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Abstract

Purpose The energy density (ED) of a diet can be leveraged to prevent weight gain or treat overweight and obesity. By
lowering the ED of the diet, energy intake can be reduced while maintaining portion size. However, a reliable meta-analysis
of data from randomized controlled trials (RCTs) is missing. Therefore, this meta-analysis synthesized the evidence of ED
manipulation on energy intake in RCTs.

Methods The systematic literature search of multiple databases according to PRISMA criteria considered RCTs investigat-
ing the objectively measured energy intake from meals with different ED (lower ED (median 1.1 kcal/g) versus higher ED
(median 1.5 kcal/g)) under controlled conditions. Subgroup analyses for age (children versus adults), meal type (preload ver-
sus entrée design), and intervention length (1 meal versus > 1 meal) were performed to achieve the most homogeneous result.
Results The meta-analysis of 38 included studies demonstrated that lowering ED considerably reduced energy intake
— 223 kcal (95% CI: — 259.7, — 186.0) in comparison to the higher ED interventions. As heterogeneity was high among
studies, subgroup analyses were conducted. Heterogeneity decreased in subgroup analyses for age and meal type combined,
strengthening the results. An extended analysis showed a positive linear relationship between ED and energy intake. Dietary
ED did not affect the amount of food intake.

Conclusion Manipulating ED substantially affects energy intake whereas food intake remains constant. Thus, this
approach can be regarded as a powerful tool for weight management through nutrition therapy. Registration on 08/08/2021:
CRD42021266653.

Keywords Energy density - Energy intake - Manipulation - Nutrition - Diet - Obesity

Introduction content have a low ED, whereas foods containing high pro-

portions of macronutrients, especially carbohydrates and

Body weight maintenance is based on the balance between
energy intake and energy expenditure. Consequently, the
principles of weight management focus on reducing energy
intake by changing diet and eating patterns while increasing
energy expenditure through higher levels of physical activity
and reduced sedentary behavior [1].

Food portion size and energy density (ED; calories per
gram) are critical determinants of energy intake [1, 2], which
is why their manipulation is the basis of many weight man-
agement interventions [3—6]. Thus, foods with high water
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fats, have a higher ED [7]. Many laboratory studies have
shown that the reduction of meal ED allows for consumption
of a satiating amount of food while simultaneously reduc-
ing energy intake [8, 9] due to relatively constant amounts
of food consumed across conditions [10, 11]. In response,
the World Health Organization has highlighted energy-dense
foods as a key contributing factor to the increasing preva-
lence of overweight and obesity [12], noticing the role of
either low- or high-energy-dense food selection in the diets
has on body weight [13—16]. In practice, the methods that
lower ED are not only flexible and adaptive, but also allow
for application in a great variety of dietary patterns, align-
ing with individual food preferences as well as personal and
cultural backgrounds [2, 17, 18].

Although, data on the impact of an ED intervention on
energy intake in both children [19] and adults [20] clearly
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point towards the same outcome, study designs are highly
heterogeneous in relation to intervention and duration
approaches. First, differing satiation mechanisms are trig-
gered based on either an entrée or a preload design. Preload
interventions trigger between-meal-satiety at the end of
the preload inhibiting further food intake, whereas, in an
ad libitum entrée design, intra-meal satiation is initiated,
triggering meal termination and determining the size of the
meal [21]. A systematic review and meta-analysis of clinical
trials was performed to assess the effect of preload ED on
energy intake in subsequent meals. The analysis revealed
that compared to a high ED preload, a low ED preload
resulted in higher subsequent energy intake, but the total
energy intake (preload + subsequent meal) was still lower
in the latter condition [22]. Similarly, participants showed a
trend toward some compensation for reduced energy intake
after consuming preloads, but without reaching statistical
significance [23]. Conversely, when subjects were satiated
consuming either high or low ED ad libitum entrées for
5 days, the subjects in the low ED group halved their energy
intake without any compensation [24]. Second, differences
in intervention length contribute to more heterogeneity since
the effects of ED manipulation differ in short-to-medium
term studies versus longer term interventions [25]. A recent
meta-analysis confirmed that manipulating ED for at least
one day results in significantly altered energy intake. The
meta-analysis of 41 studies with human participants exam-
ined randomized and non-randomized experimental studies
that took place either in the laboratory or in a free-living set-
ting [19]. Moreover, it has been suggested in an experimen-
tal study, that over longer experimental settings the amount
of food consumed would gradually increase to compensate
for reduced ED and therefore the daily energy intake would
be maintained [10].

Currently no reliable meta-analysis of data regarding the
impact of ED manipulation on energy intake in humans from
exclusively randomized controlled trials (RCTs) consider-
ing data of objectively measured food intake exists. Addi-
tionally, the relationship between the offered ED of foods
and energy intake has not been mathematically described
and remains unclear. This systematic review and meta-
analysis aimed to close these gaps by synthesizing the best
available evidence on the effectiveness of influencing the
energy intake by manipulating ED in children and adults.
In addition, different meal types and intervention lengths
were considered. The secondary objective was to analyze the
impact of the various ED conditions on the amount of food
intake. The following hypotheses were tested qualitatively
and quantitatively:

1. Energy intake in kcal is lower in the meal conditions

with lower ED in comparison with the meal conditions
with higher ED.
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2. The amount of food in g consumed is similar across the
meal conditions with different ED.

Materials and methods

This review was developed and executed according to the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines [26]. To identify all
relevant studies examining the effect of ED manipulation on
the consumed energy in humans the databases PubMed, Web
of Science, Cochrane Library (Wiley) and EBM-Reviews
(Ovid) Cochrane Library were searched on December 14th
2020 and updated at January 6th 2021. The protocol of this
systematic review is registered on the PROSPERO platform
with the registration number CRD42021266653. The full
search strategy is documented in the supplementary informa-
tion (Text S1) and consists of the four modules manipulated
ED, group comparison, energy intake and the exclusion of
animals.

Eligibility criteria

Inclusion criteria were established based on the five PICOS
dimensions, i.e., participants, interventions, comparator,
outcome and study design [27].

Participants

Human adults, adolescents and children aged older than
one year, without any restrictions on sex and weight status
were included. Participants unable to eat solid foods were
excluded (e.g. breast, complementary or tube feeding). Stud-
ies exclusively conducted in specific patient groups with e.g.
type 2 diabetes/ insulin resistance, cardiovascular disease,
metabolic syndrome, cancer, immunodeficiency diseases,
malnutrition/anorexia, renal disease, diarrhea or after any
kind of surgical intervention were excluded to avoid selec-
tion bias of specific groups. In addition, articles examining
participants with food intolerances or food allergies were
not considered.

Interventions

A controlled environment (such as a laboratory or a
researcher manipulated group setting) was required. Par-
ticipants were required to be served at least one test meal
per day with a manipulated ED, resulting in meals with a
lower and a higher ED. Studies were included that had either
(i) a compulsory manipulated preload (all participants had
to consume the same amount) followed by an unmanipu-
lated ad libitum test meal, or (ii) solely an ad libitum entrée
manipulated in the ED, or (iii) a manipulated ad libitum



European Journal of Nutrition (2023) 62:1059-1076

1061

entrée and unmanipulated compulsory side dishes (all par-
ticipants were required to eat the offered side dishes), or
(iv) a manipulated ad libitum entrée and unmanipulated ad
libitum side dishes. Studies that achieved manipulation of
ED either by modifying the proportions of macronutrients
in % (e.g., low-fat versus high-fat products) or by chang-
ing the water content (e.g. adding water or vegetables), or
by substituting foods of a lower or a higher ED (e.g. com-
mercially available food products) were eligible. Studies
that altered the ED of meals by increasing the amount of
water (ED 0.0 kcal/g) consumed during meals in the form
of a beverage were excluded since it was found that water
had a greater impact on satiety when included in food than
when consumed as beverage along with food [28], as water
blended into foods has been shown to slow stomach empty-
ing more than consuming the water separately [29]. Studies
focusing on portion size manipulation, conditioning periods
for becoming familiar with a certain food or energy intake,
studies that allowed alcohol consumption within the inter-
vention or that focused on physical activity were excluded.

Comparator

A comparison among intervention arms was required either
between or within subjects.

Outcome

The primary outcome was energy intake in kcal resulting
from the corresponding ED manipulation. Therefore, food
intake in g had to be measured by a calibrated scale and
the foods’ caloric value had to be derived from validated
sources, either bomb calorimetry or internationally known
food databases. Data from FFQs, 24-h recalls or similar
sources were excluded. The secondary outcome was food
intake in g after the meals.

Study design

The systematic data analysis referred exclusively to rand-
omized trials as parallel and crossover designs.

Study selection

To identify eligible studies, the search results of the data-
bases were combined and the duplicates removed. Two
authors (B.K. and J.C.) independently screened titles and
abstracts to identify relevant randomized trials. Full-text
articles were evaluated regarding their eligibility with uncer-
tainties being discussed between the authors (< 3% cases). In
case of discrepancies, a third author was involved (I.M.). In
case of missing data, the authors of the RCTs were contacted
by email with a response rate of 85%.

Data extraction

The following information was extracted from each included
article: year of publication, country of origin, study design
and intervention length, sample characteristics (including
age, sex, body mass index (BMI) or BMI percentile curves)
and sample size, details of the intervention (modified ED
per meal, manipulated meal and the type of the manipu-
lated meal, time of day to which the meal belongs (break-
fast, lunch, dinner), possible other meal manipulations),
outcomes including energy intake in kcal and food intake
in g and information for assessment of the risk of bias were
recorded.

