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Abbreviations 
 
BMI  Body Mass Index 

T2D  Type 2 Diabetes 

CNS  Central Nervous System 

fMRI  functional magnetic resonance imaging 

GI  Gastrointestinal 

PYY  Peptide YY3-36 

GLP-1  Glucagon-like peptide-1 

GLP-1R  Glucagon-like peptide-1 receptor 

MC4R  Central melanocortin-4 receptor 

FTO  Fat mass and obesity associated  

BOLD  Blood oxygen level dependent 

VTA  Ventral tegmental area 

OFC  Orbitofrontal cortex 

GBC  Global brain connectivity 

RYGB  Roux-en-Y gastric bypass 

SG  Sleeve gastrectomy 
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Abstract 
 

Obesity constitutes a major global health threat. Despite the success of bariatric surgery in 

delivering sustainable weight loss and improvement in obesity-related morbidity, effective non-

surgical treatments are urgently needed, necessitating an increased understanding of body weight 

regulation. Neuroimaging studies undertaken in people with healthy weight, overweight, obesity 

and following bariatric surgery have contributed to identifying the neurophysiological changes 

seen in obesity and are increasing our understanding of the mechanisms driving the favourable 

eating behaviour changes and sustained weight loss engendered by bariatric surgery. These 

studies have revealed a key interplay between peripheral metabolic signals, homeostatic and 

hedonic brain regions and genetics. Findings from brain functional magnetic resonance imaging 

(fMRI) studies have consistently associated obesity with an increased motivational drive to eat, 

increased reward responses to food cues and impaired food-related self-control processes. 

Interestingly, new data link these obesity-associated changes with structural and connectivity 

changes within the central nervous system. Moreover, emerging data suggest that bariatric 

surgery leads to neuroplastic recovery. A greater understanding of the interactions between 

peripheral signals of energy balance, the neural substrates that regulate eating behaviour, the 

environment and genetics will be key for the development of novel therapeutic strategies for 

obesity. This review provides an overview of our current understanding of the pathoaetiology of 

obesity with a focus upon the role that fMRI studies have played in enhancing our understanding 

of central regulation of eating behaviour and energy homeostasis. 
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Introduction 
  
The worldwide prevalence of overweight and obesity are rising. It is estimated that worldwide 
more than 650 million people were obese in 2016.(1) In the United Kingdom, 63.7% of the 
population were overweight or obese in 2016 and 27.8% obese (Figure 1).(2) Prevalence is set to 
continue to rise with a consequential increase in associated morbidity, such as type 2 diabetes 
(T2D), cardiovascular disease and certain cancers, as well as mortality.(1) The management of the 
obesity epidemic hence poses a major and urgent challenge. 

 
Weight loss induced by lifestyle interventions that engender an energy deficit is usually not 
durable in the long-term, as a consequence of the powerful compensatory biological mechanisms 
that occur as a response to weight loss.(3) To date, bariatric surgery is the most effective treatment 
for severe obesity, resulting in marked and sustained weight loss in the long-term.(4) Accessibility 
and cost, however, pose barriers to surgery, calling for a greater understanding of the physiological 
processes underpinning the success of bariatric surgery and development of effective non-invasive 
treatment options. Following bariatric surgery, weight loss is driven by reduced energy intake as 
a consequence of post-operative changes in appetite, gustatory and olfactory function, as well as a 
change in food preference away from energy-dense foods.(5) Moreover, bariatric surgery alters the 
perception and hedonic value of food, an observation that has inspired studies into both structural 
and functional processes that regulate eating behaviour within the central nervous system (CNS).  
 
Studies using brain fMRI have begun to provide insights into the effect of overweight, obesity and 
weight loss upon CNS responsiveness. Through measuring the degree of blood-oxygen-level 
dependent (BOLD) contrast, which signals activity-related change in neural activity, fMRI allows 
detection of  event-related transient neuronal activity.(6) Food cues, acting as conditioned stimuli, 
are hence commonly incorporated into fMRI experimental paradigms, to trigger central responses 
and motivate food consumption.(6)  
 
A growing body of evidence suggests that obesity leads to changes in both structure and 
connectivity within the brain.(7-9) Interestingly, several of these obesity-associated neural changes 
have been linked to obesity-related metabolic abnormalities and may predispose individuals to 
over-eating. However to date, the interplay between neural and metabolic signals and their 
ultimate effect upon eating behaviour and body weight remain incompletely understood. Here, we 
review current insights gained into the understanding of the pathophysiology of obesity as well as 
the changes engendered by bariatric surgery by brain fMRI studies.  
 

