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ABSTRACT: Introduction: Indirect calorimetry remains a gold 
standard in measuring resting energy expenditure in the clinical 
field. Through its measurements, it is possible to offers a patient’s 
energy needs to maximize nutritional therapy benefits. However, the 
concepts and methodological basis of collected data can be difficult 
to be interpreted by users in clinical practice. Objective: To address 
the concepts of total daily energy expenditure and its components 
and present the methodological aspects of indirect calorimetry that 
can guide the clinical field. Method:  Narrative  bibliographic  review  
using  the  electronic  Pubmed  (US  National  Library  of  Medicine), 
SCOPUS, and Scientific Electronic Library Online (SciELO) 
databases. The  research  was  carried  out  in the period between 
1905-2019,  using  the  following  identifiers  in  Health  Sciences 
Descriptors: Basal Metabolism, Energy Metabolism and Indirect 
Calorimetry.  We selected 55 researches published that presented 
contents related to the objectives of this study. Result: The total daily 
energy expenditure (TDEE) is comprised of three main components, 
such as physical activity (PA), thermic effect of food (TEF) and basal 
metabolic rate (BMR) and/or resting energy expenditure (REE). 
The REE is generally evaluated by indirect calorimetry, which also 
provides information on the respiratory coefficient (RQ) or oxidation 
of substrates. Its result varies depending on the existence of some 
metabolic disorders such as obesity or malnutrition. Therefore, 
the proper management of the methodological aspects of indirect 
calorimetry and its subsequent interpretation in metabolic disorders 
is essential to guarantee the results’ quality. Conclusion: Energy 
expenditure concepts and the methodological basis of indirect 
calorimetry are relevant to providing individualized attention to 
patients with metabolic disorders. This review can be used as a 
practical guide, helping to understand the correct application of the 
indirect calorimetry technique in studies related to energy expenditure 
with an emphasis on metabolic disorders.

Keywords: Indirect calorimetry; Substrates oxidation; Energy 
expenditure; Respiratory quotient; Metabolic disorders.

RESUMO: Introdução: A calorimetria indireta continua sendo um 
padrão ouro na avaliação do gasto energético de repouso no campo 
clínico. Por meio de suas medições, é possível oferecer as necessidades 
energéticas de um paciente para maximizar os benefícios da terapia 
nutricional. No entanto, os conceitos e as bases metodológicas dos 
dados coletados podem ser dificultosos para serem interpretados 
pelos usuários na prática clínica. Objetivo: abordar os conceitos 
de gasto energético diário total e seus componentes, e, apresentar 
os aspectos metodológicos da calorimetria indireta que podem 
servir como guia no campo clínico. Método: Revisão bibliográfica 
narrativa, realizada pelas bases de dados eletrônicas Pubmed (US 
National Library of Medicine), SCOPUS e Scientific Electronic 
Library Online (SciELO). A pesquisa foi realizada no período entre 
1905-2019, utilizando os seguintes identificadores em Descritores em 
Ciências da Saúde: Metabolismo Basal, Metabolismo Energético e 
Calorimetria Indireta. Foram selecionadas 55 pesquisas publicadas 
que apresentaram conteúdos relacionados aos objetivos deste estudo. 
Resultado: O gasto energético total diário (GETD) é composto por 
três componentes principais, tais como: atividade física (AF), efeito 
térmico dos alimentos (TEF) e taxa metabólica basal (TMB) e / ou 
gasto energético de repouso (GER). O GER é geralmente avaliado 
por calorimetria indireta, que também fornece informações sobre o 
coeficiente respiratório (CR) e oxidação de substratos, que pode variar 
de acordo com o metabolismo do paciente, como algum distúrbio 
metabólico, obesidade ou desnutrição. Portanto, o manejo adequado 
dos aspectos metodológicos da calorimetria indireta e sua posterior 
interpretação nos distúrbios metabólicos é fundamental para garantir a 
qualidade dos resultados. Conclusão: Os conceitos de gasto energético 
e as bases metodológicas da calorimetria indireta são relevantes para 
fornecer uma atenção individualizada aos pacientes com distúrbios 
metabólicos. As descrições desta revisão podem ser utilizadas como 
um guia prático, auxiliando a compreensão da aplicação correta da 
técnica de calorimetria indireta, em estudos relacionados ao gasto 
energético com ênfase nos distúrbios metabólicos.

Palavras-chave: Calorimetria indireta; Oxidação de substratos; Gasto 
energético; Quociente respiratório; Distúrbios metabólicos.
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INTRODUCTION

To accurately determine the energy expenditure 
of a patient is one of the nutritional assessment 

difficulties, especially in those with metabolic issues 
such as morbid obesity and malnutrition. Monitoring 
the physiological responses and their nutritional needs 
is a substantial clinical feature to avoid errors related 
to the delivery of nutritional needs, in particular with 
excess or shortage of calories. The evaluation of resting 
energy expenditure (REE) and the analysis of substrate 
oxidation depend on a complex methodology since correct 
assumptions must be made based on metabolic calculations. 
The gold standard for the resting energy expenditure 
measurements is indirect calorimetry (IC), which in the 
clinical practice, is the most accurate, reliable, and safe 
instrument1. The use of IC is already widespread, it is 
necessary to know its concepts, methodological basis and 
interpretation, in order to ensure the quality of the collected 
data. Therefore, it is essential to disclose all equations used 
in the principle of IC and interpretation of the results2.

In this review, we introduce mainly the concepts of 
total daily energy expenditure (TDEE), and methodological 
aspects of the IC as a tool used to measure the resting energy 
expenditure, and the respiratory coefficients (RQ). This 
study’s objective was to address a comprehensive overview 
of the concepts of energy expenditure and to present the 
methodological aspects of indirect calorimetry that might 
serve as guide in the clinical field. 

