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Portion size affects intake, but when all foods are served in large portions, it is unclear whether every
food will be consumed in greater amounts. We varied the portion size (PS) of all foods at a meal to
investigate the influence of food energy density (ED) on the PS effect as well as that of palatability and
subject characteristics. In a crossover design, 48 women ate lunch in the laboratory on four occasions.
The meal had three medium-ED foods (pasta, bread, cake) and three low-ED foods (broccoli, tomatoes,
grapes), which were simultaneously varied in PS across meals (100%, 133%, 167%, or 200% of baseline
amounts). The results showed that the effect of PS on the weight of food consumed did not differ be-
tween medium-ED and low-ED foods (p < 0.0001). Energy intake, however, was substantially affected by
food ED across all portions served, with medium-ED foods contributing 86% of energy. Doubling the
portions of all foods increased meal energy intake by a mean (+SEM) of 900 + 117 kJ (215 + 28 kcal; 34%).
As portions were increased, subjects consumed a smaller proportion of the amount served; this response
was characterized by a quadratic curve. The strongest predictor of the weight of food consumed was the
weight of food served, both for the entire meal (p < 0.0001) and for individual foods (p = 0.014); subject
characteristics explained less variability. Intake in response to larger portions was greater for foods that
subjects ranked higher in taste (p < 0.0001); rankings were not related to food ED. This study demon-
strates the complexity of the PS effect. While the response to PS can vary between individuals, the effect
depends primarily on the amounts of foods offered and their palatability compared to other available
foods.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

the various foods offered; additionally, intake of one food may in-
fluence consumption of the others. Such differential changes could

Increases in portion size (PS) have a substantial effect on energy
intake and have been implicated as an environmental factor
contributing to obesity rates (Kral & Rolls, 2011; Livingstone &
Pourshahidi, 2014; Rolls, 2014). In controlled experiments,
serving a larger portion of a single food increases its consumption.
Although it is common in the current eating environment for all
available foods to be oversized, few studies have tested the effects
of simultaneously increasing the PS of multiple foods. Such in-
vestigations are needed because the portion size effect may vary for
different foods at a meal. For example, intake in response to large
portions may be affected by the energy density (ED) or the liking of
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moderate or enhance the effect of portion size on energy intake of
the entire meal. The purpose of this experiment was to investigate
the effects of portion size on intake when all foods in a meal were
varied simultaneously, and to explore whether the response to PS
was influenced by food-related properties including ED and
palatability, or by subject characteristics such as body size, age, and
measures of eating behavior.

Controlled experiments in adults have shown that serving a
larger portion of a single food or beverage, without changing the
accompanying foods, leads to increased intake of the varied item
(Diliberti, Bordi, Conklin, Roe, & Rolls, 2004; Flood, Roe, & Rolls,
2006; Kral, Roe, & Rolls, 2004; Rolls, Morris, & Roe, 2002; Rolls,
Roe, & Meengs, 2010; Rolls, Roe, Kral, Meengs, & Wall, 2004;
Rolls, Roe, Meengs, & Wall, 2004). The few experiments that
simultaneously increased the PS of all foods at meals found that this
led to increases in total intake, but effects on individual foods were
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not systematically reported (Kelly et al., 2009; Levitsky & Youn,
2004; Rolls, Roe, & Meengs, 2006a, 2006b; Rolls, Roe, & Meengs,
2007). In two experiments that varied all foods, some data sug-
gested that the PS effect was related to the ED of the foods. In the
first study, it was observed that serving larger portions over two
days led to increased intake of high-ED snacks and beverages but
not the accompanying low-ED options (Rolls et al., 2006a). In an 11-
day study, the magnitude of the portion size effect across 161 foods
was related to the ED of the foods (Rolls et al., 2007). It is possible
that this relationship between PS and ED occurred because the
higher-ED foods were more palatable than those lower in ED
(Drewnowski, 1998); however, the influence of palatability on the
relationship was not reported. In the present study, we tested the
hypotheses that serving larger portions of all foods at a meal would
lead to a greater increase in consumption of higher-ED foods than
lower-ED foods and that this effect would be related to the palat-
ability of the individual foods.

Another aim was to assess the influence of subject characteris-
tics on the PS effect. Several recent reviews have focused on iden-
tifying individual differences in response to PS, and have come to
different conclusions about variability across individuals (Benton,
2015; English, Lasschuijt, & Keller, 2015; Steenhuis & Vermeer,
2009; Zlatevska, Dubelaar, & Holden, 2014). The ability to identify
influential subject characteristics could be improved by better
statistical modeling of the portion size effect. In our early experi-
mental studies of portion size, we observed that the mean trajec-
tory of intake across four or more portion sizes was curvilinear:
when two smaller portions were served, intake increased steeply as
subjects consumed most of the available food, but when two larger
portions were served, intake increased less steeply (Rolls et al.,
2002; Rolls, Roe, Kral et al., 2004; Rolls, Roe, Meengs et al., 2004).
Neither we nor others, however, have previously accounted for this
non-linearity in analyzing the food intake of individuals. Modeling
the curvilinear relationships could help to characterize the portion
size effect when all foods are available in large amounts, and thus
help to determine whether it is more effective to focus in-
terventions on all foods, foods with certain properties, or particular
types of consumers.