 

Body weight regulation 
 
Body weight regulation is a complex process involving integration of information from 
homeostatic and reward-related pathways. A multitude of factors determine the decision to eat; 
physiological signals of energy availability, reward-related responses, sensory cues, social and 
emotional aspects, as well as cognitive processes.(10) Interestingly, metabolic signals from the 
gastrointestinal (GI) tract modulate activity in both homeostatic and hedonic brain centres 
controlling eating behaviour.(10)  
 
Long-term energy availability signals feedback information regarding adiposity-related energy 
stores, via insulin and leptin secretion.(11) Both of these peptides, have an established role in energy 
homeostasis, with appetite-suppressing effects. Short-term signals of energy availability 
originating in the GI tract, relate to nutrient and meal-derived energy availability and regulate 
perceptions of hunger and satiety.(10) Nutrient ingestion alters the secretion of a variety of 
metabolically active peptides in the GI tract. Circulating levels of ghrelin, an orexigenic hormone 
secreted primarily by the gastric fundus, increase in the fasted state generating perceptions of 
hunger and promoting meal initiation.(12) In response to nutrient intake, ghrelin levels rapidly 
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decline, whilst enteroendocrine L-cells secrete the anorectic hormones peptide YY3-36 (PYY), 
glucagon-like peptide-1 (GLP-1) and oxyntomodulin.(13-15) Somatosensory vagal afferents convey 
information on gastric distension.(16) Once nutritional needs are met, these factors generate satiety 
signals in the CNS. Bile acids are synthesised in the liver and secreted in response to nutrient 
ingestion; they directly facilitate the absorption of dietary fat and when secreted into the intestinal 
environment directly impact upon the microbiome.(17) The intestinal microbiome, made up of a 
large number of diverse, symbiotic microbial cells, is turn is speculated to contribute toward 
nutrient absorption by influencing intestinal permeability.(15) However, the desire to eat can 
persist beyond meeting nutritional requirements, driven by hedonic responses and emotional 
factors. In an environment of high energy availability, the decision to eat, subsequent calorie intake 
and ultimately body weight are determined by factors beyond homeostasis. 
 

Regulation of eating behaviour: Insights from brain fMRI studies 
 
Eating behaviour is controlled by three interrelated neural networks; the homeostatic network, 
regulated via the gut-brain axis, the appetitive network, which includes reward-related pathways, 
and higher level cognitive processes (Figure 2).  

 

The gut-brain axis 
 
Gut hormones act upon central circuits regulating eating behaviour (Table 1). Cognate receptors, 
specific for gut hormones including PYY, GLP-1 and ghrelin are present throughout the CNS.(10) 
Multiple fMRI studies have utilised gut hormones to delineate the brain regions that regulate 
eating behaviour.(6, 18) These studies have revealed a direct link between circulating gut hormone 
levels and modulation of neural activity within brain regions controlling appetite.(18) For instance, 
peripheral ghrelin administration was shown to increase neural responses to food cues; activation 
of the amygdala, orbitofrontal cortex (OFC), anterior insula and striatum correlate with plasma 
ghrelin levels in healthy adults.(19) Peripheral administration of ghrelin following a meal also 
enhances neural activity and responses to food cues comparable to those seen in fasting conditions 
in normal weight adults.(20) Conversely, reductions in post-meal circulating ghrelin levels 
correspond to attenuated food cue responsiveness in the same areas.(21) Insulin and glucose also 
have established effects on appetite circuits.(18) Hypoglycaemia induced by administering 
intravenous insulin leads to activation in the hypothalamus, insula, putamen and caudate nucleus, 
thereby increasing the desire to eat, whereas euglycaemia activates the medial prefrontal 
cortex.(22) A series of brain fMRI studies have revealed a negative correlation between plasma 
insulin levels and BOLD activity in the hypothalamus, thalamus, insula, amygdala and the limbic 
system.(23-25) A study investigating food cue reactivity and leptin, showed a positive correlation 
between leptin levels and ventral tegmental area (VTA) BOLD activity in response to viewing food 
images.(26) 
 