Characteristics across studies are presented as median
[interquartile range], minimum and maximum for sample
size, age, BMI or BMI percentile curves, study length, wash-
out period and provided ED. The results across studies are
presented as per cent (%) for origin and sex distribution.

Data analyses

For energy and food intake, data were evaluated qualitatively
and quantitatively (meta-analysis). The qualitative analyses
allowed all findings to be summarized regarding their direc-
tion of change between the intervention groups, as not all
studies provided sufficient data. For the meta-analysis, a ran-
dom-effect model was applied [30] using the software pack-
age Review Manager, version 5.4.1 [31] and sample size,
energy intake in kcal, food intake in g presented as mean
and SD are reported separately for lower ED and higher ED
intervention. The difference is expressed as mean difference
and 95% confidence interval, and graphically presented in
forest plots. To eliminate underweighting and double-count-
ing errors, factorial crossover designs were included in the
analysis once per ED intervention according to their factor
(2% 2 or 3x2) as recommended by the Cochrane Handbook
[32]. Thus, multifactorial studies were recorded as single
effects in the quantitative analyses and were separated by a
unique study ID. Statistical heterogeneity was examined by
visual inspection of forest plots and using the />-statistics to
quantify inconsistency between the studies. I*-heterogeneity
below 40% was considered as low, whereas heterogeneity up
to 60% was classified as moderate and from 75% onwards as
considerably high [32].

Subgroups were developed to provide a more homog-
enous summary of findings. In both the qualitative and
quantitative analyses, studies were classified according to
age of the study population. Hence, the subgroups of chil-
dren and adolescents (< 18 years, BMI given by percentiles)
and adults (> 18 years, BMI given in kg/m?) were identified
(subgroup analysis 1). For the quantitative meta-analysis,
additionally the subgroups regarding meal type (preload vs.
entrée; subgroup analysis 2) were formed. In preload studies,
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study participants are served a mandatory preload followed
by an ad libitum test meal. The time between preload and
test meal had to be at least 15 min. Only the combined data
of preload and subsequent test meal was used for the analy-
sis. In contrast, entrée studies included meals with different
ED served ad libitum. Side dishes were possible and were
considered as well. Finally, the data were analyzed according
to intervention length (energy intake after 1 meal is assessed
versus energy intake after > 1 meal is assessed; subgroup
analysis 3). A statistically significant subgroup effect was
considered at a p -value of less than 0.05 [32]. No subgroup
analysis was performed in the context of weight status as the
sample was too small (n=3).

To analyze the relationship between consumed delta
ED (lower versus higher ED condition per study) and delta
energy intake, linear regression analyses were conducted.
Thereby, the consumed ED was calculated from objectively
measured energy [kcal] and food intake [g]. The ED con-
sumed was not calculated in situations where data on food
intake was absent. Regression analyses were only performed
when more than 5 cases were available to avoid any bias,
allowing for analyses of the following subgroups: (i) chil-
dren, entrée design, 1 meal; (ii) adults, entrée design, 1 meal,
(iii) adults, entrée design, > 1 meal, (iv) preload design. The
coefficient of determination R* was used as a criterion for
linearity. Generally, higher coefficients indicate a better pre-
diction of the dependent variable, where coefficients of 0.5
or more are considered to indicate a linear relationship [33].

Risk of bias

For the eligible studies, a risk of bias assessment was con-
ducted using the Cochrane risk-of-bias tool for randomized
trials (RoB2) [34]. The tool consists of 5 domains addressing
different types of bias: randomization, deviations from the
intended interventions, missing outcome data, measurement
of the outcome and selection of the reported result. In any
domain, appropriate questions had to be answered for each
study. Next, the RoB2 algorithm is applied which evaluates
the risks of the individual domains. Finally, an overall risk
is calculated and expressed as “low” or “high” risk of bias,
or the judgment can be expressed with “some concerns”.

Since blinding is very difficult in nutritional studies, it
was also investigated which studies concealed ED manipu-
lation from their participants to the highest possible extent.
Secrecy was achieved by reducing visual, sensory and taste
differences between the meals to a minimum.
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Results
Study selection and categorization

The literature search process for identification of eligible
studies is shown in Fig. 1. Out of 1188 identified studies, 38
RCTSs remained for analysis.

Summary of study characteristics

A detailed overview of the characteristics for the single trials
is presented in Table 1. The characteristics across the studies
are given in the text and summarized in Fig. 2.

Among the 38 trials, most were conducted in America
(n=25; 65.8%), followed by Europe (n=12; 31.6%) and
Asia (n=1; 2.6%). These were RCTs published between
1988 and 2020.

Total participants from the eligible trials for quantitative
analysis of RCTs were 1831 participants; of which 874 were
children or adolescents, whereas 957 were adults.

For the children studies (n=11, [35-45]), the median
age was 4.6 [4.3-8.3] years, covering the ages between 2
and 12 years. Girls represented 53% of the participants. The
median BMI percentile was 59 [56.1-68.8], with a range of
42.5-94.5. The majority of the trials investigated the effects
on children of normal weight and only two trials included
children with overweight in their research. Two studies
offered the children a manipulated preload and analyzed the
subsequent ad libitum meal, whereas nine studies provided
children with a manipulated entrée. All of the preload stud-
ies manipulated only one meal per day, in contrast to 33%
(n=3) of entrée studies lasting longer than one meal.

In the studies with focus on adults (n =27, [46-72]), the
median age was 25 [22.5-26.9] years, covering the ages
between 21 and 84 years. Women represented 52% of the
participants. The general median BMI for adults was 23.2
[22.4-24.0] kg/m?, with a range of 21-34.7 kg/m>. One
study examined the effects of ED manipulation on adults
with overweight, whereas the remaining studies focused on
the effects on participants of normal weight. Five of the 27
studies offered a preload and analysed the subsequent ad
libitum meal, whereas 78% of the studies (n=21) served
a manipulated entrée. One study applied both preload and
entrée design [52].

As a result, a total of eight studies [39, 40, 48, 51, 52,
59, 60, 72] served a compulsory manipulated preload and
measured the food intake of the following unmanipulated ad
libitum test meal. A total of 31 studies modified an entrée
and measured the ad libitum intake of this entrée. The length
of all interventions ranged from 2 to 48 days with a median
length of 6 [4-8] days. A washout period was performed
between the dietary interventions in each of the 38 crossover
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Identification of studies via databases

Duplicates removed automatically

(n=294)

Records excluded by abstract and title,
with reason (n= 812):

Duplicates removed manually (n=77)
Reviews or Meta-Analysis (n=120)
Observational study (n=76)
(Conference) Abstract/ Editorial (n=40)
Wrong Topic (n=157)
Wrong intervention (n=102)
q No controlled setting (n=88)
i Trial with animals/ plants (n=80)
Subjects with co-existing disease or
in special life circumstances
(pregnant, breastfed, athlete) (n=68)
Language (n=4)

Records identified from:
= PubMed (n=471)
;§ Cochrane Library (n=190)
£ Web of Science ~ (n=524)
= Additional original article identified
g through hand-search* (n= 3)
= Total (n=1188)
Records screened
(n=894)
on
&
g v
R Full-text articles assessed for
eligibility
(n=82)
A4
E Studies included in quantitative
= analysis
g (n=38)

Full-text articles excluded, with reason
p (n=44)
Study design (n=27)
Wrong Outcome (n=13)
No randomised trial (n=2)
Language (n=1)
Age (n=1)

Fig.1 PRISMA flowchart for study inclusion. *Hand-search via database Ovid representative for Cochrane Library Search Strategy

studies. The washout periods lasted minimum 2 and maxi-
mum 28 days with a median length of 6 [6-7] days. When
the effects of the ED manipulation were investigated for
only a single and not multiple meals (n=15), lunch was
mostly used as the intervention meal (n=14), followed by
breakfast (n=38) and dinner (n=1). There were test foods
with a median ED of 1.1 kcal/g [0.80-1.2], ranging from
0.1 to 2.0 kcal/g in the lower ED intervention and a median
ED of 1.5 kcal/g [1.10-1.80] with a range of 0.5—4.6 kcal/g
in the higher ED intervention. The ED consumed cor-
relates linearly with the ED served (R%,.zp=0.9181,
thigherEDz 0.9494). In 22 studies, in addition to ED manipu-
lation, portion size (n=12), sensory quality (e.g. viscosity,
taste, color or palatability, (n="7)), other macronutrient com-
positions (n=2) or information regarding a manipulation
(n=1) were varied. This resulted in 22 or 3 X2 factorial
crossover designs, with the ED manipulation supplemented
by one or two of the aforementioned manipulations in each

case. In most trials, energy intake was the primary endpoint,
only 2 studies (5%) considered energy intake as secondary
endpoint.

Summary of study outcomes

Overall, the heterogeneity of studies was high with respect
to study design, sample size and research question.

Energy intake

Energy intake was compared between the lower ED and
higher ED interventions at qualitative and quantitative lev-
els for all 38 studies. The results of the qualitative analysis
are presented as an overview in Table 1 and across studies
in Fig. 2.

