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Much of the research in ingestive behavior has focused on the macronutrient composition of foods; however,
these studies are incomplete, or could be misleading, if they do not consider the energy density (ED) of the
diet under investigation. Lowering the ED (kcal/g) by increasing the volume of preloads without changing
macronutrient content can enhance satiety and reduce subsequent energy intake at a meal. Ad libitum intake
or satiation has also been shown to be influenced by ED when the proportions of macronutrients are
constant. Since people tend to eat a consistent weight of food, when the ED of the available foods is reduced,
energy intake is reduced. The effects of ED have been seen in adults of different weight status, sex, and
behavioral characteristics, as well as in 3- to 5-year-old children. The mechanisms underlying the response to
variations in ED are not yet well understood and data from controlled studies lasting more than several days
are limited. However, both population-based studies and long-term clinical trials indicate that the effects of
dietary ED can be persistent. Several clinical trials have shown that reducing the ED of the diet by the
addition of water-rich foods such as fruits and vegetables was associated with substantial weight loss even
when patients were not told to restrict calories. Since lowering dietary energy density could provide effective
strategies for the prevention and treatment of obesity, there is a need for more studies of mechanisms
underlying the effect and ways to apply these findings.
© 2009 Elsevier Inc. All rights reserved.
With the surge in the incidence of overweight and obesity,

effective dietary strategies for weight management are needed. On
the surface the issue is clear-cut: simply reduce energy intake below
energy expenditure. There is, however, much debate and controversy
over ways to achieve this goal. Variations in the proportions of
macronutrients (carbohydrates, fat, and protein) in the diet have been
proposed as a means to facilitate weight loss. Low-fat diets, low-
carbohydrate diets, and high-protein diets have all been in vogue
during the past 20 years. This focus on the macronutrients in the diet
drives much of the basic and applied research in the study of ingestive
behavior and has enhanced understanding of underlying mechanisms
of hunger and satiety. However, studies of the effects of macronu-
trients are incomplete, or could be misleading, if they do not consider
the energy density of the diet under investigation. The goal of this
review is to summarize recent studies that have extended our
understanding of the role of energy density in the control of food
intake and to discuss some of the issues that require further
investigation.
1. What is energy density?

Energy density is the amount of energy (calories or joules) in a
particular weight of food. It is generally presented as the number of
ll rights reserved.
calories per gram of food (kcal/g). Energy density values, which are
influenced by themacronutrient composition andmoisture content of
foods and beverages, range from 0 kcal/g to 9 kcal/g. Because of its
high energy content, fat (9 kcal/g) influences energy density values
more than carbohydrate or protein (4 kcal/g). Foods and beverages
with a high fat content generally have a relatively high energy density;
but a high moisture content lowers the energy density of foods, even
those high in fat. Water lowers the energy density of foods because it
contributes weight but not energy. Since beverages are primarily
water, they tend to have a lower energy density than most foods.

If a person consumes a consistent weight of food, then even
modest changes in energy density can have a significant impact on
daily energy intake. For example, on a typical day an adult might
consume 1200 g of food with an overall energy density of 1.8 kcal/g,
giving an energy intake of 2160 kcal. If the average energy density of
the diet was decreased by 0.1 kcal/g while the same weight of food
was consumed, then the individual would ingest 2040 kcal. Thus, a
relatively small change in the overall energy density of the diet would
reduce energy intake by 120 kcal per day. Recent research has
indicated that reductions in the energy density of foods can be used
strategically to maintain satiety and to moderate energy intake.
2. Consumption of low-energy-dense preloads can enhance satiety

Satiety refers to the effects of food after eating has ended. To study
satiety, a fixed amount of a defined food (a preload) is consumed; after
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Fig. 1. Mean (±SE) energy intake at lunch (soup+entrée intake) of 60 women and
men in a study testing the effect of varying the form of soup on lunch intake. Subjects
consumed significantly less total energy at lunch when soup was eaten as a first course,
regardless of its form, compared to when no soup was eaten ⁎(pb0.0001) Reproduced
with permission from Appetite [10].
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an interval of time, the effect of the preload on subsequent test meal
intake is measured. Satiety is also assessed by post-preload ratings of
fullness using tools such as visual analog scales. The preloading
paradigm has been used extensively to assess how foods and food
components vary in their effects on satiety. Such studies have the
potential to not only enhance understanding of biological and
behavioral influences on satiety, but also could lead to the develop-
ment of food products to help with weight management.

