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11 Biomarker for Energy Intake
Resting Energy Expenditure 
and Physical Activity

Klaas R. Westerterp

11.1 INTRODUCTION

Energy intake is a function of energy requirement as determined by resting energy expenditure and 
activity-induced energy expenditure. Resting energy expenditure can be measured or predicted with 
an equation based on weight, height, age, and gender of the subject. Activity-induced energy expen-
diture (AEE) can be estimated with an accelerometer for movement registration. The validity of 
these measures for estimating energy intake is presented with respirometry assessed resting energy 
expenditure and doubly-labeled water assessed total energy expenditure as a reference. Prediction of 
resting energy expenditure based on subject sex, weight, height, and age with equations is applicable 
for most subjects. For some ethnicities or for subjects with an exceptional physical activity level like 
athletes, measurement of body composition is indicated; to use a fat-free mass-based equation. For 
activity-induced energy expenditure, a valid sensor for body movement should allow explaining 
most of the variation as observed with the reference; doubly-labeled water assessed total energy 
expenditure.

11.2 BACKGROUND

Adult subjects maintain a balance between their energy intake and energy expenditure. The energy 
store of the body does not fluctuate much, as shown by the constancy of body weight and body 
composition. Thus, energy intake can be estimated from energy requirement to maintain energy 
balance, that is, to maintain body weight and body composition. Energy requirement is a function 
of energy expenditure for body maintenance or resting energy expenditure (REE) and of physi-
cal activity or AEE. Total energy expenditure consists of three components: REE, AEE, and the 
thermic effect of food (TEF) also known as diet-induced energy expenditure, where the latter is the 
smallest component (Figure 11.1). The thermic effect of food is determined by food intake and food 
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composition. Reported TEF values for separate nutrients are 0%–3% for fat, 5%–10% for carbohy-
drate, 20%–30% for protein (Tappy 1996), and 10%–30% for alcohol (Acheson 1993). In healthy 
subjects with a mixed diet, TEF represents about 10% of the total amount of energy ingested over 
24 hours. When a subject is in energy balance, where intake equals expenditure, TEF can be esti-
mated as a fixed proportion of 10% of total energy expenditure (Westerterp 2004).

The reference technique for the assessment of REE and AEE is indirect calorimetry. In indirect 
calorimetry the energy production is calculated from oxygen consumption, carbon dioxide pro-
duction, and urine-nitrogen loss. The basis of the calculation is the gaseous exchange and energy 
release from the metabolized carbohydrate, fat, and protein. For the measurement of REE, a subject 
is observed under standard conditions excluding TEF and AEE. For the measurement of AEE, 
the subject is observed under free-living conditions. Then, total energy expenditure is measured 
with the doubly-labeled water technique, based on the measurement of carbon dioxide production 
as described in the foregoing chapter, and AEE is derived from total energy expenditure adjusted 
for REE. Measurements of REE with indirect calorimetry allowed the development of prediction 
equations for REE based on subject characteristics including height, age, weight, and gender. The 
alternative for doubly-labeled water assessed AEE is an accelerometer for body movement registra-
tion as validated with doubly-labeled water assessed AEE as a reference.

The current chapter describes the assessment of energy intake based on the assessment of REE 
and AEE, where REE is estimated with a prediction equation and AEE is derived with doubly-
labeled water validated accelerometer for movement registration. Theory of measure, validation, 
protocol, and application are presented for the two components REE and AEE separately, followed 
by the combination of the two, as biomarker for energy intake.

