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The course of energy expenditure after a meal can vary widely with regard to the slope of onset, amplitude, and duration of the
thermic effect. The aim of the present study was to explore the relationship between the thermic effect of food (TEF), as
characterized by kinetic analysis of postprandial energy expenditure, body composition, and variables related to the metabolic
syndrome including central obesity, hypertension, and glucose tolerance. A total of 181 men and women (body mass index
[BMI] range, 19.4 to 52.2 kg/m?) were characterized for body composition, blood pressure, oral glucose tolerance, and energy
expenditure after a test meal. Energy expenditure, as measured by indirect calorimetry, was analyzed over a 6-hour period by
3-parameter curve fitting using equations derived from kinetics describing a biphasic reaction involving 2 consecutive
first-order reactions (A — B — C). Apart from total thermic effect of food (TEFy), the curve also provided an estimate of time of
peak (Tp) and amplitude of peak (Ap) for each subject. Multiple stepwise regression analysis with TEF,, A,, and T;, as dependent
variables showed significant effects of sex, age, body weight, body fat, B-blockade, and body composition on TEF curve
parameters. Cluster analysis based on T, shown 2 distinct clusters with significant differences in age and body fat mass. This
study shows that kinetic analysis of postprandial energy expenditure can be used to examine the determinants of the time
course of the thermic effect of food in man.
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OTAL ENERGY EXPENDITURE (TEE) can be divided The aim of the present study was to explore the relationship
into several distinct components that may each contributébetween the thermic effect of food, as characterized by kinetic

to long-term alterations in energy homeostasis and thus bodgnalysis of postprandial energy expenditure, body composition,
composition. Although the thermic effect of food (TEF) only and variables related to the metabolic syndrome including
accounts for a relatively small proportion of daily energy central obesity, hypertension, and glucose tolerance.
expenditure (3% to 10%), small differences in TEF over long
periods of time may significantly contribute to the development SUBJECTS AND METHODS
and/or maintenance of obesity.As recently reviewed by Subjects
deJonge and Brayseveral factors, including insulin resistance,
sympathetic activity, and body fat may have an importan
influence on TEF.

t One hundred and eighty-one men=r64) and women (= 127)
with a wide range of body weight (body mass index [BMI] range, 19.4

. . to 52.2 kg/nd), with and without hypertension, volunteered for the
As pointed out by Reed and Hillmany of the discrepant study. Patients with diabetes mellitus, congestive heart failure, abnor-

flndlngs reportgd in this field may be attributed to meth_()d()log"mal renal or liver function, and intentional weight reduction during the
cal differences in the assessment of TEF. Thus, most investigaast 3 months were excluded from the study. Obesity was defined as a
tors have expressed TEF simply as the area under the curvem| = 30 kg/n?, and central obesity was defined in women as
(AUC) after a test meal. However, it is now clear that the coursewaist-to-hip ratio (WHR) greater than 0.85, and in men as WHR greater
of energy production after a meal can vary widely with regard tothan 1.0° Hypertension was defined as a 24-hour ambulatory blood
the slope of onset, amplitude, and duration of the thermic effectpressure level greater than 135/85 mm Hg (90207, SpacelLabs Medical
Reed and Hill have shown that the time course of the thermic In¢, Redmond, WA and/or the intake of antihypertensive medication.

response to food can be described with the help of a 3-parametgtatients were also assessed for the intake of thyroid hormone and other
curve fitting. Based on their exploration of the thermic responsemedication. The study protocol was approved by the institutional Ethics
) ommittee, and all subjects gave informed consent before participating

to food with this approach, they proposed that the time course o \ the study
the thermic response may differ between lean and obese ’
individuals and may well contribute to differences in energy Study Protocol and Methods

balance, despite a similar AUC.
All subjects were characterized for weight, height, and waist and hip

circumference, and body composition was determined by bioelectrical
impedance analysis (AKERN-RJL BIA 101/S, Frankfurt, Germany).
From the German Institute of Human Nutrition, Division of Biochem- After a 60-minute resting period after insertion of a venous cannula,
istry and Physiology of Nutrition, Potsdam-Rehtke; Department of  fasting blood samples were collected for the measurements of glucose,
Internal Medicine, Division of Endocrinology and Nephrology, Univer- insulin, epinephrine, and norepinephrine. An oral glucose tolerance test
sitatsklinikum Benjamin Franklin, Berlin; and the University Potsdam, (75 g glucose in 250 mL water) was then performed with collection of
Institute for Physical and Theoretical Chemistry, Potsdam, Germany. blood samples for insulin and glucose measurements at 60 and 120