Studies employing preloads have indicated that there are numer-
ous influences on satiety, encompassing not only the nutrient and
energy content of foods, but also sensory and physical attributes, as
well as the consumer's previous experiences with the foods. Of
particular interest to this review is whether satiety is affected by the
energy density of foods. To test the independent effect of energy
density, the energy and macronutrient content as well as the
palatability of the preloads should be matched when the energy
density is changed. This can be achieved by the addition of water to
food which will increase the weight and volume, thus decreasing the
energy density. In one study, decreasing the energy density of a milk-
based preload by adding water and thus increasing the volume (300,
450, or 600 ml) led to a significant reduction in subsequent energy
intake [1].

In another study, we determined whether drinking water as a
beverage along with a meal had a similar effect on satiety as incor-
porating an equivalent amount of water into the food. On different test
days, participants consumed no preload or one of three isoenergetic
preloads varying in water content before an ad libitum test meal.
The preloads were a chicken and rice casserole, the casserole served
with a 10-ounce glass of water, or the casserole and the 10 oz of water
cooked together to make a soup. Participants consumed 26%
less energy at lunch and rated themselves less hungry and fuller
after consuming the soup than after either the casserole alone or the
casserole served with water. This indicated that water can have
a greater impact on satiety when incorporated into a food, there-
by reducing its energy density, than when consumed as a beverage
along with a food [2].

The mechanisms underlying the effects of reduced energy density
and increased volume on satiety are likely complex and still not well
understood. Cognitive and sensory factors related to the volume of
food and beliefs about the satiating capacity of different foods are
involved. We have shown, for example, that the declining hedonic
response to a food as it is consumed (sensory-specific satiety) is
affected more by the amount of food consumed than by its energy
content [3]. However, the energy density of food can also affect satiety
when sensory cues are bypassed, as demonstrated in a study in which
the volume and energy content of preloads infused intragastrically
were varied independently. Increasing the volume of the infused
preload, but not its energy content, enhanced satiety [4]. Studies of
gastric emptying in humans indicate that energy density has a greater
effect than themacronutrient composition of foods [5,6]. Reducing the
energy density of test foods slowed gastric emptying and this could be
part of the explanation of the enhanced satiety. With the growing
interest in the role of energy density in the control of energy intake,
there is a need for systematic studies of basic physiologic responses to
the energy density of foods; in particular, more studies are needed on
the effects of the water content of foods and beverages on satiety
mechanisms.

3. Preload characteristics that can moderate the effect of
energy density

In order to systematically investigate the mechanisms underlying
the influence of energy density on satiety, we need a better
understanding of how other properties of foods moderate the effect.
The response to variations in preload volume by the addition of water
has not been consistent. Several studies have failed to find that adding
water to soup preloads influences satiety [7,8]. Although negative
findings aremore difficult to interpret than those that are positive, one
explanation that has been offered is that volume is more influential
when preloads are large. Another possibility is that there may be a
threshold concentration for nutrients in the gastrointestinal tract
before volume alone affects satiety and energy intake [8]. It is also
likely that the type of macronutrients in the preload will influence
satiety [9].

In addition, as the energy density of a food varies, its physical
properties such as viscosity and texture are likely to change and this
could affect chewing, oro-gastric handling of foods, and absorption.
Effects on satiety of changes in the form of a food independent of other
food properties can be tested with a food such as soup where the form
can be varied simply by keeping ingredients separate in chunks or by
blending them together to make a puree. We tested the effects on
meal intake of consuming preloads of four different soups with the
same energy density and containing the same ingredients: broth and
vegetables served separately, chunky vegetable soup, chunky-pureed
vegetable soup, or pureed vegetable soup [10]. Consuming a low-
energy-dense soup as a preload led to a significant reduction in test
meal intake compared to consuming no preload (Fig. 1). However, the
type of soup did not significantly influence test meal intake. Overall,
following the soup preloads, subjects reduced total energy intake at
lunch by 20%. This finding does not preclude the possibility that food
properties such as viscosity and texture could affect satiety, but it is
likely that such influences are relatively small compared to that of
energy density.

