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Abstract

Background: Experimental studies show that a reduction in dietary energy density (ED) is associated with reduced energy
intake and body weight. However, few observational studies have investigated the role of ED on long-term weight and
waist circumference change.

Methods and Principal Findings: This population-based prospective cohort study included 89,432 participants from five
European countries with mean age 53 years (range: 20–78 years) at baseline and were followed for an average of 6.5 years
(range: 1.9–12.5 years). Participants were free of cancer, cardiovascular diseases and diabetes at baseline. ED was calculated
as the energy intake (kcal) from foods divided by the weight (g) of foods. Multiple linear regression analyses were performed
to investigate the associations of ED with annual weight and waist circumference change. Mean ED was 1.7 kcal/g and
differed across study centers. After adjusting for baseline anthropometrics, demographic and lifestyle factors, follow-up
duration and energy from beverages, ED was not associated with weight change, but significantly associated with waist
circumference change overall. For 1 kcal/g ED, the annual weight change was 242 g/year [95% confidence interval (CI):
2112, 28] and annual waist circumference change was 0.09 cm/year [95% CI: 0.01, 0.18]. In participants with baseline
BMI,25 kg/m2, 1 kcal/g ED was associated with a waist circumference change of 0.17 cm/year [95% CI: 0.09, 0.25].

Conclusion: Our results suggest that lower ED diets do not prevent weight gain but have a weak yet potentially beneficial
effect on the prevention of abdominal obesity as measured by waist circumference.
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Introduction

The global obesity epidemic triggers research investigating the

dietary determinants of a positive energy balance. The energy

density (ED) of foods or diets, defined as the amount of available

energy per unit weight of foods or meals (kJ/g or kcal/g)[1], has

gained much attention in this respect[2]. For example, the joint

WHO / FAO expert consultation on diet, nutrition and the

prevention of chronic diseases classifies the evidence of a positive

relationship between high intake of energy-dense foods and weight

gain and obesity as convincing[3]. In addition, the Dietary

Guidelines for Americans 2005 recommend eating foods that are

low in calories for a given measure of food to reduce calorie

intake[4].

Experimental data suggest that people tend to eat a similar

volume of food to feel satiated, and, accordingly, consuming

energy-dense foods could cause passive over-eating in terms of

energy[2]. Furthermore, energy-dense foods high in fat and sugar

tend to be highly palatable and stimulate over-eating[5]. Some

cross-sectional studies show a positive association between ED and

obesity but there are concerns about reverse causality[1,6].

Intervention studies among overweight and obese subjects

consistently demonstrate that ED reduction is associated with

weight loss[7,8,9]. However, these interventions were of relatively
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short period. Findings from observational studies, on the other

hand, are less consistent. For instance, in two recently published

studies among US women, higher ED has been found to predict

higher weight gain[10], [11]. However, no such significant

relationship was observed in an earlier study among Danish

adults[12]. In a study among British children, higher ED at seven

years of age, but not at 5 years of age, has been found to be a risk

factor for excessive adiposity at the age of nine years[13].

The present study was conducted to examine the prospective

relationship between dietary ED and long-term (1.9–12.5 years)

changes in body weight and waist circumference within a large

European study, which is a part of the DiOGenes project

(acronym for ‘‘Diet, Obesity and Genes’’)[14].

Methods

Participants
The current study included participants from eight cities or

counties in five different countries involved in the European

Prospective Investigation into Cancer and Nutrition (EPIC) study,

namely Florence (Italy), Norfolk (the UK), Amsterdam, Maastricht

and Doetinchem (The Netherlands), Potsdam (Germany), Copen-

hagen and Aarhus (Denmark). EPIC study has been approved by

local review board of all participating institutions. Written

informed consent has been obtained from all participants before

joining EPIC study. Detailed information on the study population

and data collection of the EPIC study has been described

elsewhere[15]. Of the 146,543 participants who took part in the

baseline examination during 1992–1998, 102,346 (69.8%) partic-

ipated in the follow-up examination during 1998–2005. For the

present study, the following exclusion criteria were applied:

pregnancy (n = 133), missing information on diet, anthropometrics

or follow-up time (n = 2,135), the ratio of energy intake (EI) to

estimated basal metabolic rate (BMR) (EI: BMR) being top or

bottom 1% of the entire EPIC population (n = 1,803), unrealistic

anthropometric measurements (n = 331) and those with history of

cancer, diabetes or cardiovascular diseases (CVD) at baseline

(n = 8,512). In total, 89,432 participants, 37,125 (42%) men and

52,307 (58%) women, were included in the analyses.