In contrast, biochemical signals generated in response to nutrient ingestion feedback to 
homeostatic brain centres with a subsequent reduction in food-related reward. For example, in 
normal weight individuals, brain reactivity to food images is diminished following glucose 
administration.(24) Furthermore, the satiety gut hormone PYY mediates its anorectic effects by 
acting on central appetite regulating circuits (Figure 3).(27) In a cross-over study investigating the 
effects of PYY versus placebo (saline) infusion in fasted healthy volunteers, infusion of PYY 
resulted in activation of the caudolateral OFC as well as the brainstem parabrachial nucleus, 
ventral tegmental area (VTA), insula, anterior cingulate cortices and ventral striatum. Plasma PYY 
levels correlated negatively with activity in the right middle frontal gyrus and right angular gyrus, 
whereas activity in these areas increased with saline infusion.(27) Furthermore, PYY administration 
led to a 24.8±4.1% decrease in energy intake and a significant reduction in acylated ghrelin levels. 
During saline infusion, when PYY levels were low, hypothalamic activity correlated with 
subsequent energy intake. In contrast, following PYY infusion in conditions mimicking the fed 
state, OFC activity predicted energy intake, indicating that PYY switches the control of eating 
behaviour changes from homeostatic to hedonic centres.(27)  
 
Leidy et al. demonstrated a negative correlation between amygdala, hippocampal and para-
hippocampal activity and rising circulating PYY levels.(28) A study utilising PYY and GLP-1 infusions 
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separately and together and comparing them to the effects of a meal on fMRI brain activations, 
revealed that PYY and GLP-1 induced changes in brain activity and reduced energy intake 
comparable to a meal.(29) Douglas et al. demonstrated that consumption of a high protein meal led 
to rises in PYY and GLP-1 levels and reduced anterior cingulate and insular activity.(30) Taken 
together these findings demonstrate that PYY and GLP-1 synergistically modulate the appetitive 
brain network and reduce the reward value of food. 
 
 

Beyond homeostasis 
 
In environments where high-energy dense foods are readily available, eating behaviour and 
energy intake are controlled largely by aspects beyond homeostatic control, such as cognition, 
reward, emotional and social factors.(10) Taste and smell have a major impact upon food choice and 
enjoyment; whereas visual, gustatory and olfactory cues can influence the motivation and decision 
to eat.(31) The motivation to eat can result from recall of a previous reward response generated by 
the same stimulus, which can motivate eating in the absence of an energy need.(10) Interestingly, 
exposure to food cues in isolation, without energy intake, can elicit de novo metabolic responses. 
Receptors for insulin, leptin, ghrelin, PYY and GLP-1 have been detected in saliva and their cognate 
receptors on taste buds and olfactory neurons, suggesting these may have a role in modulating 
taste and smell perception.(31) Circulating ghrelin levels rise in anticipation of a planned meal and 
when subjects are instructed to anticipate food.(32) Ghrelin levels have been correlated with 
olfactory function and modulate olfactory responsiveness by increasing CNS responses to olfactory 
stimuli.(33) In addition, hedonic responses to food images have been directly correlated to ghrelin 
levels.(34) However, cue reactivity is also subject to cognitive modulation. A number of fMRI studies 
have examined the impact of cognition upon brain responses elicited by food cues and suggest that 
appetite and reward-related responses can be suppressed depending on a goal or cognitive 
context.(35-37) 

 

Physiology of weight gain 
 
Weight gain occurs when energy intake chronically exceeds energy needs. In addition to 
accumulation of adipose tissue, weight gain also leads to dysregulation of the homeostatic signals 
that control energy balance.(38) Resistance to leptin and insulin, attenuated post-prandial secretion 
of PYY and GLP-1 and dysregulated ghrelin secretion, reduced bile acids and changes in the 
intestinal microbiome occur as a result of obesity.(38, 39) Furthermore, decreased gustatory and 
olfactory sensitivity are seen, in addition to exacerbated reward responses to food.(40-42) 
Individuals with obesity rate energy dense foods as more pleasurable, and foods high in sugar and 
fat elicit higher reward responses in obese compared to lean individuals.(43-45)  
 
Furthermore, weight gain leads to structural and connectivity changes within the CNS. Structural 
changes identified include grey matter shrinkage, reduced hippocampal volume and decreased 
white matter integrity, which have been linked to impaired insulin and glucose metabolism.(24, 46-