Soup is a liquid that is perceived as a food and the perception of a
preload as a food or as a beverage could have an effect on satiety. The
question of whether energy in a liquid form affects satiety differently
to that in a solid form is one of the most debated issues in ingestive
behavior [11–13]. Of interest to the current review is that, while soup
is a low-energy-dense liquid food that increases satiety, other low-
energy-dense liquids such as soda have been found in some studies to
have little effect on satiety and to contribute additional energy to a
meal [11,14,15]. Such findings appear to contradict the suggestion that
the water content of a preload is a critical determinant of satiety. It is
possible that very dilute liquid calories or beverages composed of few
nutrients, such as sugary drinks, fail to engage hunger mechanisms,
and instead are recognized as beverages that influence thirst.
However, not all data are consistent with this hypothesis. Some



611B.J. Rolls / Physiology & Behavior 97 (2009) 609–615
studies have found soda andmore complex fluids such as milk to have
similar effects on satiety [12,14]. Indeed, several studies have indicated
that solid foods do not always have a greater effect on satiety than
liquids [12].

In studies comparing solids and liquids, variations in form have not
been systematically disentangled from those related to energy
density. Thus, we tested whether consumption of the same food in
either a solid or liquid form had similar effects on satiety when the
energy density was matched. On average, beverages are around ten-
fold lower in energy density than foods because of their high water
content, but it is possible to vary a food between solid and liquid states
without changing the energy density. Fruit is well-suited to such an
investigation since it is consumed in solid, pureed, and liquid forms
that can be similar in energy density. We tested how consuming
preloads of apples in different forms prior to a meal (whole apple,
applesauce, and apple juice with and without added fiber) influences
satiety and energy intake at a meal when matched for weight, energy
content, energy density, and ingestion rate [16]. We found that eating
whole apple reduced lunch energy intake by 15% compared to no
preload, and decreased energy intake compared to applesauce and
both juices. Overall, whole apple increased satiety more than
applesauce or apple juice (Fig. 2). Adding naturally-occurring levels
of fiber to juice did not enhance satiety. This study shows that when
considering the impact of energy density on satiety, other properties
of the preload such as its physical formmust be considered since these
could moderate the outcome.

The size of a preload can also influence the effect of energy density
on satiety. For example, we found that the portion size and energy
density of a preload of salad combined to influence meal intake.
Subjects were required to consume a first course salad, which was
varied in energy density and portion size on different days, followed
by a main course of pasta [17]. Compared to having no first course, a
low-energy-dense salad as a first course led to a decrease in total
energy intake at the meal. This reduction in energy intake was greater
when subjects consumed the larger rather than the smaller low-
energy-dense salad. Consuming either portion of the high-energy-
dense salad increased energy intake at the meal. Thus, when assessing
the effects of variations in the energy density of a preload it is
important to understand that the outcome will be affected by the
amount consumed as well as the total energy content.
Fig. 2.Mean (±SE) total energy intake at lunch (preload+test meal) for 58 subjects in
a study testing the effects on satiety of apple preloads in different forms. Preloads were
matched for weight, energy, energy density, and ingestion time; the apple segments,
applesauce, and apple juice with fiber preloads were matched for fiber content. Means
with different letters are significantly different (pb0.05) based on a mixed linear model
with repeated measures. Reproduced with permission from Appetite [16].
In summary, the energy density of a preload can be used
strategically to affect total energy intake in a meal. However, at
present we have only a rudimentary understanding of the many
variables that can influence the response to variations in preload
energy density. These include properties of the preload and the test
meal, timing of consumption, and hunger levels. In addition, little is
known about whether effects of preload energy density are sustained
beyond a single meal. Such basic studies should lead to a better
understanding of the mechanisms underlying satiety and to the
development of food-based strategies to enhance satiety.

