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Abstract

Background/Objectives—Energy density (kJ/g) may have a strong influence on energy
balance. Although beverages are a considerable source of energy in the US diet, rarely have
studies among free-living populations investigated the energy density of foods (EDF) and the
energy density of beverages (EDB) simultaneously. We examined the independent simultaneous
associations of EDF and EDB on energy intake and Body Mass Index (BMI) in adult women.

Subjects/Methods—This cross-sectional design focused on 348 elementary school employees
randomly selected at baseline of a worksite wellness trial in southeastern Louisiana. Two 24-hour
recalls were collected, and measured heights and weights were converted into BMI (kg/m?).

Results—Those in the highest EDF tertile consumed more energy and had higher BMIs than
those in the lowest tertile (P<0.05). Employees in the highest EDB tertile consumed more energy
than those in the lowest, yet there was no difference in BMIs between the two groups. Multivariate
regression, with controls for demographic and health variables, confirmed the positive association
between EDF and BMI; a 1 kd/g increase in EDF was associated with a 0.39 kg/m? increase in
BMI (P=0.038). Models that did not control for EDB gave estimates of EDF that were 8% to 10%
lower.

Conclusions—These findings suggest that EDF and EDB play important, yet distinct, roles in
energy intake and BMI. Future studies should evaluate both types of energy density as
independent predictors since our results suggest that EDB can confound the association of EDF
with BMI.
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INTRODUCTION

Two-thirds of adults in the United States are overweight or obese, making this the most
important nutrition problem in the country (Ogden et al, 2006). Despite a considerable
amount of attention paid to this issue, professionals disagree about the type of diet that
should be promoted for weight loss and maintenance. Low-fat and low-carbohydrate diets,
in particular, each have been the focus of research efforts (Astrup et al, 2000; Nobel &
Kushner, 2006; Willett, 2004). Growing evidence suggests, however, that energy density has
a stronger influence on energy intake than any single macronutrient (Drewnowski et al,
2004).

Energy density, defined as the energy in a given weight of food and expressed as kilojoules
per gram (kJ/g), ranges from 0 kJ/g to 37.7 kd/g (0 to 9 kcal/g) (Drewnowski, 1998; Rolls et
al, 2005a). Individuals tend to consume a consistent weight of food, thus selecting low-
energy-dense over high-energy-dense foods could help people “feel full on fewer calories”
(Rolls & Barnett, 2000). In fact, laboratory studies suggest that low-energy-dense foods
reduce and high-energy-dense foods increase energy intake in the short-term (Drewnowski
et al, 2004; Kral & Rolls, 2004; Rolls et al, 2006). Research suggests that this relationship is
independent of the diet's macronutrient composition (Bell et al, 1998; Bell & Rolls, 2001;
Poppitt & Prentice, 1996; Rolls et al, 1999). Laboratory study results have been confirmed
by cross-sectional and longitudinal studies (Drewnowski et al, 2004; Kant & Graubard,
2005; Ledikwe et al, 2006b; Ledikwe et al, 2007; Stookey, 2001). Cross-sectional studies
have provided mixed results, however, for energy density and weight, possibly because of
differences in calculations of the energy density variable or because of confounding of age
and energy expenditure (Drewnowski et al, 2004; Cox & Mela, 2000; Kant & Graubard,
2005; Ledikwe et al, 2006a; Marti-Henneberg et al, 1999; Stookey, 2001). Several
longitudinal studies have found that low-energy-dense diets do promote weight loss (Ello-
Martin, 2007; Ledikwe et al, 2007; Rolls et al, 2005b).

Although growing evidence exists that energy density is associated with energy intake and
body weight, only a limited number of ecological studies have investigated energy density in
the US, and just a few of these have investigated associations with Body Mass Index (BMI)
(Kant & Graubard, 2005; Ledikwe et al, 2006a). Given the current high prevalence of
obesity in most developed countries, more research is needed to evaluate energy density and
its correlates. Moreover, researchers often investigate the energy density of foods (EDF), but
exclude from their analysis the energy density of beverages (EDB) (Cox & Mela, 2000;
Goris & Westerterp, 2000; Kant & Graubard, 2005; Ledikwe et al, 2005; Westerterp-
Plantenga, 2004). Beverages supply a considerable amount of energy to the diet, so their
exclusion from analysis represents a serious gap in the energy density literature (Duffey &
Popkin, 2007). To address this gap, the current study investigated both EDF and EDB

Eur J Clin Nutr. Author manuscript; available in PMC 2010 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Hartline-Grafton et al. Page 3

simultaneously, in particular, their associations with energy intake and BMI in a sample of
adult women.

