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Satiety related to 24 h diet-induced thermogenesis during high

protein=carbohydrate vs high fat diets measured in a respiration

chamber

MS Westerterp-Plantenga1*, V Rolland2, SAJ Wilson1 and KR Westerterp1

1Maastricht University, Maastricht, The Netherlands; and 2Institut EuropeÂen des Sciences du GouÃt et des Comportements Alimentaires,
DyÈon, France

Objective: Assessment of a possible relationship between perception of satiety and diet-induced thermogenesis,
with different macronutrient compositions, in a controlled situation over 24 h.
Design: Two diets with different macronutrient compositions were offered to all subjects in randomized order.
Setting: The study was executed in the respiration chambers at the department of Human Biology, Maastricht
University.
Subjects: Subjects were eight females, ages 23 ± 33 y, BMI 23��3 kg=m2, recruited from University staff and
students.
Interventions: Subjects were fed in energy balance, with protein=carbohydrate=fat: 29=61=10 and 9=30=61
percentage of energy, with ®xed meal sizes and meal intervals, and a ®xed activity protocol, during 36 h
experiments in a respiration chamber. The appetite pro®le was assessed by questionnaires during the day and
during meals. Diet induced thermogenesis was determined as part of the energy expenditure.
Results: Energy balance was almost complete, with non-signi®cant deviations. Diet-Induced-Thermogenesis
(DIT) was 14.6��2.9%, on the high protein=carbohydrate diet, and 10.5��3.8% on the high fat diet (P< 0.01).
With the high protein=high carbohydrate diet, satiety was higher during meals (P< 0.001; P< 0.05), as well as
over 24 h (P< 0.001), than with the high fat diet. Within one diet, 24 h DIT and satiety were correlated (r� 0.6;
P< 0.05). The difference in DIT between the diets correlated with the differences in satiety (r� 0.8; P< 0.01).
Conclusion: In lean women, satiety and DIT were synchronously higher with a high protein=high carbohydrate
diet than with a high fat diet. Differences (due to the different macronutrient compositions) in DIT correlated
with differences in satiety over 24 h.
Descriptors: diet-induced thermogenesis; satiety; appetite pro®le; macronutrient composition; respiration
chamber; energy balance

Introduction

Humans are continuous nutrient metabolizers but ingest
food discontinuously. This discrepancy requires a ®ne
tuning of energy intake to energy expenditure in order to
maintain energy balance. Normally, energy balance is
stable over on average a week (Edholm et al, 1955),
which is mirrored by a relatively constant body weight
over time. Tuning of energy intake to energy expenditure is
realized by interaction of a variety of factors that control
the actual food intake and meal pattern. Hunger, satiety and
sensory signals are the main regulatory factors of meal size,
meal frequency, and food selection. Different mediating
processes which maintain inhibition of hunger during the
early and late phases of satiety have been identi®ed, that is,
sensory, cognitive, post-ingestive, and post-absorptive (for
example, Blundell and Halford, 1994). Sensory effects are
generated through the smell, taste, temperature and texture
of food and it is likely that these factors contribute to
inhibition of eating while ®nishing a course or a meal

(Rolls et al, 1982). Cognitive effects represent the beliefs
held about the properties of foods, and these factors may
also inhibit hunger postprandially. Post-ingestive processes
include gastric distention, the rate of gastric emptying, the
release of hormones and the stimulation of gastrointestinal
receptors (Mei, 1985).

The post-absorptive phase of satiety represents the
effects which result from the metabolism of absorbed
nutrients, and which may affect the metabolic rate and,
for instance, the membrane potential of liver cells (Lang-
hans, 1996). Alternatively, absorbed nutrients may act
directly on the brain after crossing the blood-brain barrier,
or may in¯uence the brain indirectly via neural inputs,
following the stimulation of peripheral chemoreceptors
(Blundell and Halford, 1994).

