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HISTORICAL OVERVIEW OF MEASUREMENT OF HUMAN ENERGY 
EXPENDITURE 

Over centuries there has been great interest in human energy expenditure (EE) as well 
as animal EE. This interest was driven by pure scientific interest regarding biology [1-3] 
and disease [4], as well as for direct practical purposes like military performance [5], 
sports performance [6], or feeding efficiency in live-stock [7-10]. To measure EE during 
these past times, one needed to apply laborious methods, mostly of a coarse yet relia-
ble nature while adhering to established rules of physics and chemistry of the period. 
Energy has many forms, and it can be stored, transferred and converted in at least as 
many ways. A few examples are energy in the form of heat, radiation (light), and 
movement. Storage examples are food, oil, hydro- and nuclear power, batteries etc. 
Energy can be transferred and converted from one form into another, which for in-
stance will involve chemical reactions or mechanical work. The international system of 
units (SI) [11] defined energy in Joule [J] expressed as “energy, work or amount of 
heat”. Power was defined as energy per unit of time defined in watt [W] i.e. joule per 
second [J•s-1]. The well-known calorie is similar to joule, also expressing “energy, work 
or amount of heat” with the conversion 1 calorie = 4.184 joule (chemical) [12]. In this 
thesis, with its historical context, the reader will encounter variations in the expression 
of energy, specifically energy, heat and work with unit joule, watt and calorie. Please be 
aware that these all denote energy in a broader perspective. 
The first calorimeter with correct physics, in this instance for a small animal, was built in 
the 18th century. In 1780 Lavoisier and Laplace [1, 13-15] published details of the fa-
mous “ice-calorimeter” (Figure 1), a precise instrument even to today’s standards. It 
measured energy in the form of heat. 
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Figure 1. Ice calorimeter by Antoine-Laurent Lavoisier and Pierre-Simon de Laplace as drawn by Marie-Anne 
Lavoisier in 1780 [14, 15], shown here as a historical reference without legend. 

 
It used the properties of melting ice regarding its stability of temperature (Figure 2) 
[16], today 0 °Celsius, and its ability to absorb heat by converting ice into meltwater. 
Adjacent layers of melting ice had an identical reference temperature of 0°C (isothermal 
or zero-gradient), and therefore no heat was transferred either way (adiabatic process). 
This near-perfect insulation for heat was instrumental to the design of the ice-
calorimeter.  
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Figure 2. An animal occupied a small space surrounded by an inner layer of ice, heat produced by the animal 
inside converted this inner ice into meltwater. Importantly, to prevent the surrounding laboratory from 
contributing unrelated heat, an outer layer of ice was applied. Its purpose was to achieve complete insulation, 
zero-gradient, for the inner layer of ice. Thus, the inner ice was exclusively exposed to heat produced inside. 
The result was a quantity of meltwater from inner ice that could be precisely measured. The meltwater from 
the outer ice was unused, as it was not related to heat produced inside. 

 



Chapter 1 

12 

The design of the ice calorimeter was both correct and elegant, with its near-perfect 
zero-gradient adiabatic insulation and its conversion of internal heat into a separated 
amount of meltwater. The internal meltwater was fully captured and was precisely 
measured, it revealed the amount of heat produced inside the space of the ice-
calorimeter. Measuring heat made this “ice-calorimeter” what nowadays is known as a 
“direct calorimeter”. Using established rules of physics, it could determine all heat re-
leased inside the calorimeter in a “direct” way.  
This calorimeter was further used to determine the energy content of food, and togeth-
er with other experiments regarding gas-exchange [2, 14] provided for the first time a 
quantified link between heat and gas-exchange (Figure 3). Nowadays measurement of 
gas exchange is called indirect calorimetry, though Lavoisier only measured quantities 
of gas exchange and did not yet resolve the complete link. 
 

 
Figure 3. Human calorimetry measures the energy obtained from oxidizing food (gas exchange) and convert-
ing this energy into heat by means of internal work. 

 
Lavoisier summarized his findings in the famous sentence: “La respiration n’est qu’une 
combustion lente de carbone et d’hydrogène, qui est semblable en tout á celle qui 
s’opère dans une lampe ou dans une bougie allumée, et que, sous ce point de vue, les 
animaux qui respirent sont de véritables corps combustibles qui brûlent et se consu-
ment.” [14]. Lavoisier and co-workers had established that heat produced by a living 
being is comparable to the chemical reaction of burning food using an open fire, though 
the process was slower. They were able to determine oxygen consumption, i.e. gas-
exchange, and heat production. Yet EE (of an animal) could only be determined by 
measured heat. 
It took another 100 years, well into the 19th century, before scientists were able to start 
larger scale research into the relation of work, heat and respiration [5, 7-9, 17-22]. Im-
portantly, the composition of food from three basic substrates fat, protein and carbo-
hydrates was analyzed and their chemical reaction with oxygen resulting in carbon diox-
ide and energy was determined [5, 23] (Table 1).  
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Table 1. O2 uptake (liter), CO2 production (liter) and EE (kcal) per gram of substrates carbohydrate, protein and 
fat, including correction of EE (kcal) per gram of urinary nitrogen katabolized (loss of energy in urea and 
creatinine). 

Substrate 
1 gram 

O2 uptake 
[L] 

CO2 production 
[L] 

EE 
[kcal] 

Reference 
 

Carbohydrate 0.8288 0.8288 4.182 Zuntz 1897 [5] 

Protein 0.967 0.7752 4.316 Loewy-Lusk 1928 [24] 

N2-urin katabolized - - -2.17 Weir 1949 [25] 

Fat 2.0193 1.4311 9.461 Cathcart 1931 [26] 

 
This allowed calculation of human EE from gas exchange including the variable contribu-
tion of carbon dioxide production and the correction for loss of energy in urine (e.g. 
urea and creatinine) (Table 1) [5, 25, 27-30]. After mathematical derivation, a resulting 
formula for converting gas exchange values into human EE was written as: 

 EE [kcal] = 3.941 • O2 [l] + 1.106 • CO2 [l] – 2.17 • N2 [g] (Weir 1949) [25]. 

This calculation of EE from gas exchange did not involve measuring heat. It was com-
pletely based on measured gas quantities for Oxygen consumed and Carbon-dioxide 
produced (formula 1.). In the absence of any “direct” measurement of heat this method 
based on gas-exchange became therefore known as “indirect calorimetry”. 
Measuring human EE became possible with both direct and/or indirect calorimetry. 
For most of the 20th century measuring human EE with direct- and indirect calorimeters 
remained a physical demanding effort. Computers and electronic equipment were not 
available or in early development stages, analysis of gasses required specialized techni-
cians performing chemical procedures to determine values for a single gas sample at a 
time [31, 32], while electronic sensors were manually logged or plotted using chart 
recorders (Figure 4).  
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Figure 4. The respiration calorimeter by Atwater in 1905 [33] 

 
These efforts of reputable research groups resulted in truly excellent work, for the 
greater part still applicable today. They provided validated methods for measuring heat 
(direct) and gas-exchange (indirect). And they measured caloric values of the macro-
nutrients protein, carbohydrates and fat, which resulted in formulae for calculating EE 
from gas-exchange and measured urinary nitrogen [5, 9, 13, 17, 34, 35].  

DIRECT AND INDIRECT CALORIMETRY 

Direct and indirect calorimeters were fundamentally different and both showed specific 
advantages as well as disadvantages. 

Fundamental differences 

A first fundamental difference concerned the definition of work in the context of calo-
rimetry. In figure 3, the energy calculated from gas exchange (indirect calorimetry) was 
defined equal to the energy measured as heat (direct calorimetry). Note that heat was 
explicitly generated by “internal work”, referring to the fact that this equality of indi-
rect- and direct calorimetry is only valid if no energy is transported to outside of the 
body i.e. external work is zero. Since energy may be stored inside the body, for example 
in fat-stores or in an elevated body-temperature, for clarity of this introduction energy 
storage was assumed to be in balance over time. 
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The term work is interchangeable with energy, and the human body used the available 
energy for both internal work and external work [13, 36, 37]. Internal work, considered 
to be the sum of work of all internal processes including body-functions at rest, in the 
end leaves the body in the form of heat (Figure 3). In contrast, external work is all non-
heat energy the body transferred to the environment (Figure 5), for instance the work 
transferred to the pedals of a bike or stones lifted to a higher level thus gaining poten-
tial energy. Since the human body typically is just 20-30 % efficient in converting energy 
to external work, all external work is accompanied by internal work for the remaining 
70-80%.  
 

 
Figure 5. The “external work” processes of calorimetry showing the gaseous exchange measured by indirect 
calorimetry, the heat produced after bodily functions as internal work and measured by direct calorimetry, 
and the external work as exported energy not producing heat inside the body. Note that external work will be 
accompanied by an increase in internal work due to lack of efficiency (not illustrated). 

 
Direct calorimetry exclusively measures heat that leaves the body and excludes external 
work. In contrast, indirect calorimetry measures total energy expenditure; i.e. the sum 
of energy measured by direct calorimetry plus external work.  
The second fundamental difference concerns the chemical calculations for indirect 
calorimetry. The ratio of carbon dioxide production and oxygen uptake, i.e. respiratory 
quotient or RQ, provides information on the kind of food-substrate being metabolized 
(Table 1); fat, protein or carbohydrates [5, 25, 27-29, 33, 35, 38-40]. This information on 
substrate use can be obtained by indirect calorimetry and is not available from direct 
calorimetry. 
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In summary, the explanatory definition of the two types of calorimetry can be stated as: 
- Direct calorimetry measures all heat leaving the body, excluding external work. 
- Indirect calorimetry measures the gas exchange of oxidizing food, no heat is meas-

ured, and the energy expenditure determined in this way consists of total energy 
converted and includes external work. 

Advantages and disadvantages 

A significant advantage of a direct calorimeter is that it actually measures EE without 
interpretation or estimates of a chemical nature, with the inherent disadvantage of 
lacking information regarding substrate use. 
For indirect calorimetry, the advantage of determining substrate use could also be re-
garded as its main disadvantage, as the numbers in Table 1 were average estimates, and 
introduce interpretation of substrate composition into the EE result. Effectively there is 
no ‘direct’ EE measurement. 
For direct calorimetry, further typical disadvantages are the high demands on separa-
tion of heat from the (whole) body versus heat from the environment, and the re-
quirement for highly accurate heat-flux measurement devices. These factors cause a 
higher degree of complexity in comparison to indirect calorimetry, and prevent mobile 
or bedside application. 
Although indirect calorimetry has been broadly accepted for measuring human EE, 
mainly in the form of metabolic carts, only the combination of direct- and indirect calo-
rimetry has all the advantages mentioned above (Table 2). 
 
Table 2. Overview of advantages and disadvantages of both types of calorimeters and the combination.  

 Advantage Disadvantage 

Direct calorimeter Determines EE (heat) directly  No substrate determination 

Indirect calorimeter Measures total EE 
Substrate determination 
Allows bedside or mobile application 

Interpretive EE formula 

Combination Determines (total) EE, 
substrate use, heat-storage, 
work efficiency 

Technologically complex 

 
The combination of direct- and indirect calorimetry provided advantages [36, 41-44], 
and allowed both actual measurement of EE (heat) without a substrate interpretive 
formula, as well as determination of substrate use, internal- and external work, and 
work efficiency. 



Introduction 

17 

Doubly labeled water - indirect calorimetry in free living conditions 

It would be incorrect to define just two calorimeters as either direct or indirect, as a 
variation of methods exists. An important exception for indirect calorimetry is not a 
calorimeter “device” as such, instead it only requires periodical urine samples from 
free-living subjects after drinking an initial glass of water labeled with the stable iso-
topes ‘deuterium’ and ‘oxygen-18’. This elegant method uses “doubly labeled” water to 
determine carbon dioxide production over weekly intervals [45-50]. It has the ad-
vantage that only samples of urine are required for analysis, while the subject can be 
doing anything from complete rest to climbing Mount Everest [46]. This method 
measures gas exchange for carbon dioxide, excluding oxygen data required for the anal-
ysis of substrate use. Results are averages of EE over intervals with a typical duration of 
7-14 days. Yet, this remains the only known solution for determining EE in daily life 
without carrying equipment. 

BIOLOGICAL COMPONENTS OF ENERGY EXPENDITURE 

Human EE was considered the sum of EE components stemming from individual biologi-
cal processes like sleep, rest, activity and food intake. EE was typically divided in three 
main components, i.e. basal metabolic rate (BMR), diet-induced thermogenesis (DIT), 
and activity related energy expenditure (AEE). BMR was further subdivided in sleeping 
metabolic rate (SMR) and arousal, i.e. the energetic cost of being awake (figure 6).  
 

 
Figure 6: Typical representation of the different components of energy expenditure. In free living conditions 
the physical activity part including diet effects typically was around 0.7 for a moderately active lifestyle [51], 
resulting in a physical activity level (PAL) of 1.7 

 
Some confusion may arise as notations for EE components varied in literature, yet with 
similar meaning. For instance, ‘work’ and ‘activity’, ‘energy expenditure’ and ‘metabolic 
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Rate’, or ‘heat’ and ‘thermogenesis’ A brief summary of different notations in literature 
is presented in Table 3.  
 
Table 3. Examples of EE component notation and definitions in literature. 

Component Abbreviation Definition 

Total Energy Expenditure or 
Average Daily Metabolic Rate 

TEE 
ADMR 

Total EE over 24 hours 

Sleeping Metabolic rate SMR Lowest energy expenditure measured during sleep, 
typically between 3-6 A.M. 

Overnight Metabolic Rate OMR Average EE level over the whole night during sleep 

Basal Metabolic rate * 
 

BMR 
 
 

Energy expenditure measured in the morning after an 
overnight fast, lying supine, awake, and thermo-
neutral. 

Arousal  Difference between SMR and BMR 

Diet-induced thermogenesis or 
Diet-induced energy expenditure 

DIT 
DEE 

Energy expenditure as a consequence of digestion, 
absorption and storage of nutrients after food intake 

(Physical) Activity related Energy 
Expenditure  
or  
Work Induced Thermogenesis 

(P)AEE 
 
 
WIT 

Energy expenditure as a consequence of physical 
activity. Typically calculated as 0.9*TEE-BMR (assuming 
DIT to be 10% of TEE) 

* Often the terms Resting Metabolic Rate (RMR) or Resting Energy Expenditure (REE) were used instead of 
BMR. These terms were less strictly defined and sometimes referred to EE at rest but for example without an 
overnight fast or sitting instead of lying. 

 
Human EE is not constant, it varies with time of day, level of activity, state of food diges-
tion and other parameters. For each point in time the momentary EE measured equals 
the sum of EE components. Although these EE components were never measured sepa-
rately, some of them were individually identified over a specific time-interval, for in-
stance during sleep, rest, activity, meals or over 24 hours (Figure 7).  
These individual EE components do not simply start- and stop, in contrast, each compo-
nent will have an individual response that can be delayed after the start and/or remain 
active after the end of the interval for a period ranging from minutes up to hours or 
even days. Given these time-course effects the protocol used is of significant im-
portance for the analysis of EE components regarding reproducibility, as well as for 
allowing comparison of results to those found in literature. For example, overnight 
sleep EE values for an 8 h interval (23:00 – 07:00) was significantly different from EE 
values of sleep just before awakening, due to effects of food-intake the day before (DIT) 
and due to decreasing body heat storage during the night (Table 3, Figure 7). The same 
holds true for BMR and RMR, both providing information on an EE level of rest (remark 
Table 3*). BMR is in general understood to be the fundamental resting EE while awake; 
no increase due to prior activities, diet, position, ambient (thermo-neutral) or time of 
day. This basal EE is typically measured early in the morning after an overnight fasted 
state while lying awake in supine position. RMR also indicates an EE level of rest, typical-
ly when fasted for several non-active hours. However, position, time of day and other 
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factors may differ. For example, RMR could be measured several hours after lunch in a 
sitting position with the subject having been active in the morning, and consequently 
RMR will be significantly elevated in comparison to BMR. 
 

 
Figure 7. The different EE components as measured during a 24h stay in a respiration chamber. The protocol is 
noted on top of the X-axis clock time, subject entered at 20:00 h and stayed for 24 h. During the night EE 
decreased as DIT and body-heat decreased; SMR was determined in the last part of the sleeping period. After 
wake-up, washing and brushing teeth, a rest on the bed (aroused, not sleeping) allowed for the measurement 
of BMR. In daytime three exercise bouts of 30 min stepping at 80 steps•min-1 were performed, each was 
followed by a meal. The average EE over 24 hours was ~40% above BMR, caused by diet- and activity related 
thermogenesis. A physical activity factor of only 1.4 was registered which was typical for a stay in the limited 
space of a respiration chamber[52].  

 
The terms BMR and RMR are used interchangeable at times, even in manuals of equip-
ment, which may be confusing. This interchangeable use may have been caused by the 
fact that RMR was sometimes measured using the near-identical protocol as required 
for BMR, and only in that instance will BMR and RMR be comparable. RMR is the more 
variable term, and its EE level depends to a larger degree on the protocol definition of 
the individual study. 
In figure 7, measured components of EE were: SMR, BMR and average EE over 24 hours. 
Values for DIT, AEE and heat storage could not be determined without measuring addi-
tional parameters. This particular experiment showed the subject going to the toilet in 
the middle of the night, illustrating how SMR could be disturbed if activity is not taken 
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into account; a typical example of biological variation even found in a strongly con-
trolled environment. 
More sources of biological variation exist, for instance seasonal or climate influences, 
health issues, abnormal activity levels, diet, travel, age, gender, body composition, ge-
netics, choices for repeated visits, etc. [53-67] Knowledge of biological variation is of 
importance to the design of studies, typically determining the effect of an intervention, 
i.e. imposed variation, in one group and comparing it to the results of a group without 
intervention [58, 59, 67-71]. 

ASPECTS OF BIOLOGICAL VARIABILITY AND TECHNICAL VALIDITY  

Different types of indirect calorimeters 

 
Figure 8. Indirect calorimeter with a mouthpiece (a,b). The breathing valve (c) assures full capture of non-
diluted exhaled breath. Zuntz 1901 [5]. 
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Proving technical validity is related to the technical principles applied. In today’s indirect 
calorimetry there are three basic types of indirect calorimeters to choose from, recog-
nizable in the way subjects are connected: 
- Face-mask or mouthpiece, a fixed connection to the face. 

- Full capture of non-diluted exhaled breath (Figure 8). 
- Full capture of exhaled air, diluted in a bypass flow (Figure12). 
- Breath-by-breath (BxB) analysis for a partial sample of exhaled air. 

- Ventilated hood: Full capture of exhaled air, diluted in a bypass flow. A small con-
fined space (Hood) is placed over the subject’s head (Figure 9). 

- Whole room calorimeter. Full capture of exhaled air, diluted in both a bypass flow 
and large volume (Room). Subject has the comfort of free-movement (Figure 12). 

 

 
Figure 9. ventilated hood equipment, Maastricht, ca 1997. 

 
The intended research determines the type of calorimeter applicable, with its require-
ments for resolution of gas analysis, minimum measurement interval or long stay inter-
val, or comfort for the subject (Table 4).  
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Table 4. Methods applicable for measuring various EE components. 

EE component Applicable method 

SMR, OMR Room 

Arousal Calculated 

BMR Hood, Room 

DIT Hood, Room (with measured activity) 

AEE Calculated  

TEE Room, 2H2
18O technique 

EEsubmax Room, Face mask, Mouthpiece 

VO2max Face mask, Mouthpiece, Room (optional) 

SMR, sleeping metabolic rate; OMR, overnight metabolic rate; BMR, basal metabolic rate; DIT, diet induced 
thermogenesis; AEE, activity related energy expenditure; TEE, total energy expenditure; EEsubmax,, energy 
expenditure during submaximal exercise; VO2max, maximal oxygen consumption 

 
A whole room calorimeter measures EE over long stay intervals, comfortable and with-
out hindrance during sleep or activities. In contrast, the less comfortable facemask or 
mouthpiece provides measurement of EE for intervals as small as 30 seconds. A venti-
lated hood may be considered an intermediary type between a whole room and a 
facemask or mouthpiece. It has the advantage of bedside application in the presence of 
researchers, while providing the minimum comfort required for measurement of BMR. 
With the exception of breath-by-breath systems, indirect calorimeters measure over a 
longer “aggregation” interval of sufficient length. This is typical for full capture of ex-
haled air, rendering assumptions for synchronization of a single breath’s gas analysis 
and it dynamic flow unnecessary. This may be considered an advantage due to the fact 
that synchronization was not fully proven or validated, specifically for the higher breath-
ing frequencies [72-78].  

Total system validation 

Human calorimeters are inherently technical objects, whichever methodology is used, 
and they typically consist of several technical subsystems. Furthermore, the correct 
application of a calorimeter requires knowledge of its suitability (appropriateness) for 
the intended goal, and this suitability must be valid throughout the duration of use and 
for all “biological” subjects. Two important goals of technical validation for human calo-
rimeters can therefore be defined as: 

- Achieving proof of suitability for the intended research, explicitly including 
measurements over the full range of biological variability.  

- Assuring continuous suitability over the interval of application. 
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In this context, and perhaps confusingly, technical validity incorporates aspects of biolo-
gy and suitability. The technical aspects (capabilities, validation tests) must “match” the 
biological aspects (demands posed by biological variability). 
Technical validity must therefore include the match of the biological and the technical 
application in its totality.  

Calibration is not validation 

The calibration and suitability of subsystems are merely pre-requirements for achieving 
successful validation. Technical components like flow-meters, gas-analyzers, tempera-
ture, humidity and pressure sensors will have been individually calibrated. However, the 
assembled system may yet contain problems like leakage or mismatch between subsys-
tems, only revealed by testing the completely assembled system and all its connections. 
Furthermore, the assembled system may impose limitations that decrease suitability for 
specific “biological” applications, unrelated to calibration of individual subsystems, e.g. 
24 h EE using a breath by breath calorimeter. 

Methods for validation 

Alcohol combustion 
A typical validation method for an indirect calorimeter is the combustion of a measured 
quantity of a high-purity fuel allowing calorimetric results for gas-exchange to be 
matched to the chemical process for the amount of fuel combusted.  
The most common method uses an alcohol burner, burning high purity ethanol or 
methanol (Figure 10) inside the calorimeter. For hood systems, the standard Plexiglas 
hood is replaced to allow for the heat of the burning flame. This method also challenges 
the capability of the calorimeter to cope with both H2O and heat produced. 
 

 
Figure 10. Indirect calorimeters may be validated by combustion of alcohol. The amount of combusted alcohol 
is calculated from weight change of the burner. Connecting the balance to a computer allows continuous 
measurement of rate of combustion. 
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Gas infusion 
A second method is the infusion of a measured quantity of a high-purity gas, and gas-
exchange results of the apparatus must match the amount infused.  
This process does not produce H2O or heat, though cooling due to adiabatic expansion 
may occur (Figure 11). 
The match between infused gas and gas-exchange measurements is easily understood 
for CO2; an amount of CO2 infused into the calorimeter must register exactly as if it 
originated from a subject, and at the same time the O2 uptake must remain zero as the 
total of CO2 infused should be accounted for.  
The simulation of O2 consumption is more complex, there cannot be a “negative” infu-
sion of O2 to simulate O2 uptake. Instead an inert gas, typically N2, is infused, diluting 
the O2 concentration in the outgoing airstream.  
 

 
Figure 11. Indirect calorimeters may be validated by gas infusion. The amount of injected gas is calculated 
from weight change or from volumetric flow. A computer may allow for continuous registration and change in 
of rate of infusion.  

 
Gas infusion is the method of choice for calorimeters that apply breath-by-breath analy-
sis, measuring inhalation and exhalation separately. In that particular case the infusion 
must be combined with a realistic lung-simulation for breathing, or else the calorimeter 
will not function.  
Importantly, a combined gas-infusion and realistic lung-simulator is not easily available, 
preventing on-site validation of breath-by-breath calorimetry. Instead, such calorime-
ters may be tested only partially in their hood mode with alcohol combustion. 

