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Energy density but not fat content of foods affected energy intake
in lean and obese women'-3
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ABSTRACT energy density of foods. Thus, it is possible to manipulate the fat
Background: Studies have shown that energy intake increasesontent and the energy density of foods independently to exam-
when both the fat content and energy density of the entire diehe their separate effects on energy intake.
increases. When the fat content and energy density vary inde- Some studies have examined the effects of fat content by
pendently of one another, however, energy density, but not fahanipulating the ratio of fat to carbohydrate in diets while
content, influences intake. keeping energy density constant. Results of these studies indi-
Objective: The present study examined whether energy intake icated that fat content, per se, did not affect energy intake (6-8).
lean and obese women is affected when either the energy densitg investigate the independent effects of energy density of food
or the fat content of a portion of the diet is manipulated andn energy intake, investigators in one study manipulated the
palatability is held constant. energy density of diets while keeping macronutrient content
Design:In a within-subjects design, 17 lean and 17 obese womeand palatability constant (9). Results from that study clearly
consumed meals in the laboratory for four, 4-d test periods. In 8howed that the energy density of food can have a significant
of these test periods the energy density (4.4 and 6.7 kJ/g) or tiedéfect on energy intake independently of either macronutrient
fat content (16% and 36% of energy) of compulsory entrées regontent or palatability.
resenting 50% of each subject’s usual energy intake was manipu- In the studies cited above, researchers manipulated either the
lated. Additional self-selected foods were consumed ad libitum agnergy density or fat content of entire diets and subjects were
meals and as snacks. instructed not to consume foods other than those included in
Results: There were no systematic differences in palatability ofthe experimental regimen. In real-life situations, however, indi-
the manipulated foods across conditions. Obese and lean partigduals will likely choose to incorporate only some low-fat or
ipants responded similarly to the dietary manipulations. Intakéow-energy-density foods in their diets and will also consume
of self-selected foods at meals was reduced significantly by 16%igh-fat and high-energy-density foods. Additionally, investi-
for both lean and obese subjects in the low- compared with thgators have not examined the independent effects of both fat
high-energy-density condition. The fat content of the compul-content and energy density on intake within the same individu-
sory foods had no significant effect on energy intake. Ratings odls. Thus, it is not possible to directly compare the effects of
hunger did not differ between diets. manipulations of dietary fat and energy density. Furthermore,
Conclusion: These results indicate that when a portion of thenone of the previously cited studies systematically examined
diet was manipulated, the energy density, but not the fat contenghether lean and obese individuals respond differently to
of the foods affected total energy intake at meals in both lean andanipulations of fat and energy density. This is important
obese women. Am J Clin Nutr 1999;69:863-71. because obese individuals may differ from lean individuals in
their ability to adjust subsequent intake to compensate for
KEY WORDS Energy density, fat intake, human food intake, energy derived from fat in foods (10).
macronutrients, obesity, satiety, weight management, women
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TABLE 1

Compulsory foods served at each meal during the 3 experimental corditions

Meal Monday Tuesday Wednesday Thursday

Breakfast Bagels with cream cheese; Waffles with butter and syrup; English muffins with butter and  Pancakes with butter and syrup;
mandarin oranges in light syrup sliced peaches in light syrup jam; pineapple tidbits pear halves in light syrup

Lunch Roll with sliced ham, mustard, Pita pizza (toppings included Roll with sliced turkey, cheese, Pita bread with chicken salad and
mayonnaise, lettuce, and tomato; shredded cheese, green mustard, mayonnaise, lettuce, lettuce; unsweetened apple
raw carrot sticks peppers, and diced tomatoes) and tomato; raw carrot sticks sauce

Dinner Turkey and stuffing bake; corn Chicken-rice Florentine Burritos filled with refried Italian pasta bake
and green beans beans, rice, and cheese; salsa,

lettuce, tomatoes, green
peppers, and sour cream

1For each compulsory food, 3 versions were developed: condition 1, low-fat diet of low energy density; condition 2, low-fat diet of high energy density;
condition 3, high-fat diet of high energy density. All recipes are available from the author.

The purpose of this experiment was to determine whetheflicts. Thus, the final sample consisted of 17 lean and 17 obese
energy intake in lean and obese individuals was affected whefiemales. All aspects of the study were approved by the Institu-
50% of each participant’'s habitual energy intake was variedtional Review Board of The Pennsylvania State University.
Within the same individuals, we examined the independent .
effects of both the energy density and fat content of foods orrtudy design
energy intake when only a portion of the diet was manipulated This experiment used a within-subjects design. Subjects came
and other foods could be consumed ad libitum. to the laboratory for 4 consecutive days (ie, Monday—Thursday)

during 5 test weeks to eat breakfast, lunch, and dinner. During the
first week (baseline), subjects were served a variety of foods that
SUBJECTS AND METHODS they could consume ad libitum. Baseline was used to establish
habitual energy intakes at breakfast, lunch, and dinner. During 1
of the remaining 4 wk (control), subjects were served meals iden-

