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ABSTRACT
Background: A low metabolic rate may be inherited and predispose
to obesity, whereas a higher metabolic rate in obesity may be ac-
quired by obesity-associated cardiometabolic risk.
Objective: We aimed to explain the interindividual variation in
resting energy expenditure (REE) by assessing 1) the association
between REE and body composition, thyroid hormones, and
obesity-related cardiometabolic risk factors, and 2) the familial (ge-
netic and environmental) contribution to REE.
Design: REE and metabolic risk factors (ie, blood pressure and
plasma insulin, glucose, and C-reactive protein concentrations) were
assessed in 149 two- or three-generation families, including at least
one overweight or obese member. Heritability of REE, respiratory
quotient (RQ), thyroid hormones [thyrotropin (TSH), free triiodo-
thyronine (FT3) and free thyroxine (FT4)], and body composition
(fat-free mass and fat mass) were estimated by using variance com-
ponents–based quantitative genetic models.
Results: REE adjusted for body composition, sex, and age (REEadj)
significantly correlated with systolic and diastolic blood pressure,
plasma insulin and glucose concentrations, and the homeostasis
model assessment (HOMA) (r � 0.14–0.31, P � 0.05). Thyroid
hormones had a modest influence on REE variance only. Heritability
was 0.30 � 0.07 for REEadj and 0.29 � 0.08 for REE after additional
adjustment for thyroid hormones and metabolic risk. Furthermore,
heritability was estimated to be 0.22 � 0.08 for RQ, 0.37 � 0.08 for
TSH, 0.68 � 0.06 for FT4, and 0.69 � 0.05 for FT3 (all significantly
larger than zero).
Conclusions: Obesity-related cardiometabolic risk factors contrib-
ute to interindividual variation in REE, with hypertension and insu-
lin resistance being associated with a higher REE. REE was mod-
erately heritable, independent of body composition, sex, age, thyroid
function, and cardiometabolic risk. Am J Clin Nutr 2008;87:
1695–701.

INTRODUCTION

The genetic basis of the main component of daily energy
expenditure, namely resting energy expenditure (REE), and sub-
strate utilization [respiratory quotient (RQ)—the relation of car-
bon dioxide production to oxygen consumption] may also pre-
dispose to obesity. Several candidate genes and chromosomal
loci have been shown to be associated with metabolic rate and
lipid or carbohydrate oxidation (1), but the results of most genetic

epidemiologic studies in this field remain contradictory. Corre-
lations in REE and RQ have been shown to be higher in monozy-
gotic than in dizygotic twins (2, 3). On the basis of these findings,
�40% of the population variance in REE (adjusted for age, sex,
body mass, and body composition) was estimated to be genetic.
In contrast, the significant familial component of REE (coeffi-
cient of heritability of 42%) observed in 80 pairs of mono- and
dizygotic twins was entirely accounted for by body weight (4).
Similarly, results from overfeeding studies do not support that
the inherited susceptibility to obesity is explained by REE (5, 6).

In contrast with twin studies, family studies have consistently
suggested that REE is a modestly heritable trait. After adjustment
for body size, �11% of the observed variance of REE in Pima
Indians was due to familial aggregation (7). Path analysis of �80
families of the Quebec Family Study has shown that the herita-
bility of REE (adjusted for body composition, sex, and age) is
�30% and that the heritability of the RQ is �20% (8). Segrega-
tion analysis of REE provided evidence for a major gene effect
independent of body composition (9). In 1064 Nigerian individ-
uals from 153 families, the heritability for REE was also esti-
mated to be 30% after adjustment for sex, age, age2, fat mass
(FM), and fat-free mass (FFM) (10).

The results of family studies therefore suggest a genetic pre-
disposition to obesity that results from a relatively low metabolic
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abilität, Teilprojekt 6.1.2.