The most important suppression and subsequent control
of appetite seems to be brought about by post-ingestive and
post-absorptive mediating processes (Blundell and Halford,
1994). The digestive products, which accurately re¯ect the
food that has been consumed, may be metabolised in the
peripheral tissues or organs or may enter the brain directly;
as such, they constitute a class of metabolic satiety signals.
With respect to the monitoring of energy intake we
observed an association between the magnitude of diet-
induced thermogenesis, expressed as an absolute increase
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in metabolic rate during and after the meal, and satiety
scores, with meals that differed in carbohydrate=fat propor-
tions (Westerterp-Plantenga et al, 1997a). Considering
different satiating ef®cacies of the macronutrients protein,
carbohydrate and fat, a priority has been reported with
protein as most satiating and fat as least satiating (de
Castro, 1987; de Graaf et al, 1992, Stubbs, 1995; Wester-
terp-Plantenga et al, 1996). At the same time, a priority is
shown with respect to the magnitude of the rate at which
these macronutrients are metabolised (Stubbs, 1995; Abbot
et al, 1988; JeÂquier, 1992). Because of this association it
may be that the priority in satiating effects of these
macronutrients is related to a main metabolic component.
Taking the results of the studies mentioned together, we
hypothesize that the magnitude of metabolic rate is posi-
tively related to the perception of satiety over 24 h. The
theoretical basis for it might be that increased energy
expenditure at rest implies increased oxygen consumption
and an increase in body temperature which may coincide
with increased satiety (Westerterp-Plantenga et al, 1990).

In this study, we assessed the possible relationship
between perception of satiety and metabolic rate at the
same time, with different macronutrient compositions, in a
controlled situation over 24 h. Therefore, perception of
satiety during the waking period of time (16 h), and meta-
bolic rates over 24 h, were measured during 36 h experi-
ments in the respiration chamber. Aspects of satiety
perception were only described by questionnaires, and not
in terms of meal size and meal interval, since under
conditions where ad libitum feeding responses are allowed,
changes in satiety may translate into changes in feeding
behaviour, which might cancel changes in subjective sati-
ety. Moreover, this would not be in line with establishing
energy balance. Therefore in order to maximise the ability
to detect changes in subjective satiety, meal size and time
were ®xed and mandatory. Therefore the subjects were fed
to energy balance, and were provided an activity protocol,
which was the same on each day. As such we compared
possible relationships over 24 h between perception of
satiety and diet-induced thermogenesis as a part of total
metabolic rate, between a high fat menu and a high
protein=high carbohydrate menu, provided in three meals
and two snacks during a day each.

Methods

Subjects
Subjects, eight healthy dietary unrestrained females, aged
23 ± 33 y, were recruited from the University staff. The
subjects came from different cultures (French, Finnish,
American, Caribbean, Dutch), but they had all lived in
The Netherlands for at least 6 months. Degree of dietary
restraint was determined by the Three Factor Eating Ques-
tionnaire (Stunkard and Messick, 1985), that is, subjects
completed the English version next to the French or the
Dutch version, which did not yield a difference in any of
the scores on the questions. Dietary restraint scores on the
Three Factor Eating Questionnaire were: F1 (cognitive
restraint): 7��2, F2 (disinhibition or emotional eating):
6��3, F3 (hunger): 5��3.

Anthropometric measurements took place in the fasted
state. Body weight was measured using a digital scale
accurate to 0.01 kg (Sauter, type E1200, Germany), and
height was measured to the nearest 0.001 m. Body mass
index (BMI, kg=m2) was calculated as body weight (kg)

divided by height (m) squared. On average body mass was
67��1.2 (sd standard deviation) kg; body mass index was
23��3 (sd) kg=m2. Body weight was checked each time the
subjects came to the department for a measurement, and
deviations remained within the sd.

Body composition was estimated by using hydrodensi-
tometry and isotope dilution (Westerterp et al, 1995). Body
composition was calculated using the combined equation of
Siri (Siri, 1961). Percentage body fat was 29��6%; fat free
mass was 47��4 kg.

Procedure
Subjects came to the department three times, with two
weeks in between the ®rst and second, and in between the
second and third time, to stay in the respiration chamber for
36 hours. The ®rst time energy balance was determined,
and the second and third time the different diets were
offered, in random order. The subjects came in ®xed
pairs. To exclude a possible change of season effect, the
members of a pair had different diets at the same time.