We recruited subjects through advertisements in local and untical to baseline and foods were again consumed ad libitum.
versity newspapers and through posters and mailings. Potential During 3 test weeks (experimental), a portion of each meal
subjects, who were females between 18 and 45 y of age, weweas manipulated and required to be consumed in full (compul-
initially screened through a telephone interview to determinesory). Compulsory food item§4ble 1) varied in energy density
that they ate 3 meals/d, did not smoke, did not have any foodr fat content and contained50% of each subject’s average
allergies or restrictions, were not athletes in training, were nognergy intake at the respective meal (ie, breakfast, lunch, or din-
dieting, and were not taking any medications or dietary suppleaer) during baseline. Three versions of the compulsory foods
ments that would affect appetite. Subjects were excluded if thewere developed: 1) low-fat, low energy density; 2) low-fat, high
reported being unwilling to consume the foods offered in the testnergy density; and 3) high-fat, high energy densigble 2).
meals. Potential subjects were measured for weight and heigfihus, the effects of energy density on intake could be assessed
and completed the following questionnaires in our laboratoryby comparing conditions 1 and 2. Likewise, the effects of fat
the Eating Attitudes Test (EAT; possible score: 0-140), whictcontent could be assessed by comparing conditions 2 and 3. In
detects symptoms of an eating disorder (11); the Eating Inveraddition to the compulsory foods, subjects also received a vari-
tory (12), which measures dietary restraint (possible scoreety of entrées and side dishes that were consumed ad libitum.
0-21), perceived hunger (possible score: 0—14), and disinhibiFest weeks were separated by 10-d washout periods and the pre-
tion (possible score: 0-16); the Beck Depression Inventory (13entation of treatments was counterbalanced across subjects.
possible score: 0—-63) and the Zung Self-Rating Questionnair
(14; possible score: 20-80), both of which detect depression; tt..

Binge Eating Scale (15; possible score: 0—46); a detailed dem(TABLE 2

graphic inquiry; and a family weight history. Potential subjectsMacronutrient composition, energy density, and moisture content of

were excluded if they scoree0 on the Zung oe10 on the  compulsory foods

Beck questionnaires, a¢30 on the EAT. Subjects were also Condition

excluded if they ate <1255 kJ at breakfast or lunch, or <2510 k 1 2 3

at dinner during a baseline testing period. Participants wer

Subjects
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0,
defined as lean if their body mass index (BMI; in k§)/mas Fat (% of energy) 16.9 16.4 365
. : Carbohydrate (% of energy) 66.9 67.3 47.5
betwegn 20 and 25 or obese if thglr .BMI was between 28 and 4 5, qin (% of energy) 16.2 16.4 16.0
All subjects were weight-stable within the 6 mo before the stud\gnergy density
began and had no known health problems. (kJ/g) 4.4 6.7 6.6
Fifty subjects began participation in the study; however, 1€ (kcallg) 1.1 1.6 1.6
subjects were dropped: 8 because of honcompliance, 2 becalMoisture (%) 71.9 57.4 62.7

