN.  

There was no activation in PFC regions in response to food images, in women 

with BN in comparison to the other groups. 

 

8) Regions of the PFC will be negatively correlated, and striatal activation 

positively corrrelated with measures of appetite (e.g. hunger ratings), to 

indicate a subcortical vulnerability and a lack of top-down control in 

women with BN. 
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This hypothesis was not supported: there were no significant correlations found 

between self-report ratings and neural activation in women with BN.  This could 

be due to the small sample size of women with BN (n=8).  There was some 

indication that dorsal striatum activation is associated with measures of appetite: 

in the healthy control women, dorsal striatum activation positively correlated 

with hunger ratings. 

 

5.1.2 Summary of neuropsychological study hypotheses 

 

1) In all participants, the inclusion of subliminal images, in comparison to a non-

subliminal group will interfere with the performance on two unrelated cognitive 

tasks, by reducing accuracy and increasing response times to targets. 

 

This hypothesis was partially supported: the healthy control women were less 

accurate and took longer to respond during the working memory task than those 

not exposed to subliminal images.  Women with RAN performed with the same 

accuracy as those not exposed to the subliminal images during the working 

memory task, however the women with RAN took longer to respond than the 

non-subliminal group.  During the conflict monitoring task, both women with AN 

and healthy control women took longer to respond but made no more errors than 

the non-subliminal group. 

 

2) In women with RAN, subliminal food stimuli will cause more interference 

during the cognitive tasks than in healthy control women. 

 

This hypothesis was supported: on the working memory task during the 

subliminal presentation of aversive and neutral images, women with RAN were 

significantly more accurate than than the healthy control women.  However, 

during the presentation of subliminal food images, the superior performance of 

women with RAN was compromised.  Subliminal food images had no significant 



differential effect on the performance of women with RAN during the conflict 

monitoring task. 

 

 

3) Subliminal food images will cause more interference in people with RAN than 

the two other categories of subliminal stimuli (aversive, neutral). 

 

This hypothesis was supported:  during the working memory task, women with 

RAN made significantly more errors when subliminal food stimuli were presented 

than when subliminal aversive or neutral stimuli were presented. 

 

  

4) Different interference effects will be observed between the two cognitive 

tasks in women with RAN, indicating the recruitment of a specific brain region in 

response to subcortical activation caused by the subliminal stimuli. 

 

This hypothesis was supported: it was only during the working memory task 

(utilising the DLPFC) and not during the conflict monitoring task (utilising the 

ACC) that women with RAN experienced interference effects when subliminal 

food stimuli were presented. 

 

5) Interference to task performance caused by the presentation of subliminal 

food stimuli will correlate with trait anxiety in women with RAN. 

 

This hypothesis was supported: the number of errors made by women with RAN 

positively correlated with trait anxiety 
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5.2 Limitations of the studies 

In the course of these investigations, several limitations of the techniques such 

as fMRI and backward masking (for subliminal presentation), and the 

methodology used was identified.   

 

5.2.1 fMRI study limitations 

 
a) In all fMRI studies the signal-to-noise ratio (SNR) is small, e.g. most of 

the BOLD signal derived from the fMRI experiment is noise (due to the 

normal neural functioning of the brain).  To address this issue, 

standardised elaborate statistical analyses have been conducted to 

determine the pattern of brain activation that is associated with 

experimental manipulation.   

 

b) The BOLD signal is an indirect measure of neural activation.  It is derived 

from a haemodynamic response in local vasculature in the brain, and is an 

indication of how much deoxygenated blood is in the vasculature of the 

brain.  This is an indirect measure of neural activation, because the 

oxygenated blood may not have been consumed by functioning neurones, 

but by local astrocytes and glial cells, or the ratio may be perturbed by 

vasodilation (for example). 

 

c) It is uncertain whether an increase in the BOLD signal (as a result of 

experimental manipulation) is due to a neuronal population being more 

sensitive, or is a response to a greater demand on attentional resources 

(for example). 
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d) It is not known whether an increase in the BOLD signal reflects input into 

cell bodies (e.g. traffic from white matter), or whether the signal 

illustrates information processing in the cell bodies (e.g. in grey matter) 

(e.g. Logothetis, 2004). 

 

e) The time series data has demonstrated that the BOLD signal derived 

across the total experimental run is highly variable.  This suggests that 

the within group and between group contrasts (GBAMs and ABAMs 

respectively), which are based on a summation of the data of the 6 blocks 

constituting each condition in the block design (e.g. food and non-food) 

are not a good representation of actual brain function across the whole 

experiment.   

 

f) All of the comparisons made in this fMRI study involved the subtraction of 

a strong ‘control’ signal from a strong ‘active’ signal (e.g. the signal 

derived from the presentation of non-food subtracted from the 

presentation of food stimuli).  I did not compare activation with a baseline 

condition.  This was because I wanted to keep similarity between the 

active and control conditions, in order to isolate the neural substrate of an 

emotional response to food images.  Had I used a baseline condition as a 

contrast to the food images, the differences in neural activation detected 

may have been derived for example, from the differences in visual impact. 

 

g) The verbal instructions given at the beginning of each block (e.g. to 

imagine eating the food shown in the images), and at the end of each block 

(e.g. how anxious do you feel now?) may account for the variability in the 

BOLD signal between groups in this, and other studies (rather than the 

symptomatology).  For example, in previous studies by our group (e.g. 

Uher et al., 2003, 2004), a verbal instruction was given only once at the 

beginning, and before the participant entered the scanner.   
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h) In this study it was predicted that, since the OFC is involved in evaluation 

of the desirability of a stimulus (e.g. Rolls et al., 1999) this region would 

likely be activated to a greater extent in patients than control women, in 

response to food images.  However, in this and in previous studies by our 

group (e.g. Uher et al., 2003, 2004) there was no significantly greater 

activation detected in the OFC region.  It is likely that the sinuses 

obscured the OFC region from view during the scan.  At the Institute of 

Psychiatry, KCL, most fMRI protocols are conducted using axial slices 

(personal communication, Mr Dave Gasston), whereas in other institutions 

coronal slices are often used, and seem to maximise the signal around the 

OFC. 

 

i) Another spatial limitation of fMRI studies includes the size of brain 

stuctures being compared.  For example, a larger region of activation (e.g. 

the visual cortex) may obscure the activation of a smaller region (e.g. the 

amygdala).  In an attempt to overcome this limitation, I conducted local 

analyses of brain function during the ABAMs (see Methods section), so 

that peak activations in each cluster were compared against their own 

baseline, rather than a global baseline across the whole brain. 

 

j) With regard to defining regions based on Talairach coordinates, there is 

sometimes variability in the coordinates given for a specific region 

between different fMRI studies.  Therefore, in some cases there might be 

some confusion as to the specific location of a particular brain region.  In 

this study, I checked all the coordinates given in the XBAM readout with 

the ‘Talairach daemon’ – an online software package 

(http://www.talairach.org/), and I also compared the Talairach coordinates 

with other studies.  
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k) Some fMRI studies carry out Region of Interest (ROI) analyses, which 

mean selecting an a priori brain region to compare between groups or 

experimental manipulations.  The benefit is that a ROI analysis has greater 

statistical power, however, it could also be deemed to be experimentally 

biased.  Another limitation of using a ROI approach (which I did not use in 

this study) is that other regions, which might be changed, would not be 

detected. 

 

l) The sample sizes for the subtypes of ED were small (RAN, n=11; BPAN, 

n=7; BN, n=8), which reduced the power of some comparisons and 

correlations.  For the self-report data I calculated the effect sizes of the 

comparisons between the groups in an attempt to account for the small 

sample sizes.  However, there were no significant correlations found 

within each of the subgroups, between neural activation and self-report 

measures, which is likely to be a result of group size and data variability. 

 

5.2.2 Neuropsychological study limitations 

a) I did not include a group of women with RAN who were not exposed to the 

subliminal images; I only had a group of healthy women who comprised 

the ‘non-subliminal’ group.  It would be more accurate to compare the 

women with RAN who were exposed to subliminal images to a similar 

group of women who were not exposed – to examine the effects of 

including subliminal stimuli.   

 

b) I did not compare the subtypes of ED, and the effects that subliminal food 

stimuli might have on their performance of the two cognitive tasks.  It 

would have been useful to examine the same groups who took part in the 

fMRI study; that is women with RAN, women with BPAN and women with 

BN.   

 



c) Therefore, from a spectrum perspective ranging from restraint to 

impulsivity (see introduction, fig. 1), had I compared the subtypes of ED I 

may have been able to test the model hypotheses further.  For example, to 

incorporate the level of interference caused by subliminal food stimuli 

(e.g. greater in those who binge compared to those who restrain their 

eating), and to which cognitive tasks this interference would have 

occurred (e.g. the DLPFC task in women with RAN, versus the ACC task 

in women with BPAN and BN).  

 

d) The subjective and objective measures taken to ensure that the images 

were indeed subliminal were only made at the end of the whole 

experiment.  It may have been more efficient to check that the images 

were subliminal after each experiment.  

 

 

5.3 Relating the studies to previous research 

 
In the following section, I have reviewed the findings of previous fMRI studies in 

people with ED and healthy controls, in order to draw comparisons with my own 

data. First, I have summarised neural responses to food stimuli in healthy people, 

in those with ED, and in those who have recovered from an ED.  Then, I have 

summarised the neural responses to body image stimuli, and also the studies that 

examine the neural substrates of some cognitive tasks, in people who have ED.  

Finally, I have reviewed automatic responses to disease-salient stimuli in people 

with ED.  This is done so that I can focus on what is currently known about 

neural responses in women with ED, before discussing the data from my studies 

in context. 
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5.3.1 fMRI studies with healthy people 

 

In healthy people, the neural response to food images is an increased activation 

in the visual cortex, insular cortex, hippocampus, amygdala, hypothalamus, 

cerebellum, striatum, ACC, mPFC, OFC and DLPFC (LaBar et al., 2001; Killgore 

et al., 2003; Simmons et al., 2005; Killgore and Yurgelun-Todd, 2005; Beaver et 

al., 2006; Uher et al., 2006; Cornier et al., 2007; Killgore et al., 2007; Frank et 

al., 2008; Cornier et al., 2009; Goldstone et al., 2009; Grabenhorst et al., 2009; 

Schur et al., 2009; Siep et al., 2009).   These regions integrate to form neural 

systems linked to increased attention, reward and appetite, incorporating both 

subcortical (striatum, hippocampus, amygdala, hypothalamus, cerebellum) and 

cortical (visual cortex, insular cortex, ACC, mPFC, OFC and DLPFC) responses.  

Activation of these subcortical regions likely reflects associations with food 

images that arouse automatic, homeostatic, impulsive, stimulus-response 

behaviours linked to appetite (e.g. that are linked to the release of gut, intestinal 

and pancreatic hormones involved in signaling hunger).  Activation of cortical 

regions are likely to be associated with the evaluation of interoceptive 

awareness of appetitive responses,  for example, evaluating the feeling of one’s 

hunger in contrast to how appetising the foods seem and whether it is 

appropriate, desirable and/or possible to eat the foods. 

 

When comparing neural responses to high and low calorie food images, healthy 

people have increased activation in the ACC, mPFC and DLPFC, thalamus, 

hypothalamus and cerebellum in response to high calorie food images (Goldstone 

et al., 2009; Killgore et al., 2003; Killgore and Yurgelun-Todd, 2005; Killgore et 

al., 2007; Siep et al., 2009).  Activation of these regions likely reflects an 

evaluation of how appetising the high-calorie foods are, following a general 

subcortical appetitive response (e.g. that would first occur to all images in a 

‘food’ category).  In response to low calorie food images, the OFC, insular cortex 

and temporal regions are activated (Goldstone et al., 2009; Killgore et al., 2003; 
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Killgore and Yurgelun-Todd, 2005; Killgore et al., 2007; Siep et al., 2009).  This 

suggests that there is an appetitive response (e.g. a primary gustatory response 

in the insular cortex) to low-calorie food images, but that a widespread 

activation of appetitive regions (e.g. in the hypothalamus, as observed in 

response to high calorie food images) is likely modulated by a top-down 

evaluation that the food images are not particularly appetitive, e.g. sensory-

specific satiety in the OFC (Rolls 2007).  A higher BMI is associated with 

reduced activation in PFC regions associated with reward evaluation (e.g., the 

OFC, mPFC) (Killgore and Yurgelun-Todd, 2005; Goldstone et al., 2009), which 

may indicate that greater appetite (e.g. that is linked to being heavier) is 

associated with reduced top-down modulation.   

 

An overall positive affect (not specifically related to food) in healthy people 

modulates neural activation.  For example, there is greater activation in the 

visual cortex in response to high calorie foods (Killgore et al., 2007).  This 

suggests that a person’s mood can influence perceptual responses.  When a food 

stimulus (sucrose, fat or chocolate milk in the mouth) is perceived as pleasant 

(Uher et al., 2006; Frank et al., 2008; Grabenhorst et al., 2009) there is greater 

activation of the insular cortex, striatum and OFC.  Therefore, when a food image 

is highly salient (e.g. when looking at or tasting a favourable food) there is 

increased activation in the visual cortex, combined with activation of reward 

regions associated with interoceptive awareness. 

 

Others have examined the effects of hunger/fasting and feeding on neural 

activation to food images in healthy people (Cornier et al., 2007; Cornier et al., 

2009; Goldstone et al., 2009; LaBar et al., 2001; Siep et al., 2009) .  When 

healthy people have fasted in comparison to those who have not, there is greater 

activation to food images in the amygdala, hippocampus, fusiform gyrus, insular 

cortex, striatum, OFC and mPFC (LaBar, 2001; Siep et al., 2009).  This suggests 

that there is a heightened homeostatic and reward response to food in the hungry 
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state.  For example, an insular cortex response to gustatory stimuli and an 

occipto-temporal response to food images are much stronger when hungry (Uher 

et al., 2006).  Furthermore, there is greater activation of the mPFC and  OFC 

regions (associated with top-down attentional modulation in line with the 

cognitive evaluation of the self-relevance and saliency of the stimuli) when 

healthy people view high calorie foods when hungry than when satiated 

(Goldstone et al., 2009; Siep et al., 2009).  

 

5.3.2 fMRI studies in people with AN 

 
Anxiety responses to disease-salient and emotional stimuli (pictures of high 

calorie drinks; gambling with hypothetical money) in women with AN coincide 

with increased activation of limbic regions such as the left insular cortex, ACC, 

striatum and left amygdala and hippocampus (Ellison et al., 1998; Wagner et al., 

2008).  However, other studies report a reduced activation in limbic and 

somatosensory regions in women with AN in response to food images (Frank et 

al., 2006; Santel et al., 2006; Uher et al., 2003, 2004).  Furthermore, there is 

greater cortical activation of the visual cortex, OFC, mPFC and LPFC in women 

with AN, or with a history of AN in response to food images (Uher et al., 2003, 

2004; Santel et al., 2006).  Other imaging studies have demonstrated 

hypoperfusion in limbic regions in women with AN (e.g. the insular cortex, 

temporal lobe and striatum.   Collectively, these findings suggest that in general, 

women with AN may have an increased subcortical response, which is associated 

with anxiety.   However, in response to food images and in general, the 

subcortical response is modulated by cortical responses that might be associated 

with obsessional thoughts about eating, shape and weight (e.g. Uher et al., 2003; 

Mattaix-Cols et al., 2004; Steinglass & Walsh, 2006). 

 



5.3.3 fMRI studies in people with BN 

In women with BN and those who binge-eat (e.g. people who are obese or who 

have BED), in response to food images, there is greater activation in the insular 

cortex and ACC (greater in women with BN relative to BED), mPFC and OFC 

(greater in women with BED relative to BN), and less activation in the LPFC and 

IPL (Uher et al., 2004; Martin et al., 2009; Schienle et al., 2009) relative to 

healthy women.  Another study, using a monetary reward paradigm, found 

dysregulation in the striatum in women with BN (Wagner et al., 2009).  These 

data suggest, that in those who binge, there is greater interoceptive awareness 

of appetitive responses.  Furthermore, there may be more conflict monitoring in 

women with BN than in women with BED, which might be associated with a 

contradiction between an increased awareness of appetitive responses, and the 

desire to restrain appetite.  Reduced activation in the LPFC in women with BN 

may reflect an inability to employ cognitive inhibition and self-regulation of 

appetitive responses to food images (e.g. Volkow et al., 2008).  Finally, 

dysregulation in the IPL and striatum might underlie aberrant somatosensory 

responses to food and to the body in women who binge.  For example, if there 

are excessive fluctuations in the appetitive system (e.g. when eating an unusually 

large amount of food, followed by compensatory measures to reduce weight), one 

might expect disorder in somatosensory perception.  An abnormal development 

of fronto-striatal circuits might contribute to aberrant self-regulatory control of 

appetite in women who binge (e.g. Steinglass & Walsh, 2006; Marsh et al., 

2009b). 