Parallel validation 
A third validation method is realized by combining two methods, one prior validated 
system and the system under test. The two systems are connected to measure the 
identical values for measurements, and results are compared. 
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In applying this parallel validation great care must be taken to prevent interaction be-
tween systems. This must be proven, as well as showing the intact validity of the prior 
validated system.  
Simply interconnecting two devices, of which one “typical” unit was at some point vali-
dated in literature, will not suffice. A calorimeter used as reference in such a test must 
be validated on site, it can’t be assumed to perform as a “gold standard” apparatus 
without checking its individual performance and without checking possible interactions. 
Note that parallel validation will typically introduce the concept of biological reproduci-
bility, using results of a subject from either parallel or sequential measurements. 

Using biological reproducibility for validation 
Consider a technically validated calorimeter failing to show reproducibility for normal 
healthy subjects within known limits of biological variability. In that case the technical 
validation method may have failed to sufficiently simulate biology, and the calorimeter 
is not suitable. It cannot be deemed validated. 
Consider a calorimeter showing reproducibility for normal healthy subjects within 
known limits of biological variability, though its technical validity or “level” of measured 
value is unknown. In this instance the calorimeter may, or may not, be valid. It too can-
not be deemed validated. 
Only a technically validated calorimeter also showing reproducibility for normal healthy 
subjects within known limits of biological variability may be considered a validated calo-
rimeter. It must have proven to measure exact levels of EE as well as its ability to repro-
duce measurements with subjects. 
The paragraphs above provide a limited set of rules, useful for illustrating the value of 
measuring biological reproducibility as well as applicable for excluding less suitable 
calorimeters. Yet these rules are not strict enough to include seemingly suitable calo-
rimeters for each and every application. There are cases where additional parameters 
of a technical and biological nature must be considered. 
Successful application of a validation method should achieve the desired proof of suita-
bility for the intended research, and this must include effects of the full range of biolog-
ical variability expected.  

Subsystems in calorimetry 

Technical subsystems in human calorimetry typically consist of flow-meters, gas-
analyzers, temperature, humidity and pressure sensors, which all will have been indi-
vidually calibrated. Their suitability, calibration, interconnection, accuracy and precision 
are all important for the assembled calorimeter. Furthermore, computer systems and 
data handling have also been gaining momentum as important “subsystems” them-
selves. 
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As it was impossible to fully describe all these aspects, only four are shortly elaborated 
upon.  

Gas analysis 
An important component of any indirect calorimeter is the equipment that analyses the 
gasses, formerly done by chemical analysis on a per-sample basis [31, 32, 36, 79], and 
nowadays performed by electronic equipment [36, 79-87]. More types of analyzers are 
available than ever before, ranging from small sensor cells to large mass spectrometers. 
Typically, Metabolic carts apply small sensor cells, while whole room calorimeters typi-
cally apply high-resolution, precise and most accurate analyzers. Finding the best possi-
ble analyzer can be problematic. A highest quality brand may choose to provide specifi-
cations for a broad range of applications, while another brand may provide seemingly 
better specifications, though more narrowly targeted to a specific application. Only 
tests may reveal which analyzer is superior regarding achievable level of precision and 
accuracy for a calorimeter, and such a test-setup must be tuned and optimized for each 
individual type of analyzer and calorimeter. 

Digitizing noise 
Digital electronics inside equipment have been and will remain to be a source of digitiz-
ing noise. In 1992, analyzers with digital processing provided a fixed step-size of 0.005 % 
for the 21% oxygen range. Limits like these could have become obsolete, which has not 
happened. Instead, more and more sensors contain digital inner processing, even tem-
perature and humidity sensors. Worse, if a digital “bottleneck” fits the broader specifi-
cation it may become the only available option. This leaves precision intact or may even 
improve it, but it also removes resolution (the less precise smaller steps). However, 
Resolution is useful in data analysis (trend analysis). Fortunately, some brands choose to 
allow the precision and resolution of the analog process to be fully resolved.  
In this respect, specifications have become suspect, as inner workings tend to be con-
sidered trade secrets and are almost never fully disclosed. 

Data handling 
With the advent of powerful computers at every desktop, it has become possible to 
calculate all kinds of responses, statistics, z-transforms, zero-phase filters and more and 
without effort. This has resulted in using the classic whole room calorimeter balance 
equations with enhanced data, i.e. data that is corrected for known internal aspects of 
response and timing. In simple terms: by knowing the outcome of a “standard” dynamic 
response, the dynamic subject responses can be reverse engineered to reveal the origi-
nal dynamic subject EE input. This poses a problem when standard responses were 
measured in another state of the calorimeter, i.e. impact of variation of flow, tempera-
ture, humidity and all other parameters may as yet be unaccounted for. 
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However, measuring responses is a standard technique for assessment of internal pro-
cesses within defined limits of variation, inspecting the true physics of these internal 
processes and allowing their transfer characteristics to be used in a grander simulation. 
These techniques can be useful, but only when applied while taking into account the 
variation of state of all (intermediary) technical and biological parameters involved. 

Physics 
The classic calorimeter balance equations remain valid, also with the enhanced data 
techniques and precision. Yet, they may be improved by allowing the equations to be 
more correct in details regarding physics and interval, while keeping the original con-
cept intact. In doing so, the impact of inner workings of a calorimeter can be assessed in 
more detail, and their representation in the equations can be improved. 
It has become clear that physics of the room, i.e. its climate aspects, may be as im-
portant as the gas analysis itself. This is thought to be the next future improvement: 
resolving more details on physics level in combination with resolving more details in the 
gas-fractions, improving precision of data while removing assumptions. 

THIS THESIS 

A fundamental approach 

Over the past 3-4 decades technical innovations have enabled researchers to speed up 
the analytical process with more sophisticated methods and reveal more details than 
ever before, measuring the smallest EE of low-birth-weight infants [88-90], through 
measuring resting metabolic rate [54, 91-93] up to very fast response VO2max exercise 
testing [94, 95]. I.e. with increasing details regarding resolution, response time, envi-
ronment and interval. However, does modern day equipment, less obvious in manner of 
working, really performs its task as supposed [76, 96]? There are abundant validation 
studies that perform both subject tests and technical validation tests, yet nowadays, 
results are often less favorable when comparing the former to the latter [78].  
In individual instances the question will arise if a subject’s ‘technical’ data from a ma-
chine can be trusted when showing values outside of the expected ‘biological’ range. 
Here the historical context becomes important, as classic research involved known rules 
of physics and chemistry, capturing and measuring the total of all parameters involved 
[5, 9, 32, 33, 79, 97]. The term “gold standard” was indeed applicable [98] as all param-
eters could be, and were, validated. 
In Maastricht, from the start in 1982, the approach has been to design and validate 
both equipment and methods. Starting with the historical and laborious chemical analy-
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sis [79], and continuing the search for fundamental validity of results, both technical 
and biological, through the years (figure 12).  
This fundamental approach, measuring the total of all parameters involved in combina-
tion with full range on-site technical and biological validation methods, resulted in this 
thesis.  
 

 
Figure 12. Whole room calorimetry and VO2max equipment in Maastricht 

Objective 

Variability in human EE measurements by means of indirect calorimetry has been 
shown to have both technical and biological causes, ranging from biased- or unstable 
technical equipment, to biological variation in human metabolism. Although historical 
methods may be limited in application, cost, or practical use, a lesson to be learned was 
to adhere to the unchanging truth of physics where possible. From a “gold standard” 
perspective this might be deemed the “capture all” concept. 
This thesis has the objective to show that biological variation in normal healthy subjects 
and technical validity can be in agreement regarding magnitude of variability, and that 
this can be achieved by following the capture all concept with modern day equipment 
and methods. 
A second objective was to emphasize that technical validation methods should be readi-
ly available on site, and these should be able to realistically mimic subject responses. A 
final goal was to build up awareness for some of the pitfalls in indirect calorimetry. 
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Thesis outline 

The following chapters define key elements in the measurement of human EE, typically 
consisting of four stages; theory, implementation, validation and application. These four 
stages apply to Man- and Machine in a similar fashion for their respective technical and 
biological background (Table 5). 
 
Table 5, technical and biological pathways and their four typical stages defined for and indirect calorimeter. 

Stage Machine (technical) Man (biological) 

Theory Physics of measuring gas exchange Substrate gas exchange 

Implementation Indirect calorimeter Protocol 

Validation Independent true-physics tests Repeated tests 

Application Suitability for research target Research target 

 
The two pathways, technical and biological, have typically been followed through these 
four stages, providing a platform of technical and biological know-how.  
This straightforward projection is a simplification as these aspects are interconnected at 
various levels and will change in description and order over time. For this thesis the 
projected stages are applicable as a fundamental chain of events to start measuring 
biological data with validated equipment. 
Starting with basics of calorimetry, Chapter 2 focuses on a calorimetric study on the 
work of walking. Applying a combined direct- and indirect calorimeter; both constructed 
in Maastricht. The combination of direct- and indirect calorimetry with independent 
validation showed the ability to measure with near identical results for both classic 
methods. For indirect calorimetry and its interpretation of chemical substrate gas ex-
change values, the simultaneous direct measurement of heat validated the interpreta-
tive part. Furthermore, an understanding of the concept of internal- and external work 
was gained. 
The validity of interpretative substrate formulae was further investigated in chapter 3, 
“Utilization of different formulae to calculate substrate oxidation in whole room calorime-
ters; an updated equation for indirect calorimetry”. Historical formulae for converting gas 
exchange into EE were updated to provide a new formula, and to provide correction fac-
tors for variation in protein EE estimates. In addition, the new formula as well as the his-
torical formulae were validated using modern day subject data, appraising the formulae 
regarding validity. The “Brouwer” equation as used in Chapter 3 with its proven agree-
ment with direct calorimetry was used as the baseline.  
In Chapter 4 the technical implementation and validity of two whole room calorimeters 
is described, comparing validation results with those found in literature. The technical 
and methodological aspects of this calorimeter system can be considered to be both 
the foundation and the backbone of indirect calorimetry in Maastricht. Its design was 
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used for indirect calorimeters ranging from BMR to VO2max, while applying accurate 
whole-room gas analysis techniques for full capture calorimeters. 
Fulfilling and validating technical requirements, and having evaluated biological theory, 
proved the whole room calorimeters suitable for research in the field of human EE. In 
Chapter 5 the lowest EE for a biological “protocol” i.e. overnight- and sleeping metabolic 
rate was investigated. Providing results on intra-individual variability of SMR in Man. 
Probably the most commonly used EE level, BMR, was investigated in Chapter 6. This 
study showed technical validity, included effects of on-site validation, and described an 
outpatient protocol for measuring BMR. Results for subjects biological intra-individual 
variability earned the description “of outstanding interest” [60]. This study was of inter-
est as measurements of BMR using a small calorimeter, i.e. metabolic cart, are nowa-
days measured in institutions all over the world. In most instances, human variability 
will be influenced by the fact that subjects slept at home and had to be transported to 
the laboratory, thereby introducing variability due to activity levels before the meas-
urement can take place. The study provided a realistic target for achievable results. 
Chapter 7 describes the measurement of the maximum oxygen uptake in humans using 
indirect calorimetry, following the same four stages as defined above in both a technical 
and biological sense. 
Finally, in chapter 8, “Measurement of respiratory gas exchange: derivation of equations 
for- and comments on true molar balance in whole room calorimetry” the latest devel-
opments in formulae for gas exchange measurements are presented, explicitly adhering 
to known rules of physics and conforming to SI standards. These new “machine” formu-
lae have recently been adopted for use with whole room indirect calorimeters in Maas-
tricht, Warwick and Singapore, resulting in both practical results and a better under-
standing of technical processes in indirect calorimetry.  
In Chapter 9, the general discussion, variability and validity is discussed for commonly 
published levels of Human EE. Including aspects of accuracy and precision, both relative 
and absolute. A few more or less futuristic suggestions for progress in the field of hu-
man calorimetry are proposed. 
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ABSTRACT 

Experiments were designed to test the traditional assumption that during level walking 
all of the energy from oxidation of fuel appears as heat and no work is done. Work is 
force expressed through distance, or energy transferred from a man to the environ-
ment, but not as heat. While wearing a suit calorimeter in a respiration chamber, five 
women and five men walked for 70 to 90 min on a level treadmill at 2.5, 4.6, and 6.7 
km•h-1 and pedaled a cycle ergometer for 70 to 90 min against 53 and 92 W loads, they 
also walked with a weighted backpack and against a horizontal load. During cycling, 
energy from fuel matched heat loss plus the power measured by the ergometer. During 
walking, however, energy from fuel exceeded that which appeared as heat, meaning 
that work was done. The power increased with walking speed; values were 14, 29, and 
63 W, which represented 11, 12, and 13% of the incremental cost of fuel above the 
resting level. Vertical and horizontal loads increased the fuel cost and heat loss of walk-
ing but did not alter the power output. This work energy did not re-appear as thermal 
energy during 18 h of recovery. The most likely explanation of the work done is in the 
inter-action between the foot and the ground, such as compressing the heel of the shoe 
and bending the sole. We conclude that work is done in level walking. 
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INTRODUCTION 

Work, heat, and fuel are the energy terms of interest in exercise, heat and fuel being 
measurable by calorimetric techniques. In walking, man's most common exercise, the 
traditional analysis is biomechanical (e.g., 5, 8-10, 12, 25) and assumes that the work 
done in level walking is all internal, and that therefore all of the energy from the oxida-
tion of fuel will appear as heat. Using the strict definition of work, force applied over 
distance, and considering a person as a system with boundaries at the skin, it is not 
obvious that during level walking on a hard surface any work is done. Snellen (19) 
showed that energy from fuel during treadmill walking appeared as evaporative heat 
loss when other avenues of heat loss were blocked. But as far as we can discover, the 
assumption of zero work output has never been tested with a direct calorimeter. De-
spite an early promise by Benedict and Carpenter (4), who wrote in 1910 that a special 
calorimeter was being constructed around a treadmill, neither they nor subsequent 
calorimetrists (22) have directly measured the heat produced by people walking. Per-
haps the reason is that the heat produced by a treadmill is large and interferes with the 
measurement of heat produced by the subject. This difficulty is circumvented by a calo-
rimeter made as a suit of clothing (24), which keeps any exercise equipment external to 
the heat measuring apparatus. 
Early studies with water-cooled suits (21, 23), which were largely aimed at developing 
methods of controlling their potent cooling power, mentioned that heat loss during 
walking on a treadmill was usually less than the energy from oxidation of fuel, but that 
during cycle ergometer exercise, energy in fuel was essentially equal to heat loss plus 
work done. This observation of energy balance during cycling repeated what has been 
consistently demonstrated with human calorimeters, since the studies of Atwater and 
Benedict (2) at the turn of the century. But the extra energy which would be needed to 
add to heat loss during walking in order to match energy from fuel, if verified in more 
rigorous settings, raised the possibility that there might be classical work done in level 
walking. 
Water-cooled suits were developed into suit calorimeters (13, 24). In the present study, 
using the suit calorimeter with recently improved instrumentation and a newly built 
metabolic chamber for measuring respiratory gas exchange, we returned to the matter 
of the energetics of walking on a level treadmill. Experiments designed to establish 
whether or not there is work in level walking were as follows: (i) walking on a motor-
driven treadmill at three different speeds while measuring metabolic expenditure (oxi-
dation of fuel), heat loss, and heat storage; ii) as a control, the same measurements 
were taken while subjects exercised on a cycle ergometer with measured power output, 
during which they maintained about the same level of metabolic expenditure as in the 
two higher walking speeds; iii) since much of the energy from fuel during walking is 
spent for repeatedly raising the body mass against gravity (net power zero), subjects 
walked with added weight to see if this would change the possible work of walking; and 
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iv) subjects also walked against a load in the horizontal direction, a measured power 
output, to see how this affected the possible work of walking. 

Terminology 

The movements powered by the oxidation of fuel are used for external and internal 
work. External work is work done on the environment. Internal work is used, for exam-
ple, to change the kinetic energy of body segments; it appears as heat to be dissipated. 
We here limit the use of the word work to external work, considering man as a system 
bounded by his skin. Work is force expressed through distance; another definition of 
work (6) is the transfer of energy from the body to an external system (not as heat). 
Using this strict definition of work, a man who does work over time delivers power, as is 
true for any engine. From the law of conservation of energy, energy from the oxidation 
of fuel equals the sum of heat loss, work, and body heat storage: 

 �̇�𝑄𝑀𝑀 =  �̇�𝑄𝐻𝐻𝐻𝐻 + �̇�𝑄𝑊𝑊 + �̇�𝑄∆𝐻𝐻 [1] 

where �̇�𝑄 is power (the rate of change of energy) in watts and the subsequent letters 
are: M for metabolic expenditure; HL for heat loss; W for work (external work, useful 
work, positive and negative work); and ∆H for change in body heat content. 
In the experiments reported here, equation 1 is solved for �̇�𝑄𝑊𝑊, since all of the other 
terms are measured. The measured power in cycling exercise (�̇�𝑄𝑊𝑊𝑐𝑐𝑐𝑐) and that of pulling 
a horizontal load (�̇�𝑄𝑊𝑊ℎ𝑙𝑙𝑙𝑙) are distinguished from the possible power of walking 
(�̇�𝑄𝑊𝑊𝑤𝑤𝑙𝑙𝑤𝑤). When a given exercise has continued long enough for body temperatures to 
stabilize, heat storage becomes negligibly small and power is found by: 

 �̇�𝑄𝑊𝑊𝑐𝑐𝑐𝑐 =  �̇�𝑄𝑀𝑀 −  �̇�𝑄𝐻𝐻𝐻𝐻  [2] 

and 

 �̇�𝑄𝑊𝑊𝑤𝑤𝑙𝑙𝑤𝑤 =  �̇�𝑄𝑀𝑀 −  �̇�𝑄𝐻𝐻𝐻𝐻 −  �̇�𝑄𝑊𝑊ℎ𝑙𝑙𝑙𝑙   [31 

METHODS 

To measure the terms of equation 1, subjects wore a suit calorimeter in a respiration 
chamber while walking and cycling and during recovery from exercise. 

The respiration chamber 

The chamber (17) is a sealed space for measuring oxygen uptake and carbon dioxide 
output. It was equipped with a motor-driven treadmill, a cycle ergometer, a platform 
scale, air locks for transferring food and waste, and items needed to make long stays 
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possible, such as a bed, table, television set, radio, telephone, intercom, and self-
contained toilet. 
A stream of fresh outdoor air was drawn through the chamber by maintaining an un-
derpressure of 0.2 kPa inside; the air volume was measured downstream from the 
chamber by calibrated dry gas meters accurate to 0.5%. The air was sampled upstream 
and downstream of the chamber and the samples analyzed in a paramagnetic oxygen 
analyzer (Taylor Servomex) and an infrared carbon dioxide analyzer (Hartmann and 
Braun). The analyzers were checked every 30 min with zero gas, span gas, and air. The 
throughflow of air was constant at about 70 l•min-1 while the subjects rested and about 
150 l•min-1 during exercise. This flow through the 14 m3 volume of the chamber kept 
the carbon dioxide level between 0.5 and 1.0%. Oxygen uptake and carbon dioxide 
output were calculated from the gas analyzer and air flow data, then converted to en-
ergy units by the method of Brouwer (7). Oxygen uptake and carbon dioxide output 
were calculated every 10 min, using mathematical procedures similar to those proposed 
by McLean and Watts (14) to quicken measurements despite a large chamber volume. 
There was a second, independent system for gas analysis consisting of a separate sam-
pling system and chemical analysis. In columnar glass tubes with mercury-sealed pis-
tons, samples were taken of chamber gas at the beginning and end of experimental 
periods of interest, and during such periods small incremental samples were drawn into 
other glass columns. The gases were analyzed in a modified Haldane (Sonden) appa-
ratus. Agreement between the chemical system and the one based on electronic gas 
analyzers was generally within 1 % (range 0 to 3%). 
Temperature in the chamber was regulated at 25° ± 2°C, vapor pressure at 1.6 ± 0.3 
kPa, and air speed below 0.1 m•sec-1. However, the subject experienced a different 
microenvironment, that imposed by the suit calorimeter. 

The suit calorimeter 

The subject wears a close-fitting elastic undergarment which carries a network of small 
plastic tubing over the entire body surface, except for the face, fingers, and soles of the 
feet (22). Water circulated through the tubing carries heat from the skin, which is 
measured as the product of mass flow of water and the change in water temperature 
across the suit. Three layers of insulating garments limit the exchange of heat with the 
environment to a small and known quantity. Any heat flow through the shoes was small 
because subjects in the present study wore thick socks and rubber-soled jogging shoes; 
cooling tubes were laid over the shoe tops and insulated with an overlying thick woolen 
sock. 
The suit calorimeter was improved in two ways for the present experiments. First, extra 
cooling tubes were added to the thigh and calf areas to increase cooling capacity over 
the major muscles of the leg. Second, the accuracy of measuring the change in water 
temperature across the suit was improved from the previous level of 0.02° to 0.002°C, 
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through the use of individually characterized thermistors (Yellow Springs Instrument 
Co.), which were pre-aged and glass-coated for stability. 
Transducers were read with a microprocessor-based 6.5 digit voltohmeter with se-
quencing and A/D conversion (TAC-CAT, CompuDas) connected to a computer (IBM PC). 
The accuracy of measuring heat in the water stream was calculated to be 0.1% of read-
ing, Water temperatures and flow were measured once per minute, then averaged and 
recorded every 5 min. 
In addition to heat taken up by the suit, other avenues of heat loss included evaporative 
loss from skin and from respiration, convective losses from the face and from respira-
tion, and heat transfer through the insulated clothing layers. Evaporative water loss was 
known from body weight change, corrected for intake and output of solids and liquids, 
and for the mass difference between oxygen intake and carbon dioxide output. An elec-
tronic platform scale (Sauter) with a capacity of 150 kg and an accuracy of 5 g allowed 
periodic weighing of the clothed subject. Food and waste in containers were either kept 
on the platform or were weighed separately on a laboratory scale accurate to 0.1 g. 
Convective heat loss from the face was calculated from the skin area exposed, the gra-
dient between skin and air temperature, and the heat transfer coefficient for free con-
vection. Respiratory convective heat loss was calculated from the relationship between 
inspired and expired air temperatures and the respiratory minute volume, which had 
been determined for each subject at several levels of �̇�𝑄𝑀𝑀. Heat transfer through the 
heavy clothing insulation (3,8 clo) was calculated from equations derived from testing 
with an electrically heated mannequin and based on skin and air temperatures. 

Body heat content 

Change in body heat content was calculated, from changes in rectal and mean skin 
temperatures, using weighting coefficients of 0.67 and 0.33, respectively (6). Skin tem-
peratures were measured with five thermistors sewn into the water-cooled under-
garment, and located over the biceps, kidney, abdomen, thigh, and calf. Rectal temper-
ature was measured by a thermistor inserted 10 cm past the anal sphincter. Body tem-
peratures were read and recorded every 5 min. 

Procedures 

The procedure for an experiment with alternating walking and cycling started with the 
subject coming to the laboratory after supper and donning the suit calorimeter in the 
respiration chamber. The chamber was sealed and data collection began at 21:00. The 
subject stayed quiet, then slept in bed from 23:30 to 07:00, Following breakfast, a 6-h 
exercise session began at 09:00, Half the subjects walked at 4.6 km•h-1 for 90 min on a 
motor-driven treadmill (Quinton Instrument Co.), then pedaled an electrically braked 
cycle ergometer (Lode) at about 70 rpm against a 53 W load for 90 min, then repeated 
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the walking and cycling. Zero grade for the treadmill was checked with an accurate 
level. The other half of the subjects followed the same routine but cycled first, then 
walked. Metabolic energy expenditure for these two exercises had been established 
previously as being about 400 W. During the 6 h of exercise, subjects ate freely from 
snack foods, such as fruit, candy bars, orange juice, grain bars, and a flavored water 
drink containing carbohydrate at 3 kJ•ml-1 (Perform®, Wander). They were urged to 
keep fluid and energy intakes high, to roughly match the losses produced by the exer-
cise. Following the exercise, subjects remained in the suit in the chamber for the rest of 
the afternoon and evening, and slept for a second night. After being awakened at 07:00, 
they had breakfast and stayed quiet until 09:00. A second exercise period lasting 5 to 6 
h followed. It included walking at 2.5 and 4.7 km•h-1 against a horizontal load, walking 
4.6 km•h-1 with a weighted backpack, and cycling at about 70 rpm against a 92 W load. 
Total time in the suit and chamber was 42 h. 
For vertical loading, subjects wore a hiker's backpack filled with enough weight to in-
crease clothed body weight by 10% for the women and 20% for the men. For loading of 
the horizontal component of walking, subjects were pulled backwards as they walked by 
means of a torso harness with a rope leading back to a pulley and a hanging weight (Fig. 
1). Walking with the backward pull force was done at two velocities, 2.5 and 4.7 km•h-1; 
a larger weight was used at the slower speed, such that at both speeds the pulling force 
caused a power output between 75 and 83 W, with a mean of 80 W. These weights 
were individually determined for each subject in preliminary testing so as to cause a 
metabolic expenditure of about 600 W. Walking against the backward pull is working 
similar to that of pulling a weight across the ground. 
In a second procedure, which examined the energetics of walking at three speeds, sub-
jects came to the laboratory after breakfast. After donning the suit in the chamber, they 
rested quietly for 1 to 1.5 h. At 10:00, a 6-h exercise period began. First there was a 2-h 
walk at a slow 2.5 km•h-1 (1.55 mph). After 15 min of rest, there was 105 min of walking 
at 4.6 km•h-1 (2.86 mph), then another 15 min of rest. 
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Figure 1 Subject in the suit calorimeter walking on the treadmill against the horizontal load imposed by a 
weight. 