Respiration chamber
Subjects were asked to stay in a respiration chamber, where
oxygen consumption and carbon dioxide production was
measured, three times for 36 h each, that is, each time two
nights and a day.

The respiration chamber is a 14 m3 room, furnished with
a bed, chair, computer, television, radio-cassette player,
telephone, intercom, sink and toilet, and is ventilated with
fresh air at a rate of 70 ± 80 l=min. Ventilation rate was
measured with a dry gas meter (Schlumberger, type G4,
The Netherlands). The concentration of oxygen and carbon
dioxide was measured using paramagnetic O2 analyzers
(Hartmann & Braun, type Magnos 6G, Germany; Servo-
mex, type OA 184A, UK) and infrared CO2 analyzers
(Hartmann & Braun, type Uras 3G, Germany). During
each 15 min period six samples of outgoing air for each
chamber, and one sample each of fresh air, zero, and
calibration gas were measured. The gas samples to be
measured were selected by a computer that also stored
and processed the data (Schoffelen et al, 1997).

Physical activity protocol
During daytime subjects followed a light exercise protocol
of six exercise periods of either walking or low intensity
bench stepping, each with a duration of 10 min. The
exercise protocol was implemented to extend the range of
movement and avoid single extreme values of energy
expenditure that could affect the calculation of diet-induced
thermogenesis. Apart from the exercise periods, subjects
were not restricted in their activities, only sleeping and
streneous physical activity was not allowed during the day.
Physical activity was continuously monitored by means of
a radar system working on the Doppler principle.

Energy intake protocol
Energy intake (EI), adapted to reach energy balance, was
determined during the ®rst 36 h stay in the respiration
chamber. EI was calculated from sleeping metabolic rate
(SMR), measured during this ®rst time, and multiplied by
an activity index of 1.6 (Schrauwen et al, 1997). Before
entering the chamber, at 19.00 h, subjects were given a
dinner of similar macronutrient composition to the diet of
the following day (protein=carbohydrate=fat:17=58=25)
(Schrauwen et al, 1997). This macronutrient composition
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was based upon the subjects' indications of their normal
food intake, and it was chosen as being intermediate
between the other two macronutrients that were going to
be tested.

The second and third time, the experimental interven-
tions took place. Then, during the day when they stayed in
the respiration chamber, the subjects received a diet divided
over three meals and two snacks, which consisted of a ®xed
menu of ®xed energy content and macronutrient composi-
tion. Also during the previous evening of staying in the
chamber, a dinner with the same macronutrient composi-
tion was provided. This was executed to start adaptation of
respiratory quotient (RQ) to food quotient (FQ) already
before the experiment, in order to avoid the `party effect',
ie the effect of the change instead of the effect after the
change (Schrauwen et al, 1997). 24 h Energy intake was
subject speci®cally pre-determined (from the ®rst 36 h stay)
to be able to feed the subjects to energy-balance.

During the experimental interventions, two different
macronutrient compositions were offered in random order
(protein=carbohydrate=fat: 29=61=10 percentage of energy;
protein=carbohydrate=fat: 9=30=61 percentage of energy).
All subjects were familiar with the products that were
offered, and they liked the food (hedonic values from
100 mm VAS scales 82��9), therefore the dependent vari-
ables would not interfere with familiarity or low hedonic
values (Westerterp-Plantenga et al, 1992a and b). The diets
were consumed as breakfast: 8.30 h: 23% of 24 h energy
intake; lunch: 12.30 h: 31% of 24 h energy intake; dinner:
18.30 h; 32% of 24 h energy intake, and two snacks:
15.00 h: 8% of 24 h energy intake; and 20.30 h: 6% of
24 h energy intake. The diets were iso-energetic, that is, on
average: 8.9��0.7 MJ=d, and iso-volumetric (since volume
has been shown to affect satiety Westerterp-Plantenga et al,

1997a), and were matched as closely as possible for
organoleptic properties (taste, smell, appearance), (see
Table 1). The macronutrient composition of the diets was
calculated using the Dutch food composition table (Sticht-
ing Nederlands Voedingsstoffenbestand, 1996) and food
quotients (FQ) were calculated using the equations of
Brouwer (Brouwer, 1957).