they did not meet the minimum requirement for energy intake :average of all compulsory entrees. Condition 1, low-fat diet of low
during baseline, 2 because they became pregnant during tlenergy density; condition 2, low-fat diet of high energy density; condition
study, 3 for unrelated illnesses, and 1 because of scheduling ca3, high-fat diet of high energy density.
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Procedures items with their reduced-fat or fat-free counterparts. The com-
Before the beginning of the study, waist, hip, and percentagpulsory portion of the low-fat and low-energy-density diet (con-
body fat measurements (Body Composition Analyzer; Biody-dition 1) contained more fruit and vegetables and less pasta, rice,
namics Corporation, Seattle) were taken. Also, subjects whor other bread products than the diet low in fat with high energy
were not taking hormonal contraceptives (n = 21) weredensity (condition 2). Thus, in effect, manipulations of energy
instructed on the use of ovulation detection kits (OvuQuick OSgensity were accomplished primarily by varying the water and
Quidel Corporation, San Diego). We tracked subjects’ menstrudiber contents such that foods that were lower in energy density
cycles and found that phase of the menstrual cycle was eventontained more water and fiber than foods that were higher in
distributed across conditions. energy density. The compulsory portion of the high-fat and high-
Subjects were asked to refrain from drinking alcohol and teenergy-density diet (condition 3) contained greater proportions
maintain exercise at a consistent level on the day before and dwt butter, oil, and full-fat products than the low-fat and high-
ing each test day. All subjects were weighed without shoesnergy-density diet (condition 2). Commercially produced low-
before breakfast on the first day of each 4-d study session. Sufat, reduced-fat, and fat-free products were used to lower the fat
jects then consumed breakfast, lunch, and dinner in the laboraentent of the compulsory foods served in condition 2. For
tory Monday—-Thursday. On Friday, subjects were weighed anédxample, a combination of reduced-fat and full-fat cream
completed a brief questionnaire. cheeses was spread on bagels served at breakfast on Monday
(Table 1) during condition 2, whereas only full-fat cream cheese
was used in condition 3. Because fat was added to the compul-
sory portions of foods served during the high-fat condition, more
fruit and vegetables were also added to match the energy density
Subjects were seated in individual cubicles and were periodito that of the low-fat condition.
cally monitored to assess compliance with the experimental pro- As described previously, compulsory foods served at each
tocol through use of concealed video cameras. During each meaheal during experimental conditions 1, 2, and 3 represented 50%
a variety of main entrées, side dishes, beverages, and appropof- each subject’s energy intake at that meal during the baseline
ate condiments were served. Chilled water was the only bevecondition. For example, if a subject consumed on average 3350
age served with lunch and dinner. Across all 5 conditions, bewkJ (800 kcal) at dinner during baseline, she would receive a com-
erages and condiments did not vary in amount or type. Duringulsory portion of food at dinner that contained one-half that
the baseline and control conditions, large servings of the sanmamount of energy (1675 kJ, or 400 kcal). We developed recipes
entrées and side dishes were offered and subjects were allowtmt the compulsory foods in increments of 209 kJ (50 kcal). Thus,
to consume these foods ad libitum. During the 3 experimentahe energy content of the compulsory portion of the diet con-
conditions, compulsory foods and side dishes to be eaten ad liltiained 50%t 105 kJ (25 kcal) of the subject’s habitual intake.
tum were served on separate trays. Subjects were instructed toThe initial formulation of recipes was based on information
consume the compulsory foods completely and were giveobtained from food labels. Before the start of the study, analysis
small, rubber spatulas to scrape serving dishes clean. Becauskthe protein, fat, moisture, and ash contents of the compulsory
the compulsory portion of each meal constituted 50% of the sulfoods was performed by The Pennsylvania State University Crop
ject’s habitual intake, side dishes consumed ad libitum were alsQuality Laboratory using methods of the Association of Official
an integral part of each meal. Care was taken to ensure that subralytical Chemists (AOAC; 17). Carbohydrate content was
jects had a suitable variety of foods available to choose from atalculated as the difference between total weight and the sum of
each meal. For example, during dinner on Tuesday, subjecthe protein, fat, moisture, and ash contents. Adjustments were
received a compulsory serving of chicken-rice Florentine (Tablenade in recipe formulation or serving size, based on the results
1). In addition to condiments and dessert items, subjects wei these analyses, for 8% of the foods submitted. Final results
also served chicken breast, potatoes, broccoli and cauliflowefrom the proximate analyses for the versions used in this study
salad, rolls, and butter. The side dishes served at each meal wateowed that the high-fat compulsory foods (condition 3) con-
identical during each of the 3 experimental conditions. tained 37% fat, whereas the low-fat foods (conditions 1 and 2)
For foods that were eaten ad libitum (during the baseline, corzontained=16% fat.
trol, and experimental conditions), we presented more food than Energy content was determined on the basis of the Atwater con-
subjects were likely to consume to avoid the possibility of substants (37.7 kJ/g fat, 16.7 kJ/g carbohydrate, and 16.7 kJ/g pro-
jects eating to “clean their plates.” These foods varied in fat, carttein). The compulsory foods of high energy density (conditions 2
bohydrate, and protein contents to allow subjects to vary energgnd 3) containee:6.6 kJ/g, whereas the compulsory foods of low
intake and proportions of macronutrients consumed. Foods weenergy density (condition 1) contained 4.4 kJ/g (Table 2). Analy-
weighed £0.1 g) before and after the meal to obtain the amounsis of dietary fiber content was conducted by General Mills, Inc,
consumed. Energy and macronutrient intakes from foods thatsing AOAC methods (17). These analyses did not allow for the
were consumed ad libitum were calculated by using informatiometermination of specific types of fiber contained in the foods. The
provided by manufacturers and Bowes and Church’s Fatue¥  compulsory foods of high energy density (conditions 2 and 3) con-
of Portions Commonly Used (16). A complete listing of all foodstained less than half the fiber (23l g) of the compulsory foods
served is available from the corresponding author on request. of low energy density (condition 1; 301 g).

Foods and macronutrients

Test meals

Compulsory foods Snacks

We manipulated the macronutrient content and energy density Subjects were allowed to consume foods and beverages as
of the compulsory portion of the 3 experimental diets by changeesired outside the laboratory. They were given portable scales
ing proportions of specific ingredients or substituting high-fatand were instructed to weigh and record all foods and beverages