 
The final exercise was 90 min of walking at a brisk 6.7 km•h-1 (4.16 mph). Subjects ate 
frequently from snack foods and the high carbohydrate drink. The schedule of the two 
procedures is displayed in Figure 2, along with a typical heat loss curve. 

Steady-state values of expenditure and heat loss 

Plateaus appeared in the computer display of �̇�𝑄𝐻𝐻𝐻𝐻, starting 25 to 40 min after the on-
set of a new exercise, except that the first exercise of a series took 40 to 60 min for the 
plateau to begin. At the same time, body temperatures became stable. Plateaus in �̇�𝑄𝑀𝑀 
occurred much earlier than those of �̇�𝑄𝐻𝐻𝐻𝐻 and body temperatures. During these plat-
eaus, steady-state data for �̇�𝑄𝑀𝑀 and �̇�𝑄𝐻𝐻𝐻𝐻 were computed by averaging the 10- and 5-
min data points. The criteria for determining the plateau when an average could be 
computed were: i) rectal temperature which varied no more than 0.1°C and mean skin 
temperature. which varied no more than 0.2°C; and ii) values for �̇�𝑄𝑀𝑀 and �̇�𝑄𝐻𝐻𝐻𝐻 which 
varied by no more than 5%. 
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Subjects 

Five women and five men volunteered to participate in response to an advertisement in 
the university newspaper. Those selected were the larger and more athletic individuals. 
Mean characteristics for the women were: age, 23 y; height, 177 cm; weight, 65 kg; 
clothed weight, 73 kg; and body fat, 24% of weight. Mean characteristics for the men 
were: age, 22 y; height, 179 cm; weight, 70 kg; clothed weight, 78 kg; and body fat, 13% 
of weight. One woman was a well-conditioned distance runner currently in training. The 
other subjects enjoyed bicycling, hiking, soccer, and similar activities. All were able to 
complete the assigned exercise schedules. 
Subjects were fully informed of the procedures and measurements to be taken, and 
they freely consented to undertake the experiments. The procedures had been ap-
proved by the university's ethical committee. 

RESULTS 

The principal data are the steady-state values for metabolic expenditure and heat loss 
for the 10 subjects, as given in Table 1. Also listed are the work rates imposed by the 
horizontal load and the cycle ergometer. The fourth column, �̇�𝑄𝑊𝑊𝑤𝑤𝑙𝑙𝑤𝑤, lists values found 
by solving equation 3 and the next column to the right shows that all of these were 
significantly different from zero except for the value �̇�𝑄𝑊𝑊𝑤𝑤𝑙𝑙𝑤𝑤 = 1 during walking at 2,5 
km•h-1 with the horizontal load. 
Putting the energy terms measured during cycling into equation 2 showed that energy 
balance was realized with only small errors of 6 and - 6 W for the 53 and 92 W loads, 
respectively. 
Figures 3 and 4 illustrate energy balance with pairs of bars, in which the left-hand bar is 
metabolic expenditure, and the right-hand bar is the sum of the heat loss and power 
terms. Figure 3 shows that metabolic expenditure is matched by heat loss plus power 
during rest and cycling, but during walking, to account for the difference between met-
abolic expenditure and heat loss there must be increasing power at increasing speed. 
This is shown by the clear areas at the tops of the right-hand bars for the three walking 
exercises. Figure 4 compares loaded and unloaded walking at two speeds. In 4 of 5 
cases, power terms similar to those in Figure 3 complete the energy balance, as shown 
by the clear areas atop the right-hand bars, and these are not influenced by either ver-
tical or horizontal loads. 
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Figure 2 A recording of heat loss measured by the suit calorimeter from subject M-21 during the 42 h of the 
first procedure and the 7 h of the second, showing also: his major activities; when he ate meals (M); and when 
he was weighed (W). Walking in the first exercise session was at 4.6 km•h-1, level and cycling was at 53 W. At 
the end of the first procedure, the letters A, B, C, and D stand for walking 4.7 km•h-1 with an 80 W horizontal 
load, cycling with a 92 W load, walking 4.6 km•h-1 with a vertical load, and walking at 2.5 km•h-1 with an 80 W 
horizontal load. 

 
Table 1 Steady-state values for energy terms during walking and cycling exercises. 

 𝑄𝑄�̇�𝑀 �̇�𝑄𝐻𝐻𝐻𝐻 �̇�𝑄𝑊𝑊ℎ𝑙𝑙𝑙𝑙  �̇�𝑄𝑊𝑊𝑤𝑤𝑙𝑙𝑤𝑤  P* �̇�𝑄𝑊𝑊𝑐𝑐𝑐𝑐 

Walk 2.5 km•h-1 239 ± 8 225 ± 9  14±6 0.02  

Walk 2.5 km•h-1 with horizontal load 535 ± 8 455 ± 12 80 1 ± 11 NS  

Walk 4.6 km•h-1 364 ± 8 335 ± 9  29 ± 3 0.00001  

Walk 4.6 km•h-1 with vertical load 435 ± 13 407 ± 11  28 ±7 0.001  

Walk 4.7 km•h-1 with horizontal load 610 ± 13 491 ± 13 80 39 ± 12 0.006  

Walk 6.7 km•h-1 601 ± 22 538 ± 19  63 ± 8 0.0005  

Cycle with 53 W load 399 ± 11 340 ± 11    53 

Cycle with 92 W load 548 ± 27 462 ± 14    92 

Means ± SE, in watts. 
*Probability that the value differs from zero (NS = non-significant difference). 
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Figure 3 Bar graph of energy balance during various activities. The left-hand bar of each pair is metabolic 
expenditure rate, �̇�𝑄𝑀𝑀. The right-hand bar shows the sums of heat loss, �̇�𝑄𝐻𝐻𝐻𝐻, and power. The clear areas atop 
the right-hand bars in the three walking exercises demonstrate the power term that completes the energy 
balance. 

 

 
Figure 4 Bar graph of energy balance during loaded and unloaded walking. As in Fig. 3, the clear areas atop the 
right-hand bars demonstrate the power expended in level walking. 
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The proportion of fuel which was used for power in walking was found by subtracting 
the daytime resting energy expenditure of 115 W from the total expenditure at the 
three walking speeds. Thus, the 14, 29, and 63 W represent 11, 12, and 13% of the 
increment of fuel needed for unloaded walking at the three speeds. 

DISCUSSION 

The values for �̇�𝑄𝑊𝑊𝑤𝑤𝑙𝑙𝑤𝑤 shown in Table 1, and in Figures 3 and 4, are clear calorimetric 
evidence that there is work done in walking, that is, that there is energy leaving the 
system not as heat. At the same time, energy balance appeared with only small error 
(±6 W) during cycling exercise, which demonstrates the validity of the calorimetric 
methods used. 
It might be argued that �̇�𝑄𝑊𝑊𝑤𝑤𝑙𝑙𝑤𝑤 represents energy which is somehow stored in the body, 
to reappear as extra heat during recovery. This possibility was examined by a study of the 
recovery data following the first exercise session with alternate walking and cycling. The 
following are total energies in kJ, means ± SE for 10 subjects, after corrections for chang-
es in heat storage had been made: in 6 h of exercise, �̇�𝑄𝑀𝑀= 8,568 ± 220 and �̇�𝑄𝐻𝐻𝐻𝐻 = 7,684 
± 111; in 18 h of recovery, �̇�𝑄𝑀𝑀 = 7,535 ± 300 and. �̇�𝑄𝐻𝐻𝐻𝐻 = 7,608 ± 309. The difference 
between �̇�𝑄𝑀𝑀 and �̇�𝑄𝐻𝐻𝐻𝐻 over the 18 h of recovery was - 73 kJ. The difference between 
�̇�𝑄𝑀𝑀 and �̇�𝑄𝐻𝐻𝐻𝐻 during exercise was 884 kJ; subtracting the total work done on the cycle 
ergometer, 555 kJ, leaves a difference of 329 kJ, Had these values been of the same 
magnitude, one could say the missing energy had re-appeared as heat. 
The addition of loads in two major axes of motion in walking caused increases in meta-
bolic expenditure rate and heat loss. Vertical loading did not increase the power of 
walking, which supports the concept that the positive work of raising the body mass 
against gravity is matched by the negative work of lowering it again. The power required 
for the horizontal load fitted into equation 3 as expected. But �̇�𝑄𝑊𝑊𝑤𝑤𝑙𝑙𝑤𝑤was significant 
while walking under these loads, just as it was when walking level without load. The one 
exception to this was the slow walk with a horizontal load; in this case, perhaps the 
increased rate of heat loss helped to mask what was expected to be only a small value 
for �̇�𝑄𝑊𝑊𝑤𝑤𝑙𝑙𝑤𝑤, like the 14 W in unloaded walking at that speed. 
It seems reasonable to conclude that �̇�𝑄𝑊𝑊𝑤𝑤𝑙𝑙𝑤𝑤 is mainly dependent on walking speed and 
not on other forces which influence the intensity of the exercise. This suggests that 
�̇�𝑄𝑊𝑊𝑤𝑤𝑙𝑙𝑤𝑤 represents work which is done in the contact between the shoe and the ground. 
In bending the sole of the shoe, in compressing its heel, and in rotating the sole against 
the surface, work is done, which is at least partly converted into heat that then flows to 
the ground. For running it has been shown (18) that, during heel strike, a considerable 
amount of energy is absorbed in the heel and sole of the shoe, accounting for 40 W if 
no re-utilization of the energy occurs. To a lesser extent this might apply to walking. The 
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power �̇�𝑄𝑊𝑊𝑤𝑤𝑙𝑙𝑤𝑤will thus depend on the force responsible for the shoe deformations and 
the number of deformations per unit time. Since the latter is equal to the step frequen-
cy of the subject, and since step frequency is highly dependent on walking speed, the 
dependency of �̇�𝑄𝑊𝑊𝑤𝑤𝑙𝑙𝑤𝑤 on walking speed is explained. 
Previous studies of loaded walking have measured energy cost primarily. When the 
energy costs reported here were compared with predicted values for walking level with 
and without loads (15), and for cycle work (1), our energy costs were some 15 to 20% 
higher. This was, we assume, the result of exercising in the bulky suit assembly. Howev-
er, since the increase occurred in cycling as well as walking, it does not explain �̇�𝑄𝑊𝑊𝑤𝑤𝑙𝑙𝑤𝑤. 
In walking, there are three forces acting between the subject and the environment: 
gravitational force; air friction; and the force exerted by the feet, In level walking, the 
mean power against the gravitational force is zero. The power lost to air friction, which 
is proportional to the cube of the subject's velocity with respect to the air, is estimated 
to be less than 3 W when walking across the ground at the speeds of interest (10). Dur-
ing treadmill walking, this power is approximately zero. So the destination of the power 
involves the inter-action of the feet with the surface walked upon. 
In walking, the subject pushes against the earth. This force on the earth can only explain 
a flow of energy to the earth if the point of application of the force is displaced, as in 
the case of walking on soft surfaces, like sand. On a hard surface, any acceleration of 
the earth due to this force can be neglected on the basis of the difference between the 
mass of the subject and that of the earth. 
To be complete, we must consider to what extent walking on the treadmill can be com-
pared to over-ground walking on a level, hard surface. It has been shown that the me-
chanics of treadmill walking are equal to over-ground walking as long as the surface of 
the treadmill (its belt) is not influenced by the walking subject (3, 20). There is essential-
ly no vertical displacement of the surface. But to test the influence of walking in the 
horizontal direction, we measured the instantaneous belt speed when the subjects 
walked. During both deceleration and propulsion phases of the walking cycle, the belt 
speed showed small fluctuations, up to a maximum of 4% of the highest speed of 6.7 
km•h-1. However, the energy flow equations from a previous study (20) show that this 
effect is small with respect to the power revealed in the present study. At mean decel-
eration and propulsion forces of approximately 10% of body weight at a walking speed 
of 7.2 km•h-1 (16), and given the measured fluctuations in belt speed, a maximum pos-
sible energy flow of only 6 W can be calculated. 
The power spent in walking has about the same magnitude as the power necessary to 
overcome the rolling resistance during cycling at comparable levels of energy expendi-
ture (11). In modelling the energetics of walking and running, this power should be 
accounted for. 
We conclude that there is work done during level walking, which is unaffected by verti-
cal and horizontal loads, and which probably results from the inter-action between the 
foot and the ground.  
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ABSTRACT 

The calculation of energy-expenditure (EE) from measurement of O2, CO2 and Nurin 
(EEprotein) in indirect calorimetry is traditionally done with formulae that where devel-
oped 40-100 years ago. Differences in formulae, or in accounting for protein, may affect 
EE upwards of 3%.  
In 1949 Weir provided a formula allowing calculation of EE with an EEprotein fraction 
estimated at 0.123•EE, i.e ‘p’=0.123. In this paper we followed Weir’s approach with 
updated values for substrates and an EEprotein fraction of 0.15•EE, resulting in the formu-
la EE[kJ]=15.78•O2[L]+5.19•CO2[L]. Both this formula and Weir’s where provided with 
correction factors for variation in EEprotein fraction ‘p’, of specific interest to metabolic 
carts with Weir “build in”. 
Indirect calorimeter 24hour data including measured Nurin provided a data-set (7.8-17.6 
MJ•day-1, n=164) for comparing formulae. The Brouwer formula results were used for 
baseline, as Brouwer has been applied during side-by-side direct-and indirect calorime-
try. The Weir formula showed a mean difference of -0.38% for EE, while the largest 
deviation found was -3.33% for Consolazio versus Brouwer. The updated formula de-
creased mean difference to -0.16%. 
Applied to a human EEprotein fraction range of 0.05<p<0.3, the updated formula halved 
the error over the range from 2.1% (Weir) to 1% (updated). 
We conclude that the equation presented here is suitable for nowadays nutritional 
research, providing close agreement to the Brouwer formula in the presence of meas-
ured urinary nitrogen and halving the impact of estimated EEprotein fraction mismatch.  
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INTRODUCTION 

Measuring Energy Expenditure (EE) in man has found many applications, resulting in a 
variety of methods ranging from simple activity measurements from step counts and 
heart rate up to complex equipment like whole room calorimeters. For over a century, 
laboratories provided data on human and animal calorimetry, extensively using both 
direct- and indirect calorimeters. Direct calorimetry measures heat produced and if 
done well, it is considered to provide a direct link for EE from values measured on a 
direct physics level, i.e. heat. In contrast, indirect calorimetry measures the gas-
exchange required for oxidizing food, where measured values are O2 uptake, CO2 pro-
duction, urinary nitrogen production and in some animals Methane production. The 
route to obtain EE values requires energetic values for burning food as obtained from 
chemistry, which is why it is considered to be an indirect method; not heat but its gas-
exchange is determined. A simplification would be to state that direct calorimetry 
measures heat while indirect calorimetry converts gas-exchange into EE by means of a 
set of chemical tables and derived formulae. The term “simplification” is truly applica-
ble, as direct calorimetry has proven to be a complex method with its own set of prob-
lems, while indirect calorimetry has proven to be a more easily implemented method 
with conversion and measurement errors of the same magnitude as errors in direct 
calorimetry. Moreover, indirect calorimetry measures total energy expenditure, i.e. not 
only heat but also the energy required for external work, and additionally it provides 
information on substrate use. 
Here we focus on the conversion of gas exchange values towards EE values as applied to 
measured participant data, and more specifically how to execute this conversion in the 
absence of urinary nitrogen values. Typically, urinary nitrogen values are useful in stud-
ies over 24 hr or more, as urine is not a momentary value but is collected in the bladder 
over time. However, a plethora of short-interval indirect calorimeters exists, be it venti-
lated hood systems for measuring resting metabolic rate (RMR), sports calorimeters for 
measuring sub-maximal or maximum exertion, or even short interval whole-room calo-
rimetry. In these instances, representative urinary nitrogen values are often unachieva-
ble for the interval of interest. 
In the late 1800’s the chemical know-how for converting gas-exchange into EE and 
substrate use was derived, and these values where augmented in the past century (1; 2; 3; 

4; 5; 6). A well-known pioneer in this field was J.B. de V. Weir (3), who recognized the pos-
sibility to link human nitrogen production to the level of EE and in this way eliminated 
the need for measuring urinary nitrogen unless required for other purposes then EE 
alone. In fact, his original values are still in use today even though they have been calcu-
lated almost 70 years ago and based on chemical values from the early 1900’s (2; 7). It 
seems reasonable to state that the method used by Weir to obtain correct EE values 
without requiring urinary nitrogen values is one of elegance, and this method will keep 
its value in the foreseeable future and specifically in short-interval indirect calorimetry. 
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The aim of this paper was 1) to follow the Weir method using modern chemical values 
(8) to arrive at a contemporary conversion formula, and 2) to compare the resulting 
formula to the one of Brouwer (4) who used a different set of chemical values (6). The 
reason for this choice of comparison is that the Brouwer formula has been the one of 
choice in our laboratory for experiments where urinary nitrogen was measured, and 
importantly it has been applied in parallel with direct calorimetry (9). 
For comparison we applied all formulae to meta-data from two experiments that con-
sisted of 24 hr EE measurements using whole room indirect calorimetry, with measured 
24 hr urinary Nitrogen and without protein intervention. 

METHODS 

SI units 

The original papers by Weir, Zuntz and Brouwer (1; 3; 4) used the kcal instead of kJ as the 
unit for EE. For traceability to the original papers and formulae here the calorie unit was 
used, with the updated formula also presented using the SI unit kJ. Note that in Weir’s 
paper the notation ‘kg.cal’ or ‘K’ was used for ‘kcal’. 

Statistics 

Formulae themselves do not show variability in output when given an unchanging input. 
The impact of a single variable parameter can therefore be calculated without statistical 
analysis, revealing a repeatable difference of output with repeated changes of input. 
For the formulae found in this paper such a difference will mostly be co-linear, allowing 
the calculation of impact for a single parameter, for instance the impact of protein EE 
fraction ‘p’. 
To introduce biological variability in evaluating these formulae, a modern day subject 
data set was used. Testing the continued validity of historical formulae, and allowing 
inter-formula comparison when used with actual subject data. In this instance, variabil-
ity of multiple input parameters is a biological reality, and statistics were applied. Nine 
formulae where used to calculate 9 EE results with each subject’s individual measure-
ments as input parameters. One formula, Brouwer, was chosen to provide a baseline 
EE, and individual differences for the other 8 formulae versus baseline where calculat-
ed. The standard deviation and mean of results for each of the 8 formulae where used 
to calculate the point bi-serial correlation value |r| as effect size (11). The smallest effect 
size from baseline was found to be 0.395, range 0.395 – 0.997. Using the smallest effect 
value of 0.395 a post-hoc two-tailed power calculation showed a power > 0.999 for the 
164 intra-individual mean results. Software used was Excel (Microsoft, Redmond, USA) 
and G*Power (12) (Heinrich Heine Universität, Düsseldorf, Germany). 
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Bland Altman plots (10) were prepared to illustrate differences in historical formulae 
when applied with the subject data. 

Substrate formulae 

In his paper, Weir solves a three unknown’s equation, choosing x, y and z for carbohy-
drate, protein and fat respectively. Normally the required input for solving this equation 
would be three results, i.e. Oxygen consumption, Carbon Dioxide production and uri-
nary Nitrogen production for calculating protein. Having only two results, Oxygen con-
sumption and Carbon Dioxide production, Weir estimated the third from common food 
protein energy fraction of the era; p=0.123. In a weight-stable person the energy uptake 
must be in balance with the energy expenditure, i.e. the amount of food energy will be 
linear with energy expenditure at a 1:1 ratio. Given a common food protein energy 
fraction of 0.123 it follows that the amount of protein will also be linear with energy 
expenditure yet at a ratio of 1:0.123. 
Weir solved the three unknown’s equation, using the estimated p=0.123 for protein by 
way of setting up an equation for 1 liter of oxygen, i.e. formula nr 1 in Weir’s original 
paper: 

 O2 consumed = x + y + z = 1 (Weir, nr 1) 

Where x, y, and z are allotted the energy equivalent for the substrate per 1 liter of oxy-
gen consumed (Table 1). 
 
Table 1. This is table 1 from Weir’s original paper with x, y and z as chosen denomination for variables, Carbo-
hydrate values from Zuntz (1897), Protein values from Loewy modified by Lusk (1928), Fat values from 
Cathcart & Cuthbertson (1931). 

 Carbohydrate Protein Fat 

R.Q. 1 0.802 0.718 

Kg.cal. per liter of O2 5.047 4.463 4.735 

Vol. of O2 metabolizing x y z 

 
This is solved into Weir’s formula nr 6, where for 1 liter of oxygen the amount of Carbon 
Dioxide must be given as ‘R’ and the resulting energy in kcal ‘K’ is: 

 K = 3.941 + 1.106 R – 0.365y (Weir, nr 6) 

The factor -0.365y was resolved to -2.17 kcal per gram of urinary nitrogen, which al-
lowed Weir’s formula nr 6 to be written as:  

 EE [kcal] = 3.941 • O2 [L] + 1.106 • CO2 [L] – 2.17 • N [g]  (1) 

Next Weir introduced the fixed fraction ‘p’ which represents the fraction of calories 
from the total calories that are attributed to protein metabolism per liter of Oxygen. 
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This fraction was defined at ‘p’= 0.123 and, together with a chemical value (2) which 
states that 1 gram of urinary N is equivalent to 5.941 liter of oxygen used, Weir’s formu-
la nr 6 for 1 liter of oxygen was resolved into Weir’s formula nr 9 : 

 K = 3.9 + 1.1 R  (Weir, nr 9) 

This important intermediary formula was then derived into Weir’s final formula nr 20 
based on the expired O2 fraction ‘Oe’: 

 K’ = 1.046 – 0.05 Oe (Weir, nr 20) 

The latter formula is less useful in today’s application in contrast to Weir’s intermediary 
formula nr 9, which is used commonly and was emphasized by Weir in his summary 
point nr 2 and expressed in the form of the classical Weir equation we use today, i.e.: 

 EE [kcal] = 3.9 • O2 [L] + 1.1 • CO2 [L]  (Weir’s summary, nr 2) 

The derived formula above is based on substrate values from Loewy-Lusk (2), Cathcart & 
Cuthbertson (13) and Zuntz 1897 (7). Here we follow the same steps using values from 
Livesey & Elia 1988 (8), and table 1 is replaced by table 2 (Table 2). 
 
Table 2. Following Weir x, y and z are chosen as variables; substrate values are from table 6 Livesey & Elia 
(1988). 