4. Energy density and satiation: Effects on ad libitum energy intake

Energy density can influence energy intake not only by enhancing
satiety, but also through effects on ad libitum intake. Ad libitum intake
is an indicator of satiation, or the processes leading to the termination
of eating during a meal. The study of satiation is challenging because
even slight differences in the palatability of the test foods could
obscure effects on intake related to variations in meal components.
Until recently, most studies of satiation focused on the influence of the
macronutrient content of the diet. It was found, for example, that
reducing the proportion of fat in the diet decreased energy intake
even when palatability did not vary [18,19]. In such studies dietary
energy density also changed and it is therefore not clear whether
satiation was affected by the proportions of macronutrients or by
dietary energy density. It is possible, however, to separate these effects
by adjusting the water content of foods. This can be achieved either by
diluting foods or by adding low-energy, water-rich vegetables. Several
studies have shown that when these techniques were used to hold
energy density constant, even large variations in the proportion of
energy from fat in the diet (20 to 60%) had no significant influence on
energy intake [20–23].

On the other hand, variations in the energy density of foods did
influence ad libitum energy intake when the proportions of macro-
nutrients were held constant [23,24]. In a study in which energy
density was manipulated, participants were served all of their meals
for two days on three separate occasions [24]. After consuming a
standard breakfast, they freely consumed lunch and dinner entrees,
which varied in energy density (low, medium, and high), along with
compulsory side dishes. Variations in energy densitywere achieved by
manipulating the proportion of vegetables and pasta in the meals;
thus, low-energy-dense meals contained more water than those
higher in energy density. The meals were rated as equally palatable
and the macronutrient composition was similar across energy density
manipulations. Even with a relatively large (30%) reduction in the
energy density of the available foods, participants consumed a similar
weight of food across conditions. Therefore, the cumulative energy
intake over the two days was around 30% less in the lowest energy
density condition compared to the highest. Despite differences in total
energy intake between the diets, participants rated their hunger and
fullness as similar, probably because they ate a consistent weight of
food across conditions.

The available evidence from such controlled trials suggests that the
effects of dietary energy density on energy intake are stronger than
those related to variations in macronutrients. However, these lab-
based studies have been criticized because of constraints imposed by
the test situation; often participants could only adjust intake by eating
more or less of the manipulated foods [25].While this probably does
limit the potential for compensatory changes in intake, energy density
has been shown to affect energy intakewhen only a portion of the diet
is manipulated and participants can freely consume a variety of
unmanipulated foods. In an experiment comparing obese and lean
participants, energy intake was measured across a four-day period
[23]. Compulsory main course foods representing around 50% of each
individual's meal energy intake were manipulated in either energy
density or fat content, and the palatability of the foods was matched.



Fig. 3. Mean (±SE) cumulative energy intake over two days in 26 preschool-age
children who were served foods and beverages that were lower in energy density at
breakfast, lunch, and afternoon snack. Therewas a significant effect of energy density on
cumulative energy intake starting at breakfast on day 1 and accumulating over the
course of the two days when assessed by a mixed linear model (pb0.01) Reproduced
with permission from the American Journal of Clinical Nutrition [37].
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Overall, both lean and obese participants reduced energy intake of
self-selected foods at meals by 16% when they consumed the low-
compared to the high-energy-density main courses, whereas both
groups failed to respond to differences in the fat content of the main
courses. There was no tendency to compensate for the reduction in
energy intake over the four-day period and ratings of hunger did not
differ between the diets. Thus, the energy density of the diet affected
satiation when only a portion of the diet was manipulated and the
effect persisted over several days [23].

5. Do characteristics of the individual affect satiation?

Most of our understanding of the effects of dietary energy density
comes from studies in young to middle-aged adults. In these studies,
no systematic relationship has been demonstrated between subject
characteristics such as weight status, dietary restraint, and disinhibi-
tion and the response to variations in energy density. It is of particular
interest to determine whether the effect of energy density is robust
across different age groups, since it is thought that the control of
energy intake changes with age. It has been reported that young
children are better at responding to the energy content of foods than
adults [26], while elderly individuals are relatively insensitive to
variations in energy [27]. For example, when the energy density of
foods available to hospitalized elderly patients was increased over
15 weeks there was a persistent increase in daily energy intake [28].

