
Genetic factors

Genetic factors are of some importance; for example, 11%
of the variance in RMR in a human population is attribu-
table to inheritance (Garrow, 1988; Barsh & Schwartz,
2002; Cummings & Schwartz, 2003). However, the ‘obe-
sity epidemic’ that has occurred since 1990 cannot be
attributed to genetic changes, for which the time scale is
far too short, but instead to factors such as the increased
palatability, variety and availability of food (as well as less
exercise), which are some of the crucial drivers of food
intake and the amount of food that is eaten (Rolls, 2005a,b,
2006) and will be described later.

Endocrine factors and their interaction with
brain systems

A small proportion of cases of obesity can be related
to gene-related dysfunctions of the peptide systems in
the hypothalamus; for example, 4% of obese individuals
have deficient receptors (melanocortin 4 receptor) for
melanocyte-stimulating hormone (Barsh & Schwartz,
2002; Cummings & Schwartz, 2003; Horvath, 2005).
Cases of obesity that can be related to changes in the leptin
hormone satiety system are very rare (Farooqi et al. 2001).
Further, obese individuals generally have high levels of
leptin, so leptin production is not the problem; instead,
leptin resistance (i.e. insensitivity) may be somewhat re-
lated to obesity, with the resistance perhaps related in part to

smaller effects of leptin on arcuate nucleus neuropeptide
Y/agouti-related protein neurons (Munzberg & Myers,
2005). However, although there are similarities in fatness
within families, these similarities are as strong between
spouses as they are between parents and children, so that
these similarities cannot be attributed to genetic influences,
but presumably reflect the effect of family attitudes to food
and weight.

Brain processing of the sensory properties and
pleasantness of food

The way in which the sensory factors produced by the
taste, smell, texture and sight of food interact in the brain
with satiety signals (such as gastric distension and satiety-
related hormones) to determine the pleasantness and pal-
atability of food, and therefore whether and how much
food will be eaten, has been described earlier (see above)
and is shown in Fig. 1. The concept is that convergence of
sensory inputs produced by the taste, smell, texture and
sight of food occurs in the orbitofrontal cortex to build a
representation of food flavour. The orbitofrontal cortex is
where the pleasantness and palatability of food are repre-
sented, on the basis that these representations of food are
only activated if hunger is present and correlate with the
subjective pleasantness of the food flavour (Rolls, 2005a,b,
2006). The orbitofrontal cortex representation of whether
food is pleasant (given any satiety signals present) then
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Fig. 7. Areas of the human orbitofrontal cortex with activations correlating with pleasantness ratings for food in the

mouth. (a) Coronal section through the region of the orbitofrontal cortex from the random-effects group analysis

showing the peak in the left orbitofrontal cortex (Talairach coordinates x, y, z, - 22, 34, - 8, Z score 4.06), in which the

blood oxygenation level-dependent (BOLD) signal in the voxels (shown in yellow) was significantly correlated with the

subjects’ subjective pleasantness ratings of the foods throughout an experiment in which the subjects were hungry and

found the food pleasant, and were then fed to satiety with the food, after which the pleasantness of the food decreased

to neutral or slightly unpleasant. The design was a sensory-specific satiety design, and the pleasantness of the food not

eaten in the meal, and the BOLD activation in the orbitofrontal cortex, were not altered by eating the other food to

satiety. The two foods were tomato juice and chocolate milk. (b) Plot of the magnitude of the fitted haemodynamic

response from a representative single subject v. the subjective pleasantness ratings (on a scale from - 2 to + 2) and

peristimulus time (s). (After Kringelbach et al. 2003.)
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olfactory region shown in d. PST, post-stimulus time (s). (f) Parametric plots for the amygdala region shown

in c. R, right side of the brain. (After de Araujo et al. 2005.)
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drives brain areas such as the striatum and cingulate cortex
that then lead to eating behaviour.
The fundamental concept about some of the major

causes of obesity that this information leads to is that
sensory stimulation produced by the taste, smell, texture
and appearance of food, as well as its availability, has
increased dramatically over the last 30 years, yet the
satiety signals produced by stomach distension, satiety
hormones etc. have remained essentially unchanged.
Consequently, the effect on the brain’s control system for
appetite (shown in Fig. 1) is to lead to a net average
increase in the reward value and palatability of food
that over-rides the satiety signals and contributes to the
tendency to be overstimulated by food and to overeat.
In this scenario it is important to reach a much better

understanding of the rules used by the brain to produce the
representation of the pleasantness of food and how the
system is modulated by eating and satiety. The attainment
of this understanding and knowing how the sensory factors
can be designed and controlled so that satiety signals are
not overridden are important research areas in the under-
standing, prevention and treatment of obesity. Advances in
understanding the receptors that encode the taste and
olfactory properties of food (Buck, 2000; Zhao et al. 2003)
and the processing in the brain of these properties (Rolls,
2004, 2005a,b) are also important in providing the poten-
tial to produce highly-palatable food that is at the same
time nutritious and healthy.