SUBJECTS AND METHODS

Study Sample

The sample for this study comes from a school-based worksite wellness trial, funded by the
National Institutes of Health, and set in a suburban county of southeastern Louisiana
(Webber et al, 2007). Data are cross-sectional and were collected at baseline of the
intervention. From each of the 22 participating schools, 20 individuals were randomly
selected for dietary interviews. The sample for this paper (n = 348) included all non-
pregnant, non-lactating women with non-missing data on key analytic variables, who were
not classified as underreporters. Individuals with reported energy intake below a 2.0
standard deviation (SD) cut-off of predicted energy were considered underreporters based on
Huang and colleagues' method for identifying implausible reports of energy intake (Huang
et al, 2005). Using this criterion, 11% of otherwise eligible women were classified as
underreporters and were excluded from the analysis. Not all individuals had blood draws;
data on glucose, insulin, and Table 6 results were based on a sub-sample (N=307).

Data Collection Methods and Procedures

All baseline measurements were conducted during the fall of 2006. The Tulane University
Institutional Review Board approved protocols and participants provided voluntary written
consent. During a physical examination, trained examiners measured height in duplicate to
the nearest 0.1 cm using a portable stadiometer and weight in duplicate to the nearest 0.1 kg
with a calibrated scale. Fasting blood samples were obtained from participants and analyzed
using standard procedures for glucose (enzymatic procedure with Hitachi 902 Autoanalyzer)
and insulin (radioimmunoassay with kit from Pharmacia Diagnostics). Insulin resistance was
assessed using a homeostasis model assessment (HOMA-IR) equation given by:

HOMA- IR= (FPI X FPG)/22.5,

, where FP1 is fasting plasma insulin (mU/l) and FPG is fasting plasma glucose (mmaol/l)
(Wallace et al, 2004).

Date-of-birth, race-ethnicity, gender, and tobacco use data were collected via self-report
through short written surveys. Job category was collected from employee rosters provided
by the school. Physical activity was measured by an ActiGraph uniaxial accelerometer
(ActiGraph LLC, Pensacola, FL, USA), which participants were instructed to wear for seven
complete days except while sleeping and during water activities. The ActiGraph data were
converted into mean minutes of moderate-to-vigorous physical activity (MVPA) per day
(Catellier et al, 2005).

Three trained registered dietitians administered in-person 24-hour dietary recalls on two
non-consecutive days using the Nutrition Data System for Research (NDSR) (version 2006;
University of Minnesota, Nutrition Coordinating Center, Minneapolis, MN, USA).
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Participants were scheduled for one recall per week, with at least one day of data collection
at each school on a Monday for recall of a weekend day.

NDSR, a computer-assisted software program with a food and nutrient database containing
over 18,000 items, features the multiple-pass approach, thus providing multiple
opportunities for respondents to recall consumed foods and beverages in order to reduce
underreporting (Guenther et al, 1996). The study protocol provided standardized probes,
prompts, and measurement aids to further reduce recall bias.

Key Variables

The variables of primary interest were energy density (independent variable) and BMI and
energy intake (dependent variables). Energy (kJ), the percentage of energy from
macronutrient sources, and total dietary fiber intake (g) were calculated from foods and
beverages in the dietary recall. Measured height and weight were converted into BMI
(kg/m?2), and the latter was used to classify participants as normal weight (BMI < 25.0
kg/m?2), overweight (BMI 25.0-29.9 kg/m?), or obese (BMI = 30.0 kg/m?2) (NHLBI, 1998).

Energy density of foods (EDF) and beverages (EDB) were calculated from the dietary recall
data by: 1) coding items as a “food” or “beverage” according to the NCC Database Food
Group IDs (e.g., beef, milk); and 2) calculating EDF and EDB per day for each participant
by dividing the energy from food and beverages (kJ) by the weight of food and beverages
(9), respectively. Table 1 provides information on the specific inclusion and exclusion
criteria for these calculations and their rationale.