MATERIAL AND METHODS

This is a narrative literature review, using the 
electronic databases Pubmed (US National Library of 
Medicine), SCOPUS, and Scientific Electronic Library 
Online (SciELO). The search for studies was carried out 
in the period between 1905-2019.  Articles in Portuguese 
and English were selected using the following Health 
Sciences Descriptors, Basal Metabolism/physiology*, 
Energy Metabolism/physiology*, and Indirect Calorimetry. 
We used (*) to restrict searches to articles focused on 
the broadest MeSH term. This study’s was to provide 
a general view of the concepts, methodological basis 
and interpretation of indirect calorimetry to facilitate 
understanding of the metabolic disorder’s results in the 
clinical practice.

Among the search results, 52  articles  that  
contributed  to  the  objectives and relevance of the  present  
study  were  selected. These articles were filtered by studies 
in humans and with focus on mathematical approaches. In 
this search, duplicate and studies that did not address the 
topic under study were excluded.

RESULTS

The search in the databases returned a total of 974 
articles. Of these, 170 were duplicates, 120 were excluded 
after analysis of the title and abstract and then 630 articles 
were excluded after reading the full text. At the end of the 
exclusions, 52 articles were included in this study. This 
review narrates different topics as the concept of total 
daily energy expenditure and its components and how 
can be estimated. Then, we focused on the resting energy 
expenditure with emphasis in the indirect calorimetry 
principle and mathematical procedures. From the articles 
found it was possible to discuss the following main 
topics: total daily energy expenditure, total daily energy 
expenditure measurements, and resting energy expenditure 
measurements using indirect calorimetry.

TOTAL DAILY ENERGY EXPENDITURE

In all living organisms, there is an energetic cost 
of the physiological functions necessary to maintain the 
homeostasis. The total daily energy expenditure (TDEE) of 
an individual represents the energy that the body consumes. 
Three main components of energy balance determine 
TDEE: basal metabolic rate (BMR), physical activity (PA), 
and thermic effect of food (TEF). Other subcomponents 
may exist, such as the energy cost of the emotion, playing 
a slight role related to the energy balance3.

First, the BMR is the minimum amount of energy that 
an organism requires to be alive. It constitutes 55% to 75% 
of the TDEE in the majority of sedentary adults; meanwhile, 
in physically active individuals, it is approximately 50%. 
It varies depending on body composition, fat mass (FM), 
and fat-free mass (FFM), as well as sex, age, and genetic 
factors4. It is essential to note differences among the 
terms BMR and REE, which in some publications have 
been considered as synonymous interchanged. However, 
BMR is measured post-absorptively (without food intake 
for at least 12 hours), in the supine position at complete 
rest under quiet ambient conditions, in a thermal-neutral 
temperature setting and darkened lightning in the morning 
after 8 hours of sleep and no exercise for the previous 24 
h3,5. By contrast, REE can be performed at any time of the 
day, in the sitting or supine position, resting in advance at 
least 15 minutes. REE is almost 10% higher than BMR. The 
fast period for REE should be a minimum of 4 to 5 hours 
after a light food6. However, it depends on the energy load 
consumed; for example, if subjects are not able to fast as 
recommended, research suggests a small meal (<300 kcal) 
can be ingested, and REE can be measured 2 hours later7. 

Second, the PA can be categorized into exercise-
related activity thermogenesis (EAT) and non-exercise 
activity thermogenesis (NEAT). Both vary widely within 
and between individuals. EAT refers to the level of physical 
activity, and it depends on if the person is sedentary or 
physically active8. NEAT corresponds to all the energy 
expended with occupation, leisure time activity, sitting, 
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standing, ambulation, playing the guitar, dancing, singing, 
and washing3. Some authors categorize NEAT into three 
main components: body posture, ambulation, and all other 
spontaneous movements, including small movements, 
especially of the hands and feet9. It has been estimated 
that PA ranges from approx. 15% in very sedentary 
individuals to up to 50% in highly active individuals10. 

EAT is believed to account for 15-30% of TDEE, 11,12 and 
NEAT is responsible for 6-10% of TDEE in individuals 

with a mainly sedentary lifestyle3. 
Finally, the TEF is related to food digestion, 

absorption, and storage and is a relatively stable component 

of total energy expenditure. The variance of TEF has been 
associated with nutrient composition and energy content 
of consumed foods13. The TEF represents nearly 10% of 
the TDEE.

How can the TDEE components be estimated?
There are different methodologies to assess the 

TDEE and each component (seen Table 1). To have a better 
understanding, we will separate them into:

 • Total daily energy expenditure measurements;
 • Physical activity measurements;
 • Resting energy expenditure measurements.

Table 1: Summary of each component of the total daily energy expenditure

Components
Total daily energy 
expenditure 
(TDEE)

Basal metabolic rate 
(BMR) Physical activity (PA) Thermic effect of 

food (TEF)

Synonymous

Total Energy 
Expenditure 
(TEE) -Energy 
Expenditure (EE)

Resting Energy 
Expenditure (REE)

Activity-related energy 
expenditure (AEE)

Thermic effect of food 
(TEF); Diet-induced 
thermogenesis (DIT)

Non-resting energy expenditure (NREE)

Subcomponents
EE of the dream + EE of 
the maintenance of the 
wake

EE of voluntary 
exercise (EAT) + EE of 
spontaneous exercise 
(NEAT)

EE of food digestion 
+ EE of food 
absorption + EE of 
food storage

Percentage of variation 55-75% 15- 30% 7 – 15%

Key determinants

body weight, height, 
fat-free mass, fat mass, 
gender, age, genetics, 
hormones/ Sympathetic 
Nervous System (SNS)

genetic, age, gender, 
environmental stimuli, 
intensity/duration of 
exercise

nutrients composition, 
age, obesity, insulin 
resistance, hormones/
SNS

Measurements 
methods

direct calorimetry, 
indirect calorimetry, 
doubly-labeled 
water, predictive 
equations

indirect calorimetry

accelerometry, heart rate 
monitors, pedometry, 
physical activity 
questionnaires, doubly-
labeled water

indirect calorimetry

Legend: TEE: Total Energy Expenditure; EE: Energy Expenditure; REE: Resting Energy Expenditure; AEE: Activity-related Energy Expenditure; NREE: 
Non-Resting Energy Expenditure; TEF: Thermic Effect of Food; DIT: Diet-Induced Thermogenesis; EAT: Exercise-related Activity Thermogenesis; 
NEAT: Non-exercise Activity Thermogenesis; SNS: Sympathetic Nervous System.