Dietary assessment
Country-specific food frequency questionnaires (FFQs) were

self-administered at baseline. Energy and nutrient intakes were

calculated using country-specific food composition tables[15]. ED

was calculated as energy (kcal) from foods (solid foods and semi-

solid or liquid foods such as soups) divided by the weights (g) of

these foods. Drinks (including water, tea, coffee, juice, soft drinks,

alcoholic drinks and milk) were not included in the calcula-

tion[16]. To improve comparability of dietary data collected using

different FFQs, and to adjust for measurement errors, linear

calibration was performed with single 24-hour dietary recall from

a stratified random sample of the total EPIC study population as

reference method[17,18]. Among the 89,432 participants included

in the current study, 6,790 participants had also 24-hour dietary

recall data available. This 24-hour dietary recall was collected

using a software program (EPIC-SOFT) specifically designed to

standardize the dietary measurements across European popula-

tions[19]. Nutrient intake in this 24-hour recall data were

standardized based on the standardized nutrient database

developed within the EPIC study (ENDB)[20]. Gender- and

center-specific calibration models were built with 24-hour recall

data as the dependent variable and FFQ data as the independent

variable. Age, weight, height, and season in which the FFQ

measurement was conducted were adjusted for. Under-reporting

of EI was assessed by EI: BMR,1.1, [11] where BMR was

estimated using Harris-Benedict equations[21].

Anthropometric measurements
Weight and waist circumference were collected at baseline and

at the end of follow-up. At baseline, all participants were measured

by trained technicians for weight, height and waist circumference

using standard study protocols as previously described[22]. At

follow-up, participants in Doetinchem (NL) and Norfolk (UK)

were measured by trained technicians, while those in the other

centers provided self-reported weight and waist circumference.

Annual changes in weight (g/year) and waist circumference (cm/

year) were calculated as follow-up values minus baseline values

and divided by the total years of follow-up. Due to differences in

methods used to collect anthropometric information at follow-up

and the length of follow-up time, participants from Doetinchem

(NL) were treated separately from those from Amsterdam and

Maastricht (NL), while participants from Copenhagen and Aarhus

(DK) were combined because no such differences between these

two groups existed. Thus six study centers were formed, namely

Florence (IT-Flo) (n = 9,297, 10%), Norfolk (UK-Nor) (n = 12,808,

14%), Amsterdam-Maastricht (NL-AmMa) (n = 6,911, 8%), Doe-

tinchem (NL-Doe) (n = 4,200, 5%), Potsdam (GER-Pot)

(n = 16,307,18%) and Copenhagen-Aarhus (DK-CopAa)

(n = 39,909, 45%).

Other covariates
Information on lifestyle was collected via self-administrated

questionnaires. Questions covered demography (age, gender),

education level, physical activity, smoking, menopausal status, and

use of hormone replacement therapy (HRT). Information on

health status, including CVD, cancer and diabetes, was collected

using either questionnaires or disease registries. Assessment of

physical activity level was indexed into four categories based on

their occupational and recreational activities. Education level was

inquired as the highest level of school achieved. Based on the

information of smoking status at baseline as well as at follow-up,

participants were classified into one of the following four

categories: stable smoking, start smoking, quit smoking, non-

smoking or unknown.

Statistical methods
Characteristics of participants were given along quintiles of ED.

Stepwise regression analyses were conducted to investigate the

contribution of food groups and nutrients to the inter-individual

variation in ED. Fifteen food group variables were entered into the

regression model, including potatoes, vegetables, legumes, fruits,

dairy products, cereals, meat, fish, eggs, fats, sugar and

confectionery, cakes, condiments and sauces, soups and miscella-

neous[23]. As for nutrients, six macronutrient variables, including

saturated fatty acids, monounsaturated fatty acids, polyunsaturat-

ed fatty acids, polysaccharides, mono-&disaccharides and protein

were entered in the regression model.

The association of ED with annual weight and waist

circumference change was investigated using multiple linear

regression analyses. Center-specific analyses were first performed

and random-effect meta-analyses were used to evaluate heteroge-

neity (I2) and obtain pooled estimates of associations. Analyses

were adjusted for a pre-decided set of potential confounders

including baseline age (years), gender, height (cm), baseline weight

(kg) and waist circumference (cm, only for waist circumference

change analyses), smoking, physical activity (inactive, moderately

inactive, moderately active, active or missing), education (primary

school and less, technical-professional school, secondary school,

Energy Density on Waist Change
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university degree or missing), follow-up time (years), alcohol intake

(non-drinker, 0.1–4.9 g/day, 4.9–15 g/day, 15–30 g/day, 30–

60 g/day, .60 g/day), energy intake from beverages, and among

women only, menopausal status (postmenopausal yes or no) and

HRT use (yes, no, or missing).

Interactions of ED with age, gender, baseline BMI, smoking,

EI:BMR, follow-up duration, and baseline waist circumference

(for waist circumference change analyses only) were investigated

by introducing product terms into the models. A two-sided

P,0.05 was considered statistically significant in the analyses of

main effects, whereas P,0.01 in at least three of the six study

centers was considered relevant when testing of interaction.