 

5.3.4 fMRI studies in people who have recovered from an ED 

In women who have recovered from an ED, persistent abnormalities in brain 

activation occur in the mPFC, ACC, IPL, right LPFC and ventral striatum (Uher et 

al., 2003; Frank et al., 2006; Wagner et al., 2008; Wagner et al., 2009).  In 

response to food images, women who have recovered from AN have increased 
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activation (relative to healthy women), in the mPFC and ACC, and reduced 

activation in the IPL.  Also, women who have recovered from AN have a reduced 

insular cortex response to the administration of liquid in the mouth (Wagner et 

al., 2008). Relative to those chronically ill, women who have recovered from AN 

have greater activation in the right LPFC (Uher et al., 2003).  These data suggest 

that an increased top-down PFC and ACC response, with reduced interoceptive 

awareness, is a risk factor in those with AN, and that this may be linked to 

obsessionality and cognitive inhibition.   

 

Others have shown that women who have recovered from AN and BN have 

altered activation in the ventral striatum during a monetary reward task (Wagner 

et al., 2008; Wagner et al., 2009), and in women who have recovered from BN 

there is reduced ACC activation in response to administration of glucose (Frank 

et al., 2006).  These data suggest that an anticipatory neural mechanism (e.g. 

used for predicting and monitoring conflict between cognitive control over eating 

and appetitive responses) linked to the ACC is dysregulated, and fails to control 

overeating in women with BN.  Overall, it is likely that having an ED causes 

long-term dysregulation in neural systems associated with the regulation of 

reward, persisting after recovery and interfering with self-regulatory control 

(e.g. Marsh et al., 2009a, 2009b).   

 

5.3.5 fMRI studies using body-image stimuli in women with ED 

Food images are highly salient for women with ED, eliciting differential neural 

responses in comparison to healthy women.  It is likely that body images are also 

highly salient for women with ED because they might activate concerns about 

shape and weight and eating (Fairburn et al., 2003).  Three studies have 

examined neural activation to body images, one in healthy women (Friederich et 

al., 2007), the other two in women with AN (Fladung et al., 2009; Mohr et al., 

2009). When healthy women make self-comparisons to images of female bodies, 
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there is increased activation in the fusiform gyrus, the IPL, the LPFC and ACC. 

Activation of these regions suggests that attentional resources are recruited, as 

well as somatosensory and top-down cognitive evaluation systems.  The level of 

reported anxiety associated with concerns about shape and weight in healthy 

women correlates with activation in the basal ganglia, amygdala, ACC and LPFC 

(Friederich et al., 2007).   Combined, these data suggest that there is some 

subcortical activation during self-comparison with body images, but that 

responses in the ACC and LPFC may have a modulatory effect. 

 

Women with AN prefer to look at thin compared to normal or fat bodies of 

others, and this is related to greater activation of the ventral striatum when 

viewing thin bodies (Fladung et al., 2009).  This suggests that the thin ideal has 

overridden the reward factor of natural reinforcement (e.g. pursuing thinness at 

the expense of nourishment and maintaining a normal weight), as viewing thin 

bodies activates a region normally associated with wanting and liking of natural 

reinforcers (e.g. Berridge et al., 2009).  The other study used distorted pictures 

of the participant’s own body image (Mohr et al., 2009).  The insular cortex and 

LPFC was activated when the women with AN viewed a thin version of their own 

body. The data from studies using body images compliments the data on fMRI 

studies using food images that suggest there is dysregulation of fronto-striatal 

circuits in women with ED.   

 

5.3.6 fMRI studies using other tasks in women with ED 

 
Some fMRI studies in women with ED have not used food or body-related stimuli, 

but have examined the neural correlates of cognitive engagement during a task.  

For example, a simple monetary reward task (Wagner et al., 2007; Wagner et al., 

2009) and a target-detection task (Zastrow et al., 2009).  In the simple monetary 

reward task, participants guess whether a concealed card is greater or less than 

5.  A win gives a reward of $2.00, a loss $1.00 and a failure to respond in the 
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allotted time causes a loss of $0.50.  In women who have recovered from AN and 

BN compared to healthy controls, ROI analysis shows that there is dysregulation 

in the ventral striatum (Wagner et al., 2008, 2009).  In the target-detection task, 

target and non-target stimuli are embedded in a field of distractor stimuli.  The 

task is designed to measure set-shifting abilities associated with a flexible 

cognitive style (Zastrow et al., 2009).  Women with AN are not as flexible on the 

task as the healthy controls.    Inflexible performance corresponds with reduced 

activation in the thalamus, ventral striatum, ACC, sensorimotor regions and the 

cerebellum.  Women with AN have reduced activation in a cingulate-striatal-

thalamic loop, but greater activation in top-down regions linked to greater 

cognitive control.  These data are consistent with the view that there is 

dysfunction in cortico-striatal-thalamic loops in people with ED (Steinglass & 

Walsh, 2006; Kaye, 2009). 

 

5.3.7 Paradigms independent of conscious intentional control 

Paradigms that examine non-conscious responses to disease-salient stimuli are 

of use because they enable the examination of bottom-up neural responses in 

isolation from top-down modulatory effects.   

 

In a study using a Startle Eyeblink Modulation (SEM) paradigm, automatic, non-

conscious approach (appetitive) and withdraw (aversive) responses to disease-

salient stimuli (food and body images) were examined, in women with AN and 

BN.  There were no significant differences between group responses to body 

images.  However, in response to food images, women with BN had an automatic 

appetitive response (startle inhibition), whereas women with AN did not activate 

the appetitive response.  This suggests differences in automatic motivational 

salience between women with AN and BN in response to food cues. 
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Subliminal paradigms have also been used to show that stimuli presented outside 

of conscious awareness can influence cognitive processes. In healthy people, 

‘emotional’ stimuli (e.g. aversive images) presented subliminally can alter task 

performance (e.g. Banse, Seise and Zerbes, 2001; Fazio & Olson, 2002; Murphy 

& Zajonc, 1993; Gray, 1999; Gray et al., 2001; Hartikainen et al., 2000).   This 

suggests that neural processing associated with automatic responses to stimuli is 

able to interact with conscious processing.  LeDoux (1996) describes a ‘quick 

and dirty’ neural pathway for the processing of salient stimuli, directly to the 

amygdalae (and possibly on to other subcortical regions, such as the 

hippocampus and striatum) from area V1.  It is proposed that this pathway is 

activated outside of conscious awareness.  Cognitive bias and implicit attitude 

tasks (e.g. the Stroop task, and Implicit Association Task) measure automatic 

responses, but these tasks do not present stimuli subliminally; it will still be 

possible for conscious cognitive responses to be activated.  Therefore, 

subliminal paradigms are likely more effective at probing subcortical responses 

independent of cortical modulation.   

 

The fMRI findings discussed above support the view that one of the main neural 

substrates underlying a predisposition to develop an ED is in aberrant fronto-

striatal circuitry (e.g. Steinglass & Walsh, 2009; Kaye 2009; Marsh et al., 2009).  

The dorsal striatum is linked to impulsive, automatic responding, and can lead to 

addictive (e.g. excessive bingeing) behaviour when top-down cognitive control is 

weakened (e.g. Everitt and Robbins, 2005).   

 

It is of benefit to use a subliminal paradigm to examine responses to salient 

stimuli in people with ED because it would enable the measurement of bottom-up 

responses (e.g. in the aygdalae, hippocampus, striatum) independent of top-down 

control.  The findings from studies discussed previously suggest that to some 

extent, in people with AN there is greater top-down activation that may be 
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associated with traits such as perfectionism, OCPD and cognitive rigidity (Jacobi 

et al., 2004; Tchanturia et al., 2006) combined with reduced activation in 

subcortical regions (e.g. Connan et al., 2003; Chowdhury et al., 2003; Gordon et 

al., 1997).  In people with BN, there is greater arousal in subcortical reward 

regions (e.g. the striatum) and that a reduced cortical response is likely to be 

associated with a lack of cognitive control (e.g. Volkow et al., 2008; Everitt & 

Robbins, 2005).  Using a subliminal paradigm would enable the elucidation of 

bottom-up responses that characterise the subtypes of ED, independent of top-

down interaction. 

 

Few studies have used subliminal paradigms in people with ED.  Subliminal 

presentation of disease-related stimuli (e.g. ego-threats that reinforce a 

negative self evaluation, body images) can influence cognitive processing in 

people with ED (Meyer & Waller, 1999; Waller & Barnes, 2002).  Subliminal fear 

cues (fearful faces) increase the negative appraisal of food stimuli in women with 

AN (Soussignan et al., 2009).  However, the only other study to use subliminal 

presentation of food images to examine people with ED found no effect on 

cognitive performance (Dickson et al., 2008).   

 

5.3.8 Risk factors for developing an ED 

 
I have summarised neural and neuropsychological responses to disease-salient 

stimuli from fMRI and neuropsychological studies in women with ED.  The data 

broadly indicates that there is dysregulation of fronto-striatal circuits in women 

with ED in response to such stimuli.   Dysregulation likely occurs in three main 

domains.  Specifically, a) bottom-up neural responses (e.g. in the striatum, 

amygdala, hippocampus and hypothalamus), that are normally activated in 

response to natural reinforcers (e.g. images of food) are either deactivated, or 

functioning differently in women with ED compared to healthy women.  Secondly, 

b) an excessive top-down response (e.g. in the mPFC, DLPFC, OFC, ACC) to 



food and body stimuli may reflect an activation of concerns and anxiety about 

shape, weight and eating.  Lastly, c), both a) and b) may impact on information 

transfer in the insular cortex, a region that might normally enable the accurate 

integration of homeostatic, hedonic and higher-order cognitive responses.   

 

Interplay between top-down and bottom-up responses to food, for example, 

might determine whether a person has RAN, or a bingeing subtype of ED (e.g. 

BPAN, BN, BED).  An excessive top-down response may signify food restriction 

and regulation of anxiety and conflict monitoring, whereas an excessive bottom-

up response may signify impulsive binge-eating and anxiety.    The following 

section provides a brief commentary of some of the potential risk factors, or 

predispositions associated with neural dysfunction and abnormal eating behaviour 

in people with ED (See Fig. 56). 

 

Fig. 56 Some of the common risk factors associated with developing a) AN and b) 

BN (after Jacobi et al., 2004). 
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5.3.8.1 Risk factors for AN 

 

There are biological, psychological and social factors, from birth to the onset of 

illness that may predispose the development of AN.  The highest risk factors are; 

being female and being prone to excessive exercise.  Excessive exercise may be 

linked to a dysregulation in 5-HT neural systems, which may impact on the 

regulation of appetitive systems (e.g. Kaye et al., 2009).  Medium risk factors in 

the first few years of childhood are; feeding and gastro-intestinal problems, 

irregular sleep patterns and a specific parenting style (e.g. being a protective 

“kangaroo” or critical “rhinocerous” parent, Professor Janet Treasure, personal 

communication).  Feeding and sleep problems may be associated with 

developmentally early dysregulation in DA and 5-HT systems (e.g. Kaye et al., 

2009).  Parenting styles may contribute to internalised value systems that are 

encoded in top-down neural activation and translating as excessive cognitive 

control of appetite and other spontaneous behaviours (e.g. emotional responses). 

Throughout life, other medium risk factors include; having an obsessive-

compulsive disorder personality (OCPD), being prone to negative self evaluation 

(NSE) and having a perfectionistic thinking style.  An excessive activation of 

top-down regions (e.g. the mPFC, ACC, DLPFC) likely becomes a ‘hard-wired’ 

neural substrate for ‘control cognitions’ associated with controlling food intake 

and body shape/weight in people who develop AN. 

 

5.3.8.2 Risk factors for BN 

There are similar biological, psychological and social factors, from birth to the 

onset of illness that may predispose the development of BN.  The highest risk 

factors are being female, and dieting around the age of puberty.  Dieting is not a 

specified risk factor for AN.  It could be that during development up to puberty, 

in people who develop BN, the appetitive and homeostatic systems are not as 
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dysregulated as in those with AN (e.g. due to excessive exercise and obsessive, 

perfectionistic control behaviours).  However, the onset of dieting might signify 

an awareness of the need to restrain eating (perhaps because there is 

hyperactivation of bottom-up appetitive systems in people with BN).  For 

example, there is a strong link between dietary restraint and bingeing (Herman 

and Polivey, 1990).  It is not clear whether a potential hyperactive bottom-up 

response could be a genetic predisposition in people who develop BN, or if it is 

linked to psycho-social factors (e.g. adverse family situations, sexual 

abuse/adversity).  NSE is, like those who develop AN, a medium risk factor for 

people who develop BN.  Combined, it seems that developmentally the risk 

factors for BN are less associated with top-down evaluation and control as in AN 

(e.g. OCPD, perfectionism, NSE), but more associated with late-onset dieting that 

could reflect hyperactivation in appetitive systems (e.g. in the dorsal striatum). 

 

5.4 Interpretation of fMRI and Neuropsychological Data 

In this section, I present a précis of the data collected during my studies.  This is 

done to provide a final summary of the data in the context of the findings 

described above, before presenting the neural circuitry models that may help to 

elucidate the discrete patterns of behaviour in the subtypes of ED. 

 

5.4.1 fMRI studies 

In these, I presented food and non-food, aversive and neutral images to healthy 

women, and women with RAN, women with BPAN and women with BN.  All 

participants activated the fusiform gyrus to some extent in response to aversive 

images.  However, it was during the presentation of food images that differential 

activation between the groups was observed. 

 

In response to food images, women with AN had a greater response in the PFC 

and visual cortex, but reduced activation in primary gustatory, somatosensory, 
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and appetitive regions, in comparison to women with BN and healthy controls.   

Comparing the subgroups of AN, women with RAN had greater activation in the 

visual cortex and ACC, whereas women with BPAN had greater activation in a 

region associated with basic appetitive responses.  Women with BN had greater 

activation of appetitive, somatosensory and gustatory regions, but a lack of 

activation in PFC regions in comparison to the women with AN.  These data 

support findings described above that there is a greater cortical response that 

coincides with a reduced somatosensory and appetitive response to food images 

in women with AN compared to those with BN and healthy controls.   

 

In women with BN, I found greater activation in the dorsal striatum, as well as a 

lack of PFC activation in response to food images, which supports the view that 

there is a dysregulation of fronto-striatal circuit in these women.  Binge-eating 

and craving may be associated with a reduced PFC response (e.g. in the DLPFC) 

in women with BN.  This is consistent with some models of obesity and addiction 

(e.g. Volkow et al., 2008; Everitt et al., 2005).  It is also consistent with a study 

by our group using repetitive transcranial magnetic stimulation (rTMS), which 

shows that stimulation of the DLPFC reduces the experience of craving (Van den 

Eynde et al., in press).   

 

In healthy women, I found activation in the insular cortex, cerebellum and visual 

cortex in response to food images.  This is consistent with previous findings and 

is suggestive of an expected appetitive and somatosensory response to food 

images (e.g. Uher et al., 2006).  However, in all women with AN, activation of 

these regions was significantly reduced.  An examination of the differential 

activation between the subtypes of AN revealed that women with BPAN had 

significantly more activation in the cerebellum than in comparison to women with 

RAN.  Cerebellar activation might underlie a greater appetitive response in 

women with BPAN that is linked to the frequency of bingeing. 
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Nunn et al., (2008) put forward a model to account for aberrant activation in the 

insular cortex and other limbic regions in those with AN.  As with all models, 

they argue that theirs is a reductionist model, focusing on the ‘predominant’ 

function of the brain regions involved.  In this model, they propose that frontal, 

somatosensory and parietal cortical regions and subcortical structures such as 

the amygdalae, hippocampus, hypothalamus and striatum are dysfunctional in 

those with AN.  Further, they highlight that the insula links these cortical and 

subcortical regions, and that a defect in the insula underlies problems associated 

with feeling states, or interoceptive awareness commonly observed in people 

with AN.  The hypothesis proposed by the model is that the insula, in people with 

AN, is unable to effectively integrate information between subcortical and 

cortical regions. 

 

There is some indication that anxiety is linked to top-down LPFC activation in 

response to food images in women with ED.  All women with ED were more 

anxious than healthy women, both on the HADS questionnaire measure and on 

self-report of anxiety when viewing food images during the scan.  Levels of 

anxiety during the scan positively correlated with left DLPFC activation in all 

women with ED.  This could either indicate that a left DLPFC response is 

employed to counteract the experience of anxiety, or that cognitive evaluation of 

the feelings associated with hunger (e.g. stomach tension, salivation) leads to the 

experience of anxiety.  Activation of the left DLPFC is negatively correlated with 

hunger ratings in women with AN.  This suggests that when this region is active, 

it signifies that these women are anxious but not hungry.   

 

5.4.2 Neuropsychological studies 

I presented masked food, aversive and neutral images while participants 

completed cognitive tasks: a working memory task and a conflict monitoring task.   