Food palatability

A factor in obesity (as mentioned earlier) is food palat-
ability, which with modern methods of food production
can now be greater than would have been the case during
the evolution of man’s feeding control systems. These
brain systems evolved so that internal signals from, for
example, gastric distension and glucose utilisation could
act to decrease the pleasantness of the sensory sensations
produced by feeding sufficiently by the end of a meal to
stop further eating (Rolls, 2004, 2005a,b). However, the
greater palatability of modern food may mean that this
balance is altered, so that there is a tendency for the greater
palatability of food to be insufficiently decreased by a
standard amount of food eaten, and extra food is eaten in a
meal (see Fig. 1).

Sensory-specific satiety and the effects of variety on
food intake

Sensory-specific satiety is the decrease in the appetite for a
particular food as it is eaten in a meal, without a decrease
in the appetite for different foods (Rolls, 2004, 2005a,b),
as shown earlier. It is an important factor influencing how
much of each food is eaten in a meal, and its evolutionary
importance may be to encourage eating of a range of dif-
ferent foods, thus obtaining a range of nutrients. As a result
of sensory-specific satiety, if a wide variety of foods is
available overeating in a meal can occur. Given that it is
now possible to make available a very wide range of food
flavours, textures and appearances, and such foods are
readily available, this variety effect may be a factor in
promoting excess food intake.

Fixed meal times and the availability of food

Another factor that could contribute to obesity is fixed
meal times, in that the normal control of food intake by
alterations in inter-meal interval is not readily available in
human subjects, and food may be eaten at a meal time
even if hunger is not present (Rolls, 2005a). Furthermore,
because of the high and easy availability of food (in the
home and workplace) and stimulation by advertising, there
is a tendency to start eating again when satiety signals after
a previous meal have decreased only a little, and the con-
sequence is that the system again becomes overloaded.

Food saliency and portion size

Making food salient, for example by placing it on display,
may increase food selection, particularly in the obese
(Schachter, 1971; Rodin, 1985). Portion size is another
factor, with more food being eaten if a large portion is pre-
sented (Kral & Rolls, 2004), although whether it is a factor
that can lead to obesity, rather than just altering meal size, is
not yet clear. The driving effects of visual and other stimuli,
including the effects of advertising, on the brain systems
that are activated by food reward may be different in dif-
ferent individuals and may contribute to obesity.

Energy density of food

Although the gastric emptying rate is slower for high-
energy-density foods, it does not fully compensate for
the energy density of the food (Hunt & Stubbs, 1975;
Hunt, 1980). Thus, eating energy-dense foods (e.g. high-fat
foods) may not allow gastric distension to contribute
sufficiently to satiety. Consequently, the energy density of
foods may be an important factor that influences how much
energy is consumed in a meal. Indeed, it is notable that
obese individuals tend to eat foods of high energy density
and visit restaurants serving high-energy-density (e.g.
high-fat) foods. It is also a matter of clinical experience
that gastric emptying is faster in the obese than in thin
individuals, so that gastric distension may play a less-
effective role in contributing to satiety in the obese.

Eating rate

A factor related to the effects associated with the energy
density of food is eating rate, which is typically fast in the
obese and may provide insufficient time for the operation
of the full effect of satiety signals as food reaches the
intestine.

Stress

Another potential factor in obesity is stress, which
can induce eating and could contribute to a tendency to
obesity. (In a rat model mild stress in the presence of food
can lead to overeating and obesity. This overeating is
reduced by anti-anxiety drugs.)