 Carbohydrate Protein Fat 

R.Q. 1 0.835 0.71 

Kg.cal. per liter of O2 5.047 4.656 4.685 

Vol. of O2 metabolizing x y z 

 
Now for 1 liter of oxygen the amount of calories found becomes: 

 K = 3.799 + 1.248 R – 0.185y (2) 

Next an updated fraction p=0.15 based on 44 participants in 164 calorimetric experi-
ments from our database was introduced, which yet again represents the fraction ‘p’ of 
calories from the total calories that are attributed to protein metabolism per liter of 
oxygen consumed. Together with a chemical value (2), which states that 1 gram of uri-
nary N is equivalent to 5.941 liter of oxygen used, the formula can be resolved into K = 
3.77655 + 1.2412 R resulting in the proposed updated equation, i.e.: 

 EE [kcal] = 3.78 • O2 [L] + 1.24 • CO2 [L]  (3) 

Or in joule (chemical, 4.184 kcal): 

 EE [kJ] = 15.78 • O2 [L] + 5.19 • CO2 [L]  (4) 

The updated equation can be adapted for a known protein EE fraction ‘p’ with factor A:  

 A = 1.006 – 0.04 • p (5) 
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In a similar way Weir can be adapted for a known protein EE fraction ‘p’ with factor B: 

 B = 1.0102 – 0.0828 • p (6) 

The updated equation and the ones from literature where tested using values from 44 
participants in 2 studies with 164 calorimetric experiments. No participants were ex-
cluded and the original studies conformed to the University of Maastricht protocols for 
ethics and informed consent, in agreement with the Declaration of Helsinki. 
In our lab whole room indirect calorimeter experiments with measured urinary nitrogen 
used the Brouwer formula (4) as the conversion of choice, of which the chemical values 
were based on Carpenter (6). Following Weir’s method the newly proposed equation 
does not require urinary N values, as this part is estimated from EE. Its chemical values 
are based on modern chemical values by Livesey & Elia (8). 
Table 3 presents formulae that where applied to the participant’s data for comparison. 
Here, for historical reference, the original Zuntz formula(1) was adapted to include 
Zuntz’s correction for nitrogen: 

 EE [kcal] = 3.816 • O2 [L] + 1.23 • CO2 [L] – 1.9153 • N [g]  (7) 

 
Table 3. A selection of gas exchange to energy expenditure formulae as found in literature and as applied to 
each participant’s individual gas exchange and nitrogen values. 

EE [kcal] = 3.91 • O2 [L] + 1.1 • C O2 [L] – 1.93 • N [g] Even (24) 

EE [kcal] = 3.9 • O2 [L] + 1.1 • C O2 [L] Weir (3) 

EE [kcal] = 3.87 • O2 [L] + 1.20 • C O2 [L] – 1.43 • N [g] Astrup (15) 

EE [kcal] = 3.816 • O2 [L] + 1.23 • C O2 [L] Zuntz(1), Brouwer(4). 

EE [kcal] = 3.816 • O2 [L] + 1.23 • C O2 [L] – 1.9153 • N [g] Zuntz(1) ,this paper formula (7). 

EE [kcal] = 3.869 • O2 [L] + 1.195 • C O2 [L] – 1.419 • N [g] Brouwer (4) 

EE [kcal] = 3.78 • O2 [L] + 1.16 • C O2 [L] – 2.98 • N [g] Consolazio (5) 

EE [kcal] = 3.78 • O2 [L] + 1.24 • C O2 [L] This paper, formula (3). 

EE [kcal] = 3.799 • O2 [L] + 1.248 • C O2 [L] ] – 1.1174 • N [g] Frayn (16) 

 
Using the available experiment data as input the deviation from Brouwer (4) was calcu-
lated for each of the 164 individual gas exchange and nitrogen values, as well as mean 
differences versus Brouwer. We chose the Brouwer formula as the baseline for compar-
ison because it is the standard equation used in our lab, and as such it was used in a 
study with simultaneous direct- and indirect calorimetry (9), showing significant agree-
ment of heat and Energy Expenditure (±6 Watt). 
The results are graphically presented in a Blant-Altman plot, allowing analysis of the 
differences of the various formulae versus Brouwer. 
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RESULTS 

The results presented here were for 44 healthy male participants; age 18-40 years, BMI 
20-32 kg/m2; There where 164 individual measurements for 24 hr Oxygen consumption 
[L], Carbon Dioxide production [L] and 24 hr urinary Nitrogen [g]. For each measure-
ment nine EE [kcal] derivation formulae as presented in table 3 where applied, and 
individual values for each participant where compared with the participants value found 
with the Brouwer formulae. Note that Brouwer values thus form the X-axis, i.e. differ-
ence for Brouwer to Brouwer is zero. 
The range for EE24hr was 1857 to 4200 kcal (7.8-17.6 MJ•day-1) using the Brouwer for-
mula (Table 4). 
 

 
Figure 1. Deviation in kcal for 8 formulae versus the Brouwer formulae, calculated for 164 experiments in 24 
hr whole room calorimetry with 24hr urinary nitrogen determined. Data points for Weir and this paper ap-
plied an EE-related correction instead of using N urinary. Zuntz (1897,1901) displayed with and without pro-
tein as a classic reference. Zuntz Br. Is the equation from Zuntz 1897 without N, while Zuntz Sch. is the equa-
tion with N added as a parameter (this paper). 
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Table 4. Mean EE values calculated for 164 individual experiments using nine derivation formulae. Values 
comprise of absolute EE [kcal], delta EE [kcal,%] compared to Brouwer, maximum deviation [%] found com-
pared to Brouwer, and show the use of Nitrogen where applicable. 

 Mean EE kcal AVG ∆ EE kcal AVG ∆ EE % Max ∆ EE %  N Urine. 

Brouwer  2756.60 0.00 0.00 0.00 yes 

Astrup 2759.60 2.99 0.11 0.12 yes 

This paper 2752.16 -4.44 -0.16 -0.69  

Frayn 2749.86 -6.75 -0.25 -0.42 yes 

Weir 2745.98 -10.62 -0.38 -0.84  

Zuntz acc.to Brouwer 2767.00 10.39 0.38 1.01  

Zuntz acc.to this paper 2737.76 -18.85 -0.69 -1.07 yes 

Even 2722.09 -34.51 -1.25 -1.55 yes 

Consolazio 2664.94 -91.66 -3.33 -4.15 yes 

Figure 2. Deviation in % for 8 alternative formulae versus the Brouwer formulae, calculated for 164 measure-
ments in 24 hr whole room calorimetry with 24hr urinary nitrogen determined. Data points for Weir and this 
paper applied an EE-related correction instead of using measured N urinary. Zuntz (1897,1901) displayed with 
(Sch.) and without (Br.) protein as a classic reference. 
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The individual curves are presented in Figures 1 and 2, showing kcal and percentage 
differences for each formula versus the baseline calculated using the Brouwer formula. 
The Weir formula showed a mean difference of -0.38% for EE, while the largest devia-
tion found was -3.33% for Consolazio versus Brouwer. The updated formula decreased 
mean difference to -0.16%. 
A result from calculation instead of measurement is the effect of protein EE % con-
sumed on the estimated formula presented here and the classic Weir formula. In meth-
ods, factor A (5) and B (6) for respective adaptation of EE where presented. The impact 
of ‘p’ was 0.04 and 0.0828 respectively, i.e. for a change in protein fraction of 0.25 (hu-
man range 0.05 – 0.3) the impacts are 0.01 and 0.0207 respectively, i.e. an 1% and 2 % 
error in EE respectively. 
 

 
Figure 3. Deviation in % for the most closely resembling formulae; three with urinary nitrogen i.e. Astrup, 
Brouwer and Frayn, two with EE-related protein estimate i.e. this paper and Weir. 

DISCUSSION 

Results presented above show the relationship and its uncertainty for energy expenditure 
converted from gas exchange in 164 EE24h measurements, directly related to today’s pop-
ulation and equipment. The Brouwer formula was chosen for baseline having successfully 
been applied in a study with synchronous direct- and indirect calorimetry, and specifically 
for experiments including gas exchange and nitrogen measures over 24 hr.  
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Using the term “indirect” in indirect calorimetry is a technically correct description of 
the calorimetric method applied, and this method has become the method of choice for 
measuring Energy Expenditure in man and animal. As such the denominator “indirect” 
might shed doubt on the accuracy obtained, specifically as not heat but Oxygen con-
sumptions and Carbon Dioxide production are the measured parameters, and these 
measurements must be converted to Energy by means of an interpretive formula. Au-
thors like Zuntz, Weir, Brouwer (1; 3; 4) and many others did excellent work on this topic 
in the distant- or not so distant past, resulting in formulae that closely resemble each 
other (Figure 3).  
Given the fact that from the early 80’s on, gas-analysers, computers and a plethora of 
sensors showed significant improvement, the field of human calorimetry co-currently 
improved its accuracy (Table 5). 
 
Table 5. The accuracy of Oxygen and Carbon Dioxide measurements in whole room calorimeters in the 80’s 
and 90’s, on average are well within 1%. Values where derived using burning of gas or alcohols as well as gas-
infusions (single values). Absolute levels for these percent values are mostly not available. Source: A dual-
respiration chamber system with automated calibration (14) Table 1. 

 ∆O2, % ∆CO2, % 

Charbonier A. et al, 1990 -1 ± 2.2 0 ± 2.1 

Henning B. et al, 1996 0.06 ± 1.21 -0.49 ± 1.12 

Jéquier E. et al, 1983 0.44 ± 0.34 -0.36 ± 0.5 

Moon J.K. et al, 1995 -0.22 ± 1.51 0.21 ± 0.68 

Moon J.K. et al, 1995 -0.53 ± 0.66 -0.05 ±1.36 

Moon J.K. et al, 1995 2.3 – 5.8 1.9 – 4.9 

Murgatroyd P.R. et al, 1987 ± 1.2 ±0.5 

Ravussin E. et al, 1986 -2.8 ± 2.8 -2.1 ± 2.8 

Rumpler W.V. et al, 1990 1.5 ± 1.4 1.5 ± 1.4 

Seale J.L. et al, 1991 0.3 ± 1.54 0.4 ± 1.34 

Seale J.L. et al, 1991  0.4 ± 0.85 

Shetty P.S. et al, 1987 ± 0.43  

Treuth M.S. et al, 1996 -0.5 ± 2.1 0.2 ± 2.3 

Schoffelen et al, 1997 0.5 ± 2.0 -0.3 ± 1.6 

Schoffelen et al, 1997  -0.6 ± 2.3 

Summary 0.13 ± 1.26 0.09 ± 0.95 

 
The mean error for the parameters measured, i.e. gas quantities Oxygen and Carbon 
dioxide is of the same order of magnitude as found when comparing formulae for the 
derivation of EE from gas quantities as can be seen in Figures 1, 2 and 3. The main dif-
ference is that the error in choosing a conversion formula from gas values [L] to EE 
[kcal] will not add noise to results but will shift all individual values in a predictable fash-
ion, i.e. shift intercept (offset) and slope (deviation related to EE magnitude). Conse-
quently, there is little or no impact on revealing intervention effects using repeated 
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measures. With the exception where substrates in nutrition with abnormal heat of 
combustion (8) are applied, or where protein EE was estimated at a fixed value (3) while 
protein EE itself was part of the intervention. 
Livesey and Elia (8) did an in-depth analysis of common and less common substrates 
energy equivalents and this paper follows their advised values (Table 2). 
In the past direct and indirect calorimetry have simultaneously been applied with hu-
mans and animals, proving that the heat measured directly and the heat measured 
indirectly are nearly identical. This has also been the case for our whole room calorime-
ter system (9) when we applied indirect calorimetry (9; 14) using the Brouwer formula (4) 
and compared it with the direct calorimeter system (9). Ten participants where meas-
ured in 10 differing stages of protocol resulting in an agreement within 1% for indirect- 
compared to direct calorimetry (9). The calorimetry involved consisted of the third revi-
sion of Paul Webb’s direct suit calorimeter specifically integrated in our second revision 
indirect whole room calorimeter. The indirect whole room calorimeter was separately 
described later on (14) and has now been in use for over 3 decades. Due to the agree-
ment between direct calorimetry and indirect calorimetry using the Brouwer formula, 
here, we have chosen the Brouwer formula as our base-line in comparing other formu-
lae. The Brouwer formula will provide conversion from measured gas values [L] to heat 
[kcal] within a 1% error margin, or for sub-maximal exercise ± 6 watt. However, we 
cannot determine if other formulae within 1% of agreement with Brouwer are more 
accurate in conversion or in contrast less accurate.  
In figure 1 and 2 we also included the conversion used by Zuntz (Zuntz and Schumburg 
1901) as referenced by Brouwer (Brouwer 1957), and for historical correctness derived 
the urinary nitrogen correction as applied by Zuntz (Zuntz and Schumburg 1901) at page 
261 (6.064 cc O2 and 4.809 cc CO2 per mg N urine, producing 17.14 calorie of heat per 
mg N urine) resulting in the formula EE [kcal] = 3.816 • O2 [L] + 1.23 • CO2 [L] – 1.9153 • 
N [g]. Interestingly these two Zuntz references as illustrated in Figures 1 and 2 starts at 
the +1% and -1% border compared to Brouwer, and become more comparable for ele-
vated EE values’ This illustrates why Zuntz and his contemporaries have remained val-
ued references for over a century. As we focus on formulae that are within 1% of 
agreement with the Brouwer formula Figure 3 presents conversion results for 164 
measurements using the formulae by Astrup, Brouwer, Frayn, this paper and Weir (3; 4; 

15; 16).  
Mansell (17) in re-appraising Weir (3) at first followed the same path as found in this pa-
per. He proceeded to derive a formula based on percentage of expired Oxygen “Oe” like 
Weir’s formula nr 20. The commonly used Weir’s formula (9) as emphasized in Weir’s 
summary 2 most probably has been considered as an intermediary formula by Mansell. 
Yet this intermediary formula by Weir has become the one of choice for calorimetry 
equipment where urinary nitrogen is not measured, specifically as ventilated hood 
measurements do not provide Oe measurements due to dilution of exhaled air. 



Utilization of different formulae to calculate energy expenditure from gas exchange 

65 

As a result, we compared 5 selected formulae, 3 that require urinary nitrogen and 2 
that use Weir’s method to circumvent measured urinary N.  
It has already become clear that the errors between the formulae are small, and we ask 
ourselves what other confounding properties there are in choosing a formula? 
Choosing a conversion with a large offset in comparison to formulae that can be related 
to heat measured by direct calorimetry have been eliminated by choosing a 1% maxi-
mum difference to EE calculated using the Brouwer formula. For example, the formula 
by Consolazio, with its 3-4 % lower result in comparison to all others seems the least 
appropriate equation for general calorimetric use. It may have specific applications that 
were not recognized here. 
The effect of non-linearity with EE [kcal], causing results of conversion to vary with 
different rates of EE, is near absent in all formulae. Weir’s formula does show a small 
negative trend, yet it is still insignificant in relation to today’s accuracy of gas exchange 
measurements. The trend showed a decrease by updating the formula (this paper). 
However, a non-linear effect up to 1 % of EE can be caused by changing the food pro-
tein EE fraction ‘p’ as an intervention during an experiment; in this case factor A (5) 
should be used with the relevant food protein EE fraction ‘p’. The same holds true when 
using Weir’s formula, with a non-linear effect up to 2 % of EE. In a similar fashion Weir’s 
formula should then be corrected for fraction ‘p’ using factor B (6).  
A further confounder would be to mix formulae in an experiment; though effects will be 
small this might degrade significance in analysis of results. Typically, this may be the 
case when using multiple types of equipment with differing internal formulae, and it can 
be remedied by re-converting all the measured gas-values to EE with a single formula of 
choice. 
Another confounding effect, applicable to all these formulae, is the consumption of 
substrates with a large deviation from the assumed energy equivalent (8). A common 
way to handle these substrates (including alcohol) is to determine the amount con-
sumed and calculate O2 [L] uptake and CO2 [L] production for the amount consumed, as 
well as heat (kcal,kJ) produced. Once determined, subtract the amount of gas exchange 
from measured quantity, convert the remainder to EE using the conversion formula of 
choice, and then add the heat provided by the amount of substrate oxidized (3; 4; 7; 18). 
Also note that pathways and conversion cycles for abnormal substrates may pose yet 
another challenge ((8; 16; 19; 20).  
Finally, there is one confounding effect that has less to do with the formulae applied; 
the difference in measuring inside a whole room calorimeter versus measuring with a 
hood or facemask. The former includes diffusion of CO2 through the skin, while the 
latter disregards diffusion of CO2 through the skin and it is lost to the environment. The 
effect of diffusion is ignorable for O2 yet for CO2 it is in the order of 1-2 % (8; 21; 22; 23). The 
effect on EE is in the order of - 0.2% to - 0.4%, while RQ will be affected in the order of 
0.01 to 0.02 absolute. 
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The difference in values for our participant data illustrated that it is possible to choose a 
formula that introduces a significant error, yet there are sufficient formulae that are 
accurately converting gas exchange in to EE within a 1% margin (figure 3). As concluded 
before (17) the Weir formula is still a valid choice, which may be improved upon by using 
the formula presented in this paper. As expected the best results are obtained by in-
cluding measured urinary nitrogen, where it must be remarked that for short interval 
(hr versus 24hr) this may actually be detrimental to the result due to inaccuracy im-
posed by the short collection interval. Using the presented formula or Weir’s formula 
with protein intervention or extreme values necessitates a correction as presented in 
methods (5) and (6). 
Care should be taken when comparing results in multi-centre studies or when mixing 
equipment with various internal conversion formulae. A problem that can be solved by 
using the same formula throughout. 

CONCLUSIONS. 

We conclude that several converging formulae (figure 3) are well suited to convert gas-
exchange values to EE within 1% of accuracy. Improper use of formulae based on a fixed 
estimate of protein EE % can result in errors of twice that magnitude if not corrected 
for. 
We also conclude that the new formula presented here is well suited to nowadays-
nutritional research, and advise the use of the new formula also in the presence of 
measured urinary nitrogen. 
Furthermore, it is advised to use the correction factor provided here in cases where 
EEprotein fraction deviates from estimated p=0.15. Such a factor is now also provided for 
the classical Weir formula with p=0.123 and may be retrospectively applied to results of 
existing equipment.  
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ABSTRACT 

This study characterizes respiration chambers with fully automated calibration. The 
system consists of two 14-m3 pull-type chambers. Care was taken to provide a friendly 
environment for the subjects, with the possibility of social contact during the experi-
ment. Gas analysis was automated to correct for analyzer drift and barometric pressure 
variations and to provide ease of use. Methods used for checking the system’s perfor-
mance are described. The gas-analysis repeatability was within 0.002%. Results of alco-
hol combustion (50–350 ml/min CO2) show an accuracy of 0.5 ± 2.0 (SD) % for O2 con-
sumption and -0.3 ± 1.6% for CO2 production for 2- to 24-h experiments. It is concluded 
that response time is not the main factor with respect to the smallest practical meas-
urement interval (duration); volume, mixing, gas-analysis accuracy, and levels of O2 
consumption and CO2 production are at least equally important. The smallest practical 
interval was 15–25 min, as also found with most chamber systems described in the 
literature. We chose to standardize 0.5 h as the minimum measurement interval. 
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INTRODUCTION 

Energy expenditure in humans can be determined by direct measurement of heat loss 
(direct calorimetry) or by calculation of heat production from O2 consumption (�̇�𝑉𝑂𝑂2; 
ml/min), CO2 production (�̇�𝑉𝐶𝐶𝑂𝑂2; ml/min), and nitrogen loss in urine. �̇�𝑉𝑂𝑂2 and �̇�𝑉𝐶𝐶𝑂𝑂2 
may be deter- mined with a variety of methods usually involving a mouthpiece, face 
mask, or ventilated hood (2, 9, 20), limiting the duration of the measurement to a few 
hours. For the determination of �̇�𝑉𝑂𝑂2 and �̇�𝑉𝐶𝐶𝑂𝑂2 during a longer time interval (up to 
several days), a respiration chamber may be the method of choice (1, 3–6, 8, 11–19). 
During the measurement, the subject stays in an airtight room through which a stream 
of fresh air is directed. Composition and volume of the inlet and outlet airstream are 
measured. The respiration chambers described below feature a double set of gas ana-
lyzers with continuous automated calibration and automated data collection. This ap-
proach circumvents most problems due to ambient variations in gas composition and 
pressure and due to operator errors. Independent checks of the automated calibration 
procedure are performed regularly by using alcohol combustion or injection of gas with 
known composition. The chambers have been operational for over 10 years and provide 
an easy-to-use and labor-saving service with minimum downtime. 

METHODS 

Subject Environment 

Two equally sized (14 m3) and furnished chambers were placed next to each other (Fig. 
1). They give the impression of a normal room, with windows positioned in the door for 
contact with researchers, in the wall (outside view), and between the chambers for 
visual contact between subjects. Curtains ensure privacy when needed. Each chamber 
has a full-sized foldaway bed, a bureau with built-in sink, a folding chair, a color televi-
sion set, an audiocassette player, an alarm clock, a telephone, an automated intercom, 
and a computer- network connection. Confined spaces were avoided because of the 
adverse effect on the air-mixing process (Appendix A). Both chambers are occupied 
simultaneously, preventing subjects from feeling isolated and stimulating normal do-
mestic behavior. 
The chambers are equipped with a deep-freeze toilet (Special Product, Mulders) for 
collecting feces; urine is collected separately in bottles. Three air locks provide passage 
for the exchange of food, collection of feces and urine, and for sampling of blood. Safety 
precautions include a fire alarm and extinguisher, emergency lighting, and panic but-
tons. The door can be opened from both sides without hindrance. The chambers are 
checked once a year for electrical safety (S1 standard), and the climate is constantly 
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regulated and monitored by an automated information system. Physical activity can be 
performed by using a cycle ergometer (Lode) or a treadmill (Quinton). The height of the 
chamber also allows the use of a stepping platform. Activity of the subject is measured 
by an analog ultrasound system (Advisor DU160). 

Ventilation 

For airtightness, each room was constructed of six prefabricated welded steel parts, 
bolted together with a sealing mass in between. Door and air locks have a flexible seal. 
The air in the surrounding laboratory is ventilated with fresh air at a rate of five times its 
volume per hour (1,200 m3/h). Fresh air from outside the building is drawn through the 
chambers by a ventilator with a capacity of 30–250 l/min at a negative pressure of 600–
50 Pa, respectively (pull type). The flow is adjusted with a valve at the output. Negative 
pressure is adjusted to 250 ± 125 Pa with a valve at the input and is measured by using 
a U-type oil gauge against barometric pressure. Flow is measured with dry bellows me-
ters (G4, Meterfabriek Schlumberger) calibrated by mass-flow (CO2 weight) from a gas 
bottle to 0.2%. [This calibration method was periodically verified by sending a calibrated 
gas meter to the national standards laboratory (Nederlands Meet Instituut)] The flow-
meters are equipped with a digital pulse output for continuous flow measurement. The 
air-conditioning has a capacity of 3,700 W, which is mainly needed for dehumidification 
of the air during exercise. The air in the chambers is mixed with a radial ventilator, forc-
ing the air through a draft-reducing perforated ceiling at a controllable rate of 3,300–
10,000 l/min. 
The fresh-air supply is routed directly into the air- conditioning for mixing and tempera-
ture control. The temperature variation is ±0.1°C during rest and ±0.4°C during exercise. 
The air leaves the chamber diagonally opposite the input at two levels. Volume and flow 
measurements are corrected to STPD by using data obtained from temperature (AD590, 
National Semiconductor), humidity (SA100c, Rotronic), and barometric pressure (4–
801–1124, Bell & How- ell) sensors that are calibrated on a yearly basis. 
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Figure 1. Layout of dual respiration chamber. 1, Television set; 2, chair; 3, sink with hot and cold running 
water; 4, deep-freeze toilet; 5, air lock for blood samples; 6, cycle ergometer; 7, bed (folded down for sleeping 
or sitting); 8, body-weight balance; 9, air locks, one for food, one for feces; 10, folding chair, which may be 
stored under bed; 11, bed (folded up for more floor space). 