Submitted November 29, 1999; accepted April 3, 2000. minutes?
Supported by the Bundesministeriurir fildung, Wissenschaft, For the measurement of energy expenditure, subjects were admitted
Forschung und Technologie (BMBF, 685.20). on the evening before the test to a metabolic ward, where they were

Address reprint requests to Arya M. Sharma, MD, Franz-Volhard given a light evening snack. After a 12-hour overnight fast, resting
Klinik, Universitasklinikum Charite Wiltbergstr. 50, 13125 Berlin, metabolic rate was measured in the sitting subject in a temperature-

Germany. controlled room over 2 25-minute periods extending over 2 hours, with
Copyright© 2000 by W.B. Saunders Company an open-circuit indirect calorimetry system (standardized for tempera-
0026-0495/00/4910-0024$10.00/0 ture, pressure, and moisture) fitted with a face mask (Sensor Medics
doi:10.1053/meta.2000.9533 2900 Z, NewMedics Medizinelektronik, l@ingen, Germany). After
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baseline measurements, subjects consumed a test meal consisting i@hi/h above RMR
curds (350 g containing 1 MJ, 12.1% protein, 4.6% carbohydrate) »g
within 10 minutes. The rationale for selecting a high protein diet (0.8 - Ap
MJ from protein) was based on the fact that protein is known to elicit the
largest thermogenic response. Energy expenditure was then measuretp
for 25 minutes every hour for the next 6 hours, during which the subject A
remained awake and seated. Complete urine samples were collecte
separately during 2 hours before and 6 hours after the test meal. The | TEF
calorimetry system was recalibrated several times during the day using
a reference gas mixture. For each measurement, the first 5 minutes weres 4
discarded to allow subjects to adapt to the measurements procedure, and 3
the data from the remaining 20 minutes were averaged and used to A

calculate energy expenditure from the oxygen consumption, carbon © o T T . T T T

dioxide production, and urinary nitrogen excretfol. 2 s 4 5 6
T time (hours)
meal

Analytical Methods
y Fig 1. Example of one subject’s actual TEF data (L) and the

Plasma glucose was measured by a glucose analyzer (Beckmarorresponding TEF curve fit: equation of the TEF curve: 31.42* 1.2*
Instruments, Munich, Germany), plasma epinephrine and norepinephiexp (=1.24*x) — exp (=0.43*x)]/(0.43 — 1.24). a = 31.41 kcal/min;
rine by high-performance liquid chromatography with electrochemicalP = 1.24 1/h; ¢ = 0.43 1/h; T, = 1.30 hours; A, = 17.9 keal/h (74.9 kJ/h);
detectiorl and plasma insulin by radioimmunoassay (Biermann, Bad TEF = 73 keal (303 kJ); R? = .99; /SE = 0.67. The arrow indicates the
Nauheim, Germany). AUC was calculated for glucose and insulin®"d ©f the meal.
response during oral glucose tolerance test (OGTT) by the trapezoidal

rule. of peak (), and amplitude of peak (A was performed for each

subject.

Kinetic Analysis of the Thermic Effect of Food L )
_ Statistical Analysis
The TEF was calculated as the area under the response curve minus

resting metabolic rate (RMR) (extrapolated from the average value of Statistical analysis was performed using the SPSS-RGftware
baseline measurements to the end of the meal) using 2 differenP@ckage (SPSS Inc, Chicago, IL). Data are reported as means
approaches: conventional TERas calculated as AUC of energy standard deviation (SD). Differences and correlations were considered
expenditure after the test meal minus the 6-hour RMR by theSignificantaf <.0S. o ]
trapezoidal rule; in contrast, TERvas calculated as AUC from a Differences between groups were tested for significance by 2-tailed