Statistical Analysis

Dietary analyses were based on mean intake per individual. For the 7.5% of participants (n =
26) who completed only one recall, data from this single recall were used in place of mean
intake. T-tests and ANOVA were used to examine differences in EDF and EDB. Mean EDB
was not distributed normally, therefore, statistical tests for EDB in Table 2 were based on
log-transformed mean intakes (the natural log of 0.01 was added to mean EDB values to
account for those with a mean EDB of 0 kJ/g). The same procedure (i.e. log-transformed
means for inferential tests) was followed for HOMA-IR. Linear regression was used to test
the independent associations of EDF and EDB on energy intake and BMI, while controlling
for gender, race-ethnicity, age, job category (i.e., instructional or non-instructional staff),
minutes of MVPA per day, smoking status (i.e., smoker or non-smoker), and insulin
resistance (i.e., top tertile of HOMA-IR or not). All control variables were dichotomous
indicator variables with the exception of age and physical activity which were continuous.
The models used mean EDF and an indicator variable for a high EDB (in the highest tertile),
since the distribution of EDB was highly skewed. Use of alternate specifications of EDB
(i.e. logarithmic form or energy from beverages) yielded similar results. For comparison to
other research, additional models were developed to test EDF-only and total energy density
(i.e., kJ from all foods and beverages + g weight of all foods and beverages). Statistical
analyses were performed using SPSS software (version 14.0.1; SPSS Inc, Chicago, IL,
USA).
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Sample Characteristics

Most participants were between 30-59 years of age (mean age 47.4 years + 10.6), White,
and instructional personnel (Table 2). The mean BMI was 29.1 kg/m?2 (+ 6.7) (not shown).
Approximately 69% of the sample was overweight or obese, 91.1% (n = 317) was
nonsmoking, and all were classified as sedentary (i.e., engaged in less than 30 minutes of
daily MVPA) (not shown).

Characteristics of Diets Low, Medium, and High in Energy Density

Mean EDF and EDB are presented in Table 2. Total energy density was 2.68 kJ/g (+ 0.88)
(not shown). There were notable differences in EDF based on age and race-ethnicity. For
example, the mean EDF was significantly (P < 0.05) higher for African-Americans
compared to Whites. Tertile cutoffs were used to classify diets as low (tertile 1), medium
(tertile 2), or high (tertile 3) for EDF (Table 3). Individuals in the low EDF tertile consumed
significantly less energy, less energy from fat, more energy from protein and carbohydrate,
and more fiber compared to those in the medium and highest tertiles. In fact, those
consuming a diet low in EDF consumed 1507 fewer kJ than those with a diet high in EDF.
In addition, compared to those in the highest tertile, those in the lowest tertile had a lower
BMI and diets lower in EDB. There were no differences across EDF tertiles in fasting
glucose, fasting insulin, or insulin resistance.

Table 4 presents dietary and BMI data by EDB tertiles. Compared to those in the highest
tertile, individuals in the low EDB tertile consumed significantly less energy, more energy
from fat and protein, less energy from carbohydrate and alcohol, more dietary fiber, and had
diets lower in EDF. More specifically, those consuming a diet low in EDB consumed 1468
fewer kJ than those with a diet high in EDB. Although this difference in energy intake
between the low and high EDB tertiles was about the same as the difference in intake
between the low and high EDF tertiles, no BMI differences were observed among EDB
tertiles. There were no differences across EDB tertiles in fasting glucose, fasting insulin, or
insulin resistance.

Models of the Relationship between Energy Density and Energy Intake

Table 5 presents multiple linear regression models testing associations between energy
intake and energy density. Energy Model 1 tested the independent associations of energy
intake with mean EDF and the high EDB tertile when controlling for demographic and
health characteristics. The additional models represent those commaonly used in the literature
(i.e., mean EDF-only, total energy density). For all of the energy models, energy density was
a positive and significant predictor of energy intake. In Energy Models 1 and 2, a 1 ki/g
increase in mean EDF was associated with a 273 kJ or 306 kJ increase in energy intake,
respectively. Being in the highest EDB tertile (i.e., consuming a diet high in EDB) was
associated with a 1071 kJ greater energy intake. Note that the Adjusted R? value was lower
in Energy Model 2, the only one of the three models that excluded beverages. Insulin
resistance was not a significant predictor of energy in any of these models, nor did its
inclusion significantly affect results reported here (not shown).
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Models of the Relationship between Energy Density and BMI