O2- and CO2-Measurement Systems 

O2 is measured by using paramagnetic 0–22% oxygen analyzers (Magnos 6G, Hartmann 
& Braun; OA184A, Servomex), and CO2 is measured by using infrared 0–1% analyzers 
(Uras 3G, Hartmann & Braun). To improve the reliability of the measurement, each gas 
sample is analyzed in duplicate, reducing the risk of losing data because of hard-to-
detect failures. 
Samples from the input and the output of the chamber are drawn into a sample prepa-
ration unit by using membrane pumps (model 300, Wisa). When a sample is not select-
ed, the sample line is still flushed to reduce dead time. Pressure and humidity variations 
are reduced through utilization of needle valves and oil-filled overflow bubblers (con-
stant pressure to ambient) and by using membrane dryers (ME050–24-MFL, Perma 
Pure). The membrane dryers have an enhanced drying capacity obtained from using an 
outer hull with a counterflowing dry purge gas at 50 KPa negative pressure; this pro-
vides a steady drying capacity. The combination of fully flushed sample routes with 
identical delays and a membrane-drying tube resulted in a 90% response of the CO2 
analyzers of 5 s after the switch from N2 to calibration gas. The system ensures that all 
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samples are clean (1-μm filter) and are of equal pressure (610 Pa), temperature 
(±0.1°C), and humidity (215°C dew point). The linearity error of each CO2 analyzer was 
reduced by constructing a linearization curve for each apparatus. The range of the line-
arized curve is 0–0.8%; the CO2 concentration inside the chambers normally never ex-
ceeds 0.8%. 
The difference in gas composition (dg) between incoming and outgoing air and the ratio 
of dg to the difference in time (dt) in the chamber (derived from measurement of the 
outgoing air) have to be known for the calculation of �̇�𝑉𝑂𝑂2 and �̇�𝑉𝐶𝐶𝑂𝑂2 (Appendix B). Air 
samples are measured in sequence (10) and alternated with samples of calibration and 
zero gases, thus eliminating errors because of differences in analyzers or sample prepa-
ration. The measurement of each sample requires 1 min. During each interval of 15 min, 
samples of fresh air and zero and calibration gas are measured in addition to the 12 
chamber samples (Fig. 2). In this way, effects due to baseline drift, barometric pressure 
(3, 18), and temperature variation, factors that vary more slowly than in 15 min, are 
minimized. Because of the full automatization, no operator action is required, eliminat-
ing this source of error. 
 

 
Figure 2. Sample sequence. Inlet and outlet samples from chambers 1 and 2 are alternated with N2 (zero 
control), fresh air, and calibration gas, thus obtaining zero control and calibration every 15 min. 

 
Calibration and fresh-air measurements account for 12 min every hour. The remaining 
48 min during the hour provide time for two concentration measurements for both 
chambers during each of twelve 5-min intervals. �̇�𝑉𝑂𝑂2 and �̇�𝑉𝐶𝐶𝑂𝑂2 are calculated for each 
5-min interval, and the 5-min results are integrated to 0.5-h values in the standard out-
put file. Although it is possible to calculate 5-min values for �̇�𝑉𝑂𝑂2 and �̇�𝑉𝐶𝐶𝑂𝑂2, the accura-
cy of these values will be low because the standard deviation (SD) in the measurement 
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of the minute concentration changes is multiplied with the large volume of the chamber 
(13). The standard procedure is the calculation of �̇�𝑉𝑂𝑂2 and �̇�𝑉𝐶𝐶𝑂𝑂2over 0.5 h or longer 
time intervals. 
The calibration gas contains 0.8% CO2 - 18% O2 - remainder N2. The CO2 concentration of 
this gas can be obtained with a certified accuracy of 0.008%. The O2 concentration, 
however, has a certified accuracy of only 0.18%. For the O2 analysis, we therefore rely 
on the accuracy of the overall O2 concentration of the fresh air (4, 10, 14, 15) during a 
whole day, while using the 18% O2 content of the calibration gas as a stable, but at first 
unknown, O2 reference. The unknown O2 concentration of the calibration gas is calcu-
lated on the basis of measurement of fresh air, N2, and calibration gas O2 concentration 
by using mean values over the whole experiment. The calculated calibration gas O2 

value is then used to determine momentary O2 concentrations during the experiment. 
Because the O2 concentration of the calibration gas is calculated during each experi-
ment, monitoring the obtained calibration gas values over a 3-mo interval (lifespan of a 
single calibration gas bottle) provides data on the accuracy of the O2 measurement, 
including any drift in fresh-air O2 concentration over the 3-mo interval. 
A microcomputer (Macintosh, Apple) is used to monitor the parameters for determining 
�̇�𝑉𝑂𝑂2 and �̇�𝑉𝐶𝐶𝑂𝑂2. Each analyzer and sensor has its own analog-to-digital converter (ADC; 
voltage- to-frequency, VFC62, Burr-Brown) and is optically isolated from the microcom-
puter, enabling optimal conversion of electrical signals by reducing electrical noise from 
long cabling and earth loops. Calibration of sensors is done in the software; the analog 
range of the converters was individually chosen to handle any long-term drift. Parame-
ters used in the calculation of �̇�𝑉𝑂𝑂2 and �̇�𝑉𝐶𝐶𝑂𝑂2 are temperature, humidity, flow, baro-
metric pressure, and a digital reading of O2 and CO2 concentrations in sample and cali-
bration gases. 
On-line calculation enables continuous monitoring of the progress of the experiment. 
Final calculation is done after the experiment is completed, allowing the use of all data 
for calculation of calibration constants (12), specifically the O2 concentration in the 
calibration gas bottle. The equations used in the calculation of gas exchange are based 
on the assumption of N2 conservation [‘‘haldane’’ correction (3, 5, 7, 10–12, 15–17)] 
with incorporation of differentiated changes in the chamber volume for the N2 equation 
[dFN2/dt; determined at the outlet (3, 7, 12, 17)]. Water vapor is taken into account (3, 
10) by first calculating all flow and volumes [including differentiated changes in the 
chamber volume (dH2O/dt)] to STPD. Energy expenditure is calculated from �̇�𝑉𝑂𝑂2 and 
�̇�𝑉𝐶𝐶𝑂𝑂2 with the Weir formula (21). 
To achieve flexibility, the software for the system is modular; data acquisition is based on 
a graphical engineering program (Labview, National Instruments), and calculation is per-
formed with a spreadsheet macro program (Excel, Microsoft). Additional parameters can 
be incorporated by using the flexibility of the software and the network capability of the 
computer (network-connected ADCs and serial ports). The audio capability of the com-
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puter (speech) was used to synchronize the subject’s behavior to a protocol by providing 
an audio signal to the subject when it was time for a certain activity. 

Validation 

Each month, an independent check of the whole system is obtained by combusting 
alcohol inside the chamber or, in some instances, by injecting gas with a known compo-
sition into the chamber. The alcohol (99.8% methanol pro analyse; Merck) is combusted 
by using a gas burner (Fig. 3A). The burner is placed on a calibrated balance connected 
to a computer to measure the rate of combustion during the experiment. When alcohol 
is combusted, O2 is consumed and CO2 is produced, mimicking normal measurement. 

With the use of gas injection with CO2, N2, or a combination of both (Fig. 3B; Refs. 4, 
11–14, 17, 18), the accuracy of CO2 and O2 measurement can be checked. Calculating 
produced CO2 from weight should take into account that at barometric pressure the CO2 

compressibility (3a) accounts for a -0.6% deviation between molar and volume fraction, 
valid for both alcohol combustion and CO2 injection. In this context, it should be pointed 
out that calibration gas certificates can therefore be obtained on the basis of molar or 
volume fraction. In our setting, all calculations were done by using volume (fractions) at 
STPD. 
The duration of validation experiments is 24 or 2 h; both time intervals are relevant to 
actual experiments. 

RESULTS 

During operation of the system for 10 yr, only 2 of 2,000 subjects felt isolated and fin-
ished the experiment prematurely. No safety hazards have occurred. 

Ventilation 

The perforated ceiling reduced the noise at ear level to 45 dbA at the lowest recircula-
tion flow of 3,300 l/min. At the highest recirculation of 10,000 l/min, the noise in-
creased to 54 dbA. At the lowest recirculation flow of 3,300 l/min and a flow through 
the chamber of 50 l/min, 99% of a 5-min continuous injection was measured within 15 
min, and 63% was measured in 5 min. 
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Figure 3. Chambers are checked by combustion of alcohol (A) or infusion of CO2 (B). Amount of combusted 
alcohol or injected gas is calculated from weight change of containers; connecting balance to a computer 
allows continuous measurement of rate of combustion or infusion. Computer can change this rate during 
experiment if computer-controlled valves (B) are used. 

O2- and CO2-Measurement System 

Key elements in the gas-analysis system are the sampling system and the reproducibility 
of the gas analyzers. The time needed to flush the sampling system after a change of 
sample was measured to be ≤ 5 s, leaving 55 s for stabilization; at least 10-fold analyzer 
response time [response time to 90% (t90) ≤3.5 s] and measurement. The drying capaci-
ty of the sampling system, particularly important for measuring O2, showed a steady 
sample dew point lower than -15°C. To check the reproducibility of the O2 analyzers, the 
difference between two analyzers was measured over the 0–18% O2 concentration 
range (Fig. 4) when identical gas samples were measured. The signal-to-noise levels had 
an SD < 0.002% (n = 75), illustrating the reproducibility of the O2 gas analysis. 
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Figure 4. Difference between 2 analyzer cells (y-axis, %) when identical samples are measured as a function of 
O2 concentration in measured gas (x-axis, %). 

Validation 

Alcohol-combustion experiments over the present year (n = 44) resulted in differences 
between ‘‘alcohol combustion’’ values and ‘‘chamber system’’ values of -0.3 ± 1.6% for 
CO2, 0.5 ± 2.0% for O2 (Fig. 5) and a respiratory quotient of 0.663 ± 0.012. No difference 
was found between 2- and 24-h tests. The results of calibration experiments using CO2 
injection over the past years were comparable with those found for alcohol combustion 
(-0.6 ± 2.3%, n = 20). 
The system compares the stable O2 concentration of the calibration gas with the mean 
24-h fresh-air O2 concentration; the variation in these 24-h O2 concentration measure-
ments can be determined. Maximum difference in 24-h measurements over the 3-mo 
lifespan of a calibration gas bottle was found to vary from 0.003 ± 0.002 to 0.006 ± 
0.004% O2. This variation can be attributed to both variation in fresh air %O2 and varia-
tion in the measurement system; these factors cannot be separated. 
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Figure 5. Results of alcohol-combustion experiments. Difference between amount calculated from alcohol 
combustion and amount measured by system (y-axis, %) as a function of CO2 production by alcohol combus-
tion (x-axis, ml/min) is shown. 

 
Because these variations are also both present in normal experiments, the maximum 
difference found is an indication of the performance and stability of the system with 
respect to calibration based on fresh air O2%. If calculated O2 concentration in the cali-
bration gas was compared by using data of two O2 analyzers, the maximum difference 
and SD increased by 50%, showing the advantage of measuring input and output con-
centrations sequentially (10, 14) with one analyzer compared with measurement of 
input and output concentrations with separate analyzers. 
Registration of energy expenditure and physical activity of a subject is shown in Fig. 6. 
Energy expenditure data are given for 0.5-h intervals. Physical activity was synchronized 
with these 0.5-h intervals by using computer audio. 
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Figure 6. Energy expenditure (EE) and physical activity of a subject (male, aged 32 yr, body weight 68 kg) as 
measured over 0.5-h intervals. 

DISCUSSION 

Subject Environment 

After the creation of a friendly environment, only noise and draft due to air conditioning 
remain as the major factors compromising comfort. The rate of recirculation flow is 
therefore limited (12) and, because of its cooling effect, the room temperature is nor-
mally set a few degrees higher (≤ 3°C) than at home. 
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Ventilation 

The recirculation flow range of ventilating the 14-m3 volume at a rate of 15–42 times 
per hour calculates to a mixing time constant (12) of 1.4–4.2 min, which is comparable 
to those calculated from the literature (4–6, 12, 14–16), ranging from 0.4 to 4 min. The 
result of observing 99% of a 5-min continuous injection within 15 min is slightly better 
than expected from the calculated 4.2-min time constant at the lowest recirculation 
rate. Extending the recirculation flow range will either compromise the mixing time 
constant (≥ 4 min) or the comfort of the subject. The negative pressure [pull type (5, 8, 
13, 15)] ensures that airflow through leaks will only be from outside to inside the cham-
ber. If the room around the chamber is well ventilated, this will have a negligible effect 
on the measurements. In some settings, factors like environment (4) or control of inlet 
air (11, 12) can necessitate the use of a positive pressure system. Such a system [push 
type (4, 6, 11, 12, 14, 16–18)] requires better sealing (12, 16) because it cannot be 
guaranteed that leaked air was already completely mixed and sampled. 
Wherever possible, care was taken to avoid confined spaces, which would act as buffer 
volumes. A confined space behaves as a volume in which gas concentrations will slowly 
follow the concentration in the chamber. If a subject’s expired air is directed to a con-
fined space, the mixing time will increase. For this reason, no closed cabinets were pro-
vided inside the chambers and the cabinets around equipment like the deep-freeze 
toilets and television sets were perforated. 

O2- and CO2-Measurement System 

The automated system operates continuously, and thus the system is calibrated 96 
times/24 h. The SD < 0.004% in the daily calculated O2 concentration of the calibration 
gas over 3 mo shows the capability of the system for handling environmental variation 
and drift. As far as we know from the literature, this frequent automated calibration is a 
unique feature of the system, making it easy to use; to start an experiment, one has 
only to close the door of the chamber. Multiplexing samples in time on one analyzer 
(10, 14), rather than using multiple analyzers, combined with interleaved (frequent) 
calibration, eliminates the need for temperature and pressure correction (3, 18) when 
momentary concentration values are calculated, because the time of calibration is al-
most identical to the measurement time (≤ 15 min). 

Validation 

The results of the alcohol-combustion tests were -0.3 ± 1.6% for CO2. One factor deter-
mining the accuracy is the CO2 concentration in the calibration gas, which in our case 
was determined to be 0.8 ± 0.008%. Elimination of this possible source of deviation 
would require a certificate with an accuracy of 0.8 ± 0.0008% for the CO2 component 
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and possibly further improved linearization of the analyzers. However, neither was 
available. 
The 0.5 ± 2.0% result for O2 is only achievable with analyzers that perform well within 
the factory specification and requires meticulous sample preparation and stable labora-
tory conditions. The reason for this is the ~20% O2 background in all measured air be-
cause every type of analyzer has to deal with a 20% background in relation to a 1% 
measurement span, requiring a 21% physical measurement range for a 1% differential 
physiological range. This is easily understood for massspectrometer (17) and paramag-
netic optical analyzers that measure one gas stream; they can only be differential in 
time (10, 14). However, it is also valid for dual-gas stream differential analyzers because 
these use dual compartments (magnetic wind principle) for comparison, and in each of 
these compartments the 20% background again largely determines the signal-to- noise 
ratio. Because the result of subtracting the background in differential analyzers is in-
stantaneous, it is often erroneously assumed that the 20% background is eliminated 
from the physical measurement. 
Alcohol combustion is normally used for checking experiments because it tests �̇�𝑉𝑂𝑂2 and 
�̇�𝑉𝐶𝐶𝑂𝑂2 simultaneously and experiments are easy to perform. However, for troubleshoot-
ing, CO2 and N2 infusion is the method of choice because it is independent of a chemical 
reaction. The slightly larger error margin in the CO2- infusion experiments (over several 
years) compared with the regular alcohol-combustion experiments (over 1 yr) is at-
tributable to the fact that gas infusion was mostly used for troubleshooting when a 
problem was detected. 

Response Time and Measurement Interval 

In the literature, two types of system responses are given. One is actually the time con-
stant (therefore, not referred to as response time in this study) of the mixing process (8, 
12, 15), and the other is the (90–99%) response time of the complete system to a 
change in energy expenditure (4, 6, 11, 12, 14). The response time incorporates the 
mixing time constant (because all air should first be well mixed) and will therefore be 
larger than the mixing time constant. The response time is only important, in part, when 
measurement protocol is decided on, i.e., rate of change of energy expenditure to be 
measured. The volume of the chamber, the rate of gas flow through the chamber, and 
the accuracy of the gas measurement determine the interval (duration) needed to 
reach 95% of accuracy. Normally, this interval is at least 1 h, as can be seen from cali-
bration experiments (Table 1, Refs. 4, 6, 8, 11, 12, 15–17, 19), even if the response time 
is much smaller (4, 6, 11, 12, 14, 15, 17). Furthermore, it is not proven that subjects will 
behave in the same way as the testing methods, specifically with respect to the mixing 
and leaking (push-type chamber) of the subject’s expired air, because the subject can 
direct his breath and move in any direction inside the chamber in an unpredictable 
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manner. This may be the reason that virtually all publications refer to a minimum meas-
urement interval (duration) of 15–30 min, as illustrated in Table 1. 
Today’s line of research is often a combination of long-term observations with short-
term changes in energy expenditure. If, for example, the O2 concentration SD of 
0.002%, which is the SD we found for our calibration gas O2 concentration check over 3 
mo, is applied to a subject with a �̇�𝑉𝑂𝑂2 of 350 ml/min for a 0.5-h interval, the resulting 
SD in �̇�𝑉𝑂𝑂2 will be ~3%. In reality, the shorter intervals have a slightly lower SD because 
the short-term stability of the O2 measurement is better than 0.002%. In addition, the 
change in concentration of the chamber volume is smaller, which de- creases eventual 
errors due to nonlinearity of CO2 analyzers. 
 

 
 
Although the results of ‘‘ideal’’ injection experiments (good mixing, predictable injection 
flow) show that shorter interval measurements are feasible, we chose the standard of 
0.5-h results as the smallest practical time interval with subjects. The smallest experi-
ment duration allowed (limited in software) is 2 h, to provide at least eight automatic 
calibrations for the off-line calculation, although a minimum of 12 h is preferred (for 
instance, one night). The 2-h interval is also used in our standard checking experiments 
because it illustrates the accuracy for measuring sleeping metabolic rate, which is done 
over a 2- to 3-h interval (mostly over 3 h). Whenever possible, the experiment duration 
with subjects was chosen to be at least 24 h. 

CONCLUSIONS 

The automated system with its intermittent calibration showed stable performance and 
can effectively be used on a 24-h/day, 7-day/wk basis. The system has a low risk of 
operating errors. Variations in ambient temperature and pressure have little effect 
because of the intermittent-calibration method. 
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The accuracy of the respiration chambers is dependent on the measurement interval 
(duration) and the level of �̇�𝑉𝑂𝑂2 and �̇�𝑉𝐶𝐶𝑂𝑂2 to be measured. In our setting, the accuracy, 
described as a mean error ± SD, is 2.1 ± 7.4 and 1.3 ± 3.7 ml/min for O2 and CO2, respec-
tively, for intervals ≥ 2 h. Calculated energy expenditure has an accuracy of 0.7 ± 2.3% 
for an adult consuming 300 ml/min O2. 
On the basis of our experiments, the smallest time interval needed to measure a subject 
was 15–25 min. When measuring plateau values (constant metabolic rate), one should 
wait a few minutes (≥ 5 min) after changing the plateau to accommodate the mixing 
time constant. The smallest time constant possible was determined, for the most part, 
by the mixing properties of the chamber, but the smallest practical measurement inter-
val (duration 0.5 h) was determined by volume and gas-analysis accuracy. 

APPENDIX A 

Glossary 

A Analyzer-output uncalibrated value  
c Chamber 
cal Calibration 
F Volumetric fraction of gas (STPD)  
g Any gas 
i Incoming 
o Outgoing 
P Pressure 
r Recirculation 
Rh Relative humidity  
s Time-derivative operator, d/dt 
sat Saturated with water vapor 
T Temperature 
t Time 
𝑡𝑡90 Response time to 90% 
𝜏𝜏 Time constant 
𝜏𝜏𝑙𝑙 Delay time 
V Volume (STPD) 
�̇�𝑉 Volumetric flow rate (STPD)  
w Water vapor 
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Mixing Process 

Response time is understood, in general, to be the time needed for the outlet of a pro-
cess to reach at least 90% of final value after a step change at the inlet. Percentages 
used to define the response time vary: 90% (𝑡𝑡90), 95% (𝑡𝑡95), and 99% (𝑡𝑡99) are often 
used. A response time may be the result of complex higher-order terms. In contrast, the 
time constant (𝜏𝜏) associated with a first-order process of type  

𝑌𝑌(𝑡𝑡)  =  𝑋𝑋 •  (1 −  𝑒𝑒(−𝑡𝑡/𝜏𝜏)) or, better, in process notation 𝐻𝐻 =  1/(𝜏𝜏𝜏𝜏 +  1)  

is well defined; e.g., it takes 3 𝜏𝜏 to reach 95% and 10 𝜏𝜏 to reach 99.995% (14.5-bit reso-
lution) of final value. 
The first-order system 1/(𝜏𝜏𝑐𝑐1𝜏𝜏 + 1) normally associated with a respiration chamber is 
only valid for a completely mixed volume; in reality, there will always be a small initial 
mixing interval before a subject’s air is well mixed. With the use of recent fast-response 
respiration chambers, the measurement interval approaches the mixing interval, raising 
the question of how the mixing interval fits into the equation and which factors affect it. 
 

 
Figure 7. Diagram of 1st-order system 1/(𝜏𝜏𝑐𝑐1𝜏𝜏 + 1) normally associated with a respiration chamber aug-
mented with higher-order terms (𝜏𝜏𝑐𝑐2  and 𝜏𝜏𝑙𝑙𝑐𝑐) for mixing. Recirculation flow through chamber can be thought 
to be sum of several (n) partial pathways, each of which has its own delay time 𝜏𝜏𝑙𝑙𝑑𝑑 and, where confined space 
is present, a time constant 𝜏𝜏𝑑𝑑 (𝜏𝜏𝑙𝑙𝑐𝑐  and 𝜏𝜏𝑐𝑐2 are a complex composite of values 𝜏𝜏𝑙𝑙1~𝑑𝑑 and 𝜏𝜏1~𝑑𝑑 ). Subject’s 
respiration and possibly leakage take place in some of pathways, depending on subject’s position in chamber. 
For clarity, subject’s respiration and confined volume influence have been drawn only in a single pathway; 
�̇�𝑉𝑂𝑂2 and �̇�𝑉𝐶𝐶𝑂𝑂2, O2 uptake and CO2 production, respectively. 
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The recirculation flow through the chamber (if evenly distributed) can be thought to be 
the sum of several (n) partial flows or pathways (Fig. 7), each behaving as a tube reac-
tor. Because diffusion in a tube reactor (backward or axial mixing) is beneficial to mixing 
and we are interested only in the problematic dominant factors, we chose to consider 
each flow as an ideal tube reactor with a delay time (𝑒𝑒−𝜏𝜏𝑑𝑑𝑠𝑠). If a partial flow m passes a 
confined space, an additional time constant 1/(𝜏𝜏𝑚𝑚𝜏𝜏 + 1) is added for that pathway. 
The subject’s expired air enters one or more of the pathways. Leakage will also affect 
one or more of the pathways, and possibly where the subject respires. In a negative-
pressure chamber, the direction of the leakage flow prevents loss of subject air and has 
the same effect as fresh air normally entering the chamber. 
Determination of each parameter involved (including position and level of energy ex-
penditure) is difficult; however, most higher-order natural processes can be simplified 
to the form 𝐾𝐾𝑒𝑒−𝜏𝜏𝑑𝑑𝑠𝑠/[(𝜏𝜏1𝜏𝜏 + 1) • (𝜏𝜏2𝜏𝜏 + 1)]. This is usually also the maximum number 
of parameters that can be determined from measurement of standard input signals 
(pulse and step). When the simplified higher-order system 𝐾𝐾𝑒𝑒−𝜏𝜏𝑑𝑑𝑑𝑑𝑠𝑠/[(𝜏𝜏𝑐𝑐1𝜏𝜏 + 1) •
(𝜏𝜏𝑐𝑐2𝜏𝜏 + 1)] with a respiration chamber K = 1 (response at t = ∞) is used, 𝜏𝜏𝑙𝑙𝑐𝑐  and 𝜏𝜏𝑐𝑐2 are 
a complex composite of values 𝜏𝜏𝑙𝑙1~𝑑𝑑 and 𝜏𝜏1~𝑑𝑑 from the n partial flows, and the domi-
nant time constant 𝜏𝜏𝑐𝑐1 is determined by volume and flow (�̇�𝑉𝑜𝑜/𝑉𝑉𝑉𝑉). In the case of evenly 
distributed flow, 𝜏𝜏𝑙𝑙𝑐𝑐  will be mostly determined by volume and recirculation flow 
(𝑉𝑉𝑉𝑉/�̇�𝑉𝑟𝑟) and by the position of the subject in the chamber (i.e., at midpoint 0.5· 𝑉𝑉𝑉𝑉/
�̇�𝑉𝑟𝑟). 𝜏𝜏𝑐𝑐2  is the result of backward and axial mixing and exchange with confined spaces. If 
confined spaces are avoided, 𝜏𝜏𝑐𝑐2  will be very small. Determining chamber characteris-
tics from standard input signals (pulse and step) should take into account possible varia-
tion of 𝜏𝜏𝑙𝑙𝑐𝑐  and 𝜏𝜏𝑐𝑐2 . 