9T0Z ‘0€ Ae uo 1sanb Aq 610 uonuinu-uafe wolj papeojumoq


http://ajcn.nutrition.org/

@ The American Journal of Clinical Nutrition

866 ROLLS ETAL

consumed outside of the laboratory, during test weeks, in the This experiment was designed to investigate the effects of the
diaries we provided. Before the study, a registered dietitiarenergy density (conditions 1 and 2) and fat content of food (condi-
demonstrated how to weigh single and mixed foods and subject®ns 2 and 3) on intake for lean and obese women. Thus, planned
practiced with their scales. Subjects were asked to bring “Nutricomparisons were used to test the effects of condition. The control
tion Facts” labels to the laboratory for each food and beverageondition was excluded from the analyses for the planned compar-
consumed. They presented snack diaries and labels on arriviabns involving the effects of energy density and fat content. Least-
for each meal. Snack diaries were reviewed by experimentersuares means were used to examine pair-wise differences between
daily and, if needed, subjects were asked to give further inforeonditions by group. A Bonferroni multiple comparison procedure
mation. Data from “Nutrition Facts” labels and the databasevas used to maintain family-wiseat 0.05 (18). Thus, in each pair-
NUTRITIONIST IV (version 3.5; N-Squared Computing, San wise comparison (condition 1 versus 2 and condition 2 versus 3),
Bruno, CA) were used to calculate the energy and macronutriwas set to 0.025 for models examining the effects of energy den-
ent contents of snacks. sity and fat content, for the lean and obese groups separately. Base-
line measures of disinhibition, cognitive restraint, hunger, eating
attitudes, binge eating, and depression were tested as covariates in
Before and after each meal, subjects rated their hunger, thirdhe mixed model. To compare each diet with the control condition,
nausea, fullness, and prospective consumption (how much foaall conditions were included in the analyses and the general linear
they thought they could eat) on visual analogue scales (VAS)nodels procedure was used with Dunnett's post hoc test to exam-
For example, hunger was rated on a 100-mm line preceded liye differences between means. We also examined differences
the question, “How hungry are you right now?” and anchored ometween lean and obese women with respect to energy intake and
the left by “not at all hungry” and “extremely hungry” on the meal patterns for the control condition.
right. Other anchors consisted of the phrases “not at all...” ant&O )
“extremely...” combined with the adjectives “...thirsty”, “...nau- od intake
seated”, and “...full”. At the beginning of the meal, subjects rated Analyses of food intake (energy and weight) were conducted
the taste of each compulsory entrée on a 100-mm line, precededth and without the compulsory portions of food and snacks,
by the question “How pleasant is the taste of this food rightind also with and without beverages. Percentage of energy from
now?” anchored on the left by “not at all pleasant” andmacronutrients was analyzed by using an equivalent multiple
“extremely pleasant” on the right. analysis of variance procedure.

Visual analogue scales

Questionnaires Visual analogue scale ratings

Before breakfast on each test day subjects completed a brief Palatability ratings of the compulsory entrées were analyzed
guestionnaire (developed by the laboratory) to assess compfier each meal and also as an average across conditions. Ratings
ance with the experimental protocol. Subjects also completed thef hunger and fullness before meals and changes in ratings of
Eating Inventory (12) on each Thursday of testing. On each Frisuch sensations (premeal ratings subtracted from postmeal rat-
day of testing, subjects reported to the laboratory to complete iags), for example, were analyzed by using the mixed model
guestionnaire assessing whether foods were appetizing or espkescribed above.
cially liked or disliked, and overall perceptions of hunger and .
fullness during the test week. Body weight

Change in body weight was calculated by subtracting the sub-
ject’s weight at the start of each diet period (Monday) from her

At the end of the study, subjects completed a discharge quegreight at the end of each diet period (Friday). This change score
tionnaire. This questionnaire asked subjects to state what theyas analyzed by using the mixed model described previously.
believed the purpose of the study was, to state whether the
detected any differences between the compulsory foods, and
share other comments relevant to the study. To test for effects of condition or time, scores for the 3 factors
of the Eating Inventory (12) (cognitive restraint, disinhibition, and
hunger) were analyzed by using the mixed model described above

Data were analyzed by using SAS-PC for WINDOWS (versionwith group and condition or group and week entered as factors.
6.10; SAS Institute Inc, Cary, NC). Baseline subject characteris-
tics were analyzed between groups with a t test adjusted for
unequal variance, as appropriate. Results were considered sigRIESULTS
ficant at P < 0.05. All other analyses (eg, food intake and visual Results of the univariate analysis procedure for food intake
analogue ratings) were conducted by using the mixed proceshowed that the residuals were normally distributed with equal vari-
dure. The residuals for total daily energy intake were examinednce. One lean subject was found to be an outlier with respect to
for normality and equality of variance by using the univariatetotal daily energy intake (studentized residual =;3.% < 0.001;
procedure. Studentized residuals were examined for the preBFFITS = 3.0) and was removed from all subsequent analyses. No
ence of outliers. The influence of each observation on thsignificant covariates were found in any of the analyses.
regression function was examined by using DFFITS (an approx- . . .
imation of the number of SDs that a fitted value changes wheRarticipant characteristics
a particular observation is removed from the data set). Observa- Participant characteristics are givenTable 3. Subjects in
tions with P < 0.001 for the studentized residual and |DFFITSthe obese group had a significantly higher BMI, percentage body
> 2 were considered to be significant outliers. fat, and waist-to-hip ratio, as well as a higher score for disinhi-