I investigated how subliminal images interfered with the performance of women 



with RAN and healthy controls (by measuring accuracy rates and response 

times), as they completed the tasks. 

 

Subliminal images interfered with the performance on the tasks in all 

participants.  During the working memory task, the women with RAN did not 

make more mistakes than the non-subliminal group, but they took longer to 

respond.  The healthy women made more errors and took longer to respond than 

a healthy group of women who were not exposed to the subliminal images.  

During the conflict monitoring task, both groups took longer to respond (but did 

not make more errors) than the group who were not exposed to subliminal 

images.  These data suggest that additional neural processing was being carried 

out by brain regions not associated with conscious processing.  It also suggests 

that women with RAN were better at attending to the demands of the task as 

they made fewer errors while processing the subliminal stimuli.  This is in line 

with previous data that subliminal images can interfere with performance and 

hence are being processed unconsciously. 

 

The superior performance of the women with RAN (in comparison to the healthy 

women) on the working memory task was compromised when subliminal food 

stimuli were presented.  The other subliminal images (aversive and neutral) did 

not interfere with their performance.  This suggests that disease-salient stimuli 

are preferentially processed in women with RAN, and may be an indication that 

the ‘quick and dirty’ amygdalae response (LeDoux, 1996) is activated.  It could 

be that an anxiety response to food stimuli occurs in subcortical regions, such as 

the hippocampal-amygdala complex (e.g. Ellison et al., 1996) or the striatum 

(e.g. Wagner et al., 2008), and that this activation interacts with DLPFC regions 

(associated with working memory function).  This is plausible, as the fMRI data 

described above shows a negative correlation between left DLPFC anxiety 

scores.  Furthermore, trait anxiety was correlated with the number of errors 

made by the women with RAN during the working memory task, when subliminal 
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food stimuli were presented.  Therefore, there is a strong link between anxiety, 

subcortical responses to food and interaction with the LPFC.    

 

These data seem to answer the question of whether an excessive top-down 

response observed in women with AN is due to a) compensation for a lack of 

subcortical activation (Connan et al., 2003), or b) cortical suppression that may 

lead to a reduced subcortical response (e.g. Chambers et al., 2003).  If there was 

a lack of subcortical activation in women with RAN, the subliminal food stimuli 

presented during this study would be expected to have had no significant effect.  

However, the interference caused by subliminal food stimuli suggests that the 

subcortical responses are still intact.   However, it remains unclear, whether 

subcortical responses are excessive, or whether a normal subcortical response 

to food stimuli activates an aberrant top-down response. 

 

5.4.3 Neural circuitry models 

In this section, I have proposed 5 distinct neural circuitry models to illustrate 

what I conclude are the differential neural substrates of responses to food stimuli 

in: a) HC women; b) women with RAN; c) women with BPAN, d) women with BN 

and e) women with BED.  These models are based on my interpretation of the 

findings from previous fMRI and neuropsychological studies described above, and 

the data from my studies.  One must be cautious of oversimplification when 

describing complex neural circuitry however, as any model is reductionistic and 

cannot fully capture the essence of complexity in brain function.  Deliberately, I 

have focused, as with other models of neurocircuitry in ED (e.g. Nunn et al., 

2008) on the main function, or ‘predominance’ of the brain regions involved.   

The ideas from these models are amalgamated to form a ‘frequency spectrum 

model of competitive interference in ED’ (based on the model proposed in the 

introduction) that will hopefully provide at least a robust and falsifiable platform 

for future studies.   



 

5.4.3.1 Food-related neural processing in HC 

 

Fig. 57 Schematic diagram of neural circuitry activated in response to food 

images in healthy women 
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is not yet consciously perceived.  Subsequent information transfer to areas V2-5 

(in both the ventral “what” and dorsal “where” visual streams) causes partial 

conscious processing of the object.  However, full recognition of the object 

occurs when feedback arrives at the thalamus from the PFC (which is transmitted 

again to the visual cortex for updates).  There is a slower information transfer up 

to the PFC from the thalamus, at the same time as the initial visual processing 

occurs.  It is the amalgamation of information processing (likely initiated by the 

insular cortex) in the quick subcortical regions, the first visual processing, the 

PFC response and the secondary visual processing that generates the first action 

response to a potentially edible foodstuff. 

 

5.4.3.2 Food-related neural processing in RAN 

 
Fig. 58 Schematic diagram of neural circuitry activated in response to food 

images in women with RAN 
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Conversely, in women with RAN, the healthy response is disrupted by an 

excessive top-down response in the PFC (e.g. the mPFC, DLPFC and OFC), and 

a deactivated somatosensory response in bottom-up regions (e.g the cerebellum, 

insular cortex, STG).  It is likely that the striatum is not deactivated, but that 

activation in the striatum is suppressed by feedback from PFC and ACC regions 

(via the thalamus). It is possible that a striatal response to food images in women 

with RAN interferes with processing in the DLPFC during the working memory 

task when food images were presented subliminally. If the PFC modulatory effect 

can be altered (e.g. experimentally by using a subliminal paradigm to disengage 

the PFC), or therapeutically using CBT), one might observe a striatal response to 

food images in these women. 
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5.4.3.3 Food-related neural processing in BPAN 

 
Fig. 59 Schematic diagram of neural circuitry activated in response to food 

images in women with BPAN 
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5.4.3.4 Food-related neural processing in BN 

 
Fig. 60 Schematic diagram of neural circuitry activated in response to food 

images in women with BN 
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respectively.  However, a reduced DLPFC response may hamper attempts to 

restrict neural responses linked to appetite.   

 

5.4.3.5 Food-related neural processing in BED 

 
Fig. 61 Schematic diagram of neural circuitry activated in response to food 

images in women with BED 
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ED, most like a person who is addicted to a drug.  In this scenario, women with 

BED, in response to food images, have excessive subcortical activation in 

appetitive/reward regions, combined with hypoactive top-down control.  This can 

result in excessive bingeing behaviour without, as in the case of women with BN, 

any attempt to employ top-down, self-regulatory control of eating behaviour. 

This proposal has similarities with a model of addictive behaviour (Everitt and 

Robbins, 2005). 

 

5.4.3.6 Frequency spectrum model of competitive interference in ED 

 

 

In all of these diagrams, there is a suggestion that a “competitive interference” 

occurs between top-down and bottom-up neural responses.  If one area is 

excessively activated, it competes for processing resources.  For example, in 

women with RAN an excessive top-down response competes with, and ultimately 

suppresses appetitive responses.  Conversely, in women with BN, an excessive 

appetitive response competes with top-down self-regulatory control.  It is likely 

that the frequency of competitive interference along a spectrum of restriction 

and impulsivity (first described in Fig. 1) predicts the type of eating behaviour 

observed.  Based on the data presented in these studies, and based on findings 

from previous studies, the spectrum model can be updated to incorporate a 

‘frequency spectrum model of competitive interference in ED’.  Fig. 61 gives an 

illustration of this updated model. 
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In the diagram in Fig. 61, the competitive interference between cortical and 

subcortical regions is illustrated by the red and green arrows, along a spectrum 

of restriction versus impulsivity respectively.  It is proposed that interplay 

between these systems underlies a specific subtype of ED.  Some candidate 

cortical (DLPFC, OFC and mPFC) and subcortical (dorsal striatum, amygdala, 

cerebellum, hypothalamus) regions are given.  Note, it is suggested that the 

‘frequency’ of activation in these regions determines the position along the ED 

spectrum.  ED behaviour is core along the spectrum, (e.g. because neural 

circuitry associated with appetite and reward are predominantly dysregulated).  
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However, other behaviours associated with restrictive cognitions and impulisivity 

may also be a feature of dysregulation in these systems.  For example, excessive 

PFC suppression of subcortical responses could lead to OCPD, perfectionism and 

rigidity, whereas excessive striatal responses might impinge on top-down self-

regulation and underlie states of high arousal associated hypersexuality, social 

aggression and alcoholism. 

 
 
These models of ED are data based but are speculative, and other interpretations 

of the data will undoubtedly be possible.  The models have similarities and 

differences with other proposals.  For example, Nunn et al., (2008) support the 

idea of an integration between top-down and bottom-up regulation, but conclude 

that the primary problem is central to the insular cortex.  Others theories of 

addiction and obesity have proposed that there is dysregulation in widely 

distributed neural circuits.  For example, activation of the VTA and ventral 

striatum is associated with bingeing; amygdala complex for negative affect (e.g. 

anxiety); preoccupuation/anticipation and craving with the OFC, dorsal striatum, 

PFC, amygdala, hippocampus and insula; and the ACC, DLPFC and inferior frontal 

cortices associated with a lack of inhibitory control (Everitt and Robbins, 2005; 

Koob And Volkow, 2010). 

 
 

5.5 Future directions 

 
In order to progress the findings presented here, and to test the hypotheses that 

have been proposed, future directions could include: 

 

a) Using fMRI to examine neural responses to food stimuli before and after a 

course of treatment (e.g. CRT, CBT, mindfulness-based therapy).  For 

example, whether these treatments can reduce activation in the DLPFC in 

RAN, and what effect this has on subcortical regions. 
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b) Using ROI analysis to increase the statistical power of comparisons 

between brain regions that are well studied in fMRI and ED (e.g. the 

DLPFC, insular cortex, amygdala dorsal striatum).  This approach is 

particularly attractive for activation of small brain regions that are difficult 

to detect). 

 

c) Incorporating cognitive tasks in the scanner to actively engage 

participants with testable activities (for example, I could not explicitly test 

in this study, whether the participants were thinking about eating the food 

in the images). 

 

d) Examining a broader spectrum of people with ED in the next fMRI study 

(e.g. RAN, BPAN, BN, BED, restrained eaters and healthy controls), and 

have larger numbers in the sub-groups. 

 

e) Examining different subtypes of ED in a pilot off-line subliminal task, to 

examine whether there are differences in the amount of interference 

caused by subliminal food stimuli (e.g. as a prediction of the amount of 

bottom-up versus top-down arousal). 

 

f) During the subliminal paradigm, using different cognitive tasks that utilise 

different brain regions (e.g. other than the DLPFC and ACC) to further test 

the neurocircuitry models proposed above (e.g. the interaction between 

top-down and bottom-up regions). 

 

g) Using different measures to gauge subliminal interference (e.g. not only 

accuracy and response times).  For example, use a heart rate monitor, 

ocular muscle reflex, or measure a skin conductance response to indicate 

automatic responses to subliminal stimuli. 
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h) Using the subliminal paradigm in an fMRI experiment (after an off-line 

pilot study is carried out on the sub-groups), so that subcortical 

responses to food stimuli can be elucidated, without the modulatory effect 

of top-down activation. 

 

 

5.6 Conclusion 

The fMRI and neuropsychological studies described in this thesis have allowed 

models to be developed that distinguish between the subtypes of ED that cast 

light on the underlying bases of these illnesses.  The models show that there are 

differential neural substrates for the subtypes of ED, and they provide direction 

for future studies. 



 

REFERENCES 

 

A 

Abe M, Hanakawa T (2009) Functional coupling underlying motor and 

cognitive functions of the dorsal premotor cortex. Behav Brain Res 

198:13-23. 

Adan RA, Vanderschuren LJ, la Fleur SE (2008) Anti-obesity drugs and 

neural circuits of feeding. Trends Pharmacol Sci 29:208-217. 

Ainsworth C, Waller G, Kennedy F (2002) Threat processing in women 

with bulimia. Clin Psychol Rev 22:1155-1178. 

American Psychiatric Association (APA) (2002) Diagnostic and Statistical 

Manual Version 4 Text Revised. 

Anderluh M, Tchanturia K, Rabe-Hesketh S, Collier D, Treasure J (2008) 

Lifetime course of eating disorders: design and validity testing of a new 

strategy to define the eating disorders phenotype. Psychol Med1-10. 

Andrews G, Goldberg DP, Krueger RF, Carpenter SE, Sachdev P, Pine DS 

(in press) Exploring the feasibility of a meta-structure for DSM-V and 

ICD-11. 

Asahi S, Okamoto Y, Okada G, Yamawaki S, Yokota N (2004) Negative 

correlation between right prefrontal activity during response inhibition and 

impulsiveness: a fMRI study. Eur Arch Psychiatry Clin Neurosci 254:245-

251. 

Attia E, Schroeder L (2005) Pharmacologic treatment of anorexia nervosa: 

where do we go from here? Int J Eat Disord 37 Suppl:S60-S63. 

Axmacher N, Elger CE, Fell J (2008) Memory formation by refinement of 

neural representations: the inhibition hypothesis. Behav Brain Res 189:1-

8. 

 260



B 

Bailer UF, Kaye WH (2003) A review of neuropeptide and neuroendocrine 

dysregulation in anorexia and bulimia nervosa. Curr Drug Targets CNS 

Neurol Disord 2:53-59.  

Bailer UF, Frank GK, Henry SE, Price JC, Meltzer CC, Mathis CA, Wagner 

A, Thornton L, Hoge J, Ziolko SK, Becker CR, McConaha CW, Kaye WH 

(2007) Exaggerated 5-HT1A but normal 5-HT2A receptor activity in 

individuals ill with anorexia nervosa. Biol Psychiatry 61:1090-1099. 

Banse R, Seise J and Zerbes N; (2001) Implicit attitudes towards 

homosexuality : reliability, validity and controllability of the IAT. Z Exp 

Psychol; 48(2):145-60 

 

Baranowska B, Baranowska-Bik A, Bik W, Martynska L (2008) The role of 

leptin and orexins in the dysfunction of hypothalamo-pituitary-gonadal 

regulation and in the mechanism of hyperactivity in patients with anorexia 

nervosa. Neuro Endocrinol Lett 29:37-40. 

Batterham RL, Heffron H, Kapoor S, Chivers JE, Chandarana K, Herzog H, 

Le Roux CW, Thomas EL, Bell JD, Withers DJ (2006) Critical role for 

peptide YY in protein-mediated satiation and body-weight regulation. Cell 

Metab 4:223-233. 

Batterham RL, ffytche DH, Rosenthal JM, Zelaya FO, Barker GJ, Withers 

DJ, Williams SC (2007) PYY modulation of cortical and hypothalamic brain 

areas predicts feeding behaviour in humans. Nature 450:106-109. 

Beaver JD, Lawrence AD, van DJ, Davis MH, Woods A, Calder AJ (2006) 

Individual differences in reward drive predict neural responses to images 

of food. J Neurosci 26:5160-5166. 

Bechara A, Damasio AR, Damasio H, Anderson SW (1994) Insensitivity to 

future consequences following damage to human prefrontal cortex. 

Cognition 50:7-15. 

Beck A T, Clarke D A (1997) An information processimg model of anxiety: 

automatic and strategic processes. pp 49-58. 

 261



Ben-Tovim, D. I. and Morton, J (1989)  An adaptation of the Stroop test 

for measuring shape and food concerns in eating disorders: a quantitative 

measure of psychopathology? Int.J Eat Disord 8, 681-687.  

Ben-Tovim, D. I. and Walker, M. K. (1991) Further evidence for the 

Stroop test as a quantitative measure of psychopathology in eating 

disorders. Int.J Eat Disord 10(5), 609-613.  

Berg ML, Crosby RD, Wonderlich SA, Hawley D (2000) Relationship of 

temperament and perceptions of nonshared environment in bulimia 

nervosa. Int J Eat Disord 28:148-154. 

Berridge KC (2007) The debate over dopamine's role in reward: the case 

for incentive salience. Psychopharmacology (Berl) 191:391-431. 

Berridge KC, Kringelbach ML (2008) Affective neuroscience of pleasure: 

reward in humans and animals. Psychopharmacology (Berl) 199:457-480. 

Berridge KC (2009) 'Liking' and 'wanting' food rewards: brain substrates 

and roles in eating disorders. Physiol Behav 97:537-550. 

Berridge KC, Robinson TE (1998) What is the role of dopamine in reward: 

hedonic impact, reward learning, or incentive salience? Brain Res Brain 

Res Rev 28:309-369. 

Born RT, Bradley DC (2005) Structure and function of visual area MT. 

Annu Rev Neurosci 28:157-189. 

Botvinick MM (2007) Conflict monitoring and decision making: reconciling 

two perspectives on anterior cingulate function. Cogn Affect Behav 

Neurosci 7:356-366. 

Brammer MJ, Bullmore ET, Simmons A, Williams SC, Grasby PM, Howard 

RJ, Woodruff PW, Rabe-Hesketh S (1997) Generic brain activation 

mapping in functional magnetic resonance imaging: a nonparametric 

approach. Magn Reson Imaging 15:763-770. 

Breitmeyer BG, Ogmen H (2000) Recent models and findings in visual 

backward masking: a comparison, review, and update. Percept 

Psychophys 62:1572-1595. 

Brody AL, Mandelkern MA, Olmstead RE, Jou J, Tiongson E, Allen V, 

Scheibal D, London ED, Monterosso JR, Tiffany ST, Korb A, Gan JJ, Cohen 

 262



MS (2007) Neural substrates of resisting craving during cigarette cue 

exposure. Biol Psychiatry 62:642-651. 