Thirty-seven studies (97%) indicated that energy intake
was lower with lower ED than with higher ED intervention.
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Table 1 Summarized study characteristics for crossover trials

Author Country Intake length (i), Participants Manipulated ED Consumed ED Outcomes
(year) washout length (w) N (A); sex (f %); age  [kcal/g] of total meal [kcal/g] of total meal
[y] mean (SD) (manipulated + if (manipulated + if
available unmanipu-  available unmanipu-
lated items) lated items)
Studies with entrée design (adults)
Bell and Rolls [46] US i: 61 meal N: 46 (36); f: 100%; LED: 1.1 LED: 1.1 EI [LED]: |
w: 5 x>5 days age: S1:26.9 (7.9), HED: 1.4 HED: 1.5 FI [LED]: <>
$2:25.8 (1.3)
Blatt et al. [47] usS i: 3x1 day N:48 (41); £: 51.2%; LED: 2.0 [+side N.A. EI [LED]: |
dishes; ED N.A.]
w: 2X7 days age: m: 24.4 (4.5),f: HED: 2.6 [+side FI [LED]: <>
23.9 (5.5) dishes; ED N.A.]
Cheskin et al. [49] US i 2X4 meals N:76 (54); : 66.7%; LED: 2.0 N.A. EI[LED]: |
w: 1x3 days age: 35.5(N.R.) HED: 4.6 FI [LED]: <>
Devitt and Mattes US i: 4 days N:26(20); f: 45.0%; LED: 1.5 LED: 1.5 EI [LED]: |
[50] w: N.R. age: 22.6 (5.8) HED: 2.6 HED: 2.6 FI [LED]: <> /4
*Hogenkamp et al. NL i 4% 5 meals N: 118 (105); f: LED: 0.5 LED: 0.5 EI [LED]: |
(52] w: 3x2 days 56.2%; age: 22.0 3.0) HED: 1.4 HED: 1.4 FI [LED]: 1
Hogenkamp et al. [53] NL i: 4x4 days N:38 (27);1: 66.7%; LED:0.3 N.A. EI [LED]: |
w: 3x3 days age: 21.0 (2.4) HED: 1.3 FI [LED]: 1
Karl et al. [54] US i: 4% 1 meal N: 20 (20); f: 40.0%; LED: 1.2 LED: 1.2 EI [LED]: |
w: yes. but N.R. age: 30.0 (11.0) HED: 1.6 HED: 1.6 FI [LED]: <>
Kral et al. [55] US i: 3x1 day N: 40 (40); f: 100%;  LED: 1.3 [+side LED: 1.1 EI [LED]: |
dishes; ED N.A.]
w: 2X6 days age: S1: 20.5 (3.1), HED: 1.8 [+side HED: 1.4 FI [LED]: 1
S2:21.8 (2.7) dishes; ED N.A.]
Kral et al. [56] UsS i 6x1 day N: 45 (39); f: 100%; LED: 1.3 LED: 1.1 EI [LED]: |
w: 5% 7 days age: 23.4 (1.0) HED: 1.8 HED: 1.6 FI [LED]: 1
McCrickerd et al. [57] SGP i: 4% 1 meal N: 61 (58); f: 53.5%; LED: 0.6 N.A. EI [LED]: |
w: 3 x>3 days age: m: 25.6 (5.3),f: HED: 1.0 FI [LED]: <>
23.5(3.5)
Poppitt and Swann UK i: 2x 12 days N: 6 (5); f: 0%; age: LED: 0.9 N.A. EI [LED]: |
[58] w: 1x3 days 35.0(8.9) HED: 2.0 FI [LED]: <>
Rolls et al. [61] US i: 4x2 days N: 25 (24); f: 100%; LED: 1.6 LED: 1.6 EI [LED]: |
w: 3% 7 days age: 21.9 3.4) HED: 2.1 HED: 2.1 FI [LED]: <>
Rolls et al. [62] US El:i: 6x1 meal (w: N:100 (97); f: 49.5%; LED: 1.2 LED: 1.2 EI [LED]: |
5x7 days) age E1:m: 26.8
(6.0), f: 26.7 (7.3);
E2:i: 6x1 meal (w: age E2:m:24.8 (6.4), HED: 1.3 HED: 1.3 FI [LED]: <>
5x7 days) f: 28.5 (7.4)
Silver et al. [63] US i: 6 meals/wk over N:52 (45); f: 68.9%; LED: 1.1 N.A. EI [LED]: |
7 months age: 84.4 (1.0)
w: N.R. HED: 2.2 FI [LED]: <>
Stubbs, Harbron et al. UK i: 3%x9 days N: 6 (6); f: 0%; age: LED: 1.2 LED: 1.0 EI [LED]: |
[65] 41.8 (10.6)
w: NR HED: 1.7 HED: 1.5 FI [LED]: 1
Stubbs, Ritz et al. UK i: 3x 16 days N:7(7); f: 0%; age: LED: 1.2 N.A. EI [LED]: |
(671 w: N.R. 36.9(7.6) HED: 1.7 FI [LED]: <>
Stubbs, Johnstone, UK i: 2% 16 days N: 6 (6); f: 0%; age: LED: 0.9 LED: 0.8 EI [LED]: |
Harbron et al. [64] w: 1 x>7 days 322(5.3) HED: 1.5 HED: 1.6 FI [LED]: 1
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Table 1 (continued)
Author Country Intake length (i), Participants Manipulated ED Consumed ED Outcomes
(year) washout length (w) N (A); sex (f %); age  [kcal/g] of total meal [kcal/g] of total meal
[y] mean (SD) (manipulated + if (manipulated + if
available unmanipu-  available unmanipu-
lated items) lated items)
Stubbs, Johnstone, UK i: 3x 16 days N: 6 (6); f: 0%; age: LED: 0.9 LED: 0.9 EI [LED]: |
O’Reilly et al. [66] 30.0 (12.8)
w: 2 x>7 days HED: 1.8 HED: 1.7 FI[LED]: 1
Williams et al. [69] US i 4x1 day N: 62 (59); f: 49.2%; LED: 1.4 [+side LED: 1.5 EI [LED]: |
dishes; ED N.A.]
w: 3 X7 days age: m: 26.1 (5.4),f: HED: 1.8 [+side HED: 1.7 FI [LED]: <>
25.6 (5.9) dishes; ED N.A.]
Williams et al. [68] UsS i: 6x 1 meal N: 53 (46); f: 100%; LED: 1.3 LED: 1.3 EI [LED]: |
w: 5% 7 days age: 254 (5.4) HED: 1.7 HED: 1.7 FI [LED]: <>
Yeomans et al. [70] UK El:i: 4x1 meal (w:  N:16(16); f: 0%; age: LED: 0.9 N.A. EI [LED]: |
3%) 21.4 (1.6)
E2:i: 8x 1 meal (w: HED: 2.0 FI [LED]: <> /1
7X)
Yeomans et al. [71] UK i: 8x 1 meal N: 32 (32); f: 0%; LED: 0.6 N.A. EI [LED]: |
w: TX age: S1:22.3 (2.4), HED: 1.7 FI [LED]: <
S2:22.9 (3.8),
S3:22.6 (2.8), S4:
22.5(2.1)
Studies with entrée design (children)
Fisher et al. [35] US i: 4% 1 meal N:53(53);1:52.8%; LED:1.3+0.8 LED: 1.1 EI [LED]: |
w: 3x7 days age: 5-6 (N.R.) HED: 1.8+0.8 HED: 1.3 FI [LED]: <>
Johnson et al. [36] [N i: 1-2 meals/ wk N:NR. 21); f: LEDg,: 1.1, HEDg,:  LEDg;: 1.1, HEDg,:  EI[LED]: |
47.6%; 2.2 2.2
w: N.R. age: E1: 4.0 (0.7). E2: LEDg,: 1.1, HEDg,:  LEDg,: 1.1, HEDg,:  FI[LED]: <>
2.8 (0.3) 2.3 2.3
Kling, Roe, Keller US i: 6 X1 meal N: 131 (120); f: LED: 0.8 LED: 0.8 EI[LED]: |
etal. [37] w: 5% 7 days 49.2%; age: 4.4 (1.1)  YED: 1.1 HED: 1.1 FI [LED]: <>
Kling, Roe, Sanchez ~ US ir 4% 1 meal N: 143 (125); f: LED:0.4+1.3 LED: 0.9 EI [LED]: <>
etal. [38] w: 3x7 days 46.4%; age: 4.2 (1.1)  HED: 0.6+1.3 HED: 1.0 FI [LED]: <>
Leahy, Birch, Fisher =~ US i: 4% 1 meal N:75(61); f: 50.8%; LED: 0.8 LED: 0.7 EI[LED]: |
etal. [42] w: 3% 7 days age: m: 4.5 (0.6). f:  HED: 0.9 HED: 0.9 FI [LED]: <>
4.3 (0.6)
Leahy, Birch & Rolls US i: 2% 2 days N:29 (26); f: 61.5%; LED:0.9 LED: 1.0 EI [LED]: |
[41] w: 1x 12 days age: 4.2 (0.5) HED: 1.1 HED: 1.2 FI [LED]: <>
Olsen et al. [43] DK i: 2% 1 meal N:N.R. (74); f: LED: 0.9 LED: 0.9 EI [LED]: |
w: N.R. 60.8%; age: 5.6 (0.8) HED: 1.4 HED: 1.5 FI [LED]: <>
Smethers et al. [44] US i: 3x5 days N:56 (49); f: 46.9%; LED:0.9 LED: 0.9 EI [LED]: |
w: 2% 7 days age: 4.3 (0.7) HED: 1.0 HED: 1.1 FI [LED]: <>
Spill et al. [45] US i: 3x1 day N:49 (39); f: 53.8%; LED: 1.6 LED: 1.3 EI [LED]: |
w: 2% 6 days age: 4.7 (0.6) HED: 2.0 HED: 1.5 FI [LED]: <>
Studies with preload design (adults)
Blatt et al. [48] US i: 4x1 day N: 73 (68); f: 58.8%; LED:1.0+1.7 LED: 1.2 EI [LED]: |
w: 37 days age: m: 26.8 (5.8); f: HED: 1.6+1.7 HED: 1.6 FI[LED]: 1
27.6 (7.0)
Gray et al. [51] UK i: 5% 1 meal N: 18 (18); f: 0%; LED: 0.3+N.A. N.A. EI [LED]: |
w: 4x2-14 days age: 26.0 (5.2) HED: 1.0+N.A. FI [LED]: N.R.
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Table 1 (continued)