We performed several sensitivity analyses, including use un-

calibrated dietary variables; use corrected anthropometric vari-

ables based on the equations developed in EPIC study[24];

exclude participants who developed type 2 diabetes, cancer, or

CVD during follow-up; and additionally adjust for individual food

or nutrient variables which potentially mediate the effects of ED

on weight and waist circumference change, including total energy,

fruits, vegetables, total fat, saturated fatty acids, dietary fiber,

glycemic index and glycemic load. Except for the random-effect

meta-analyses, which were conducted using STATA 8.2 (Stata-

Corp, Texas, USA), all other statistical analyses were performed

using SAS 9.1 (SAS, Institute, Cary, NC).

Results

The mean baseline age was 53 years (range: 20–78 years) and

mean follow-up duration was 6.5 years (range: 1.9–12.5 years). At

baseline, 12% of participants were obese (BMI$30 kg/m2); a

further 41% were overweight (30 kg/m2.BMI$25 kg/m2); and

21% had abdominal obesity (waist circumference $102 cm for

men and $88 cm for women) (data not shown). On average,

participants in NL-AmMa were the youngest at baseline (42 years)

and were followed for a longest period (10 years), while those from

UK-Nor were the oldest at baseline (58 years) and with the

shortest follow-up duration (3.7 years). Annual weight change was

higher in NL-Doe (mean = 440 g/year) and UK-Nor (374 g/year)

compared to the weight change in the other centers with self-

reported weight at follow-up (164 g/year, 164 g/year, 183 g/year

and 251 g/year respectively for participants from IT-Flo, NL-

AmMa, GER-Pot and DK-CopAa). However, for waist circum-

ference change, the highest value was observed in DK-CopAa

(0.96 cm/year), followed by the waist circumference change in the

IT-Flo (0.84 cm/year), GER-Pot (0.76 cm/year), NL-AmMa

(0.63 cm/year), and NL-Doe (0.58 cm/year), and the lowest in

UK-Nor (0.22 cm/year).

The overall mean ED was 1.7 kcal/g and higher in men

(1.9 kcal/g) than in women (1.6 kcal/g). Participants in NL-

AmMa had the highest ED (1.9 kcal/g), followed by those from

DK-CopAa (1.8 kcal/g), UK-Nor (1.7 kcal/g), NL-Doe (1.7 kcal/

g), and GER-Pot (1.6 kcal/g), and the lowest was observed among

those from IT-Flo (1.5 kcal/g). Although consuming lower

amount (total grams) of foods, participants with higher ED had

greater intake of total energy and energy from beverages. They

smoked more and were more physically active. Those in the higher

ED quintile groups also had lower fiber intake and higher dietary

glycemic index and glycemic load (TABLE 1).

Among foods, fruits explained the most variation in ED (35%),

followed by sugar and confectionery, fats, and vegetables (13%, 8%

and 7% respectively) (TABLE 2). ED was inversely associated with

the intake of fruits and vegetables but positively associated with the

intake of fats and sugar and confectionery. Among nutrients,

saturated fatty acids explained the most variation in ED (24%).

After adjusting for the aforementioned covariates, there was no

significant overall association between ED and annual weight

change. The mean weight change for each 1 kcal/g ED was

242 g/year [95% confidence interval (CI): 2112, 28]. A

significant degree of heterogeneity across study centers was

observed (I2 = 86%, P for heterogeneity ,0.001). In IT-Flo, ED

was inversely, but not significantly, associated with weight change.

In NL-AmMa and DK-CopAa, the associations were toward a

positive direction. The inverse associations in UK-Nor and NL-

Doe and the positive association in GER-Pot were statistically

significant (FIGURE 1).

ED was positively and significantly associated with waist

circumference change in IT-Flo, NL-AmMa, GER-Pot and DK-

CopAa. In UK-Nor, ED was inversely but not significantly

associated with waist circumference change. In NL-Doe, ED was

inversely and significantly associated with waist circumference

change. Overall, 1 kcal/g ED was associated with a waist

circumference change of 0.09 cm/year [95% CI: 0.01, 0.18]

(I2 = 84 %, P for heterogeneity ,0.001) (FIGURE 2).

Only baseline BMI fulfilled the pre-decided criteria for being a

significant effect modifier. Among participants with baseline

BMI,25 kg/m2, ED was in the direction of positively associated

with weight change: 1 kcal/g ED was associated with a weight

change of 29 g/year [95% CI: 219, 77] (FIGURE 3A). However,

among those participants who were overweight or obese at

baseline (BMI$25 kg/m2), ED was inversely associated with

weight change: 1 kcal/g ED was associated with a weight change

of 2103 g/year [95% CI: 2223,18] (FIGURE 3B). In IT-Flo,

ED was significantly and positively associated with weight change

among those participants with BMI,25 kg/m2 but inversely

among those BMI$25 kg/m2. In UK-Nor and NL-Doe, the

inverse association between ED and weight change was much

weaker among participants who had a healthy BMI at baseline

compared to the association in those who were overweight or

obese. The differences in the other study centers were less evident.