11.3 RESTING ENERGY EXPENDITURE

11.3.1 MEASURED RESTING ENERGY EXPENDITURE

The energy expenditure for body maintenance or REE is, generally, the largest component of TEE 
(Black et  al. 1996). It is defined as the energy expenditure to maintain and preserve the integrity 
of vital functions. The measurement of REE under the basal conditions must meet four conditions: 
(1) the subject is awake, (2) is measured in a thermoneutral environment to avoid energy expenditure for 
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FIGURE 11.1 Total energy expenditure and the component’s resting energy expenditure (REE), diet-induced 
energy expenditure (TEF), and activity-induced energy expenditure (AEE), for a typical adult woman and man.
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the maintenance of body temperature, (3) is fasted long enough to eliminate TEF, and (4) is in rest to 
eliminate AEE. To perform accurate measurement of REE, one usually adopts an in-patient protocol. 
A subject stays overnight in the research facility where food intake and physical activity are strictly 
controlled, and REE is measured directly after waking up in the morning. A 10–12 hour fast before 
REE measurement is the accepted procedure to eliminate TEF. Thus, when REE is measured at 7.00 AM, 
subjects should be fasted from about 8.00 PM the day before. High intensity exercise should be pre-
vented on the day before REE measurement. An outpatient protocol, where subjects are transported by 
car or public transport to the laboratory after spending the night at home produces sufficiently reproduc-
ible results when subjects are carefully instructed and behave accordingly (Adriaens et al. 2003).

A typical protocol for a REE measurement with a ventilated-hood system takes 30 minutes. To 
eliminate effects of subject habituation to the testing procedure, the respiratory measurements over 
the first 10 minutes are discarded and the following 20 minutes are used to calculate REE. The 
criterion for the chosen time interval is the reproducibility of the calculated REE value. Longer 
measurements tend to result in higher values because subjects become restless. Reproducibility 
of REE measurement is influenced by the within-machine variability of the ventilated-hood sys-
tem (Adriaens et  al. 2003). Calibration procedures include standard gases covering the span of 
the oxygen and carbon dioxide analyzers, and a standard volume for calibration of the hood ven-
tilation. Overall performance of a ventilated-hood system can be checked with methanol burning 
(Schoffelen et al. 1997). Methanol 99.8% is combusted by using a gas burner, placed on a calibrated 
balance under the hood. The methanol burner is set at a burning rate equivalent to the oxygen con-
sumption and carbon dioxide production of the average subject and the burning time is comparable 
to a typical hood measurement.

Resting energy expenditure is usually compared between subjects by standardizing to an esti-
mate of metabolic body size, where fat-free mass is the main predictor (Cunningham 1991). The 
reliable way of comparing REE data is by regression analysis. REE should never be divided by the 
absolute fat-free mass value, because the relationship between energy expenditure and fat-free mass 
has an axes intercept that is significantly different from zero (Figure 11.2). The smaller the fat-free 
mass the higher the REE/kg, and thus the REE per kg fat-free mass is on average higher in women 
with a lower fat-free mass compared to men. When fat-free mass, fat mass and gender are included 
as covariates in a regression analysis; gender does not come out as a significant contributor to the 
explained variation (Westerterp 1999).
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FIGURE 11.2 Resting energy expenditure plotted as a function of fat-free mass with the linear regression 
showing a significant positive intercept. (From Speakman, J. R. and K. R. Westerterp. Am. J. Clin. Nutr, 92, 
826–834, 2010.)
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11.3.2 PREDICTION OF REE

Although fat-free mass is the main predictor of REE, fat-free mass is not routinely used for the pre-
diction of REE as measurement of fat-free mass is complicated. Thus prediction equations for REE 
were developed, based on subject sex, weight, height, and age. The most commonly used prediction 
equations are Harris Benedict (Harris and Benedict 1919), Food and Agricultural Organization 
(FAO/WHO/UNU 1985), Owen (Owen et al. 1986 and 1987), and Mifflin (Mifflin et al. 1990). An 
equation to predict REE from subject sex, weight, height, and age is based on an estimation of fat-
free mass from subject sex, weight, height, and age, as shown below.

To simulate changes in body weight in response to a change in energy intake or physical 
activity, we developed a prediction equation for REE from subject sex, weight, height, and 
age with data from 190 subjects, of which 105 women, body mass 38 to 215 kg, height 1.30 to 
2.05 m, and age 19 to 95 year (Westerterp et al. 1995). First fat-free mass (FFM) was predicted 
from subject sex, weight, height, and age, and then the FFM was used in a prediction equation 
for REE: 

 For women  FFM kg 0.218 BM kg 27.392 height m 0.0: ( ) ( ) ( )= + − 774 age (y) 12.5; r 0.82− = 1;  

 For men: FFM (kg) 0.292 BM (kg) 34.009 height (m) 0.105= + − age (y) 18.4; r 0.792− = . 