The suggestion that young children are responsive to variations
in the energy content of foods is based primarily on studies showing
that preschool children adjust their subsequent energy intake in
response to the energy density of a preload. In some cases, children
compensated for energy intake from the preload by reducing their
intake of the main course, so that they consumed a consistent amount
of total energy across meals [26,29,30]. However, in other cases com-
pensation has been incompletewith some children overcompensating
for energy intake from the preload, and thus under-eating at the
meal, and others under-compensating, and thus increasing meal
energy intake [31–33]. While these studies have shown that children
can make some adjustments to their energy intake in response to
the energy density of preloads, they do not indicate how children
would respond to foods varying in energy density that are consumed
ad libitum.

We have addressed this in several recent studies by offering
children foods varying in energy density and allowing them to eat as
much or as little as they like. In these tests of satiation, young children
behaved similarly to adults. In a study in 5- to 6-year-olds [34], the
energy density of a main course of macaroni and cheese was lowered
by reducing the fat content. Despite the difference in the energy
density, children, like adults, consumed a consistent weight of the
entrée and of the other unvaried foods served at the meal so that they
consumed significantly less energy from the entrée and from the
entire meal. Comparable findings have been reported in a younger
sample of children (2–5 years old) using a similar protocol and entrée
[35].

Children responded in a similar manner when the energy density
of a pasta dish was reduced not only by lowering the fat content but
also by adding extra vegetables [36]. Preschool children again
consumed a consistent weight of both versions of the pasta and the
other items offered at the meal. Therefore, they ate significantly less
energy from the pasta and the entire meal when the energy density of
the pasta was reduced. The addition of extra vegetables did not affect
preference ratings, but had the beneficial effect of increasing
vegetable intake.

Thus, reductions in energy density lowered the energy intake of
preschool children at a single meal. However, if children are sensitive
to variations in energy content, they may compensate when the
manipulation is extended over several days. This possibility was tested
in children in a childcare facility that were provided with all of their
meals (breakfast, lunch, afternoon snack, dinner, and evening snack)
for two days in two experimental sessions [37]. During one session,
the foods and beverages served at breakfast, lunch, and afternoon
snack on both days were reduced in energy density by 19% to 33%.
Decreases in energy density were achieved using various strategies,
such as reducing fat and sugar content and increasing fruit and
vegetable content. Similar to findings from single-meal studies, the
children ate a consistent weight of foods and beverages over two days
in both sessions, and therefore, they consumed significantly less
energy when served the lower-energy-dense versions (Fig. 3).

Since energy density has a persistent effect on children's energy
intake, reductions in energy density could possibly be used strategi-
cally to prevent excess energy intake in young children. However,
studies are needed to determine whether over periods longer than
several days children will sense an energy deficit, or learn that foods
reduced in energy density are not satisfying and adjust their energy
intake. Interestingly, while there have been no long-term interven-
tions examining children's responses to reductions in energy density,
there have been studies showing that increasing the energy density of
foods provided to malnourished children is associated with persistent
increases in energy intake and weight gain [38].

Several longitudinal studies have determined whether there is an
association between the energy density of children's freely chosen
diets and their body fatness. One study examined food records of 5- to
9-year-old children and found that an energy-dense, low-fiber, high-
fat eating pattern was associated with higher fat mass and greater
odds of excess adiposity 2 or 4 years later [39]. Another study
examined the relationship between reported dietary energy density
and change in body fat as children (6 to 8 years of age) transitioned
into adolescence (13 to 17 years of age). Energy density of the diet at
baseline (calculated with all or most beverages excluded) was
associated with change in fat mass index (body fat normalized for
height). The inclusion of beverages in the calculation of energy density
attenuated this relationship. No relationship was found between
dietary energy density calculated by any method and change in the
percentage of body fat, body mass index, or waist circumference. The
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authors conclude that the methods used to calculate both energy
density and obesity risk affect the conclusions about associations
between dietary energy density and fat gain during childhood [40].

