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Diet induced thermogenesis measured over 24h
in a respiration chamber: effect of diet
composition

KR Westerterp*1, SAJ Wilson2 and V Rolland3

1Department of Human Biology, Maastricht University, The Netherlands; 2Department of Clinical Nutrition, University of Kuopio,
Finland and 3Institut EuropeeÂn des Sciences du GouÃt et des Comportements Alimentaires, Dijon, France

OBJECTIVE: To study the effect of diet composition on diet-induced thermogenesis (DIT) over 24 h in a respiration
chamber.
SUBJECTS: Eight healthy female volunteers (age 27� 3 y; body mass index, BMI 23� 3 kg=m2).
DIETS: A high protein and carbohydrate (HP=C) (60:10:30; percentage energy (E%)carbohydrate, fat and protein,
respectively) and high fat (HF) (30:60:10 respectively) diet, both isoenergetic, isovolumetric, composed of normal food
items and matched for organoleptic properties (taste, smell, appearance).
DESIGN: Subjects spent two 36 h periods each in a respiration chamber consuming both test diets in random order.
Components of 24 h energy expenditure (24 h EE): sleeping metabolic rate, DIT and activity induced energy
expenditure were measured.
RESULTS: DIT was higher in all subjects while on the HP=C diet (1295 kJ=d vs 931 kJ=d; 14.6% vs 10.5% of energy
intake; P< 0.02). There was no signi®cant difference in other components or total 24 h EE, although there was a trend
towards higher EE on the HP=C diet.
CONCLUSION: A high protein and carbohydrate diet induces a greater thermic response in healthy individuals when
compared to a high fat diet.
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Introduction

Dietary factors involved in diet induced thermogen-
esis (DIT) have been widely studied. Despite this,
there is still a discrepancy as to which factors are
signi®cant and to what degree. Factors such as energy
content,1 ± 3 palatability,4 ± 6 frequency7,8 and timing9

of meals, have all been studied with varying results.
Macronutrient composition of diets is particularly
interesting as this may have a direct in¯uence on the
development and maintenance of obesity.10,11

The measured thermic effect of separate nutrients is
highest and most prolonged for protein (20 ± 30%
energy content), followed by carbohydrate (5 ± 15%)
and fat (0 ± 3%).12 Bobbioni-Harsch et al 13 measured,
over 8 h after oral loads of separate macronutrients, an
equivalent thermic effect of 8 ± 9% energy content for
carbohydrate and fat. It follows that, in theory, experi-
mental diets where the protein to fat ratio is manipu-
lated, would be expected to yield the most signi®cant
results. Indeed, studies using diets with varying pro-
tein compositions, especially as liquid and=or single

nutrient14 ± 16 preparations have, on the whole, been
more successful in establishing a difference in DIT
between diets. In studies where food was given as
mixed meals, it is most often,7,17,18 although not
always1,19, the carbohydrate=fat ratio that has been
manipulated and results have been inconclusive. Also
the majority of studies has been of short duration
(60 ± 360 min) and this may not be enough time to
fully measure DIT.20,21 In these studies, subjects have
remained stationary, most often in a supine position
for the duration of the measurements, which might not
be representative of the real life situation. Further-
more, energy expended in ®dgeting may erroneously
be attributed to DIT. This leaves the debate open as to
the signi®cance of diet composition on DIT under free
living conditions.

The diets used in the present study were chosen to
represent extremes of macronutrient composition,
while still enabling us to compile diets comparable
with respect to other dietary factors such as palat-
ability, appearance and volume. The diets were com-
piled using normal food items served in the way they
are normally eaten and consumed throughout the day
following a normal eating pattern. The aim of this
study was to investigate the effect of diets of extreme
macronutrient composition on DIT under near phy-
siological conditions in a respiration chamber over the
duration of a full day.