50) A study investigating OFC volumes in obesity, showed lower grey and associated white matter 
volumes in obese compared to lean individuals.(51) Global brain connectivity (GBC) is a measure of 
brain network integrity, measured by the number of connections between functional units within 
brain networks. GBC associates with cognitive function and cerebral metabolism. fMRI studies are 
demonstrating a linear association between reductions in GBC and increasing body mass index 
(BMI).(8, 9, 49) A study by Geha et al. compared GBC at rest and during milkshake consumption in 15 
healthy weight and 15 obese individuals.(7) GBC consistently decreased in the ventromedial and 
ventrolateral prefrontal cortex, insula and caudate nucleus and increased in premotor areas, 
superior parietal lobule and visual cortex in obese individuals at rest and during milkshake 
consumption. This suggested a state-independent alteration in the balance of GBC between regions 
monitoring orosensory and reward value of food and regions related to orientation towards these 
stimuli in the external environment. The authors concluded that GBC in obesity is impaired 
between areas monitoring internal milieu and external environment.(7) Furthermore, reduced 
striatal activation in response to milkshake exposure was associated with obesity and future 
weight gain.(7) Cumulatively, these findings suggest that obesity leads to reorganisation of brain 
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connectivity. Although the directionality of this effect remains to be established, altered GBC may 
influence food choice, motivation to eat and ultimately contribute to weight gain.   
 
Hence, with continuous weight gain, eating behaviour and appetite become disjointed from hunger 
and satiety; the resulting altered metabolic and neurological responses to food subsequently 
predispose individuals with obesity to further weight gain.(38, 45)  
 
However, not all individuals are equally susceptible to weight gain. Genome wide association 
studies (GWAS) have concluded that at least 85% of BMI variability is heritable and an increasing 
body of evidence is linking genetic markers of obesity-predisposition with unfavourable metabolic 
profiles.(52, 53) For instance, mutations in the central melanocortin-4 receptor (MC4R), which has a 
key role in  integrating peripheral signals into neural networks and activates a satiety-inducing 
pathway in a PYY and GLP-1 dependent manner, result in hyperphagia, insulin resistance, 
preference for high fat foods and obesity.(54, 55) A cluster of SNPs within the first intron of the fat 
mass and obesity associated (FTO) gene have been associated with increased adiposity. Of these 
SNPs, rs9939609 is the most consistently studied in European populations and the obesity-risk A-
allele found to correlate with increased adiposity across different ages.(56) Homozygous A-allele 
individuals (AA) have a higher energy intake and are predisposed to obesity, whereas a TT 
genotype has a protective effect.(56) Normal weight AA individuals have attenuated post-prandial 
ghrelin and hunger suppression and increased food-cue reactivity in homeostatic and reward 
areas on fMRI in fasted and fed conditions, changes which may predispose to excess energy intake 
leading to weight gain.(57)  
 
In addition to genetics, epigenetic factors in utero and early childhood can trigger a predisposition 
to weight gain later in life.(58, 59) Obesity hence is the consequence of an interaction between genetic 
predisposition and a high-risk environment of excess energy availability.  

 

The role of brain imaging in understanding obesity 
 
A series of brain fMRI studies have provided insights into obesity-related changes in brain 
responses to food cues and improved our understanding of the biological and behavioural 
substrates that predispose to overeating and obesity. Greater BOLD activity in response to food 
cues, both in emotional and physiological responses, has been a consistent finding in obesity.(9, 60, 

61) In addition to previous evidence demonstrating greater salivation, insulin release, appetite and 
energy intake, a number of studies displaying food images during fMRI scanning have consistently 
shown increased activation in response to high-calorie food images in reward-related areas 
(striatum, hippocampus, insula and OFC) in obese compared to lean individuals.(61-64) In obese 
individuals, this effect is augmented by consumption of glucose.(65) Furthermore, the degree of 
BOLD activation is independent of appetite and hunger,(66) and positively correlates with 
increasing BMI.(60)  
 
Gustatory and olfactory cue delivery is being increasingly incorporated into fMRI study paradigms. 
Stronger reward responses to taste are seen in obesity.(65, 67, 68) In a study delivering quinine, 
glucose and milkshake in-scan, stronger activation was detected in various cortical (anterior 
cingulate cortex, insular and opercular cortices, OFC) and subcortical (amygdala, nucleus 
accumbens, putamen and pallidum) areas with all stimuli in obese compared to lean.(69) A study of 
26 individuals with overweight and obesity showed augmented reward related responses to 
delivery of a high-calorie beverage, which additionally correlated with a higher number of binge-
eating symptoms.(60) An fMRI study investigating odour perception demonstrated that obese and 
overweight individuals perceived these to be stronger when hungry, which correlated with ghrelin 
levels and BOLD responses in the cerebellum.(70) Cumulatively, these data suggest that obese 
individuals demonstrate increased food-cue reactivity, which may drive a higher energy intake. 
 
