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Abstract

in water, such as fruit and vegetables.

Extensive research has been done into the effects of dietary energy density on satiety. Research has shown that
people tend to eat the same weight of food each day. The energy density of the diet is an effective way of increasing
satiety and at the same time reducing energy intake. Thus, by reducing the dietary energy but keeping the weight of
the food the same, is feasible to consume less energy and feeling more full and achieve a healthy body weight. A low
energy density diet can be achieved by eating more foods with high water content; this includes dishes where water
is added during cooking, foods like pasta and rice that absorb water during cooking, and foods that are naturally high
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Introduction

According to the World Health Organization (WHO) [1] obesity
is one of the greatest public health challenges of the 21st century, and
its prevalence is increasing, reaching globally more than 1 billion
overweight adults at least 300 million of them being obese. Obesity and
overweight is associated with chronic conditions, including metabolic
syndrome, type 2 diabetes, hypertension, cardiovascular disease,
and stroke [2,3]. The regulation of energy balance is complex and
behavioural, genetic, hormonal and neural influences are involved [4].
Studies of twins and families have indicated that heredity plays a part
in the development of obesity, as well as other genetic influences - such
as gene - encoding leptin mutations [5-8]. However, though more than
400 genes have been implicated in the regulation of the body weight,
only 5% of obese people have genetic conditions or mutations that
are linked to obesity. Therefore, gene-environment interactions must
account for a significant proportion of cases of obesity. Since obesity
occurs when there is an imbalance between energy intake and energy
expenditure, the two main preventable causes are excess energy intake
and inadequate levels of physical activity.

Source of data

We searched MEDLINE® and reference lists of literature on the role
of dietary energy density and satiety on weight management in January
2009. Initial MEDLINE search using the keys words “macronutrient
intake” and “weight management” provided 82 entries spanning
from 1983 to 2009. This was considered inconsistent and an extended
search using a combination of key words like “low-energy-density
diet”, “high-energy-density diet”, “macronutrient intake”, and “weight
management” yielded 1,500 entries extending from 1970 to 2009.
The database obtained was contracted by eliminating duplicates, case
reports, studies on diseases and studies without weight management
or energy density diet as main focus. The final database consisted of
160 studies. Some of these publications included multiple reports from
the same studies. The data sources are mentioned wherever used in the
text.

Energy density

Energy density is defined as the energy content per unit weight
of foods (Kcal/g). Low energy density foods provide less energy per
gram of food so the amount of food eaten is more without consuming
too many calories. Low energy density foods include foods with high
water content, such as soups, foods like pasta and rice that absorb
water during cooking, and foods that are naturally high in water, such
as fruit and vegetables. Foods that are high in fibre, such as wholegrain

breads and cereals, and lower fat foods also tend to have a lower energy
density. High energy density foods tend to include foods that are high
in fat and have a low water content, for example biscuits and, crisps,
nuts, oil and cheese.

Studies have shown that people tend to consume about the same
amount (weight) of food each day, but not necessarily the same amount
of energy (calories). So it is possible to trick ourselves into consuming
less energy, without feeling hungry by eating a lower energy density
diet, which still makes up the same weight of foods overall throughout
the course of a day.

Physiological studies have shown that humans have a weak innate
ability to recognise foods that are energy-dense and have a difficulty to
compensate for this over the short-term, if large amounts of these foods
are consumed [9]. Consequently, it is likely that if the over consumption
of foods with high energy density become habitual, will increase the
body fat [10]. Foods with high energy density tend to be associated with
high palatability and, if consumed during activities such as television
viewing, it is thought that satiety is not recognised, and thus leading
to increased consumption of these foods [11]. Foods with high energy
density generally cost less than those of low energy density, such as
fresh fruit and vegetables, and lean meat, and are usually more widely
available [12].

There is some evidence from epidemiological studies that a low-
energy-density diet is associated with a lower body weight [13]. Studies
have shown a link between the low energy density of the diet and lower
body weight, through high intakes of fruit and vegetables [14,15].