Bruce KR, Steiger H, Koerner NM, Israel M, Young SN (2004) Bulimia 

nervosa with co-morbid avoidant personality disorder: behavioural 

characteristics and serotonergic function. Psychol Med 34:113-124. 

Bruch H (1962) Perceptual and conceptual disturbances in anorexia 

nervosa. Psychosom Med 24:187-194. 

Buerk DG, Ances BM, Greenberg JH, Detre JA (2003) Temporal dynamics 

of brain tissue nitric oxide during functional forepaw stimulation in rats. 

Neuroimage 18:1-9. 

 

Bulik CM. Tozzi F, Anderson C, Mazzeo SE, Aggen S, Sullivan PF (2003) 

The relation between eating disorders and components of perfectionism.  

Am J Psychiatry 160 (2): 366-8 

Bullmore E, Long C, Suckling J, Fadili J, Calvert G, Zelaya F, Carpenter 

TA, Brammer M (2001) Colored noise and computational inference in 

neurophysiological (fMRI) time series analysis: resampling methods in 

time and wavelet domains. Hum Brain Mapp 12:61-78. 

Bullmore ET, Brammer MJ, Rabe-Hesketh S, Curtis VA, Morris RG, 

Williams SC, Sharma T, McGuire PK (1999) Methods for diagnosis and 

treatment of stimulus-correlated motion in generic brain activation studies 

using fMRI. Hum Brain Mapp 7:38-48. 

Bush G, Luu P, Posner MI (2000) Cognitive and emotional influences in 

anterior cingulate cortex. Trends Cogn Sci 4:215-222. 

Buxton RB, Wong EC, Frank LR (1998) Dynamics of blood flow and 

oxygenation changes during brain activation: the balloon model. Magn 

Reson Med 39:855-864. 

Bydlowski S, Corcos M, Jeammet P, Paterniti S, Berthoz S, Laurier C, 

Chambry J, Consoli SM (2005) Emotion-processing deficits in eating 

disorders. Int J Eat Disord 37:321-329. 

 263



 

C 

Cannistraro PA, Rauch SL (2003) Neural circuitry of anxiety: evidence 

from structural and functional neuroimaging studies. Psychopharmacol Bull 

37:8-25. 

Carr KD (2007) Chronic food restriction: enhancing effects on drug 

reward and striatal cell signaling. Physiol Behav 91:459-472. 

Carter CS, Macdonald AM, Botvinick M, Ross LL, Stenger VA, Noll D, 

Cohen JD (2000) Parsing executive processes: strategic vs. evaluative 

functions of the anterior cingulate cortex. Proc Natl Acad Sci U S A 

97:1944-1948. 

Carter BL, Tiffany ST (2001) The cue-availability paradigm: the effects of 

cigarette availability on cue reactivity in smokers. Exp Clin 

Psychopharmacol 9:183-190. 

Cavanna AE, Trimble MR (2006) The precuneus: a review of its functional 

anatomy and behavioural correlates. Brain 129:564-583. 

Chambers RA, Taylor JR, Potenza MN (2003) Developmental 

neurocircuitry of motivation in adolescence: a critical period of addiction 

vulnerability. Am J Psychiatry 160:1041-1052. 

Channon S, Hemsley D, de SP (1988): Selective processing of food words 

in anorexia nervosa. Br J Clin Psychol; 27 ( Pt 3)259-260 

Chowdhury U, Gordon I, Lask B, Watkins B, Watt H, Christie D (2003).  

Early-onset anorexia nervosa: Is there evidence of limbic imbalance?  Int 

J Eat Dis, 33, 388-396 

Cohen MA, Ellis SM, Le Roux CW, Batterham RL, Park A, Patterson M, 

Frost GS, Ghatei MA, Bloom SR (2003) Oxyntomodulin suppresses 

appetite and reduces food intake in humans. J Clin Endocrinol Metab 

88:4696-4701. 

Cole MW, Schneider W (2007) The cognitive control network: Integrated 

cortical regions with dissociable functions. Neuroimage 37:343-360. 

Connan F, Campbell IC, Katzman M, Lightman SL, Treasure J (2003) A 

neurodevelopmental model for anorexia nervosa. Physiol Behav 79:13-24. 

 264



 265

Cools R, Roberts AC, Robbins TW (2008) Serotonergic regulation of 

emotional and behavioural control processes. pp 31-40. 

Cooper MJ (1997) Cognitive theory in anorexia nervosa and bulimia 

nervosa: A review. pp 113-145. 

Cooper MJ, Fairburn CG (1992) Thoughts about eating, weight and shape 

in anorexia nervosa and bulimia nervosa. pp 501-511. 

Cornier MA, Von Kaenel SS, Bessesen DH, Tregellas JR (2007) Effects of 

overfeeding on the neuronal response to visual food cues. Am J Clin Nutr 

86:965-971 

Costafreda SG, Brammer MJ, David AS, Fu CH (2008) Predictors of 

amygdala activation during the processing of emotional stimuli: a meta-

analysis of 385 PET and fMRI studies. Brain Res Rev 58:57-70. 

Craig AD (2009) How do you feel--now? The anterior insula and human 

awareness. Nat Rev Neurosci 10:59-70. 

Critchley HD, Wiens S, Rotshtein P, Ohman A, Dolan RJ (2004) Neural 

systems supporting interoceptive awareness. Nat Neurosci 7:189-195. 

Curzon G (1990) Serotonin and appetite. Ann N Y Acad Sci 600:521-530. 

 

D 

Damasio AR (1996) The somatic marker hypothesis and the possible 

functions of the prefrontal cortex. Philos Trans R Soc Lond B Biol Sci 

351:1413-1420. 

Damasio A (1999) The feeling of what happens: Body, emotion and the 

making of consciousness. Heinemann, London. 

Daw ND, Kakade S, Dayan P (2002) Opponent interactions between 

serotonin and dopamine. Neural Netw 15:603-616. 

De Houwer J. (2003) The Extrinsic Affective Simon Task. Exp Psychol 

50:77-85. 



De VJ, Schreiber R (2000) Effects of selected serotonin 5-HT(1) and 5-

HT(2) receptor agonists on feeding behavior: possible mechanisms of 

action. Neurosci Biobehav Rev 24:341-353. 

Delgado MR, Nearing KI, Ledoux JE, Phelps EA (2008) Neural circuitry 

underlying the regulation of conditioned fear and its relation to extinction. 

Neuron 59:829-838. 

Dhillo WS, Bloom SR (2004) Gastrointestinal hormones and regulation of 

food intake. Horm Metab Res 36:846-851. 

DiLeone RJ (2009) The influence of leptin on the dopamine system and 

implications for ingestive behavior. Int J Obes (Lond) 33 Suppl 2:S25-S29. 

Dobson KS, Dozois DJ (2004) Attentional biases in eating disorders: a 

meta-analytic review of Stroop performance. Clin Psychol Rev 23:1001-

1022. 

Dunsmoor JE, Bandettini PA, Knight DC (2007b) Impact of continuous 

versus intermittent CS-UCS pairing on human brain activation during 

Pavlovian fear conditioning. Behav Neurosci 121:635-642. 

 

E 

Ellison Z, Foong J, Howard R, Bullmore E, Williams S, Treasure J (1998) 

Functional anatomy of calorie fear in anorexia nervosa. Lancet 352:1192. 

 

Everitt BJ, Robbins TW (2005) Neural systems of reinforcement for drug 

addiction: from actions to habits to compulsion. Nat Neurosci 8:1481-

1489. 

F 

Fairburn CG, Bohn K (2005) Eating disorder NOS (EDNOS): an example of 

the troublesome "not otherwise specified" (NOS) category in DSM-IV. 

Behav Res Ther 43:691-701. 

Fairburn CG, Cooper Z, Bohn K, O'Connor ME, Doll HA, Palmer RL (2007) 

The severity and status of eating disorder NOS: implications for DSM-V. 

Behav Res Ther 45:1705-1715. 

 266



Fairburn CG, Cooper Z, Shafran R (2003) Cognitive behaviour therapy for 

eating disorders: a "transdiagnostic" theory and treatment. Behav Res 

Ther 41:509-528. 

Fairburn CG, Harrison PJ (2003) Eating disorders. Lancet 361:407-416. 

Faraci FM, Brian JE, Jr. (1994) Nitric oxide and the cerebral circulation. 

Stroke 25:692-703. 

Farooqi IS, Bullmore E, Keogh J, Gillard J, O'Rahilly S, Fletcher PC (2007) 

Leptin regulates striatal regions and human eating behavior. Science 

317:1355. 

Fassino S, Piero A, Gramaglia C, bbate-Daga G (2004) Clinical, 

psychopathological and personality correlates of interoceptive awareness 

in anorexia nervosa, bulimia nervosa and obesity. Psychopathology 

37:168-174. 

Fazio RH & OlsonMA; (2002) Implicit measures in social cognition 

research: their meaning and use; Annual Rev Psychol. 54: 297-327 

 

Faunce GJ (2002) Eating disorders and attentional bias: a review. pp 125-

139. 

Field M, Cox WM (2008) Attentional bias in addictive behaviors: A review 

of its development, causes, and consequences. Drug Alcohol Depend. 

File SE, Kenny PJ, Cheeta S (2000) The role of the dorsal hippocampal 

serotonergic and cholinergic systems in the modulation of anxiety. 

Pharmacol Biochem Behav 66:65-72. 

First M, Gibbon M, Spitzer R, Williams J (2001) User's guide for the 

Structured Clinical Interview for the Diagnosis for DSM-IV-R axis I 

disorders: Research Version. New York: Biometrics Research. 

Fowler JS, Volkow ND, Kassed CA, Chang L (2007) Imaging the addicted 

human brain. Sci Pract Perspect 3:4-16. 

Fowler L, Blackwell A, Jaffa A, Palmer R, Robbins TW, Sahakian BJ, 

Dowson JH (2006) Profile of neurocognitive impairments associated with 

female in-patients with anorexia nervosa. Psychol Med 36:517-527. 

 267



Frank GK, Kaye WH, Meltzer CC, Price JC, Greer P, McConaha C, Skovira 

K (2002) Reduced 5-HT2A receptor binding after recovery from anorexia 

nervosa. Biol Psychiatry 52:896-906. 

Frank GK, Bailer UF, Henry SE, Drevets W, Meltzer CC, Price JC, Mathis 

CA, Wagner A, Hoge J, Ziolko S, Barbarich-Marsteller N, Weissfeld L, 

Kaye WH (2005) Increased dopamine D2/D3 receptor binding after 

recovery from anorexia nervosa measured by positron emission 

tomography and [11c]raclopride. Biol Psychiatry 58:908-912. 

Frank GK, Wagner A, Achenbach S, McConaha C, Skovira K, Aizenstein H, 

Carter CS, Kaye WH (2006) Altered brain activity in women recovered 

from bulimic-type eating disorders after a glucose challenge: a pilot 

study. Int J Eat Disord 39:76-79. 

Frank GK, Bailer UF, Meltzer CC, Price JC, Mathis CA, Wagner A, Becker 

C, Kaye WH (2007) Regional cerebral blood flow after recovery from 

anorexia or bulimia nervosa. Int J Eat Disord 40:488-492. 

Friman O, Borga M, Lundberg P, Knutsson H (2003) Adaptive analysis of 

fMRI data. Neuroimage 19:837-845. 

Fuhrer D, Zysset S, Stumvoll M (2008) Brain activity in hunger and 

satiety: an exploratory visually stimulated FMRI study. Obesity (Silver 

Spring) 16:945-950. 

G 

Gauthier I, Skudlarski P, Gore JC, Anderson AW (2000) Expertise for cars 

and birds recruits brain areas involved in face recognition. Nat Neurosci 

3:191-197. 

Gazzaley A, Rissman J, Cooney J, Rutman A, Seibert T, Clapp W, 

D'Esposito M (2007) Functional interactions between prefrontal and visual 

association cortex contribute to top-down modulation of visual 

processing. Cereb Cortex 17 Suppl 1:i125-i135. 

Gazzaniga M, Ivry R, Mangun G (2002) Cognitive neuroscience - The 

Biology of the Mind. New York: Norton. 

Gee AL, Ipata AE, Gottlieb J, Bisley JW, Goldberg ME (2008) Neural 

enhancement and pre-emptive perception: the genesis of attention and the 

 268



attentional maintenance of the cortical salience map. Perception 37:389-

400. 

Goldstone AP, Prechtl de Hernandez CG, Beaver JD, Muhammed K, Croese 

C, Bell G, Durighel G, Hughes E, Waldman AD, Frost G, Bell JD (2009) 

Fasting biases brain reward systems towards high-calorie foods. Eur J 

Neurosci. 

Gordon I, Lask B, Bryant-Waugh R, Christie D, & Timimi S (1997).  

Childhood-onset anorexia nervosa: Towards identifying a biological 

substrate.  Int J of Eat Disord., 22, 159-165 

Grahn JA, Parkinson JA, Owen AM (2008) The cognitive functions of the 

caudate nucleus. Prog Neurobiol 86:141-155. 

Grahn JA, Parkinson JA, Owen AM (2009) The role of the basal ganglia in 

learning and memory: neuropsychological studies. Behav Brain Res 

199:53-60. 

Gray JR, (2001) ‘Emotional modulation of cognitive control: approach-

withdrawal states double-dissociate spatial from verbal two-back task 

performance.’  J Experimental Psychology General; 130: 436-452 

 

Green MW, McKenna FP, De Silva MS (1994): Habituation patterns to 

colour naming of eating-related stimuli in anorexics and non-clinical 

controls. Br J Clin Psychol; 33 ( Pt 4)499-508 

Greenwald AG, McGhee DE, Schwartz JL (1998) Measuring individual 

differences in implicit cognition: the implicit association test. J Pers Soc 

Psychol 74:1464-1480. 

Grill HJ (2006) Distributed neural control of energy balance: contributions 

from hindbrain and hypothalamus. Obesity (Silver Spring) 14 Suppl 

5:216S-221S. 

Gull WW (1873) Anorexia nervosa (apepsia hysterica, anorexia hysterica). 

1868. Obes Res 5:498-502. 

H 

Halmi KA, Sunday SR, Strober M, Kaplan A, Woodside DB, Fichter M, 

Treasure J, Berettini WH, Kaye WH (2000) Am J Psychiatry 157(11): 

1799-805 

 269



Hare TA, Camerer CF, Rangel A (2009) Self-control in decision-making 

involves modulation of the vmPFC valuation system. Science 324:646-

648. 

Harlow JM (1848) Passage of an iron rod through the head. pp 389-393. 

Hartikainen KM, Ogawa KH, Knight RT, (2000). Transient interference of 

right hemispheric function due to automatic emotional processing.  

Neuropsychologia; 38: 1576-1580 

 

Heatherton TF, Baumeister RF (1991) Binge eating as escape from self-

awareness. Psychol Bull 110:86-108. 

Herman CP, Polivy J (1975) Anxiety, restraint, and eating behavior. J 

Abnorm Psychol 84:66-72. 

Herman CP, Polivy J (1990) From dietary restraint to binge eating: 

attaching causes to effects. Appetite 14:123-125. 

Hoek HW (2002) Distribution of eating disorders.  In C.G. Fairburn & K.D. 

Brownell (Eds.). pp 233-237. Guilford: New York. 

Hunt, J and Cooper, M (2001). Selective memory bias in women with 

bulimia nervosa and women with depression. Behavioural and Cognitive 

Psychotherapy 29, 93-102.  

Hyman SE, Malenka RC (2001) Addiction and the brain: the neurobiology 

of compulsion and its persistence. Nat Rev Neurosci 2:695-703. 

J 

Jacobi C, Hayward C, de Zwaan M, Kraemer HC, Agras WS (2004)  

Coming to terms with risk factors for eating disorders: application of risk 

terminology and suggestions for a general taxonomy.  Psychol Bull 130 (1) 

19-65 

Jentsch JD, Taylor JR (1999) Impulsivity resulting from frontostriatal 

dysfunction in drug abuse: implications for the control of behavior by 

reward-related stimuli. Psychopharmacology (Berl) 146:373-390. 

Jezzard P, Matthews PM, Smith S.M (2001) Functional MRI: An 

introductino to methods. Oxford. 

 270



Johansson L, Ghaderi A, Andersson G (2004) The role of sensitivity to 

external food cues in attentional allocation to food words on dot-probe 

and Stroop tasks Eat Behaviour 5(3): 261-271 

Johansson L, Ghaderi A, Andersson G (2005) Stroop interference for 

food- and body-related words: a meta-analysis. Eat Behav 6:271-281. 

K 

Kane MJ, Conway AR, Miura TK, Colflesh GJ (2007) Working memory, 

attention control, and the N-back task: a question of construct validity. J 

Exp Psychol Learn Mem Cogn 33:615-622. 