Satiety
To characterize satiety perception throughout the day, a
questionnaire with seven different questions was completed
ten times at the same time each day, that is, before and after
breakfast, mid-morning, before and after lunch, in the
afternoon, before and after dinner, and twice in the evening.

The questions were the following: How hungry are you;
how full are you; how satiated are you; how thirsty are you;
(these questions were anchored with: not at all ± very), how
much do you estimate you could eat (anchored: not much ±
very much); how is your desire to eat; how is your appetite;
(both anchored: very weak ± very strong). The ratings had
to be given on 100 mm Visual Analogue Scales (VAS).

To characterize the development of satiation during a
meal for breakfast, lunch and dinner, a questionnaire with
the following questions was completed every 3 min only
during the main course of the meal, using Visual Analogue
Scales. These questions were: how hungry are you; how
satiated are you; how pleasant is the taste of the food now
in your mouth; (all anchored: not at all ± very).

Data analysis

Energy expenditure
The total energy expenditure data analysis has been exe-
cuted with a protocol described elsewhere (Westerterp
et al, 1999). A brief summary follows. 24 h energy

Table 1 Diets of approx. 8900 kJ in the following macronutrient compositions

Protein=Carbohydrate= Fat: 29=61=10 Protein=Carbohydrate=Fat: 9=30=61

Breakfast: white bread with low fat croissant with butter, low energy jam,
margarine 3%, jam, curd cream cheese-boursin.
herb cheese.
fat free fruit yogurt
drink (water, tea or coffee) drink (water, tea or coffee)

Lunch: mushroom soup with mushroom soup with
fat-free milk powder double cream
mixed salad (iceberg lettuce, mixed salad (iceberg lettuce,
tomato, cucumber) tomato, cucumber)
cottage cheese
tuna ®sh in brine smoked mackerel
mayonaise (5% fat) mayonaise (40% fat)
fresh orange juice no energy orange drink
`fantomalt' (a carbohydrate
powder) drink (water, tea or coffee)

Snack: peaches in syrup with peaches in syrup with
fat-free yogurt and whipped double cream
quark (arti®cial sweetener) drink (water, tea or coffee)

Dinner: pasta and tomato sauce; pasta and tomato sauce;
with: chicken ®llet with: quorn (a vegetarian meat

substitute) and vegetable oil
cucumber-raw cucumber-raw
drink (water, tea, or coffee) drink (water, tea, or coffee)

Snack: vanilla pudding (fat-free) vanilla pudding with: double cream
drink (water, tea, or coffee) drink (water, tea, or coffee)

Total weight 3088.g 3076.g
Energy density: 2.9 kJ=g 2.9 kJ=g
Total weight of solid food 1288.g 1011.g
Total weight of liquid food 1800.g 2065.g
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expenditure (24 h EE) consists of sleeping metabolic rate
(SMR), diet-induced thermogenesis (DIT), and activity
induced energy expenditure (AEE). 24 h values for
energy expenditure were calculated from 07.00 h-07.00 h,
from oxygen consumption and CO2 production, using the
Weir formula (Weir, 1949).

Sleeping metabolic rate (SMR) was measured on both
nights of each experiment and was de®ned as the lowest
mean energy expenditure measured over three consecutive
hours, between 0.00 and 07.00 h. The average SMR of the
two nights was used in further calculations.

Diet-induced thermogenesis (DIT) was calculated by
plotting energy expenditure against radar output, both
averaged over 30 min periods. The intercept of the regres-
sion line at lowest radar output represents energy expendi-
ture in the inactive state (resting metabolic rate or RMR),
consisting of SMR and DIT (Westerterp et al, 1999).
Energy spent on activity (AEE) was calculated by subtract-
ing RMR from 24 h EE.

Diet-induced thermogenesis (DIT) equals 24 hEE-SMR-
AEE.