APPENDIX B 

Calculation of �̇�𝑽𝑶𝑶𝟐𝟐 and �̇�𝑽𝑪𝑪𝑶𝑶𝟐𝟐 

We define two moments in time: t1 is the start time of a single measurement, and t2 is 
the end time of the measurement, i.e., in our case, t2 - t1 ≥ 5 min, the smallest usable 
interval with our sample sequence. A value at t1, t2, or t1+2 (average over interval t1 to t2) 
represents the best value calculated from multiple samples for that point in time. Algo-
rithms used ensure that summing values calculated over small intervals are mathemati-
cally identical to calculation over one long interval. 
The frequent calibration technique allows pressure- and temperature-independent 
calculations of momentary gas concentration 

 Fg (t) = Fcal ·[Ag (t) - A0 (t)] / [Acal (t) - A0 (t)] 

For calculation of �̇�𝑉𝑂𝑂2 and �̇�𝑉𝐶𝐶𝑂𝑂2 , the following parameters can be derived directly 
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 FiN2(t) = 100 - FiO2(t) - FiCO2(t) 

 FoN2(t) = 100 - FocO2(t) - FocCO2(t) 

 Pwsat(t) is derived from Tc(t) by means of a lookup table. 

 Pw(t) = Rhc(t) • Pwsat(t) / 100 

 �̇�𝑉𝑜𝑜(t) = �̇�𝑉𝑜𝑜ATP(t) • [Po(t) - Pw(t)] / [1013.25•(1 + 0.00367 • To(t)] 

 Vc(t) = VcATP • [Pc(t) - Pw(t)] / [1013.25 • (1 + 0.00367 • Tc(t)] 

 �̇�𝑉𝑜𝑜O2 (t) = �̇�𝑉𝑜𝑜(t) • FocO2(t) / 100 

 �̇�𝑉𝑜𝑜CO2(t) = �̇�𝑉𝑜𝑜(t) • FocCO2(t) / 100 

 �̇�𝑉𝑜𝑜N2(t) = �̇�𝑉𝑜𝑜(t) • FoN2(t) / 100 = �̇�𝑉𝑜𝑜(t) - �̇�𝑉𝑜𝑜O2(t) - �̇�𝑉𝑜𝑜CO2(t) 

Next, parameters have to be derived that involve �̇�𝑉𝑖𝑖(t), the flow of the input in STPD. 
�̇�𝑉𝑖𝑖(t) may be calculated by using the ‘‘haldane’’ correction. The formula used must in-
corporate changing N2 fractions and STPD correction of the chamber volume as a func-
tion of time 

 �̇�𝑉𝑖𝑖(t1+2) = [�̇�𝑉𝑜𝑜(t1+2) • FoN2 (t1+2) + Vc(t2) • FoN2(t2) - Vc(t1) • FoN2(t1)] / FiN2(t1+2) 

Now that �̇�𝑉𝑖𝑖(t) is known, the following parameters are derived 

 �̇�𝑉𝑖𝑖O2(t1+2) = �̇�𝑉𝑖𝑖(t1+2) • FiO2(t1+2) / 100 

 �̇�𝑉𝑖𝑖CO2(t1+2) = �̇�𝑉𝑖𝑖(t1+2) • FiCO2(t1+2) / 100 

 �̇�𝑉𝑐𝑐O2(t1+2) = [𝑉𝑉𝑐𝑐(t2) • FocO2(t2) - 𝑉𝑉𝑐𝑐(t1) • FocO2(t1)] / [100 • (t2 - t1)] 

 �̇�𝑉𝑐𝑐CO2(t1+2) = [𝑉𝑉𝑐𝑐(t2) • FocCO2(t2) - 𝑉𝑉𝑐𝑐(t1) • FocCO2(t1)] / [100 • (t2 - t1)] 

This leaves only �̇�𝑉𝑂𝑂2 and �̇�𝑉𝐶𝐶𝑂𝑂2to be calculated 

 �̇�𝑉O2(t1+2) = �̇�𝑉𝑖𝑖O2(t1+2) - �̇�𝑉𝑐𝑐O2(t1+2) - �̇�𝑉𝑜𝑜O2(t1+2) 

 �̇�𝑉CO2(t1+2) = �̇�𝑉𝑜𝑜CO2(t1+2) + �̇�𝑉𝑐𝑐CO2(t1+2) - �̇�𝑉𝑖𝑖CO2(t1+2) 
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ABSTRACT 

The largest component of daily energy expenditure is resting energy expenditure as 
reflected in overnight metabolic rate (OMR) and sleeping metabolic rate (SMR). Here, 
we determined the variation in OMR (24:00–6:00 h) and SMR values (3 h intervals) as 
affected by physical activity (PA) during the day and the night. Subjects were 32 females 
and 17 males, age 18–52 years. Energy expenditure (EE) was measured for 36 h in a 
whole room calorimeter (14 m3), starting in the evening, providing values before and 
after behavioral limitation. The mean intra-individual coefficient of variation was 
1.8±1.4% for SMRmin (minimum EE), 2.8±2.0% for SMRact (minimum PA), 2.4±2.5% for 
SMRres (minimum residual EE, residual calculated from 24 h relationship between EE 
and PA) and 2.8±2.2% for OMR (n=49). Mean clock time for SMR ranged from 3:15 till 
4:13 h. EE and PA increased in the hour before awakening. Surprisingly, OMR showed a 
significant 2.7% increase (P < 0.05) during the second night of the 36 h measurement, 
but only for a second visit, and was related to increased physical activity during night 
period (R2 = 0.50, P<0.001). OMR measurements following unrestricted daily activity 
showed identical results for first and second (repeat) visits: 6.82±0.86 MJ/ day and 6.79 
± 0.93 MJ/day (n = 49), respectively. It is advised to measure SMR based on minimum 
residual EE during nights following free-living conditions, and to exclude EE measures 1 
h before awakening from SMR and OMR calculations to prevent influences of habitual 
wake-up time.  
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1. INTRODUCTION 

The largest component of 24-h energy expenditure (24hEE) is resting energy expendi-
ture as reflected in overnight metabolic rate (OMR) and its derivative sleeping metabol-
ic rate (SMR). The other two components of 24hEE are activity-induced energy expendi-
ture (AEE) and diet-induced energy expenditure (DEE) [1–5]. In this study OMR and SMR 
using three different methods were measured. Based on variability, and by reviewing 
modulating factors, an advice is formulated for measuring this major component of 
daily energy expenditure. 
The measurement of OMR and SMR is usually performed inside a whole room calorime-
ter [3,5–20], effectively limiting the subject’s activity due to the confined space. Wester-
terp and Kester [3] showed a decrease in physical activity level (PAL= 24hEE/SMR) from 
1.76 to 1.40 for subjects when confined to a 14 m3 whole room calorimeter. Garby et al. 
[13] found no effect of an activity program (PAL range 1.30 to 1.53) on SMR once inside 
a whole room calorimeter, neither did Goldberg et al. [5]. The reported variability in 
SMR of about 2% as observed in whole room calorimeter measurements is generally 
ascribed to this lower level of AEE [8,9,11,15]. However, in contrast to other SMR stud-
ies [21–24] a whole room calorimeter will allow normal sleep without facemask, hood 
or probes [5,17] and is generally considered the instrument of choice for studying night 
time metabolism. 
Several other factors have been shown to modulate overnight metabolic rate and sleep-
ing metabolic rate, including sleep stages, menstrual and seasonal cycles, temperature, 
diet-induced energy expenditure, daily physical activity and body movement during the 
night [12–16,18–20]. Unexpected, sleep stages play only a minor role in SMR variability 
[3,9,12]. In women, SMR shows an increase in the range of 8% to 16% during the post 
ovulation phase of the menstrual cycle [14,23,25]. Season affects SMR with 4.5% differ-
ence when comparing the summer-low with the winter-high [10]. When subjects stayed 
in a whole room calorimeter for 60 h at a temperature of 16 °C in comparison to 22 °C, 
SMR increased 5.6% [26]. The effect of DEE was demonstrated by overfeeding in a late 
night meal, causing a 6.7% increase in OMR [5]. Twelve weeks of energy restriction to 
2.9–3.5 MJ/day in obese women caused a decline in SMR of 29.9% [27]. Here we focus 
on short-term variability of overnight metabolic rate and sleeping metabolic rate. 
A steady decrease pattern for SMR, with a low just before wakening of subjects, has 
been reported [20]. Others found that SMR was at its lowest between 4:00 and 6:00 h 
[6,12,28]. The latter corresponds with the moment of the lowest residual EE [18], calcu-
lated as the residual of the individual relationship between energy expenditure and 
physical activity (PA) over 24 h [4], and the time of lowest heat production [13]. A de-
cline in OMR, only for subjects that were fed a late night meal, while other subjects 
were found to have a relatively constant and lower overnight metabolic rate, was also 
reported [5]. The measurement of OMR and SMR will thus be dependent on the interval 
chosen. 
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The activity component during the night has either been measured [9,20,26,27], dis-
carded [16] or ignored by way of selecting minimum measured energy expenditure 
[5,19]. Systems for measurement of body movement were accelerometry [19], force-
platform [20], level-detection [1,16] and analog doppler [9,17]. In contrast with the 
latter analog system, both force- platform and level-detection require a minimum activi-
ty [1,16], thus exhibiting a “decrease to nearly zero” [20] during the lowest activity peri-
od in the night. An advice with regard to the method of choice for incorporating activity 
measurements as well as regarding the impact of activity during the day has not yet 
been postulated. 
The consistent message in the aforementioned publications was that the significant 
causes for variation in SMR measurements, if conducted in a whole room calorimeter 
with a thermoneutral setting, are body movement during the night and diet-induced 
energy expenditure. Yet, in contrast to the impact of diet-induced energy expenditure 
the impact of physical activity, both during the day and the night, has been relatively 
ignored. Here, two mechanisms can be postulated, the impact of the transition from 
free-living conditions to the confined space of a whole room calorimeter and the impact 
of activity during the night. Additionally, studies have been hampered by the lack of 
definition of time-interval. Fixed interval measurements like OMR are generally well-
defined, with the exception of intervals being excluded due to subject activity [16]. In 
contrast SMR measures over a variable interval, for instance the lowest continuous 60 
min EE value [5,19], the continuous average over 3 h with most stable EE value [19] and 
the continuous average over 3 h with lowest activity measure [10,27], have in general 
not provided defined intervals. 
In this study, a subject group typical for whole room calorimeter studies was observed, 
originating from 36 h experiments where intervention between visits was limited to 
dietary effects on ad-lib energy requirements. Potential confounders as de- scribed 
above were kept to a minimum and all experiments used the same protocol. The analy-
sis can thus be considered a best choices meta-analysis. 
The application context here was concerned with diminishing the role of activity and 
time as confounders for OMR and SMR, resulting in advice for choosing the most repro-
ducible method and moment in time as well as for incorporating activity measure- 
ments into a less confounded SMR measure. The study thus aimed to answer two ques-
tions. Firstly, how does SMR progress during the night in relation to body movement 
and the residual energy expenditure with attention to time-interval? Secondly, is there 
an impact on OMR and SMR stemming from the transition from free-living conditions to 
the behavioral limitation inside the confined space of a whole room calorimeter? 
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2. METHODS 

Data on whole room calorimeter experiments originated from unpublished and pub-
lished studies from the Maastricht respiration chambers over the period 2004–2007. 
The selection included low impact diet intervention experiments with healthy adult 
subjects, measured over 36 h intervals and starting at 19:00 h. Furthermore, subjects 
were measured on a first and second visit (n = 49, Table 1), where the first visit was the 
subject's first experience in a whole room calorimeter. Inter-visit interval was 32 ± 18 
days, range 5–91 days. Female subjects were studied in the same phase of the men-
strual cycle on both visits. The 36 h protocol provided for a designated sleeping period 
from 23:00 h till 7:30 h, furthermore subjects were asked to refrain from unusual or 
heavy exercise on the day preceding measurements. Subjects provided written in-
formed consent and were assessed by medical history. The Medical Ethical Committee 
of Maastricht University approved experiments. 
Whole room calorimeter measures were taken in a dual respiration chamber system 
with automated calibration [17]. The analysis system consisted of dual pairs of infra-red 
CO2 (ABB/Hartmann&Braun Uras, Frankfurt a.M., Germany) and paramagnetic O2 ana-
lysers (Servomex 4100, Crowborough, England and ABB/Hartmann&Braun Magnos, 
Frankfurt a.M., Germany). Flow was measured using electronically modified dry gasme-
ters (G6, gasmeterfabriek Schlumberger, Dordrecht, The Netherlands). Data-acquisition 
was performed using custom build interfaces (IDEE, University of Maastricht, the Neth-
erlands), a computer (Apple Macintosh, Cupertino, United states) and graphical pro-
gramming environment (Labview, National Instruments, Austin, United states).  
 

 
 
Each room had a volume of 14 m3 with 6.4 m2 floorspace and was furnished with a bed, 
chair, radio and television, computer, laptop network connection, telephone, hands-
free intercom, deepfreeze toilet, hot and cold running water and a desk with built in 
sink. The rooms had a controlled climate and could be operated from 16 to 28 °C. Sub-
jects were allowed to select their own thermal comfort zone, resulting in a setting 0–3° 
higher than at home, in order to compensate for the effects of draught inside the room. 
The temperature measured was 21.9±0.9 °C, range 19.8–25.3 °C, n=49. Humidity was 
51±5%, range 11–18 mBar H2O. Ambient pressure was 1009 ± 8 mBar, range 979–1025 
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mBar. Recirculation flow inside the room was at its lowest setting of 1100 l/min and 
flow through the rooms was set at 100 l/min STPD. Safety measures included fire alert 
and on-line gas analysis with cellular phone alert. The calorimeter was validated on a 
monthly interval with methanol burning. Oxygen and carbon dioxide measures were 
converted to energy expenditure in joules using the Weir formula [29], values are pre-
sented in MJ/day by extrapolating the measured energy expenditure to 24 h. Physical 
activity was measured with an analog ultrasound doppler system, directly processing 
the analog Doppler signal from inside the sensor (Advisor DU160, Aritech BV, Roer-
mond, Netherlands). 
OMR was calculated over the 24:00 till 6:00 h interval. For SMR measurements, data 
from the 23:00 till 7:00 h interval was evaluated, providing compatibility with broader 
intervals found in literature [2,5,15] and providing for SMR results to be found outside 
the here defined OMR interval if present. SMR measures were calculated for continuous 
intervals. SMRmin was defined as the lowest EE value over a 3 h interval. SMRres was 
defined as the EE value over a 3 h interval with the lowest residual energy expenditure 
(EEres), calculated as the residual of the individual relationship between energy expendi-
ture and physical activity over 24 h [4] as a measure of diet-induced energy expenditure 
and diurnal variation of energy expenditure required for maintaining body temperature: 
For each experiment linear regression of activity (ACT(t)) and energy expenditure (EE(t)) 
over exactly 24 h, calculated from 48 individual 30 min values, yielded slope (a) and 
intercept (b) values. The residual energy values were then calculated as EEres(t) = EE(t) 
− a • ACT(t) − b. For this method an analog movement detection system, with continu-
ous values from zero movement upward, was deemed a requirement.  
SMRact was defined as the EE value over a 3 h interval with lowest physical activity as 
measured by the ultrasound system. 
OMR and SMR values for the subsequent nights, one after normal daily behavior in free-
living conditions (night 1) and one after spending a night and day inside the whole room 
calorimeter (night 2), were calculated for each visit. 
The intra-individual variability was assessed for subsequent nights, providing a short-
term measurement of variability without influence of seasonal [10] and hormone cycle 
[14,23,25] variation. Subjects were measured in their thermoneutral comfort zone and 
were not provided with food after dinner, i.e. after 20:00 h, eliminating the impact of 
ambient temperature variation [26,9] and restricting the impact of diet-induced energy 
expenditure as described before [5] as well as decreasing the impact of body tempera-
ture variation [13,21]. 
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Figure 1. Energy expenditure (A), physical activity (B), 
and residual energy expenditure (C). Hourly values 
from 23:00 to 7:00 h expressed as percentage of the 
mean value of the overnight values from 24:00 to 
6:00 h (dotted line). 
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Basal metabolic rate (BMRest) was estimated from subject characteristics height, weight, 
age and gender [30]. Body composition was determined by underwater weighing in the 
morning upon leaving the chamber. 
Statistical analysis was performed using Statview software (Abacus concepts inc, Berke-
ley, United States), significance was based on two-sided paired T-tests and individual Cv 
% values were calculated as 100× the unbiased standard deviation of the difference 
divided by the mean value. Furthermore Cv % values were not corrected for measure-
ment noise, responsible here for 0.4% of reported Cv % [15]. 

3. RESULTS 

There were no significant or trend-like changes in ambient factors between visits and 
nights, temperatures were statistically identical. 
Energy expenditure showed a rapid decline after 23:00 h, the time subjects prepared 
for the night, until 2:00 h followed by a steady decrease till the 5:00–6:00 h interval and 
a rise during the 6:00–7:00 h interval before wakening (Fig. 1A). Physical activity showed 
a similar decrease between 23:00 h and 2:00 h, followed by a plateau until approxi-
mately 5:00 h and then a rise in activity before wakening (Fig. 1B). The residual of the 
individual relationship between energy expenditure and physical activity, as a measure 
for diet-induced energy expenditure and the variation in energy expenditure required 
for maintaining body temperature, showed a decrease over the night until a minimum 
was reached between 5:00 h and 6:00 h (Fig. 1C). 
On the first visit, there was no significant difference between expenditure measures for 
night 1 and night 2. The mean intra-individual variation for these nights was the small-
est for SMRmin and SMRres with a value of 1.8±1.4 and 2.4±2.5%, respectively (Table 2). 
The mean clock time for measured 3 h intervals varied from 3:15 h till 4:13 h, indicating 
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that the 3 h minima for EEmin, EEact and EEres were on average all found within the 1:45 h 
till 5:43 h time frame. 
Expenditure values of a second night showed a tendency to be higher, this difference 
was found to be larger at a second visit to the whole room calorimeter. On a first visit 
there was no significant difference between night 1 and night 2, whereas on a second 
visit the OMR for the second night increased 2.7% (P < 0.05, n = 49).  
 

 
Figure 2. Difference in energy expenditure between night 1 and night 2 (24:00– 6:00 h) for a second visit to 
the respiration chamber, in relation to the difference in physical activity for the same interval. 

 
The increase in OMR on the second night of a second visit was related to physical activi-
ty (Fig. 2). The mean intra-individual variation values for the second visit were deemed 
confounded in light of the simultaneous increase in OMR during these nights. 
The clock time for SMRact showed a shift of 50 min (P < 0.001) on the second visit, which 
was the only significant shift in clock times found. 
There was no significant difference in SMR and OMR measures when comparing night 1 
of the first and second visit. There was no significant difference in respiratory quotient 
(RQ) values between nights and visits, except for a small difference in RQ values be-
tween residual and activity methods (P < 0.01). 

4. DISCUSSION AND CONCLUSIONS 

The shape of the energy expenditure curve during the night (Fig. 1A) was similar to 
earlier observations by Fontvieile et al. [12], Garby et al. [13] and others [6,28], with a 
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minimum in the 4:00 h to 6:00 h interval. Zhang et al. [20] also found a steady decline in 
energy expenditure during the night, but with the minimum just before wakening the 
subjects. The change in overnight energy expenditure curve can be seen to be the com-
bination of physical activity (Fig. 1B) and residual energy expenditure (Fig. 1C), both of 
which show a rapid decline till approximately 2:00 h. The phase relation of the figures 
indicates that the combined decline is for the greater part initially driven by the decline 
in activity, while the decline of the residual is of a smaller percentage but progressing 
longer into the night. The Y-axis of Fig. 1 is expressed in relative percentages, and alt-
hough activity (Fig. 1B) might seem to decline in advance of measured energy expendi-
ture (Fig. 1A) this is not the case but merely illustrates this larger initial decline of activi-
ty. Garby et al. [13] and Webb [31] showed that subjects are not in heat balance during 
the night, where subjects heat-loss is different from subjects heat production, i.e. sub-
jects are losing heat to the ambient resulting in a lowering of body temperature. During 
the interval from 2:00 till 6:00 h diet-induced energy expenditure together with subjects 
decline in body temperature is thought to be the main cause for the remaining slow 
decline in energy expenditure, while the effect of activity remained at an almost con-
stant plateau value from 2:00 h till 5:00 h. After 5:00 h physical activity started to in-
crease. 
In contrast to the energy expenditure curve found here, Goldberg et al. [5] reported a 
relatively constant overnight metabolic rate, unless a late night meal was provided. The 
effect of diet-induced energy expenditure thus must have had a faster rate of decline 
than in our setting, possibly related to the size of the last meal. The absence of an in-
crease in energy expenditure before awakening, as found in research by both Goldberg 
et al. [5] and Zhang et al. [20], was speculated on by Zhang et al. [20] as being caused by 
not allowing subjects to wake naturally, i.e. due to staff awakening the subjects. The 
data presented here agreed with this speculation and it is suggested that depending on 
subject group characteristics the effect of circadian pattern may cause subjects to wake 
naturally at a different time due to differences in habitual sleep time. Fraser et al. [22] 
concluded that the circadian cycle was a main factor controlling sleeping metabolic rate, 
and though Fraser et al.'s [22] conclusion that the rapid decrease of energy expenditure 
at the onset of sleep was not related to diet-induced energy expenditure did not agree 
with the data presented here, the subjects habitual circadian pattern may indeed have 
resulted in differences in activity and restoration of body temperature between subject 
groups as observed in the hours before awakening. The observed intra-individual varia-
bility for OMR of 2.8% (Table 2) was comparable to OMR variability found in literature 
[5,8,15] of 1.4 to 2.7%. The variability found here can be ascribed in part to the smaller 
OMR interval used, causing a decrease in variability due to the lesser impact of physical 
activity in the selected interval, and in part to the effect of natural awakening as ob-
served in the subject group causing an increase in variability. During the night, the intra-
individual variability decreased to 1.8% for SMRmin and 2.4% for SMRres as effects of 
residual energy expenditure and activity decreased. 
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The different definitions of the time-interval chosen for OMR and SMR will yield differ-
ent values. Wouters-Adriaens and Westerterp [19] defined SMR as the 3 h interval with 
most stable energy expenditure, which was 4.6% below BMR. Here, the SMRmin and 
SMRres were 5.0% and 3.3% lower respectively in comparison to overnight metabolic 
rate (P < 0.001, P < 0.0001). The results acquired from minimal residual energy expendi-
ture in our view provide the best measure for selecting sleeping metabolic rate intervals 
when incorporating physical activity measurements, furthermore it is deemed advisable 
to restrict OMR and SMR measurement intervals to at least 1 h before wakening the 
subjects or alternatively to before 6:00 h. 
One surprising aspect of this study was the fact that on the second night of the 36 h 
protocol, after the relative calm of confined behavior, the overnight metabolic rate 
increased significantly. An early indication of this effect was found when 160 experi-
ments with a 36 h protocol as used in this study were evaluated, and an increase in 
OMR for the second night of 1.4% (P = 0.01) was found. The smaller dataset presented 
here results in lower significance (P < 0.05) but also offers an explanation for the found 
effect; subjects' first experience in a whole room calorimeter is different from repeat 
experiments when subjects have already become accustomed to the laboratory setting. 
This is illustrated by the fact that on a first visit no significant differences between OMR 
and SMR values for the two nights in the 36 h experiments are found (Table 2), howev-
er, on the second visit a significantly elevated OMR as well as a trend towards an in-
crease in SMR for the second night of the 36 h experiment was observed. Since there 
was no significant difference in OMR, SMR and temperature for night 1 of the first and 
second visit it seems unlikely that any form of intervention other then behavioral adap-
tation causes this increase in metabolism. For energy expenditure measurements fol-
lowing a 36 h protocol, and possibly longer protocols, it is advisable to use the night 
following free-living conditions for OMR and SMR evaluation. 
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ABSTRACT 