Table 6 is similar to Table 5 except that the multiple linear regression models test
associations between BMI and energy density and include a measure of insulin resistance. In
BMI Model 1, a 1 kJ/g increase in mean EDF was associated with a significant 0.39 kg/m?
increase (P < 0.038) in BMI. BMI Model 1 is the only model that tests the association of
EDF with BMI while controlling for EDB. The coefficient on energy density in BMI Models
2 and 3 — which test other expressions of this variable commonly used in the literature — is
lower than in BMI Model 1 by 10% and 8%, respectively. Insulin resistance, as measured by
a high HOMA-IR, was positively (P < 0.001) related to BMI in all three models.
Comparisons to models that excluded this variable showed similar results on the energy
density variables, but revealed that models with insulin resistance explained over twice the
variability in BMI as models without this variable.

DISCUSSION

This paper presents one of the few cross-sectional, ecological studies investigating the
energy density of US diets and, to our knowledge, is the first to examine the independent
simultaneous associations of EDF and EDB on energy intake and BMI. We found that EDF
and EDB were positive predictors of energy intake. EDF was positively associated with
BMI in regression models, but a diet high in EDB was related to a lower BMI. These
findings suggest that energy densities of foods and beverages play distinct roles in energy
intake and BMI among elementary school personnel.

Comparing dietary intake and BMI by tertiles of EDF and EDB offers insight into variables
associated with energy density. High EDF diets (i.e., the highest EDF tertile) were
associated with higher energy and fat intake, lower fiber intake, and higher BMI, which is
consistent with previous research (Kant & Graubard, 2005; Ledikwe et al, 2006a). Low
EDB diets (i.e., the lowest EDB tertile) were associated with lower energy intake as well as
lower carbohydrate and alcohol intake, most likely because those consuming such diets were
not drinking sweetened and/or alcoholic beverages that are more energy dense beverage
choices.

Consistent with other cross-sectional research as well as the EDF tertile analysis, energy
density was positively associated with energy intake and BMI in a variety of regression
models that controlled for demographic and health behavior variables (Howarth et al, 2006;
Ledikwe et al, 2007; Murakami et al, 2007; Stookey, 2001). For example, BMI Model 2 is
similar to a model tested previously among a sample that used self-reported height and
weight and food frequency questionnaire data (Howarth et al, 2006). In that study, a 1 kJ/g
increase in EDF was associated with a significant increase of approximately 1 kg/m? in BMI
across a variety of ethnic-sex groups (Howarth et al, 2006). These and other findings suggest
that selecting low-energy-dense foods over high-energy-dense foods could reduce total
energy intake and body weight while providing satisfying portions (Ello-Martin et al, 2007;
Ledikwe et al, 2007; Rolls et al, 2005a). Portion size itself can also be an important
independent factor contributing to energy intake. Research in the U.S. has documented an
increase over time in marketplace food portions that roughly parallels the rise in obesity
rates (Young and Nestle, 2002).
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Beverages represent 21% of total daily energy intake in the American diet, yet few energy
density studies in the US or abroad include a separate EDB calculation (Duffey & Popkin,
2007). Many authors exclude beverages altogether (Ledikwe et al, 2005; Ledikwe et al,
2006a). One of the only studies to investigate EDB independently concluded that EDB was
not an important determinant of average daily energy intake (Westerterp-Plantenga, 2004).
In the current multivariate models, however, consuming a diet high in EDB (which
translates to a mean EDB > 0.67 kJ/g) was associated with a 1071 kJ greater energy intake
(P < 0.001). However, being in the highest EDB tertile was associated with a 1.32 kg/m?
lower BMI (P = 0.080), a relationship likely explained by reverse causality. As people gain
weight, they often switch to low-energy-dense beverages (e.g., water, diet drinks) to lose
weight or prevent further weight gain, thus a diet low in EDB might be a marker of
overweight. BMI, of course, is not a direct measure of adiposity, so we are limited in the
conclusions we can make regarding body composition and EDB. More studies, particularly
longitudinal studies with additional measures, are needed to better understand the
relationship between beverage energy density and weight status. From a public health
perspective, it would also be of interest for future research to explore the association
between EDF and the consumption of fruits and vegetables, or between EDB and soda
drinks.