3 Reprints not available. Address correspondence to MJ Müller, Institut für
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schaftliche Fakultät, Christian-Albrechts-Universität zu Kiel, Düsternbro-
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rate. One explanation for the discrepant findings in twin studies
may be a higher mean age of individuals in the family studies.
Age-related comorbidities of obesity may contribute to a higher
REE and thus may lead to an overestimation of the familial
influences on REE. REE was reported to be associated with
several metabolic risk factors, such as blood pressure (11),
central or visceral obesity (12–14), plasma insulin concentra-
tions, insulin resistance, or glycemia (15, 16). In addition,
REE was 10% higher in subjects with the metabolic syndrome
than in healthy adults (17). The thermic effect of thyroid
hormones is well known, but the effects of hormonal varia-
tions in the euthyroid range remains unclear, and free thyrox-
ine (FT4) may show a closer association with REE than free
triiodothyronine (FT3) (18).

The present study set out to 1) analyze the contribution of
obesity-related metabolic risk factors to interindividual variation
in REE (adjusted for body composition, sex, and age), and 2)
calculate the familial contribution to REE variance independent
of metabolic risk (adjusted for body composition, sex, age, and
metabolic risk) and thyroid hormone concentrations.

SUBJECTS AND METHODS

Study population and design

Between July 2003 and April 2006, 149 families were re-
cruited through the Kiel Obesity Prevention Study (KOPS; 19,
20). The main objective of this 3-generation trial was to assess the
contribution of genetic factors to obesity and the metabolic syn-
drome. The study comprised 815 subjects (age range: 4-84 y),
including 223 grandparents (mean age: 67.4 � 7.0 y), 296 parents
(43.5 � 6.4 y), and 296 children (13.0 � 4.6 y). Participants were
recruited through advertisements in local newspapers, through
notice-board postings, and by mail contact to families who are
continuously followed up in a KOPS subcohort. All participants
were white northern Europeans. Inclusion criteria were at least
one overweight or obese family member and the study partici-
pation of �2 grandparents. The study protocol was approved by
the ethics committee of the Medical Faculty of the Christian-
Albrechts-Universität, Kiel. All subjects provided informed
written consent before participation. Parents assented for under-
age children.

Resting energy expenditure

Indirect calorimetry with a ventilated hood system (Vmax 29n
and Vmax software, version 12-1A; SensorMedics, GmbH,
Höchberg, Germany) was performed between 0730 and 0900
after an overnight fast in a metabolic ward at constant tempera-
ture and humidity. The minimum duration of measurement was
30 min. The first 10 min of each measurement were discarded.
Before each measurement, flow calibration was performed with
a 3L syringe, and gas analyzers were calibrated by using 2 stan-
dard gases (gas 1: 16% O2, 4% O2; gas 2: 20% O2 and 0.75%
CO2). Recalibration of the gas analyzers was undertaken every 5
min during the measurements. Data were collected every 20 s,
and the acquired oxygen and carbon dioxide uptake values were
converted to REE (kcal/24 h) by using the abbreviated equation
of Weir (21). Data from nonphysiologic measurements (RQ �
1.0 or � 0.73) were discarded and excluded from further analyses
of REE and RQ (n � 92). The CV for between-day repeated
measurements of REE was 5.0% (22).

Anthropometric measurements and body-composition
analysis

Body weight was measured to the nearest 0.1 kg on an elec-
tronic scale coupled to the BOD-POD Body Composition Sys-
tem (Life Measurement Instruments, Concord, CA). Height was
measured on a stadiometer to the nearest 0.5 cm. Waist circum-
ference was measured to the nearest 0.5 cm midway between the
lowest rib and the iliac crest while the subject was at minimal
respiration. Air-displacement plethysmography was performed
by using the BOD-POD device as described in detail elsewhere
(23). The BOD-POD software was used to calculate body density
as body weight divided by body volume and FM% using Siri’s
equation (24). Child-specific corrections of air-displacement
plethysmography results were used (23). FFM (kg) was calcu-
lated accordingly as weight (kg) � FM (kg).

Overweight and obesity were determined by use of corre-
sponding actual German BMI percentiles (�90th and �97th
percentiles) for children and adolescents (25) and by World
Health Organization criteria for adults (26).