For the associations with waist circumference change, the most

evident differences were observed in IT-Flo and NL-Doe. The

associations in participants with BMI,25 kg/m2 were much

stronger, in the positive direction, than the associations in those

who were overweight or obese. Overall, 1 kcal/g ED was

associated with a waist circumference change of 0.17 cm/year

[95% CI: 0.09, 0.25] and 0.04 cm/year [95% CI: 20.10, 0.18]

respectively in participants with BMI,25 kg/m2 (FIGURE 4A)

and those with BMI$25 kg/m2 (FIGURE 4B).

Associations remained essentially similar in all sensitivity

analyses performed, including use un-calibrated dietary variables;

use corrected anthropometric variables; exclude participants who

developed type 2 diabetes, cancer, or CVD during follow-up; and

additionally adjust for individual food or nutrient variables which

potentially mediate the effects of ED on weight and waist

circumference change (results not shown).

Discussion

In this large multi-center prospective cohort study, we observed

that a diet with a lower ED was associated with a lower intake of

sugar and fats and a higher intake of fruits and vegetables. Higher

ED was not associated with weight change but was positively

associated with waist circumference change.

The main strengths of our study are the large sample size and

variation in dietary intake based on participants from five

European countries, and the availability of information on

important confounding variables and predictors of weight or waist

circumference change such as physical activity, education level,

Energy Density on Waist Change
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changes in smoking status, menopausal status and HRT use. Some

differences in methodologies used to collect anthropometric data

at follow-up (weight and waist circumference were self-reported

instead of measured in four out of six centers) might have affected

the results. However, in additional analyses, we corrected

anthropometrics for clothing differences and self-reporting using

previously developed methods in the EPIC study[24], but the

associations of ED with changes in weight and waist circumference

remained unchanged. We therefore opted to use the original

uncorrected data in our analyses. Using FFQs to assess ED might

be another limitation of the current study because FFQs, based on

self-report of habitual food intake, may have inherent measure-

ment error as well as bias from conscious or sub-conscious under-

reporting or possible overreporting of some food items. We

addressed this in two ways. First, we used standardized 24-hour

recall data to calibrate the FFQ measurements, thereby reducing

potential measurement error. In addition, we also compared ED

measured by the FFQ used in the two Dutch centers (NL-AmMa

and NL-Doe) and the ED derived from the weighted average of

multiple 24-hour recalls in a preliminary study. Spearman

correlation coefficient was 0.64 in men and 0.56 in women

(unpublished data), which indicated a good validity of the ED

values measured by this FFQ[25,26].

No clear consensus has been reached yet on the calculation of

ED. A previous review of the literature identified 13 different

calculation methods which mostly differed in the inclusion or

exclusion of drinks, including free water, alcoholic beverages,

energy-containing beverages, juice and milk[12,16,27]. In the

Table 1. Characteristics of the study population across quintiles of dietary energy density (n = 89,432).

Characteristics* Overall Q1 Q2 Q3 Q4 Q5

Energy density, kcal/g 1.760.27 1.4 1.6 1.7 1.9 2.1

Baseline age, yrs 5368.6 54 54 54 53 52

Gender, % of men 42 11 26 41 58 73

Follow-up duration, yrs 6.562.2 7.3 6.6 6.2 6.1 6.2

Baseline weight, kg 73.4613.5 69.4 71.0 73.2 75.7 77.8

Baseline BMI, kg/m2 25.763.8 25.9 25.7 25.6 25.7 25.7

Baseline waist circumference, cm 86612 82 84 86 88 90

Total energy, kcal/day 2,2006460 1,860 2,032 2,197 2,363 2,549

Energy from beverages, kcal/day 3506169 260 302 348 394 447

Total gram of foods, g/day 1,3086260 1,315 1,312 1,318 1,316 1,281

Fiber{, g/day 22.864.0 23.6 22.9 22.9 22.8 22.1

Glycemic index{ 5762.0 55 56 57 58 59

Glycemic load{ 134622 124 130 134 139 143

Smoking status{, %

Stable smoking 19 12 14 17 22 31

Start smoking 2 2 1 2 2 2

Quit smoking 7 6 6 6 7 9

Non-smoking 72 81 79 75 69 58

Education1, %

Primary school or lower 27 30 28 25 25 28

Technical/professional school 36 33 36 37 38 37

Secondary school 13 15 14 13 12 11

University degree or higher 23 22 22 24 26 24

Physical activityI, %

Inactive 16 19 18 16 14 13

Moderately inactive 33 36 35 33 32 29

Moderately active 24 23 23 25 25 24

Active 27 22 24 26 29 34

Menopausal status", % post-menopausal 57 58 57 57 56 57

Hormone replacement therapy",#, % users 22 21 22 22 22 22

*Expressed as means (or mean 6 SD), otherwise indicated. Differences between quintile groups were tested using chi-square test (categorical variables) or ANOVA test
(continuous variable). P,0.0001 for all.
{Energy-adjusted residuals of dietary variables.
#1,273 participants with missing values.
{1,440 participants with missing values.
11,579 participants with missing values.
I3,319 participants with missing values.
"for women only.
Percentages are based on those participants with available data on that variable and may not sum to 100% due to rounding.
doi:10.1371/journal.pone.0005339.t001
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present study, we a priori decided to use the calculation method

based on foods only but not drinks[28]. Beverages add more

weight than energy to diets, thereby lowering ED disproportion-

ately. Furthermore, energy from drinks has only transient effects

on satiation and does not influence habitual energy intake[29].