The present study determined the intra-individual variation of BMR measurements, 
using a standard out-patient protocol, with the subjects transporting themselves to the 
laboratory for the BMR measurements after spending the night at home. The effect of a 
non-fasting state and variation in daily habitual physical activity the day before testing 
was evaluated. Eight male and eleven female subjects participated in three BMR meas-
urements with 2-week intervals. Physical activity was estimated with a tri-axial accel-
erometer for movement registration, during the 3 d before each BMR measurement. 
There were no significant differences in estimated BMR (ANOVA repeated measures, 
P=0.88) and in physical activity (ANOVA repeated measures, P=0.21). Mean within-
subject CV in BMR was found to be 3.3 (SD 2.1) %, ranging from 0.4 to 7.2 %. Differ-
ences between BMR measurements could not be explained by differences in physical 
activity the day before; however, the mean within-subject CV in BMR changed from 5.7 
to 5.2 % after correcting for within-machine variability and from 5.2 to 3.3 % after ex-
cluding five measurements because of non-compliance to the protocol including fasting. 
In conclusion, BMR values measured with a standard out-patient protocol are sufficient-
ly reproducible for most practical purposes despite the within-subject variability in 
physical activity the day before the measurement. For this purpose, however, non-
fasting subjects must be excluded and a regular function check of the ventilated-hood 
system is recommendable. 
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INTRODUCTION 

BMR is the main component of average daily metabolic rate. It is defined as the daily 
rate of energy metabolism an individual needs to maintain and preserve the integrity of 
vital functions. A measurement of BMR must meet certain conditions. The subject must 
be awake and the measurement must be performed in a thermo-neutral environment 
to avoid heat production or heat loss for maintenance of body temperature. Further-
more, the subject must be in a fasted state (absence of diet-induced thermogenesis) 
and in rest (absence of activity-induced energy expenditure). 
Diet-induced thermogenesis is an increase in energy expenditure (EE) above BMR after 
eating. A 10–12h fast before BMR measurements is the accepted procedure followed by 
investigators to eliminate the thermic effect of food on basal EE. However, the time 
interval required to eliminate any residual effect of physical activity on BMR has not yet 
been described in a similar way. Some studies have observed that moderate-intensity 
physical activity elevates metabolic rate for only a few minutes to a few hours (Bahr et 
al. 1992; Melby et al. 1993; Smith & McNaughton, 1993; Quinn & Vroman, 1994; Almu-
zaini et al. 1998); others observed an elevated BMR for a period of up to 24 h (Maehlum 
et al. 1986; Weststrate & Hautvast, 1990; Herring et al. 1992; Williamson & Kirwan, 
1997; Borsheim et al. 1998; Osterberg & Melby, 2000; Melanson et al. 2002). Finally, 
some studies did not observe any effect of physical activity including high-intensity 
exercise (Freedman-Akabas et al. 1985; Weststrate et al. 1990). 
To perform an accurate measurement of BMR, subjects usually stay overnight in a hos-
pital or research centre while nutritional intake and physical activity are strictly con- 
trolled, therefore assuring the absence of diet- and activity-induced thermogenesis. 
However, this method is expensive, time-consuming and inconvenient for both sub- 
jects and researchers. Additionally, the aim of most studies is not just an accurate esti-
mation of BMR but rather to detect changes in BMR due to an intervention. Therefore 
many studies use an out-patient protocol, which means that the subjects transport 
themselves to the laboratory for the BMR measurement after spending the night at 
home. Turley et al. (1993), Goran & Nagy (1996) and Figueroa-Colon et al. (1996) com-
pared the results of the out-patient protocol with the in-patient protocol. Goran & Nagy 
(1996) found higher BMR values with the out-patient protocol (Goran & Nagy, 1996), 
while Turley et al. (1993) and Figueroa-Colon et al. (1996) did not find significant differ-
ences. Turley et al. (1993) and Goran & Nagy (1996) concluded that an in-patient proto-
col is the best for an accurate measurement of BMR. However, the change in BMR due 
to an intervention can be detected by using either an in-patient or an out-patient pro-
tocol (Turley et al. 1993; Goran & Nagy, 1996). For this application a high reproducibility 
is especially important. 
The aim of the present study was to determine the reproducibility or intra-individual 
variability of BMR after three repeated measurements, using an out-patient protocol. 
The disadvantage of an out-patient protocol is the impossibility to supervise the fasting 
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state and the physical activity before the measurement. Therefore the present study 
planned to estimate the influence of variability in daily habitual physical activity and of 
non-compliance to the protocol including fasting on the reproducibility of BMR meas-
urements. To a lesser degree, the reproducibility of BMR measurements is, for both an 
in-patient and an out-patient protocol, influenced by the within-machine variability of 
the ventilated-hood system. Consequently, the present study also focuses on the effect 
of the within-machine variability. Additionally, the goal of the study was to assess the 
inter-individual variability of BMR and to explain differences between subjects by differ-
ences in physical characteristics. 

METHODS 

Subjects 

Nineteen volunteers (eleven females and eight males, mean age 23.6 (SD 7.5) years) 
participated in the study. Criteria for subject selection were good health (with special 
attention given to the absence of metabolic diseases), and the absence of any use of 
medication that could have affected metabolic rate and weight stability during the last 6 
months (±3kg). Also, the subjects were not consuming special diets or participating in 
exercise programs. Subjects were informed of the procedures before they gave their 
consent to participate, and the Medical Ethical Committee of the Maastricht University 
approved the protocol of the study. 
Physical characteristics of the subjects are presented in Table 1. 
 

 

Experimental design 

At 1 week before the first BMR measurement a single assessment of body mass was 
performed. BMR was measured three times at 2-week intervals using a ventilated-hood 
system. The measurements were repeated at the same time and day of the week for 
each subject. During the 3 d before each measurement physical activity was estimated. 
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The day of the measurement started with the BMR assessment, followed by an estima-
tion of body weight. An underwater weighing for measuring body density took place at 
the end of the first and the second day of testing. 
The function of the ventilated-hood system was checked with methanol burning, alter-
nately before or after each BMR measurement. 

Basal metabolic rate 

Subjects were instructed to fast after 22.00 hours the night before the BMR measure-
ment, and to transport themselves to the research centre in a vehicle or by bus. They 
were also asked to avoid exercise the day before testing. Using a ventilated-hood sys-
tem (Omnical, Maastricht University, the Netherlands), BMR was measured for 45min at 
an environmental temperature of 22 – 24°C. To eliminate effects of subject habituation 
to the testing procedure, the respiratory measurements during the first 10 min were 
discarded, and the following 20min were used to calculate BMR. The criterion for this 
chosen time interval was the reproducibility of the calculated BMR values, resulting in 
the last 15min of the 45min during measurement being excluded because the subjects 
became more restless at the end of the measurement. 
Gas analyses were performed by dual paramagnetic O2 analysers and dual infrared CO2 

analysers (type 1156, 1507, 1520; Servomex, Crowborough, Sussex, UK), similar to the 
analysis system described by Schoffelen et al. (1997). Respiratory gas measurements 
were corrected for standard temperature, pressure and dry conditions. The Weir equa-
tion (Weir, 1949) was used to convert VO2 and VCO2 values to EE values. 
Alternately before or after each BMR measurement, the function of the ventilated-hood 
system was checked with methanol burning during 20 min. The methanol burner has 
been set to burn 0.2 g/min, which is equivalent to the production of 150 ml/min CO2 
and the consumption of 225 ml/min O2. Since an error percentage is dependent on 
burn-rate the expression of the error limit in absolute ml/min is preferred, hence the 
limit values of 7.5 and 11 ml/min for CO2 and O2 respectively (5 % of 150 ml CO2 and 5% 
of 225ml O2). 

Physical activity 

Habitual physical activity was registered during 3 d before each BMR measurement with 
a tri-axial accelerometer for movement registration (Tracmor; Philips Research, Eind- 
hoven, the Netherlands). The accelerometer was an improved version (same principle, 
but smaller) of the accelerometer used in previous studies (Bouten et al. 1996). It 
measures accelerations in the anteroposterior, medio-lateral and vertical directions. 
The dimensions of the accelerometer are 72 X 27 X 8 mm and it weighs 22 g. Subjects 
wore the accelerometer in a waist belt at the lower back during waking hours and rec-
orded the times when they got up, put the Tracmor on and off, and when they went to 
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bed. The registered accelerations in counts per min were used as an objective measure 
for the physical activity level of each subject. 

Body mass and body composition 

Body weight was estimated directly after every BMR measurement as well as 1 week 
before the first BMR measurement. Subjects were weighed in underwear before any 
food consumption and after emptying the bladder, on a digital balance accurate to 
0.01kg (KCC 300; Mettler, Greifensee, Switzerland). 
Measurements of body composition were performed twice, both after the first and the 
second BMR measurement. Body composition was estimated from the three- com-
partment model of Siri (1956). Underwater weighing with simultaneous assessment of 
residual lung volume was used to assess body density. The lung volume was measured 
with the He dilution technique using a spirometer (Volugraph 2000; Mijnhardt, Bunnik, 
the Netherlands). The 2H dilution method was used to determine total body water ac-
cording to the Maastricht protocol (Westerterp et al. 1995). Subjects had to drink a 2H 
dilution (70g with an enrichment of 5 atom % excess 2H) in the evening before the 
measurements after the collection of a baseline urine sample. The next morning after a 
10h equilibration period a second urine sample was collected. 

Statistics 

Data are presented as mean values and standard deviations. A one-way factor ANOVA 
for repeated measures was used to compare the three measurements of BMR, physical 
activity and body weight. The factor sex was taken as a between-subject variable. Fur-
thermore the coefficient of variation, the mean differences between the measurements 
and the coefficient of correlation were used to compare the BMR values between the 
three visits for each subject. 
To assess the contribution of independent variables to the intra- and inter-variability of 
BMR measurements multiple and simple linear regression analyses were used. 
The SPSS program, version 10 (SPSS Inc., Chicago, IL), was used for the statistical analy-
sis. 

Results 

Before the statistical analysis was performed eight measurements were corrected for 
within-machine variability larger than 7.5 ml/min for CO2 or 11 ml/min for O2. Further-
more, five measurements were excluded from the analysis because subjects admitted 
their non-compliance to the protocol in relation to fasting. Mean measurements of BMR 
are presented in Table 2.  
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There was no evidence of significant differences in BMR between the three measure-
ments and the variation was not different for men and women (ANOVA repeated 
measures, P=0.88). The mean intra-individual CV was 3.3 (SD 2.1) %. The CV of BMR 
ranged from 0.4 to 7.2%. The mean difference between the three measurements was 
0.3 (SD 0.3) MJ/24h (between measurement 1 and 2), 0.2 (SD 0.2) MJ/24h (between 
measurement 2 and 3) and 0.3 (SD 0.2) MJ/24h (between measurement 1 and 3) (Table 
3). The coefficient of correlation was 0.939 between measurement 1 and 2, 0.918 be-
tween measurement 1 and 3 and 0.980 between measurement 2 and 3. 
Physical activity tended to be lower the last day before measurement 2 (8406 (SD 3308) 
kcounts/min) in comparison with the last day before measurement 1 (9599 (SD 4695) 
kcounts/min) and measurement 3 (9204 (SD 4091) kcounts/min) (Table 2) but the dif-
ferences were not significant and the variation was the same for men and women 
(ANOVA repeated measures, P=0.21). The physical activity on day 3 and day 2 before 
the BMR measurement is presented in Table 2 and is similar to the results of the last 
day before testing (Table 2). The mean intra-individual CV for physical activity was 21 
(SD 18) % and it ranged from 0 to 65 %. Differences in body weight between the meas-
urements seemed small (Table 2), but were significant. The variation in body weight did 
not depend on the factor sex (ANOVA repeated measures, P < 0.01). 
Differences between BMR could not be explained by differences in physical activity the 
day before testing (simple regression analysis) or by changes in body mass (simple re-
gression analysis). 
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The mean inter-individual CV of BMR measurements was 18.0 (SD 1.6) % and thus much 
larger than the intra-individual CV of BMR measurements. Most of this variation was 
explained by fat-free mass differences between the subjects (𝑟𝑟20.76, P< 0.001; simple 
regression analysis). Other variables, including physical activity the day before testing, 
did not explain any additional variation in BMR after adjustment for fat-free mass. 

DISCUSSION 

The intra-individual CV in the present study was 3.3 (SD 2.1) % with a range from 0.4 to 
7.2%. Similar results were observed by others (Table 4; Murgatroyd et al. 1987; Fredrix 
et al. 1990; Rieper et al. 1993; Figueroa-Colon et al. 1996; Ventham & Reilly, 1999). 
Discrepancies could be due to differences in protocol, methodology and study popula-
tion. The present study quantified potential factors affecting the reproducibility of BMR 
values, including the habitual physical activity the day before the measurement and 
non-compliance to fasting. 
The measured BMR values were corrected when the subjects appeared not to be in a 
fasting state and when the within-machine variability was larger than 7.5ml/min for CO2 
or 11ml/min for O2. The correction for the within-machine variability reduced the CV 
from 5.7 to 5.2%. After exclusion of measurements because of non- compliance to the 
protocol including fasting the CV decreased from 5.2 to 3.3 %.  
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Other authors do not describe these corrections mentioned and this could therefore 
partly explain the relatively high reproducibility found in the present study. 
Differences between the three BMR measurements could not be explained by differ-
ences in physical activity the day before testing and by changes in body mass. Subjects 
were asked to avoid exercise the day before the measurements, but they were not lim-
ited in their habitual non-exercise activity. Physical activity the day before testing tended 
to be lower the day before measurement 2 (8406 (SD 3308) kcounts/min) in comparison 
with the day before measurement 1 (9599 (SD 4695) kcounts/min) and measurement 3 
(9204 (SD 4091) kcounts/min), but the differences between the periods were not signifi-
cant despite the high intra-individual variability (mean CV 21.5 (SD 18.7) %). 
Earlier studies were not conclusive about the effect of physical activity on BMR meas-
urements (Freedman- Akabas et al. 1985; Maehlum et al. 1986; Weststrate & Hautvast, 
1990; Weststrate et al. 1990; Bahr et al. 1992; Herring et al. 1992; Melby et al. 1993; 
Smith & McNaughton, 1993; Quinn & Vroman, 1994; Williamson & Kirwan, 1997; Almu-
zaini et al. 1998; Osterberg & Melby, 2000; Melanson et al. 2002). Possible explanations 
for the discrepant results could be differences in the time interval between exercise and 
BMR measurement as well as variation in duration and intensity of the exercise. The 
results of several studies suggest that the magnitude of the elevation of EE above rest-
ing values during recovery from exercise primarily depends on the intensity of exercise 
and to a lesser extent on exercise duration (Sedlock et al. 1989; Gore & Withers, 1990; 
Bahr et al. 1992; Smith & McNaughton, 1993; Quinn & Vroman, 1994; Borsheim et al. 
1998). On the other hand, Melanson et al. (2002) found that EE immediately post exer-
cise was elevated after low- and high-intensity exercise compared with no exercise, but 
they did not find differences in EE between low- and high-intensity exercise during the 
remainder of the day (Melanson et al. 2002). 
Since, in the present study, only non-exercise physical activity was allowed, while the 
studies mentioned earlier estimated the effect of exercise, an evident influence of vari-
ation in non-exercise physical activity was not expected. Thus, in the present study no 
evidence is found for an important influence of the intra-individual variability of non-
exercise activity on the reproducibility of BMR measurements. 
The inter-individual CV of BMR in the present study was 18.0 (SD 1.6) %, much larger 
than the intra-individual CV of BMR measurements. Most of this variation was explained 
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by fat-free mass differences between the subjects (𝑟𝑟20.76, P< 0.001; simple regression 
analysis). Other variables including physical activity did not explain any additional varia-
tion in BMR after adjustment for fat-free mass. This is in agreement with studies in 
which the fat-free mass or the active cell mass was shown to be the best predictor of 
BMR (Cunningham, 1980, 1991; Welle & Nair, 1990; Goran & Nagy, 1996; Lührmann et 
al. 2001). 
In conclusion, the present study showed that BMR measurements as performed with a 
standard out-patient protocol result in highly reproducible BMR values; specifically, if 
corrected for non-compliance to the protocol including fasting and for within-machine 
variability larger than 7.5 ml/min for CO2 or 11 ml/min for O2. The lack of supervision of 
the fasting state is proven to be an evident disadvantage, while in the present study five 
measurements were excluded because of non-compliance to the fasting state. To as-
sume that subjects will behave according to the rules of a protocol can therefore result 
in errors. Consequently, it is important to exclude the measurement when subjects 
admit their non-compliance or in the case of an elevated respiratory quotient. The ac-
tual recommendation to refrain from exercise is sufficient to ensure accurate meas-
urements of BMR in a repeated-measures design, while the BMR measurements in the 
present study were highly reproducible despite the within-subject variability in habitual 
physical activity. Finally, the correction for the within-machine variability improved the 
reproducibility and therefore a regular function check is recommendable. The present 
study proved that it is practically possible to check the function of the ventilated-hood 
system on a daily basis. On the other hand, this method is somewhat inconvenient and 
only required if the highest degree of resolution is needed. A weekly methanol calibra-
tion seems therefore a reasonable recommendation. 
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ABSTRACT 

This study aimed to analyze the intra-individual variation in VO2max of human subjects 
using total-capture and free-flow indirect calorimetry. Twenty-seven men (27±5 year; 
VO2max 49-79 ml•kg-1•min-1) performed two maximal exertion tests (CPETs) on a cycle 
ergometer, separated by a 7±2 day interval. VO2 and VCO2 were assessed using an indi-
rect calorimeter (Omnical) with total capture of exhalation in a free-flow airstream. 
Thirteen subjects performed a third maximal exertion test using a breath-by-breath 
calorimeter (Oxycon Pro). On-site validation was deemed a requirement. The mean 
within-subject CV for VO2max was 1.2±0.9 % (0.0-4.4 %) and for Pmax 1.3±1.3 % (0-4.6 %) 
for the Omnical, VO2max values with the Oxycon Pro were significantly lower in compari-
son to Omnical values (3570 versus 3984 and 4061 ml•min-1; p<0.001; n=13). 
Validation results for the Omnical with methanol combustion were -0.05±0.70 % 
(mean±SD; n=31) at the 225 ml•min-1 VO2 level and -0.23±0.80 % (n=31) at the 150 
ml•min-1 VCO2 level. Results using gas-infusion were 0.04±0.75 % (n=34) and -0.99±1.05 
% (n=24) over the respective 500-6000 ml•min-1 VO2 and VCO2 ranges. Validation results 
for the Oxycon pro in breath-by-breath mode were - 2.2±1.6% (n=12) for VO2 and 
5.7±3.3% (n=12) for VCO2 over the 1000-4000 ml•min-1 range. 
On a Visual Analogue Scale participants reported improved breathing using the free-
flow (score 7.6±1.2 versus 5.1±2.7, p=0.008). 
We conclude that total capturing free-flow indirect calorimetry is suitable for measuring 
VO2 even with the highest range. VO2max was linear with the incline in Pmax over the full 
range. 
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INTRODUCTION 

Maximal oxygen uptake (VO2max), i.e. the maximal capacity of the cardiovascular system 
to provide O2 to the working muscle and the capacity of the muscle to use O2 during 
sustained exercise, is considered the physiological gold standard of cardiovascular fit-
ness (Poole & Jones 2017). It is an important health parameter as well, as it has been 
shown that a high VO2max is inversely related with the risk of developing cardiovascular 
diseases and mortality (Blair et al. 1989; Wei et al. 1999). VO2max refers to the highest 
value of VO2 that a person can obtain despite further increase in load. It has been found 
that under similar circumstances, using an identical test protocol, differences in VO2max 

are under influence by physiological and/or psychological factors. In this light, the con-
cept of VO2peak represents the VO2 as the single highest value attained during any partic-
ular test and can be regarded as a practical but not physiological VO2max. Improvements 
in VO2max have been shown to have a significant beneficial effect on the reduction of 
cardio-metabolic risk factors, i.e. a decrease in blood pressure and an increased sensi-
tivity to insulin (Totsikas et al. 2011). As such highly accurate gas exchange analysis is 
mandatory for assessing reliable information. In addition to the effect on general 
health, VO2max is repeatedly used as the key parameter for assessing training status and 
for monitoring progress in especially endurance athletes. 
Cardiopulmonary-exercise-tests (CPETs) are usually performed under laboratory condi-
tions using an incremental exercise protocol and technological advanced gas analysis 
devices (Keren et al. 1980). Breath-by-breath analysis has been recommended as a 
reliable and accurate method for O2 and CO2 analysis during exercise testing (Poole & 
Jones 2017). In order to accurately analyze gas exchange in an airflow up to and beyond 
athletic levels of 6000 ml•min-1, it is mandatory to assess concentrations of O2 and CO2 
in both the inhaled and exhaled air, synchronously (Lundgren et al. 2015). However, 
breath-by-breath analysis during maximum exercise testing or even below that (Larsson 
et al. 2004; Perret & Mueller 2006) requires fast response analyzers, and the response 
time of the most rapid O2 analyzers is much lower than the physiological maximum of 
the athlete (Farmery & Hahn 2000). In such devices airflow is typically measured using a 
bi-directional flow sensor at the mouth, calibrated with a 2-3L volume syringe prior to 
testing. A disadvantage of this method is that abnormal or maximum exertion breathing 
patterns may differ from that of simulated breathing with a calibration syringe or other 
validation devices (Prieur et al. 1998). A more physiological concern is that gas-
exchange in the lungs is a continues process even during exhalation and hence, alveolar 
gas-concentrations continually change (Farmery & Hahn 2000). Since gas-
concentrations at the start of exhalation overlap with the exhalation peak-flow, it is 
necessary in breath-by-breath calorimetry to measure airflow and gas-concentrations 
(O2 and CO2) in parallel and with parallel timing. Subsequently, the increased breathing 
frequency that is related to VO2 during an incremental CPET will cause breath-by-breath 
systems to become inaccurate at higher breathing frequencies (Yamamoto et al. 1987). 
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Furthermore, tidal volumes during breathing is not always constant and therefore re-
quires multiple breaths to accurately determine the average VO2 level (Aliverti et al. 
2004; Potter et al. 1999; Wessel et al. 1979). Since most validation/calibration systems 
are not capable of fully simulating the changes during physiological exhalation, or repli-
cate the effects of extreme breathing frequencies or breathing patterns, it is difficult to 
interpret the results from participants during different tests (Larsson et al. 2004). Inac-
curacies using breath-by-breath indirect calorimetry devices have been shown previous-
ly to underestimate VO2 at levels as low as 2800 ml•min-1 (Larsson et al. 2004; Perret & 
Mueller 2006). Finally, a parameter that usually receives little attention is the discom-
fort subjects experience during a CPET. Breathing can be troubled by the relative small 
tubes that might cause some resistance and hence lower outcome of gas exchange 
parameters during higher stages of a CPET .  
In the present study we aimed to investigate gas exchange parameters during maximal 
exercise testing using an total-capture indirect calorimeter, with the subject breathing 
without valves or restrictions in a grander stream of air open to the ambient at the inlet, 
i.e. free-flow. The diluted exhalation of the subject is fully captured and analysed, 
thereby bypassing limitations as mentioned above for breath-by-breath analysis. Im-
portantly, a complete validation range by gas-infusion and/or alcohol-combustion can 
be performed on-site for this type of calorimeter without the need for specialized 
equipment 
Therefore, the main purpose of the present study was: 1) to assess reproducibility of 
VO2max using a total-capture indirect calorimeter (Omnical, Maastricht Instruments, 
Maastricht, The Netherlands) over a wide range of VO2 values, and 2) to compare the 
total-capture indirect calorimeter with breath-by-breath analysis. 
Validation was of interest for proving biological results found in this study, it is applica-
ble to the individual calorimeters used. It was illustrated once more (Adriaens et al. 
2003) that successful validation of any individual calorimeter, regardless of type and 
brand, is required to prove suitability for the full range of technical- and biological vari-
ability expected. 