Kaplan AS, Levitan RD, Yilmaz Z, Davis C, Tharmalingam S, Kennedy JL 

(2008) A DRD4/BDNF gene-gene interaction associated with maximum 

BMI in women with bulimia nervosa. Int J Eat Disord 41:22-28. 

Kaye W, Gwirtsman HE, George DT, Ebert MH (1991) Altered serotonin 

activity in anorexia nervosa after long-term weight restoration.  Does 

elevated cerebrospinal fluid 5-hydroxyindoleacetic acid level correlate 

with rigid and obsessional behaviour? pp 556-562. 

Kaye WH, Barbarich NC, Putnam K, Gendall KA, Fernstrom J, Fernstrom 

M, McConaha CW, Kishore A (2003) Anxiolytic effects of acute tryptophan 

depletion in anorexia nervosa. Int J Eat Disord 33:257-267. 

Kaye WH, Frank GK, Bailer UF, Henry SE (2005) Neurobiology of 

anorexia nervosa: clinical implications of alterations of the function of 

serotonin and other neuronal systems. Int J Eat Disord 37 Suppl:S15-S19. 

Kaye W (2008) Neurobiology of anorexia and bulimia nervosa. Physiol 

Behav 94:121-135. 

Kaye WH, Fudge JL, Paulus M (2009) New insights into symptoms and 

neurocircuit function of anorexia nervosa. Nat Rev Neurosci 10:573-584. 

Keel PK, Klump KL (2003) Are eating disorders culture-bound 

syndromes? Implications for conceptualizing their etiology. Psychol Bull 

129:747-769. 

Kelley AE (2004) Ventral striatal control of appetitive motivation: role in 

ingestive behavior and reward-related learning. Neurosci Biobehav Rev 

27:765-776. 

 271



Kent JM, Rauch S.L (2004) Neurocircuitry of anxiety disorders. pp 402-

415. 

Kerns JG, Cohen JD, Macdonald AW, III, Cho RY, Stenger VA, Carter CS 

(2004) Anterior cingulate conflict monitoring and adjustments in control. 

Science 303:1023-1026. 

Killgore WD, Young AD, Femia LA, Bogorodzki P, Rogowska J, Yurgelun-

Todd DA (2003) Cortical and limbic activation during viewing of high- 

versus low-calorie foods. Neuroimage 19:1381-1394. 

Killgore WD, Yurgelun-Todd DA (2005) Body mass predicts orbitofrontal 

activity during visual presentations of high-calorie foods. Neuroreport 

16:859-863. 

Killgore WD, Yurgelun-Todd DA (2007) Positive affect modulates activity 

in the visual cortex to images of high calorie foods. Int J Neurosci 

117:643-653. 

Klump KL, Strober M, Bulik CM, Thornton L, Johnson C, Devlin B, Fichter 

MM, Halmi KA, Kaplan AS, Woodside DB, Crow S, Mitchell J, Rotondo A, 

Keel PK, Berrettini WH, Plotnicov K, Pollice C, Lilenfeld LR, Kaye WH 

(2004) Personality characteristics of women before and after recovery 

from an eating disorder. Psychol Med 34:1407-1418. 

Koob GF, Le MM (1997) Drug abuse: hedonic homeostatic dysregulation. 

Science 278:52-58. 

L 

LaBar KS, Gitelman DR, Parrish TB, Kim YH, Nobre AC, Mesulam MM 

(2001) Hunger selectively modulates corticolimbic activation to food 

stimuli in humans. Behav Neurosci 115:493-500. 

Lane RD (2008) Neural substrates of implicit and explicit emotional 

processes: a unifying framework for psychosomatic medicine. Psychosom 

Med 70:214-231. 

Lang P, Bradley MM, Cuthbert BN (2001) International Affective Picture 
System (IAPS):Instruction Manual and Affective Ratings. pp A-5. 

Lask B, Frampton I (2009) Anorexia nervosa--irony, misnomer and 

paradox. Eur Eat Disord Rev 17:165-168. 

 272



Lask B, Gordon I, Christie D, Frampton I, Chowdhury U, Watkins B (2005) 

Functional neuroimaging in early-onset anorexia nervosa. Int J Eat Disord 

37 Suppl: S49-S51. 

Lee M, Shafran R (2004) Information processing biases in eating 

disorders.  Clinical Psychol. Rev 24(2): 215-38 

Lesch KP, Merschdorf U (2000) Impulsivity, aggression, and serotonin: a 

molecular psychobiological perspective. Behav Sci Law 18:581-604. 

Levine AS, Kotz CM, Gosnell BA (2003) Sugars: hedonic aspects, 

neuroregulation, and energy balance. Am J Clin Nutr 78:834S-842S. 

Lilenfeld LR, Wonderlich S, Riso LP, Crosby R, Mitchell J (2006) Eating 

disorders and personality: a methodological and empirical review. Clin 

Psychol Rev 26:299-320. 

Logothetis NK (2008) What we can do and what we cannot do with fMRI. 

Nature 453:869-878. 

Logothetis NK, Wandell BA (2004) Interpretting the BOLD signal.  Ann 

Rev Physiol. 66: 735-769 

Long CG, Hinton C, Gillespie NK (1994): Selective processing of food and 

body size words: application of the Stroop Test with obese restrained 

eaters, anorexics, and normals. Int J Eat Disord; 15(3):279-283 

M 

MacLeod C, Mathews A, Tata P (1986) Attentional bias in emotional 

disorders. pp 15-20. 

Magistretti PJ, Pellerin L (1996) Cellular mechanisms of brain energy 

metabolism. Relevance to functional brain imaging and to 

neurodegenerative disorders. Ann N Y Acad Sci 777:380-387. 

Mahler P, Guastavino JM, Jacquart G, Strazielle C (1993) An unexpected 

role of the cerebellum: involvement in nutritional organization. Physiol 

Behav 54:1063-1067. 

Malik S, McGlone F, Bedrossian D, Dagher A (2008) Ghrelin modulates 

brain activity in areas that control appetitive behavior. Cell Metab 7:400-

409. 

 273



Mann JJ (1999) Role of the serotonergic system in the pathogenesis of 

major depression and suicidal behavior. Neuropsychopharmacology 

21:99S-105S. 

Marsh R, Steinglass JE, Gerber AJ, Graziano OK, Wang Z, Murphy D, 

Walsh BT, Peterson BS (2009) Deficient activity in the neural systems that 

mediate self-regulatory control in bulimia nervosa. Arch Gen Psychiatry 

66:51-63. 

Mataix-Cols D, Wooderson S, Lawrence N, Brammer MJ, Speckens A, 

Phillips ML (2004) Distinct neural correlates of washing, checking, and 

hoarding symptom dimensions in obsessive-compulsive disorder. Arch 

Gen Psychiatry 61:564-576. 

McClure SM, Laibson DI, Loewenstein G, Cohen JD (2004) Separate neural 

systems value immediate and delayed monetary rewards. Science 

306:503-507. 

Mecklinger A, Weber K, Gunter TC, Engle RW (2003) Dissociable brain 

mechanisms for inhibitory control: effects of interference content and 

working memory capacity. Brain Res Cogn Brain Res 18:26-38. 

Meier U, Gressner AM (2004) Endocrine regulation of energy metabolism: 

review of pathobiochemical and clinical chemical aspects of leptin, ghrelin, 

adiponectin, and resistin. Clin Chem 50:1511-1525. 

Meyer C & Waller G; (1999) The impact of emotion upon eating behaviour: 

the role of subliminal visual processing of threat cues.  Int J Eat Disord; 

25(3): 319-26 

 

Mizes JS, Christiano BA (1995) Assessment of cognitive variables relevant 

to cognitive behavioural perspectives on anorexia nervosa and bulimia 

nervosa. pp 95-105. 

Monteleone P, Martiadis V, Fabrazzo M, Serritella C, Maj M (2003) Ghrelin 

and leptin responses to food ingestion in bulimia nervosa: implications for 

binge-eating and compensatory behaviours. Psychol Med 33:1387-1394. 

Moran J, Desimone R (1985) Selective attention gates visual processing in 

the extrastriate cortex. Science 229:782-784. 

 274



Moresco FM, Dieci M, Vita A, Messa C, Gobbo C, Galli L, Rizzo G, 

Panzacchi A, De PL, Invernizzi G, Fazio F (2002) In vivo serotonin 

5HT(2A) receptor binding and personality traits in healthy subjects: a 

positron emission tomography study. Neuroimage 17:1470-1478. 

Morris JS, Ohman A, Dolan RJ (1998) Conscious and unconscious 

emotional learning in the human amygdala. Nature 393:467-470. 

Muller AF, Lamberts SW, Janssen JA, Hofland LJ, Koetsveld PV, 

Bidlingmaier M, Strasburger CJ, Ghigo E, van der Lely AJ (2002) Ghrelin 

drives GH secretion during fasting in man. Eur J Endocrinol 146:203-207. 

Murphy KG, Bloom SR (2006) Gut hormones and the regulation of energy 

homeostasis. Nature 444:854-859. 

Murphy ST & Zajonc RB; (1993) Affect, cognition, and awareness: 

affective priming with optimal and suboptimal stimulus exposures.  J Pers 

Soc Psychol.  64(5): 723-39 

 

N 

Naslund E, Hellstrom PM (2007) Appetite signaling: from gut peptides and 

enteric nerves to brain. Physiol Behav 92:256-262. 

Nunn K, Frampton I, Gordon I, Lask B (2008) The fault is not in her 

parents but in her insula--a neurobiological hypothesis of anorexia 

nervosa. Eur Eat Disord Rev 16:355-360. 

O 

Ohman A, Carlsson K, Lundqvist D, Ingvar M (2007) On the unconscious 

subcortical origin of human fear. Physiol Behav 92:180-185. 

Ongur D, Price JL (2000) The organization of networks within the orbital 

and medial prefrontal cortex of rats, monkeys and humans. Cereb Cortex 

10:206-219. 

Ono T, Nishijo H, Nishino H (2000) Functional role of the limbic system 

and basal ganglia in motivated behaviors. J Neurol 247 Suppl 5:V23-V32. 

Otto B, Cuntz U, Fruehauf E, Wawarta R, Folwaczny C, Riepl RL, Heiman 

ML, Lehnert P, Fichter M, Tschop M (2001) Weight gain decreases 

 275



elevated plasma ghrelin concentrations of patients with anorexia nervosa. 

Eur J Endocrinol 145:669-673. 

P 

Pallister E, Waller G (2008) Anxiety in the eating disorders: understanding 

the overlap. Clin Psychol Rev 28:366-386. 

Palmiter RD (2007) Is dopamine a physiologically relevant mediator of 

feeding behavior? Trends Neurosci 30:375-381. 

Palmiter RD (2008) Dopamine signaling in the dorsal striatum is essential 

for motivated behaviors: lessons from dopamine-deficient mice. Ann N Y 

Acad Sci 1129:35-46. 

Pauling L, Coryell CD (1936) The Magnetic Properties and Structure of 

Hemoglobin, Oxyhemoglobin and Carbonmonoxyhemoglobin. Proc Natl 

Acad Sci U S A 22:210-216. 

Paulus M, Stein M B (2006) An insular view of anxiety. pp 383-387. 

 

Perpina, C., Hemsley, D., Treasure, J., and De Silva, P (1993) . Is the 

selective information processing of food and body words specific to 

patients with eating disorders? Int.J Eat Disord 14(3), 359-366. 

Phillipp E, Pirke KM, Kellner MB, Krieg JC (1991) Disturbed 

cholecystokinin secretion in patients with eating disorders. Life Sci 

48:2443-2450. 

Phillips AG, Ahn S, Howland JG (2003) Amygdalar control of the 

mesocorticolimbic dopamine system: parallel pathways to motivated 

behavior. Neurosci Biobehav Rev 27:543-554. 

Phillips AG, Vacca G, Ahn S (2008) A top-down perspective on dopamine, 

motivation and memory. Pharmacol Biochem Behav 90:236-249. 

Pliquett RU, Fuhrer D, Falk S, Zysset S, von Cramon DY, Stumvoll M 

(2006) The effects of insulin on the central nervous system--focus on 

appetite regulation. Horm Metab Res 38:442-446. 

 276



Pietrowsky R, Krug R, Fehm HL, Born J (2002): Food deprivation fails to 

affect preoccupation with thoughts of food in anorectic patients. Br J Clin 

Psychol; 41(Pt 3):321-326 

Pollatos O, Kurz AL, Albrecht J, Schreder T, Kleemann AM, Schopf V, 

Kopietz R, Wiesmann M, Schandry R (2008) Reduced perception of bodily 

signals in anorexia nervosa. Eat Behav 9:381-388. 

Pribram KH, Mishkin M (1955) Simultaneous and successive visual 

discrimination by monkeys with inferotemporal lesions. J Comp Physiol 

Psychol 48:198-202. 

Prince AC, Brooks SJ, Stahl D, Treasure J (2009) Systematic review and 

meta-analysis of the baseline concentrations and physiologic responses of 

gut hormones to food in eating disorders. Am J Clin Nutr 89:755-765. 

Q  

Quarta D, Di FC, Melotto S, Mangiarini L, Heidbreder C, Hedou G (2009) 

Systemic administration of ghrelin increases extracellular dopamine in the 

shell but not the core subdivision of the nucleus accumbens. Neurochem 

Int 54:89-94. 

R 

Ressler KJ, Nemeroff CB (2000) Role of serotonergic and noradrenergic 

systems in the pathophysiology of depression and anxiety disorders. 

Depress Anxiety 12 Suppl 1:2-19. 

Robins E, Guze SB (1970) Establishment of diagnostic validity in 

psychiatric illness: its application to schizophrenia. Am J Psychiatry 

126:983-987. 

Robinson TE, Berridge KC (1993) The neural basis of drug craving: an 

incentive-sensitization theory of addiction. Brain Res Brain Res Rev 

18:247-291. 

Rolls ET (1996) The orbitofrontal cortex. pp 1433-1443. 

Rolls ET (2004) Smell, taste, texture, and temperature multimodal 

representations in the brain, and their relevance to the control of appetite. 

Nutr Rev 62:S193-S204. 

 277



Rolls ET (2007) Sensory processing in the brain related to the control of 

food intake. Proc Nutr Soc 66:96-112. 

Roozendaal B, McEwen BS, Chattarji S (2009) Stress, memory and the 

amygdala. Nat Rev Neurosci. 

Roth RM, Saykin AJ, Flashman LA, Pixley HS, West JD, Mamourian AC 

(2007) Event-related functional magnetic resonance imaging of response 

inhibition in obsessive-compulsive disorder. Biol Psychiatry 62:901-909. 

Rotte M, Baerecke C, Pottag G, Klose S, Kanneberg E, Heinze HJ, Lehnert 

H (2005) Insulin affects the neuronal response in the medial temporal lobe 

in humans. Neuroendocrinology 81:49-55. 

S 

Santel S, Baving L, Krauel K, Munte TF, Rotte M (2006) Hunger and 

satiety in anorexia nervosa: fMRI during cognitive processing of food 

pictures. Brain Res 1114:138-148. 

Scalera G (1991) Effects of corticocerebellar lesions on taste preferences, 

body weight gain, food and fluid intake in the rat. J Physiol (Paris) 85:214-

222. 

Schaefer M, Heinze HJ, Rotte M (2008) Observing the touched body 

magnified alters somatosensory homunculus. Neuroreport 19:901-905. 

Schienle A, Schafer A, Hermann A, Vaitl D (2008) Binge-Eating Disorder: 

Reward Sensitivity and Brain Activation to Images of Food. Biol 

Psychiatry. 

Schienle A, Schafer A, Hermann A, Vaitl D (2009) Binge-eating disorder: 

reward sensitivity and brain activation to images of food. Biol Psychiatry 

65:654-661. 

Schosser A, Kasper S (2009) The role of pharmacogenetics in the 

treatment of depression and anxiety disorders. Int Clin Psychopharmacol 

24:277-288. 

Schur EA, Kleinhans NM, Goldberg J, Buchwald D, Schwartz MW, 

Maravilla K (2009) Activation in brain energy regulation and reward 

centers by food cues varies with choice of visual stimulus. Int J Obes 

(Lond) 33:653-661. 

 278



Schweighofer N, Tanaka SC, Doya K (2007) Serotonin and the evaluation 

of future rewards: theory, experiments, and possible neural mechanisms. 

Ann N Y Acad Sci 1104:289-300. 

Sergent J, Ohta S, MacDonald B (1992) Functional neuroanatomy of face 

and object processing. A positron emission tomography study. Brain 115 

Pt 1:15-36. 

Shafran R, Mansell W (2001) Perfectionism and psychopathology: a review 

of research and treatment. Clinical Psych Rev. 21(6): 879-906 

Shelley BP, Trimble MR (2004) The insular lobe of Reil--its anatamico-

functional, behavioural and neuropsychiatric attributes in humans--a 

review. World J Biol Psychiatry 5:176-200. 