TOTAL DAILY ENERGY EXPENDITURE 
MEASUREMENTS

The main approaches to measure the TDEE are 
direct calorimetry and non-calorimetric techniques, such 
as the doubly labeled water (DLW).

Direct Calorimetry

The direct calorimetry was one of the first 
procedures to measure TDEE based on the first law of 
thermodynamics. Which established that energy is not 
created, nor destroyed, but rather conserved and that the 
spent energy in the entire physiological process is dissipated 
as heat. Therefore, the TDEE can be measured directly 

by the heat production14. Direct calorimetry represents a 
technical challenge. Due requires measurement from all 
the heat transference, including radiation, convection, 
conduction, and evaporation. The major advantage is its 
easy use in free-living conditions, avoiding the problem 
of inhaling and exhaling the gas composition by the IC15.

Non-calorimetric techniques: Doubly-Labeled-Water 

The DLW technique approach has been widely 
recognized as a criterion for assessing TEE16. In the DLW 
technique, daily urine or saliva samples are collected over 
7 to 14 days. After analyzed by isotopic mass spectrometry 
(IRMS) 17. The stable isotopes, deuterium (2H) and 
oxygen-18 (18O) are administered orally via a drink of 



584

San Martin R, et al. Concepts of indirect calorimetry on metabolic disorders: a narrative review

water, and elimination of the isotopes from the body is 
tracked18. The difference between the elimination rates 
of 2H and 18O is equivalent to the rate of carbon dioxide 
production that can then be converted to average TDEE. 
One of the disadvantages of this technique, it requires the 
use of sophisticated laboratory-based equipment, and the 
cost of isotopes is higher, hindering the analysis of samples 
for large-scale studies. However, it is the only method to 
measure energy expenditure in any environment, especially 
concerning activity energy expenditure, where there is no 
interference with the behavior of the subjects19.

Physical Activity Measurements

Research has demonstrated the benefits of PA 
and the negative consequences of sedentary behavior for 
physical and mental well-being20. Thus, PA has become 
increasingly prominent as an intervention tool21. Therefore, 
it is crucial to estimate this variable of the total energy 
expenditure. The main methods for measuring PA are 
summarized as follows:

Physical Activity Questionnaires

PA questionnaires are the most widely used 
approach. It can measure large numbers of participants 
at low cost, and they can be completed over a minimum 
of a 24-h period and up to 7-days22. However, it has some 
limitations to determine the intensity level of activity23.

Heart Rate Monitoring

Heart rate (HR) monitoring is a physiological 
indicator of PA and energy expenditure, providing real-
time data on the frequency, duration, and intensity of PA24. 
There is a significant linear correlation between HR and 
the rate of oxygen consumption (VO2), which can then 
be extrapolated to predictions of energy expenditure or 
metabolic rate25. However, the slope of this heart rate VO2 
relationship varies across individuals partly due to age, 
sex, aerobic fitness, and movement efficiency. Thus, an 
individualized calibration procedure is required to use HR 
to predict energy expenditure. The major advantage of this 
method that it is very flexible in terms of duration of use 
is easy to administer and has an objective measurement10.

Pedometers

Pedometers are a simple tool for measuring step 
counts that can be used to track daily PA, specifically 
walking. It is thought that the accumulation of 10 000 steps/
day is an indicator of a healthy amount of PA26. Individuals 
who accumulate at least 10 000 steps/day are more likely 
to engage in at least 30 minutes of moderate-intensity PA 
than those who do not accumulate 10 000 steps/day27. The 
major advantages of pedometers are inexpensive, easy to 

use, and output data can be used to raise consciousness 
regarding the level of PA, including motivation to increase 
it, especially the NEAT28.

Accelerometers

Recent advances in technology have allowed the 
development of accelerometers as one of the methods of 
PA energy and expenditure measurement. Accelerometers 
consist of the production of an electrical signal that is 
subsequently converted by processing units to produce 
an indication of movement and acceleration, which is 
defined as the rate of change in velocity over a given time. 
Therefore, the frequency, intensity, and duration of PA can 
be assessed as a function of body movement29. It has been 
reported that accelerometers are objective, practical, non-
invasive, accurate, and reliable tools to quantify PA volume 
and intensity with minimal discomfort22. Accelerometers are 
more sophisticated and, therefore, superior to pedometers. 
A major advantage of the technique is the ability to quantify 
time spent in activities of different intensities. However, 
accelerometers have low sensitivity to sedentary activities 
and are unable to register static exercise30.

R E S T I N G  E N E R G Y  E X P E N D I T U R E 
MEASUREMENTS

Predictive Equations

The REE is commonly measured with indirect 
calorimetry. However, REE predictive equations are 
commonly used as an alternative method. In the clinical 
practice, some of them are specific for certain population 
groups, including different weight status, height, age, 
sex, and body composition parameters or different ethnic 
groups31,32. However, some factors are affecting the REE 
that is not captured by predictive equations. In this regard, 
the REE is altered in patients with cardiometabolic diseases 
such as type 2 diabetes, hypertension, and sleep apnea33. 
For this reason, there are correction factors included in 
different predictive equations specific for patients with 
metabolic diseases34.