2. Methods
2.1. Experimental design

This experiment used a crossover design with repeated mea-
sures within subjects, so that subjects served as their own controls.
Once a week for four weeks, participants came to the laboratory
and were served a lunch consisting of six foods: three medium in
energy density and three low in energy density. Across the four
meals, participants were served either baseline (100%) portions of
all foods or 133%, 167%, or 200% of the baseline amounts. The order
of the portion size conditions was counterbalanced across subjects
using Latin squares, and subjects were randomly assigned one of
the condition sequences.

2.2. Subject recruitment and characteristics

Women aged 20—45 years were recruited using notices in local
newspapers, in the community, and on university websites. Re-
spondents were interviewed by telephone to determine whether
they met the following initial criteria: had a reported body mass
index between 18 and 40 kg/m?, regularly ate three meals per day,
and were willing to eat the foods served in the experimental meal.
Potential subjects were excluded if they were dieting to gain or lose
weight, had food allergies or restrictions, were taking medications
known to affect appetite, were smokers or athletes in training, or

were pregnant or breastfeeding.

Potential subjects who met the initial criteria came to the lab-
oratory to complete the following questionnaires: the Zung Self-
Rating Scale (Zung, 1986), which assesses symptoms of depres-
sion; the Eating Attitudes Test (Garner, Olsted, Bohr, & Garfinkel,
1982), which evaluates disordered attitudes toward food; and the
Eating Inventory (Stunkard & Messick, 1985), which assesses di-
etary restraint, disinhibition, and tendency toward hunger. The
height and weight of potential participants (without shoes and
coats) was measured using a stadiometer and an electronic scale
(Seca North America, Chino, CA, USA). Individuals were only eligible
for study if they scored <40 on the Zung Self-Rating Scale, scored
<20 on the Eating Attitudes Test, and had a measured body mass
index between 18 and 40 kg/m?. Individuals gave signed informed
consent and were financially compensated for their participation in
the study. The study protocol was approved by the Office for
Research Protections of The Pennsylvania State University.

The sample size for the experiment was based on data from
previous studies conducted in the laboratory (Kral et al., 2004; Rolls
et al., 2002; Rolls, Roe, Meengs et al., 2004). Only women were
included as subjects in this experiment in order to reduce the
variability in intake and increase the statistical power. The mini-
mum clinically significant difference in meal energy intake was
taken to be 167 kJ (40 kcal), or about 5—10% of women's meal in-
takes in previous studies. A power analysis showed that a sample of
43 subjects would allow the detection of this difference with >80%
power at a significance level of 0.05. Fifty-one women were
enrolled in the study, but two subjects failed to attend scheduled
meals and did not complete the study. The data of one additional
subject was excluded for having undue influence on the results
according to the procedure of Littell, Milliken, Stroup, Wolfinger,
and Schabenberger (2006); at one meal this subject ate only
broccoli and grapes (623 kJ; 149 kcal). Thus, the analysis included
data from 48 women; 34 (71%) were normal weight, 8 (17%) were
overweight, and 6 (13%) were obese. Additional subject character-
istics are shown in Table 1.

2.3. Experimental meals

The experimental meal consisted of the six foods shown in
Table 2, which were selected to vary in energy density (ED) and to
include the components of a typical meal. The portion sizes in the
baseline (100%) meal were chosen to provide generous amounts of
each of the six foods, allowing for variability in preference for the
different foods across subjects. The portion sizes of all foods in the
other experimental conditions were simultaneously increased to
133%,167%, and 200% of the baseline amounts. Since the amounts of
the low-ED and medium-ED foods were increased proportionally,

Table 1

Characteristics of the 48 women who participated in the study.
Characteristic Mean + SEM Range
Age (y) 286 1.2 20.0—45.5
Weight (kg) 66.3 + 2.2 49.9-117.1
Height (m) 1.65 + 0.01 1.50—-1.78
Body mass index (kg/m?) 244 +0.7 18.6—-39.3
Estimated energy expenditure (kJ/d)* 9321 + 138 8050—12155
Estimated energy expenditure (kcal/d)? 2228 +33 1924-2905
Eating Attitudes Test score 4.0 +0.5 0-13
Restraint score” 8.1+ 06 0-18
Disinhibition score” 54+05 0-15
Hunger tendency score” 46 +04 0-12

2 Energy expenditure was estimated from sex, age, height, weight, and activity
level (Institute of Medicine, 2002).
b Scores from the Eating Inventory (Stunkard & Messick, 1985).
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Table 2
Amounts of study foods served in each condition of portion size.