The equations show that women have relative less FFM per kg body mass than men, taller subjects 
have more FFM, and FFM decreases with increasing age.

As shown below, prediction equations for REE from subject sex, weight, height, and age are 
similar to prediction equations for FFM. Here, the Harris Benedict equation and the Owen equa-
tion were derived by combining the original data for women and men. The WHO-prediction 
uses separate equations for women and men and for subjects aged 18–30, 30–60, and over 
60 year. 

 

Harris Benedict: 231 subjects, 99 women, 6 with BMI > 30 kg/mm , age 18 74 year;

REE kJ/d 49.0 BM kg  + 23.5 height

2 −  
=( ) ( )   m 23.4 age y  + 448 Sex 218; r = 0.80;2( ) ( )− −  

 

Owen: 104 subjects, 44 women, 32 with BMI 30 kg/m , age 182> −−

= −

82 year;

REE (kJ/d) 33.7 BM (kg) 18.5 height (m) 14.9 age+   y 1200 Sex 590; r 0.71;2( ) + =+   

 

Mifflin: 498 subjects, 247 women, 234 with BMI 30 kg/m , a2> gge 19 78 year;

REE kJ/d 41.8 BM kg 26.2 height m 20.

−
+( ) ( ) ( )= − 66 age y  + 695 Sex 674; r = 0.71;

Where for women Sex 0 a

2( ) −
= nnd for men Sex 1.=  

WHO: 4814 subjects, 1239 women, including adults of different weight for height, age>18 year.

Women 18–30 year REE (kJ/d) = 55.6 BM (kg) + 1397.4 height (m) + 146
30–60 year REE (kJ/d) = 36.4 BM (kg) – 104.6 height (m) + 3619
> 60 year REE (kJ/d) = 38.5 BM (kg) + 2665.2 height (m) – 1264

Men 18–30 year REE (kJ/d) = 64.4 BM (kg) – 113.0 height (m) + 3000
30–60 year REE (kJ/d) = 47.2 BM (kg) + 66.9 height (m) + 3769
> 60 year REE (kJ/d) = 36.8 BM (kg) + 4719.5 height (m) – 4481

AQ 1

K27142_C011.indd   202 02/16/17   9:47:59 PM



203Biomarker for Energy Intake

The four mostly used REE prediction equations as presented above have been evaluated extensively. 
Prediction accuracy is usually defined as the percentage of individuals in the study group whose REE 
is predicted to within plus or minus 10% of the measured REE (Frankenfield et al. 2005; Neelemaat 
et al. 2012; Rao et al. 2012; Siervo et al. 2014; Ten Haaf and Weijs 2014; Weijs 2008; Weijs and 
Vansant 2010). The more an individual shares characteristics with the group of people from whom 
the equation was developed the better the estimate. The Harris Benedict and Mifflin equation pro-
vided accurate estimates over a wide range of body mass index. Above body mass index 45 kg/m2, 
the WHO equation should not be used in this extremely obese group (Weijs and Vansant 2010). The 
Mifflin equation was associated with the largest error in subjects older than 60 year (Siervo et al. 
2014). In older and malnourished patients, the WHO equation came out best (Neelemaat et al. 2012).

As an example, Figure 11.3 presents the frequency distribution for percentage differences 
between predicted REE with the Harris Benedict, WHO, Owen, and Mifflin equation and 
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FIGURE 11.3 Frequency distribution for percentage differences between predicted and measured resting 
energy expenditure for 529 subjects (From Speakman, J. R. and K. R. Westerterp. Am. J. Clin. Nutr, 92, 
826–834, 2010.): (a) prediction equation Harris et al. (1919); (b) prediction equation WHO/FAO/UNU (1985); 
(c) prediction equation Owen et al. (1986, 1987); and (d) prediction equation Mifflin et al. (1990).

AQ 2

K27142_C011.indd   203 02/16/17   9:48:00 PM



204 Advances in the Assessment of Dietary Intake

measured REE for 556 subjects, 234 women, 95 with BMI>30 kg/m2, age 18 to 96 year (data from 
Speakman and Westerterp 2010). In this reference group, covering a large age span, the Harris 
Benedict and WHO equation did best with more than 70% of the subjects within the defined range 
of plus or minus 10% of the measured REE, whereas with the Mifflin equation this accuracy level 
was reached for only 50% of the subjects. The Mifflin equation was derived from a population with 
nearly 50% obese subjects and apparently does not apply for this reference population with less 
than 20% obese subjects.