Clinical and metabolic variables

Blood pressure measurements were obtained while the subject
was in a seated position with a standard manual sphygmoma-
nometer. Blood samples were taken after the subjects fasted for
8 h overnight and were analyzed following standard procedures.
Briefly, plasma glucose was assayed by using a hexokinase en-
zymatic method. Plasma insulin was measured by radioimmu-
noassay (RIA), which showed no cross-reactivity with C-peptide
and only 14% with proinsulin (Adaltis, Rome, Italy). The ho-
meostasis model assessment (HOMA) was used to calculate in-
sulin resistance (IR) as follows: HOMA-IR � fasting insulin
(�U/mL) � fasting glucose (mmol/L)/22.5 (27). HOMA-IR was
not calculated for subjects who had a fasting glucose concentra-
tion �7.0 mmol/L or were receiving insulin treatment or oral
antidiabetics. Serum concentrations of thyrotropin (TSH), FT3,
and FT4 were measured by RIA (DiaSorin, Dietzenbach, Ger-
many); the intra- and interassay CVs were 2.5% and 5.7% (TSH),
4.6% and 6.5% (FT3), and 2.4% and 6.8% (FT4), respectively.
The sensitivity limits were 0.02 mIU/mL (TSH), 0.35 pg/mL
(FT3), and 1 pg/mL (FT4). RIA test kits from LINCO Research
(St Charles, MO) using the doubly-antibody/polyethylene glycol
technique were used for determination of plasma leptin and adi-
ponectin. Analytic sensitivity and intra- and interassay CVs were
0.5 ng/mL, 3–8%, and 4–8% for leptin and 1 ng/mL, 2–6%, and
7–9% for adiponectin, respectively. C-reactive protein (CRP)
was measured turbidimetrically by using a latex-agglutination
test with a sensitivity of 0.1 mg/L and a between-day precision
CV � 1.9% (CRP-Dynamik/-Hit917; BIOMED Labordiagnos-
tik GmbH, Oberschlei�heim, Germany). CRP concentrations
�5 mg/L were excluded from the analysis. Nonesterified fatty
acids (NEFAs) were determined by an enzymatic colorimetric
method (Wako NEFA test kit, NEFA C, ACS-ACOD method;
Wako Chemicals GmbH, Neuss, Germany). Participants who
were taking antihypertensive (14.5%; n � 118), antidiabetic
(insulin or oral agents) (2.8%; n � 23), or thyroid hormone
(4.8%; n � 39) drugs were excluded from the respective analysis.

Statistical analyses

Means � SDs were used as descriptive statistics. Relations
between variables were analyzed by partial correlation taking
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age and family identity into account. Plasma concentrations of
insulin and CRP, blood pressure, and HOMA-IR were log trans-
formed for correlation analysis. REE was adjusted for the effects
of FFM, FM, sex, and age, with covariates retained at ��0.1
(REE adj1) in a stepwise multiple linear regression analysis. REE
adj1 was further adjusted for metabolic risk factors (blood pres-
sure, fasting plasma glucose, insulin, and HOMA-IR) and thy-
roid hormones (REE adj2). In this analysis, parameters for the
computation of standardized residuals were obtained by apply-
ing regression models to 4 sex-by-age groups, with an age cutoff
of 18 y. For each thyroid trait, we estimated the effects of sex and
age (linear and quadratic). RQ was adjusted for sex-specific
effects of NEFA concentrations, age, and the interaction term
NEFA � age. Regression coefficients were assessed for statis-
tical significance by using a Wald test, and a P value � 0.05 was
considered statistically significant. All analyses were performed
by using SPSS 13.0 for WINDOWS (SPSS Inc, Chicago, IL).

After the significant covariates were determined and their
effects adjusted for, the familial contribution to the variance in
each trait was estimated by using a pedigree-based likelihood
approach. Univariate genetic analyses were carried out by using
SOLAR (Sequential Oligogenic Linkage Analysis Routines;
23). A total of 149 families, ranging in size from 3 to 10 indi-
viduals, were included in the heritability estimation. Heritability
(H2) is defined as the proportion (VG) of the observed phenotypic
variance (VP) of a particular trait that is attributable to genetic
causes, ie, H2 � VG/VP. In the case of FFM and FM, mean
univariate H2 � SE were calculated from Z-transformed trait
values to adjust for age and sex effects.