Debriefing

yestionnaires

Data analysis
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TABLE 3 of high energy density (condition 2: 2620137 g, P < 0.0004).
Subject characteristits A trend was found for lean women to consume more food with
Lean Obese the diet of low energy density (condition 1: 234811 g; con-
(n=16) (n=17) dition 2: 2210+ 113 g, P < 0.052). These results are not surpris-
Age (y) 276+ 1.9 29.3% 1.9 ing because.the reqql.red foods.ln condition 1 weighed 52% more
BMI (kg/m?) 2254+ 0.4 343+ 1.9 than those in condltllon 2. Wlth.beverages exgludeq, similar
Percentage body fat (%) 291+ 0.6 40.8+ 1.2 results were found—intake of solid foods from side dishes was
Waist-to-hip ratio 0.7+ 0.01 0.8+ 0.0% less for obese women during condition 1 than during condition 2
Eating Inventory (P < 0.004) and a trend for a reduction in intake for lean women
Cognitive restraint 6.7+ 1.1 6.5+ 1.1 was found (P < 0.049).
Disinhibition 5.3+0.9 7.9+0.9 Energy density of the compulsory foods did not affect the
Hunger 4.4+0.6 5.1+08 weight of food consumed as snacks for the lean or obese women.
Depression Also, there were no significant differences in the amount of flu-
Beck' 3.3+0.7 4.8+0.8 ids consumed in the laboratory during meals or as snacks between
Zung 30.1+1.3 311+ 1.0

meals, or in the total of all beverages consumed per day. There

EAT® 6.6+ 0.9 9.4+ 14 .

Binge eating 6.0+ 12 96+16 was a trend for both lean and obese subjects to take longer to con-
%% SEM — — sume meals in the laboratory during condition 1 than during con-
Xx .

2Significantly different from lean. P < 0.05 dition 2. Lean women took 43 and 40 min/d to consume meals
3E§tmg Inve);ltory (12) ' R during conditions 1 and 2, respectively (P < 0.08), whereas obese
“Beck Depression Inventory (13). women took 47 min/d during condition 1 and 44 min/d during
5Zung Self-Rating Questionnaire (14). condition 2 (P < 0.04).

6Measured by the Eating Attitudes Test (11).

"Measured by the Binge Eating Scale (15). Effects of fat content of compulsory foods (comparison of

conditions 2 and 3)

No significant differences were found for total energy or
bition than subjects in the lean group (P < 0.05). Cognitiveweight of food consumed per day between the high-fat and low-
restraint, disinhibition, and hunger scores on the Eating Invenfat conditions for lean or obese subjects (Figure 1 and Table 4).
tory did not vary across conditions or over time for lean or obeskikewise, there were no significant differences in the amount
subjects. (energy and weight) consumed ad libitum from side dishes,

snacks, or beverages. Both lean and obese women consumed a

Food intake greater daily percentage of energy as fat and a lower percentage

of energy as carbohydrate during the high-fat diet (condition 3)

than during the low-fat diet (condition 2) (Table 5). There were

no significant differences in the macronutrient contents of side
Energy density of the compulsory foods affected total dailydishes or snacks. Thus, the observed differences were due solely

energy intake for the obese women only and energy consumed &althe differences in the macronutrient content of the compulsory

libitum from side dishes at meals for both the lean and the obegmortion of the diet.

(Figure 1 andTable 4). Lean women consumed on average 556 ) . .

kJ/d less from side dishes on the diet of low energy density (Conc_:ompansons with control diet

dition 1) than on the diet of high energy density (condition 2). Total daily energy intake and the weight of food consumed for

Obese women consumed 723 kJ less from side dishes and 774tké& 3 experimental conditions was similar to the control diet for

less energy per day during condition 1 than during condition 2both lean and obese subjects (Table 4). The percentage of energy

There was no evidence that obese subjects compensated over tomsumed as fat was lower for the 2 low-fat diets (conditions 1

4 d because they consumed less energy on each day of the died 2) and higher for the high-fat diet (condition 3), relative to

of low energy density; the difference between the 2 conditionshe control condition, for both groups of subjects (Table 5). Sim-

was 322 kJ on Monday, 473 kJ on Tuesday, 787 kJ on Wedne#arly, the percentage of energy consumed as carbohydrate was

day, and 1523 kJ on Thursday for a total cumulative differencéigher for conditions 1 and 2 and lower for condition 3 than for

of 3105 kJ over 4 d. Energy density of the compulsory foods didhe control condition.

not affect significantly the amount of energy consumed as shacks .

between meals (Table 4) or the percentages of energy consum'(:a'nlfer intake

daily from macronutrientsTable 5) for lean or obese subjects. Average daily fiber intake was greater during the diet of low
Energy density of the compulsory foods also affected theenergy density (condition 1) than during the 2 diets of high

weight of food (g) consumed (Table 4). Lean women ate 11%nergy density (conditions 2 and 3) or during the control diet for

less food ad libitum during meals (including beverages) durindgoth lean and obese subjects (Table 4). This was not surprising

condition 1 (141Gt 104 g) than during condition 2 (1593111 because the compulsory foods of low energy density contained

g; P < 0.01). Obese subjects ate 9% less food from side dishapproximately twice as much fiber (30 g) as the compulsory

(condition 1: 168% 110 g; condition 2: 1868 125 g; P < 0.01). foods of high energy density (13 g) (Table 4).