Also, beverage intake is highly variable and difficult to be

estimated by any habitual diet assessment method. Previous

studies indicated that including drinks into the ED calculation

would dilute the associations of ED with both energy intake and

changes of weight and waist circumference[16,30]. When

comparing the mean ED of our study population with that of

other populations calculated using a similar method, the average

ED in the current study lies between the population average of

Japan (1.4 kcal/g) and the US (1.9 kcal/g in men and 1.8 kcal/g

in women)[6,28].

The relationships of ED with energy, food and nutrient intake

found in the current study are in agreement with previous

findings[1,13,31,32]. This may imply a high quality profile of diets

with a lower ED because diets lower in glycemic index and

glycemic load, containing higher amounts of fruits, vegetables and

fiber and lower amounts of sugar and fats, especially saturated

fatty acids, are generally believed to be favorable for promoting

human health[4,33,34,35]. It also provides a way for reducing ED,

by consuming more fruits and vegetables and reducing sugar and

fat consumption.

The mechanism linking higher ED diet consumption and large

gain in weight and waist circumference was speculated through

increasing total energy intake. Therefore, we did not adjusted for

total energy in our main analyses. However, when energy intake

was added in the models in additional analyses, the association of

ED with weight and waist circumference change was not

essentially changed. This indicates that other aspects than lowering

energy intake, such as reducing fat storage, is responsible for the

observed effects. Furthermore, additional adjustment for individ-

ual nutrient factor such as total fat, saturated fatty acids, fiber,

glycemic index or glycemic load did not alter the associations

either. This may suggest that lower ED reflects a healthy dietary

pattern rather than any individual dietary component.

The absence of an association between ED and weight change

in our current study are at variance with other prospective cohort

studies that observed a positive association between ED and

weight change. For example, in a longitudinal study of 186 women

in the US, women with higher ED gained more weight than

women with lower ED (6.4 kg vs. 2.5 kg over 6 years)[10]. In two

prospective studies among British children, a positive association

between ED and body fat mass gain has been observed[13,30]. In

the Nurses’ Health Study II, women who increased their dietary

ED during follow-up the most (5th quintile) had a significantly

greater weight gain than did those who decreased their dietary ED

(1st quintile) (6.42 kg vs. 4.57 kg over 8 years). However, weight

gain was not different between women who maintained a lower

Table 2. Relationships of food groups and macronutrients
with dietary energy density (kcal/g) (n = 89,432).

Food groups b* Partial R2{ Model R2

Fruits 20.10 0.35 0.35

Sugar and confectionery 0.32 0.13 0.48

Fats 0.46 0.08 0.56

Vegetables 20.19 0.07 0.63

Cereals and cereal products 0.07 0.06 0.69

Soups and bouillon 20.19 0.04 0.73

Potatoes and other tubers 20.10 0.02 0.75

Cakes and cookies 0.20 0.01 0.76

Meat and meat products 0.10 0.01 0.77

Macronutrients b{ Partial R2 Model R2

Saturated fatty acids 0.04 0.24 0.24

Mono- & disaccharides 20.02 0.08 0.32

Protein 20.04 0.05 0.37

*b regression coefficients refer to the energy density (kcal/g) difference
explained by 100 g foods.
{Only food or nutrient items had Partial R2.0.01 were listed here.
{b regression coefficients refer to the energy density (kcal/g) difference
explained by 1% of energy contributed by individual nutrient.

doi:10.1371/journal.pone.0005339.t002

Figure 1. Association of energy density with annual weight change (n = 89,432)*. 95% CI: 95% confidence interval of regression coefficients.
Regression coefficients represent the annual weight change (g/year) for 1 kcal/g ED. The overall estimate was based on random-effect model.
* Adjusted for follow-up time and baseline age, height and weight, smoking, physical activity, education, alcohol intake, menopausal status, hormone
replace therapy use, and energy intake from beverages.
doi:10.1371/journal.pone.0005339.g001
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ED and women who maintained a higher ED during follow-

up[11]. This latter non-significant finding was in accordance with

the finding in the MONICA study[12] and our current study. As

explained by the authors, participants with a constantly higher ED

might compensate for the energy intake from higher ED diet. The

weight gain for those participants may have already reached a

steady state after long-term consumption of a higher ED diet[11].

However, since the habitual diets of participants have only been

measured once at baseline, it impossible to clarify this issue in the

current study. Another difference between the current study and

the previous studies is the wide age range of participants (20–

78 years at baseline). Despite the fact that no interaction with age

was found, it is possible that the speed of weight gain slowed down

in older participants.