Additional subject characteristics to take into account for the prediction of REE are ethnicity 
affecting body build and special behavior affecting body composition, like athletic performance. 
Clear examples of differences in body build affecting the accuracy of the generally Caucasian-
based prediction equations for REE are Asian Indians. Where the Owen and Mifflin equation were 
appropriate for the prediction of REE in Chinese (Rao et al. 2012), Caucasian-based prediction 
equations systematically overestimate REE in South Asian Indians (Wouters-Adriaens et al. 2008; 
Wulan et  al. 2010). South Asian Indians have a higher percentage of body fat at a lower body 
mass index compared to Caucasians. The high body fat percentage at low body mass index can 
be partly explained by differences in body build, that is, differences in trunk-to-leg-length ratio 
and differences in slenderness and muscularity (Deurenberg et al. 2002). There are no differences 
in REE between South Asian Indians and Caucasians after adjustment for differences in fat-free 
mass (Wouters-Adriaens et  al. 2008). Thus, South Asian Indians are an exceptional population 
requiring a population-specific equation for predicting REE from subject sex, weight, height, and 
age. Similarly, muscularity and fat-free mass can be affected by athletic performance. Then, the 
Cunningham equation (Cunningham 1991) based on fat-free mass is the first choice for the predic-
tion of REE. Alternatively, there are equations based on subject sex, weight, height, and age for 
athletes like an equation derived from REE measurement in a group of young recreational athletes 
(Ten Haaf and Weijs 2014): 

 

90 subjects, 37 women, age 18 35 year;

REE (kJ/d) 49.940 BM

−
=   (kg) 2459.1 height (m) 34.0 age (y) + 799 Sex + 122;

Where fo

+ −
rr women Sex = 0 and for men Sex = 1.  

A special case, where even the Cunningham equation based on fat-free mass does not produce 
accurate estimates for REE are elite athletes. Sjödin et al. (1996) measured in top international 
cross-country skiers that REE values 16% higher than that predicted from the weight-based WHO 
equation and 12% higher than in sedentary fat-free mass matched control subjects.

Prediction equations for REE based on subject sex, weight, height, and age are applicable for most 
subjects, where for some situations measurement of body composition is indicated as described. 
An example where indirect calorimetry measurement of REE shows a systematic difference with 
predicted values is in subjects after weight loss. Underfeeding induces a reduction in REE below-
predicted values, as based on the new body composition reached after underfeeding-induced weight 
loss (Camps et al. 2013; Major et al. 2007; Rosenbaum et al. 2008; Schwartz et al. 2012). The REE 
reduction, adjusted for changes in body composition, ranges between 5% and slightly more than 10% 
of the initial value, depending on time interval after the intervention. Van Gemert et al. observed an 
average reduction of 12% at three months after the start of weight loss and of 6% when weight loss 
was maintained for more than three years (Van Gemert et al. 1998).

In summary, prediction of REE based on subject sex, weight, height, and age with equations 
as presented from Harris and Benedict and from WHO/FAO/UNU give estimates within 10% for 
most subjects. For some ethnicities like South Asian Indians or subjects with an exceptional physi-
cal activity level like athletes, measurement of body composition is indicated; to use a fat-free 
mass-based equation. In some situations, only an indirect calorimetry measurement guarantees an 
estimate within 10%.
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11.4 ACTIVITY ENERGY EXPENDITURE

11.4.1 MEASURED ACTIVITY ENERGY EXPENDITURE

Activity energy expenditure is the most variable component of TEE. Activity energy expenditure is 
determined by body movement and by the mass moved, that is, body mass, where body movement 
or physical activity level varies between individuals. The indicated method for the assessment of 
body movement in daily life is a motion sensor. Motion sensors for the assessment of body move-
ment recently evolved from mechanical devices like pedometers to miniature electronic triaxial 
accelerometers for movement registration (Plasqui et al. 2013; Plasqui and Westerterp 2007).