*Correspondence: Dr K R Westerterp, Department of Human
Biology, Maastricht University, P.O. Box 616, 6200 MD
Maastricht, The Netherlands.
Received 2 February 1998; revised 24 September 1998; accepted
19n October 1998

International Journal of Obesity (1999) 23, 287±292
ß 1999 Stockton Press All rights reserved 0307±0565/99 $12.00

http://www.stockton-press.co.uk/ijo



Subjects and methods

Subjects

Eight healthy female subjects, aged 23 ± 33 y, partici-
pated in the study. Characteristics of the subjects are
described in Table 1.

Experimental design

Subjects each spent two 36 h periods in a respiration
chamber, consuming either a high protein and carbo-
hydrate (HP=C) or high fat (HF) diet in random order.
Subjects had all been in a respiration chamber on at
least one previous occasion and so were familiar with
the study environment. Subjects were fed to energy
balance as estimated from their 24 h sleeping meta-
bolic rate (SMR), measured during the ®rst night,
multiplied by an activity index of 1.6.22 Before enter-
ing the chamber, at 19.00 h, subjects were given a
dinner of similar composition to the experimental diet
of the following day. In the morning following the
®rst stay in the respiration chamber, anthropometric
measurements were conducted (see below).

Diets

The macronutrient compositions of the two experi-
mental diets, HP=C and HF, are given in Table 2. The
diets were compiled using normal food items and
were consumed as breakfast (08.30 h; 23% energy
intake (EI)), lunch (12.30 h; 31% EI), dinner
(18.30 h; 32% EI) and two snacks (15.00 h; 8% EI
and 20.30 h; 6% EI). The diets were isoenergetic and
isovolumetric, and were matched as closely as possi-
ble for organoleptic properties (taste, smell, appear-
ance). Macronutrient composition of the diets was
calculated using the Dutch food composition table23

and food quotients (FQ) using the equations of
Brouwer.24

Anthropometry and body composition

Anthropometric measurements were carried out in the
fasted state. Body weight was measured using a digital
scale accurate to 0.01 kg (Sauter, type E1200, Sauter,
Ebingen, 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.

Body composition was estimated by using hydro-
densitometry and isotope dilution. Body density was
determined by underwater weighing with simulta-
neous assessment of residual lung volume with the
helium dilution technique using a spirometer (Volu-
graph 2000, Mijnhardt, The Netherlands). Total body
water (TBW) was determined by deuterium oxide
(D2O) dilution following the Maastricht protocol.25

Brie¯y, in the evening, prior to anthropometric mea-
surements, after obtaining a background urine sample,
subjects ingested an oral dose of D2O. Deuterium
enrichment was measured in urine from the second
voiding of the following morning. Body composition
was calculated using the combined equation of Siri.26

Indirect calorimetry and physical activity

Oxygen consumption and carbon dioxide production
were measured in a respiration chamber.27 The cham-
ber 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. The ventilation rate was
measured with a dry gas meter (Schlumberger, type
G6, The Netherlands). The concentration of oxygen
and carbon dioxide was measured using paramagnetic
O2 analyzers (Hartmann & Braun, type Magnos G6,
Hartmann & Braun, Frankfurt, Germany; Servomex,
type OA 184A, UK) and infrared CO2 analyzer
(Hartmann & Braun, type Uras 3G, Hartmann &
Braun, Frankfurt, Germany). During each 15 min
period, six samples of outgoing air for each chamber,
one sample each of fresh air, zero gas and calibration
gas were measured. The gas samples to be measured
were selected by a computer which also stored and
processed the data.

During daytime, subjects followed a light exercise
protocol consisting of six exercise periods of either
walking or low intensity bench stepping (25 cm bench
with one step per s), each with a duration of 10 min.
This was implemented to extend the range of move-
ment and avoid single extreme values of energy
expenditure (EE) that could affect the calculation of
DIT. EE over 30 min intervals thus ranged between
SMR and 4.3� 0.8 times SMR. The exercise intervals
were evenly spread throughout the day at 10.15 h,
12.10 h, 14.15 h, 16.15 h, 18.15 h and 20.10 h. Apart
from the exercise periods, subjects were not restricted
in their activities, only sleeping and strenuous physi-
cal activity was not allowed. Physical activity was
monitored by means of a radar system working on the
Doppler principle.