Study food Food energy density Amount served (g)
(Kl/g) (kcal/g) 100% portions 133% portions 167% portions 200% portions
Low-energy-dense foods
Cherry tomatoes 0.8 0.2 75 100 125 150
Buttered broccoli 1.9 04 90 120 150 180
Red grapes 2.9 0.7 100 133 167 200
Medium-energy-dense foods
Pasta with cheese sauce® 8.8 2.1 300 400 500 600
Angel food cake® 10.5 2.5 40 53 67 80
Garlic bread® 15.1 3.6 55 73 92 110
Entire meal 6.7 1.6 660 880 1100 1320

2 Stouffer's macaroni and cheese, Nestlé USA, Solon, OH, USA.
b Sara Lee, Downers Grove, IL, USA.
¢ Pepperidge Farm Inc., Norwalk, CT, USA.

the energy density of the meals as served did not vary across
conditions. The medium-ED foods, which included the main dish,
comprised 60% of the meal by weight. At each meal, an unvaried
amount of water (1 1) was served as a beverage.

All foods and the beverage were consumed as desired. Food and
beverage items were weighed before and after meals in order to
determine the amount consumed to within 0.1 g. Energy and
nutrient intakes were calculated using information from food
manufacturers and a standard food composition database (USDA,
2015).

2.4. Daily procedures and assessments

Subjects were instructed to keep their evening meal and their
physical activity level consistent on the day before each test day, to
eat a consistent breakfast on each test day, and to refrain from
drinking alcoholic beverages on the evening before and during each
test day. Subjects came to the laboratory at a scheduled time on test
days to eat lunch. Participants were instructed not to consume any
foods or beverages, other than water, between breakfast and lunch,
and not to drink any water during the hour before lunch. Prior to
being served lunch, participants completed a short questionnaire
that asked whether they had consumed any foods or beverages
since breakfast, had taken any medications, or had felt ill. If subjects
felt ill or did not comply with the study protocol, their test day was
rescheduled. Participants were served their test meals in private
cubicles.

Immediately before each meal was served, participants rated
their hunger, prospective consumption, and fullness using visual
analog scales (Hetherington & Rolls, 1987). For example, the
question about prospective consumption (“How much food do you
think you could eat right now?”) was answered by marking a 100-
mm line that was anchored on the left with “Nothing at all” and on
the right with “A large amount”. Participants also rated the taste of
the six test foods before each meal; they were given a small sample
of each food and used visual analog scales to rate the pleasantness
of the taste (anchored by “Not at all pleasant” and “Extremely
pleasant”). After subjects had finished eating the meal, they again
used visual analog scales to rate their hunger, prospective con-
sumption, and fullness.

2.5. Discharge assessments

After the final test lunch, participants completed a discharge
questionnaire in which they reported their views about the pur-
pose of the study and whether they noticed any differences be-
tween the meals. At discharge, subjects also ranked the six foods
according to taste, healthfulness, and amount of energy (calories),

based on their experience of the test meals.

2.6. Data analysis

Differences in mean outcomes across the four experimental
conditions were analyzed by a mixed linear model with repeated
measures. The fixed effects in the model were portion size condi-
tion (100%, 133%, 167%, or 200%) and study week. For outcomes
with a significant effect of condition, the Tukey—Kramer method
was used to adjust for multiple pairwise comparisons between
means. The main outcomes were food intake (g) and energy intake
(kJ) for the entire meal, for the combined groups of low-ED and
medium-ED foods, and for each individual food. The secondary
outcomes were meal energy density determined from food intake
only (Ledikwe et al., 2005), ratings of hunger and satiety, and rat-
ings of food taste. Ratings of hunger and satiety measured after the
meal were adjusted by including the before-meal rating as a co-
variate in the model.

The design of this study, in which four portions of the foods
were served on different occasions, allowed exploration of the
curvilinear response that was observed in some previous studies
(Rolls et al., 2002; Rolls, Roe, Kral et al., 2004; Rolls, Roe, Meengs
et al., 2004). To account for this non-linearity, we used statistical
methods that characterized the mathematical trajectory of intake
across multiple portion sizes as well as multiple foods. This allowed
investigation of the interrelated intakes that result from simulta-
neously varying multiple foods, as well as the influence of factors
such as food properties and subject characteristics. The response to
portion size was defined as the trajectory of food intake (by weight)
across the various food portions served (by weight). The mean
response could be characterized by either a polynomial growth
curve or an exponential growth curve (Singer & Willett, 2003). Both
curves characterize a theoretical pattern of intake of a single food as
the portion is increased, namely: (a) intake is zero when the
amount served is zero; (b) intake increases with a slope close to 1 as
the amount served is increased and most of it is consumed; (c)
intake continues to increase, but with decreasing curvature, as
more food is served; and (d) intake approaches a maximum despite
further increases in the amount served. For the current study, a
polynomial equation was chosen because it allows the intake curve
to peak at a maximum and then decline as larger portions are
served, a pattern that might be observed for individual foods in a
multi-item meal because of competition between foods.