This prospective cohort study showed a positive overall

association between ED and waist circumference change, which

was not addressed in the abovementioned studies[10,11,12,13].

Although the association was rather weak, a waist circumference

change of 0.09 cm/year represents approximately 12% of the

mean waist circumference change in this study population.

Abdominal obesity, measured by waist circumference, is a more

accurate predictor of cardio-metabolic risk than general obesity

measured by BMI, probably because it more closely reflects body

fatness[36]. The large variation in the annual waist circumference

change (SD = 1.26 cm/year) may be partly responsible for the

small magnitude observed. Because of the small average waist

circumference change (0.76 cm/year) as compared to the large

variation, it is impossible to detect a stronger association[37]. The

weak association between ED and waist circumference, and the

absence of an association between ED and weight change, could

also be due to selective underreporting, which means underre-

porting of unhealthy foods and overreporting of healthy ones[38].

This is a common problem in epidemiological studies and

compromises the accuracy of habitual dietary intake data,

especially among overweight or obese individuals[39]. This is in

line with our findings that the ED was in the direction of positively

associated with weight change in those participants with a healthy

BMI at baseline, whereas was inversely in overweight or obese

Figure 2. Association of energy density with annual waist circumference change (n = 89,432)*. 95% CI: 95% confidence interval of
regression coefficients. Regression coefficients represent the annual waist circumference change (cm/year) for 1 kcal/g ED. The overall estimate was
based on random-effect model. * Adjusted for follow-up time and baseline age, height, weight, and waist circumference, smoking, physical activity,
education, alcohol intake, menopausal status, hormone replace therapy use, and energy intake from beverages.
doi:10.1371/journal.pone.0005339.g002

Figure 3. Association of energy density with annual weight change by baseline BMI*. A: for participants with BMI,25 kg/m2 (n = 41,914).
B: for participants with baseline BMI$25 kg/m2 (n = 47,518). 95% CI: 95% confidence interval of regression coefficients. Regression coefficients
represent the annual weight change (g/year) for 1 kcal/g ED. The overall estimate was based on random-effect model. * Adjusted for follow-up time
and baseline age, height and weight, smoking, physical activity, education, alcohol intake, menopausal status, hormone replace therapy use, and
energy intake from beverages.
doi:10.1371/journal.pone.0005339.g003
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participants. Furthermore, there is evidence that underreporting is

less waist-related than weight-related[40], which may be due to the

higher awareness of the importance of a healthy BMI than a

healthy waist circumference. Therefore the association between

ED and waist circumference change may be less biased by the

underreporting.

The high amount of heterogeneity observed in the current

study, especially the unexpected inverse association between ED

and changes in weight and waist circumference in UK-Nor and

NL-Doe where the follow-up anthropometrics were measured,

may also be related to underreporting. That is because we

observed a smaller heterogeneity across study centers in those

participants who had a healthy baseline BMI than in those

participants who were overweight or obese at baseline. More

importantly, the inverse associations between ED and changes in

weight and waist circumference in UK-Nor and NL-Doe became

less inverse or positive in participants who were not overweight at

baseline. The heterogeneity could also be due to the differences in

source population between study centers. For example, in IT-Flo,

participants include a sample of the general population and

women participating in a breast cancer screening program. The

UK-Nor cohort comes from general practitioners in the Norfolk

region[41]. In NL-Doe, respondents from a pre-existing cardio-

vascular disease risk factor monitoring project were invited[42].

Although in general there is no reason to assume a priori that these

cohorts are different with respect to the association under study,

subtle differences in underreporting of dietary intake, possibility of

altering eating habits during follow-up, and health conscious

among sub-groups may exist.

In conclusion, the findings of the current study suggests that

diets with a lower ED, characterized by higher intake of fruits and

vegetables and lower intake of sugar and fat, are not associated

with weight gain but may have a beneficial, albeit weak, effect on

the prevention of abdominal obesity.

Acknowledgments

We thank the European Prospective Investigation on Cancer and Nutrition

(The EPIC project: http://epic.iarc.fr/) for allowing access to the data.

Author Contributions

Conceived and designed the experiments: DvdA NJW AT KO DP WHMS

TIAS EF. Analyzed the data: HD. Contributed reagents/materials/

analysis tools: DvdA NJW AT KO DP WHMS TIAS EF. Wrote the paper:

HD. Carried out the literature research and performed preliminary

validation of energy density: VG. Gave critical comments on the

manuscript: VG DvdA SJ NGF NJW JH AT KO MUJ BB AS DP GM

WHMS TIAS EF. Provided funding: DVdA NJW AT KO DP WHMS

TIAS EF. Helped with the interpretation of the results: DvdA SJ NGF

NJW JH AT KO MUJ BB AS DP GM WHMS TIAS EF.

References

1. Ledikwe JH, Blanck HM, Kettel Khan L, Serdula MK, Seymour JD, et al.

(2006) Dietary energy density is associated with energy intake and weight status
in US adults. Am J Clin Nutr 83: 1362–1368.