Table 2 Energy content, macronutrient composition and food
quotients (FQ) of diets

HP=Ca HFb

Energy content (kJ=d) 8877�735 8921� 767
Carbohydrate (%)c 61�0.7 30� 0.4
Fat (%)c 10�0.3 61� 0.3
Protein (%)c 29�0.5 9� 0.3
FQ 0.909�0.001 0.802� 0.001

Values are mean� s.d.
aHigh protein and carbohydrate diet; bHigh fat diet; cPercentage
of total energy content

Table 1 Physical characteristics of the eight female subjects

Age (y) 27� 3
Height (m) 1.70� 0.08
Body mass (kg) 67� 12
Body mass index (kg=m2) 23.3� 2.5
Body fat (%) 29� 6
Fat-free mass (kg) 47� 4

Values are means� s.d.
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Components of 24 h EE

Twenty-four-hour values for EE (24 h EE), DIT and
activity induced energy expenditure (AEE) were cal-
culated from 07.00 ± 07.00 h. EE was calculated from
O2 consumption and CO2 production using the Weir
formula.28

Sleeping metabolic rate (SMR) was measured on
both nights of each experiment and was de®ned as the
lowest mean EE measured over three consecutive
hours between 00.00 h and 07.00 h. The average
SMR of the two nights was used in further calcula-
tions.

For calculation of DIT, EE was plotted against
radar output, both averaged over 30 min periods.
The intercept of the regression line at lowest radar
output, represents EE in the inactive state (resting
metabolic rate, RMR), consisting of SMR and DIT
(Figure 1). DIT was determined by subtracting SMR
from RMR. AEE was calculated by subtracting RMR
from 24 h EE.

Substrate utilization

During both stays 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 H2SO4 to prevent nitrogen loss
through evaporation. Volume and nitrogen concentra-
tion were measured, the latter using a nitrogen analy-
ser (Carlo Erba EA1108CHN, Rodano, Italy).

Substrate oxidation was calculated using O2 con-
sumption, CO2 production and urinary nitrogen excre-
tion using the formula of Brouwer.24 Theoretical
estimates of DIT were calculated from measured
substrate utilization using median values for the
thermogenic effect of separate nutrients12 (carbohy-
drate 10% EI, fat 1.5% EI, protein 25% EI).

Statistical analysis

All results are expressed as mean� s.d. Student's
paired t-test was used to test for signi®cant differences
between variables. P values were considered signi®-
cant when < 0.05.

Results

Values for the different components of 24 h EE as
well as energy balance are given in Table 3. All values
are expressed as kJ=d. In addition, DIT is also given as
a percentage of energy intake (%EI). On average,
subjects were in energy balance while on the HF diet
(� 28� 601 kJ=d, P� 0.79) and were in negative
energy balance on the HP=C diet (7 351�
593 kJ=d, P� 0.19). The difference in energy balance
between diets was not signi®cant (P� 0.05). There
was a trend towards higher 24 h EE during the HP=C
diet, but the difference was not signi®cant (P� 0.08).
SMR and AEE did not differ signi®cantly between the
diets. Total DIT varied greatly between subjects,
whether expressed in absolute terms (HP=C 789 ±
1580 kJ=d; HF 439 ± 1365 kJ=d) or as %EI (HP=C
9.3 ± 17.7; HF 5.2 ± 15.6), but was consistently
higher in all subjects while on the HP=C diet
(P< 0.02). On a group level, the difference in
energy balance (334 kJ=d) was approximately equiva-
lent to the difference in DIT (364 kJ=d) between diets.
Theoretically calculated DIT, 1338� 122 kJ=d for the
HP=C and 987� 158 kJ=d for the HF diet, was very
close to measured DIT, which was 1295� 240 kJ=d
and 931� 315 kJ=d for the HP=C and HF diets,
respectively.