The variance component method used in the above calcula-
tions is based on the fact that relatives share a certain amount of

genes identical-by-descent (IBD). The expected genetic variance
is then specified as a function of the IBD relation between rela-
tives while the phenotypic variance is estimated from the data.
The statistical significance of the estimated heritabilities was
assessed by means of a likelihood ratio test comparing the log
likelihood including the estimated genetic variance to the log
likelihood with the additive genetic variance component con-
strained to zero.

RESULTS

The descriptive characteristics of the study group, stratified by
sex and generation number, are presented in Table 1. REE data
were available for 388 females and 335 males. The selection
criteria used resulted in a high prevalence of overweight (41.3%)
and obesity (24.1%) and a mean BMI (in kg/m2) of 27.7 � 5.1 in
adults. %FM, systolic and diastolic blood pressure, and FPG and
CRP concentrations all increased with age, whereas RQ and FT3
tended to decrease. REE was highest in the group of parents.
Plasma leptin and adiponectin concentrations were assessed in a
subgroup of 347 subjects (218 adults and 129 children and ado-
lescents). Mean plasma concentrations of leptin and adiponectin
were 23.4 � 16.3 and 16.5 � 9.1 ng/mL in women, 7.5 � 6.2 and
10.0 � 5.0 ng/mL in men, 13.4 � 9.7 and 14.6 � 5.5 ng/mL in
girls, and 6.6 � 12.0 and 11.8 � 4.1 ng/mL in boys, respectively.

The major determinants of REE were FFM and age, which
accounted for 63% of the trait variance (R2). Additional effects of
FM and sex increased total R2 to 70% for the full model (Table
2). No associations were found between REE and either leptin or
adiponectin concentrations, which correlated with FM (R �
0.70, P � 0.001 for leptin) and with HOMA-IR for leptin (R �

TABLE 1
Characteristics of the study population, stratified by sex and generation1

Grandmothers
(n � 126)

Mothers
(n � 135)

Daughters
(n � 127)

Grandfathers
(n � 69)

Fathers
(n � 123)

Sons
(n � 143)

Age (y) 66.7 � 7.22 42.2 � 5.8 12.4 � 4.1 68.8 � 6.7 45.7 � 6.6 13.6 � 5.1
Height (m) 1.62 � 0.06 1.67 � 0.07 1.54 � 0.17 1.74 � 0.06 1.81 � 0.07 1.62 � 0.18
Weight (kg) 74.83 � 14.64 74.28 � 15.89 50.68 � 19.76 83.04 � 10.44 90.70 � 15.09 58.87 � 23.48
BMI (kg/m2) 28.6 � 5.6 26.7 � 5.6 20.6 � 5.3 27.4 � 3.4 27.6 � 4.2 21.42 � 5.43
FFM (kg) 42.63 � 6.08 46.91 � 6.35 35.35 � 11.40 58.37 � 5.96 65.75 � 8.64 45.40 � 16.87
FM (%) 42.32 � 6.31 35.58 � 8.28 28.28 � 9.37 29.54 � 5.44 26.76 � 7.19 21.52 � 10.48
Prevalence

Overweight (%) 40.5 32.6 20.5 58.0 48.0 20.3
Obesity (%) 31.7 23.0 29.9 17.4 23.6 25.2