6. How does energy density affect satiation?

The effects of energy density are robust, affecting energy intake in
children, adults of a wide range of ages, and individuals with different
weight status and with various levels of concern about what they eat.
When presented with different versions of foods that are similar in
palatability, but vary in energy density, the typical response is to
consume a consistent amount of food. This suggests that intake during
a meal depends upon cognitive factors related to previous experiences
with foods and with beliefs about amounts appropriate to satisfy
hunger. During a meal the physiologic cues associated with differ-
ences in energy density may not have time to be engaged, so intake
will instead be determined by more immediate cues related to the
amount consumed. The constancy of the amount consumed may also
relate to sensory-specific satiety. This decline in pleasantness of a food
as it is consumed limits consumption, and sensory-specific satiety has
been shown to dependmore upon the amount of food consumed than
its energy content [3,41].

While cognitive and sensory factors may override physiologic
responses to variations in energy density during a meal, a critical
question is whether compensation will occur over time. Westerterp-
Plantenga [42,43] has argued that decreases in energy intake
associated with reductions in energy density are short-term, espe-
cially if the reduction is achieved by the addition of water to the diet.
The rationale is that while changes in the volume of food consumed
can affect pre-absorptive mechanisms, which will affect satiety in the
short term, they will not have a persistent influence on post-
absorptive mechanisms which respond to variations in the energy
content of food. Data to confirm or refute this hypothesis are needed.
While there have been a number of controlled studies testing the
effects of energy density on energy intake over a day or two, little is
known about the effects over longer periods. Several studies in which
the reduction in energy density was achieved by reducing the fat
content of foods indicate that energy intakewas reduced for periods of
5 days [44] to 11 weeks [19]. Reductions in energy density through
the use of the fat substitute olestra led to reduced energy consumption
when the diet was manipulated over nine months [45]. In two con-
trolled feeding studies, the influence of energy density was assessed
Fig. 4.Mean (±SE) change in body weight and change in daily weight of food consumed afte
classified into tertiles based on the magnitude of change in dietary energy density. Those w
modest reduction or a slight reduction or increase in energy density. Participants with either
they consumed. Values with different superscript letters are significantly different (pb0.05)
Tukey-Kramer adjustment for multiple comparisons [52].
when the proportions of macronutrients were held constant. In one,
we showed that the effects of changes in the energy density of a
portion of the diet persisted over 4 days [23]. In another study, 6 men
showed persistent effects when all of the available foods were varied
in energy density over 14 days [25]. Clearly, more long-term
controlled studies are needed to understand whether responses to
energy density are sustained or whether physiologic or learned
responses lead to compensatory behavior.
7. Energy density and body weight

Another way to examine the persistence of any influence that
dietary energy density has on energy intake is to determine whether
the energy density of the diet is associated with body weight status.
Some population-based studies have shown that normal-weight
adults report consuming diets with a lower energy density than
obese individuals [46]. Furthermore, dietary energy density was
associated with the amount of weight gained over an eight-year
period in a prospective study of over 50,000middle-agedwomen [47].
While these data suggest that dietary energy density could be a
determinant of weight status, such epidemiologic studies cannot
indicate causality. Furthermore, the significance of such associations
depends upon whether or not different types of beverages are
included in the calculation of energy density [48,49]. Because of
their high water content, beverages can have a disproportionate
impact on energy density. Agreement is needed upon the appropriate
methods for exploring the influence of energy density on energy
intake and body weight in free-living individuals [40,48,49]. Decisions
about whether or not to include caloric or non-caloric beverages in the
calculation of energy density could be made more strategically if we
better understood how different types of beverages influence hunger
and thirst mechanisms.

Several year-long clinical trials also indicate that encouraging
people to consume low-energy-dense foods affects weight loss. In one
trial of 200 overweight men and women, we tested the efficacy of
incorporating either a low- or high-energy dense food into a reduced-
energy diet. We found that the reduction in dietary energy density
was the main predictor of weight loss during the first two months of
the study. Daily incorporation of a low-energy-dense food (soup) into
a reduced-energy diet increased the magnitude of the weight loss and
helped participants to maintain this loss [50].
r six months of intervention in 658 participants in the PREMIER trial. Participants were
ith a large reduction in energy density lost significantly more weight than those with a
a large or modest decrease in energy density significantly increased the amount of food
using ANOVAwith a general linear model adjustment for baseline values followed by a