Author Country Intake length (i), Participants Manipulated ED Consumed ED Outcomes
(year) washout length (w) N (A); sex (f %); age  [kcal/g] of total meal [kcal/g] of total meal
[y] mean (SD) (manipulated + if (manipulated + if
available unmanipu-  available unmanipu-
lated items) lated items)
*Hogenkamp et al. NL i: 2% 5 meals N: 118 (105); f: LED: 0.5+2.7 LED: 1.2 EI [LED]: |
52 56.2%; age: 22.0 (3.0
521 w: 1x28 days %:age: 220300 pen 1 4427 HED: 1.8 FI [LED]: 1

Rolls et al. [59] US i: 2% 1 meals N: 24 (24); f: 100%; LED:0.1+4.5 LED: 1.5 EI [LED]: |

w: 1x7 days age: 21.8 (4.4) HED: 0.5+4.5 HED: 1.6 FI [LED]: <>
Rolls et al. [60] US i: 7% 1 meal N:50 (42); f: 100%; LED:0.3+2.0 N.A. EI [LED]: |

w: 67 days age: 26.3 (7.8) HED: 1.3+2.0 FI [LED]: <>
Yeomans et al. [72] UK i: 6X 1 meal N:NR (36); f: 50.0%; LED: 0.3+N.A. N.A. EI [LED]: |

w5 x age:21.9.(3.2) HED: 0.9 +N.A. FI [LED]: N.R.
Studies with preload design (children)
Kral et al. [39] US i: 3% 1 meal N: 94 (94); f: 53.2%; LED:0.64+0.6 N.A. EI [LED]: |

w: 2x7 days age: 8.9 (2.3) HED: 1.0+0.6 FI [LED]: N.R.
Kral et al. [40] UsS i: 2x 1 meal N: 212 (212); f: LED: 1.0+2.1 N.A. EI[LED]: |

54.7%;
w: 1X7 days age: S1: 8.3(0.7), S2/ HED: 1.6+2.1 FI [LED]: N.R.

$3:8.3 (0.8)

Consumed ED was calculated with energy intake (EI) and food intake (FI), from total meal (manipulated + unmanipulated food components); EI
and FI after lower ED intervention compared to the higher ED diet: 1: increase, |: decrease, <> : no difference, *: study with> 1 assignment

Abbreviations: A analyzed sample size, DK Denmark, E trial, ED energy density, f female, HED higher energy density condition, i interven-
tion length, LED lower energy density condition, m male, N number of participants, N.A. not available/not calculable, NL Netherlands, N.R. not
reported, S subgroup, SD standard deviation, SGP Singapore, UK United Kingdom, US United States of America, w washout period, wk week, y

years

% of studies

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

Energy intake Food intake

Qutcome due to lower ED diet compared to higher ED intervention

Fig.2 Changes in energy intake and food intake after lower energy
density (ED) in comparison to higher ED diet across studies. Energy
intake, food intake: 1 intake is higher with lower ED than with higher
ED intervention; | intake is lower with lower ED than with higher
ED intervention, <> no significant differences between lower ED and
higher ED intervention; NR not reported

Only one study [38] showed no change in energy intake in
children after the lower ED intervention, indicating that the
same amount of energy was consumed via both the lower ED
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and higher ED diets. There were also no differences between
participants with normal-weight or overweight/obesity.

For quantitative analysis, the 38 multifactorial crossover
studies were split according to their study conditions [32]
resulting in 71 effects. The result of the quantitative analy-
sis is presented as a forest plot in Fig. 3. Energy intake was
reduced in the lower ED relative to higher ED conditions
(mean energy intake difference — 223 kcal (95% CI: — 259.7,
—186.0); p<0.001). However, the heterogeneity was high
with I? = 97% despite the applied random effect model.

To investigate the sources of heterogeneity, subgroup
analyses were performed according to participants’ age
(subgroup analysis 1), meal type (subgroup analysis 2) and
intervention length per day (subgroup analysis 3).