Calculation of DIT over 24 h yields the same ®gure as
DIT over 21 h, since by de®nition DIT is zero, when the
only energy expenditure is represented by SMR. This was
on average the case between 03.00 h and 06.00 h in the
morning.

During the two experiments (second and third time) in
the respiration chamber, 24 h urine was collected from the
second voiding on the day of the experiment until the ®rst
voiding the following day. Samples were collected in
containers that contained 10 ml H2 SO4 to prevent nitrogen
loss through evaporation. Volume and nitrogen concentra-
tion were measured, the latter using a nitrogen analyser
(Carlo Erba, EA 1108CHN, Rodano, Italy).

Substrate oxidation
Substrate oxidation was calculated using O2 consumption,
CO2 production, and urinary nitrogen excretion, using the
formula of Brouwer (1957). Theoretical estimates of DIT

were calculated from measured substrate utilization using
median values for the thermogenic effect of separate
nutrients (Tappy, 1996) (namely, carbohydrate 10% EI,
fat 1.5% EI, protein 25% EI).

Satiety
The scores on the questions during the main meals were
compared between breakfasts, lunches and dinners, respec-
tively, that is, between similar meals with the different
macronutrient compositions (ANOVA repeated measures)
(Figures 1, 2, 3).

From the ratings on the seven questions throughout the day
(24 h), the area under the curve (AUC), minus the rectangle
that represents the basic area in which no scores were given
was calculated for each subject (Figure 4). VAS ratings were
interpolated from the latest measurement at night until the ®rst
measurement in the morning, in order to complete the AUC
over 24 h. The values were averaged over the subjects,
separately for each question. These average AUC ®gures
were compared between the situation with the high fat menu
and the situation with the high protein=carbohydrate menu,
using ANOVA repeated measures.

Statistical analysis
All results are expressed as mean��sd. Data from the two
experimental situations, that is, the high-fat diet and the
high protein=high carbohydrate diet were compared with
each other (ANOVA repeated measures; Statview SE
GraphicsTM). P values were considered signi®cant when
< 0.05.

A regression analysis was performed for each diet
between 24 h satiety and DIT, and for the difference in
satiety (AUC) and in DIT between both situations.

Results

Subjects were almost in energy balance (Westerterp et al,
1999), see Table 2. There was no statistically signi®cant
difference in energy balance between the two experimental

Figure 1 Hunger, satiety and pleasantness of taste ratings (mean��SD) during breakfast with a high protein=carbohydrate diet or with a high fat diet
(n� 8). Hunger was higher (42.3��2.8 vs 36.8��2.3) and satiety was lower (45.8��2.6 vs 57.5��2.4) on the high fat diet than on the high protein=high
carbohydrate diet (P< 0.001).
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days (Westerterp et al, 1999). Also, there was no statisti-
cally signi®cant difference in SMR and AEE between these
days. However, 24 h EE was higher during the high
protein=high carbohydrate diet, compared to the high fat
diet (Westerterp et al, 1999), although the difference did
not reach statistical signi®cance (Table 2). DIT was con-
sistently higher in all subjects while on the high pro-
tein=carbohydrate diet, compared to while on the high fat
diet (Westerterp et al, 1999), (Table 2). The theoretically
calculated DIT for each diet, was very close to the mea-
sured DIT.

On a group level, the difference in energy balance
between the two experimental days was approximately
equivalent to the difference in DIT between the diets
(Table 2).

The difference between each diet's FQ and RQ was
statistically signi®cant. Also, the RQ's between the diets
differed signi®cantly (Table 2).

During the meals of the high protein=high carbohydrate
diet, satiety was higher and hunger was lower than on
the high fat diet (P< 0.05; P< 0.001, respectively; Figures
1, 2, 3). The changes in hunger (2.6��5 mm=min ±

Figure 2 Hunger, satiety and pleasantness of taste ratings (mean��SD) during lunch with a high protein=carbohydrate diet or with a high fat diet (n� 8).
Hunger was higher (37.9��2.2 vs 36.0��2.3) and satiety was lower (58.0��2.5 vs 59.7��2.1) on the high fat diet than on the high protein=high carbohydrate
diet (P< 0.05).