Furthermore, fMRI paradigms have also investigated goal-driven behaviour and control of 
motivated behaviour in obesity. These have associated obesity with impaired self-control and 
executive function.(37, 63, 71) The pre-frontal cortex has been implicated as a control centre for 
motivated behaviour. A systematic review of studies investigating executive function in adults with 
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obesity, suggests that individuals with obesity show difficulties in decision-making, planning and 
problem-solving compared to lean controls.(68) It has been implied that reduced prefrontal cortex 
function may compromise self-control and predispose to over-eating.  

 

Obesity treatment 
 

Physiological barriers to weight loss 
 
Lifestyle interventions, the cornerstone of weight management strategies, aim to create a state of 
negative energy balance, whereby energy expenditure consistently exceeds intake. However, 
whilst weight loss is readily achievable, weight recidivism occurs in the majority of people. A state 
of negative energy balance, results in compensatory biological changes that aim to defend the 
higher body weight, in the form of decreased energy expenditure, reduced circulating leptin, GLP-
1 and PYY levels with increased ghrelin levels.(3, 72) These biological changes lead to increased 
hunger coupled with reduced satiety, a heightened food-cue reactivity and increase motivation to 
eat.  
 

 

Bariatric surgery 
 
Bariatric surgery to date is the only effective therapeutic intervention for people with severe 
obesity, defined by a BMI ≥40kg/m2 or ≥35kg/m2 with an associated co-morbidity. Currently, the 
most commonly performed procedures are the Roux-en-Y gastric bypass (RYGB) and the sleeve 
gastrectomy (SG).(73) Both procedures produce significant sustained weight loss and lead to 
improvement or resolution of complications, including T2D, hypertension, fatty liver disease and 
obesity-associated infertility, as well as reduced mortality.(4)  Bariatric procedures were initially 
intended to cause weight loss through either physically restricting energy intake, such as in gastric 
banding, and/or reducing energy absorption through malabsorption, such as in the duodenal 
switch.(74) However, the anatomical changes in the RYGB and SG bring upon an array of 
physiological responses which mediate weight loss by mechanisms other than restriction and 
malabsorption engender weight loss, moving away from this classification.(74, 75) Although these 
remain to be fully understood, they drive weight loss by means of changing eating behaviour, 
which in turn reduces energy intake. 
 
Following bariatric surgery, in addition to increased satiety and reduced hunger levels, a marked 
change in food choice is seen.(76, 77) People report a change in food preference away from foods high 
in sugar and fat, which commonly cause aversions.(78-81) Furthermore, people post-bariatric 
surgery commonly report a new preference for healthier foods.(81) These changes occur 
immediately following surgery and prior to weight loss, suggesting a procedure-related effect. 
 
Taste and olfactory changes are also common, which have been subject to growing research 
interest.(80, 82) An increased taste sensitivity, measured by assessing ability to detect tastes, is seen 
after bariatric surgery, particularly for sweet and salty stimuli.(83, 84) Furthermore, people assign 
lower hedonic values and reduced liking scores to tastes previously perceived as pleasant. Desire 
to eat and tendencies toward food-addictive behaviour also decrease following bariatric surgery.(5) 
Studies examining post-olfactory changes have yielded inconclusive results, although improved 
olfactory sensitivity has been associated with SG.(84, 85) Furthermore, taste changes have been 
demonstrated to predict weight loss following RYGB and appetite changes post-SG. In conjunction, 
these findings suggest that appetite, taste and smell changes contribute to altered food preference 
and eating behaviour, which results in a reduced energy intake, the main driver for weight loss.(86) 
 

 

Biological mediators of weight loss following bariatric surgery 
 
A robust and growing body of evidence into the mechanisms mediating weight loss after bariatric 
surgery has emerged over recent years which, albeit incompletely understood, demonstrate that 
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bariatric surgery alters the GI milieu and engenders an array of physiological changes. These 
include altered gut hormone profiles, changes in bile acid secretion and the intestinal 
microbiome.(15)  
  
RYGB and SG are anatomically distinct procedures and therefore also differentially impact upon GI 
physiology. Altered and accelerated nutrient flow within the GI tract brings upon a multitude of 
changes in gut-derived signals. For instance, enhanced nutrient stimulation of the intestinal 
enteroendocrine L-cells, is believed to result in the increased secretion of PYY and GLP-1 seen after 
bariatric surgery. Enhanced meal stimulated PYY and GLP-1 secretion are seen following both 
procedures, however this is more marked post-RYGB. PYY and GLP-1 have been demonstrated to 
have a causal role in the reduced energy intake observed after RYGB.(87) Supporting this is the 
recent finding that combined blockage of GLP-1 and PYY following RYGB increases food intake by 
20%.(88) Reductions in circulating ghrelin levels are also observed, however given the majority of 
ghrelin secreting cells are removed in SG, a more marked and sustained reduction is seen 
compared to RYGB.   
 