Shima K, Tanji J (1998) Both supplementary and presupplementary motor 

areas are crucial for the temporal organization of multiple movements. J 

Neurophysiol 80:3247-3260. 

Siegel S, Ramos BM (2002) Applying laboratory research: drug 

anticipation and the treatment of drug addiction. Exp Clin 

Psychopharmacol 10:162-183. 

Siep N, Roefs A, Roebroeck A, Havermans R, Bonte ML, Jansen A (2008) 

Hunger is the best spice: An fMRI study of the effects of attention, hunger 

and calorie content on food reward processing in the amygdala and 

orbitofrontal cortex. Behav Brain Res. 

Simansky KJ (1996) Serotonergic control of the organization of feeding 

and satiety. Behav Brain Res 73:37-42. 

Simmons WK, Martin A, Barsalou LW (2005) Pictures of appetizing foods 

activate gustatory cortices for taste and reward. Cereb Cortex 15:1602-

1608. 

Sirotin YB, Hillman EM, Bordier C, Das A (2009) Spatiotemporal precision 

and hemodynamic mechanism of optical point spreads in alert primates. 

Proc Natl Acad Sci U S A 106:18390-18395. 

Soubrie P (1986) Reconciling the role of central serotonin neurons in 

human and animal behaviour. pp 319-364. 

 279



Soussignan R, Jiang T, Rigaud D, Royet JP, Schaal B (2009) Subliminal fear 

priming potentiatesnegative facial reactions to food pictures in women 

with anorexia nervosa.  Psychol. Med (epub ahead of print) 

Squire LR, Wixted JT, Clark RE (2007) Recognition memory and the 

medial temporal lobe: a new perspective. Nat Rev Neurosci 8:872-883. 

Stewart PA (1984) Recognizing addiction in nurses. Pa Nurse 39:4. 

Steinglass J, & Walsh B (2006) Habit learning and anorexia nervosa: A 

cognitive neuroscience hypothesis.  Int J Eat Disord, 39, 267-275 

Strober M, Freeman R, Morrell W (1997) The long-term course of severe 

anorexia nervosa in adolescents: survival analysis of recovery, relapse, 

and outcome predictors over 10-15 years in a prospective study. Int J Eat 

Disord 22:339-360. 

Strober M, Freeman R, Lampert C, Diamond J (2007) The association of 

anxiety disorders and obsessive compulsive personality disorder with 

anorexia nervosa: evidence from a family study with discussion of 

nosological and neurodevelopmental implications. Int J Eat Disord 40 

Suppl:S46-S51. 

Stormark KM, Torkildsen O (2004): Selective processing of linguistic and 

pictorial food stimuli in females with anorexia and bulimia nervosa. Eat 

Behav; 5(1):27-33 

Swinbourne JM, Touyz SW (2007) The co-morbidity of eating disorders 

and anxiety disorders: a review. Eur Eat Disord Rev 15:253-274. 

 

T 

Talairach J, Tournoux P (1988) Co-planar Stereotaxic Atlas of the Human 

Brain: 3-Dimensional Proportional System - an Approach to Cerebral 

Imaging. New York: Thieme Medical Publishers. 

Tanaka M, Naruo T, Muranaga T, Yasuhara D, Shiiya T, Nakazato M, 

Matsukura S, Nozoe S (2002) Increased fasting plasma ghrelin levels in 

patients with bulimia nervosa. Eur J Endocrinol 146:R1-R3. 

Tanji J, Shima K (1996) Supplementary motor cortex in organization of 

movement. Eur Neurol 36 Suppl 1:13-19. 

 280



Tauscher J, Bagby RM, Javanmard M, Christensen BK, Kasper S, Kapur S 

(2001) Inverse relationship between serotonin 5-HT(1A) receptor binding 

and anxiety: a [(11)C]WAY-100635 PET investigation in healthy 

volunteers. Am J Psychiatry 158:1326-1328. 

Tchanturia K, Whitney J, Treasure J (2006) Can cognitive exercises help 

treat anorexia nervosa?  Eat Weight Disord  11(4) e112-6 

Thirion B, Pinel P, Tucholka A, Roche A, Ciuciu P, Mangin JF, Poline JB 

(2007) Structural analysis of fMRI data revisited: improving the sensitivity 

and reliability of fMRI group studies. IEEE Trans Med Imaging 26:1256-

1269. 

Tiihonen J, et al. (2004) Brain serotonin 1A receptor binding in bulimia 

nervosa. pp 871-873. 

Tschop M, Weyer C, Tataranni PA, Devanarayan V, Ravussin E, Heiman 

ML (2001) Circulating ghrelin levels are decreased in human obesity. 

Diabetes 50:707-709. 

Turvey MT (1973) On peripheral and central processes in vision: 

Inferences from an information-processing analysis of masking with 

patterned stimuli. pp 1-52. 

Tzschentke TM (2000) The medial prefrontal cortex as a part of the brain 

reward system. Amino Acids 19:211-219. 

U 

Uher R, Brammer MJ, Murphy T, Campbell IC, Ng VW, Williams SC, 

Treasure J (2003) Recovery and chronicity in anorexia nervosa: brain 

activity associated with differential outcomes. Biol Psychiatry 54:934-

942. 

Uher R, Murphy T, Brammer MJ, Dalgleish T, Phillips ML, Ng VW, Andrew 

CM, Williams SC, Campbell IC, Treasure J (2004) Medial prefrontal cortex 

activity associated with symptom provocation in eating disorders. Am J 

Psychiatry 161:1238-1246. 

Uher R, Treasure J (2005) Brain lesions and eating disorders. J Neurol 

Neurosurg Psychiatry 76:852-857. 

 281



Uher R, Treasure J, Heining M, Brammer MJ, Campbell IC (2006) Cerebral 

processing of food-related stimuli: effects of fasting and gender. Behav 

Brain Res 169:111-119. 

Ungerleider, Mishkin (1982) Analysis of visual behaviour. (Ingle DJ, 

Goodale MA, Mansfield R, eds), MIT Press. 

V 

Van E, Newsome WT, Maunsell JH, Bixby JL (1986) The projections from 

striate cortex (V1) to areas V2 and V3 in the macaque monkey: 

asymmetries, areal boundaries, and patchy connections. J Comp Neurol 

244:451-480. 

Vandenberghe R (2007) Functional specialisation within the cortical 

language network: effects of cortical dysfunction. Verh K Acad Geneeskd 

Belg 69:5-22. 

Vanderhasselt MA, De RR, Baeken C (2009) Dorsolateral prefrontal cortex 

and Stroop performance: tackling the lateralization. Psychon Bull Rev 

16:609-612. 

Vinai P, Cardetti S, Ferrato N, Vallauri P, Carpegna G, Masante D, Luxardi 

G, Todisco P, Manara F, Ruggiero GM, Sassaroli S (2007): Visual 

evaluation of food amount in patients affected by Anorexia Nervosa. Eat 

Behav; 8(3):291-295 

Vitousek K, Manke F (1994) Personality variables and disorders in 

anorexia nervosa and bulimia nervosa. J Abnorm Psychol 103:137-147. 

Volkow ND, Fowler JS, Wang GJ, Goldstein RZ (2002) Role of dopamine, 

the frontal cortex and memory circuits in drug addiction: insight from 

imaging studies. Neurobiol Learn Mem 78:610-624. 

Volkow ND, Wang GJ, Telang F, Fowler JS, Logan J, Childress AR, Jayne 

M, Ma Y, Wong C (2006) Cocaine cues and dopamine in dorsal striatum: 

mechanism of craving in cocaine addiction. J Neurosci 26:6583-6588. 

Volkow ND, Fowler JS, Wang GJ, Swanson JM, Telang F (2007) Dopamine 

in drug abuse and addiction: results of imaging studies and treatment 

implications. Arch Neurol 64:1575-1579. 

 282



Volkow ND, Wang GJ, Fowler JS, Telang F (2008) Overlapping neuronal 

circuits in addiction and obesity: evidence of systems pathology. Philos 

Trans R Soc Lond B Biol Sci 363:3191-3200. 

Volkow ND, Wang GJ, Telang F, Fowler JS, Logan J, Childress AR, Jayne 

M, Ma Y, Wong C (2006) Cocaine cues and dopamine in dorsal striatum: 

mechanism of craving in cocaine addiction. J Neurosci 26:6583-6588. 

Vul E, Harris C, Winkielman P, Pashler H (2009) Puzzlingly high 

correlations in fMRI studies of emotion, personality and social cognition. 

pp 274. 

 

W 

Wagner A, Aizenstein H, Venkatraman VK, Bischoff-Grethe A, Fudge J, 

May JC, Frank GK, Bailer UF, Fischer L, Putnam K, Kaye WH (2009) 

Altered striatal response to reward in bulimia nervosa after recovery. Int J 

Eat Disord. 

Wagner A, Aizenstein H, Mazurkewicz L, Fudge J, Frank GK, Putnam K, 

Bailer UF, Fischer L, Kaye WH (2008) Altered insula response to taste 

stimuli in individuals recovered from restricting-type anorexia nervosa. 

Neuropsychopharmacology 33:513-523. 

Wagner A, Aizenstein H, Venkatraman VK, Fudge J, May JC, Mazurkewicz 

L, Frank GK, Bailer UF, Fischer L, Nguyen V, Carter C, Putnam K, Kaye 

WH (2007) Altered reward processing in women recovered from anorexia 

nervosa. Am J Psychiatry 164:1842-1849. 

Wagner A, Barbarich-Marsteller NC, Frank GK, Bailer UF, Wonderlich SA, 

Crosby RD, Henry SE, Vogel V, Plotnicov K, McConaha C, Kaye WH 

(2006) Personality traits after recovery from eating disorders: do 

subtypes differ? Int J Eat Disord 39:276-284. 

Wagner A, Ruf M, Braus DF, Schmidt MH (2003) Neuronal activity changes 

and body image distortion in anorexia nervosa. Neuroreport 14:2193-

2197. 

Waller G & Barnes J; (2002) Preconscious processing of body image cues.  

Impact on body percept and concept.  J Psychosom Res.  53(5): 1037-41 

 

 283



Waller G (2008) A 'trans-transdiagnostic' model of the eating disorders: a 

new way to open the egg? Eur Eat Disord Rev 16:165-172. 

Westergaard GC, Suomi SJ, Chavanne TJ, Houser L, Hurley A, Cleveland 

A, Snoy PJ, Higley JD (2003) Physiological correlates of aggression and 

impulsivity in free-ranging female primates. Neuropsychopharmacology 

28:1045-1055. 

Williamson DA, Muller SL, Reas DL, Thaw JM (1999) Cognitive bias in 

eating disorders: implications for theory and treatment. Behav Modif 

23:556-577. 

Williamson DA, Gleaves DH, Stewart TM (2005) Categorical versus 

dimensional models of eating disorders: an examination of the evidence. 

Int J Eat Disord 37:1-10. 

Wise RA (2002) Brain reward circuitry: insights from unsensed incentives. 

Neuron 36:229-240. 

Wise RA (2006) Role of brain dopamine in food reward and reinforcement. 

Philos Trans R Soc Lond B Biol Sci 361:1149-1158. 

Wise RA (2008) Dopamine and reward: the anhedonia hypothesis 30 years 

on. Neurotox Res 14:169-183. 

Wonderlich SA, Crosby RD, Mitchell JE, Engel SG (2007) Testing the 

validity of eating disorder diagnoses. Int J Eat Disord 40 Suppl:S40-S45. 

Woods SC, Lutz TA, Geary N, Langhans W (2006) Pancreatic signals 

controlling food intake; insulin, glucagon and amylin. Philos Trans R Soc 

Lond B Biol Sci 361:1219-1235. 

Wookey PJ, Lutz TA, Andrikopoulos S (2006) Amylin in the periphery II: 

An updated mini-review. ScientificWorldJournal 6:1642-1655. 

Z 

Zeki SM (1978) Uniformity and diversity of structure and function in 

rhesus monkey prestriate visual cortex. J Physiol 277:273-290. 

Zhu JN, Wang JJ (2008) The cerebellum in feeding control: possible 

function and mechanism. Cell Mol Neurobiol 28:469-478. 

 

 284



Zigmond AS, Snaith RP (1983) The hospital anxiety and depression scale. 

Acta Psychiatr Scand 67:361-370. 
 

 285



 
APPENDICES 

 
Appendix A: Self-report questionnaire measures used during the fMRI 

experiment  

 

Brain scanning and outcome in anorexia nervosa 

 

(Consent form for participants with anorexia nervosa) 

 
Dear participant, 
 

We would like to invite you to take part in a study exploring the 
brain functioning in people with anorexia nervosa.  

 
Psychological treatment is effective for many but not all sufferers 

with anorexia nervosa. Factors that determine the success of 
treatment and that underlie the therapeutic change are not well 
understood. Evidence suggests that studying the way the brain works 
may tell us more about why some people have more benefit from 
psychological treatment than others. Also, we do not know what 
changes in the brain determine improvement in the disease. Your 
participation in this study may help to resolve this issue. 
 

Participation in this study consists of undergoing a magnetic scan 
(functional MRI).  On the occassion we would like to ask you to rate 
pictures while a magnetic scanner is recording your brain activity. The 
scanning session takes approximately 1 hour. You will be also asked to 
complete some questionnaires and an experimenter will ask you 
questions about your experiences and health.  It is important to 
note that a small proportion of the pictures are of a disturbing 
nature, but they are followed by more pleasant pictures.  We 
show pictures of this nature so that we can compare normal 
ratings and brain activity during the presentation of negative 
pictures with less disturbing pictures.  Please feel free to ask 
further questions about the pictures – you are free to withdraw 
from the experiment at any time. 

 
In order for us to look at your brain you will have to lie as still as 

possible in the scanning machine (called MRI scanner). All an MRI scan 
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does is to take pictures of the brain. You will hear loud banging noises 
during the scan but the machine cannot harm you in any way. The 
scanner consists of a powerful magnet, which may attract certain 
metallic objects. You must not have a scan if you have received 
metal injuries to the eye, had metallic objects (including clips) 
inserted into your body at an operation, or if you have received 
a shotgun injury or have a heart pacemaker. As a precaution 
we advise you to tell us if there is any chance that you might be 
pregnant. The radiographer will go through a list of possible risks with 
you before you go into the scanner. Magnetic resonance scanning does 
not involve any radiation. As the scanner is narrow and noisy, we will 
also check with you whether you do feel uncomfortable in narrow or 
enclosed spaces.  

 
While you are lying in the scanner, the person conducting the 

study will be on the other side of the screen to make sure everything 
is running smoothly. There is a microphone in the scanner so that you 
can talk to us any time you like. Remember, you are free to withdraw 
form the study at any time without the need to justify your decision. 
This will not affect your treatment in any way.  
  
In the very unlikely event of finding any abnormalities on your brain scan, we will 
contact your GP. The information that you provide, including the brain images, will be 
kept confidential. It will be stored and analysed under a numeric code and not under your 
name to prevent a misuse of these data. 

 
Please do not hesitate and ask for additional information. 
 

CONSENT: 
I have received sufficient information on this study, I have read and 

understood the information sheet and I consent to take part. I 

understand that I can withdraw from the study at any time. 

Name (print) ………..……………………………….. 

 
Signature     ……..……………………………Date signed:   …………………… 
Thank you very much for your help. 
Enquiries: Samantha Brooks, P059, Eating Disorders Unit, Institute of 
Psychiatry, De Crespigny park, London, SE5 8AF 
Phone: 0207 848 0653 
Email: Samantha.brooks@kcl.ac.uk 
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Brain scanning and outcome in anorexia nervosa 

 

(Consent form for healthy participants) 

 
Dear participant, 
 

We would like to invite you to take part in a study exploring the 
brain functioning in people with anorexia nervosa.  

 
Psychological treatment is effective for many but not all sufferers 

with anorexia nervosa. Factors that determine the success of 
treatment and that underlie the therapeutic change are not well 
understood. Evidence suggests that studying the way the brain works 
may tell us more about why some people have more benefit from 
psychological treatment than others. Also, we do not know what 
changes in the brain determine improvement in the disease. This study 
may help to resolve some of these issues. We need healthy people for 
comparison so that we can tell what is going wrong in those with 
anorexia nervosa.  
 

Participation in this study consists of undergoing a magnetic scan 
(functional MRI). On this occassion, we would like to ask you to rate 
pictures while a magnetic scanner is recording your brain activity. The 
scanning session takes approximately one hour. You will be also asked 
to complete some questionnaires and an experimenter will ask you 
questions about your experiences and health. 