TSH (mU/L) 1.39 � 1.17 1.78 � 1.33 2.38 � 1.17 1.58 � 0.90 1.43 � 0.86 2.33 � 1.10
FT4 (pg/mL) 16.66 � 3.35 16.20 � 2.97 15.48 � 2.51 16.11 � 3.19 16.45 � 2.70 16.14 � 3.08
FT3 (pg/mL) 3.53 � 0.97 3.88 � 1.15 4.65 � 1.26 3.67 � 0.96 4.09 � 0.92 4.90 � 1.30
Systolic BP (mm Hg) 143.4 � 24.3 121.1 � 14.0 109.0 � 11.3 144.4 � 21.4 129.1 � 16.7 112.0 � 10.5
Diastolic BP (mm Hg) 85.4 � 9.1 78.8 � 9.2 71.2 � 8.7 85.5 � 10.4 82.7 � 8.8 72.2 � 7.9
FPG (mmol/L) 5.69 � 1.40 5.10 � 0.87 4.83 � 0.52 5.90 � 1.42 5.50 � 1.08 4.95 � 0.43
Insulin (mU/L) 15.04 � 10.63 11.50 � 8.92 12.90 � 9.25 14.78 � 9.49 12.91 � 9.34 11.45 � 5.70
HOMA-IR (mU/L � mmol/L) 3.46 � 2.11 2.56 � 2.21 2.62 � 1.29 3.20 � 1.90 2.84 � 1.48 2.53 � 1.29
CRP (mg/L) 1.94 � 1.28 1.41 � 1.11 0.72 � 0.81 1.56 � 1.02 1.23 � 1.06 0.64 � 0.77
NEFA (mmol/L) 0.50 � 0.20 0.42 � 0.23 0.41 � 0.21 0.45 � 0.19 0.30 � 0.15 0.38 � 0.22
REE (mJ/d) 6.12 � 1.12 6.36 � 1.10 5.93 � 1.10 7.17 � 1.21 8.43 � 1.52 7.18 � 1.72
RQ 0.84 � 0.07 0.85 � 0.07 0.86 � 0.07 0.85 � 0.07 0.86 � 0.07 0.87 � 0.07

1 FFM, fat-free mass; FM, fat mass; TSH, thyrotropin; FT4, free thyroxine; FT3, free triiodothyronine; BP, blood pressure; FPG, fasting plasma glucose;
HOMA-IR, homeostasis model assessment of insulin resistance; CRP, C-reactive protein; NEFA, nonessential fatty acid; REE, resting energy expenditure; RQ,
respiratory quotient.

2 x� � SD (all such values).
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0.42, P � 0.001) and for adiponectin (R � �0.14, P � 0.05). The
correlation between REE, adjusted for body composition, age,
and sex (REEadj1) and waist circumference and metabolic risk
factors was analyzed across 4 sex-by-age groups to identify co-
variates for further adjustment of REEadj1 (� REEadj2; Table
3). REEadj1 was positively correlated with systolic blood pres-
sure in adults of both sexes, whereas diastolic blood pressure was
a significant determinant of REEadj1 in males only. In men,
REEadj1 was also significantly correlated with loginsulin con-
centrations, logHOMA-IR, and waist circumference. In addition,
both groups of children showed a positive association between
REEadj1 and FPG concentration that was not observed among
adults. Thyroid hormones were not significantly correlated with
REEadj1 in any sex-by-age group, with the exception of TSH (R
� �0.34, P � 0.001) and FT4 (R � �0.20, P � 0.05) in boys.
Possible covariates affecting the variance of REEadj1 were an-
alyzed in 4 sex-by-age groups, and the results are shown in Table
4. Together with the interaction term age � FT4, systolic blood
pressure in women and diastolic blood pressure in men were
independent predictors of REE adjusted for body composition,
sex, and age in adults. In underage subjects, FPG concentrations
together with age � FT4 in females, and TSH concentrations in
males were the main independent predictors of REEadj1. Sev-
enty percent of the interindividual variance in REE was ex-
plained by body composition, sex, and age (Table 2). Metabolic
risk factors and thyroid hormone concentrations explained be-
tween 9% and 20% (Table 4) of the residual variance in REE
(� REEadj1). Thus the total variance in REE that could be
explained by body composition, age, sex, thyroid hormones, and
metabolic risk factors was calculated to be 70% plus 9–20% of

the 30% variance unexplained by body composition, age, and
sex, which resulted in a total of 73–76%.