Indirect Calorimetry Principle

The O2 and CO2 gas fractions are measured in 
the total expired gas volume by specific gas sensors. 
Transformed into values for VO2 and VCO2 in ml/min, 
and finally into values for REE in kcal (or kJ)/day; (1 kcal 
= 4.184 kJ). The Haldane transformation based on the 
relatively insoluble gas nitrogen (N2) is constant in both 
inspired and expired gases. Assuming that only O2 and CO2 
are exchanged in the lungs, and the rest of the respiratory 
gases (excluding water vapor) have the same volume35. 
Therefore, if there is no net nitrogen uptake, the inspired 
gas volume can be calculated, as seen in Table 2.
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Table 2: Calculation of O2 consumption (VO2) and CO2 production (VCO2)

Inspired gases Expired gases

FiO2 = PiO2/BP – 47 FeO2 = PeO2/BP – 47

FiCO2 = PiO2/BP – 47 FeCO2 = PeCO2/BP – 47

FiN2= 1 - FiO2  - FiCO2 FeN2 = 1 - FeO2  - FeCO2

Conversion of Ve and Vi (ATPS) into Ve and Vi (BTPS):

Ve(ATPS) = Ve(BTPS) × CF

Vi(ATPS) = Ve(BTPS) × FeN2/FiN2 (Haldane transformation)

Calculation of VO2 and VCO2 (liters/min):

VO2 = (FiO2  × Vi)-(FeO2 × Ve)

VCO2 = (FeCO2 × Ve)-(FiCO2 × Vi)

FiO2, FeO2: fractional inspired and expired O2 respectively (percentage; %). FiCO2, FeCO2: fractional inspired and expired CO2, respectively (%). FiN2, 
FeN2: fractional inspired and expired nitrogen, respectively (%). PiO2, PeO2: partial pressures of inspired and expired O2, respectively (millimeter of 
mercury; mmHg). PiCO2, PeCO2: partial pressures of inspired and expired CO2, respectively (mmHg). Ve, Vi: inspired and expired gas volumes respectively 
(liters/min). BP: barometric pressure at sea level (760 mmHg). 47: partial pressure of water vapor at 37°C (mmHg). ATPS: ambient temperature and 
pressure saturated gas (degree Celsius (°C); mmHg). BTPS: body temperature and pressure saturated gas (°C; mmHg). CF: correction factor for 37°C 
(reduction of saturated gas volumes for those at body temperature: BTPS).
Adapted from da Rocha36

Calculation of substrate oxidation: stoichiometric 
equations 

The IC method is based on the knowledge of the 
fixed ratio between the quantities of O2 consumed and 
CO2 produced. This ratio is called the respiratory quotient 
(RQ). Using a balanced chemical equation to calculate 
amounts of reactants and products is called stoichiometry.  
The RQ is calculated as the ratio of the volume of carbon 
dioxide (VCO2) produced to the volume of oxygen (O2) 
used: VCO2/VO2. The RQ, which typically ranges between 
0.7 and 1.0 (Table 3), is an indicator of metabolic fuel 

or substrate used in tissues; it must be calculated under 
resting or steady-state exercise conditions. Carbohydrates 
(e.g., glucose) are oxidized through aerobic respiration 
using RQ, resulting in an equal ratio of CO2 release and 
O2 consumption. It implies that 100% of carbohydrates 
are consumed to produce ATP37. When fat (e.g., palmitic 
acid) is oxidized and measured using RQ, the outcome 
is reduced CO2 production for every oxygen molecule 
consumed. When protein (e.g., albumin) is the respiratory 
substrates, it results in reduced CO2 production for every 
oxygen molecule consumed38 (Table 3).

Table 3: Respiratory quotients (RQ) for common food. A) Stoichiometry of glucose oxidation; B) palmitic acid and C) albumin

Substrate Equations RQ

A Carbohydrates (Glucose) C6H12O6 + 6O2 → 6CO2+ 6H2O + Energy 1.0

B Lipid (Palmitic acid) C16H32O2 + 23O2  → 16CO2+ 16H2O + Energy 0.7

C Protein (Albumin) C72H112N18O22S + 77O2  → 63CO2+ 38H2O + S03 + 9CO(NH2)2 +  Energy 0.8

C6H12O6: glucose; O2: oxygen; CO2: carbon dioxide; H2O: water; C16H32O2: palmitic acid; C72H112N18O22S: albumin;  S03: Sulfur trioxide;  9CO(NH2)2: urea

Lusk39 and subsequently Weir40 provided data 
and formulas that allow the development of a manual 
procedure by indirect calorimetry, without the need for 
special equipment and whose results are comparable to 
those observed by sophisticated methods. Table 4 shows the 
volumes of O2 consumed, and CO2 produced. As well as the 
amount of energy released in the form of heat (dG°), during 
combustion in a heat pump40 of 1 mol of each of the three 
primary substrates (glucose, palmitate, and amino acids).

Writing the equations of the glucose, lipids, and 
protein oxidation reactions and expressed in grams (g) 
and liters (l), the reactions mentioned above (Table 3) 
would be as shown in (Table 5; equations 1,2,3). In turn, 
the amount of oxidized protein can be estimated from 
urinary nitrogen. Since nitrogen represents about 16% of 
the protein’s weight. The 1 g of urinary nitrogen comes 
from 6.25 g of protein, and the oxidation equation can be 
rewritten as Protein = 6.25 × urinary nitrogen (N)42 (Table 5; 
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equation 4). Solving equations 5 and 6, it can be calculated 
(equation 7 and 8).  Therefore, knowing from the indirect 
calorimetry the consumption of O2 (VO2) and production of 
CO2 (VCO2), it is possible to estimate the amount of glucose 
and lipids oxidized by the organism. It should be noted that 
these calculations are based on the known stoichiometry of 
the oxidation of these substrates41. In the above equations, 
for example, the values resulting from glucose oxidation 
are used. The predominant form of oxidized carbohydrate 
is glycogen, and glycogen hydrolysis is considered to 
yield 1.11g of glucose per gram of glycogen. Therefore, 

the complete oxidation of glycogen would require 0.829 l 
O2 (i.e., 0.746 × 1.11) and would produce 0.829 l of CO2; 
thus, equation 7 would become in equation 9. Alternatively, 
the initial equation 7 can be used by multiplying its result 
by (1/11 = 0.9). The choice between glucose and glycogen 
as the predominant carbohydrate should be based on 
independent information on the physiological conditions 
of the study. For example, after one night, almost three-
quarters of the plasma glucose turnover is derived from 
hepatic glycogenolysis, while this amount is substantially 
reduced in postprandial conditions43. 