There is no consensus on how to calculate energy density, and it is apparent here that the
methodology is very important. In the multivariate models, we followed the
recommendation of Ledikwe and colleagues to include a variety of calculation methods as
well as an EDF-only calculation (Ledikwe et al, 2005). We investigated EDF and EDB
when analyzed simultaneously, an EDF-only calculation, and total energy density of the
diet. For some items, grouping into a food or beverage category can be a challenge (e.g.
liquid meal replacement), since this involves judgments by the investigator about the role of
certain items in the diet as well as limited information from 24-recall data on the physical
nature of foods as consumed. We have followed conventional techniques in our grouping,
and have run models with various specifications to address this concern.

The importance of investigating EDF and EDB simultaneously is particularly evident in the
BMI models. When EDB was omitted from a model predicting the relationship between
EDF and BMI, the coefficient estimate on EDF fell from 0.39 kg/m? to 0.35 kg/m?, or 10%.
When beverages were combined with foods to calculate total energy density, the coefficient
was 8% lower and not statistically significant. These results suggest that failure to control
for the independent effects of EDB would result in an underestimation of the association
between EDF and BMI. Along with EDF, future investigators should consider exploring
EDB independently given the potential importance of this dietary variable on energy intake
and BMI. Notwithstanding the importance of dietary factors, this research also demonstrates
that biochemical factors, such as insulin resistance, have much greater explanatory power in
predictions of body mass index.

The current research has a number of strengths, including the investigation of independent
expressions of EDF and EDB, collection of objective physical activity, height, weight, and
biochemical data, and use of a 24-hour dietary recall methodology. The latter was designed
to minimize underreporting and we also removed underreporters using objective procedures.
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The cutoff for exclusion of underreported energy intake was less stringent than in other
studies; however, using a more stringent criterion of 1.5 SD in additional analyses did not
alter the main outcomes.

Despite these strengths, the study has several limitations. The data were cross-sectional, thus
we were unable to establish causality between energy density, energy intake, and BMI. In
addition, no dietary intake data were collected for Friday or Saturday because interviews
were scheduled during the school week. People tend to consume more energy, fat, and
alcohol on the weekend (Friday-Sunday) than weekdays (Monday-Thursday) (Haines et al,
2003). Because fat and alcohol are the two most energy dense macronutrients, it is possible
that the omission of Friday and Saturday intake could impact the results by underestimating
EDF, EDB, and energy intake. However, we did obtain data on Sundays for close to half
(44%) of our sample. Although sub-sample analysis on these individuals did reveal a
slightly higher mean EDF (7.99 kJl/g versus 7.83 kJ/g), it did not change the relationships in
our predictive models. Another potential limitation is the focus on a narrow sample — school
employees from one state in the US. This group is relatively homogeneous compared to
national samples, which could limit the generalizability of findings to other areas, as well as
explain why the R statistics in our regression models were somewhat low.

In conclusion, these findings suggest that diets lower in EDF are associated with lower BMI,
lower energy and fat intake, and higher fiber intake. Elementary school personnel, like the
general US population, have high rates of overweight and obesity. This trend might be
reversed through health promotion efforts that encourage low-energy-dense foods such as
fruits and vegetables. Longitudinal research would be especially useful in a further
examination of the role of energy density in energy balance. The role of EDB on energy
intake and BMI requires special attention in future studies as we observed it played a
significant role in our prediction of the relationship between EDF and BMI.
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TABLE 1

Energy density calculations and items classified as foods or beverages

Calculation Items Classified as Foods or Beverages

EDF = kJ from food + g of food Solid, semi-solid, and liquid items consumed as foods or added to foods? (e.g., soups, yogurt,
smoothies, milkshakes3, sauces, gravy, milk on cereal); liquid meal replacements4

EDB = kJ from beverages + g of Milk, juice, alcoholic beverages, coffee, tea, soda, and water not added to foods; foods added to

beverages beverages? (e.g., sugar in coffee)

1 . . - .

For purposes of these calculations, items were classified as either a food or a beverage, but not both.
2 . . . .