RQ was not dependent on body composition or body size, but
was significantly associated with age (R � �0.15, P � 0.001)
and NEFA concentration (R � �0.18, P � 0.001). RQ showed
no relation with measures of glucose metabolism or insulin re-
sistance (FPG, loginsulin concentrations, and logHOMA-IR). Be-
cause no difference in covariate association was observed be-
tween underage subjects and adults, the adjustment of RQ was
carried out for the whole group of males and females. Stepwise
multiple regression analysis identified the interaction term age �
NEFA concentration as the only significant predictor of RQ,
explaining 2–6% of the interindividual variation in RQ. As re-
vealed by the significant age � NEFA interactions, RQ concen-
trations significantly decreased with increasing age at high
NEFA (NEFA � 0.5 mmol/L; R � �0.27, P � 0.001) concen-
trations but not at low NEFA concentrations (NEFA 	 0.5
mmol/L; R � 0.07, P � 0.172).

Of the thyroid hormone traits, TSH was adjusted for age and
age2, FT4 was adjusted for age, and FT3 was adjusted for age and
sex. FT4 and FT4adj were inversely associated with
logHOMA-IR or loginsulin concentrations in adults (R � �0.15
and �0.21; P � 0.01), whereas in children and adolescents there
was a weak and positive correlation between FT3adj and
logHOMA-IR or loginsulin concentrations (R � 0.13 and 0.13, P
� 0.05).

Univariate residual heritabilities for REE, after adjustment for
body composition, age, and sex (REEadj1) and metabolic risk
factors and thyroid hormone concentrations (REEadj2), are
shown in Table 5. The heritabilities of RQ and the physiologic
determinants of REE are also given. REEadj1 showed a modest
heritability of 30% that was only slightly lower after additional
adjustment for thyroid hormone concentrations and metabolic
risk factors. The heritability of RQ was even lower, amounting to
only 17% and 22% for RQ and RQadj, respectively. In contrast,
the heritability of FT3 and FT4 was high and reached 68–69%
for the age- and sex-adjusted traits.

DISCUSSION

Association between REE or RQ and obesity-related
metabolic risk factors

There were significant associations of REE with systolic and
diastolic blood pressure, FPG, insulin concentrations, and

TABLE 2
Regression analysis of resting energy expenditure (REE, in MJ/d), used to
adjust REE for potential covariates (REEadj1)

Covariates

Regression
coefficient �1

(n � 717)

Coefficient
of determination

(R2)2

Fat-free mass (kg) 0.0716 (�0.001) 0.58 (1.03)
Age (y) �0.0221 (�0.001) 0.63 (0.97)
Fat mass (kg) 0.0424 (�0.001) 0.67 (0.91)
Sex3 0.641 (�0.001) 0.70 (0.88)
Regression intercept 2.98 (�0.001)

1 P values in parentheses.
2 SEE in parentheses.
3 Female � 0, male � 1.

TABLE 3
Age- and relatedness-corrected correlation coefficients between resting energy expenditure, adjusted for body composition, age and sex (REEadj1), waist
circumference, and metabolic risk factors1

Women Underage females2 Men Underage males2

Waist circumference 0.01 (254) 0.06 (122) 0.20 (0.006, 186) 0.14 (139)
logBP, systolic 0.14 (0.027, 248) 0.16 (0.079, 121) 0.19 (0.008, 186) 0.08 (136)
logBP, diastolic 0.09 (248) 0.08 (121) 0.25 (0.001, 186) 0.19 (0.028, 136)
FPG 0.12 (0.051, 251) 0.22 (0.020, 111) 0.07 (182) 0.31 (�0.001, 130)
logInsulin 0.09 (243) 0.06 (104) 0.25 (0.001; 179) 0.09 (127)
logHOMA-IR 0.06 (233) 0.10 (100) 0.21 (0.007, 165) 0.14 (126)
logCRP 0.12 (0.087, 192) �0.11 (73) 0.10 (142) 0.03 (105)

1 P values are provided with n values in parentheses. BP, blood pressure; FPG, fasting plasma glucose; HOMA-IR, homeostasis model assessment of
insulin resistance; CRP, C-reactive protein.