RYGB and SG both lead to increased bile acid secretion and changes in the composition of bile acid 
which in turn have been linked to improved glucose and lipid metabolism.(89)  Furthermore, it has 
been suggested that bariatric surgery creates a new interplay between bile acids, gut hormones 
and the microbiome. Bile acids can stimulate L-cells receptors and trigger gut hormone 
secretion.(15) For instance, oral bile acid administration resulted in PYY and GLP-1 secretion in 
fasted individuals.(90) Bile acids and gut hormones impact upon the intestinal microbiome and 
reversal of obesity-related changes in the microbiota has been seen following bariatric surgery.(15) 
 
However, despite the success of bariatric surgery, it has to be borne in mind that weight loss 
follows a wide normal distribution.(91) Studying patients with differential responses to surgery 
provides key insights into the mechanisms mediating weight loss and will aid in development of 
future non-operative therapies.  
 

 

Neuroimaging insights following bariatric surgery 
 
A series of fMRI studies undertaken in the bariatric surgery population are beginning to shed light 
into the biological mechanisms that underpin changes in eating behaviour, as well as the interplay 
between the gut and brain that contribute to the successful outcomes of bariatric surgery (Table 
2). 
 
Reward responses to food cues have been investigated in a small number of studies which suggest 
that the enhanced food-cue responsivity seen in people with severe obesity resolves following 
bariatric surgery.(92-94) More recently, three studies have coupled food cue fMRI responses with 
circulating gut hormone levels. In a prospective study, people with severe obesity underwent fMRI 
imaging before and after RYGB (n=22), SG (n=19) compared to a control group with weight-stable 
severe obesity (n=19) who were imaged twice, 6 months apart.  High and low-calorie food images 
were displayed during scanning. Six months from surgery, liking for high-calorie images had 
significantly reduced in the RYGB and SG groups.(95) VTA BOLD responses high-calorie versus low-
calorie images declined significantly after RYGB but not in SG, and fasting circulating ghrelin levels 
correlated with VTA BOLD responses in RYGB and SG, but not in control subjects. The second study 
combined in-scanner food cue evaluation with octreotide administration -a somatostatin analogue 
with widespread endocrine inhibitory effects, including gut hormone blockade- in participants 
post-RYGB.(96)  Octreotide increased both appetitive food reward and appeal, and reward-area 
BOLD signals correlated with reductions in circulating PYY.(96) The third study investigated the 
role of GLP-1 by utilizing the specific GLP-1 receptor (GLP-1R) antagonist exendin 3-39, in ten 
women during food picture viewing and chocolate milk consumption before and after RYGB.(97) 
BOLD responses in the caudate nucleus in response to food images, and in the insula in response 
to tasting chocolate milk were reduced post-RYGB. However, GLP-1R inhibition resulted in 
increased activation in the same areas, postulating a role for GLP-1R in reduced reward response 
to taste stimuli.(97)  Although data remain limited, studies utilising in-scan delivery of gustatory 
stimuli are beginning to provide key insights into the neural and endocrine substrates for taste 
changes observed after bariatric surgery. A prospective study of RYGB patients and non-obese 
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controls, showed reduced reward centre activation to taste post-RYGB. However this study was 
not conclusive, as a similar reduction in BOLD signal was also observed in the control group.(98) 
Cumulatively, these studies suggest a role for gut hormones in mediating the altered eating 
behaviour seen post-RYGB.  
 
Interesting data are emerging regarding the effects of bariatric surgery upon brain structure and 
connectivity.(99) Excitingly, a study into brain structure before and after SG suggested neuroplastic 
recovery one month after surgery.(100) In addition, a longitudinal study in RYGB showed weakened 
connectivity between areas controlling food intake and reward regions within one year from 
surgery and showed that connectivity in areas of emotional control and social interaction 
predicted weight loss.(101) In conjunction, these findings imply that bariatric surgery restores 
obesity-related structural and connectivity abnormalities, which may relate to the changes in 
eating behaviour and the altered brain responses to food after bariatric surgery.  