Accelerometer-based activity monitors quantify physical activity by measuring the acceleration 
of the human body during movement. Accurate and unobtrusive measurements of physical activ-
ity are achieved only when the accelerometer has certain physical and technical characteristics 
in terms of dimensions, weight, and amount of information processed and recorded. Considering 
that there is a trade-off between the energy consumption, portability, and performance (quality or 
quantity of information collected) of an activity monitor, the design largely determines the degree 
of accuracy and unobtrusiveness. Accurate measurements of physical activity can be achieved 
when the acceleration signal from the body is collected at a frequency sufficient to ensure that the 
full range of human motions is captured. The frequency content of the acceleration of the body 
during physical activity varies according to the measurement location. At the waist level, 95% of 
the variability of the acceleration signal can be determined by harmonics with 10 Hz. The ampli-
tude does not exceed 6g in magnitude (1g = 9.8 m/s2) (Antonsson and Mann 1985; Bouten et al. 
1997). Thus, according to the Nyquist theorem, an accurate accelerometer should collect acceleration 
data at a sampling frequency of 20 Hz. Furthermore, it should be able to process the acceleration 
signal to filter out noise and extract relevant characteristics from the acceleration pattern so as to 
describe physical activity.

Nowadays, there are many accelerometer-based sensors for monitoring body movement avail-
able, including sensors incorporated in body worn devices like wristwatches and smartphones. The 
capability of motion sensors to predict AEE is usually tested during standardized activities like 
walking and running on a treadmill under laboratory conditions, generally showing good perfor-
mance (Plasqui and Westerterp 2007). The ultimate test is a validation over one or more weeks 
under free-living conditions, where AEE is derived from simultaneous measurement of TEE with 
doubly-labeled water in combination with a measurement of REE. Then, only a few usable sensors 
remain so far (Westerterp 2014). Many devices only produce values for total energy expenditure 
based on subject sex, weight, height, age, and measured body acceleration. Unfortunately, the valid-
ity of this method is questionable. The outcome often is a function of proprietary equations. Thus, 
the user has no information on the equation for REE adopted, based on subject sex, weight, height, 
and age. In addition, only for a few devices, the correlation of the outcome for total energy expen-
diture with the measured doubly-labeled water assessed total energy expenditure as reference is 
driven by measured body acceleration (Plasqui and Westerterp 2007).

11.4.2 PREDICTION OF ACTIVITY ENERGY EXPENDITURE

Approaches to prediction of AEE can be broken into two categories: those that estimate a multiple 
of REE and those that estimate AEE directly. The former way of expressing the physical activity 
level of a subject is by expressing TEE as a multiple of REE, adjusting TEE for differences in main-
tenance metabolism (PAL = TEE/REE; WHO/FAO/UNU 1985). The limits of TEE are established 
at around 1.2 REE for nonambulatory subjects to 4.5 REE for elite endurance athletes (Black et al. 
1996). FAO/WHO/UNU classified the physical activity level of a subject in three categories (FAO/
WHO/UNU 2004). The physical activity for sedentary and light activity lifestyles ranges between 
1.40 and 1.69, for moderately active or active lifestyles between 1.70 and 1.99, and for vigorously 
active lifestyles between 2.00 and 2.40. Thus, for most subjects REE is the largest component of 

K27142_C011.indd   205 02/16/17   9:48:00 PM



206 Advances in the Assessment of Dietary Intake

TEE as stated already in the section on REE. Activity energy expenditure is only one third of TEE 
at a PAL of 1.70, the value for a moderately active subject, as shown below by examples of a typical 
woman and man. 

 

Woman: BM 65 kg; H 1.70 m; age 40 y; TEE 9.9 MJ/d; REE 5.8 MJ/d; TEF 1.0 MJ/d,

and thus AEE 3.1 MJ/d;

Man: BM 75 kg; HH 1.80 m; age 40 y; TEE 12.6 MJ/d; REE 7.4 MJ/d; TEF 1.3 MMJ/d,

and thus AEE 3.9 MJ/d.  