 
In order for us to look at your brain you will have to lie as still as 

possible in the scanning machine (called MRI scanner). All an MRI scan 
does is to take pictures of the brain. You will hear loud banging noises 
during the scan but the machine cannot harm you in any way. The 
scanner consists of a powerful magnet, which may attract certain 
metallic objects. You must not have a scan if you have received 
metal injuries to the eye, had metallic objects (including clips) 
inserted into your body at an operation, or if you have received 
a shotgun injury or have a heart pacemaker. As a precaution 
we advise you to tell us if there is any chance that you might be 
pregnant. The radiographer will go through a list of possible risks with 
you before you go into the scanner. Magnetic resonance scanning does 
not involve any radiation. As the scanner is narrow and noisy, we will 
also check with you whether you do feel uncomfortable in narrow or 
enclosed spaces.  
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While you are lying in the scanner, the person conducting the 
study will be on the other side of the screen to make sure everything 
is running smoothly. There is a microphone in the scanner so that you 
can talk to us any time you like. Remember, you are free to withdraw 
form the study at any time without the need to justify your decision.  
  
In the very unlikely event of finding any abnormalities on your brain scan, we will 
contact your GP. The information that you provide, including the brain images, will be 
kept confidential. It will be stored and analysed under a numeric code and not under your 
name to prevent a misuse of these data. 
 

Please do not hesitate and ask for additional information. 
 

CONSENT: 
I have received sufficient information on this study, I have read and 

understood the information sheet and I consent to take part. I 

understand that I can withdraw from the study at any time. 

 

Name (print) ………..……………………………….. 

 
 
 
Signature     ……..…………………………Date signed:   …………………… 
 
 
 
Thank you very much for your help. 
 
 
 
Enquiries: Samantha Brooks, P059, Eating Disorders Unit, Institute of 
Psychiatry, De Crespigny park, London, SE5 8AF 
Phone: 0207 848 0653;  
Email: Samantha.brooks@kcl.ac.uk 
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Eating Disorders Unit 
Box 059 

Institute of Psychiatry 
De Crespigny Park 

London SE5 8AF 
 
 
 
 
 
 
 
 
 

fMRI Study 
 

 
 
 
 

 

P.-Code: P      

       
Date:       
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Before starting the experiment, 
 
 
 
1. Please mark the following line at the point that most accurately reflects your current 

mood.  
 

Extremely Extremely 
low high 

Extremely  
hungry 

 
 

2. Please mark the following line at the point that most accurately reflects your 
hunger. 

 

 
 

Not hungry at 
all 
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I’m    MALE / FEMALE    D.O.B.:________________________  
 
My current weight:______________________              Height: ________________________ 
 
Occupation:    ______________________  Education:   ____________________ 
 
I’m     living with my partner      /       living with my parents      /      living alone 
 
I’m     single  / married        /    divorced   /      widowed 
 
I’m    White  /  Asian  /  Black  /  Other 
 
I was born in:  Britain    /  Africa    /   Europe   /   Asia   /   America   /   Australia    /   Other 
 
 
I have   no / 1 / 2 /  3 / 4
 children 
 
I smoke:      Y   /    N            If yes, I smoke  _____  cigarettes a day. 

 
I usually eat  ______  meals  and  _____ snacks a day.   (Please fill in numbers) 

 
 
 
What was your lowest-ever body weight? (since age 16) ______    When was it? (age)  
___________ 
 
 
 
What was your highest-ever body weight?  _________ When was it? (age)  
_____________ 
 
 
 
 

Did you ever lose an important amount of weight or fail to gain weight when growing 
up to the extent that other people would get worried about you being too thin? 
 
 Yes    No 
 
If yes, please specify what age you were at the time: ____________________________ 
 
  For how long have you been so thin: ____________________________ 
       
 
Did you ever make yourself sick after having eaten in order to lose weight or not to gain 
weight? 

Yes    No 
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If yes, please specify what age you were at the time: ____________________________ 
 
How often would you make yourself sick:   ____________________________ 
 
For how long did you do this:                                            ____________________________ 
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:       Rater: 
 ____________________ 
 
 
 
Screening: 

 

1 Has there been any time in your life when you had five or more drinks 
(beer, wine, spirits) on one occassion? 
 

1 2 3 

2 Have you ever used street drugs? 1 2 3 

3 Have you ever got hooked on prescribed medicine or taken a lot more 
of it than you were supposed to? 
 

1 2 3 

4 Have you ever had a panic attack, when you suddenly felt frightened or 
anxious or suddenly developed a lot of physical symptoms? 
 

1 2 3 

5 Were you ever afraid of going out of the house alone, being in crowds, 
standing in a line or travelling on buses or trains? 
 

1 2 3 

6 Is there anything that you  have been afraid to do or felt uncomfortable 
doing in front of other people, like speaking, eating or writing? 
 

1 2 3 

7 Are there any other things that you have been especially afraid of, like 
flying, seeing blood, getting a shot, heights, closed places, or certain 
kinds of animals or insects? 

1 2 3 

8 Have you ever been bothered by thoughts that didn’t make any sense 
and kept coming back to you even when you tried not to have them? 
 

1 2 3 

9 Was there ever anything that you had to do over and over again and 
could not resist doing, like washing your hands again and again, 
counting to a certain number, or checking something several times to 
make sure that you’d done it right? 
 

1 2 3 

10 In the last six months, have you been particularly nervous or anxious? 
 

1 2 3 

11 Have you ever had a time when you weighted much less than other 
people thought you ought to weight? 
 

1 2 3 

12 Have you often had times when your eating was out of control? 1 2 3 
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SCID - H : EATING DISORDERS 
 
 

Lowest ever weight:     When: 
 

Heighest ever weight:    When: 
 

Onset (age):      Duration (years): 
 
Current severity:  1 2 3 4 5 6 
 
Chronology: 
 

 
 
ANOREXIA NERVOSA   1 2 3 

 
H1.  Refusal to maintain 85% body weight                                        1           2           3 
Why?  (to reduce body weight)                                                           1          2            3    
H2.   Fear of fat at the time of low body weight   1  2   3    
H3.     Disturbed body perception / influence on self evaluation       1           2            3    
H4. Amenorrhoea   
  
H5a Subtype:  Restricting 1   Binge/Purge 3 

BULIMIA NERVOSA   1 2 3 
  

Recurrent binges       
H11. Lack of control      1 2 3 
H12. Large amount       1 2 3 
  
H13. Compensatory behaviour     1 2 3 
 Self-induced vomiting      1 2 3 
 Laxatives       1 2 3 
 Exercise       1 2 3 
 Dieting       1 2 3 
 Other:  ___________________________   1 2 3 
 
H14. Frequency (2 x per week for last 3 months) 
 Bingeing       1 2 3 
 Compensatory behaviour     1 2 3 
  
H15. Undue influence      1 2 3 
H16. Not only during AN      1 2 3 
  
H17a Subtype:  Non-Purging 1   Purging 3 
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BINGE-EATING DISORDER  1 2 3 
 

H23 Eating rapidly      1 2 3 
H24 Untill uncomfortably full    1 2 3 
H25 Large amount when not hungry   1 2 3 
 
H26Alone because embarrassed                                             1          2         3 
H27Feel disgusted with oneself / depressed / guilty              1          2          3 

At least three of the previous 5 present              1 2         3 

  
H29 Distress                                                                        1         2          3 
H30 Frequency (2 x per week for last 3 months)   1 2 3 
H31 No regular inappropriate compensatory behaviour 1 2 3 
 
 
 
EDNOS     1 2 3 
 
 
SCID - F: ANXIETY DISORDERS 
 
PANIC DISORDER    1 2 3 

 

PANIC DISORDER WITH AGORAPHOBIA 1 2 3 

 

AGORAPHOBIA   1 2 3 
 
SOCIAL PHOBIA   1 2 3 
 
SPECIFIC PHOBIA   1 2 3 
 
OBSESSIVE COMPULSIVE DISORDER  1 2 3 
 
POSTTRAUMATIC STRESS DISORDER  1 2 3 
 
GENERLISED ANXIETY DISORDER   1 2 3 
 
ANXIETY DISORDER DUE TO GENERAL MEDICAL CONDITION  
               1 2 3 
 
SUBSTANCE-INDUCED ANXIETY DISORDER 1 2 3 
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ANXIETY DISORDER NOT OTHERWISE SPECIFIED 1 2 3 
 
SCID:       Rater: 
 ____________________ 
 
 
SCID – SUMMARY: 
 
          
 Curent Onset 
 
Primary diagnosis: 1. ________________________________  ____ 
 ____ 
 
Comorbidity:  2. ________________________________  ____ 
 ____ 
 
   3.  ________________________________  ____ 
 ____ 
 
   4. ________________________________  ____ 
 ____ 
 
   5.  ________________________________  ____ 
 ____ 
 
 
GAS: _________ 
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EDE-Q 

 
The following questions are concerned with the past four weeks only (28 days). Please read each 
question carefully and tick the appropriate box.  
 
Please answer all the questions. 
 

 On how many days out of the past 28 
days… 

No days 1-5 
days 

6-12 
days 

13-15 
days 

16-22 
days 

23-27 
days 

Every 
day 

1. Have you been deliberately trying to limit 
the amount of food you eat to influence 
your shape or weight? 

0 1 2 3 4 5 6 

2. Have you gone for long periods of time (8 
hours or more) without eating anything in 
order to influence your shape or weight? 

0 1 2 3 4 5 6 

3. Have you tried to avoid eating foods which 
you like in order to influence your shape or 
weight? 

0 1 2 3 4 5 6 

4. Have you tried to follow definite rules 
regarding your eating in order to influence 
your shape or weight; for example, a 
calorie limit, a set amount of food, or rules 
about what or when you should eat? 

0 1 2 3 4 5 6 

5. Have you wanted your stomach to be 
empty? 

0 1 2 3 4 5 6 

6. Has thinking about food or its calorie 
content made it much more difficult to 
concentrate on things you’re interested in; 
for example, read, watch TV or follow a 
conversation? 

0 1 2 3 4 5 6 

7. Have you been afraid of losing control over 
eating? 

0 1 2 3 4 5 6 

8. Have you had episodes of binge eating? 
0 1 2 3 4 5 6 

9. Have you eaten in secret? (Do not count 
binges) 

0 1 2 3 4 5 6 
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 On how many days out of the past 28 
days… 

No days 1-5 
days 

6-12 
days 

13-15 
days 

16-22 
days 

23-27 
days 

Every 
day 

10. Have you definitely wanted your stomach 
to be flat? 

0 1 2 3 4 5 6 

11. Has thinking about shape or weight made it 
more difficult to concentrate on things you 
are interested in; e.g., read, watch TV or 
follow a conversation? 

0 1 2 3 4 5 6 

12. Have you had a definite fear that you might 
gain weight or become fat? 

0 1 2 3 4 5 6 

13. Have you felt fat? 
0 1 2 3 4 5 6 

14. Have you had a strong desire to lose 
weight? 

0 1 2 3 4 5 6 

         

 Over the past 4 weeks (28 days) None of 
the 

times 

A few of 
the 

times 

Less 
than ½  

the time 

Half the 
time 

More 
than ½  

the time 

Most of 
the time 

Every 
time 

15. On what proportion of times that you have 
eaten have you felt guilty because of the 
effect on your shape or weight? (Do not 
count binges) 

0 1 2 3 4 5 6 

16. Have there been any times when you have 
felt that you have eaten what other people 
would regard as an unusually large amount 
of food given the circumstances? 

  0   1 

  No    Yes 

17. How many such episodes have you had 
over the past four weeks? 

 

18. During how many of these episodes of 
overeating did you have a sense of having 
lost control over your eating? 
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19. Have you had other episodes of eating in 
which you have had a sense of having lost 
control and eaten too much, but have not 
eaten an unusually large amount of food 
given the circumstances? 

  0   1   

  No   Yes   

20. How many such episodes have you had 
over the past four weeks? 

 

21. Have you made yourself sick (vomit) as a 
means of controlling your shape or weight? 

  0   1   

  No   Yes   

22. How many times have you done this over 
the past four weeks? 

 

23. Have you taken laxatives as a means of 
controlling your shape or weight? 

  0   1   

 No   Yes   

24. How many times have you done this over 
the past four weeks? 

 

25. Have you taken diuretics (water tablets) as 
a means of controlling your shape or 
weight? 

  0   1   

 No   Yes   

26. How many times have you done this over 
the past four weeks? 

 

27. Have you exercised hard as a means of 
controlling your shape or weight? 

  0   1   

 No   Yes   

28. How many times have you done this over 
the past four weeks? 
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 Over the past 4 weeks (28 days) 5.7 Not at all Slightly Moderately Markedly 

29. Has your weight influenced how you think 
about (judge) yourself as a person? 

0 1 2 3 4 5 6 

30. Has your shape influenced how you think 
about (judge) yourself as a person? 

0 1 2 3 4 5 6 

31. How much would it upset you if you had to 
weigh yourself once a week for the next 
four weeks? 

0 1 2 3 4 5 6 

32. How dissatisfied have you felt about your 
weight? 

0 1 2 3 4 5 6 

33. How dissatisfied have you felt about your 
shape? 

0 1 2 3 4 5 6 

34. How concerned have you been about other 
people seeing you eat? 

0 1 2 3 4 5 6 

35. How uncomfortable have you felt seeing 
your body; for example, in shop window 
reflections, while undressing or taking a 
bath or shower? 

0 1 2 3 4 5 6 

36. How uncomfortable have you felt about 
others seeing your body; for example, in 
communal changing rooms, when 
swimming or wearing tight clothes? 

0 1 2 3 4 5 6 
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HADS 
1 

I feel tense or wound up 
most of the 

time 
a lot of the 

time occasionally not at all 
 

 
  
      

2 
 I still enjoy the things I used to enjoy 

definitely as 
much 

not quite as 
much only a little hardly at all

 
        

3 I get a sort of frightened feeling as if 
something awful is about to happen quite badly not too badly a little not at all 

 
        

4 I can laugh and as see the funny side of 
things 

as much as I 
always could

not quite so 
much now 

definitely not 
so much now not at all 

 
   

  
    

5 
 worrying thoughts go through my mind 

a great deal 
of the time 

a lot of the 
time 

from time to 
time 

only 
occasionally

 
        

6  I feel cheerful not at all not often sometimes a lot 
 

   
  
    

7  I can sit at ease and feel relaxed definitely   usually  not often not at all 
 

   
  
    

8 
 I feel as if I am slowed down 

nearly all the 
time very often sometimes not at all 

 
   

  
    

9 I get a sort of frightened feeling like 
butterflies in the stomach not at all occasionally quite often very often 

 
        

10 

  definitely 

I don't take 
so much 
care as I 
should 

I may not 
take quite as 
much care 

I take just as 
much care 

as ever 
 

I have lost interest in my appearance        
11 

  very much quite a lot 
not very 
much not at all 

 
I feel restless as if I have to be on the move   

  
    

12 

  
as much as 

ever 

rather less 
than I used 

to 

definitely 
less than 

before hardly at all
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I look forward with enjoyment to things        

13   very often quite often not often not at all 
 

I get sudden feelings of panic 
 
       

14 
  often sometimes not often very seldom

 
I can enjoy a good book or programme        

 
 

 
 
 
 
 
 
 

 
Many thanks for your help! 
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Appendix B: Self-report questionnaire measures used during the 

neuropsychological experiment  

 

 
Neuropsychological study 

 
 
 
Participant ID:       Date: 
 
 
 
D.O.B.:   Sex:    Origin: 
 
 
 
Height:    Weight:   BMI: 
 
 
 
Education:   ____________________ 
 
 
Occupation:   ____________________ 
 
 
 
Medication current:     Medication past: 
 
 
 
 
Hospitalisation current:    Hospitalisation past: 
 
 
 
 
Head Injuries: 
 
 
 
Handedness: 
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NART RESPONSE SHEET 
 
 
 
 
 
WORD 
 

 
CORRECT? 

 
WORD 

 
CORRECT? 

Chord 
 Superfluous  

Ache  Simile  
Depot  Banal  
Aisle  Quadruped  
Bouquet  Cellist  
Psalm  Façade  
Capon  Zealot  
Deny  Drachm  
Nausea  Aeon  
Debt  Placebo  
Courteous  Abstemious  
Rarefy  Détente  
Equivocal  Idyll  
Naïve  Puerperal  
Catacomb  Aver  
Gaoled  Gauche  
Thyme  Topiary  
Heir  Leviathan  
Radix  Beatify  
Assignate  Prelate  
Hiatus  Sidereal  
Subtle  Demesne  
Procreate  Syncope  
Gist  Labile  
Gouge  Campanile  
 
 
NART errors:  ____________________     
 
NART  IQ:  ____________________ 
 
 
NART rater:   ____________________
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SCID:       Rater: 
 ____________________ 
 
 
 
Screening: 

 

1 Has there been any time in your life when you had five or more drinks 
(beer, wine, spirits) on one occassion? 
 

1 2 3 

2 Have you ever used street drugs? 1 2 3 

3 Have you ever got hooked on prescribed medicine or taken a lot more 
of it than you were supposed to? 
 

1 2 3 

4 Have you ever had a panic attack, when you suddenly felt frightened or 
anxious or suddenly developed a lot of physical symptoms? 
 