2 Underage was defined as �18 y.
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HOMA-IR (Table 3). Our results agree with those of previous
studies, showing a higher REE in type 2 diabetes (3, 7, 15, 28).
Similarly, hyperglycemia and glycemic intolerance were asso-
ciated with an increase in REE (16, 29, 30). REE was also pos-
itively correlated with fasting insulin concentrations in nondia-
betic schizophrenia patients (31) and with insulin resistance
(insulin clamp method) in both diabetic and nondiabetic patients
with liver cirrhosis (32). Contradictory results were reported by
De Luis et al (33), who found no association between REE and
systolic blood pressure or insulin resistance in 87 obese nondi-
abetic patients. REE was also not found to differ between mildly
hyperglycemic and diabetic obese patients (34). It is tempting to
speculate that the discrepant results are explained by the possi-
bility that the effects of insulin resistance on REE are dependent
on whether insulin resistance is primarily caused by a genetic

disposition or is mainly caused by obesity and a sedentary life-
style associated with a minor genetic contribution. The former
idea is supported by the finding of a lower REE (35) and an
impaired mitochondrial function (36, 37) in nondiabetic relatives
of patients with type 2 diabetes. A genetic predisposition to type
2 diabetes may also confer a higher risk for low REE (hypome-
tabolism) and thus weight gain. However, longitudinal studies
are needed to prove this hypothesis and to prospectively inves-
tigate the impact of low REE in relatives of patients with type 2
diabetes.

In contrast, acquired insulin resistance as a consequence of
obesity may lead to a higher REE by increasing protein turnover,
futile cycling, gluconeogenesis, and the activity of the sympa-
thetic nervous system (for a review see 38). This agrees with the
idea that an increased REE at an impaired glucose tolerance is a
metabolic consequence of obesity that is directed against further
weight gain (6, 39).

However, the relation between acquired insulin resistance in
obesity and REE may be time-dependent. Mitochondrial degen-
eration has been shown to occur in obesity, independent of type
2 diabetes (40). In that study, smaller mitochondria were asso-
ciated with lower insulin sensitivity. Thus, a lower REE may
result from mitochondrial dysfunction induced by oxidative
stress from the chronic overload of metabolic pathways, a mech-
anism that may also be involved in the lower REE at the acquired
insulin resistance of aging (41).

Both fasting plasma insulin and free fatty acids are regarded as
determinants of fat and glucose oxidation (42, 43). However,
there were inverse correlations between RQ and NEFA concen-
trations or age only. This finding indicates an increase in fat
oxidation with increasing body fat, lipolysis, or fat intake.

Heritability of REE and RQ

We estimated the heritability of REE to be �30% (Table 5).
The familial (genetic and environmental) contribution to REE
was only slightly lower after adjustment for blood pressure and

TABLE 4
Covariate effects on the phenotype of resting energy expenditure, adjusted for fat-free mass (FFM), fat mass (FM), sex, and age (REEadj1)1

Covariates
Women

(n � 225)
Underage females2

(n � 89)
Men

(n � 178)
Underage males2

(n � 108)

logBP, systolic3 1.925 (0.039) NS NS NS
logBP, diastolic3 NS NS 5.826 (�0.001) NS
FT43 NS NS NS NS
Age � FT43 �0.0005 (0.008) �0.0028 (0.005) �0.0006 (0.018) NS
FT3 NS NS NS NS
Age � FT3 NS NS NS NS
TSH3 NS NS NS �0.260 (�0.001)
Age � TSH NS NS NS NS
logHOMA-IR NS NS NS NS
FPG3 NS 0.271 (0.033) NS 0.560 (0.006)
logInsulin NS NS NS NS
Regression intercept 2.31 6.13 �3.84 4.85
Coefficient of determination, R2 4 0.10 (0.78) 0.13 (0.66) 0.09 (1.01) 0.20 (0.78)

1 The results were used to derive REEadj2 for both sexes. BP, blood pressure; FT4, free thyroxine; FT3, free triiodothyronine; TSH, thyrotropin;
HOMA-IR, homeostasis model assessment of insulin resistance; FPG, fasting plasma glucose.