614 B.J. Rolls / Physiology & Behavior 97 (2009) 609–615
In a second trial, we tested the effect of two strategies to reduce the
energy density of the diet onweight loss in 97 obese women [51]. One
group was counseled to increase their intake of water-rich foods, such
as fruits and vegetables, and to reduce dietary fat. A comparison group
was counseled to restrict portions and to reduce dietary fat. Analysis of
participants completing the study showed that both groups reduced
the energy density of their diets, and both groups lost weight.
However, after 12 months, the group counseled to eat more fruits and
vegetables had a greater reduction in the energy density of their diet
and lost more weight than the group told to reduce fat and restrict
portions (17.4 vs.14.1 lb). Over the course of the year, participants who
ate the lower-energy-dense diet (higher in fruits and vegetables)
reported consuming an average of 25% more food and reported less
hunger than those in the comparison group.

While additional data from large scale clinical trials of dietary
energy density are needed, a secondary analysis of the results from a
multi-center intervention (PREMIER) indicates that changes in dietary
energy density after six months were related to changes in body
weight [52]. Participants received one of three life-style interventions
to reduce blood pressure that included information on physical
activity, diet, and weight loss. Since each intervention group
experienced a decline in energy density and body weight, analyses
were conducted by classifying participants into tertiles based on the
magnitude of change in energy density after six months. Participants
with a relatively large reduction in energy density lost more weight
(13 lb), than those with a modest reduction (9 lb) or those with a
slight reduction or increase in energy density (5 lb). In addition to
weight loss, reductions in energy density were associated with
improved diet quality, indicating that this is a healthy strategy for
weight management [53]. Furthermore, participants with both large
and modest decreases in energy density increased the amount of food
they consumed (Fig. 4). Increasing the amount of food consumed
while decreasing energy intake could contribute to the long-term
acceptability of a low-energy-dense eating pattern since it could help
to control hunger.

Another recent study examined the relationship between dietary
energy density and weight change over a period of six years [54] in
186 young women. Of particular interest was that the reported energy
density of the foods they consumed remained unchanged over the six
years. However, body weight was not stable and those reporting a
higher energy density gained two and a half times as much weight as
those reporting a lower energy density (14 lb vs. 5.5 lb). Consistent
with previous research, women eating the diets lower in energy
density reported eating less energy but a greater weight of food and
their diets were of higher quality than those of women eating a
higher-energy-dense diet.

Relationships between dietary energy density and the mainte-
nance of lost weight have not been extensively investigated. Greene
et al. [55] examined energy density values two years after participa-
tion in a weight loss program that encouraged consumption of low-
energy-dense foods. They found that individuals who maintained
weight loss reported eating a lower-energy-dense diet than thosewho
regained 5% or more of their body weight. In another study, men and
women who had significant weight loss were given 10 to 14 sessions
teaching the principles of low-energy-density eating. Results indi-
cated that participants did well at reducing the energy density of their
diets and maintaining their weight loss during the period when the
treatment sessions were implemented. However, when treatment
ended they had difficulty incorporating the strategies into their home
environments. For example, they did not increase their intake of fruits
and vegetables [56].

Additional long-term studies are required to understand the impact
of diets reduced in energy density on both weight loss and weight
maintenance. Such studies will need to pay particular attention to the
challenges consumers face in order to make sustainable changes in
the energy density of their diets. In the current food environment,
many will find it difficult to make appropriate choices, since foods that
are low in energy density but high in nutrient density are often
expensive and not as readily available as those high in energy density
[57,58]. A better understanding of behaviors that will help consumers
make long-term changes that reduce the energy density of their diets is
urgently needed [59].
8. Conclusion

In recent years dietary energy density has emerged as an
important influence on energy intake; however, our understanding
of how energy density affects satiety and satiation is limited. Studies
that have been conducted indicate that these effects are complex and
include both psychological and physiological mechanisms. Despite
this complexity, dietary energy density needs to be explored further
since it not only has robust effects on intake, but also canmoderate the
influence of other dietary factors. Increased knowledge of how energy
density influences energy intake could lead to effective strategies to
enhance satiety and to moderate energy intake.
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