Table 4: Energy balance for the main substrates

Oxidized 
substrate dG° Consumed O2 Produced CO2 RQ ATP produced ATP cost

1 mol ( k c a l / 
mol) (mol) (L) (mol) (L) (mol) (kcal) (Kcal/mol)

Glucosea - 673 6 134 6 134 1.000 36 18.3 18.7

Palmitic acid - 2.39 23 515 16 358 0.695 131 66.4 18.3

Aminoacidsb - 475 5.1 114 4.1 92 0.807 23 11.7 20.7

dG°: Gibbs free energy; negative reactions (-) exothermic reactions; RQ: respiratory quotient; L: liter; VO2: volumetric oxygen consumption (L/min); 
VCO2: volumetric carbon dioxide elimination  (L/min). The coefficients used are those derived by Kleiber41. a Complete glucose oxidation yields 38 
moles of ATP per mole, but 2 moles of ATP are used during glycolysis. b The complete oxidation of the amino acids yields 28.8 moles of ATP, but 5.8 
moles are consumed in the process.

The determination of the use of substrates will be 
precise in metabolic stability in which it is possible to affirm 
that VCO2 and VO2 are the reflection of cellular oxidation 
and can be measured accurately. However, other metabolic 
processes require special considerations44. 

When the patient is under the process of lipogenesis, 
a respiratory ratio greater than 1 corresponds to a net 
synthesis of fat from carbohydrates45. The stoichiometry of 
glucose conversion in lipids, shows an endergonic reaction, 
with a 50% conversion that releases O2 (Table 5; equation 
10). Once this release of O2 does not occur in vivo. It 
should be considered that the lipogenesis process occurs 
with glucose oxidation, which would result in the following 
stoichiometry (Table 5; equation 11). As can be seen, the 
RQ is, in this case, very high (RQ = 5.6). Therefore, the 
simultaneous occurrence of lipogenesis and oxidation of 
carbohydrates is reflected in respiratory ratios greater than 
1. In these circumstances, equation 8 can be used to estimate 
the net lipid synthesis rate. In particular, a positive sign in 
the resolution of equation 8 indicates a net lipid synthesis, 
while a negative sign would indicate that lipid oxidation 
is superior to lipogenesis46. The most important is that in 
the case of considering the existence of a net lipogenesis 
with high carbohydrate contributions (e.g., in a situation of 
total parenteral nutrition), equation 7 would overestimate 
glucose oxidation in amounts equivalent to those used 
to synthesize fat47. Therefore, in these circumstances, 
the following equation is suggested for the calculation 
of glucose oxidation (equation 12). The preferential 

use of substrates in the process of gluconeogenesis and 
ketogenesis, characterized by having low respiratory ratios, 
can significantly affect the estimates made by the usual 
equations48. In the process of gluconeogenesis, although 
lactate, pyruvate, and glycerol are possible gluconeogenic 
substrates, they are not relevant in this context since their 
conversion to glucose does not imply gas exchange. 

Alanine is the most abundant gluconeogenic 
precursor that can be effectively transformed into glucose 
in the liver. In a process in which CO2 is produced without 
O2 consumption and whose energy cost should presumably 
be covered from lipid oxidation. Approximately 0.1g 
of palmitate is oxidized for each gram of glucose, 
formed from alanine, to provide the energy cost of this 
endergonic reaction. Therefore, in those conditions 
where the gluconeogenic flow is significant, the usual 
equations for the calculation of the use of substrates will 
lead to a significant overestimation of glucose oxidation 
of equivalent magnitude to the novo synthesis of glucose 
from amino acids, at a very important overestimation of 
protein oxidation and an underestimation of about 10% in 
lipid oxidation48.

In the ketogenesis, the production of ketone bodies 
is a metabolic process that requires oxygen. Therefore, if 
the ketone bodies are produced in excess with respect to 
their oxidation (as occurs in prolonged fasting or in diabetic 
ketoacidosis), gas exchange and the interpretation of the use 
of substrates can be affected. If the ketone bodies formed 
are retained or excreted in urine or through breathing, it is 
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possible to observe respiratory ratios below 0.748. However, 
if the ketone bodies produced are subsequently derived 
towards their complete oxidation, the RQ of the total 
reaction will be identical to that of the complete oxidation 
of the precursor fatty acid. Gas exchange correction factors 
applied to the storage, excretion, and use of ketone bodies 
have been published46.

However, in this situation of ketoacidosis, it is 
difficult to quantify the amount of ketone bodies formed in 
excess concerning their oxidation to try to correct the gas 
exchange46 properly. Still, the measurements may also be 
altered by changes in the bicarbonate pool that occurred 

in order to compensate for metabolic acidosis. Once the 
oxidation rates of glucose, lipids, and carbohydrates 
have been calculated as described above, the EE can be 
calculated directly by taking into account the caloric 
equivalent of the three macronutrients (Table 5; equation 
13), from Equations 4, 7 and 8 it follows equation 14. There 
are moderately different equations depending on the factors 
used by the different authors, but the most used has been the 
Weir equation40. In the literature, we can find the complete 
Weir formula (Table 5, equation 15), and the abbreviated 
Weir formula (Table 5, equation 16).

Table 5: Equations of macronutrients oxidation reactions and energy expenditure

Equations Eq. No.

1 g 
(1)

1 g 
(2)

1 g 
(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

g:grams; G:glucose; l:liter; Lip: lipids; P: protein; EE: energy expenditure; UN: urinary nitrogen; REE: resting energy expenditure (kcal/day); VO2: 
volumetric oxygen consumption (L/min); VCO2: volumetric carbon dioxide elimination  (L/min).
*On average, the urea nitrogen excretion averages 0.075 mg/Kg/min of nitrogen, suggesting that the value of UN on equation 15, could be considered 
negligible50.

Weir40 used constants based on the works of Lusk39 
and other authors49. In the clinical practice, the use of the 
Weir abbreviated equation is valid, since the differences 
between the two are less than 1%-2%, for example, on 
average, the urea nitrogen excretion averages 0.075 mg/
Kg/min of nitrogen, suggesting that the value of UN 
on equation 15, could be considered negligible50. The 
abbreviated equation of Weir does not include losses of 
urinary nitrogen. The primary determinant of the formula 

is VO2 (a 5% error in its measurement will result in a 
3.5% error in energy expenditure); a similar error in the 
measurement of VCO2 only derives in a 1.1% error in the 
final determination. As already noted, a 100% error in 
the measurement of urea nitrogen will only represent a 
difference of 1% so that measurement can be neglected40.