Figure 3 Hunger, satiety and pleasantness of taste ratings (mean��sd) during dinner with a high protein=carbohydrate diet or with a high fat diet (n� 8).
Hunger was higher (51.7��2.8 vs 42.6��1.9) and satiety was lower (49.5��3.4 vs 60.5��2.6) on the high fat diet than on the high protein=high carbohydrate
diet (P< 0.001).
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3.3��4 mm=min) and satiety (2.9��5 mm=min ±
3.9��5 mm=min) over the meal did not differ signi®cantly
between the two diets (P< 0.08). Sensory signals during
the main courses, expressed as pleasantness of taste of the
food in the mouth, showed small decreases from the start
towards the end of the meals (1.2��3 mm=min ±
1.7��2 mm=min).

The ratings on the questions throughout the day differed
statistically signi®cantly between the high protein=high
carbohydrate and the high fat situation (Figure 4; Table
3). In the high protein=high carbohydrate situation, satiety
and fullness expressed as area under the curve (AUC) were

higher, whereas hunger, desire to eat, appetite and the
estimation of how much one could eat (also expressed as
AUC), were lower. Moreover at certain time points these
scores differed signi®cantly in the same directions
(P< 0.05), that is, for hunger, desire to eat, appetite and
estimation of how much one could eat at 7 h; at 13 h; at
19 h; at 21 h; and at 23 h. For satiety and fullness, sig-
ni®cant (P< 0.05) higher scores with the high protein=high
carbohydrate diet were found at the following time points:
7 h; 19 h. Thirst was only higher at 7 h, with the high
carbohydrate high protein menu.

The differences between satiety (AUC) with both
macronutrient compositions or hunger (AUC) were corre-
lated to the differences in DIT between both macronutrient

Figure 4 Satiety over 24 h during a high protein=carbohydrate diet and a high fat diet (n� 8). AUC (mm.hrs) is 886.4��24.1 during the high
protein=carbohydrate diet, vs 788.8��23.8 during the high fat diet (P< 0.001).

Table 2 Deviation from energy balance (mean��SD), magnitude of diet-
induced thermogenesis (mean��SD), and RQ value (mean��SD), with a
high protein=high carbohydrate diet and with a high fat diet; FQ's of the
diets are given (n� 8)

High protein=
high carbohydrate

diet
High fat

diet P value

Deviations from
energy balance 7 351��593 kJ=d � 28��601 kJ=d P> 0.05
DIT 1295��240 kJ=d 931��315 kJ=d

14.6��2.9% 10.5��3.8%; P< 0.01
Theoretical DIT 1338��122 kJ=d 987��158 kJ=d
FQ 0.91��0.00 0.80��0.00
RQ 0.92��0.01 0.86��0.01 P< 0.001
RQ compared to FQ P< 0.01 P< 0.0001

DIT: diet-induced thermogenesis.
FQ: food quotient.
RQ: respiratory quotient.

Table 3 AUC (mm.hrs) (mean��SD) from the following 100 mm VAS
ratings, over 24 h (before and after breakfast, lunch, dinner, and in the
morning, afternoon, evening and late evening, and interpolated between
late evening and before breakfast), during a day with a high protein=
high carbohydrate diet and during a day with a high fat diet (n� 8)

High protein=
high carbohydrate

diet
High fat

diet P value

Hunger 781.2��22.8 841.6��23.4 P< 0.01
Desire to eat 718.8��22.5 767.6��23.7 P< 0.01
Appetite 720.4��19.4 766.1��19.2 P< 0.01
Estimation of how much 606.4��23.9 655.6��24.4 P< 0.01
Satiety 886.4��24.1 788.8��23.8 P< 0.001
Fullness 847.8��19.3 779.2��20.2 P< 0.001
Thirst 623.6��24.3 575.2��20.7 P< 0.01
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compositions (r� 0.8; P< 0.01). Within one diet, 24 h DIT
and satiety were correlated (r� 0.6; P< 0.05).