Subgroup analysis 1: effects of participants’ age (children
versus adults) on energy intake This analysis aimed at
reducing heterogeneity by dividing the studies according to
the age of the participants (Figure S1). Although heteroge-
neity of adult studies remained high (I* = 94%), was still
reduced in the lower ED relative to higher ED interventions
(mean energy intake difference — 302 kcal (95% CI: —358.9,
—246.4); p<0.001). In contrast, for trials with children het-
erogeneity was reduced (I>=80%) and accompanied by a
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lower ED higher ED Mean Difference Mean Difference
Study or Subgroup Mean [kcal] SD [kcal]l Total Mean [kcal] SD [kcal] Total Weight v, 1 95% CI v, 95% CI
Bell & Rolls (2001): Lean 1,868 432 19 2,345 432 19 0.9% -477.00 [-751.71, -202.29]
Bell & Rolls (2001): Obese 1,729 432 17 2,152 432 17 0.9% -423.00 [-713.42, -132.58]
Blatt et al. (2011) 2,760 704 41 3,117 845 41 0.7% -357.00 [-693.65, -20.35]
Blatt et al. (2012): Energy100%; Men 2,664 482 28 2,837 487 28 1.0% -173.00 [-426.80, 80.80] —
Blatt et al. (2012): Energy100%; Women 1,907 367 40 2,069 361 40 1.4% -162.00 [-321.53, -2.47]
Blatt et al. (2012): Energy64%; Men 2,392 471 28 2,518 556 28 0.9% -126.00 [-395.90, 143.90] —
Blatt et al. (2012): Energy64%; Women 1,780 379 40 1,830 342 40 1.4% -50.00 [-208.20, 108.20] .
Cheskin et al. (2008) 310 43 54 730 58 54 1.8% -420.00 [-439.26, -400.74] -
Devitt & Mattes (2004): Customary Food Unit 1,611 438 20 2,264 751 20 0.6% -653.00 [-1034.02, -271.98] 4———
Devitt & Mattes (2004): Small Food Unit 1,391 286 20 2,250 657 20 0.8% -859.00 [-1173.04, -544.96] ¢
Fisher et al. (2007): 250g 445 175 53 511 175 53 1.7% -66.00 [-132.63, 0.63] ]
Fisher et al. (2007): 5009 496 175 53 598 175 53 1.7% -102.00 [-168.63, -35.37] -
Gray et al. (2003): 150ml 665 274 18 723 303 18 1.2% -58.00 [-246.72, 130.72] T
Gray et al. (2003): 450ml 713 280 18 929 257 18 1.3% -216.00 [-391.58, -40.42]
Hogenkamp et al. (2010): Entreé design 249 126 105 667 298 105 1.7% -418.00 [-479.88, -356.12] -
Hogenkamp et al. (2010): Preload design 487 199 105 709 179 105 1.8% -222.00 [-273.20, -170.80] -
Hogenkamp et al. (2012): Liquid food 132 82 27 475 291 27 1.6% -343.00 [-457.04, -228.96] a—
Hogenkamp et al. (2012): Semi-solid food 92 78 27 340 255 27 1.6% -248.00 [-348.58, -147.42] —_—
Johnson et al. (1991): Experiment 1 59 9 12 112 18 12 1.8% -53.00 [-64.39, -41.61] -
Johnson et al. (1991): Experiment 2 31 5 9 69 14 9 1.8% -38.00 [-47.71, -28.29] M
Karl et al. (2013): Fast Eating Rate 697 336 20 999 459 20 1.0% -302.00 [-551.30, -52.70] e —
Karl et al. (2013): Slow Eating Rate 601 283 20 733 419 20 1.1% -132.00 [-353.59, 89.59] —
Kling, Roe, Keller, et al. (2016): 100% 222 99 120 321 131 120 1.8% -99.00 [-128.38, -69.62] -
Kling, Roe, Keller, et al. (2016): 150% 279 121 120 366 153 120 1.8% -87.00 [-121.90, -52.10] -
Kling, Roe, Keller, et al. (2016): 200% 279 131 120 390 164 120 1.8% -111.00 [-148.55, -73.45] -
Kling, Roe, Sanchez, et al. (2016): 100% 322 88 125 328 97 125 1.8% -6.00 [-28.96, 16.96] I
Kling, Roe, Sanchez, et al. (2016): 150% 337 109 125 337 109 125 1.8% 0.00 [-27.02, 27.02] T
Kral et al. (2002): Info 1,373 358 20 1,695 429 20 1.0% -322.00 [-566.88, -77.12] I —
Kral et al. (2002): Nolnfo 1,351 358 20 1,592 398 20 1.1% -241.00 [-475.61, -6.39]
Kral et al. (2004): 5009 398 102 39 526 174 39 1.7% -128.00 [-191.30, -64.70] -
Kral et al. (2004): 700g 472 140 39 560 201 39 1.7% -88.00 [-164.88, -11.12] -]
Kral et al. (2004): 900g 482 152 39 619 201 39 1.7% -137.00 [-216.09, -57.91] I
Kral et al. (2012): Normalweight 567 254 47 563 254 47 1.6% 4.00 [-98.69, 106.69] -1
Kral et al. (2012): Obesity 613 254 47 684 254 47 1.6% -71.00 [-173.69, 31.69] T
Kral et al. (2020) 618 248 212 656 248 212 1.8% -38.00 [-85.21, 9.21] -
Leahy, Birch, Fisher et al. (2008) 2,350 347 26 2,739 561 26 1.0% -389.00 [-642.55, -135.45]
Leahy, Birch & Rolls (2008): 300g 294 106 61 365 116 61 1.8% -71.00 [-110.43, -31.57] -
Leahy, Birch & Rolls (2008): 400g 311 115 61 363 126 61 1.8% -52.00 [-94.81, -9.19] -
McCrickerd et al. (2017) 286 76 58 515 183 58 1.8% -229.00 [-280.00, -178.00] -
Olsen et al. (2011) 209 179 74 353 288 74 1.7% -144.00 [-221.26, -66.74] -
Poppitt & Swann (1998) 2,054 693 5 3,535 741 5 0.2% -1481.00[-2370.28, -591.72] +———
Rolls et al. (1988): Orange jello 534 204 12 588 21 12 1.6% -54.00 [-170.03, 62.03] T
Rolls et al. (1988): Tomato soup 466 156 12 576 152 12 1.5% -110.00 [-233.23, 13.23] —
Rolls et al. (2004): 1509 786 243 42 922 255 42 1.6% -136.00 [-242.53, -29.47] —
Rolls et al. (2004): 300g 743 244 42 995 199 42 1.6% -252.00 [-347.22, -156.78] -
Rolls et al. (2006): 100% 3,873 612 24 4,955 700 24 0.6% -1082.00 [-1453.99, -710.01] +—
Rolls et al. (2006): 75% 3,355 558 24 4,449 710 24 0.7% -1094.00 [-1455.28, -732.72] +——
Rolls et al. (2010): Addition study; 180g 555 224 49 592 238 49 1.7% -37.00 [-128.51, 54.51] -
Rolls et al. (2010): Addition study; 270g 541 245 49 616 245 49 1.6% -75.00 [-172.01, 22.01] T
Rolls et al. (2010): Addition study; 360g 574 238 49 631 268 49 1.6% -57.00 [-157.36, 43.36] -
Rolls et al. (2010): Substitution study; 180g 514 187 48 552 180 48 1.7% -38.00 [-111.43, 35.43] -
Rolls et al. (2010): Substitution study; 270g 469 166 48 517 180 48 1.7% -48.00[-117.27, 21.27] -
Rolls et al. (2010): Substitution study; 360g 466 152 48 537 166 48 1.7% -71.00 [-134.67, -7.33] -
Silver et al. (2008) 415 104 45 774 221 45 1.7% -359.00 [-430.36, -287.64] -
Smethers et al. (2019) 884 266 49 1,041 21 49 1.7% -157.00 [-231.71, -82.29] -
Spill et al. (2011) 890 325 39 1,023 327 39 L.4% -133.00 [-277.69, 11.69] 1
Stubbs, Harbron et al. (1995) 2,176 146 7 3,053 240 7 1.2% -877.00 [-1085.10, -668.90] ¢———
Stubbs, Johnstone, Harbron et al. (1998) 2,072 129 6 3,540 222 6 1.2% -1468.00 [-1673.45, -1262.55] ¢
Stubbs, Johnstone, O'Reilly et al. (1998) 2,434 240 6 3,862 351 6 0.7% -1428.00 [-1768.23, -1087.77] ¢
Stubbs, Ritz et al. (1995) 2,157 146 6 2,952 240 6 1.1% -795.00 [-1019.78, -570.22] +———
Williams et al. (2013): Fat manipulation 2,272 507 59 2,668 591 59 1.2% -396.00 [-594.69, -197.31]
Williams et al. (2013): Fruits/Veggie manipulation 2,360 507 59 2,668 591 59 1.2% -308.00 [-506.69, -109.31]
Williams et al. (2013): Water manipulation 2,438 507 59 2,668 591 59 1.2% -230.00 [-428.69, -31.31]
Williams et al. (2014) 476 109 46 649 156 46 1.8% -173.00 [-228.00, -118.00] -
Yeomans & Chambers (2011): High Sensory 788 300 36 799 300 36 1.5% -11.00 [-149.59, 127.59] I —
Yeomans & Chambers (2011): Low Sensory 768 420 36 929 300 36 1.3% -161.00 [-329.60, 7.60]
Yeomans & Chambers (2011): Medium Sensory 748 300 36 829 300 36 1.5% -81.00 [-219.59, 57.59] — T
Yeomans et al. (2005): Experiment 1; bland 359 191 16 693 287 16 1.3% -334.00 [-502.92, -165.08]
Yeomans et al. (2005): Experiment 1; palatable 382 287 16 932 478 16 0.9% -550.00 [-823.19, -276.81]
Yeomans et al. (2005): Experiment 2 177 38 16 430 287 16 L.4% -253.00 [-394.85, -111.15] —_—
Yeomans et al. (2009) 174 46 12 449 114 12 1.7% -275.00 [-344.55, -205.45] -
Total (95% CI) 3128 3128 100.0% -222.85 [-259.67, -186.04] *
itv: Tau? - Chi? 2 b + 4 .
Heterogeneity: Tau? = 19199.97; Chi* = 2181.86, df = 70 (P < 0.00001); I> = 97% T 500 500 1000

Test for overall effect: Z = 11.86 (P < 0.00001)

Fig.3 Quantitative analysis of energy intake of all randomized con-
trolled trials receiving either lower energy density (ED) or higher ED
meals. The forest plot displays effect estimates and 95% confidence
intervals (CI) for individual studies and the summary of findings.

drop in efficacy (mean energy intake difference — 65 kcal
(95% CI: — 83.5, - 47.0); p<0.001).

Subgroup analysis 2: effects of meal type (preload ver-
sus entrée design) on energy intake In the analysis exam-
ining preload versus entrée studies (Figure S2), lower ED
conditions were associated with a reduction in energy intake
(mean energy intake difference — 111 kcal (95% CI: — 159.2,
— 62.5); p<0.001) and manipulated entrées (mean energy

0
Favours [lower ED] Favours [higher ED]

Additionally, for each study mean energy intake [kcal], standard devi-
ation (SD) [kcal] and the number of total participants of both lower
ED and higher ED conditions are presented. IV inverse-variance

intake difference — 261 kcal (95% CI. — 304.6, — 217.9);
p<0.001), although treatment effects were significantly
greater for manipulated entrées than manipulated preloads
(p<0.001). Heterogeneity decreased when analyzing
preload studies (> = 66%), but remained high for entrée
studies (I =98%).

Subgroup analysis 3: effects of intervention length (1 meal
versus > 1 meal) on energy intake Lastly, this analysis dis-
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tinguished according to length of intervention period (Fig-
ure S3). Effectiveness of the multiple meal interventions was
superior to single meal interventions (p <0.001), indicating
a persistence effect of the ED manipulation. However, het-
erogeneity remained high for both single interventions (/*
= 97%) and multiple interventions (> = 92%).

Combination of subgroup analysis 1+2: effects of age
and meal type on energy intake Heterogeneity decreased
when subgroups 1 and 2 were combined for analysis
(Fig. 4). Here, heterogeneity decreased slightly when ana-
lyzing only children/entrée studies (I>=83%), but dropped
strongly for children/preload interventions (I>=0%). Nev-
ertheless, no significant subgroup effect for preloads was
found (p=0.07). A reduced heterogeneity was found when
analyzing adult/preload studies (I>=42%) but adult/entrée
studies remained high in their heterogeneity (I>=95%).
Subgroup differences were significant (p <0.001). Energy
intake was lower in all subgroups in the lower ED relative to
the higher ED intervention with mean energy intake differ-
ences of — 69, — 37, — 374 and — 139 kcal for children/entrée,
children/preload, adults/entrée, and adults/preload studies,
respectively. No further subgroup analysis could reduce het-
erogeneity, which is why no further analyses are mentioned.

Overall, the subgroup analyses were able to explain the
heterogeneity of studies in the full analyses. The data of
the RCTs clearly demonstrated that the lower ED interven-
tion reduced the energy intake compared to the higher ED
intervention.

Food intake

To improve understanding of the findings regarding the
outcome of energy intake in lower ED versus higher ED
interventions, the amount of food intake in both conditions is
presented in the following. The results regarding food intake
for the single studies are presented at qualitative level for
38 studies as an overview in Table 1 and across studies in
Fig. 2.

Twenty-five studies showed no significant difference in
food intake between the two interventions (66%), nine stud-
ies reported an increase in food intake after a lower ED meal
in comparison to a higher ED meal (24%) and the remaining
studies (n=4, 10%) did not report on food intake. Except
for one study [28], all of the studies with higher food intake
in the lower ED than in the higher ED diet were studies
in which adult study participants received a manipulated
entrée.

For quantitative analysis, 26 studies were included and
the results are presented as a forest plot in Fig. 5. Independ-
ent of ED manipulation, the amount of food consumed was
rather similar between the intervention groups, although in
some cases food intake was slightly increased in the lower
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ED test meals (mean food intake difference 20 g (95% CI:
8.5, 30.6); p<0.001), meaning marginally more food was
eaten in lower ED interventions. The heterogeneity from the
trials (> =65%) required no further exploration.

Relationship between delta ED consumed and delta
energy intake

Substantial linear relationships between A consumed ED
(lower versus higher ED condition) and A energy intake
were found across different meal types and age (Fig. 6).
The linear relationship in children with entrée design and
1 meal per day (A) was stronger (R*=0.90) than in adults
(R*=0.71, B). In adults, the linear relationship became very
strong when analyzing the entrée design including more than
1 intervention meal per day (R*=0.93; C). Studies with
preload design (D) also showed a clear linear relationship
(R2 =0.68; separation between adults and children was not
possible due to the small sample size).