The estimated energy expenditure through IC is 
subject to the same assumptions and considerations as the 
calculation of substrate oxidation, even though its estimate 
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is much more robust. In fact, unlike what happens in the 
estimation of the use of substrates, the most important 
determinant of the estimation of the EE is the determination 
of VO2.  An error of 10% in the determination of VO2, 
introduces a 7% error in the estimation of the EE, while 
an identical error of 10% in the determination of the VCO2 
only produces a 3% error in the estimation of the EE. In 
contrast, an error of up to 100% in the quantification of the 
urinary excretion of nitrogen, or even the non-determination 
of such measurement, will result in an error of only 2% 
in the estimated EE, which is equivalent to the error of 
the technique itself51 . This is easily understood from the 
intuitive point of view since the EE is determined by the 
reactants and combustion products independent of the 
intermediate steps involved.

Special attention should be paid to the conditions 
of determination to avoid potential sources of error. For 
example, ambient humidity can alter gas concentrations 
and interfere with the analyzer response. Ensuring rest, 
normoventilation and tranquility of the individual is also 
indispensable and, in general, readings higher than 30 
minutes are considered to yield greater precision than 
shorter readings52. This is due, in good part, to the fact that 
the body’s CO2 reserves are relatively large (unlike those 
of O2), so that acute changes in its production can manifest 
itself with some delay in the expired CO2 concentrations. 
Another critical point lies in the necessary initial calibration 
of the device by means of mixtures of known gases in 
order to correct any possible alteration in the sensitivity of 
the analyzers. The last consideration refers to the form of 
data expression. Since the main determinant of EE is body 
composition, this metabolic function should be normalized 
by metabolically active body mass in order to provide 
comparable data between individuals.

CONCLUSION

In conclusion, this review presents the different 
methods for analyzing and estimating energy expenditure, 
facilitating understanding in clinical practice. Indirect 
calorimetry provides reliable, non-invasive and accurate 
REE measurements, which is the largest component of 
TDEE. To estimate and correctly interpret the REE and 
QR data is very important to have in consideration the 
calculations of the he O2 and CO2 gas fractions. As well 
as the substrates, oxidation from carbohydrates, lipids 
and proteins to know if a patient is under some specific 
metabolic condition, as lipogenesis or lipolysis, depending 
in the QR value. Finally, this review can be used as a guide, 
helping to understand the indirect calorimetry technique in 
studies related to energy expenditure.

Summary of main points

• Total daily energy expenditure (TDEE) is composed of three 
main components, such as: physical activity (PA), thermal 
effect of food (TEF) and basal metabolic rate (BMR) and /
or resting energy expenditure (REE).

• REE is generally assessed by indirect calorimetry, which also 
provides information on the respiratory coefficient (QR) and 
substrate oxidation

• Indirect calorimetry remains the gold standard in the 
evaluation of REE in the clinical field, to obtain caloric needs 
and define a precise goal for nutritional therapy.

• The REE may vary according to the patient’s metabolism, 
such as some metabolic disorder, obesity or malnutrition.

• It is necessary to know the concepts of TDEE, its components, 
and the methodological aspects of indirect calorimetry 
to provide an adequate nutritional therapy in people with 
metabolic disorders.

Acknowledgments: ANID PFCHA/DOCTORADO BECAS CHILE/2018 – 72190143, CNPq (National Council of Scientific and 
Technological Development process 303563/2018-4, 420753/2018-4 and 154169/2018-8) and, FAEPA-HCFMRP-USP.

Authors participation: San Martin R: contributed to the conception, critical review of the article regarding intellectual content, analysis 
and interpretation of data, writing of the manuscript; Brandao CFC: contributed to the critical review of the article regarding intellectual 
content, analysis and interpretation of data, writing of the article; Junqueira-Franco MVM: contributed to the critical review of the article 
regarding intellectual content, analysis and interpretation of data, writing of the article;  Junqueira-Franco MVM, Junqueira GP, Chueire 
FB, Oliveira JCS, Cunha SFC, Suen VMM: contributed to the critical review of the article regarding intellectual content, analysis and 
interpretation of data, writing of the article; Marchini JS: contributed to the critical review of the article regarding intellectual content, 
analysis and interpretation of data, writing of the article and final approval of the version to be published.

REFERENCES

1.  Rattanachaiwong S, Singer P. Indirect calorimetry as 
point of care testing. Clin Nutr. 2019;1-14. https://doi.
org/10.1016/j.clnu.2018.12.035.

2.  Fassini PG, Silva JH, Lima CM, Cunha SF, Wichert-Ana L, 
Marchini JS, et al. Indirect calorimetry: from expired CO2 
production, inspired O2 consumption to energy equivalent. 
J Obes Weight Loss Ther. 2015;s5(001):8–10.  https://
doi:10.4172/2165-7904.S5-001.

3.  Levine JA. Non-exercise activity thermogenesis 
(NEAT). Nutr Rev. 2004;62(2):82-97. https://doi.
org/10.1111/j.1753-4887.2004.tb00094.x.

4.  Trexler ET, Smith-Ryan AE, Norton LE. Metabolic 
adaptation to weight loss: Implications for the athlete. 
J Int Soc Sports Nutr. 2014;11(1):1-7. https://doi.
org/10.1186/1550-2783-11-7.

5.  del Re MP, de Melo CM, dos Santos MV, Tufik S, de Mello 
MT. Applicability of predictive equations for resting energy 
expenditure in obese patients with obstructive sleep apnea. 



589

Rev Med (São Paulo). 2020 Nov-Dec;99(6):581-90.

Arch Endocrinol Metab. 2017;61(3):257-62.5. http://dx.doi.
org/10.1590/2359-3997000000228.

6.  Redondo RB. Gasto energético en reposo; métodos de 
evaluación y aplicaciones. Nutr Hosp. 2015; 31:245–54. 
https://doi.org/10.14642/RENC.2015.21.sup1.5071.