There was a signi®cant difference between the FQ
and RQ of each diet. The ®gures for the HP=C diet
were: FQ 0.909� 0.001; RQ 0.921� 0.012 (P< 0.05)
and for the HF diet: FQ 0.802� 0.001; RQ
0.864� 0.024 (P< 0.001). On the HP=C diet
70:12:18% and on the HF diet 51:38:11% of energy
expended was derived from carbohydrate (CHO), fat
and protein, respectively. Utilization was signi®cantly
different from intake in all cases, with the exception
of fat oxidation on the HP=C diet, and being most
signi®cant (P< 0.0001) for protein on the HP=C and
fat on the HF diet.

Table 3 Energy balance and components of 24 h energy
expenditure (24 h EE)

HP=C HF P

EI (kJ=d) 8877� 735 8921� 767 0.41
24 h EE (kJ=d) 9228� 760 8894� 897 0.08
EI ± EE (kJ=d) 7 351� 593 28� 601 0.05
SMR (kJ=d) 5803� 580 5738� 691 0.71
DIT (kJ=d) 1295� 240 931� 315 0.02
DIT (%EI) 14.6� 2.9 10.5� 3.8 0.02
AEE (kJ=d) 2129� 631 2225� 694 0.91

Values are mean� s.d.; P values were determined by Students
paired t-test.
HP=C�high protein and carbohydrate diet; HF�high fat diet;
EI� energy intake; SMR� sleeping metabolic rate; DIT�diet
induced thermogenesis; AEE�activity induced energy
expenditure.

Figure 1 Energy expenditure (EE) plotted against radar output
in one subject, each point representing a 30 min average from
07.00 ± 07.00 h, with the calculated linear regression line. Resting
metabolic rate (RMR) can be calculated as the y-intercept and
includes diet induced thermogenesis (DIT) and sleeping meta-
bolic rate (SMR). AEE-activity induced EE.
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Discussion

The results of the present study are consistent with the
®ndings of Le Blanc et al 29, amongst others,30 that
protein induces a greater thermic response than other
nutrients. Also diminished thermic response to diets
with a high fat content has been reported.10,13 Com-
parison of studies is, however hampered by methodo-
logical differences. The majority of studies have
measured the thermic effect of single test meals
using a ventilated hood with the duration of measure-
ment ranging between 60 and 360 min. DIT has been
found to continue well beyond this period,20,21 indi-
cated by EE not returning to baseline at cessation of
measurements, especially in the case of protein, and
therefore some of the DIT will be missed. Subjects
have been required to remain stationary for the dura-
tion of the experiment, usually in a supine position,
this does not represent physiological conditions under
which DIT normally occurs. Also as movement is not
taken into account, energy expended by ®dgeting,
especially towards the end of the measurement
period may be erroneously attributed to DIT and
affect the results.31 Extrapolation of measurements
of short duration over days or even years may be
inaccurate.32 Studies conducted in a respiration cham-
ber over extended periods have been scarce17,18 and
have, with one exception,30 not been able to show a
difference in relation to diet composition. This may be
due to varying methods of calculating DIT and less
extreme diets than used in the present study.