When the energy density of foods is determined by their
macronutrient content, it has been shown to be related to average
energy intake in short-term studies; this is not the case when energy
density is only determined by the water content of foods [14]. Both
dietary restraint and the changing of portion sizes to accommodate the
changes in energy density occur in the long-term. Therefore, it does
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not allow for extrapolation of these results to the long-term, and long-
term studies may find differing effects. Rolls et al. have investigated the
role of energy density in weight loss in two long-term (1-year duration)
studies in men and women [13]. In the first study, they found that those
who consumed foods of low energy density lost more weight than those
who consumed foods of high energy density, even when total energy
intake was similar between groups. In the second study, participants
were given dietary counselling - the first group was given some very
general advice to choose lower-fat foods and to increase intake of foods
that were high in water content, and the other group were given more
intensive counselling and asked to restrict the amount of food eaten
by limiting portion sizes, as well as decreasing the amount of fat. Both
of these strategies allowed for the reduction of energy density without
having to assess the amount of energy being consumed, and both
groups lost weight, with the group who consumed the diet of lower
energy density losing the greater amount of weight.

Satiety

Satiety is the feeling of fullness after eating which suppresses the
urge to eat for a period of time after a meal. Such feelings of fullness
play an important role in controlling how much we eat. If we feel really
full or ‘satiated’ after a meal then we are likely to go much longer before
we feel hungry and may eat less at the next meal. But, if we do not
feel very full then we are likely to get hungry again more quickly and
may be tempted to snack or eat more at the next meal. So, if we can
understand how to enhance these feelings of fullness or ‘satiety’, we can
help to control how much we eat.

Satiety is controlled by a number of factors that begin when a food
or drink is consumed and continue as the food enters the gut and is
digested and absorbed. Signals feed into specific areas of the brain in
response to the expansion of the stomach, our sensory responses and
the brain’s perceptions of the food and drink consumed. Hormonal
signals are also released in response to the digestion and absorption of
nutrients. There are also hormones that tell the brain how much fat we
have stored in the body, which affect satiety over the longer term. These
signals are integrated in areas of the brain involved in the regulation
of energy intake, which lead to the feeling of satiety. Although we can
feel our stomachs filling up as we eat, it can take 15-20 minutes after
food is first eaten, for the full range satiety signals to reach the brain.
By this time, and for some time afterwards we will experience feelings
of fullness.

Despite these sophisticated mechanisms that exist to control
energy intake, people often still eat when they feel full or refrain from
eating when hungry. There are many other factors that influence eating
behaviour, in addition to the body’s satiety signals, such as portion size,
the variety of food and drinks available, emotional states and the social
situation around an eating occasion.

Protein

Protein is the most satiating of all the macronutrients, and results
from several studies show that a high-protein meal leads to decreases in
subsequent food intake when compared with ingestion of a meal low in
protein, and that when meals of similar energy content are consumed,
the high-protein meal is the most satiating [16-19]. It is thought that
high-protein diets lead to increased satiety and dietary thermogenesis,
resulting in a decrease in total energy intake.

Halton and Hu [20] have recently reviewed the literature comparing
the effects of lower and higher-protein diets on total weight change,
total body fat change, satiety and the association with subsequent
energy intake after the test meals. Fourteen studies, in both men and
women, have investigated the effect of high protein intake on satiety by

measuring satiety over a period of hours after meals of different protein
content. The majority of these studies found that when subjects were
given the pre-loads with the higher protein content, compared with
either high fat, carbohydrate or alcohol levels, satiety was increased
[21,22]. While some of these studies gave protein pre-loads that were
unsustainable for daily consumption (around 75% of total energy from
protein), significant increases in satiety were still found after more
modest increases in protein content over the period of a few hours [23].

If satiety is increased after a high-protein meal, then it is important
to know whether this will affect energy intake in subsequent meals. In
eight out of 15 studies has been have found that high protein pre-loads
were related to a decrease in energy intake at a subsequent meal [20].
These studies all used protein in the form of solid foods, whereas the
studies that found no relationship between high protein pre-loads and
satiety included those that gave test drinks in liquid form. The studies
that found significant effects were also those that used higher pre-loads
of protein (around 50% of total energy).

Evidence suggests that both appetite and subsequent energy intake
are equally reduced after consumption of different carbohydrate and
protein pre-loads, but that differences occur in the response of the
gastrointestinal hormones, cholecystokinin and ghrelin, with glucose
consumption leading to increased appetite and further glucose
consumption [24]. Glucose consumption may be controlled by ghrelin,
whereas cholecystokinin concentrations increased after protein
ingestion, which may be responsible for the increased satiety that
occurs after ingestion of high-protein foods.

The typical thermic effect of carbohydrate and fat is under half
that of protein [25]. Out of 15 studies that have looked at the thermic
effect of protein, all of them found it to be larger than that of either
carbohydrate or fat [20]. The extra energy expended between the
isocaloric diets (which only differed in terms of protein content) could,
in theory, lead to a weight loss of between 1 and 2 kg per year.