The trajectories of intake in response to larger portions were
analyzed using random coefficient models (Littell et al., 2006). Each
model included two types of effects: factors affecting the mean
response for the entire sample (fixed effects) and deviations from
the mean for each subject (random effects); thus a separate curve
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for portion size response was modeled for each individual. The
model was developed by sequentially adding intercept, linear, and
polynomial factors of the amount served, both as fixed effects and
random effects (Brown & Prescott, 2015). The significance of each
added effect was assessed by the Likelihood Ratio Test (Littell,
Stroup, & Freund, 2002). The curves were centered at the base-
line portion size, thus the intercept of the curve represented intake
of the baseline portion, the linear coefficient represented the
instantaneous rate of change in intake (slope) as the portion was
increased above the baseline amount, and the quadratic coefficient
represented the curvature parameter, or the deceleration in the rate
of intake as portions were further increased.

For the outcomes of total weight and energy consumed at meals,
subject characteristics were added as covariates in the random
coefficient model to investigate whether they explained any indi-
vidual differences in response to meal portion size. For the outcome
of intake of individual foods, a similar random coefficient model
was developed that included intake of all of the foods as separate
variables. Testing all of the foods in the same model allowed the
intake trajectory for each food to account for the portion size and
intake of the other foods in the meal. Subject characteristics were
tested as covariates in the model as they were for the entire meal;
in addition, food-based predictors such as food energy density and
subject rankings of food taste were tested as covariates. The
methods of Singer and Willett (2003) were used to calculate
pseudo-R? values for the proportion of total outcome variation
explained by each model.

Differences in the distribution of participant taste rankings
across the six foods were analyzed by ordinal repeated measures
logistic regression. Daily energy requirements of participants were
estimated from their sex, age, height, weight, and activity level
(Institute of Medicine, 2002). All analyses were performed using
SAS software (SAS 9.4, SAS Institute, Inc., Cary, NC, USA). Results
were considered significant at p < 0.05 and are reported as
mean + SEM.

3. Results
3.1. Effects of meal portion size on food intake by weight

Increasing the portion size of all foods led to significant in-
creases in the mean weight consumed of the entire meal
(p < 0.0001) as well as of each food (Fig. 1A; all p < 0.003).
Increasing all baseline portions by 33% increased meal intake by
25%; increasing the portions by 67% or 100% increased intake by
34%. Serving larger portions significantly increased intake of the
three medium-ED foods considered together and of the three low-
ED foods together (both p < 0.0001). There was no difference in
consumption of the medium-ED and low-ED foods in response to
larger portions (p = 0.58 for interaction); doubling the portions
increased intake of the medium-ED foods by 68 + 11 g and the low-
ED foods by 73 + 12 g. The medium-ED foods accounted for 56 + 1%
of meal intake by weight, and as portion sizes were increased this
proportion did not vary (p = 0.64) nor did the overall ED of food
consumed at the meal (6.61 + 0.84 kJ/g [1.58 + 0.02 kcal/g];
p = 0.83). Subjects consumed the entire amount of available food at
3 of the 192 meals (1.6%); excluding these meals from the analysis
did not change the significance of the effect of portion size on
intake.

Individual foods differed in their portion size effect; doubling
the portions led to increases in intake that ranged from 22% for
pasta to 60% for broccoli. The magnitude of change also varied
across portions; as an example, broccoli intake increased 28% be-
tween the two smallest portions but a non-significant 6% between
the two largest portions (Fig. 1A). Subject ratings of hunger,
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Fig. 1. Mean (+SEM) food intake (A) and energy intake (B) of 48 women who were
served a meal of six foods that were varied in portion size. Three of the foods were low
in energy density (ED) and three were medium in ED. Means for the same outcome
marked with different letters are significantly different according to a mixed linear
model with repeated measures (p < 0.02).

prospective consumption, and fullness after meals (adjusted for
before-meal ratings) did not differ significantly as food portion
sizes were increased, despite the substantial increase in intake. For
example, ratings of fullness after the baseline (100%-portion) meal
were 82.8 + 1.9 mm and after the 200%-portion meal were
85.2 + 1.9 mm (p = 0.61).

At discharge, 39 of the 48 subjects (81%) reported that they
noticed differences between meals in the amount of food served,
and 15 (31%) guessed that the purpose of the study related to
changes in portion size. The effects of portion size on food intake
were significant whether or not subjects noticed changes in portion
size or guessed the purpose of the study.
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3.2. Effects of meal portion size on energy intake

Increasing the portion size of all foods also significantly
increased mean energy intake of the entire meal (p < 0.0001) and of
each food (Fig. 1B; all p < 0.003). Increasing the portions of all foods
by 33% increased energy intake at the meal by 24%; increasing
portions by 67% or 100% increased energy intake by 34%
(900 + 117 kJ; 215 + 28 kcal). For both the three medium-ED foods
considered together and the three low-ED foods together, energy
intake increased significantly as larger portions were served (both
p < 0.0001). The medium-ED foods accounted for 86 + 1% of meal
energy intake, and this proportion did not differ as portions were
increased (p = 0.80). Because of the difference in energy density of
the foods, energy intake in response to larger portions was greater
for the medium-ED foods than for the low-ED foods (p < 0.0001 for
interaction). Doubling the portions of the medium-ED foods
increased their intake by 761 + 113 kJ (182 + 27 kcal) and doubling
portions of the low-ED foods increased their intake by 138 + 25 k]
(33 + 6 kcal). Thus, although the effect of portion size on the weight
of food consumed did not differ for low-ED and medium-ED foods,
the effect on energy intake did differ, since the medium-ED foods
provided a more concentrated source of energy per weight.