3-parameter curve fit describing the TEF curve until baseline was>tudentst test for independent samples or the nonparametric Mann-
achieved using the following equation 1: Whitney U test as appropriatex? statistics were used to detect

differences in the distribution of men and women, obesity, central
obesity, impaired glucose tolerance, hypertension, @ratirenergic
blockade or thyroid medication between groups. The associations
between the parameters of the TEF curve fitting, anthropometric
This equation is derived from kinetics describing a biphasic reactionmeasurements, and age were obtained using Pearson correlation
involving 2 consecultive first-order reactions {AB — C). The kinet-  coefficients after establishing that the data were normally distributed.
ics data were analyzed to obtain 2 rate constants and the molator parameters not normally distributed (fat-free mass [FFM] [Kg],
absorptivity of the intermediate species B. The coefficientaistheinitiaITE,:k [kJ]) nonparametric Spearman correlation coefficients were
concentration of the reactant species and b and ¢ are the rate costants. g cylated. Stepwise multiple linear regression analysis with TEF

Ay=a—"0(c"—e®) (1)

c—b

X stands for the time in hours. curve parameters as dependent variables were performed to explore the
To determine the AUC, the above equation was integrated to equatio'ﬂependence of variables such as sex, age, body weight, body composi-

(2) and the peak time was derived by equation (3). tion, WHR, hypertension, impaired glucose tolerance, epinephrine,

ac— ab norepinephrine, obesity, central obesity, drugs, and thyroid hormones.

JAy = 2) Analysis of covariance (ANCOVA) for independent samples was used

¢ —bc to compare the relationship between the amplitude of peak and body

b composition, controlling for sex. As Tikvas not normally distributed,
InE this variable was transformed to a natural logarithm to approximate
'(x) = P 3) normal distribution for performing regression analysis as dependent

variable. Clusters were determined by hierarchical cluster analysis

Nonlinear least-squares curve fit analysis was performed using a solvéFomPIete linkage, squared euclidic distance) based,on T
integrated in Excel 5.0 (Microsoft, Redmond, WA). The solver is an RESULTS

optimization routine that finds the maximum, minimum, or specified

value of a target cell by varying the values in 1 or several cells. After Curve-Fit Analysis

finding the set of least-squares regression coefficients, the standard
deviations of the coefficients and the correlation coefficid®) (vere

calculated using a macro to provide regression statistics for the $8lver. : X ) )
An R? = 0.6 was defined as the minimum criterium for the solver iNcluded in the final evaluation. There was, however, no

statistics. significant difference between the male/female ratio (20/80%

An example of the curve fit based on the actual TEF data of 1 proband1/69), age (5& 52 yr), BMI (30.6v 31.4 kg/n?), percentage
is shown in Fig 1. A similar curve fit with determination of TEfime body fat (28.8% 29.2%), and percentage hypertensives (67%

Based on the predefined criterium of ah=R0.6 required for
solver statistics, only 166 of the studied subjects (91.7%) were
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69%) between the 15 subjects who were excluded from analysis 1000
and the remaining group. Characteristics of the remaining ' 0.92
subjects are presented in Table 1. 800 4 p<0.0001
TEF, based on energy expenditure calculated as AUC within
6 hours was significantly correlated with TE&S determined by
the curve fit analysisr(= .92, P < .0001; Fig 2). A multiple
stepwise regression analysis with TEfransformed to In-
TER), A, and T, as dependent variables showed significant
effects of sex, age, body weight, body fatblockade, and body
composition on TEF curve parameters. Body weight deter- 54 |
mined 5.4% of In TER(P = .007,/SE = 0.36 In (kJ))3-adren-
ergic blockade and age together explained 8.8% ¢PE= .001,
JSE = 0.47 hour). ANCOVA for independent samples, with A o 100 200 300 400 500 600 200
as dependent variable controlling for sex, showed that body fat TEF, (kJ/6h)
mass was the best predictor of. Aogether, fat mass and sex
explained 14.9% of 6\('35 .0001). Age, body weight, and Fig 2. Regression line for TEF, calculated as AUC of energy
body composition were also significantly correlated to IHE, expenditure after the test meal minus the 6—hqur RMR cornpared with
. . R TEF, calculated as a three-parameter curve fit. Regression line: y =
and A, (Table 2). In cgntrast, hypertgnsmn, |mpa|req gll.JCOSG_31.0+ 1.5% (R2 = .85). Dotted line: TEF, = TEF,.
tolerance, catecholamines, and thyroid hormone medication had
no effect on the TEF-curve parameters. The components

influencing the shape of the TEF curve are summarized in Fig 3clusters characterized by differences both jpad T, (Fig 4).