Results of a controlled feeding study suggest that water consumed as a beverage with food has less of an impact on total energy intake than water
consumed as part of the food (Rolls et al, 1999); therefore, any liquid added to a food (e.g., milk on cereal) was considered a part of the food.

Similarly, a food added to a beverage (e.g., sugar to coffee) was counted as part of the beverage.

Milkshakes were grouped with ice cream, ice milk, sherbet, and nondairy frozen desserts in the NDSR Database Food Group IDs and, therefore,
were considered a “food” for this analysis. Milkshakes were not frequently consumed.

Liquid meal replacements were considered a “food” because they are often consumed in place of food, have similar nutrient composition as solid
foods, and may be as satiating as solid foods (Mustad etal, 1999).
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TABLE 3

Page 13

Dietary intake, insulin resistance, and body mass index (BMI) by tertiles of energy density of foods (EDF)
among adult female study participants®

EDF Tertile 1 (n = 116)

EDF (kJ/g) 5.81+0.76
EDB (kJ/g) 0.47 £0.38°
Energy (kJ) 7064 + 16832
% energy from fat 30.4+£6.72
% energy from carbohydrate 52.7+8.7%
% energy from protein 174 +3.92
% energy from alcohol 16+44
Total dietary fiber (g) 172572
Fasting glucose (mg/dl)3 91.4£26.2
Fasting insulin (mU/I)3 98+118
Insulin resistance (HOMA-IR)3 255£4.13
BMI (kg/m?) 27.8+5.72

EDF Tertile 2 (n = 116)
7.74 £ 0.47
0.53 +0.37

7752 + 1598°
355+6.2
48.4 + 8.6
16.1 £3.40

14+36

13.9+4.3°
93.3+25.0
10.7+7.9
2.66 +2.47

29.4+6.7

EDF Tertile 3 (n = 116)
9.92+1.16
0.63 +0.48P

8571 + 2508°
37.8+6.8°
48.1+9.20
14.0+£3.7¢

1.5+48
13.2+4.8°
90.3+345
12.2+13.1
2.73+3.12

30.1+7.4b

n/a
0.013
<0.001
<0.001
<0.001
<0.001
0.916
<0.001
0.741
0.307
0.454

0.031

1AII values are 4. + SD.

2

ANOVA was used to compare individuals within the three EDF tertiles. Means with different superscripts in a row are significantly different (P <
0.05) based on LSD post hoc tests.

Laboratory values for fasting glucose and fasting insulin and the calculated value of insulin resistance, HOMA-IR, were only available for a sub-

sample (N=307).
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Table 4

Page 14

Dietary intake and body mass index (BMI) by tertiles of energy density of beverages (EDB) among adult
female study participants®

EDB Tertile 1 (n = 116)

EDB (kJ/g) 0.14 +0.09
EDF (kJ/g) 7,51 + 1.90%
Energy (kJ) 7179 + 17042
% energy from fat 36.2+7.82
% energy from carbohydrate 48.0+9.42
% energy from protein 17.0+3.72
% energy from alcohol 05+ 1.62
Total dietary fiber (g) 15.7 +5.42
Fasting glucose (mg/dl)3 95.1£37.2
Fasting insulin (mU/I)3 10.8+127
Insulin resistance (HOMA-IR)3 276 £4.27
BMI (kg/m?) 293+6.3

EDB Tertile 2 (n = 116)
0.47+0.10
7.71+1.82°
7561 + 18162
347+75%
489 +9.3¢
16.4 +3.92

1.8+3.8°
15.0+5.1
90.4+27.9
10.2+8.8
247 +2.64

29.2+6.9

EDB Tertile 3 (n = 116)
1.02+0.32
8.25 + 1.85P

8647 + 2335P
32.8+6.1°
52379
14.1 + 3.6°
23+6.0°
13.7+5.1°
89.5+18.4
11.7+119
2.71+2.98

28.9+6.9

p2
n/a
0.008
<0.001
0.001
0.001
<0.001
0.003
0.013
0.308
0.597
0.802

0.913

lAII values are 4. + SD.

2

ANOVA was used to compare individuals within the three EDB tertiles. Means with different superscripts in a row are significantly different (P <
0.05) based on LSD post hoc tests.

Laboratory values for fasting glucose and fasting insulin and the calculated value of insulin resistance, HOMA-IR, were only available for a sub-

sample (N=307).
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