Risk of bias

Figure 7 is a risk of bias summary showing the review
authors judgements about each risk of bias item for each
included study. The overall risk of bias was low in 37 studies
and with some concerns in 1 study. None of the studies were
identified with a high risk. All of the 38 trials were analyzed
per protocol rather than intention-to-treat.

Only in 4 out of 38 studies (11%) the ED condition was
evident to the participant. All other studies tried to conceal
the ED condition to the highest possible extent. However,
it is unclear if this goal was achieved in the single studies.
Excluding the 4 studies (n =430, [49, 55, 62, 63]) with overt
manipulation did not influence the findings and no sub-group
differences were observed between overt and covert manipu-
lation (data not shown). Hence, all studies were included in
this meta-analysis.

Discussion

This systematic review and meta-analysis summarized the
data of RCT studies investigating the influence of dietary ED
on energy and food intake. Both hypotheses were qualita-
tively and quantitatively confirmed, showing that the lower
ED reduced energy intake compared to the higher ED inter-
vention, while food intake was unaffected. Meta-analysis
data clearly indicated decreased energy intake with lower
ED interventions than with higher ED interventions, as sup-
ported by another meta-analysis that included both RCTs
and non-randomized controlled trials [19]. Moreover, a clear
linear relationship was demonstrated between delta ED and
delta energy intake, resulting in a lower energy intake with
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lower ED higher ED Mean Difference Mean Difference
Study or Subgroup Mean [kcal] SD [kcal]l Total Mean [kcal] SD [kcal] Total Weight v, 1 95% CI v, d 95% CI
1.1.1 Adaults, Preload
Blatt et al. (2012): Energy100%; Men 2,664 482 28 2,837 487 28 1.0% -173.00 [-426.80, 80.80] S
Blatt et al. (2012): Energy100%; Women 1,907 367 40 2,069 361 40 1.4% -162.00 [-321.53, -2.47] —
Blatt et al. (2012): Energy64%; Men 2,392 471 28 2,518 556 28 0.9% -126.00 [-395.90, 143.90] ——— —
Blatt et al. (2012): Energy64%; Women 1,780 379 40 1,830 342 40 1.4% -50.00 [-208.20, 108.20] I
Gray et al. (2003): 150ml 665 274 18 723 303 18 1.2% -58.00 [-246.72, 130.72] T
Gray et al. (2003): 450ml 713 280 18 929 257 18 1.3% -216.00 [-391.58, -40.42] —
Hogenkamp et al. (2010): Preload design 487 199 105 709 179 105 1.8% -222.00 [-273.20, -170.80] -
Rolls et al. (1988): Orange jello 534 204 12 588 21 12 1.6% -54.00 [-170.03, 62.03] I
Rolls et al. (1988): Tomato soup 466 156 12 576 152 12 1.5% -110.00 [-233.23, 13.23] I——
Rolls et al. (2004): 1509 786 243 42 922 255 42 1.6% -136.00 [-242.53, -29.47] —
Rolls et al. (2004): 300g 743 244 42 995 199 42 1.6% -252.00 [-347.22, -156.78] -
Yeomans & Chambers (2011): High Sensory 788 300 36 799 300 36 1.5% -11.00 [-149.59, 127.59] D —
Yeomans & Chambers (2011): Low Sensory 768 420 36 929 300 36 1.3% -161.00 [-329.60, 7.60] —
Yeomans & Chambers (2011): Medium Sensory 748 300 36 829 300 36 1.5% -81.00 [-219.59, 57.59] -1
Subtotal (95% CI) 493 493  19.5% -138.90 [-185.35, -92.45] <
Heterogeneity: Tau? = 2876.09; Chi? = 22.35, df = 13 (P = 0.05); I = 42%
Test for overall effect: Z = 5.86 (P < 0.00001)
1.1.2 Adults, Entrée
Bell & Rolls (2001): Lean 1,868 432 19 2,345 432 19 0.9% -477.00 [-751.71, -202.29]
Bell & Rolls (2001): Obese 1,729 432 17 2,152 432 17 0.9% -423.00 [-713.42, -132.58]
Blatt et al. (2011) 2,760 704 41 3,117 845 41 0.7% -357.00 [-693.65, -20.35]
Cheskin et al. (2008) 310 43 54 730 58 54 1.8% -420.00 [-439.26, -400.74] -
Devitt & Mattes (2004): Customary Food Unit 1,611 438 20 2,264 751 20 0.6% -653.00 [-1034.02, -271.98] ¢————
Devitt & Mattes (2004): Small Food Unit 1,391 286 20 2,250 657 20 0.8% -859.00 [-1173.04, -544.96] ¢
Hogenkamp et al. (2010): Entreé design 249 126 105 667 298 105 1.7% -418.00 [-479.88, -356.12] -
Hogenkamp et al. (2012): Liquid food 132 82 27 475 291 27 1.6% -343.00 [-457.04, -228.96] —_—
Hogenkamp et al. (2012): Semi-solid food 92 78 27 340 255 27 1.6% -248.00 [-348.58, -147.42] I
Karl et al. (2013): Fast Eating Rate 697 336 20 999 459 20 1.0% -302.00 [-551.30, -52.70] —
Karl et al. (2013): Slow Eating Rate 601 283 20 733 419 20 1.1% -132.00 [-353.59, 89.59] I
Kral et al. (2002): Info 1,373 358 20 1,695 429 20 1.0% -322.00 [-566.88, -77.12] e —
Kral et al. (2002): Nolnfo 1,351 358 20 1,592 398 20 1.1% -241.00 [-475.61, -6.39]
Kral et al. (2004): 500g 398 102 39 526 174 39 1.7% -128.00 [-191.30, -64.70] -
Kral et al. (2004): 700g 472 140 39 560 201 39 1.7% -88.00 [-164.88, -11.12] -]
Kral et al. (2004): 900g 482 152 39 619 201 39 1.7% -137.00 [-216.09, -57.91] i
McCrickerd et al. (2017) 286 76 58 515 183 58 1.8% -229.00 [-280.00, -178.00] -
Poppitt & Swann (1998) 2,054 693 5 3,535 741 5 0.2% -1481.00[-2370.28, -591.72] ¢———
Rolls et al. (2006): 100% 3,873 612 24 4,955 700 24 0.6% -1082.00 [-1453.99, -710.01] +——
Rolls et al. (2006): 75% 3,355 558 24 4,449 710 24 0.7% -1094.00 [-1455.28, -732.72] +——
Rolls et al. (2010): Addition study; 180g 555 224 49 592 238 49 1.7% -37.00 [-128.51, 54.51] -
Rolls et al. (2010): Addition study; 270g 541 245 49 616 245 49 1.6% -75.00 [-172.01, 22.01] T
Rolls et al. (2010): Addition study; 360g 574 238 49 631 268 49 1.6% -57.00 [-157.36, 43.36] -
Rolls et al. (2010): Substitution study; 180g 514 187 48 552 180 48 1.7% -38.00 [-111.43, 35.43] -
Rolls et al. (2010): Substitution study; 270g 469 166 48 517 180 48 1.7% -48.00[-117.27, 21.27] -
Rolls et al. (2010): Substitution study; 360g 466 152 48 537 166 48 1.7% -71.00 [-134.67, -7.33] -
Silver et al. (2008) 415 104 45 774 221 45 1.7% -359.00 [-430.36, -287.64] -
Stubbs, Harbron et al. (1995) 2,176 146 7 3,053 240 7 1.2% -877.00 [-1085.10, -668.90] ¢———
Stubbs, Johnstone, Harbron et al. (1998) 2,072 129 6 3,540 222 6 1.2% -1468.00 [-1673.45, -1262.55] ¢
Stubbs, Johnstone, O'Reilly et al. (1998) 2,434 240 6 3,862 351 6 0.7% -1428.00 [-1768.23, -1087.77] ¢
Stubbs, Ritz et al. (1995) 2,157 146 6 2,952 240 6 1.1% -795.00 [-1019.78, -570.22] +————
Williams et al. (2013): Fat manipulation 2,272 507 59 2,668 591 59 1.2% -396.00 [-594.69, -197.31]
Williams et al. (2013): Fruits/Veggie manipulation 2,360 507 59 2,668 591 59 1.2% -308.00 [-506.69, -109.31]
Williams et al. (2013): Water manipulation 2,438 507 59 2,668 591 59 1.2% -230.00 [-428.69, -31.31]
Williams et al. (2014) 476 109 46 649 156 46 1.8% -173.00 [-228.00, -118.00] -
Yeomans et al. (2005): Experiment 1; bland 359 191 16 693 287 16 1.3% -334.00 [-502.92, -165.08] —_—
Yeomans et al. (2005): Experiment 1; palatable 382 287 16 932 478 16 0.9% -550.00 [-823.19, -276.81]
Yeomans et al. (2005): Experiment 2 177 38 16 430 287 16 1.4% -253.00 [-394.85, -111.15] —
Yeomans et al. (2009) 174 46 12 449 114 12 1.7% -275.00 [-344.55, -205.45] —
Subtotal (95% CI) 1282 1282 49.9% -373.75 [-443.36, -304.14] <>
Heterogeneity: Tau? = 39264.87; Chi? = 775.70, df = 38 (P < 0.00001); I> = 95%
Test for overall effect: Z = 10.52 (P < 0.00001)
1.1.3 Children, Preload
Kral et al. (2012): Normalweight 567 254 47 563 254 47 1.6% 4.00 [-98.69, 106.69] e
Kral et al. (2012): Obesity 613 254 47 684 254 47 1.6% -71.00 [-173.69, 31.69] T
Kral et al. (2020) 618 248 212 656 248 212 1.8% -38.00 [-85.21, 9.21] -
Subtotal (95% Cl) 306 306 5.0% -36.66 [-76.24, 2.92] <
Heterogeneity: Tau? = 0.00; Chi? = 1.03, df = 2 (P = 0.60); I* = 0%
Test for overall effect: Z = 1.82 (P = 0.07)
1.1.4 Children, Entrée
Fisher et al. (2007): 2509 445 175 53 511 175 53 1.7% -66.00 [-132.63, 0.63] -
Fisher et al. (2007): 5009 496 175 53 598 175 53 1.7% -102.00 [-168.63, -35.37] -
Johnson et al. (1991): Experiment 1 59 9 12 112 18 12 1.8% -53.00 [-64.39, -41.61] .
Johnson et al. (1991): Experiment 2 31 5 9 69 14 9 1.8% -38.00 [-47.71, -28.29] -
Kling, Roe, Keller, et al. (2016): 100% 222 99 120 321 131 120 1.8% -99.00 [-128.38, -69.62] -
Kling, Roe, Keller, et al. (2016): 150% 279 121 120 366 153 120 1.8% -87.00 [-121.90, -52.10] -
Kling, Roe, Keller, et al. (2016): 200% 279 131 120 390 164 120 1.8% -111.00 [-148.55, -73.45] -
Kling, Roe, Sanchez, et al. (2016): 100% 322 88 125 328 97 125 1.8% -6.00 [-28.96, 16.96] I
Kling, Roe, Sanchez, et al. (2016): 150% 337 109 125 337 109 125 1.8% 0.00 [-27.02, 27.02] T
Leahy, Birch, Fisher et al. (2008) 2,350 347 26 2,739 561 26 1.0% -389.00 [-642.55, -135.45] e —
Leahy, Birch & Rolls (2008): 300g 294 106 61 365 116 61 1.8% -71.00 [-110.43, -31.57] -
Leahy, Birch & Rolls (2008): 4009 311 115 61 363 126 61 1.8% -52.00 [-94.81, -9.19] ]
Olsen et al. (2011) 209 179 74 353 288 74 1.7% -144.00 [-221.26, -66.74] I
Smethers et al. (2019) 884 266 49 1,041 21 49 1.7% -157.00 [-231.71, -82.29] I
Spill et al. (2011) 890 325 39 1,023 327 39 1.4% -133.00 [-277.69, 11.69] -
Subtotal (95% CI) 1047 1047 25.6% -69.22 [-89.01, -49.43] [
Heterogeneity: Tau? = 930.10; Chi? = 83.50, df = 14 (P < 0.00001); I* = 83%
Test for overall effect: Z = 6.86 (P < 0.00001)
Total (95% CI) 3128 3128 100.0% -222.85 [-259.67, -186.04] *
itv: Tau? = - Chi? = _ L2 b + 4 )
Heterogeneity: Tau? = 19199.97; Chi* = 2181.86, df = 70 (P < 0.00001); I> = 97% T 500 5 1000