7.  Fullmer S, Benson-Davies S, Earthman CP, Frankenfield 
DC, Gradwell E, Lee PSP, et al. Evidence analysis library 
review of best practices for performing indirect calorimetry 
in healthy and non-critically ill individuals. J Acad Nutr 
Diet. 2015;115(9):1417-46. https://doi.org/10.1016/j.
jand.2015.04.003.

8.  von Loeffelholz C, Birkenfeld A. The Role of Non-exercise 
Activity Thermogenesis in Human Obesity. 2018 Apr 9. In: 
Feingold KR, Anawalt B, Boyce A, Chrousos G, de Herder 
WW, Dungan K, et al., editors. Endotext [Internet]. South 
Dartmouth (MA): MDText.com, Inc.; 2000–. http://www.
ncbi.nlm.nih.gov/pubmed/25905303.

9.  McManus AM. Physical activity - a neat solution to an 
impending crisis. J Sports Sci Med. 2007;6(3):368-73. 
Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC3787287/.

10.  Lam YY, Ravussin E. Analysis of energy metabolism 
in humans: a review of methodologies. Mol Metab. 
2016;5(11):1057-71.  ht tps: / /doi .org/10.1016/j .
molmet.2016.09.005.

11.  Segal KR, Pi-Sunyer FX. Exercise and obesity. Med Clin 
North Am. 1989;73(1):217-36. 

12.  Psota T. Measuring energy expenditure in clinical 
populations: rewards and challenges. Eur J Clin Nutr. 
2013;67(5):436-42. https://doi.org/10.1038/ejcn.2013.38.

13.  Kinabo JL, Durnin JVGA. Thermic effect of food in man: 
effect of meal composition, and energy content. Br J Nutr. 
1990;64(1):37-44. https://doi.org/10.1079/BJN19900007.

14.  Jaquier E. Human Whole Body direct calorimetry. IEEE Eng 
Med Biol Mag. 1986;5(2):12-4. https://doi.org/10.1109/
MEMB.1986.5006277.

15.  Melanson EL, Dykstra JC, Szuminsky N. A novel 
approach for measuring energy expenditure in free-
living humans. Annu Int Conf IEEE Eng Med Biol Soc. 
2009;2009:6873-7. doi: 10.1109/IEMBS.2009.5333124.

16.  Schoeller DA, Webb P. Five-day comparison of the doubly 
labeled water method with respiratory gas exchange. Am 
J Clin Nutr. 1984;40(1):153-8. https://doi.org/10.1093/
ajcn/40.1.153.

17.  International Atomic Energy Agency. Assessment of body 
composition and total energy expenditure in humans using 
stable isotope technique.. IAEA, Vienna: IAEA; 2009.  
(Human Health Series No. 3). Available from: https://www-
pub.iaea.org/MTCD/Publications/PDF/Pub1370_web.pdf.

18.  Speakman JR, Thomson SC. Validation of the labeled 
bicarbonate technique for measurement of short-term 
energy expenditure in the mouse. Z Ernahrungswiss. 
1997;36(4):273-7. https://doi.org/10.1007/BF01617797.

19.  Westerterp KR. Doubly labelled water assessment of energy 
expenditure: principle, practice, and promise. Eur J Appl 
Physiol. 2017;117(7):1277-85. https://doi.org/10.1007/
s00421-017-3641-x.

20.  Wu XY, Han LH, Zhang JH, Luo S, Hu JW, Sun K. The 
influence of physical activity, sedentary behavior on health-
related quality of life among the general population of 
children and adolescents: A systematic review. PLoS One. 
2017;12(11):e0187668. https://doi.org/10.1371/journal.
pone.0187668.

21.  Brandao CFC, Carvalho FG, Souza A de O, Junqueira‐
Franco MVM, Batitucci G, Couto‐Lima CA, et al. Physical 
training, UCP1 expression, mitochondrial density, and 
coupling in adipose tissue from women with obesity. 
Scand J Med Sci Sports. 2019;29(11):1699-706. https://
doi.org/10.1111/sms.13514.

22.  Corder K, Ekelund U, Steele RM, Wareham NJ, Brage 
S. Assessment of physical activity in youth. J Appl 
Physiol. 2008;105(3):977-87. https://doi.org/10.1152/
japplphysiol.00094.2008.

23.  Hills AP, Mokhtar N, Byrne NM. Assessment of physical 
activity and energy expenditure: an overview of objective 
measures. Front Nutr. 2014;1:5. https://doi.org/10.3389/
fnut.2014.00005.

24.  Marchini JS, Fett CA, Fett WC, Suen VM. Calorimetria: 
aplicações práticas e considerações críticas. Fit Perform 
J. 2005;4(2):90-6. doi: 10.3900/fpj.4.2.90.p. 

25.  Achten J, Jeukendrup AE. Heart Rate Monitoring. Sport Med. 
2003;33(7):517-38. https://doi.org/10.2165/00007256-
200333070-00004.

26.  Tudor-Locke C, Bassett DR. How Many Steps/Day 
Are Enough? Sport Med. 2004;34(1):1-8. https://doi.
org/10.2165/00007256-200434010-00001.

27.  Le-Masurier GC, Sidman CL, Corbin CB. Accumulating 
10,000 Steps: Does this Meet Current Physical Activity 
Guidelines? Res Q Exerc Sport. 2003;74(4):389-94. https://
doi.org/10.1080/02701367.2003.10609109.

28.  Tharion WJ, Yokota M, Buller MJ, DeLany JP, Hoyt RW. 
Total energy expenditure estimated using a foot-contact 
pedometer. Med Sci Monit. 2004;10(9):CR504-9.

29.  Ridgers ND, Fairclough S. Assessing free-living physical 
activity using accelerometry: Practical issues for researchers 
and practitioners. Eur J Sport Sci. 2011;11(3):205-13. 
https://doi.org/10.1080/17461391.2010.501116.

30.  Bouten C V, Sauren AA, Verduin M, Janssen JD. Effects of 
placement and orientation of body-fixed accelerometers on 
the assessment of energy expenditure during walking. Med 
Biol Eng Comput. 1997;35(1):50-6. https://doi.org/10.1007/
BF02510392.