When the weight of the compulsory foods was added to the . ) .

weight of food from side dishes consumed ad libitum, the obesgIsual analogue scale ratings and questionnaires

women ate a greater total weight of food at meals with the diet of Palatability ratings of the compulsory foods are presented in

low energy density (condition 1: 2920132 g) than with the diet Table 6. Significant differences between conditions were found

Effects of energy density of compulsory foods (comparison of
conditions 1 and 2)
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FIGURE 1. Effects of energy density (A) and fat content (B) on m&ZBEM) energy intake over the 4 test days for lean (n = 16) and obese (n=17)

women. Condition 1: low-fat diet of low energy density; condition 2: low-fat diet of high energy density; condition 3: high-fat diet of high energy den-

sity. Within each weight group, means with different superscript letters are significantly different, P < 0.05.

for some of the required foods; however, these differences weithe experimental conditions for either lean or obese subjects. Average
small and were not systematic. Overall, the foods were wellveight changes were0.1+ 0.1 kg during condition 1, 080.1 kg
liked—mean ratings were A2, 73+ 2, and 75 2 mm for con-  during condition 2, and 04.0.1 kg during condition 3.

ditions 1, 2, and 3, respectively.

Ratings of hunger, fullness, prospective consumption, nau
sea, and thirst made before meals did not vary significantly Analyses of group differences were performed for the control
between conditions for lean or obese subjects. Average rating®ndition only. Average daily energy intake was greater for
(across meals and conditions) were 63 mm for hunger andbese than for lean individuals (1008805 and 842% 217 kJ
prospective consumption, 62 mm for thirst, 3 mm for nauseafor the obese and lean subjects, respectively; P < 0.02). Lean
and 24 mm for fullness. Significant effects were noted forindividuals consumed more energy per kilogram body weight
changes in ratings from before to after meals for thirst and nauhan did obese individuals (lean: 137 6.2 kJ/kg; obese:
sea in obese subjects; however, these differences were smalD9+ 6.1 kJ/kg; P < 0.003). Both groups consumed similar pro-
For changes in thirst, a larger decrease was found for conditigmortions of energy from macronutrients per day (the ratio of fat
3 (53 mm) than for condition 2 (44 mm, P < 0.014) and for nauto carbohydrate to protein was 28:59:13 and 30:57:13 for lean
sea a larger increase was noted for condition 3.8 mm) than  and obese subjects, respectively) as well as similar amounts of
for condition 2 1.7 mm, P < 0.013). No significant differ- snacks (as energy and weight). The pattern of energy intake was
ences were found for the lean group. also similar between groups. Lean individuals consumed 26% of
their energy at breakfast, 29% at lunch, 34% at dinner, and 11%
as snacks between meals. Obese individuals consumed 26% of
No significant changes in body weight were found in response ttheir energy at breakfast, 31% at lunch, 36% at dinner, and 7%

Group effects

Body weight
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TABLE 4
Average daily intake over 4 test days
Lean (n = 16) Obese (n=17)
Control Condition 1 Condition 2  Condition 3 Control Condition 1 Condition 2  Condition 3
Side dishes®
Energy intake (kJ) 7496 378 2957+ 213 3513+ 184 3558+ 22 9309+ 515 3751+ 237 4474+ 237 4723+ 313
Amount consumed (g) 2218119 1410+ 104 1593+ 111 1514+ 114 2584+ 171 1689+ 110 1860+ 125 1832+ 128
Fiber (g) 16+ 0.9 5+ 0.6 7+0.7 7+0.5 17+1.2 5+ 0.5 7+0.7 7+0.8
Compulsory foods
Energy intake (kJ) NA 4087+ 159 4061+ 157 4066+ 157 NA 5403+ 271 5365+ 268 5373t 268
Amount consumed (g) NA 93837 617+ 24 630+ 25 NA 1231+ 60 810+ 40 826+ 40
Fiber (g) NA 25+1.0 11+ 0.4 11+ 0.4 NA 34+ 1.6 15+ 0.7 14+ 0.7
Snackd?®
Energy intake (kJ) 919 187 986+ 194 898+ 208 1017+ 222 786+ 268 595+ 132 684+ 180 758+ 266
Amount consumed (g) 694153 622+ 145 664+ 155 700+ 150 489+ 121 402+ 90 509+ 125 522+ 152
Fiber (g) 1+ 0.4 1+£0.2 1£0.2 2+ 0.5 1+0.3 1+£0.2 1+0.3 1+ 0.6
Total daily?
Energy intake (kJ) 8415412 8030+ 370 8471+ 368 8641+ 382 10095t 531 9748+ 421° 10522+ 381 10854t 542
Amount consumed (g) 294205 2970+ 192 2875+ 214 2844+ 197 3073t 222 3322+ 172 3179+ 186 3180+ 218
Fiber (g) 17+£0.9 31+ 1.146 19+0.8 19+ 0.8 18+1.2 39+ 1.846 23+ 1.15 22+1.%

1% + SEM. Condition 1, low-fat diet of low energy density; condition 2, low-fat diet of high energy density; condition 3, high-fat diet of high energy
density. NA, not applicable.