600 -

" TEF, = TEF,

TEF, (kJ)

400 ~

Higher body weight and body fat increased TE&nd A,

Table 3 summarizes the characteristics of the subjects in both

independently of sex. Higher relative body-FFM was associatedlusters. Postprandial energy expenditure 1 hour after the test
with a faster peak, whereas greater relative body fat massneal was significantly higher in cluster 1 (CLU1) than in cluster

B-blockade, and aging delayeg. T

Cluster Analysis

As there was a significant difference i Between men and
women (1.39+ 0.35v 1.16 = 0.30 kJ/min;P < .0001), hierar-
chical cluster analysis was based gn This showed 2 distinct

Table 1. Characteristics of the 166 Subjects

2 (CLU2) (347.7+ 57.6 kJ/hv 307.6= 57.1 kJ/h;P = .005),
whereas resting and diet-induced metabolic rate at the other
time points were not different. Comparisons between the 2
clusters regarding coefficients a, b, and ¢ showed significantly
higher rate constants in CLU1 (b: 1.853.10 1/h; c: 0.56= 0.25

1/h) than in CLU2 (b: 0.56- 0.23 1/h; c: 0.40 0.12 1/h,

P < .05), indicating a slower time course of the thermic
response in CLU2. TEFN subjects in CLU2 was 27% higher

(P < .005) than in subjects in CLUL (Table 3). Subjects in

Mean * SD Range CLU2 were older and had a higher relative body fat mass
Age (yr) 52.3 +10.8 (19.0-74.0) (P < .05) despite similar body weight and BMI. While the
Height (cm) 167.2+95 (148.0-193.0) frequency of hypertension was similar between the 2 clusters,
Body weight (kg) 878+ 180  (50.5-146.2) patients in CLU2 were more often dd-blockers P < .05).
BMI (kg/m?) 31461 (19.4-52.2) Nevertheless, a subset analysis excluding patientspagttiren-
Body FFM (kg) 584124 (362-94.4) ergic blockade showed significantly higher body-fat mass
vy 0 rlse eaees (37.3%= 5.8%V 31.7%: 8.4%; P < .05) with no difference
Body fat (%) 328+ 79 (14.7-47.6) in BMI and body weight between CLU1 (a 112) and CLU2
WHR (F) 0.90 + 0.05  (0.76-1.04) (n=13).
WHR (M) 0.98 = 0.04  (0.85-1.09) DISCUSSION
Female/male (%) 69/31
Obese subjects (%) 54.8 Kinetic analysis of TEF, using the above equations, was
Subjects with central obesity (%) 68.7 performed with a reasonable fit in 91.7% of the subjects,
Subjects with hypertension (%) 69.9 indicating that these equations represent a good model for
Treated hype”ensoio” 0" 83.6 describing the thermic response to a meal. Although there was a
a:::: Sﬁ:‘;gg"&gf” :g'; significant correlation between TEEnd the conventional TEF
With CCB, ACE, others (%) 28.9 (based on AUC), TE;!_Zwas approxmately 50% higher than
Subjects treated with thyroid TEF, This is most likely attributable to the fact that, as
hormones (%) 13.9 demonstrated by previous investigatbt34the TEF, depend-
Subjects with IGT (%) 47.0 ing on composition and size of a mé&f® does not return to

Abbreviations: WHR, waist-to-hip ratio; CCB, calcium channel block-
ade; ACEI, angiotensin converting enzyme inhibitors; IGT, impaired

glucose tolerance.
*Percent of subjects with hypertension.
tPercent of subjects with treated hypertension.

baseline for as long as 5 to 6 hours. This is the case particularly
with a high-protein meal as used in our study, which is known to
elicit a longer and greater thermogenic response than a high-
carbohydrate or high-fat di€t=rom our comparison, it appears
that this extended thermic response is more likely to be resolved
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Table 2. Pearson and Spearman Correlation Coefficients for the Relationship Between Subjects’ Characteristics and the TEF,, the A, and the T,