Variation in AEE between subjects can be partly explained by body mass, age, and sex. As men-
tioned above, AEE is higher for the same body movement in a subject with a higher body mass. 
Thus, AEE is generally higher in heavier subjects. Activity energy expenditure peaks when adult 
weight is reached and then gradually declines with increasing age. Thus, it seems that AEE is high-
est during the reproductive years (Heitmann et al. 2012). In addition, there is a systematic sex dif-
ference. Mainly due to the fact that men are generally larger than women, AEE tends to be higher in 
men than in women while differences in PAL, adjusting TEE of differences in body size, are negli-
gible (Black et al. 1996). Body mass, age, and sex are included as significant parameters in a predic-
tion equation for AEE as derived from data from 556 subjects, 234 women, 95 with BMI>30 kg/m2, 
age 18–96 year (data from Speakman and Westerterp 2010). 

 

AEE (kJ/d) 24.3 BM (kg) 39.4 age (y) 1172 Sex 3064; r 0.32= +− + = 88;

Where for women Sex 0 and for men Sex 1.= =  

Comparing the prediction of REE and AEE from subject characteristics, the explained variation 
for AEE is only half the explained variation for REE. Body movement, as the main determinant of 
AEE, has to be included to get to more accurate predictions of AEE.

Prediction equations for AEE from motion sensor-assessed body movement should have an 
explained variation HIGHER than 40%, what can be reached already by including subject body 
mass, age, and sex in the equation as shown above. Thus, out of 11 sensors validated under free-
living conditions, most showed a poor performance and only three showed sufficient validity 
(Westerterp 2014). They explained 50%–70% of the variation in AEE, still leaving at least 30% 
of the variation unexplained. Further improvement will be reached with monitors allowing the 
assessment of activity type. The relation between body movement and AEE is different for activi-
ties like walking and cycling. Identification of activity types improved the assessment of AEE 
compared with overall unidentified body movement only (Bonomi and Westerterp 2012; Van Hees 
et al. 2009).

Physical activity and thus AEE shows short-term variation, from day-to-day, and long-term vari-
ation in relation to season. In a climate with adverse weather conditions in winter and more friendly 
weather in summer, subjects are more homebound, and thus less physically active in winter, and 
more outgoing and thus more physically active in summer (Figure 11.4). In the Netherlands, physi-
cal activity level was lower in winter with ambient temperatures around 5°C than in summer with 
ambient temperatures around 20°C (Plasqui and Westerterp 2003). However, seasonal differences 
were small and the higher AEE in summer was partly compensated by a lower REE and thus total 
energy expenditure was not significantly different between seasons, as observed in a study on the 
effects of seasonal changes in physical activity and energy requirements in the United Kingdom 
(Haggarty et al. 1994).

In summary, prediction equations based on subject weight and body movement can explain 
50%–70% of the variation in AEE, when choosing a valid sensor for body movement.

AQ 3
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11.5  APPLICATIONS OF ENERGY EXPENDITURE 
BIOMARKERS TO DIET ASSESSMENT

Resting energy expenditure and activity energy expenditure as biomarker intake one of the applica-
tions of resting energy expenditure and activity energy expenditure as biomarker of intake is the 
identification of underreporters of energy intake (EI) with the Goldberg cut off (Goldberg et al. 
1991). Reported intake is expressed as a multiple of REE and the ratio should be higher than the 
PAL value for a sedentary lifestyle. However, excluding underreporters by excluding subjects 
reporting unlikely low intake does not imply reported that intake figures of the remaining subjects 
are valid. When a subject with an REE of 6 MJ/d reports an intake of 10 MJ/day, the EI/REE figure 
is with a value 1.7 well above the value of 1.4 to 1.6 for a sedentary lifestyle. When the subject has an 
active lifestyle with a PAL of 2.0, energy intake should be approximately two times REE and equals 
12 MJ/day. Thus, a reported intake of 10 MJ/day for this subject is 20% lower than their habitual 
intake. The indicated method to identify not only underreporters but also misreporters, in general, 
is by comparing EI/REE with a PAL figure derived from REE and AEE.