2Consumed ad libitum.

3Includes beverages.

4Significantly different from condition 2, P < 0.025.

SRequired to be consumed in full.

6Significantly different from control, P < 0.05 (Dunnett's post hoc test).

as snacks between meals. No differences were found betweartake was systematically varied, the energy density, but not the
groups in ratings of, for example, hunger and fullness, and botfat content, of the foods significantly affected energy intake dur-
groups spent similar amounts of time eating meals in the laborang meals for both lean and obese women. The current study
tory. Average meal times were 4l min/meal for the lean indi- extends our previous findings that the energy density of foods
viduals and 1& 1 min/meal for the obese individuals. affected energy intake when the whole diet was manipulated (9).
In that study, normal-weight women were served meals varying
in energy density for 2 d. The manipulated foods were similar in
Thirty-five percent of the subjects reported noticing a dif- palatability and macronutrient content. We found that the nor-
ference in the size of the compulsory entrées and 21% statedal-weight women ate a constant weight of food at each meal so
that sometimes the portions of required entrées were larg¢hat daily energy intakes varied directly with the energy density
Three subjects reported noticing a difference in the fat conterdf the diets. The present study differs from that study in that only
of some of the compulsory foods. None of the subjects notefalf of each subject’'s habitual intake was manipulated and sub-
that the differences occurred for all the compulsory foodgects were allowed to consume other foods ad libitum. This
served within each test week and none correctly stated the puexperimental design more closely resembles real-life situations
pose of the study. in which a person who is concerned about his or her food intake
may select some foods that are reduced in fat or energy content
but may also consume high-fat or high-energy foods. Our results
DISCUSSION showed that when half of what was consumed at every meal was
This study showed that when half of an individual's energyof low energy density, both lean and obese women reduced their

Debriefing

TABLE 5
Percentages of total daily energy intake from macronuttients
Lean (n = 16) Obese (n =17)
Control Condition 1 Condition 2 Condition 3 Control Condition 1 Condition 2 Condition 3
% %
Fat 27.5+1.4 23.1+ 1.2 22.1+1.12 31.8+1.123 29.5+1.2 23.9+ 0.7 235+ 0.9 33.9+0.728
Carbohydrate 58214 63.4+ 1.3 64.2+1.12 54.9+1.23 56.9+ 1.3 61.9+ 0.8 62.3+ 0.9 52.2+0.723
Protein 13.9+0.4 13.5+£ 0.3 13.7£ 04 13.3t 0.4 13.5+£ 0.5 14.2+ 0.4 14.2+ 0.4 14.0£ 0.3

1X + SEM; average of 4 d. Condition 1, low-fat diet of low energy density; condition 2, low-fat diet of high energy density; condition 3, high-fat diet of

high energy density.
2Significantly different from control, P < 0.05 (Dunnett's post hoc test).
3Significantly different from condition 2, P < 0.025.
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TABLE 6
Palatability ratings of compulsory foods by visual analogue scale
Lean (n =16) Obese (n =17)
Condition 1 Condition 2 Condition 3 Condition 1 Condition 2 Condition 3
Monday
Breakfast 657 58+ 7 62+ 8 66+4 68+5 705
Lunch 85+ 2 74+ 6 76+ 6 9+4 73+5 86 + 32
Dinner 70+ 52 82+3 83+5 66+ 52 76+ 4 775
Tuesday
Breakfast 833 78+ 4 77+5 %+4 N+4 VCEX !
Lunch 84+ 4 0+4 8+2 74+ 6 79+3 8l+5
Dinner 70+ 6 676 60+ 7 51+7 55+7 60+7
Wednesday
Breakfast 68+ 42 79+5 77+ 4 715 79+ 3 73t 4
Lunch 83+ 3 77+ 6 82+6 76+ 4 8+4 82+3
Dinner 69+ 6 637 70+5 68+5 674 79+ 52
Thursday
Breakfast 70 72 82+3 75+ 5 78+ 3 84+ 3 79+ 3
Lunch 79+ 4 74+ 5 7%6+4 71+6 75+5 2+4
Dinner 607 60+ 5 68+ 6 52+ 6 66+ 5 66+ 5

1% + SEM. Condition 1, low-fat diet of low energy density; condition 2, low-fat diet of high energy density; condition 3, high-fat diet of high esiéygy den
2Significantly different from condition 2, P < 0.025.

intake during meals. characterize the specific mechanisms mediating the effects of the