FFM (kg) FM (kg) FFM (%) FM (%) Age (y) TEFy (kJ) Ay (kJ/min) T, (hour)
BW (kg) 0.84* 0.74* —0.24t 0.24t —0.001 0.21t 0.27% —0.09
FFM (kg) —_ 0.23t 0.25t —0.26% —0.08 0.16t 0.35* —0.191
FM (kg) — —0.82* 0.82* 0.07 0.15 0.07 0.07
FFM (%) — —0.99* —0.161 —0.06 0.13 —0.161
FM (%) — 0.15 0.07 -0.13 0.161
Age (yr) — 0.04 -0.10 0.191
TEF (kJ) — 0.64* 0.26%
A, (kJ/min) — —0.39*

NOTE. Nonparametric Spearman’s correlation coefficients for all relationships with FFM (kg) and TEF, (kJ).
Abbreviations: BW, body weight; FFM, body fat-free mass; FM, body fat mass.

*P = .0001.

tP=.05.

P =.001.

by kinetic analysis than by the conventional analysis, as thencrease in AUC when extrapolated to baseline. Under normal
3-parameter curve fit extrapolates the AUC until energy expen<ircumstances, most individuals would not return to baseline
diture returns to baseline and thus provides an estimate dbefore the next meal. Thus, one may speculate that at the time of
unmeasured TEF. This is also well in line with the previous the following meal, the thermic response in individuals with a
report by Segal et &f, suggesting that a 3-hour measurement of delayed T, and lower A, will be less than in subjects with an
TEF, while perhaps sufficient for a rough comparison betweerearly T, and high A, thereby possibly contributing to a higher
subjects, may only represent 60% to 70% of total TEF. Aspositive energy balance and weight gain in the long-term.
indicated by our results, given the differences inbetween Kinetic analysis also showed that there was a disparate effect
individuals, there is clearly important information in the of various determinants of TEF on different aspects of the
remaining TEF beyond 3 hours that can be determined bythermic-response curve. Thus, whilgwas higher in men than
kinetic analysis. We, therefore, agree with Reed and“Hilho in women, T, was delayed in older individuals and in patients
point out that the shorter the duration of measurement, the moren B-blockers and was positively related to relative fat mass.
likely it is that the total TEF will differ between group&.In These findings are supported by the results of the cluster
fact, these investigators have previously suggested the use ofanalysis, which showed 2 distinct patterns: CLU1, with a higher
three-parameter curve fit to determine the kinetics of the TEF. IPA, and shorter J, and CLU2, with a lower Aand extended I
our study, we now show that this approach, albeit with ourPatients in CLU1 were younger, had a higher FFM, and were
equations, does indeed allow description of the TEF in the vaskess likely to be onp-blockers than patients in CLU2. In
majority of probands over a wide range of age, body composicontrast, BMI, body weight, WHR, blood pressure, glucose
tion, and other variables known to effect the thermic response. tolerance, and plasma catecholamines were comparable be-
Apart from a more complete assessment of the magnitude aofiveen the 2 groups. It is thus conceivable that the differences in
TEF, kinetic analysis also provides important information
regarding the time course of the thermic response. Thus, ag..n above RMR
shown by our data, the,Tand A, of the thermic response can

vary considerably among individuals, so that a delaygdah 20
lead to a considerable prolongation of TEF and substantial
15 1
kcal/h above RMR CLu2
20 10 -
15 4 T 5
men 1 CLU1
FM (k
10 (kg)
0 T T T T y
age — 0 1 2 3 4 5 6
5 FM (%) — time (hours)
BW (k) % Beta-blockade —>
Fig 4. TEF curves from CLU1 and CLU2 calculated with the
0 T T T T T — i
average values of basal (t = 0 hours) and postprandial energy expen-
0 1 2 3 4 5 6 diture (t = 1to 6 hours)) of CLU1 and CLU2, resulted from hierarchical

time (hours) cluster analysis. Equation for CLUl: 42.1* 0.78*

[exp (—0.78*x) — exp (—0.61*x)]/(0.61 — 0.78). a = 42.1 kcal/min; b =

Fig 3. Influence of body composition, age, and B-adrenergic 0.78 1/h; c = 0.61 1/h; R? = .98; |SE = 0.99. Equation for CLU2: 40.4*