 

Novel medical management of obesity –future considerations 
 
Bariatric surgery has brought about an unprecedented success in the management of people with 
severe obesity. Accessibility to surgery however is limited, calling for development of novel non-
surgical approaches. The increasing knowledge of the biological changes engendered by bariatric 
surgery is catalysing a new era in the medical management of obesity, aiming to replicate the post-
bariatric surgery milieu. For instance, the GLP-1R agonist liraglutide is now a licenced treatment 
for obesity in the United Kingdom. The data demonstrating synergistic action of gut peptides 
however is likely to lead to pharmacological approaches involving gut hormone combinations. 
fMRI studies have demonstrated the importance of food cue responsivity in obesity pathogenesis, 
a finding likely to inspire therapeutic strategies tackling the motivational drive to eat.  

 

Conclusion 
In recent years, human neuroimaging studies have shown that eating behaviour is regulated by a 
complex network of homeostatic, reward and executive control brain regions interacting with 
peripheral signals of energy balance, the external environment and modulated by a person’s 
genetics. However, in order to develop effective weight management strategies, additional studies 
are now needed focused upon delineating the impact of overweight, obesity, weight loss and 
bariatric surgery upon the CNS regions that regulate eating behaviour and more importantly the 
biological mediators of these changes. 
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Tables 
 
Table 1: Central nervous system areas involved in the control of appetite and eating (6, 10) 
 

Brain Area Role in eating behaviour 
Hypothalamus Homeostatic control 
Hippocampus Learning and memory 

Links energy balance to incentive behaviour 
Amygdala Emotional learning, assigning of value 

Encodes palatability of foods 
Link between homeostatic and hedonic interactions 

Insula “ingestive” and “gustatory” cortex 
Encodes sensory information of taste, integrated with sensory cues to form 
flavour 
Responds to food cues and gut hormones 

Nucleus of the solitary tract Afferent target for vagus nerve 
Ventral tegmental area Dopaminergic neurons 

Encodes nutritional and reward values of food 
Generated value and motivational signals 

Cerebellum Integrates and coordinates somatic-visceral responses to food 
Striatum: 
  Caudate nucleus 
  Putamen 
  Nucleus accumbens 

Encodes motivational and incentive properties of food 
  Anticipatory reward 
  Connected to all other brain regions of eating behaviour 
  Links motivation to action 

Orbitofrontal cortex Reward encoding 
Integration of sensory, cognitive and reward aspects 

Cingulate cortex Decision making 
Prefrontal cortex Translation of internal & external cues to behaviour 
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Table 2: Key Neuroimaging studies in the bariatric surgery population  
Neuroimaging studies investigating food preference and taste 
Study Sample Intervention Main results  
Frank et al.(92) 12 RYGB 

12 Obese 
control 
Both groups 
with T2D 

High-calorie 
and low calorie 
food images 
Liking and 
wanting scores 
Behavioural 
Surveys 

Lower liking and wanting ratings and lower 
scores in eating behaviour-related traits 
post-RYGB had higher activation in visual, 
frontal control, somatosensory, motor, 
memory-related and gustatory regions. 
Control group had higher activation in 
inhibition and reward areas 

RYGB alters food-
related reward-
activation in the 
brain in diabetic 
subjects 

Faulconbridge et 
al.(95) 

22 RYGB 
18 Sleeve 
gastrectomy 
19 Weight-
stable obese 
control 

Response to 
images of high- 
Calorie (HCF) 
versus low-
calorie foods 
(LCF) 

Baseline liking of HCF higher than LCF in all 
groups.  
At 6 months, lower HCF liking score in RYGB 
and SG. 
Significant decline in VTA BOLD responses 
for HCF vs LCF post-RYGB 
Fasting circulating ghrelin correlated with 
VTA BOLD responses in RYGB and SG 

The VTA is a crucial 
site for modulating 
liking of highly 
palatable foods after 
bariatric surgery. 
Ghrelin is a potential 
mediator for these 
changes. 

Goldstone et al.(96) 11 RYGB (7 
completed) 
9 Band 
10 Non-
obese 
weight-stable 
control 

Octreotide 
administration 
Progressive 
ratio Task 
Food Images 
VAS 

Octreotide suppressed GLP-1, PYY, insulin 
and FGF19 and increased reward area BOLD 
responses, which correlating with circulating 
PYY level reduction 

Reduced hedonic 
value of food may be 
mediated by 
anorectic effects of 
elevated circulating 
gut hormones 

ten Kulve et al.(97) 10 RYGB Visual Cues 
Taste Delivery 
(chocolate 
milk) 
Exendin 9-39 
administration 

Reduced BOLD activity in response to 
viewing and tasting palatable foods post-
RYGB 
GLP-1R blockade led to higher BOLD activity 
in reward areas in response to food images 
and taste 