The diets were chosen to represent extremes of
macronutrient composition. Although they do not
represent any diets habitually consumed on a national
level, the composition of the diets in this study falls
approximately within the range of normal propor-
tional consumption of macronutrients (protein 10.6 ±
42.7% EI, CHO 3.1 ± 81.7% EI, fat 6.3 ± 54.2% EI) in
different populations.33 Subgroups of populations (for
example, body builders34 and the obese) may, how-
ever habitually consume diets of extreme composi-
tion. In compiling the diets, the relative amounts of
protein and fat (as the most and least thermogenic
nutrients) were maximized and minimized in order to
achieve diets that would potentially produce differing
results in DIT. The moderating factor in determining
diet composition was the need to take into account
other dietary factors that may contribute to DIT.
Sensory stimulation, including palatability, produced
by food has been found by some,4,6,35,36 to affect the
magnitude of the cephalic or predigestive phase of
DIT. The increase in the activity of the sympathetic
nervous system may account for as much as 25 ± 40%
of total DIT.37 For this reason we adjusted the diets to
be as similar as possible with regard to all sensory
factors. Familiarity of food has also been found to
affect DIT38 and for this reason, both diets were
composed of food items familiar to the subjects with
the exception of Quorn, which is a vegetarian meat

substitute that has a similar taste, consistency and
appearance to chicken when served, as in the present
diets. Naturally, the diets ful®lled the basic criterion
of being isoenergetic and isovolumetric.

The method of calculating DIT from data obtained
in the respiration chamber is crucial. In the present
study, DIT was calculated over 24 h, using the inter-
cept of the linear regression between EE and physical
activity to determine RMR and by subtracting SMR to
determine DIT. Schutz et al 39 ®rst calculated DIT
using the individual relationship between EE and
activity in each subject to determine mean RMR,
from which (BMR, the basal metabolic rate measured
separately) was subtracted to determine DIT. SMR as
opposed to BMR was used as baseline EE in this study
as it is the more reproducible of the two.31 To further
ensure stable values, we used the mean SMR of both
nights of each experiment, as this value correlated
marginally better with fat free mass (FFM) than either
single night or the lowest measured SMR of the
nights. Schutz et al 39 proposed DIT only be measured
during waking hours, since most of the thermogenic
response to feeding occurs during the time subjects
are awake and sleep is known to depress EE. DIT may
however continue well beyond this period, especially
if an evening snack is consumed. Tataranni et al 40

found that 15 h calculations underestimated DIT,
when compared to measurements conducted in sub-
jects in the fed or fasted state. However, calculations
where DIT was calculated as 24 h RMR above SMR,
were similar to the difference in 24 h EE when
subjects were fed or fasted.

A potential source of error is the measurement of
physical activity by a radar system. Radar detects only
the time the subjects move, but does not provide
information on the intensity of the activity. However,
variations in movement intensity are restricted by the
size of the respiration chamber. We also addressed the
possible problem of a few extreme points in¯uencing
the slope of the relationship between EE and radar
output, causing the intercept to be over- or under-
estimated and consequently altering measured DIT.
To avoid this, we implemented a light exercise pro-
tocol to ensure greater range of EE and so eliminate
the effect of erratic spontaneous physical activity.
Exercise has been cited as one factor possibly affect-
ing DIT,1,41 although results have not been conclusive.
The exercise periods in the present protocol were,
however, light enough not to affect DIT. This was
con®rmed by also calculating DIT excluding the data
collected during exercise periods (six times 30 min.)
from analysis and extrapolating data over 24 h. This
did not affect the signi®cance of the results. Including
an exercise protocol is also appropriate, as this further
simulates free living conditions.

Energy requirements of subjects were estimated by
multiplying measured SMR on the ®rst night by a
physical activity index (PAI) of 1.6, as this was found
to be the mean PAI in a previous study by Schrauwen
et al. 22 On a group level, this proved to be an accurate
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estimate, although there was great variation with
regard to energy balance between subjects, with
three subjects being consistently underfed and one
subject overfed. It was inevitable that there would be a
positive or negative energy balance on one of the
diets, resulting from the difference in DIT and the fact
that the diets were isoenergetic. For this reason it was,
however preferable, to express DIT results as a
proportion of EI as opposed to EE.