3.3. Characterization of meal intake curves in response to meal
portion size

Intake by weight: Results from the random coefficient analysis
showed that mean intake of the entire meal in response to portion
size was characterized by a quadratic curve (Fig. 2). The curvilinear
relationship fit the data significantly better than a linear relation-
ship, as indicated by a Likelihood Ratio Test (p < 0.0001). The mean
curve had a positive linear coefficient (instantaneous slope) of 0.55
(p < 0.0001) and a small negative quadratic coefficient of —0.00051
(p < 0.0001). The linear coefficient indicated that as meal portion
size was increased beyond the baseline amount, subjects ate a
mean of 55% of the additional food; this rate of intake, however,
was rapidly reduced by the quadratic coefficient as meal size was
further increased. The maximal mean intake (vertex of the curve)
was at a meal portion size of 1196 + 13 g, between the amounts
served in the 167% and 200% portion size conditions. The pseudo-R?

5

value showed that the weight of food served at meals explained 16%
of the variability in the weight of food consumed across meals.

The contribution of the random subject effects to the response
curve was significant for the intercept (p < 0.0001) and the linear
coefficient (p = 0.012), indicating that there was variation between
individuals in both baseline meal intake and in the proportion of
additional food consumed as portions were increased. Across
subjects, intake of the baseline meal ranged from 198 to 659 g and
the instantaneous slope ranged from 0.38 to 0.82 of food eaten per
additional weight of food served. The maximal meal intake ranged
across subjects from 284 g to 950 g at meal portion sizes ranging
from 1035 g to 1467 g.

Energy intake: In response to increased portion size, energy
intake showed a curvilinear relationship similar to that for food
intake by weight. The mean curve had a positive linear coefficient of
3.6 kJ/g [0.85 kcal/g] (p < 0.0001) and a negative quadratic coeffi-
cient of —0.0033 kJ/g [-0.00080 kcal/g] (p < 0.0001). The mean
maximal energy intake (vertex of the curve) was 3640 + 111 k]
(870 + 26 kcal) at a meal portion size of 1190 «+ 7 g. The pseudo-R?
value indicated that the meal weight served explained 13% of the
variability in energy intake across meals.

3.4. Influence of subject characteristics on intake curves for the
entire meal

Intake by weight: Testing subject characteristics for influence on
the intake response curve for the entire meal showed that two
measures had a significant effect: the disinhibition score on the
Eating Inventory and the pre-meal ratings of prospective con-
sumption. The disinhibition score influenced both the intercept
(p = 0.006) and the linear coefficient (p = 0.005) of the response
curve. Compared to subjects with lower disinhibition, subjects with
higher disinhibition consumed a smaller weight of food at the
baseline meal but had greater intake as portions were increased
above baseline; thus, subjects with higher disinhibition showed a
stronger response to large portions. Pre-meal ratings of prospective
consumption affected the magnitude of baseline meal intake
(p < 0.0001), in that subjects with higher values consumed a
greater weight of food at the baseline meal; these ratings, however,
did not significantly affect the curvature of intake as portions were
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Fig. 2. Mean intakes by weight (+SEM) for individual foods and for the entire meal served to 48 women. The mean curves of food intake in response to increases in the portion
served were modeled by a random coefficient analysis, in which individual trajectories were allowed to vary across subjects. The weight consumed of the entire meal and of each
food was significantly influenced by the weight served (p < 0.0001). Intake curves for each food also differed significantly from each other (p < 0.014). The dotted line shows the

potential maximum intake (consumption of the entire amount served).
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increased. Together, disinhibition score and prospective consump-
tion ratings explained a further 7% of total variability in the weight
of food consumed at meals, beyond that explained by the weight
served. Subject age, body mass index, restraint score, and estimated
daily energy expenditure had no significant influence on meal
intake in response to increased portion size.

Energy intake: The subject characteristics of disinhibition score
(p < 0.05) and prospective consumption ratings (p < 0.0001) had a
similar effect on the response curve for energy intake as they did for
meal intake by weight. In addition, subjects' estimated energy
expenditure had a positive effect on the linear coefficient of the
trajectory and a negative effect on the quadratic coefficient (both
p < 0.03). Subjects with higher energy needs had portion response
curves with greater slope and less deceleration as portions were
increased, whereas subjects with lower energy needs had response
curves that were flatter across the portions served. Thus, the dif-
ferences in the magnitude and trajectory of subjects' meal energy
intakes was partially explained by differences in their energy re-
quirements. Together, subject disinhibition scores, prospective
consumption ratings, and estimated energy expenditure explained
a further 15% of the variability in meal energy intake in addition to
that explained by the weight served.