If energy expenditure can be manipulated by increasing protein
intakes, while holding the overall energy intake as constant as possible,
then high-protein diets should lead to weight loss. When the results
of 15 studies investigating the effects of such diets on weight loss were
compared, the findings were inconsistent, with seven studies finding
that diets that were high in protein, compared with those that were
high in carbohydrate, led to greater weight loss [20]. Interestingly,
the studies of shorter duration (less than 6 months) tended to find no
significant differences in weight loss between the different diets [26,27].
However, we cannot draw conclusions about the effects of these diets,
as the studies included in the review were of different design and
duration. Furthermore, total energy intake was not identical, which
means that any differences in weight loss could be due to the differences
in total energy and not protein content.

Carbohydrates

In observational studies, sucrose intake is generally negatively
associated with fat intake, but the effects of refined sucrose on appetite
and weight control are unclear [28-32]. Some studies have found that
ingesting sucrose can delay onset of hunger and subsequent eating,
while others have found that carbohydrate ingestion can trigger
cravings for more carbohydrates and an increase in energy intake
[33,34]. These contradictory effects may be due to whether simple
or complex carbohydrates are ingested, or whether the carbohydrate
is in liquid or solid form [31,35]. Evidence from cross-sectional and
cohort studies suggest that there is a significant positive relationship
between sugar-sweetened drinks intake and overweight and obesity,
both in children and in adults [36]. There is little available evidence
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from intervention trials, but results from the available trials indicate
that interventions in children and adolescents to reduce intakes of
these drinks have led to decreased weight [36]. Between the 1970s and
1990s, most dietary advice advocated diets that were low in fat and high
in carbohydrates. A potential difficulty for compliance to these diets is
that low-fat, high-complex-carbohydrate food sources are of relatively
low energy density, which may affect satiety [22]. Refined carbohydrate
ingestion has adverse effects on insulin metabolism and is associated
with type 2 diabetes [37]. Melanson [38] found that the increased
satiation from high-carbohydrate diets versus high-fat diets may have
been due to the differences in blood glucose levels and patterns after
ingestion of the two diets.

In contrast, other studies have found that sucrose delays hunger and
subsequently eating [39]. Some studies have found that sugar intake is
negatively correlated with fat intake, while other studies have found a
positive relationship between the two nutrients [40,41]. The inconsistent
effects across previous studies may be due to methodological variations
between studies. If subjects are aware of, or are able to anticipate, what
they will receive in the second part of a crossover design, then they
may behave according to their expectations, rather than because of
specific physiological changes [42]. Most of the previous studies have
concentrated on the short-term effects of carbohydrate consumption
and do not take into account any adaptation that may occur over the
longer-term [28,43,44].

There are a few long-term studies of the effects of refined
carbohydrate diet, following participants for days and weeks, rather
than hours. The majority of these have been focused on overweight and
obesity, and all have assessed the role of simple carbohydrates in low-
fat weight-loss diets. Surwit and Poppitt [45,46] found that sucrose in
the diet led to similar weight loss to diets lower in simple carbohydrate.
Both studies used complex, nutrient-controlled diets, so subjects knew
what they were eating but were not necessarily aware of the overall
sucrose or carbohydrate content of the diet. Brinkworth [47] also found
that high-carbohydrate, low-fat diets led to equivalent weight loss over
more than 1 year. In contrast, Raben [48] found that a high-starch diet
led to weight loss compared with high-sucrose or high-fat diets, but
that people preferred the high-sucrose diet. Participants gained weight
slightly on the high-sucrose diet, owing to increased energy intake
from sweet drinks. Raben [49] found that sucrose supplementation
increased energy intake over 10 weeks, with consequent increases in
body mass index (BMI).

There have been a further three blinded trials in which either sugar
or aspartame have been added to the habitual diet of normal-weight
participants. Tordoff and Alleva [50] found that fructose increased
energy intake over 3 weeks compared with aspartame, although the
effect was complicated by gender differences. Reid and Hammersley
[42], in a 7-day study, found that on day 1, participants receiving
aspartame-sweetened drinks ate fewer grams of carbohydrate and had
fewer eating episodes that included a high proportion of sugar.