FQ differed signi®cantly from RQ on each diet.
Calculation of substrate utilization using the Brouwer
formula24 con®rmed that substrates were oxidized in a
different proportion to those ingested. This was antici-
pated, as previous studies have shown the need for an
adaptation period, before substrate utilization is
adjusted to substrate ingestion.22 Thus, the slightly
higher RQ value on the HP=C diet, might be explained
by a carry-over effect of the unusual (high carbohy-
drate) dinner on the night before entering the chamber
and the higher RQ value on the HF diet by subjects
oxidizing some glycogen. For practical reasons, we
only provided one meal of similar composition prior
to the test diets of the following day. However, had
subjects consumed the test diets for a longer period
prior to the measurements, and thus had time to adapt
RQ to FQ, our results may have been even more
convincing. Now, especially on the HF diet, subjects
were temporarily storing part of the dietary fat and
using glycogen which might have reduced the differ-
ence in DIT between the two diets.

Conclusion

The results of the present study, clearly indicate that
macronutrient composition of the diet has a direct
impact on the magnitude of DIT, irrespective of other
dietary factors, and as such may, over long periods of
time, contribute to the development and maintenance
of obesity.

References
1 Belko AZ, Barbieri TF, Wong EC. Effect of energy and

protein intake and exercise intensity on the thermic effect of
food. Am J Clin Nutr 1986; 43: 863 ± 869.

2 Belko AZ, Barbieri TF. Effect of meal size and frequency on
the thermic effect of food. Nutr Res 1987; 7: 237 ± 242.

3 Kinabo JL, Durnin JVGA. Thermic effect of food in man:
effect of meal composition, and energy content. Br J Nutr
1990; 64: 37 ± 44.

4 LeBlanc J, Brondel L. Role of palatability on meal-induced
thermogenesis in human subjects. Am J Physiol 1985; 248:
E333 ± E336.

5 Weststrate JA, Dopheide T, Robroch L, Deurenberg P, Haut-
vast JGAJ. Does variation in palatability affect the postpran-
dial response in energy expenditure? Appetite 1990; 15:
209 ± 219.

6 Hashkes PJ, Gartside PS, Blondheim SH. Effect of palatability
on early (cephalic) phase of diet induced thermogenesis in
nonobese and obese man. Int J Obes 1997; 21: 608 ± 613.

7 Kinabo JL, Durnin JV. Effect of meal frequency on the
thermic effect of food in women. Eur J Clin Nutr 1990; 44:
389 ± 395.

8 Tai MM, Castillo P, Pi-Sunyer FX. Meal size and frequency:
effect on the thermic effect of food. Am J Clin Nutr 1991; 54:
783 ± 787.

9 Romon M, Edeme JL, Boulenguez C, Lescroart JL, Frimat P.
Circadian variation of diet-induced thermogenesis. Am J Clin
Nutr 1993; 57: 476 ± 480.

10 Schwartz RSE, Ravussin M, Massari M, O'Connell M, Rob-
bins DC. The thermic effect of carbohydrate versus fat feeding
in man. Metabolism 1985; 34: 285 ± 293.

11 Lean MEJ, James WPT. Metabolic effects of isoenergetic
nutrient exchange over 24 hours in relation to obesity in
women. Int J Obes 1988; 12: 15 ± 27.

12 Tappy L. Thermic effect of food and sympathetic nervous
system activity in humans. Reprod Nutr Dev 1996; 36:
391 ± 397.

13 Bobbioni-Harsch E, Habicht F, Lehmann T, James RW,
Rohner-Jeanrenaud F, Golay A. Energy expenditure and sub-
strate oxidative patterns, after glucose, fat or mixed load in
normal weight subjects. Eur J Clin Nutr 1997; 51: 370 ± 374.

14 Nair KS, Halliday D, Garrow JS. Thermic response to iso-
energetic protein, carbohydrate or fat meals in lean and obese
subjects. Clin Sci 1983; 65: 307 ± 312.