1 2 3 

5 Were you ever afraid of going out of the house alone, being in crowds, 
standing in a line or travelling on buses or trains? 
 

1 2 3 

6 Is there anything that you  have been afraid to do or felt uncomfortable 
doing in front of other people, like speaking, eating or writing? 
 

1 2 3 

7 Are there any other things that you have been especially afraid of, like 
flying, seeing blood, getting a shot, heights, closed places, or certain 
kinds of animals or insects? 

1 2 3 

8 Have you ever been bothered by thoughts that didn’t make any sense 
and kept coming back to you even when you tried not to have them? 
 

1 2 3 

9 Was there ever anything that you had to do over and over again and 
could not resist doing, like washing your hands again and again, 
counting to a certain number, or checking something several times to 
make sure that you’d done it right? 
 

1 2 3 

10 In the last six months, have you been particularly nervous or anxious? 
 

1 2 3 

11 Have you ever had a time when you weighted much less than other 
people thought you ought to weight? 
 

1 2 3 

12 Have you often had times when your eating was out of control? 1 2 3 
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SCID - H : EATING DISORDERS 
 
 

Lowest ever weight:     When: 
 

Heighest ever weight:    When: 
 

Onset (age):      Duration (years): 
 
Current severity:  1 2 3 4 5 6 
 
Chronology: 
 

 
 
ANOREXIA NERVOSA   1 2 3 

 
H1. Refusal to maintain 85% body weigh                              1           2        3 

   Why?  (to reduce body weight)   
 H2.  Fear of fat at the time of low body weight  1 2 3    
            H3.      Disturbed body perception / influence on self evaluation1     2          3    
            H4.      Amenorrhoea    
  
 H5a Subtype: Restricting 1  Binge/Purge 3 

BULIMIA NERVOSA   1 2 3 
  

Recurrent binges       
 H11. Lack of control    1 2 3 
 H12. Large amount     1 2 3 
  

H13. Compensatory behaviour   1 2 3 
  Self-induced vomiting    1 2 3 
  Laxatives     1 2 3 
  Exercise     1 2 3 
  Dieting     1 2 3 
  Other:  ___________________________ 1 2 3 
 
 H14. Frequency (2 x per week for last 3 months) 
  Bingeing     1 2 3 
  Compensatory behaviour   1 2 3 
  

H15. Undue influence    1 2 3 
H16. Not only during AN    1 2 3 

  
 H17a Subtype:  Non-Purging 1 Purging 3 
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BINGE-EATING DISORDER  1 2 3 

 
H23 Eating rapidly      1 2 3 
H24 Untill uncomfortably full    1 2 3 
H25 Large amount when not hungry   1 2 3 

 
H26                 Alone because embarrassed                                       1          2           3 
H27                 Feel disgusted with oneself / depressed / guilty        1          2            3 

H28 At least three of the previous 5 present 1 2 3 
  

H29 Distress 
 H30 Frequency (2 x per week for last 3 months)   1 2 3 
 H31 No regular inappropriate compensatory behaviour 1 2 3 
 
 
 
EDNOS     1 2 3 
 
 
 
 
SCID - F: ANXIETY DISORDERS 
 
PANIC DISORDER    1 2 3 

 

PANIC DISORDER WITH AGORAPHOBIA    
 1 2 3 

 

AGORAPHOBIA    1 2 3 
 
SOCIAL PHOBIA    1 2 3 
 
SPECIFIC PHOBIA    1 2 3 
 
OBSESSIVE COMPULSIVE DISORDER1 2 3 
 
POSTTRAUMATIC STRESS DISORDER1 2 3 
 
GENERLISED ANXIETY DISORDER 1 2 3 
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ANXIETY DISORDER DUE TO GENERAL MEDICAL CONDITION  

1 2 3 
 
SUBSTANCE-INDUCED ANXIETY DISORDER    
 

1 2 3 
 
ANXIETY DISORDER NOT OTHERWISE SPECIFIED    
      1 2 3 
 
 
SCID:       Rater: 
 ____________________ 
 
 
 
SCID – SUMMARY: 
 
          
 Curent Onset 
 
Primary diagnosis: 1. ________________________________  ____ 
 ____ 
 
Comorbidity:  2. ________________________________  ____ 
 ____ 
 
   3.  ________________________________  ____ 
 ____ 
 
   4. ________________________________  ____ 
 ____ 
 
   5.  ________________________________  ____ 
 ____ 
 
 
GAS: _________ 
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Cognition in eating disorders: Information for 
participants (controls) 
 
Dear participant, 
 

We would like to invite you to take part in a study exploring the brain functioning 
in healthy people and in people with eating disorders. You can help with this research as 
a healthy volunteer. The participation in this study is entirely voluntary. 

 
Some people with anorexia or bulimia nervosa feel compelled to spend a lot of 

their time thinking about their body, food and eating. It is also known that they tend to set 
about working on puzzles in a characteristic way. We are interested to find out more 
about how strategies of thinking and making decisions are influenced by or influence the 
development of eating disorders.  
 

Participation in this study consists of completing several games/puzzles on a 
computer. You will also be shown various photographs; some of them may have strong 
emotional meaning. In the computer tasks you will be asked to react or make a choice 
according to the instructions in each task. The computer will record your reactions. The 
whole procedure will take between two and three hours and can be done either in one 
session or in two shorter sessions if this is more convenient for you. All the information 
that you provide will be kept strictly confidential. It will be stored on a computer under a 
numeric code and not under your name to prevent a misuse of the data. A standard 
interview will be used to measure your medical history. 

 
Please do not hesitate to ask for additional information. Your participation in this 

study is entirely voluntary and you are free to quit at any time. 
 

 
CONSENT: 

 
I have received sufficient information regarding this study, I have read and understood 
the information sheet and I consent to take part. I understand that I can withdraw from the 
study at any time. 

Name (please print) …………………………… 

 
 
Signature …………………………………… Date signed: ………………… 
 
Thank you very much for your help. 
 
Enquiries: Samantha Brooks, P059, Eating Disorders Unit, Institute of Psychiatry, De Crespigny 
park, London, SE5 8AF, phone: 0207 848 0653, email: Samantha.brooks@kcl.ac.uk 
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OCI-R 
The following statements refer to experiences that many people have in their everyday 
lives.  
Circle the number that best describes HOW MUCH that experience has DISTRESSED 
or BOTHERED you during the PAST MONTH. The numbers refer to the following 
verbal labels: 
 
0 = Not at all  1 = A little  2 = Moderately   3 = A lot  
 4 = Extremely 
    
 
1.   I have saved up so many things that they get in the way.  0 1 2 3 4 

  
 
2.   I check things more often than necessary.  0 1 2 3 4 
 
3.   I get upset if objects are not arranged properly.  0 1 2 3 4 
 
4.   I feel compelled to count while I am doing things.  0 1 2 3 4 
 
5.   I find it difficult to touch an object when I know it has  0 1 2 3 4 
      been touched by strangers or certain people.  
 
6.   I find it difficult to control my own thoughts.  0 1 2 3 4 
 
7.   I collect things I don’t need.  0 1 2 3 4 
 
8.   I repeatedly check doors, windows, drawers, etc.  0 1 2 3 4 
 
9.   I get upset if others change the way I have arranged things. 0 1 2 3 4 
 
10. I feel I have to repeat certain numbers.  0 1 2 3 4 
 
11. I sometimes have to wash or clean myself simply because 0 1 2 3 4 
      I feel contaminated.  
 
12. I am upset by unpleasant thoughts that come into my  0 1 2 3 4 
      mind against my will.  
 
13. I avoid throwing things away because I am afraid I might  0 1 2 3 4 
      need them later.  
 
14. I repeatedly check gas and water taps and light switches  0 1 2 3 4 
      after turning them off.  
15. I need things to be arranged in a particular order.  0 1 2 3 4 
 
16. I feel that there are good and bad numbers.  0 1 2 3 4 
 
17. I wash my hands more often and longer than necessary.  0 1 2 3 4  
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18. I frequently get nasty thoughts and have difficulty  0 1 2 3 4 
      in getting rid of them. 
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EDI-2 
 

This questionnaire includes a variety of attitudes, feelings and behaviours. Some of the 
questions refer to food and eating behaviour. Other questions ask how YOU feel about 
YOURSELF. As there are no right or wrong answers please try to be completely honest 
in your answers. Your answers will be treated in strictest confidence. 
Read each question and put a cross in the box you think most appropriate.  
Please answer each question very carefully.  Thank you. 

 
  always 

1 
usually 

2 
often 

3 
some-
times 

4 

seldom 
5 

never 
6 

001. I eat sweets and carbohydrates without feeling 
nervous. 

      

002. I think that my stomach is too big.       

003. I wish that I could return to the security of 
childhood. 

      

004. I eat when I am upset.       

005. I stuff myself with food.       

006. I wish that I could be younger.       

007 I think about dieting.       

008. I get frightened when my feelings are too strong.       

009. I think that my thighs are too large.       

010. I feel ineffective as a person.       

011. I feel extremely guilty after overeating.       

012 I think that my stomach is just the right size.       

013. Only outstanding performance is good enough in 
my family. 

      

014 The happiest time in life is when you are a child.       

015. I am open about my feelings.       

016.  I am terrified of gaining weight       

017. I trust others.       

018. I feel alone in the world.       

019. I feel satisfied with the shape of my body.       

020. I feel generally in control of things in my life.       

021. I get confused about what emotion I am feeling.       

 313



022. I would rather be an adult than a child.       

023. I can communicate with others easily.       

  always 
1 
 

usually 
2 

often 
3 

some-
times 

4 

seldom 
5 

never
6 

024. I wish I were someone else.       

025. I exaggerate or magnify the importance of weight.       

026. I can clearly identify what emotion I am feeling.       

027. I feel inadequate.       

028. I have gone on eating binges where I felt that I 
could not stop. 

      

029. As a child, I tried very hard to avoid disappointing 
my parents and teachers. 

      

030. I have close relationships.       

031. I like the shape of my buttocks.       

032. I am preoccupied with the desire to be thinner.       

033. I don’t know what’s going on inside me.       

034. I have trouble expressing my emotions to others.       

035. The demands of adulthood are too great.       

036. I hate being less than best at things.       

037. I feel secure about myself.       

038. I think about bingeing (overeating).       

039. I feel happy that I am not a child anymore.       

040. I get confused as to whether or not I am hungry.       

041. I have a low opinion of myself.       

042. I feel that I can achieve my standards.       

043. My parents have expected excellence of me.       

044. I worry that my feelings will get out of control.        

045. I think my hips are too big.       

046. I eat moderately in front of others and stuff myself 
when they’re gone. 

      

047. I feel bloated after eating a normal meal.        

048. I feel that people are happiest when they are 
children. 
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049. If I gain a pound, I worry that I will keep gaining.        

050. I feel that I am a worthwhile person.       

051. When I am upset, I don’t know if I am sad, 
frightened, or angry. 
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  always 

1 
 

usually 
2 

often 
3 

some-
times 

4 

seldom 
5 

never
6 

052. I feel that I must do things perfectly or not do them 
at all. 

      

053. I have the thought of trying to vomit in order to 
lose weight. 

      

054. I need to keep people at a certain distance (feel 
uncomfortable if someone tries to get too close). 

      

055. I think that my thighs are just the right size.       

056. I feel empty inside (emotionally).       

057. I can talk about personal thoughts or feelings.       

058. The best years of your life are when you become 
an adult. 

      

059. I think my buttocks are too large.       

060. I have feelings I can’t quite identify.        

061. I eat or drink in secrecy.       

062. I think that my hips are just the right size.       

063. I have extremely high goals.       

064. When I am upset, I worry that I will start eating.        

065. People I really like end up disappointing me.       

066. I am ashamed of my human weakness.       

067. Other people would say I am emotionally unstable.       

068. I would like to be in total control of my bodily 
urges 

      

069. I feel relaxed in most group situations.       

070. I say things impulsively that I regret having said.       

071. I go out of my way to experience pleasure.       

072. I have to be careful of my tendency to abuse drugs.       

073. I am outgoing with most people       

074. I feel trapped in relationships.       

075. Self-denial makes me feel stronger spiritually       

076. People understand my real problems.       

077. I can’t get strange thoughts out of my head.       
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078. Eating for pleasure is a sign of moral weakness.       
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  always 

1 
 

usually 
2 

often 
3 

some-
times 

4 

seldom 
5 

never
6 

079. I am prone to outbursts of anger or rage.       

080. I feel that people give me the credit I deserve.       

081. I have to be careful to my tendency to abuse 
alcohol. 

      

082. I believe that relaxing is simply a waste of time.       

083. Others would say that I get irritated easily.       

084. I feel like I am losing out everywhere.       

085. I experience marked mood shifts.       

086. I am embarrassed by my bodily urges.       

087. I would rather spend time by myself than with 
others. 

      

088. Suffering makes you a better person.       

089. I know that people love me.       

090. I feel like I must hurt myself or others.       

091. I feel that I really know who I am.       

 

Thank you! 
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Post - Hoc 
 

Using a scale of 1-5, please state your opinion on the following questions by circling a 
number, where 1=not good and 5= very good.  If you think your performance was 

average for each question, you should choose 3. For the other questions, just circle the 
answer that best describes your opinion. 

 
After N-Back Task 

 
 

1. How happy you were with your overall performance in these tasks? 
 

1  2  3  4  5 
 
 

2. How well did you manage to concentrate on these tasks? 
 

1  2  3  4  5 
 
 

3. At any time during the task, did you get lost, or abandon the task 
altogether? 

 
YES   NO   UNSURE  
 
 

4. If so, approximately what percentage of the time did you feel this 
happening? (please fill in a number between 0 and 100) 

 
………. % 

 
 

5. Approximately what was your percentage of correct responses for the “1-
back” task? (please fill in a number between 0 and 100) 

 
………. % 

 
 

6. Approximately what was your percentage of correct responses for the “2-
back” task? (please fill in a number between 0 and 100) 

 
………. % 
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After: Go/No Go Task 
 

7. How happy you were with your overall performance in the GO/NO-GO 
task? 

 
1  2  3  4  5 
 
 

8. How well did you manage to maintain your concentration during this task? 
 

1  2  3  4  5 
 
 

9. At any time during the task did you get lost or abandon the task 
altogether? 

 
YES   NO   UNSURE 

 
 

10. If so, approximately what percentage of the time did you feel this 
happening? (please fill in a number between 0 and 100) 

 
………. % 

 
 
 

11. Approximately what percentage of times you were able to stop yourself 
from clicking when a NO-GO letter was present? (please fill in a number 
between 0 and 100) 

 
………. % 
 
 
 

12. Could you always remember what the target letters were? 
 

YES   NO   UNSURE 
 

 
 

13. If so, approximately what percentage of the time did you feel this 
happening? (please fill in a number between 0 and 100) 

 
………. % 

 
 

 320



After the Forced Choice Task 
 

14. How happy you were with your overall performance in this task? 
 

1  2  3  4  5 
 
 
15. Approximately what percentage of times did you manage to pick a 

rewarding yellow card with £1 ? (please fill in a number between 0 and 
100) 

 
………. % 
 
 

16.  Was there a particular strategy you used in order to successfully 
accumulate the rewards? 

 
YES   NO   UNSURE 

 
 

17. If so, can you briefly explain what it was? 
 
 

 
  

 
 
 
 
 
 
 
 
 
 
 

18. At what point did you get the strategy? (please, state the approximate  
percentage of task duration after which you started thinking you knew the 
strategy) 

 
 

………. % 
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After everything: Post – force choice 
 
 

19. Did you see any images behind the cards? 
 
 
 
 
 
 
What images? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Thanks for your help! 
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Appendix C: The verbal instructions given during the fMRI study 

a) Food blocks: 

- “Would you like to eat what’s seen in the pictures?” 

- “Imagine you are eating the food presented in the following pictures” 

- “Imagine yourself eating the food shown in the photographs” 

- “ How would you like to eat these foods?” 

 

b) Non-Food blocks: 

- “Imagine that you are using the following objects” 

- “Imagine that you need to start a job using this object” 

- “Imagine yourself working with the items shown in the pictures” 

- “Would you like to use the items you see in the pictures?” 

 

c) Aversive blocks: 

- “Imagine that you are standing next to the object” 

- “Would you like to touch this object?” 

- “Imagine being close to the items shown in the pictures”  

- “Would you like to be close to what you see in the image?” 

 

d) Neutral blocks: 

- “Imagine being in the place shown in the pictures” 

- “Would like to be where the image is?” 

- “How much do you like to see what’s in the image?” 

- “Imagine being close to what you see in the pictures” 
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Appendix D: The images used during the fMRI and the neuropsychological studies 

 

Food, non-food, aversive and neutral images: 

Food Pictures 
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Non-food Pictures 
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Neutral Pictures 
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Aversive Pictures 
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