2 Underage was defined as �18 y.
3 P values are provided with n values in parentheses.
4 SEE in parentheses.

TABLE 5
Univariate heritabilities (H2) of resting energy expenditure (REE),
respiratory quotient (RQ), thyroid hormones, and body composition1

H2 P n

REEadj1 (MJ/d) 0.30 � 0.072 � 0.0001 655
REEadj2 (MJ/d) 0.29 � 0.08 0.0001 594
RQ 0.17 � 0.07 0.0065 613
RQadj 0.22 � 0.08 0.0018 552
TSH 0.27 � 0.08 0.0003 679
TSH adj 0.37 � 0.08 � 0.0001 679
FT3 0.62 � 0.06 � 0.0001 681
FT3 adj 0.69 � 0.05 � 0.0001 681
FT4 0.66 � 0.06 � 0.0001 681
FT4 adj 0.68 � 0.06 � 0.0001 681
FFM (kg) 0.33 � 0.06 � 0.0001 737
FM (kg) 0.53 � 0.06 � 0.0001 737

1 The familial contribution to the variance in each trait was estimated by
using a pedigree-based likelihood approach. Univariate genetic analyses
were carried out by using SOLAR software (23). TSH, thyrotropin; FT3, free
triiodothyronine; FT4, free thyroxine; FFM, fat-free mass; FM, fat mass.

2 x� � SD (all such values).
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FPG concentrations and was therefore independent of obesity-
associated metabolic risk factors.

The impact of inherited reduction in metabolic rate on weight
gain and, thus, obesity has been questioned by a number of
publications but was confirmed by other authors (for a review see
44). One possible explanation of discrepant results is that a con-
siderable weight gain over time results only from a small daily
surplus of calories. Because of methodologic limitations, the
origin of a few calories of positive energy balance cannot be
sufficiently detected by current measurement methods of energy
intake (eg, dietary records) or of energy expenditure (eg, 24-h
heart rate monitoring). Genetic research offers yet another per-
spective to the subject. Thus far, all monogenetic causes of obe-
sity have been found to be associated with increased appetite and
food intake but with nearly unchanged energy expenditure.
These findings render energy expenditure unimportant but favor
excess energy intake as the main cause of weight gain. However,
the heritability of REE, the main component of daily energy
expenditure, was �30% in our studies and other family studies
(10, 8). This implies that the interaction between genes and the
environment (eg, adherence to a healthy lifestyle or addiction to
an obese environment) determines the phenotype. The finding of
a similarly specific metabolic rate in obese and lean subjects
(45–47) at first sight contradicts the idea that a low REE is a main
cause of obesity. One reason for the undetected association be-
tween low REE and obesity may be that obesity-related meta-
bolic risk factors mask the lower metabolic rate that initially
contributed to weight gain.

One limitation of our study was that our heritability estimates
do not allow differentiation between shared environmental
(household) effects and genotype � environment interactions.
Such effects can mimic additive genetic effects and, if existent,
would thus be included in our estimates of H2.

The heritability estimate for RQ was 0.17 and increased by 5%
after adjustment for variance arising from age and NEFA con-
centrations (Table 5). Our data thus confirm data from the Que-
bec Family Study, which showed the heritability of RQ to be
�20% (8). In our study, the highest heritability estimates were
obtained for thyroid hormones (Table 5). Considering the asso-
ciations between FT4 and HOMA-IR in adults and between FT3
and HOMA-IR in children and adolescents and a heritability
estimate of 0.39 � 0.12 for HOMA-IR that was previously pub-
lished from the KOPS Family Study (20), there might be a small
contribution of shared familial (genetic and environmental) vari-
ance between these 2 traits.

In conclusion, obesity-related cardiometabolic risk factors
contribute to interindividual variation in REE, with hypertension
and insulin resistance being associated with a higher REE. Our
findings provide further evidence that REE and RQ are moder-
ately heritable, independent of body composition, sex, age, thy-
roid function, and cardiometabolic risk.
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