15 Karst H, Steiniger J, Noack R, Steglich H-D. Diet-induced
thermogenesis in man: thermic effects of single proteins,
carbohydrates and fats depending on their energy amount.
Ann Nutr Metab 1984; 28: 245 ± 252.

16 Steinger J, Karst H, Noack R, Steglich H-D. Diet-induced
thermogenesis in man: thermic effects of single protein and
carbohydrate test meals in lean and obese subjects. Ann Nutr
Metab 1987; 31: 117 ± 125.

17 Abbott WGH, Howard BV, Ruotolo G, Ravussin E. Energy
expenditure in humans: effects of dietary fat and carbohydrate.
Am J Physiol 1990; 258: E347 ± E351.

18 Verboeket-van de Venne WPHG, Westerterp KR. Effects of
dietary fat and carbohydrate exchange on human energy
metabolism. Appetite 1996; 26: 287 ± 300.

19 Zed C, James WPT. Dietary thermogenesis in obesity.
Response to carbohydrate and protein meals: the effect of b-
adrenergic blockade and semistarvation. Int J Obes 1986; 10:
391 ± 405.

20 D'Alessio DA, Kavle EC, Mozzoli MA, Smalley KJ, Polansky
M, Kendrick ZV, Owen LR, Bushman MC, Boden G, Owen
OE. Thermic effect of food in lean and obese men. J Clin
Invest 1988; 81: 1781 ± 1789.

21 Segal KR, Edano A, Tomas MB. Thermic effect of a meal
over 3 and 6 hours in lean and obese men. Metabolism 1990;
39: 985 ± 992.

22 Schrauwen P, van Marken Lichtenbelt WD, Saris WHM,
Westerterp KR. Changes in nutrient oxidation in response to
a high-fat diet. Am J Clin Nutr 1997; 66: 276 ± 282.

23 Stichting-Nederlands-Voedingsstoffenbestand. NEVO Tabel.
Voorlichtingsbureau voor de voeding: Den Haag, 1996.

24 Brouwer E. On simple formulae for calculating the heat
expenditure and the quantities of carbohydrate and fat oxidised
in metabolism of men and animals, from gaseous exchange
(oxygen intake and carbonic acid output) and urine-n. Acta
Physiol Pharmacol Neerlandica 1957; 6: 795 ± 802.

25 Westerterp KR, Wouters L, van Marken Lichtenbelt WD. The
Maastricht protocol for the measurement of body composition
and energy expenditure with labeled water. Obes Res 1995; 3
(suppl 1): 49 ± 57.

26 Siri WE. Body composition from ¯uid spaces and density:
analysis of methods. In: Brozek J, Henschel A (eds). Techni-
ques for measuring body composition. National Academy of
Science: Washington DC, 1961, 223 ± 244.

27 Schoffelen PFM, Westerterp KR, Saris WHM, ten Hoor F. A
dual respiration chamber with automated calibration. J Appl
Physiol 1997; 83: 2064 ± 2067.

Diet composition and diet induced thermogenesis
KR Westerterp et al

291



28 Weir JBDV. New methods for calculating metabolic rate with
special reference to protein metabolism. J Physiol 1949; 109:
1 ± 9.

29 Le Blanc J, Diamond P, Nadeau A. Thermogenic response to
Palatable Protein and Carbohydrate Rich Food. Horm Metab
Res 1991; 23: 336 ± 340.

30 Dauncey MJ, Bingham SA. Dependence of 24th energy
expenditure in man on the composition of the nutrient
intake. Br J Nutr 1983; 50: 1 ± 13.

31 Garrow JS, Webster JD. Thermogenesis to small stimuli. In:
van Es (ed). Human Energy Metabolism: Physical activity and
energy expenditure measurements in epidemiological research
based on direct and indirect calorimetry. EURO-NUT 5:
Wageningen, 1984, 215 ± 224.