blockade on the TEF curve shifts. T increased A,, — delayed Ty, {5 0.45* [exp (—0.45*x) — exp (—0.45*x)]/(0.45 — 0.45). a = 40.4 kcal/h;
increased TEF,. b = 0.4549 1/h; ¢ = 0.4547 1/h; R? = .94; |SE = 1.35.
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Table 3. Characteristics of Subjects in CLU1 and CLU2 Importantly, kinetic analysis of the thermic response curve
cLu1 cLu2 provides interesting insights regarding the relationship between
(n = 143) (n=23) determinants of TEF and the time course of this effect. Thus, for
Age (yr) 51.6 * 10.8 56.4 + 9.9% example, while previous investigators have consistently de-
BMI (kg/m?) 31.3+6.3 319+ 438 scribed a lower TEF in older individual&!®20 our analysis
Body weight (kg) 87.7+18.0 88.7+18.6 suggests that the change in TEF with aging is more correctly
WHR (F) 0.90 * 0.05 0.90 *+ 0.04

described as a delay in, Father than an overall reduction in

\é\:ri?/ g\:,)vl k9) gi: i (1)'292 ;60; i 260.2 TEF. In fact, when extrapolated to baseline, older individuals
Body fat mass (kg) 28.7 + 10.4 325+ 10.6 may, in fact, have a similar or even larger AUC than younger
Body FFM (%) 67.6 = 8.2 63.8 = 5.4* individuals over the entire time course. Similarly, while previ-
Body fat (%) 32.3+82 36.2 + 5.4* ous investigators have suggested that the TEF is reduced in
TEFy (kJ) 324 = 125 411 = 153t patients with insulin resistané&2? our kinetic analysis found
Ap (kJiminute) 1.26 + 0.33 1.04 = 0.311 no relationship between impaired glucose tolerance and any of
Tp (houn) 1.30 =036 2.24 = 0.44% the TEF curve parameters after the protein meal. Whether or not
TEF, 242 + 80 270 * 83 . : . o
insulin resistance affects the kinetics of the TEF curve after a
Plasma variables glucose load remains to be determined.
Ef;epﬁ:sgsrg:g/zg/u ;i'ifi;s 3;3'; f ‘11'7894 While we used a three-parameter curve fit to describe the
GIUCOSE iy (MMOIL) 5.5(3818.4) 59(45.75) klnet|c§ of TEF in our study, we cannot rule out that a more
Insulingacne (MUIL) 16.8 (2.3-66.5) 19.7 (4.4-50.9) extensive curve fit may more fully describe other aspects of the
AUCg005¢ (MmolIL/ thermic reaction. However, given the fact that we were able to
minute) 1,002 (540-3,056) 1,154 (630-1,485) fit the data to the curve in the vast majority of probands over a
AUCinsyiin (MU/L/minute) 10,545 (2,238-45,936) 12,491 (4,215-40,359) wide range of age, body weight and other demographic
Female/male (%) 68/32 78/22 variables, we believe that a 3-parameter curve is the most likely
Obese subjects (%) 538 609 equation to best characterize the kinetic data in the majority of
Subjects with central obe- . . . .
sity (%) 674 826 subject_s. This assum'ptlon is also supported by the fact that the
Subjects with hyperten- determinants of the different components of the curve shown by
sion (%) 69.2 73.9 our analysis are largely consistent with our current understand-
Subjects with B-blockade ing of the physiology of energy expenditure. It must however be
(%) 21.7 435§ noted, that our findings with a high-protein meal may not reflect
Subjects treated with thy- the findings under a high-carbohydrate or high-fat meal.
roid hormones (%) 126 217 Clearly, the effect of dietary composition on the thermokinetic
Subjects with IGT (%) 46.2 522 response needs to be addressed in future studies.
NOTE. Clusters resulted from hierarchical cluster analysis based on In summary, in this report, we describe the use of a

the T, calculated by kinetic analysis of the TEF,. Values are Mean + SD 3-parameter curve fit analysis to describe kinetic aspects of the
or median (range). TEF,: calculated as area under the curve (AUC) of thermic response to a test meal in a wide range of individuals.

energy expenditure after the test meal minus the 6-hour RMR by the - . . .
trapezoidal rule Our findings suggest that amplitude and duration of this effect

*p= 05 vCLUL are independently determined by various demographic and
tP = .005. anthropometric factors. Kinetic analysis of the thermic effect of
tP = .0001. food can provide further insights into the regulation of energy
§*=5.1,P<.05. expenditure in health and disease.
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