31.  de Oliveira BAP, Nicoletti CF, de Oliveira CC, Pinhel 
MA de S, Quinhoneiro DCG, Noronha NY, et al. A new 
resting metabolic rate equation for women with class III 
obesity. Nutrition. 2018;49:1-6. https://doi.org/10.1016/j.
nut.2017.11.024.



590

San Martin R, et al. Concepts of indirect calorimetry on metabolic disorders: a narrative review

32.  Willis EA, Herrmann SD, Ptomey LT, Honas JJ, Bessmer 
CT, Donnelly JE, et al. Predicting resting energy expenditure 
in young adults. Obes Res Clin Pract. 2016;10(3):304–14. 
https://doi.org/10.1016/j.orcp.2015.07.002.

33.  Brúsik M, Štrbová Z, Petrášová D, Pobeha P, Kuklišová Z, 
Tkáčová R, et al. Increased resting energy expenditure and 
insulin resistance in male patients with moderate to severe 
obstructive sleep apnoea. Physiol Res. 2016;65(6):969-77. 
doi: 10.33549/physiolres.933277. 

34.  Huang KC, Kormas N, Steinbeck K, Loughnan G, Caterson 
ID. Resting metabolic rate in severely obese diabetic and 
nondiabetic subjects. Obes Res. 2004;12(5):840-5.  https://
doi.org/10.1038/oby.2004.101.

35.  Branson RD, Johannigman JA. The Measurement of Energy 
Expenditure. Nutr Clin Pract. 2004;19(6):622-36.  https://
doi.org/10.1177/0115426504019006622.

36.  da Rocha EEMM, Alves VGF, Da Fonseca RB V. Indirect 
calorimetry: methodology, instruments and clinical 
application. Curr Opin Clin Nutr Metab Care. 2006;9(3):247-
56. https://doi.org/0.1097/01.mco.0000222107.15548.f5.

37.  Arch JRS, Hislop D, Wang SJY, Speakman JR. Some 
mathematical and technical issues in the measurement 
and interpretation of open-circuit indirect calorimetry in 
small animals. Int J Obes. 2006;30(9):1322-31. https://doi.
org/10.1038/sj.ijo.0803280.

38.  Birnbaumer P, Müller A, Tschakert G, Sattler MC, 
Hofmann P. Performance enhancing effect of metabolic pre-
conditioning on upper-body strength-endurance exercise. 
Front Physiol. 2018;9:1-10. https://doi.org/10.3389/
fphys.2018.00963.

39.  Lusk G. Animal calorimetry. J Biol Chem. 1924;59(1):41-2. 
Available from: https://www.jbc.org/content/59/1/41.full.
pdf.

40.  Weir JB d. DB V. New methods for calculating metabolic 
rate with special reference to protein metabolism. J Physiol. 
1949;109(1–2):1-9. https://doi.org/10.1113/jphysiol.1949.
sp004363.

41.  Consolazio CF, Johnson RE, Pecora LJ. Physiological 
measurements of metabolic functions in man. New York: 
McGraw-Hill; 1963. [Resenha de Kleiber M. Science. 
1963;141(3575):35]. Availabe from: https://science.
sciencemag.org/content/141/3575/35.1.

42.  Pupim LB, Martin CJ, Ikizler TA. Assessment of protein and 
energy nutritional status. Nutr Manag Ren Dis. 2013;137-

58. https://doi.org/10.1016/j.semnephrol.2005.09.010.

43.  Petersen MC, Vatner DF, Shulman GI. Regulation of 
hepatic glucose metabolism in health and disease. Nat Rev 
Endocrinol. 2017;13(10):572-87. https://doi.org/10.1038/
nrendo.2017.80.

44.  Simonson DC, DeFronzo RA. Indirect calorimetry: 
Methodological and interpretative problems. Am J Physiol 
Endocrinol Metab. 1990 258(321-3):E399-412. https://doi.
org/10.1152/ajpendo.1990.258.3.E399.

45.  Jequier E, Acheson K, Schutz Y. Assessment of energy 
expenditure and fuel utilization in man. Annu Rev Nutr. 
1987;7(1):187-208. https://doi.org/10.1146/annurev.
nu.07.070187.001155.

46.  Frayn KN. Calculation of substrate oxidation rates in vivo 
from gaseous exchange. J Appl Physiol. 1983;55(2):628-34. 
doi: https://doi.org/10.1152/jappl.1983.55.2.628.

47.  Westenskow DR, Schipke CA, Raymond JL, Saffle JR, 
Becker JM, Young EW, et al. Calculation of metabolic 
expenditure and substrate utilization from gas exchange 
measurements. J Parenter Enter Nutr. 1988;12(1):20-4. 
https://doi.org/10.1152/jappl.1983.55.2.628.

48.  Ferrannini E. The theoretical bases of indirect calorimetry: 
a review. Metabolism. 1988;37(3):287-301. https://doi.
org/10.1016/0026-0495(88)90110-2.

49.  Cathcart EP, Cuthbertson DP. The composition and 
distribution of the fatty substances of the human subject. 
J Physiol. 1931;72(3):349-60. https://doi.org/10.1113/
jphysiol.1931.sp002779.

50.  Folin O. Laws governing the chemical composition 
of unine. Am J Physiol. 1905;(13):66-115. Available 
from: https://journals.physiology.org/doi/pdf/10.1152/
ajplegacy.1905.13.1.66.

51.  Reid CL, Carlson GL. Indirect calorimetry--a review of 
recent clinical applications. Curr Opin Clin Nutr Metab 
Care. 1998;1(3):281-6. https://doi.org/10.1097/00075197-
199805000-00008.

52.  Compher C, Frankenfield D, Keim N, Roth-Yousey L. 
Best practice methods to apply to measurement of resting 
metabolic rate in adults: a systematic review. J Am Diet 
Assoc. 2006;106(6):881-903. https://doi.org/10.1016/j.
jada.2006.02.009

Received: 2019, November 18
Accepted: 2020, October 13