32 Ravussin E, Lillioja S, Anderson TE, Christin L, Bogardus C.
Determinants of 24-hour energy expenditure in man. J Clin
Invest 1986; 78: 1568 ± 1578.

33 FaÂbry P. Feeding Pattern and Nutritional Adaptations. Aca-
demia (Publishing House of the Czechoslovak Academy of
Sciences): Prague, 1969, 9 ± 23.

34 Kleiner SM, Bazzarre TL, Litchford MD. Metabolic pro®les,
diet and health practices of championship male and female
bodybuilders. J Am Diet Assoc 1990; 90: 962 ± 967.

35 De Jonge L, Agoues I, Garrel DR. Decreased thermogenic
response to food with intragastric vs. oral feeding. Am J
Physiol 1991; 260: E238 ± E242.

36 LeBlanc J, Cabanac M. Cephalic postprandial thermo-
genesis in human subjects. Physiol Behav 1989; 46: 479 ±
482.

37 Sims WG, Danforth E. Expenditure and storage of energy in
man. J Clin Invest 1987; 79: 1019 ± 1025.

38 Westerterp-Plantenga MS, van den Heuvel E, Wouters L,
ten Hoor F. Diet-induced thermogenesis and cumulative
food intake curves as a function of familiarity with food
and dietary restraint in humans. Physiol Behav 1992; 51:
457 ± 465.

39 Schutz Y, Bessard T, JeÂquier E. Diet-induced thermogenesis
measured over a whole day in obese and nonobese women. Am
J Clin Nutr 1984; 40: 542 ± 552.

40 Tataranni PA, Larson DE, Snitker S, Ravussin E.
Thermic effect of food in humans: methods and results
from use of a respiration chamber. Am J Clin Nutr 1995; 61:
1013 ± 1019.

41 Segal KR, Gutin B. Thermic Effects of Food and Exercise
in Lean and Obese Women. Metabolism 1983; 6: 581 ±
589.

Appendix 1 Example of diets containing 8900 kJ

High protein and carbohydrate diet (HP=C) High fat diet (HF)

Breakfast
White bread 120 g Croissant 80 g
Linera 3%a 5 g Butter 11 g
Jam 30 g Jam (low calorie) 15 g
Quark based herb cheese 20 g Cream cheese (Boursin) 15 g
Fat-free fruit yoghurt 200 g
Drinkb 150 g Drink 400 g

Lunch
Mushroom soup 250 g Mushroom soup 200 g
� fat-free milk powder 35 g � double cream 50 g
Mixed salad (iceberg lettuce,

tomato, and cucumber)
250 g Mixed salad (iceberg lettuce,

tomato, and cucumber)
250 g

Cottage cheese 60 g
Tuna ®sh in brine 80 g Smoked mackerel 25 g
Salad cream (5% fat) 30 g Salad cream (40% fat) 30 g
Fresh orange juice 250 g No calorie orange drink 250 g
� fantomalt powderc 33 g Drink 150 g

Snack
Peaches in syrup 150 g Peaches in syrup 100 g
Fat-free yoghurt 100 g Whipped double cream 20 g
Quark 100 g Drink 250 g
� arti®cial sweetener

Dinner
Pasta (cooked weight) 200 g Pasta (cooked weight) 150 g
Tomato sauce 200 g Tomato sauce 175 g
� chicken ®llet pieces 225 g � quornd 75 g

� vegetable oil 35 g
Cucumber (raw) 100 g Cucumber (raw) 100 g
Drink 150 g Drink 450 g

Snack
Vanilla pudding (fat-free) 150 g Vanilla pudding 75 g

� double cream 20 g
Drink 200 g Drink 250 g
Total weight 3088 g 3176 g

aLow fat butter substitute; bWhere not otherwise speci®ed, subjects could drink either water, tea or coffee (max. two
cups); cMaltodextrine - Nutricia, The Netherlands; d Vegetarian meat substitute.
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