Test for overall effect: Z = 11.86 (P < 0.00001)
Test for subgroup differences: Chi? = 79.26, df = 3 (P < 0.00001), I> = 96.2%

Fig.4 Quantitative analysis of age (children versus adults) and meal
type (preload versus entrée) on energy intake of randomized con-
trolled crossover trials in humans receiving either lower energy den-
sity (ED) or higher ED diets. The forest plot displays effect estimates
and 95% confidence intervals (CI) for individual studies and the sum-

00
Favours [lower ED] Favours [higher ED]

mary of findings. Additionally, for each study mean energy intake
[kcal], standard deviation (SD) [kcal] and the number of total partici-
pants of both lower ED and higher ED conditions are presented. [V
inverse-variance
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Mean Difference
IV, Random, 95% CI

Mean Difference
1V, Random, 95% CI

1070

lower ED higher ED
Study or Subgroup Mean [g] SD [g] Total Mean [g] SD [g] Total Weight
Blatt et al. (2011) 1,806 487 41 1,776 471
Blatt et al. (2012): Energy100%; Men 1,890 365 28 1,622 407
Blatt et al. (2012): Energy100%; Women 1,374 278 40 1,162 266
Blatt et al. (2012): Energy64%; Men 2,249 333 28 1,844 344
Blatt et al. (2012): Energy64%; Women 1,592 259 40 1,300 259
Devitt & Mattes (2004): Customary Food Unit 885 237 20 883 250
Devitt & Mattes (2004): Small Food Unit 1,022 268 20 886 282
Fisher et al. (2007): 250g 388 80 53 398 80
Fisher et al. (2007): 500g 442 80 53 433 80
Hogenkamp et al. (2010): Entreé design 497 252 105 466 208
Hogenkamp et al. (2010): Preload design 424 74 105 404 67
Hogenkamp et al. (2012): Liquid food 439 274 27 365 224
Hogenkamp et al. (2012): Semi-solid food 308 261 27 261 196
Johnson et al. (1991): Experiment 1 52 8 12 51 8
Johnson et al. (1991): Experiment 2 29 5 9 30 6
Karl et al. (2013): Fast Eating Rate 582 289 20 615 285
Karl et al. (2013): Slow Eating Rate 498 235 20 451 261
Kling, Roe, Keller, et al. (2016): 100% 280 120 120 283 110
Kling, Roe, Keller, et al. (2016): 150% 357 153 120 331 142
Kling, Roe, Keller, et al. (2016): 200% 360 153 120 345 131
Kling, Roe, Sanchez, et al. (2016): 100% 349 88 125 333 110
Kling, Roe, Sanchez, et al. (2016): 150% 388 109 125 358 109
Kral et al. (2002): Info 1,225 287 20 1,185 110
Kral et al. (2002): NoInfo 1,208 286 20 1,126 110
Kral et al. (2004): 5009 358 81 39 340 110
Kral et al. (2004): 7009 417 359 39 359 115
Kral et al. (2004): 900g 424 121 39 393 116
Leahy, Birch, Fisher et al. (2008) 2,429 490 26 2,442 617
Leahy, Birch & Rolls (2008): 300g 404 133 61 414 127
Leahy, Birch & Rolls (2008): 400g 423 135 61 403 123
Poppitt & Swann (1998) 2,072 512 74 1,973 418
Rolls et al. (1988): Orange jello 341 131 12 393 139
Rolls et al. (1988): Tomato soup 342 138 12 361 98
Rolls et al. (2006): 100% 2,251 372 24 2,279 328
Rolls et al. (2006): 75% 1,981 358 24 2,017 333
Rolls et al. (2010): Addition study; 180g 449 175 49 446 168
Rolls et al. (2010): Addition study; 270g 460 196 49 477 182
Rolls et al. (2010): Addition study; 360g 498 196 49 499 210
Rolls et al. (2010): Substitution study; 180g 431 139 48 423 132
Rolls et al. (2010): Substitution study; 270g 425 145 48 418 145
Rolls et al. (2010): Substitution study; 360g 439 132 48 446 139
Smethers et al. (2019) 952 287 49 988 287
Spill et al. (2011) 665 304 39 695 137
Stubbs, Johnstone, Harbron et al. (1998) 2,560 151 6 2,270 182
Stubbs, Johnstone, O'Reilly et al. (1998) 2,839 156 6 2,304 132
Stubbs, Ritz et al. (1995) 2,100 142 6 2,000 163
Williams et al. (2013): Fat manipulation 1,529 376 59 1,554 353
Williams et al. (2013): Fruits/Veggie manipulation 1,598 369 59 1,554 353
Williams et al. (2013): Water manipulation 1,637 400 59 1,554 353
Williams et al. (2014) 381 88 46 390 95
Yeomans et al. (2009) 277 73 12 264 67
Total (95% CI) 2341

Heterogeneity: Tau? = 460.23; Chi? = 144.02, df = 50 (P < 0.00001); I* = 65%
Test for overall effect: Z = 3.46 (P = 0.0005)