Energy density: There was no difference in mean ED across
portion sizes, and none of the subject characteristics influenced this
relationship. The mean ED of meals across all portion size condi-
tions was 6.61 kJ/g (1.58 + 0.02 kcal/g). Regardless of portion size,
however, participants with higher body mass index (BMI)
consumed meals with significantly higher meal ED (0.016 + 0.007
ED units per BMI unit; p = 0.039). For example, participants below
the median BMI (23 kg/m?) had a meal ED of 6.23 k]/g (1.49 kcal/g)
and those above the median BMI had a meal ED of 6.99 k]/g
(1.67 kcal/g).

3.5. Subject rankings of properties of individual foods

Subject rankings of food qualities, which were completed at
discharge, differed for the six foods in the meal. For the property of
healthfulness, the rankings across all subjects varied according to
food ED (p < 0.0001): tomatoes and broccoli were ranked higher in
healthfulness than grapes, which were ranked higher than the
three medium-ED foods. The three low-ED foods were chosen as
the top three for healthfulness by 45 of the 46 subjects who
completed the rankings. For the property of the amount of energy
in each food, subject rankings were independently affected by both
food ED and baseline portion size, and thus were also related to the
energy served of each item (all p < 0.0001). The distribution of
rankings of energy across all subjects was parallel to the relative
energy content of the portions served: pasta > garlic
bread > cake > grapes, broccoli > tomatoes. These rankings indi-
cated that the subjects were aware of the health and nutritional
properties of the foods served at the meal; this awareness, how-
ever, did not affect intake of the individual foods in response to
larger portions (see next section).

Subject rankings of taste differed across the six foods served at
the meal (p = 0.0003) but did not differ according to the ED of the
foods (p = 0.26). Across all subjects, the foods ranked highest for
taste were garlic bread, broccoli, and pasta, and those ranked
lowest were tomatoes and angel food cake; grapes were ranked
intermediate in taste. The rankings of relative taste had a significant
effect on intake in response to the portion size of the foods (see
next section). Subject ratings of food taste, which were made using
visual analog scales at the start of each meal, showed similar results
to the rankings made at discharge: the highest-rated food was
garlic bread (79.9 + 1.2 mm; p < 0.004) and the lowest-rated foods
were cake (66.8 + 1.9 mm) and tomatoes (62.9 + 2.0 mm).

3.6. Influences on intake curves of individual foods

The combined analysis of the six foods in the meal found that for
the individual items, as for the total meal, the magnitudes and
trajectories of intake were significantly affected by the portions that
were served (p < 0.0001). In addition, food intake curves in
response to portion size were significantly influenced by charac-
teristics related to both the foods and the subjects.

The intake response curves had significant differences across
the individual foods (p = 0.014; Fig. 2). The linear coefficients of the
intake response curves were greater for broccoli (mean 0.62) and
pasta (mean 0.58) than for grapes (mean 0.30) and tomatoes (mean
0.28; all p < 0.004). In addition, the curves for pasta and grapes
reached a point of maximal intake and then decreased as portions
were further increased, in contrast to the continued increase in
intake of the other foods. For example, the calculated maximal
intake (vertex of the curve) for broccoli was 115 g at a portion size of
197 g, which was greater than the largest portion served. Increases
in portion size and differences in response between foods
explained a majority of the variation in the food weights consumed
(Pseudo-R? = 60%). For the outcome of energy intake, the linear
coefficients of the curves also differed by food (p < 0.0001). The
instantaneous slopes were greatest for garlic bread and least for
broccoli, grapes, and tomatoes, reflecting the differences between
the foods in both energy density and intake by weight. Thus,
serving larger portion sizes led to increased intake of all foods, but
the trajectories of intake in response to portion size differed across
the foods.

Testing subject covariates in the model of the six foods showed
that three characteristics had significant effects on the intake
curves in response to portion size. First, subject rankings of food
taste, which were completed at discharge, significantly affected
intake of the foods as portion sizes were increased (Fig. 3;
p < 0.0001). For the foods ranked higher in taste by each subject,
both the linear coefficients (instantaneous slopes) and the in-
tercepts (baseline intakes) of the curves were greater than for
lower-ranked foods. Thus, both at baseline meals and as portions
were increased, subjects consumed more of the foods that they
ranked higher in taste than those they ranked lower. Including
subject taste rankings in the model explained an additional 12% of
the variability in consumption of individual foods as portions were
increased.