GLP-1 may mediate 
the reduced reward 
activation to visual 
and gustatory food 
cues post-RYGB 

Wang et al.(98) 13 RYGB (6 
completed) 
7 Non-obese 
nonsurgical 
control 

Taste delivery 
(sweet and 
salty stimuli) 

Significant decrease in reward centre BOLD 
activation in response to sweet taste post-
RYGB (same effect seen in control groups) 
Significant increase in reward centre and 
gustatory BOLD activity in response to salty 
taste post-RYGB 

fMRI BOLD 
responses do not 
always correlate 
with subjective 
reports. 
RYGB may mediate 
changes in salt taste 

Neuroimaging studies investigating structural and connectivity changes 
Olivo et al.(101) 16 RYGB 

12 Non-
obese 
controls 

Resting-state 
connectivity 
after overnight 
fast and 
260kCal load 
VAS 

Connectivity between regions involved in 
food-related saliency attribution and 
reward-driven eating behavior stronger in 
obese people pre-surgery compared to 
controls and weakened post-RYGB 
Changes in cognitive control of eating at 1 
year Early reduced connectivity between 
emotional control and social cognition 
regions post-RYGB, but increased by 12 
months.  
Presurgery findings predict weight loss. 

RYGB may reshape 
the brain’s 
functional 
connectivity. 
Changes in cognitive 
control of eating 
could play major 
role in success of 
surgery. 

Zhang et al.(100) 15 SG 
18 Normal 
weight 
controls 

Fractional 
anisotropy, 
mean 
diffusivity, grey 
and white 
matter 
densities 

Decreased FA values, GM/WM densities and 
increased MD value in brain regions 
associated with food intake and cognitive-
emotion regulation 

SG leads to acute 
partial neuroplastic 
structural recovery, 
which may drive 
behavioural changes 
in eating post-SG 

 
 
Abbreviations: Roux-en-Y gastric bypass (RYGB), sleeve gastrectomy (SG), High-calorie foods (HCF), low-
calorie foods (LCF), Ventral Tegmental Area (VTA), Blood oxygen-level dependent (BOLD), visual analogue 
scale (VAS), fractional anisotropy (FA), mean diffusivity (MD), grey matter (GM), white matter (WM) 
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Figure Legends 
 
Figure 1: Obesity prevalence across different populations in 2016 
 
Chart illustrating rates of obesity across different countries, defined by a body mass index 
>30kg/m2. Data from World Health Organisation global health observatory.(2) Abbreviations 
United States of America (USA), United Kingdom (UK) 
 
 
 
Figure 2: Regulation of eating behaviour 
 
Schematic diagram illustrating the major processes involved in regulating eating behaviour. 
Neural and metabolic signals continuously feed-back Information regarding nutrient availability 
and the intestinal milieu to homeostatic centres in the hypothalamus and brainstem. The 
appetitive network integrates information from food cues, such as sight, taste and smell, reward-
related information, social and emotional factors with cognitive processes.(10) Both homeostatic 
and hedonic drivers for eating behaviour are subject to individual predisposition from genetic and 
epigenetic factors. Abbreviations: interleukin-6 (IL-6), tumour necrosis factor (TNF), pancreatic 
polypeptide (PP), glucagon-like peptide-1 (GLP-1), peptide YY3-36 (PYY), oxyntomodulin (OXM), 
cholecystokinin (CCK), fibroblast growth factors (FGF); bile acids (BA).  
 
Figure 3: Brain activation by gut hormone PYY 
 
 
Figure 3 illustrates brain areas activated by intravenous infusion of PYY.(27) Part A and B 
demonstrate surface rendered views of the left and right hemispheres with superimposed areas of 
functional activity in response to PYY, depth of activation illustrated by image saturation (red). 
The axial slices illustrated in images 1-6 are indicated by blue dotted lines. 1-6: Axial slices with 
superimposed group functional activity from averaged echo planar images. The colour scale 
represents the functional activity T value and Z the Talairach Z co-ordinate of the axial slice. 
Abbreviations: anterior cerebellum (AC), anterior cingulate (A. cingulate), globus pallidus (G.Pal), 
inferior parietal lobule (IPL), middle frontal gyrus (MFG), medial superior frontal gyrus (MSFG), 
caudolateral orbitofrontal cortex (OFC), peptide YY3-36 (PYY), peri-aqueductal grey (PAG), 
precentral gyrus (PrCG), substantia nigra (SN), ventral tegmental area (VTA). Figure adapted from 
Batterham et al.(27)  
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