2. Prentice AM, Poppitt SD (1996) Importance of energy density and macronu-
trients in the regulation of energy intake. Int J Obes Relat Metab Disord 20

Suppl 2: S18–23.

3. WHO/FAO (2003) Diet, nutrition and the prevention of chronic diseases: report
of a joint WHO/FAO expert consultation. Geneva.

4. US Department of Agriculture (2005) Nutrition and your health: dietary
guidelines for Americans.: Washington DC.

5. McCrory MA, Saltzman E, Rolls BJ, Roberts SB (2006) A twin study of the
effects of energy density and palatability on energy intake of individual foods.

Physiol Behav 87: 451–459.

6. Murakami K, Sasaki S, Takahashi Y, Uenishi K (2007) Dietary energy density is
associated with body mass index and waist circumference, but not with other

metabolic risk factors, in free-living young Japanese women. Nutrition 23: 798–806.
7. Ello-Martin JA, Roe LS, Ledikwe JH, Beach AM, Rolls BJ (2007) Dietary energy

density in the treatment of obesity: a year-long trial comparing 2 weight-loss

diets. Am J Clin Nutr 85: 1465–1477.

8. Ledikwe JH, Rolls BJ, Smiciklas-Wright H, Mitchell DC, Ard JD, et al. (2007)

Reductions in dietary energy density are associated with weight loss in overweight
and obese participants in the PREMIER trial. Am J Clin Nutr 85: 1212–1221.

9. Rolls BJ, Roe LS, Beach AM, Kris-Etherton PM (2005) Provision of foods
differing in energy density affects long-term weight loss. Obes Res 13:

1052–1060.

10. Savage JS, Marini M, Birch LL (2008) Dietary energy density predicts women’s
weight change over 6 y. Am J Clin Nutr 88: 677–684.

11. Bes-Rastrollo M, van Dam RM, Martinez-Gonzalez MA, Li TY, Sampson LL,
et al. (2008) Prospective study of dietary energy density and weight gain in

women. Am J Clin Nutr 88: 769–777.
12. Iqbal SI, Helge JW, Heitmann BL (2006) Do energy density and dietary fiber

influence subsequent 5-year weight changes in adult men and women? Obesity

(Silver Spring) 14: 106–114.
13. Johnson L, Mander AP, Jones LR, Emmett PM, Jebb SA (2008) A prospective

analysis of dietary energy density at age 5 and 7 years and fatness at 9 years
among UK children. Int J Obes (Lond) 32: 586–593.

14. Saris WH, Harper A (2005) DiOGenes: a multidisciplinary offensive focused on

the obesity epidemic. Obes Rev 6: 175–176.

Figure 4. Association of energy density with annual waist circumference change by baseline BMI*. A: for participants with BMI,25 kg/
m2 (n = 41,914). B: for participants with baseline BMI$25 kg/m2 (n = 47,518). 95% CI: 95% confidence interval of regression coefficients. Regression
coefficients represent the annual waist circumference change (cm/year) for 1 kcal/g ED. The overall estimate was based on random-effect model.
* Adjusted for follow-up time and baseline age, height, weight, and waist circumference, smoking, physical activity, education, alcohol intake,
menopausal status, hormone replace therapy use, and energy intake from beverages.
doi:10.1371/journal.pone.0005339.g004

Energy Density on Waist Change

PLoS ONE | www.plosone.org 7 April 2009 | Volume 4 | Issue 4 | e5339



15. Riboli E, Hunt KJ, Slimani N, Ferrari P, Norat T, et al. (2002) European

Prospective Investigation into Cancer and Nutrition (EPIC): study populations

and data collection. Public Health Nutr 5: 1113–1124.

16. Ledikwe JH, Blanck HM, Khan LK, Serdula MK, Seymour JD, et al. (2005)

Dietary energy density determined by eight calculation methods in a nationally

representative United States population. J Nutr 135: 273–278.

17. Ferrari P, Day NE, Boshuizen HC, Roddam A, Hoffmann K, et al. (2008) The

evaluation of the diet/disease relation in the EPIC study: considerations for the

calibration and the disease models. Int J Epidemiol 37: 368–378.

18. Slimani N, Kaaks R, Ferrari P, Casagrande C, Clavel-Chapelon F, et al. (2002)

European Prospective Investigation into Cancer and Nutrition (EPIC)

calibration study: rationale, design and population characteristics. Public Health

Nutr 5: 1125–1145.

19. Slimani N, Deharveng G, Charrondiere RU, van Kappel AL, Ocke MC, et al.

(1999) Structure of the standardized computerized 24-h diet recall interview used

as reference method in the 22 centers participating in the EPIC project.

European Prospective Investigation into Cancer and Nutrition. Comput

Methods Programs Biomed 58: 251–266.

20. Slimani N, Deharveng G, Unwin I, Southgate DA, Vignat J, et al. (2007) The

EPIC nutrient database project (ENDB): a first attempt to standardize nutrient

databases across the 10 European countries participating in the EPIC study.