A first evaluation of reported energy intake by using calculated expenditure from REE and 
AEE was reported by Goris et al. (2001). The study was performed in 24 subjects, 12 women, age 
55–65 year, and body mass index 19 to 33 kg/m2. Energy intake was reported with a seven-day 
dietary record and energy expenditure was calculated from REE estimated with the WHO equa-
tion (FAO/WHO/UNU 1985) and AEE estimated with a doubly-labeled water validated acceler-
ometer. Simultaneously, energy expenditure was measured with the doubly-labeled water method, 
as described in the foregoing chapter, as a reference. Reported intake of 9.0 ± 2.1 MJ/day was 
significantly lower than calculated expenditure of 10.8 ± 1.7 MJ/d (p<0.001) and measured energy 
expenditure of 11.3 ± 2.3 MJ/day (p < 0.001). The percentage of underreporting derived from cal-
culated and measured energy expenditure was similar, showing the validity of the combination of 
estimated REE and AEE as a biomarker of energy intake.

An example of the application of calculated energy expenditure to evaluate estimated energy 
intake is a study in Danish children (Biloft-Jensen et  al. 2013). Energy intake, recorded with 
web-based dietary assessment software, was not different from calculated expenditure at group 
level. At the individual level, 20% of the children were classified as overreporters and 20% were 
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FIGURE 11.4 Annual pattern of activity-induced energy expenditure of a typical individual living in the 
Netherlands as derived from an accelerometer for movement registration. Monthly values are averages with 
SD over a seven-year interval.
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classified as underreporters. Interestingly, underreporters were more likely than both acceptable 
and overreporters to report that illness, due to a flu epidemic, affected eating during the record-
ing period. Similarly, overreporting might reflect real overeating to compensate for a flu-induced 
reduction of intake just before the reporting interval. Thus, reported intake might be different 
from calculated expenditure for other reasons than misreporting as well. However, in healthy 
subjects, intake can be assumed to match expenditure over observation intervals of minimally 
one week (Edholm et al. 1955).

A point of discussion is whether energy intake estimated from REE and AEE as described 
includes TEF, as third component of total energy expenditure. The thermic effect of food peaks 
after meals during the active part of the day and is excluded from REE when REE is measured or 
predicted as described above. Resting energy expenditure including TEF shows a diurnal pattern, 
increasing above basal metabolic rate at breakfast and decreasing again below basal metabolic rate 
after midnight when asleep (Figure 11.5). In adults, overnight metabolic rate is equivalent to basal 
metabolic rate or REE as measured or estimated with the prediction equations described. Overnight 
metabolic rate is lower than basal metabolic rate in children and higher in older adults (Wouters-
Adriaens et al. 2006). Valenti at al. (2016) showed an inverse association of overnight metabolic 
rate with quality sleep, explaining the age-related increase in overnight metabolic rate. Physical 
activity as measured with a doubly-labeled water validated accelerometer for movement registration 
includes TEF when activity is expressed as PAL. Thus all components of energy expenditure are 
included in the estimate of energy intake when measured or estimated REE is multiplied with an 
accelerometer derived PAL value.

11.6 CONCLUSIONS

The assessment of energy intake with REE and AEE as biomarkers of dietary energy intake requires 
minimal information. REE is measured or estimated from an equation based on subject sex, weight, 
height, and age; AEE is measured with a doubly-labeled water validated accelerometer for move-
ment registration. The easiest way to estimate habitual energy intake for weight maintenance from 
REE and AEE is the application of a device producing values for total energy expenditure based on 
subject sex, weight, height, age, and measured body acceleration. Unfortunately, the validity of most 
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FIGURE 11.5 The diurnal pattern of resting energy expenditure including the thermic effect of food minus 
the level of basal metabolic rate (dotted line); subjects followed a protocol with fixed meal times (arrows) and 
were allowed to sleep from 23.00 to 07.00. (From Westerterp, K. R. Nutr Metab 1, 5, 2004.)
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devices is questionable. The outcome often is a function of proprietary equations. Thus, the user 
has no information on the equation for REE adopted, based on subject sex, weight, height, and age. 
When estimation energy intake from subject sex, weight, height, age, and body acceleration, it is sug-
gested to estimated REE and AEE separately by choosing the REE prediction equation, optimal for 
the population of study, in combination with measured AEE with a valid sensor for body movement.
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