It is likely that the more accurate compensation for manipulaenergy density of foods on intake.
tions in diet composition seen in several other studies is related In the present study, the compulsory foods varied in both
at least in part to the smaller magnitude of the manipulation invater and fiber content between the conditions of high- and low
those studies (19). Many involved changes in a food or foods &nergy density. Thus, it is not possible to separate the effects of
a single meal. The present study and another with a similavater from the effects of fiber on intake because they covaried
design (20) showed that a large decrease in the energy densitylmftween conditions. Fiber has been shown to decrease hunger
a significant portion of the diet across an entire day was assocand food intake and to increase weight loss in previous studies
ated with incomplete compensation. (27). Results from a recent study showed that the effects of the

There are several possible explanations for why accurate comnenergy density of food on food intake were not due solely to dif-
pensation did not occur and specifically why subjects consumefiérences in the fiber content of foods (9). In that study, the
less energy during meals of low energy density than during thosenergy density of food affected energy intake even though fiber
of high energy density. We made no attempt to conceal the appantake varied by only 2 g between conditions. Further research is
ent differences in portion size between the low- and high-energyreeded to study the independent as well as the possible syner-
density conditions. Compulsory foods of low energy densitygistic effects of water and fiber content of foods and how they
weighed more and were larger in size than isoenergetic foods ebntribute to the effects of energy density on intake.
high energy density. Thus, how much additional food subjects Results of studies in which the fat content of a preload was
chose to consume could have been influenced by their knowledgeried, while energy density was held constant, indicated that
of culturally acceptable portion sizes (21), knowledge of portionin some individuals fat suppressed intake less at the subsequent
sizes adequate to satisfy hunger (19), and beliefs about the enemgpgal than an isoenergetic amount of carbohydrate, but this
or fat content of foods (22, 23). It is also possible that the volumeffect was modest (10, 19). In longer-term studies, when the fat
of food consumed and its energy density could affect intakeontent of the entire diet was manipulated independent of
through differential stimulation of gastric and postgastric com-energy density, fat content had no significant effect on daily
partments. Previous studies conducted in humans and raitstake (7, 8). The results of the present study are consistent
showed that the stomach is sensitive to cues related to volunweth those findings in that we found no significant effect of fat
and that manipulation of gastric distension affects food intak&ontent on energy intake when half of an individual’s typical
(24, 25). daily energy intake was varied.

Results of a study completed recently in our laboratory (26) In the present study, energy density of the foods but not fat
showed that the volume of food consumed can affect satiety. loontent affected intake for both lean and obese women. In both
that study, men were served milk-based preloads varying in vogroups the women consumed 16% less energy from side dishes at
ume (300, 450, and 600 mL), but not in energy (2088 kJ)meals when the compulsory foods were lower in energy density
macronutrient content, or palatability. Volume of the preloadsthan when they were higher in energy density. Reported intakes of
and thus energy density, affected intake at lunch and dinner sushacks were similar across conditions and between groups. Several
that energy intake was greater after the low-volume preload (30&tudies (28, 29) indicated that obese individuals underreport their
mL, high energy density) than the high-volume preload (600 mLintakes to a greater extent than do normal-weight individuals.
low energy density). These results suggest that the volume @dthough this may also be true of our subjects, there is no evidence
weight of food consumed may contribute to the effects of energyo suggest that the degree of underreporting differed between
density on food intake. Further studies, however, are needed thetary conditions, which was the primary comparison of interest.
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The fact that the obese subjects showed a reduction in intake at

meals including foods of low energy density suggests that these’-

foods could be useful for weight management. There was no indi-
cation that subjects ate more of the noncompulsory foods over the
4 d of the present study to compensate for the reduction in daily
energy intake that occurred. This suggests that it would be worth-
while to examine the effects of low-energy-density diets on food

intake and body weight of obese individuals over longer periods

of time. Although there are no long-term, controlled studies exam- 9,

ining the effects of energy density independent of the fat content
of the diet, studies of experimental diets based on reductions in

both fat and energy density have been conducted. In these studid$-

which ranged in length from 2 wk (1, 3, 4) to 11 wk (2), subjects
could eat ad libitum but only foods that had a controlled amount
of fat and energy. The subjects consumed similar weights of the
different diets so that when the fat content and energy densitx
were reduced, total daily intakes were also reduced. The reduction
in energy intake persisted during the studies, although in the study

lasting 11 wk (2) daily intakes were starting to converge. 13.

In the present investigation, hunger did not differ between the
dietary conditions despite the reduction in food intake during the
diet of low energy density. It will be important to determine in

future studies whether hunger can be effectively controlled ovet4-

long periods of time despite the reductions in energy intake
experienced with diets of low energy density. 15
In conclusion, the results of the present study indicated tha
when palatability was controlled, the energy density of food
but not the fat content affected energy intake in both lean and;
obese women. The results confirm earlier findings that the fat

content of food, independent of changes in energy density, dids.

not affect energy intake. Furthermore, this study extends previ-

ous work by showing that the energy density of food affectedl®.

intake when 50% of the diet was varied. Therefore, this study
provides preliminary evidence that reducing the energy densit)?
of a portion of the diet may contribute to a significant decrease
in energy intake.

21.
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