Eur J Clin Nutr 61: 1037–1056.

21. Kien CL, Ugrasbul F (2004) Prediction of daily energy expenditure during a

feeding trial using measurements of resting energy expenditure, fat-free mass, or

Harris-Benedict equations. Am J Clin Nutr 80: 876–880.

22. Rinaldi S, Key TJ, Peeters PH, Lahmann PH, Lukanova A, et al. (2006)

Anthropometric measures, endogenous sex steroids and breast cancer risk in

postmenopausal women: a study within the EPIC cohort. Int J Cancer 118:

2832–2839.

23. Brustad M, Skeie G, Braaten T, Slimani N, Lund E (2003) Comparison of

telephone vs face-to-face interviews in the assessment of dietary intake by the

24 h recall EPIC SOFT program--the Norwegian calibration study. Eur J Clin

Nutr 57: 107–113.

24. Haftenberger M, Lahmann PH, Panico S, Gonzalez CA, Seidell JC, et al. (2002)

Overweight, obesity and fat distribution in 50- to 64-year-old participants in the

European Prospective Investigation into Cancer and Nutrition (EPIC). Public

Health Nutr 5: 1147–1162.

25. Molag ML, de Vries JH, Ocke MC, Dagnelie PC, van den Brandt PA, et al.

(2007) Design characteristics of food frequency questionnaires in relation to their

validity. Am J Epidemiol 166: 1468–1478.

26. Willett WC (1994) Future directions in the development of food-frequency

questionnaires. Am J Clin Nutr 59: 171S–174S.

27. Cox DN, Mela DJ (2000) Determination of energy density of freely selected

diets: methodological issues and implications. Int J Obes Relat Metab Disord 24:
49–54.

28. Mendoza JA, Drewnowski A, Christakis DA (2007) Dietary energy density is

associated with obesity and the metabolic syndrome in U.S. adults. Diabetes
Care 30: 974–979.

29. Westerterp-Plantenga MS (2001) Analysis of energy density of food in relation to
energy intake regulation in human subjects. Br J Nutr 85: 351–361.

30. McCaffrey TA, Rennie KL, Kerr MA, Wallace JM, Hannon-Fletcher MP, et al.

(2008) Energy density of the diet and change in body fatness from childhood to
adolescence; is there a relation? Am J Clin Nutr 87: 1230–1237.

31. Kant AK, Graubard BI (2005) Energy density of diets reported by American
adults: association with food group intake, nutrient intake, and body weight.

Int J Obes (Lond) 29: 950–956.
32. Stookey JD (2001) Energy density, energy intake and weight status in a large

free-living sample of Chinese adults: exploring the underlying roles of fat,

protein, carbohydrate, fiber and water intakes. Eur J Clin Nutr 55: 349–359.
33. Mozaffarian D, Rimm EB (2006) Fish intake, contaminants, and human health:

evaluating the risks and the benefits. Jama 296: 1885–1899.
34. Howard BV, Manson JE, Stefanick ML, Beresford SA, Frank G, et al. (2006)

Low-fat dietary pattern and weight change over 7 years: the Women’s Health

Initiative Dietary Modification Trial. Jama 295: 39–49.
35. Ludwig DS (2007) Clinical update: the low-glycaemic-index diet. Lancet 369:

890–892.
36. Janssen I, Katzmarzyk PT, Ross R (2002) Body mass index, waist circumference,

and health risk: evidence in support of current National Institutes of Health
guidelines. Arch Intern Med 162: 2074–2079.

37. Ma Y, Olendzki B, Chiriboga D, Hebert JR, Li Y, et al. (2005) Association

between dietary carbohydrates and body weight. Am J Epidemiol 161: 359–367.
38. Goris AH, Westerterp-Plantenga MS, Westerterp KR (2000) Undereating and

underrecording of habitual food intake in obese men: selective underreporting of
fat intake. Am J Clin Nutr 71: 130–134.

39. Macdiarmid J, Blundell J (1998) Assessing dietary intake: Who, what and why of

under-reporting. Nutrition Research Reviews 11: 231–253.
40. Mattisson I, Wirfalt E, Aronsson CA, Wallstrom P, Sonestedt E, et al. (2005)

Misreporting of energy: prevalence, characteristics of misreporters and influence
on observed risk estimates in the Malmo Diet and Cancer cohort. Br J Nutr 94:

832–842.
41. Day N, Oakes S, Luben R, Khaw KT, Bingham S, et al. (1999) EPIC-Norfolk:

study design and characteristics of the cohort. European Prospective

Investigation of Cancer. Br J Cancer 80 Suppl 1: 95–103.
42. Verschuren WM, Blokstra A, Picavet HS, Smit HA (2008) Cohort profile: the

Doetinchem Cohort Study. Int J Epidemiol 37: 1236–1241.

Energy Density on Waist Change

PLoS ONE | www.plosone.org 8 April 2009 | Volume 4 | Issue 4 | e5339