Food craving

Binge eating has some parallels to addiction. In one rodent
model of binge eating access to sucrose for several hours
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each day can lead to binge-like consumption of the sucrose
over a period of days (Colantuoni et al. 2002; Avena
& Hoebel, 2003a,b; Spangler et al. 2004), and the binge
eating is associated with the release of dopamine. In this
model binge eating is brought close to an addictive pro-
cess, in that after the binge eating has become a habit
sucrose withdrawal decreases dopamine release in the
ventral striatum (a part of the brain involved in addiction to
drugs such as amphetamine), altered binding of dopamine
to its receptors in the ventral striatum is produced and
signs of withdrawal from an addiction occur, including
teeth chattering. In withdrawal the animals are also
hypersensitive to the effects of amphetamine. Another rat
model of binge eating is being used to investigate whether
the reinforcing cues associated with the binge eating of
fat can be reduced by the g-aminobutyric acid-B receptor
agonist baclofen (Corwin & Buda-Levin, 2004).

Energy output

If energy intake is greater than energy output, body weight
increases. Energy output is thus an important factor in the
equation. A lack of exercise or the presence of high room
temperatures may tend to limit energy output and thus
contribute to obesity. It should be noted, however, that
obese individuals do not generally suffer from a very low
metabolic rate. In fact, as a population, in line with their
elevated body weight, obese individuals have higher
metabolic rates than normal-weight individuals (Garrow,
1988); at least at their obese body weights, and it might be
interesting to investigate this aspect further.

Cognitive factors

As shown earlier, cognitive factors, e.g. preconceptions
about the nature of a particular food or odour, can reach
down into the olfactory system in the orbitofrontal cortex,
which controls the palatability of food, to influence the
pleasantness rating of an olfactory stimulus (de Araujo
et al. 2005). This process may have potential for control-
ling food intake and needs further investigation.

The psychology of compliance with information about
risk factors for obesity

It is important to develop better ways to provide inform-
ation that will be effective in the long term in decreasing
food intake while maintaining a healthy diet, and in pro-
moting an increase in energy expenditure by, for example,
encouraging exercise.

Conclusions

The reward value of food and its subjective complement,
the rated affective pleasantness of food, is decoded in pri-
mates, including man, only after several stages of analysis.
First, the representation of the taste of the food (its identity
and intensity) is made explicit in the primary taste cortex.
Only later, in the orbitofrontal cortex, is the reward value
made explicit in the representation, for it is here that
satiety signals modulate the responses of the taste and
flavour neurons. Thus, in the control of food intake the

reward value or pleasantness is crucial to the design of
how food intake is controlled, and the reward value is
represented only in specialised cortical areas. The orbito-
frontal cortex is, moreover, where multimodal represent-
ations of food, which include taste, texture, olfactory and
visual components, are built. The actual satiety signals are
complex and include sensory-specific satiety (computed
in the orbitofrontal cortex), gastric distension, gut satiety
signals, plasma glucose and hormones such as leptin.

Although representations of the taste and texture of food
are found in the primate, including the human amygdala
(O’Doherty et al. 2001; Rolls & Scott, 2003; Kadohisa
et al. 2005a,b; Wilson & Rolls, 2005), the primate orbito-
frontal cortex is more closely related to the changing
affective value of food than the amygdala (Sanghera et al.
1979; Rolls, 2000c; Rolls & Scott, 2003), as the orbito-
frontal cortex shows responses that decrease to zero as the
reward decreases to zero with satiety and the orbitofrontal
cortex tracks (and probably computes) the changing reward
value of stimuli as they are altered by stimulus–reinforcer
association learning and reversal. The outputs of the
orbitofrontal cortex reach brain regions such as the stri-
atum, cingulate cortex and dorsolateral prefrontal cortex,
where behavioural responses to food may be elicited
because these structures produce behaviour that makes the
orbitofrontal cortex reward neurons (which represent a
goal for behaviour) fire. At the same time, outputs from the
orbitofrontal cortex and amygdala, in part via the hypo-
thalamus, may provide for appropriate autonomic and
endocrine responses to food to be produced, including the
release of hormones such as insulin.

The brain areas where the pleasantness or affective
value of smell and taste are represented are closely related
to the brain areas involved in emotion. Emotions can use-
fully be defined as states elicited by rewards and punishers
(Rolls, 1999, 2005a), and olfactory and taste stimuli can be
seen as some of the classes of stimuli that can produce
emotional states. An important basis for appetite and
the regulation of food intake is that reward or affective
responses to the sensory properties of food drive food
intake and are modulated or gated by satiety signals, as
indicated in Fig. 1. Understanding the operation of the
hedonic regulatory system for the sensory properties of
food is important, as shown earlier, for understanding the
normal regulation of food intake and dysfunctions that can
arise and contribute to obesity.
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