Secondly, subject age significantly influenced the intake
response curves for the foods (p < 0.009); the instantaneous slopes
of the curves were larger for younger subjects than for older sub-
jects. Finally, subject disinhibition scores also influenced the
portion size response for individual foods as they did for total meal
intake (p < 0.023). Including these two subject characteristics
explained an additional 3% of the variability in individual food in-
takes beyond that explained by the taste rankings. Several other
subject characteristics had effects on the amounts consumed at
baseline, but did not affect the curvature of the portion size
response, namely: rankings of food healthfulness, pre-meal ratings
of prospective consumption and food taste (assessed by visual
analog scales), the restraint score on the Eating Inventory, and the
score on the Eating Attitudes Test.

4. Discussion

This study demonstrated that serving larger portions of all foods
at ameal led to increased intake of the entire meal and of each food.
The energy density of the foods did not influence the weight
consumed, so that serving larger portions promoted intake of both
low-ED and medium-ED items. Energy intake of the meal was
substantially affected by food ED across all of the portions served.
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Fig. 3. Mean food intake curves for six foods according to their taste ranking at discharge, along with scatterplots of individual food intakes for 46 women. The mean curves of food
intake in response to increases in the portion served were modeled by a random coefficient analysis, in which trajectories were allowed to vary across subjects. Subject rankings of
food taste significantly affected intake of the foods as portion sizes were increased (p < 0.0001). Taste rankings with different superscripts differ significantly in the linear coefficient
of the intake curve (p < 0.03). The curve for Rank 1 shows the mean intake of the food ranked as best-tasting, which differed across individuals. The dotted line shows the line of

potential maximum intake (consumption of the entire amount served).

As portions got larger, subjects consumed an increasingly smaller
proportion of the amount served; this response was characterized
by a quadratic curve, and the strongest predictor of food intake was
the portion size of the foods. Intake was also influenced by the
ranking of taste of the foods; as portions increased, the best-liked
foods at the meal showed the greatest increase in consumption.
This study demonstrates the complexity of the PS effect. While the
response to PS can vary between individuals, the effect depends
primarily on the amounts of foods offered and their palatability
compared to other available foods.

Effects on meal intake: Serving larger portions of all items led to
increased food and energy intake at the meal; these findings are
consistent with several previous controlled experiments in adults
that increased the portion size of all foods at a meal or over several
days (Kelly et al., 2009; Levitsky & Youn, 2004; Rolls et al., 2006a,
2006b, 2007). Despite substantial increases in intake, we found
no differences in ratings of fullness after the meals, a result that has
been previously noted (Herman, Polivy, Pliner, & Vartanian, 2015;
Rolls et al., 2002). The present experiment is the first to system-
atically compare portion size effects across the various foods that
were served. At a meal with multiple options, individuals have the
opportunity to adjust their intake of foods varying in ED, either in
response to food preferences or in order to moderate their energy
intake when large portions are offered. The results, however,
showed no evidence of such adjustment; as portions were
increased, there were no differences in the proportions of low-ED
and medium-ED foods that were consumed or in overall meal ED.
Thus, although these subjects were aware of the health and nutri-
tional properties of the foods, there was no indication that they
responded to larger portions by adjusting their intake of low-ED
and medium-ED foods in order to control their energy intake.

Effects on intake of individual foods: Including the individual
foods together in the same statistical model explained substantially
more of the variability than evaluating intake of the entire meal.
Although the foods differed in ED and their role in the meal, serving
larger portions led to increased intake of all items. This result is in
contrast to two previous studies in adults, which reported that
some meal components were not affected by increases in portion

size. In a two-day study, serving larger portions increased intake of
high-ED snacks and energy-containing beverages, but not the
accompanying low-ED snacks and water (Rolls et al., 2006a). In an
11-day study, there was no effect of larger portions on intake of
either low-ED vegetable side dishes at meals or of fruit served as a
snack along with a higher-ED item (Rolls et al., 2007). The current
study found portion size effects for all foods served at the meal, but
the foods varied in their intake trajectories; consumption was
influenced by rankings of food taste, which in these participants
were not related to the ED of the available foods. When larger
portions were served, the increase in intake was greater for the
foods that subjects considered to taste better. Thus, in previous
studies the disparities in PS effects between foods may be partly
explained by lower palatability of low-ED items; when ED and
palatability vary together, as is often the case (Drewnowski, 1998),
their influence cannot be distinguished. The present results suggest
that serving larger portions can increase intake of all foods in a
meal, whether lower or higher in ED, but the effect is likely to be
influenced by the availability and relative palatability of other foods
at the meal.