The order in which the second and third diet was
offered, had not affected the results with respect to the
appetite pro®le data and the metabolic data. The average
data of the 8 subjects produced during their second time did
not differ signi®cantly from the average of the data pro-
duced during their third time.

Discussion

On the two experimental days, the subjects ingested pre-
determined, identical amounts of energy and volume from
almost equivalent foods (with respect to organoleptic
characteristics), at identical times, in a fully controlled
situation. The most obvious difference between the two
diets consisted of the relatively extreme macronutrient
composition, that is, a high protein=high carbohydrate
diet (protein=carbohydrate=fat: 29=61=10 percentage of
energy) and a high fat diet (protein=carbohydrate=fat:
9=30=61 percentage of energy).

Throughout the day, in between meals, satiety and
fullness was signi®cantly higher on the high protein=high
carbohydrate diet, than on the high fat diet, while hunger,
appetite, desire to eat, and estimated quantity to eat, were
signi®cantly lower. Therefore, in this well controlled con-
dition, that is, with subjects being fed in energy balance
over 24 h, it is shown that a mixed diet with a relatively
higher proportion of protein and carbohydrate, is more
satiating than a diet with a relatively higher proportion of
fat. This has been found before, though in different experi-
mental designs, that is, when the extent to which subjects
were in energy balance was not included (de Castro, 1987;
de Graaf et al, 1992; Stubbs, 1995, Westerterp-Plantenga et
al, 1996). In this study, the consequences of eating given
meals, at given time points, by subjects who were in energy
balance, were observed by their appetite pro®le ratings
only. The order in which the two diets were given had not
affected the results. Therefore, these ratings under con-
trolled conditions, con®rm behavioural changes that
showed differences in energy intake due to different
macronutrient compositions, observed in previous studies
(de Castro, 1987; de Graaf et al, 1992; Stubbs, 1995,
Westerterp-Plantenga et al, 1996).

Satiety was not only higher in the post-prandial state
during the high protein=high carbohydrate diet, it was also
higher during the high protein=high carbohydrate meals,
and hunger was lower, compared to the high fat meal.
Hunger and satiety ratings showed fast changes during the
meals, without a signi®cant difference between the two
diets. Sensory signals, expressed as pleasantness of taste of
the food (main course) in the mouth, showed small
decreases from the start towards the end of the meals.
Since the energy density and the volume of both diets were
the same, the solid=liquid food proportion differed slightly
(Table 1), which might have had some effect on satiety
(Himaya et al, 1998). This effect would be mainly due to
differences in gastric emptying (Himaya et al, 1998),
which, over 24 h as in these experiments will not play a
role anymore. The difference in satiety was present already
before breakfast, probably because of the previous evening
meal being of the same macronutrient composition as the
menu throughout the day. Also thirst, being different before
breakfast, might have been due to the previous evening
menus.

The main result from the metabolic part of this study
(which is elaborately discussed by Westerterp et al, 1999),
is the signi®cant difference in diet-induced thermogenesis
(DIT) over 24 h, that is, a higher DIT with a high pro-
tein=high carbohydrate diet, compared to the DIT with a
high fat diet. Moreover, the difference that created the non-
signi®cant energy imbalance, appeared to be mainly the
difference in DIT (Westerterp et al, 1999), since activity
induced energy expenditure and sleeping metabolic rate did
not differ between both situations with different diets
(Westerterp et al, 1999). It could be argued, that a higher
DIT would be attributable to relative unfamiliarity with the
diets, which we have reported before (Westerterp-Plan-
tenga et al, 1992b). However, since the products that the
different diets consisted of, were at least for some time
familiar to the subjects, it is unlikely that this would have
played a role (Westerterp-Plantenga et al, 1992a). From the
RQ measurements we may assume that the high=carbohy-
drate=high protein diet was relatively closer to the subjects'
normal diet, than the high fat diet. Usually the RQ values
represent the macronutrient composition of the diet during
the previous week (Schrauwen et al, 1997).

The subjects had not complained about the mandatory
activity pattern, which, yielding a physical activity index of
1.6, was, as usual during a respiration chamber stay (Schrau-
wen et al, 1997), somewhat lower than their usual physical
activity index, which was estimated to be between 1.7 and 1.8.