Dietary fibre/non-starch polysaccharides

Dietary fibre intake is inversely related to body weight and body
fat in many studies and high intakes of fibre have been associated with
weight loss [51-53]. Fibre can moderately lower the energy density
of meals. These beneficial effects of fibre are thought to be owing to
a variety of factors - foods that are high in fibre may displace those
foods that are high in fat and energy-dense. Also, high-fibre foods
require more chewing, which leads to the production of more saliva
and gastric secretions that fill the stomach and increase satiety. Satiety
is also increased owing to the bulk of the fibre in the stomach. Third,

fibre is thought to decrease absorption of nutrients from the small
intestine [54]. Increasing fruit and vegetable consumption has also
been associated with a decrease in body weight [55].

High-fibre foods, such as wholegrains, are generally rich in fatty
acids, lignans, vitamins and minerals, and when these are refined to
separate out, the bran, germ and endosperm losses in these macro-
and micronutrients occur. Wholegrains are digested and absorbed
more slowly than refined grains, and thus have low glycaemic index
values. A review of the literature suggested that increased consumption
of wholegrains can improve insulin sensitivity and also lower serum
insulin concentrations. Both soluble and insoluble fibre intake has
also been shown to be inversely associated with body weight in
observational studies, as well as insulin, cholesterol and blood pressure
[56]. High levels of soluble fibre may exert their effects on insulin
sensitivity by slowing the absorption of macronutrients, and may also
result in increases in cholecystokinin, which plays a role in controlling
gastric emptying.

Fat

Fatis the principal source of energy, containing 9 kcal per gram, and
there is overwhelming evidence that high intakes of saturated and trans
fatty acids are associated with many obesity-related chronic conditions,
such as cardiovascular disease [57]. Traditionally, low-fat diets are
recommended for weight loss, in order to reduce cardiovascular risk.
If low-fat diets are recommended for weight loss, then this necessarily
means that proportions of carbohydrate and protein are increased
at the expense of fat. As stated before, foods that are high in fat are
generally of high energy density.

A systematic review of 12 randomised controlled trials investigating
the effects of low-fat diets on weight loss found that the low-fat
diets not only produced significant weight loss, but also resulted in
improvements in blood pressure, cholesterol and glucose levels after 12
months of intervention [58]. Results from these studies also indicated
that low-fat diets were more effective for weight loss than either low-
carbohydrate or low-protein diets. However, there are very few studies
that investigated the effects of these diets over a longer-term. Three
studies had follow-up for up to 3 years, and the maximum period of
follow-up in any study was 5 years [59-62].

Although high fat intake has been shown to be related to higher
body weight in numerous studies, not everyone with a high fat intake
will become overweight or obese [63]. Therefore, there are factors other
than nutrient intake that can affect an individual’s susceptibility to gain
weight, including rare genetic factors [7]. Blundell reviewed results
from several very large-scale surveys of diet and weight, to investigate
some of these factors in men who habitually consumed a high-fat diet
[64]. They compared men who had put on weight and subsequently
increased their BMI with men who had maintained a BMI within the
‘normal’ range (i.e. 20-25 kg/m2). They identified several factors that
influenced whether a habitual high-fat diet led to subsequent weight
gain. Those who were of higher BMI experienced lower levels of satiety,
increased desire for foods, and increased feelings of pleasure from
eating, and some experienced heightened senses of smell and taste of
foods. Those with a higher BMI may also have differences in the release
and action of substances involved in the regulation of appetite and
metabolism, such as insulin, cholecystokinin, leptin, adiponectin and
ghrelin, which can lead to poorer appetite control. Such subjects also
tended to eat larger meals, snack more frequently, and consume more
energy-dense foods.

Physical activity

Epidemiological evidence indicates that there is an inverse
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relationship between physical activity and measures of body
composition, such as waist circumference, waist: hip ratio and
abdominal fat measured by dual-energy X-ray absorptiometry [65-67].
Evidence indicates that low levels of physical activity are associated
with a not very healthy diet [68,69]. Obesity may be a barrier of
being active. While energy expenditure is clearly also very important,
an overwhelming body of evidence indicates that energy intake is
associated with overweight and obesity in adults.

Conclusion

There is no conclusive evidence to suggest that the macronutrient
composition of a low energy diet influences dramatically the rate and
the extent of weight loss in obesity and overweight in the long term.
It is apparent that low-fat diets help to promote weight loss, and that
replacing fat with either carbohydrates or protein increases satiety and
the thermic content of the diet. Nevertheless, it is important to note
that excess energy in any form will enhance body fat accumulation.
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