Characterizing the PS response: This experiment revealed aspects
of the PS response within individuals that have not been previously
demonstrated, which were found by modeling trajectories of
intake. Food intake across portion sizes was shown to approach a
maximal value following a quadratic curve, and the change in the
amount served was the main determinant of this response. This
trajectory reflects a theoretical pattern of intake that combines the
effects of increasing food availability with a diminishing propensity
to consume. Other outcomes related to portion size have been
described by curved relationships, notably intake across portion
size experiments with different designs, foods, and populations
(Zlatevska et al., 2014), and eating rates of individuals in response
to compulsory portions (Almiron-Roig et al., 2015). The varying
trajectory of the PS response has implications for research methods,
particularly regarding the number of portions to be served. In ex-
periments with the primary purpose of investigating PS effects on
intake, it is recommended that more than three portions be tested
in order to characterize the trajectory of the response.
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The curvilinear nature of the intake response also has implica-
tions for choosing the sizes of portions to be tested in experiments.
In this study, for example, the intake curve for the main dish was
relatively flat across portion sizes; consumption reached a
maximum and then decreased for the largest portion. The amounts
of pasta served were apparently large for this population or in
relation to the number of competing side dishes; the decline in
intake with increasing portion size may be attributable to compe-
tition from accompanying foods or to sensory-specific satiety from
the large amounts consumed (Rolls, Rolls, Rowe, & Sweeney, 1981).
Moreover, if the experiment had included only the three largest
portions of the main dish, the portion size effect would have
appeared to be negligible for this food. In contrast, the broccoli
portions fell on the steeper part of the response curve, and it ap-
pears that even larger portions could have been consumed by this
population. Thus, the selection of amounts to serve in PS studies
can have a substantial influence on the results, and researchers
should be aware of this when comparing PS effects across foods,
even within the same subjects.

In addition, the varying curvature of the PS effect hinders at-
tempts to describe its magnitude and to compare results across
different experiments and populations. In controlled studies of
portion size, the magnitude of increased intake is often reported as
a percentage of the baseline portion intake. This measure is
convenient and allows comparison across experiments; it has
consequently been used to summarize the PS effect, which has
been reported to average about 30% across studies when portions
are doubled (Livingstone & Pourshahidi, 2014; Steenhuis &
Vermeer, 2009; Zlatevska et al., 2014). The apparent magnitude of
the portion size response, however, is highly dependent on the
portions that researchers choose to serve. For example in the cur-
rent study, if only the two smallest portions of broccoli had been
served, a 30-g increase in portion size would have led to a 28%
increase in broccoli intake; in contrast, if only the two largest
portions had been served, the effect of the same increase in serving
weight would have been 6% and not significantly different from
zero. Comparison of portion size effects on a percentage basis
(whether across studies, foods, or populations) offers a convenient
measure, but its limitations should be acknowledged.

Individual responsiveness to PS: This study found variation be-
tween individuals in their response to larger portions, in that
serving the same series of portion sizes to all subjects resulted in
different trajectories of intake. It is unclear, however, whether this
finding should necessarily be regarded as evidence of a differential
response to portion size. Analysis of energy intake of the entire
meal showed that differences in the portion size effect were partly
related to individual energy needs. Thus, apparent differences in
responsiveness to larger portions may be due to variations between
subjects in their intake trajectories, which in turn depend on en-
ergy requirements. For example, different portion size effects have
been reported for women and men, as well as variable responses
due to age and body size (Kelly et al., 2009; Steenhuis & Vermeer,
2009; Zlatevska et al., 2014). In contrast, in the two studies that
served larger amounts of all foods but adjusted the portions for
usual intakes, there was no difference in the magnitude of the
response between women and men (Levitsky & Youn, 2004; Rolls
et al., 2007). These findings suggest that if the experimental por-
tions were adjusted to individual energy needs, the average portion
size response would be similar for women and men; this might also
be the case for subjects of different body size and age.

In the present study, the only individual characteristic that
influenced the PS effect, after accounting for food taste and factors
related to energy needs, was the disinhibition score. This score
assesses responsiveness to stimulation to eat, whether external or
internal, and has been repeatedly associated with increased energy

intake and obesity (French, Epstein, Jeffery, Blundell, & Wardle,
2012). This concept is consistent with the finding that larger por-
tions increased intake to a greater extent in individuals with higher
disinhibition scores. Subject ratings of prospective consumption, an
indication of hunger, also influenced the magnitude of intake but
not the trajectory across portion sizes. These subject characteristics
considered together, however, explained only a small amount of
intake variability in the study population, compared to the effect of
serving larger portions. In this experiment, only women were
studied, and this may have limited the predictive ability of the
subject characteristics. The rankings of food healthfulness and en-
ergy content showed that the subjects were knowledgeable about
food, which may also have affected the results, although these
factors were not found to influence the portion size effect. Differ-
ences in individual characteristics are likely to have some effect on
the portion size response, but their magnitude may be modest
compared to food-related characteristics such as the portions
served and the relative liking for the foods.

Conclusion: The effect of portion size on intake depended pri-
marily on the amounts of foods served at the meal and was greatest
for the foods that were liked the best. The influence of subject
characteristics on intake was modest compared to these food-
related factors, and the portion size effect was robust across in-
dividuals. This finding suggests that interventions to moderate the
effect of portion size on energy intake should focus primarily on
changes in the composition of meals, for example, by moderating
portions of higher-ED foods in order to reduce meal energy density.
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