Combining the 24 h satiety and DIT results, we see that
even when energy balance tended to be slightly negative,
due to the higher DIT, satiety is higher than when energy
balance tended to be slightly positive, with a lower 24 h
DIT. It would be of interest to have a closer look at the time
pattern of DIT and satiety. However, since the synchroni-
zation of DIT and satiety over 24 h is not completely
parallel over time, it is more accurate to include the
complete DIT from one postabsorptive state until the next
postabsorptive state, as well as the complete appetite pro®le
over 24 h. In this respect measuring DIT using a respiration
chamber is more realistic compared to measuring DIT
using a ventilated hood system. In the respiration chamber
subjects do not have to lay down during DIT measure-
ments, which is the case with the ventilated hood system
(Westerterp-Plantenga et al, 1997a). Moreover, a ventilated
hood only allows DIT measurements over a limited period
of time, which yields different results due to the pattern of
increased EE over time caused by DIT. From the respira-
tion chamber measurements it appears that DIT never is
completely extinguished in between meals, which makes it
clear that DIT measurements from ventilated hood experi-
ments usually include an arbitrarily limited period of time.

The result with respect to synchronous increases in
satiety and DIT relates to a previous observation where
we found that increased energy expenditure at rest, imply-
ing an increased oxygen consumption and an increase in
body temperature, was related to increased satiety (Wester-
terp-Plantenga et al, 1990). Moreover, relatively higher
satiety scores have been observed under limited oxygen
availability conditions, for instance at high altitude (Wes-
terterp-Plantenga et al, 1999), after exercise (Westerterp-
Plantenga et al, 1997b) and in COPD patients (Schols,
1997). We suggest that when metabolic rate increases at
rest, oxygen availability becomes limiting, which seems to
be perceived by the subjects as a reduction in the possibility
to eat and therefore as an increase in satiety, during and in
between meals.

Satiety related to 24 h diet-induced thermogenesis
MS Westerterp-Plantenga et al

501



Conclusion

From this study we conclude that when subjects, lean
women, ingest identical amounts of energy and volume,
in identical meal patterns and almost equivalent meal
compositions, the difference in satiety over 24 h is corre-
lated with the difference in the 24 h DIT component of
energy expenditure. The relatively higher satiety on a
protein rich or carbohydrate rich diet compared to a fat
rich diet has been shown before in different experimental
designs (de Castro, 1987; de Graaf et al, 1992; Stubbs,
1995, Westerterp-Plantenga et al, 1996). Also, the rela-
tively higher DIT on a protein rich or carbohydrate rich diet
compared to a fat rich diet (Stubbs, 1995; Abbot et al,
1988; JeÂquier, 1992) has been reported before. However,
those measurements were not carried out simultaneously or
over 24 h. We previously observed an association between
the magnitude of diet-induced thermogenesis, expressed as
an absolute increase in metabolic rate during and 3 h after
one meal, and satiety scores, with meals that differed in
carbohydrate=fat proportions (Westerterp-Plantenga et al,
1997a), which we have con®rmed now using 24 h measure-
ments.

The interpretation of these results in relation to the daily
life situation may be that, within the range given in this
study and controlled for all other factors, the higher the fat
content of the diet, the lower satiety and diet-induced
thermogenesis will be. In daily life, satiety signals usually
affect meal size and intermeal interval (Blundell and Hal-
ford, 1994). Therefore, a diet with a higher fat content may
lead to a positive energy balance, due to changes in energy
intake as well as in energy expenditure.

If these results, which apply to normal weight young
women, are more generally applicable, the vulnerability to
a positive energy balance while consuming a high fat diet,
has implications for the development and maintenance of
obesity.

Over 24 h there is no ®ne tuning of energy intake to
energy expenditure by an interaction of hunger, satiety and
sensory signals. These factors may control the actual food
intake and meal pattern within a day to a certain extent, that
is, more or less in the range of the energy requirement, and
a longer period of time is necessary to maintain energy
balance accurately.
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