Fig.5 Quantitative analysis of food intake of randomized controlled
trials receiving either lower energy density (ED) or higher ED meals.
The forest plot displays effect estimates and 95% confidence inter-
vals (CI) for individual studies and the summary of findings. Addi-

lower ED food. In contrast, food intake exhibits a non-linear
relationship in regard to portion size [73] and rather a per-
son’s consumption approaches an asymptote after exceeding
a certain portion size [74, 75]. In comparison to the meta-
analysis by Robinson et al. [19], our impacts were less strong
but still substantial. Reasons for this may be due to different
approaches taken, as the presented analysis only incorpo-
rated RCTs, where each participant always served as their
own control and food intake had to be measured objectively
by the investigators. Moreover, this review also comprised
studies including > 1 manipulated meal, resulting in other
foci of analysis (meal type, 1 meal versus > 1 meal).
Subgroup analyzes were performed to produce the most
homogeneous results possible, with highest homogeneity of
the data found by combining the subgroups age (children
versus adults) and meal type (preload versus entrée). The
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41 0.3% 30.00[-177.38, 237.38] —
28 0.3%  268.00[65.51, 470.49]
40 0.8%  212.00 [92.76, 331.24] —_
28 0.4% 405.00 [227.66, 582.34] _
40 0.8% 292.00 [178.49, 405.51] —_
20 0.5%  2.00[-148.97, 152.97] o
20 0.4% 136.00 [-34.50, 306.50] —
53 4.5%  -10.00 [-40.46, 20.46] B
53 4.5% 9.00 [-21.46, 39.46] +
105 2.2%  31.00 [-31.50, 93.50] 1+
105 5.7% 20.00 [0.91, 39.09] -
27 0.6%  74.00 [-59.49, 207.49] E
27 0.7%  47.00[-76.12, 170.12] ——
12 6.7% 1.00 [-5.40, 7.40]
9 6.8% -1.00 [-6.10, 4.10]
20 0.4% -33.00[-210.89, 144.89] —_—T
20 0.5% 47.00[-106.92, 200.92] —_
120 4.7%  -3.00[-32.13, 26.13] 1
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125 5.1% 16.00 [-8.69, 40.69] r
125 4.9% 30.00 [2.98, 57.02] -
20 0.6%  40.00 [-94.70, 174.70] —
20 0.6%  82.00[-52.29, 216.29] -+
39 3.4%  18.00 [-24.87, 60.87] I
39 0.8%  58.00[-60.31, 176.31] -
39 2.7%  31.00[-21.61, 83.61] —
26 0.1% -13.00 [-315.85, 289.85] _—
61  3.1%  -10.00 [-56.15, 36.15] -+
61  3.2%  20.00 [-25.83, 65.83] T
74 0.5%  99.00 [-51.59, 249.59] T
12 0.9% -52.00[-160.07, 56.07] —
12 1.1% -19.00 [-114.76, 76.76] —
24 0.3% -28.00 [-226.42, 170.42] R
24 0.3% -36.00 [-231.61, 159.61] —_—
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48 2.6% 8.00 [-46.23, 62.23] +
48 2.4% 7.00 [-51.01, 65.01] -+
48 2.6%  -7.00[-61.23, 47.23] -
49 0.8% -36.00 [-149.64, 77.64] —1
39 1.0% -30.00 [-134.65, 74.65] —
6  0.3% 290.00 [100.78, 479.22]
6  0.4% 535.00 [371.49, 698.51] _
6  0.4% 100.00 [-72.98, 272.98] —_
59 0.6% -25.00 [-156.60, 106.60] —
59 0.7%  44.00 [-86.30, 174.30] —
59 0.6%  83.00[-53.13, 219.13] +—
46 3.9%  -9.00 [-46.42, 28.42] -
12 25%  13.00 [-43.06, 69.06] -
2341 100.0% 19.50 [8.45, 30.55] 1
~1000  -500 0 500 1000

Favours [lower ED] Favours [higher ED]

tionally, for each study mean energy intake [kcal], standard deviation
(SD) [kcal] and the number of total participants of both lower ED and
higher ED conditions are presented. /V inverse-variance

division of the subgroups ‘preload’ versus ‘entrée’ appeared
essential due to their differing mechanism (inter-meal-satiety
in preload versus intra-meal-satiation in ad libitum entrées)
[76]. Preload studies with low ED foods such as salad [60],
fruit [77] or soup [78] reported a reduction in energy intake
in the following ad libitum meal. Nevertheless, the partici-
pants showed a non-significant trend of compensation for
the reduction in energy intake [23]. In line, our data suggests
that some kind of compensation must have taken place for
the ED manipulation in preload studies, because the dif-
ferences in energy intake between lower versus higher ED
conditions were smaller in preload (- 118 kcal) than in ad
libitum entrée studies (— 261 kcal). However, it should be
noted that the differences between lower and higher ED con-
ditions were generally smaller in preload than in ad libitum
entrée studies. In regards to the entrée design, we observed a
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Fig.6 Relationship between A energy density (ED) and A energy
intake. Data of A ED (lower versus higher ED condition of each sin-
gle study; A kcal/g) with the corresponding A energy intake (lower
versus higher ED condition of each single study, kcal) are displayed.

strong linear relationship between delta ED and delta energy
intake in children and adults, indicating a lack of compensa-
tion in energy intake in this study design.

As hypothesized, food intake remained constant which
removes the possibility of a compensation via the amount of
food. As reported earlier [79, 80], satiety/satiation processes
are not only dependent on the caloric content of the food but
also on gastric capacity. Studies in which subjects received
intragastric infused preloads bypassing sensory stimuli
showed that the volume was more decisive for the feeling
of satiety than the energy content [80, 81]. It has also been
shown that the decreasing hedonic response to foods during
consumption depends more on the volume of the food than
on its energy content [82]. In addition, the duration of oral
exposure is at least as important for the reduction of energy
intake as the gastric filling volume [83, 84]. Similarly, it is
possible that individuals use prior learning experiences to
consume similar portion sizes under controlled conditions,
regardless of ED [2]. In total, a complex interplay of cogni-
tive, sensory, neural, gastrointestinal and hormonal influ-
ences [11] is involved and the above-described mechanisms

A comsumed energy density [kcal/g]

A: Entrée studies in children, 1 meal interventions. B: Entrée studies
in adults, 1 meal interventions. C: Entrée studies in adults,> 1 meal
interventions. D: Preload studies in children and adults

should be seen in the context of the complex regulation of
hunger and satiety. The topic has already been excellently
reviewed elsewhere [76, 85].

Overall, the results of this conservative meta-analysis are
substantial and, together with the findings of the linear rela-
tionship between ED and caloric intake, of high relevance
for body weight management. In practice, this means that
reducing the ED of food allows individuals to eat satiating
quantities while at the same time consuming less energy.
Additionally, ED lowering strategies are flexible and diverse
and can be adapted to different dietary patterns, food pref-
erences and cultural characteristics [2, 17, 18]. In line, two
randomized controlled trials have shown that already pri-
mary school children can understand and are able to apply
ED knowledge to their daily routine, even at six months
follow-up [86, 87]. Taken together, these are strong argu-
ments for increase integration of ED manipulation as dietary
strategy in prevention and clinical practice.
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Bell & Rolls (2001)

Blatt et al. (2011)

Blatt et al. (2012)
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Gray et al. (2003)

Hogenkamp et al. (2010)
Hogenkamp et al. (2012)

Johnson et al. (1991)

Karl et al. (2013)

Kling, Roe, Sanchez, Rolls (2016)
Kling, Roe, Keller, Rolls (2016)
Kral et al. (2002)

Kral et al. (2004)

Kral et al. (2012)

Kral et al. (2020)

Leahy, Birch, Rolls (2008)
Leahy, Birch, Fisher, Rolls (2008)
McCrickerd & Forde (2017)
Olsen et al. (2011)

Poppitt & Schwan (1998)

Rolls et al. (1988)

Rolls et al. (2004)

Rolls et al. (2006)

Rolls et al. (2010)

Silver et al. (2008)

Smethers et al. (2019)

Spill et al. (2011)

Stubbs, Harbron et al. (1995)
Stubbs, Johnstone, Harbron, Reid (1998)
Stubbs, Johnstone, O’Reilly et al. (1998)
Stubbs, Ritz et al. (1995)
Williams et al. (2013)

Williams et al. (2014)

Yeomans & Chambers (2011)
Yeomans et al. (2005)

Yeomans et al. (2009)
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D5  Overall

Fig. 7 Risk of bias. D/ Randomization process, D2 Deviations from the intended interventions, D3 Missing outcome data, D4 Measurement of
the outcome, D5 Selection of the reported results. +: Low risk of bias, ! : Some concerns in risk of bias, — : High risk of bias

Strengths and weaknesses of the systematic review
and meta-analysis

Overall, this systematic review and meta-analysis has sev-
eral limitations and strengths. A clear strength is the meth-
odological approach taken according to PRISMA [26] and
Cochrane criteria [32]. To provide homogeneity of the tri-
als, the search was limited to RCTs and therefore, the prob-
ability of comparability between groups and the validity

@ Springer

of the results was very high. In each study, participants
served as their own control of the intervention regarding
the ED manipulation, which further increased compara-
bility. A limiting factor is the possibility for performance
bias, as a common problem with nutritional studies in a
controlled environment is that blinding of the participants
and research personnel is impossible [88]. Nevertheless,
most of the trials were covertly performed and a part of the
meal was substituted with a similar lower ED alternative.
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Studies indicate that a covert incorporation of puréed veg-
etables into entrées significantly reduced energy intake in
children [45] and adults [47]. Since only RCT studies were
summarized and participants blinded to the best of the abil-
ity, it can be expected that the results are due to the nature
of the ED manipulation. Despite clear eligibility criteria,
the heterogeneity of the studies was high at the descriptive
and meta-analytical levels, and therefore, subgroup analy-
ses were performed, reducing heterogeneity to some degree.
Finally, this meta-analysis had not yet been conducted in
a comparable setting, meaning that it was unprecedented
and provided new results, especially in the context of the
impact of ED manipulation in different age groups and dif-
ferent manipulated meal types. By using exclusion criteria
and introducing a moderator variable to code the studies
according to their methodological quality, very strong meth-
odological studies without a risk of bias were included. The
subgrouping of consistent dependent variables enabled an
interpretation of the resulting mean effect size. The clear
tendency of all hypotheses was confirmed with a sufficient
degree of certainty, which is why the importance of this sys-
tematic review and meta-analysis is very high and of interest
for future preventive and therapeutic approaches.

Conclusion

In conclusion, energy intake in humans, irrespective of age,
meal type and intervention length is determined by the ED
of a meal. The magnitude of the effect is substantial and the
relationship between consumed ED and energy intake linear.
Thus, manipulating the ED of foods has the potential to be
a powerful tool for body weight management in prevention
and therapy.
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