METHODS 

Subjects and protocol 

Twenty-seven healthy young men (age 27±5 yrs; BMI 23.0±3.0 kg•m-2) performed two 
maximal CPETs on a calibrated cycle ergometer (Lode, Groningen, the Netherlands), 
with simultaneous gas-analysis using an Omnical total-capture indirect calorimeter 
(Omnical, Maastricht Instruments, The Netherlands). A subset of subjects, limited in 
number to the first 13 by subsequent unavailability of the Oxycon, performed a third 
maximal CPET test with simultaneous gas analysis using a breath-by-breath indirect 
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calorimeter (Oxycon Pro, Jaeger GMBH, Germany). For one participant, no VO2 values 
could be obtained during the final 2 minutes of the test and hence no VO2max value 
could be obtained. The order of the three tests was always Omnical - Oxycon Pro – 
Omnical. All CPETs were separated by a 7±2 day interval.  
Each participant was instructed to refrain from heavy exercise the day before a test. 
Participants were also asked to remain fasted from 22:00 hr the evening before a CPET. 
On the day of the test, participants came to the lab by car or by public transportation. 
After assessment of basal metabolic rate (BMR), participants were offered a standard-
ized breakfast (tea and buns), followed by a 45-60 min rest before performing the max-
imum CPET. BMR was measured for all participants on their first visit following a previ-
ously described protocol to provide an individual baseline VO2BMR (Adriaens et al. 2003). 
Ten participants, the first ten that volunteered to do so, where asked to participate in a 
second BMR measurement on the last visit to check if BMR reproducibility was in 
agreement with previously reported values (Adriaens et al. 2003). Immediately after the 
CPET test, participants were asked to mark a visual analogue scale (VAS) on the ease of 
breathing near maximal exertion. (10 cm line, measured as 0-10 score from “bad” to 
“excellent”).  

Indirect calorimetry systems 

A facemask (Hans Rudolph Inc., Shawnee, USA) was connected to a T-piece that was 
placed in a free airstream (Omnical) or turbine with sample-tubing (Oxycon Pro) and 
next the facemask was placed over the participants’ nose and mouth. Great care was 
taken to use masks that fit without detectable leakage to the participants’ face. No gel-
sealing of the total facemask was used (Prieur et al. 1998). 

Omnical 

The Omnical is the fourth generation Omnical and is based on methods developed for 
whole room calorimetry (Schoffelen et al. 1997; Webb et al. 1988). Analogous to a 
whole room-calorimeter, during all VO2max tests the participants could breathe freely 
into a grand stream of air, for this study preset at 450 l•min-1, passing through the 
tubes. No valves were used and the same analysis technology as have been used in 
whole room calorimeters, were used (Adriaens et al. 2003; Schoffelen et al. 1997). In 
brief, the system measures total airflow passing the participant’s face, and determines 
gas-concentrations for inspired and expired air with a representative resolution of 
≤0.001% (Schoffelen et al. 1997). Inspired air (environment) samples were taken every 2 
minutes (analyzer 1), while expired air was analyzed every other 2 minutes (analyzer 1) 
as well as continuously (analyzer 2), allowing for a normalization between analysers 1 
and 2. Calculation was performed using gas exchange formulae as described previously 
(Brown et al. 1984; Schoffelen et al. 1997). Volume was set to nearly zero and evalua-
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tion intervals set to seconds instead of multiple minutes or hours as for facemask or 
whole room calorimetry respectively. A calculation interval of 5 seconds was used, while 
samples were continuously evaluated by the analyzers and acquisition software at a 
rate up to 50 samples per second. The dependency on breathing frequency was that 
slow (supine, resting) breathing can be distinguished as individual peaks and valleys, 
while there is no upper limit for breathing frequency as this averages out as with fast 
changes in whole room calorimetry (Henning et al. 1996). 
In breath-by-breath systems, measuring inhalation and exhalation in sequence through 
a single tube limits breathing frequency because of two main reasons; 1) the response 
time of the analyzers applied(Farmery & Hahn 2000), and 2) the averaging of sample 
due to sequential transport of inhalation and exhalation through a single tube 
(Yamamoto et al. 1987). 
In our study, the gas analyzers of the free-flow indirect calorimeter were calibrated 
automatically every 15-30 minutes. Nitrogen gas (≥ 99.999%, Linde, The Netherlands) 
was used to set the zero and a calibration gas with 18% O2 and 0.8% CO2 certified to 1% 
volumetric content (i.e. 0.18% O2, 0.008% CO2) was used for calibration (HiQ specialty 
gas, Linde, The Netherlands). The O2 content of the calibration gas was further correct-
ed based on the O2 content of fresh air as described earlier for a whole room calorime-
ter (Schoffelen et al. 1997). Sensors for flow, pressure, humidity and temperature were 
pre-calibrated and checked at service intervals. Performance of calorimeters in our labs 
is checked in situ by methanol combustion and infusion tests before and during periods 
of use (Adriaens et al. 2003; Schoffelen et al. 1997). 

Oxycon Pro 

The Oxycon Pro is an open circuit indirect calorimeter that measures flow at the partici-
pant’s mouth using a bi-directional turbine (Triple V, Jaeger GMBH, Germany). It was 
calibrated before each test with a 3 liter syringe (Jaeger GMBH, Germany). Gas concen-
trations VO2 and VCO2 were derived from undiluted samples taken at the turbine and 
thus alternate between inhaled and exhaled air, synchronously with breathing frequen-
cy. For optimal synchronization, the sample delay from turbine-sample-point into the 
Oxycon is determined with the help of a secondary tube equal to sample tube, used to 
infuse calibration gas pulses during calibration. VO2 and VCO2 results were stored every 
30 seconds. The Oxycon Pro has been validated to achieve accurate results up to 5000 
ml•min-1 O2 uptake (Rietjens et al. 2001). The Oxycon requires users to calibrate its flow 
sensor before use and to perform a gas calibration. Gas calibration uses an ambient 
sample (room air) and a certified span gas (typically 5% CO2 in N2) both for calibration of 
analyzer output and for determining sample synchronization from turbine-sample-point 
to analyzers. Sensors for pressure, humidity and temperature were pre-calibrated simi-
larly to the Omnical. 
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Instrumental validation 

The Omnical was validated both with methanol combustion (simulating BMR ~ 1 
kcal•min-1 by setting wick height of burner) in a ventilated hood volume, and with gas-
infusions in the facemask-connection up to the highest expected level of O2 consump-
tion and CO2 production, range 225-6000 ml•min-1 VO2. The principle of measuring total 
diluted gas-flow allows for the use of combustion of known quantities of methanol or 
other fuels, as well as for straightforward infusion of known quantities of gasses (here: 
N2 and CO2). This allows simulation of the full range of O2 consumption and CO2 produc-
tion, from resting- to elite athletes’ levels. Combustion tests provide for water vapor 
production similar to human breathing, while gas infusion tests are dry unless water 
vapor is specifically added. In the present study handling of water vapor was validated 
with the combustion tests for Omnical, no humidity was added to infusion tests. 
For validation in the BMR range, methanol (pro-analyse, 99.8%, Merck Millipore B.V., 
Amsterdam, The Netherlands) was burned (Adriaens et al. 2003; Schoffelen et al. 1997) 
at a target VO2 rate of 225 ml•min-1. Infusions were performed for validation in the 
higher ranges of CO2 (99.99%, Linde, The Netherlands) and N2 (≥ 99.999%, Linde, The 
Netherlands) (Schoffelen et al. 1997). All measurements where normalized to Standard 
Temperature and Pressure Dry (STPD) values by measuring temperature, humidity and 
pressure. 
The Oxycon Pro was serviced prior to the study and tested in 12 infusion tests during 
service using a proprietary dry gas sinusoidal breath-simulator (Mijnhardt, Bunnik, the 
Netherlands) in the range of 1000-4000 ml•min-1. There was no available system to 
measure impact of humidity, or changes in breathing pattern, for the breath-by-breath 
mode. Gas infusion occurred inside the calibration unit’s lung-simulation i.e. on the 
face-mask side of the flow sensor in a variable volume. 
For both devices the gasses infused where N2 and CO2. For CO2 the amount measured 
must equal the amount infused, for N2 the simulated O2 uptake is derived from dilution 
of inlet O2 air fraction (FiO2) as: O2 uptake simulated = N2 infused • FiO2 • (1-FiO2)-1 

VO2max tests 

All VO2max tests were performed on a calibrated bicycle ergometer according to the 
protocol of Kuipers et al. (1985). Subjects performed a 5 min warming-up at 100W, 
after which the workload was increased by 50W every 2.5 min. After the respiratory 
exchange quotient (RER) exceeded 1.0 or the heart rate exceeded 160 bpm, workload 
was increased by 25W every 2.5 min. Subjects were verbally encouraged to continue 
until exhaustion by the researcher. The time to exhaustion was recorded. The maximal 
workload achieved (Pmax) was calculated as the workload completed (Wcompleted) plus 
time (t, in sec) in the last stage divided by 150 (sec i.e. 2.5 min) and multiplied with the 
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load increment of the final stage (ΔW): Pmax = Wcompleted + ΔW • t • 150-1 (Kuipers et al. 
1985). 
For the Omnical, VO2max was calculated as the highest moving average VO2 value ob-
tained over 30 consecutive seconds (i.e. six 5-second values). Additionally, the VO2peak 

was calculated as the single highest obtained VO2 value (i.e. one 5 sec value). For the 
Oxycon the highest registered 30 seconds VO2 value was used as VO2max. 

Statistics 

Agreement between the two VO2max tests with the Omnical, and between the Omnical 
system and Oxycon Pro were examined using linear regression analysis to examine if the 
slope of the regression line was significantly different from 1 and the intercept signifi-
cantly different from 0. In addition, Lin’s concordance correlation coefficients were 
calculated. This coefficient is used to test reproducibility by taking into account the 
variation from the line of identity (i.e. slope 1, intercept 0)(Lin 1989). Bland Altman plots 
were prepared to quantify systematic and random error and a paired t-test was used to 
test for differences in mean VO2max between both Omnical tests and between the Om-
nical and Oxycon Pro tests, as well as for the VAS value marked by participants for ease 
of breathing (Bland & Altman 1986). 

RESULTS  

Instrumental validation 

Validation data for the Omnical were -0.05±0.70% (n=31) for VO2 at 225 ml•min-1 meth-
anol combustion rate and 0.04±0.75% (n=34) over the 500-6000 ml•min-1 for infusion 

rate. CO2 values were -0.23±0.80% (n=31) at the 150 ml•min-1 methanol combustion 
rate and -0.99±1.05% (n=24) over the 500-6000 ml•min-1 infusion range. The difference 
in levels of O2 (225) and CO2 (150) for alcohol combustion is caused by the respiratory 
quotient (RQ) of alcohol, i.e. 0.6667. For the Oxycon Pro, results were -2.2±1.6% for VO2 

(n=12) and 5.7±3.3% for CO2 (n=12) over the 1000-4000 ml•min-1 range of the breath-
ing-simulator. Note that alcohol combustion with the Oxycon is only possible in venti-
lated hood mode, effectively disabling the breath-by- breath mode. For that reason, no 
methanol combustion tests were performed with the Oxycon Pro, instead the breathing 
simulator for validation of breath-by-breath mode was used. 
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Basal Metabolic Rate (BMR) analysis 

Results for BMR were 258±28 ml•min-1 O2 (n=27) and repeatability for BMR between 
two visits was 2.9±3.3 % coefficient of variation (CV) (n=10), when including substrate 
usage energy expenditure (EE) for BMR expressed in kJ•kg-1 the CV was 3.5±3.7 %. 

Repeatability VO2max Omnical  

The mean within-subject CV for VO2max was 1.2% ± 0.9% (range 0.0% - 4.4%, n=27) and 
for Pmax 1.3% ± 1.3% (range 0.0% - 4.6%). Both maximum Power output (Pmax) (R

2=0.97, 
p<0.001) and maximum VO2 (R

2=0.98, p<0.001) were highly correlated (Figure 1).  
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Figure 1. Scatterplot showing the test-retest reproducibility in a) Pmax, b) VO2max and c) VO2peak as measured 
with the Omnical. The full line represents the regression line and the dotted line indicates the line of identity. 
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For VO2max the slope of the regression line was not significantly different from 1 (1.05; 
95%CI 0.99 to 1.11) and the intercept was not significantly different from 0 (-145 
ml•min-1; 95%CI -396 to 107). Lin’s concordance correlation coefficient was 0.98. There 
was a small but significant difference in VO2max between the two Omnical tests (58±107 
ml•min-1, p=0.01). Bland Altman plots showed a significant and positive correlation 
between the difference and mean VO2max of both tests (R2=0.15, p=0.05) (Figure 2). The 
same was observed for the Pmax (R

2=0.15, p=0.04). When VO2peak was used instead of 
VO2max, the correlation between tests was comparable (R2=0.97, p<0.001), the slope of 
the regression line was not significantly different from 1 (1.01; 95%CI 0.94 to 1.08) and 
the intercept was not significantly different from 0 (6 ml•min-1; 95%CI -290 to 301). The 
Bland Altman plot for VO2peak did not show a systematic bias proportional to the meas-
ured value (Figure 2). 
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Figure 2. Bland Altman plots showing the mean difference and 95% limits of agreement between test 1 and 2 
on the Omnical. a) Pmax (regression line y = 0.07x - 23.9; R2 = 0.15; p < 0.05), b) VO2max (regression line y = 0.06x 
-183; R2 = 0.15; p < 0.05) and c) VO2peak (regression line y = 0.02x - 54; R2 = 0.02; p = 0.48). 
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Comparison Omnical versus Oxycon Pro 

The correlation between the VO2max values as measured by the Oxycon Pro and Omnical 
was 0.92 (R2=0.83; p<0.001). The slope (1.11; 95%CI 0.75 to 1.41) and intercept (135 
ml•min-1; 95%CI -1052 to 1323) of the regression line were not significantly different 
from 1 or 0, respectively (Figure 3a). Lin’s concordance correlation coefficient (Rc) was 
0.77 and there was a significant difference in VO2max between the Omnical and Oxycon 
Pro (3984 and 4061 versus 3570 ml•min-1 respectively; p<0.001). No difference was 
observed in Pmax or maximal heart rate (Pmax mean difference 2±5 W, HRmax mean differ-
ence 2.5±3.3 BPM; p>0.05). The Bland-Altman plot showed a systematic bias that was 
proportional to the absolute VO2max for the Oxycon Pro (Figure 3b). This is also visualized 
by plotting VO2max versus Pmax for both the Omnical and Oxycon Pro (Figure 3c). 
Visual Analogue Scales (VAS) showed a significant difference in ease of breathing in 
advantage of the Omnical (7.6±1.2 vs. 5.1±2.7, p=0.008). 
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Figure 3. a) Scatterplot showing the test-retest variability in VO2max between the Omnical and Oxycon Pro 
systems (n=12). The solid line represents the regression line and the dotted line the line of identity. b) Bland-
Altman plot for VO2max as measured with the Omnical versus the Oxycon Pro system. Mean bias and 95% limits 
of agreement are indicated with dotted lines. The regression line shows there is a systematic bias that is 
proportional to the measured VO2max. c) VO2max plotted against Pmax for both the Omnical (open circles) and 
Oxycon Pro (closed circles) 
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DISCUSSION 

This is, to the best of our knowledge, the first study that shows that total-capture of 
exhalation diluted into a free-flow indirect calorimeter (Omnical) is capable of accurate-
ly measuring VO2 concentrations in athletes. We performed a technical and biological 
validation of an open circuit diluted flow calorimeter with total capture and analysis of 
participants’ exhaled air until maximal CPETs. The stringent technical validation was 
deemed a requirement to prove suitability of the individual calorimeter for the full 
range of technical- and biological variation expected, and this throughout the duration 
of the study. In contrast, no single application of calorimeter or calorimetric method 
should be considered a gold standard simply by reference to other units in literature; in 
that case there is no proof that the application or individual apparatus performed as 
well. Our results showed consistent values during both validation tests, demonstrating 
that the Omnical was suitable for gas analysis at rest and during maximal intensity exer-
cise testing in elite athletes and that it is preferable to devices in breath-by-breath 
mode, and specifically as researchers may validate the unit available on site and fully 
independent. A suggestion for improvement would be to add water vapor to infusion 
tests as well (Prieur et al. 2003), though for diluted flow (Omnical) the vapor pressure 
should be kept below saturation as BTP conditions in reality are only applicable for ap-
proximately 50% of time (exhalation time). 
The association between Pmax and VO2max showed a marked linearity across the entire 
range of P, indicating a low intra-individual variability for both parameters. At the level 
of basal metabolic rates (BMR), intra-individual variability was similar to previously re-
ported results, acquired using a near-identical outpatient-protocol and BMR measure-
ment equipment (Omnical) (Adriaens et al. 2003). Since the intra-individual BMR varia-
bility as reported by Adriaens et al. (2003) was considered low (Donahoo et al. 2004), 
the results of the present study illustrate strict adherence to the out-patient protocol by 
participants. 
Our results furthermore indicated that the Omnical achieved a high degree of technical-
ly validated accuracy over the full range of human energy expenditure. The importance 
of reliable test and re-test values of VO2max come from a study by Vickers et al., who 
studied errors in VO2max and proposed a guideline for corrections and some interesting 
future research recommendations (Vickers 2003). We have been able to address some 
of the issues and the fact that in our study high accuracies have been achieved using 
participant generated data confirms the technical validation. More importantly, it im-
plies that human maximal performance is very reproducible and almost perfectly linear-
ly associated with Pmax across the entire range of P and VO2. 
As expected, complete capturing and analysis of exhaled air provides linear and full-
range calorimetric performance. A challenging concern of our hypothesis is if our find-
ings are in line with the current scientific literature, which commonly expresses Pmax-
VO2max as a single average. We found several studies describing the relationship be-
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tween Pmax and VO2max, with Pmax values in the range from 100 to 133% of that observed 
in the present study (Angermann et al. 2006; Carita et al. 2014; Gordon et al. 2015; 
Karlsen et al. 2015; Laursen et al. 2002; Le Meur et al. 2014; Millet et al. 2014; Sousa et 
al. 2014). Assuming P, expressed as Watts, is an independent and calibrated parameter, 
we used Pmax as a starting point for the comparison. In this study we determined the 
mean VO2BMR and PBMR to be 258 ml•min-1 and 0.0 w workload, and the mean VO2max 

and Pmax to be 4112 ml•min-1 and 331.4 w (n=27) workload, respectively. A mean VO2 of 
4112-258 = 3854 ml•min-1 was required for 331.4 w, i.e. 11.63 ml•min-1•w-1. We de-
rived this study’s curve for any mean VO2max as a function of mean Pmax as: 
VO2max (Pmax) [ml•min-1] = 258 [ml•min-1] + 11.63 • Pmax [w]. Using this curve with pub-
lished mean Pmax values from the similar studies (Angermann et al. 2006; Carita et al. 
2014; Gordon et al. 2015; Karlsen et al. 2015; Laursen et al. 2002; Le Meur et al. 2014; 
Millet et al. 2014; Sousa et al. 2014) provides us with predicted VO2max values as if 
measured in our laboratory. This allows comparison of predicted values with respective 
published mean VO2max values (Figure 4). Eight out of the nine studies used breath-by-
breath analysis, the ninth used separate turbine and exhaled air sampling. None cap-
tured total subject exhaled air for analysis. We have to mention, however, that this 
comparison inherently includes dissimilarities in participants, laboratory conditions, 
Pmax-calibration, and other factors. We observed an average deviation of -316 (range -59 
to -648) ml•min-1 between predicted and measured VO2max. In view of the successful 
technical validation over the full range of P, we conclude that VO2max has typically been 
underestimated in previous studies, and this is in agreement with earlier findings for 
specific calorimeters (Larsson et al. 2004; Perret & Mueller 2006; Prieur et al. 2003).  
The low intra-individual variability in Pmax and VO2max that we observed, along with their 
co-linearity, imply that participants can be used to validate calorimetry equipment. In 
fact, we advocate that calorimetry equipment should not just show good technical vali-
dation results, but must also be able to reproduce this in a real-world participant- 
measuring setting. This is supported by the fact that results obtained using the Oxycon 
Pro suggest that this particular device, albeit serviced by the distributor, did not per-
form as well as the device tested previously by our group (Rietjens et al. 2001). We 
surmise that not all calorimeters perform to the highest standards each and every day 
or with each and every unit; it is imperative to check performance of calorimeters on a 
regular basis (Adriaens et al. 2003). 
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Figure 4. Scatterplot showing relation of average VO2max versus Pmax for 10 separate sources in literature includ-
ing this article (Omnical) and using BMR for defining intercept (this article, VO2max = 258 + 11.63 x Pmax). The 
graph illustrates differences in average VO2max between sources. From literature, no individual values for the 
relation VO2max - Wmax could be derived, thus averages are compared only to the extend that sources have 
similar subjects with similar BMR etc. 

 
The Oxycon-Pro and results found in literature (Figure 4) tend to underestimate VO2 in 
the higher range in comparison to results found by total capturing and analysis of ex-
haled air. These results are not surprising since at more intense efforts linearity is likely 
to disappear due to the increasing difficulty for analyzers in breath-by-breath mode to 
keep up with the increasing minute ventilation.  
It is our experience that calorimetric carts are typically tested using alcohol combustion 
in ventilated hood mode. Alcohol-combustion kits and descriptions for doing this are 
part of most product lines on offer, as an option. Yet, with respect to breath-by-breath 
mode this only validates part of the calorimeter, and specifically disregards the im-
portant response time of gas analysis in relation to required synchronous operation 
with participant in- and ex-halation. Performing a validation test in ventilated hood 
mode will provide basic feedback on operability in the absence of validation equipment 
for breath-by breath mode. While it is better than no test at all, the presence of trained 
stable athletes and a calibrated workload (bicycle) proves to be an important asset.  
In conclusion, we report that the Omnical as a free airflow calorimeter capturing total 
exhalation in diluted mode is suitable for measuring human gas exchange (O2 and CO2) 
and hence energy expenditure over the full range from rest to maximal exertion, and 
shows a significant increased ease of breathing near maximal exertion. Importantly, 
such a system can easily be validated by users on site over its full range and in the mode 
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applicable for subjects. Finally, we conclude that healthy participants with a stable train-
ing status have a VO2max that has similar reproducibility as technical validations. Pmax, 
and VO2max show a linear relation over the full range of P. The latter challenges previous-
ly reported non-linearity between P and VO2. 

PERSPECTIVE  

Cardiopulmonary exercise testing is an important tool to determine exercise capacity in 
patients with e.g. heart failure and cancer, as well as to determine training status and 
progress in athletes (De Backer et al. 2007; Le Meur et al. 2014; Rietjens et al. 2005). 
Since the introduction by Hill et al, accurate assessment of the maximum plateau in O2 

concentration has been the focus of many studies (Hill AV 1923). The concept of VO2max 
originates from the notion that the VO2 curve flattens near exertion. Around 50% of 
studies nowadays assess VO2max using breath-by-breath analysis of exhaled air using 
rapid-response gas analyzers (Robergs et al. 2010). In the present study, we provide 
evidence that open circuit indirect calorimetry is a valid approach to detect VO2max, and 
is sensitive enough to reveal a linear association between VO2 and P over the entire 
range of P in both untrained and endurance trained individuals. Our findings have impli-
cations for how results from studies reporting a plateau in VO2 near exhaustion should 
be interpreted. Finally, frequent validation of individual calorimeters in the modus op-
erandi applied for subjects is deemed a historical and nowadays under-rated require-
ment. 
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ABSTRACT 

Two  major  factors  determine  accuracy  for  measuring  respiratory  gas;  the  equations 
used and the equipment applied, nowadays augmented with pre‐ and post‐ data filter‐
ing and trend analysis techniques. The aim of this study was to focus on the equations, 
and specifically on the implementation of SI units for real gasses and true molar quanti‐
ties,  allowing  the  quantification  of  true mass  flux  between  individual  processes.  The 
molar equation derived was:  

���� � �� � ����� �
������������� ��

������
������������� ��

����
�� • ��

��������������         mol•s‐1   

Where:  P=pressure,  V=volume,  T=temperature,  g=selected  gas,  s=subject,  i=inlet, 
o=outlet, r=room, n=number of moles, z=compressibility, and R=molar gasconstant. 
The  compartmentalization  of  processes  in,  out  and  room  are  yet  again  recognisable. 
Deriving the molar equation proved useful in understanding momentary gas properties and 
fluxes. and the molar formulae have now been applied in whole room calorimetry.  
We conclude that a true molar equation using SI notation was achieved, with detailed 
formal  descriptions  allowing  for  strict  compartmentalization  of  sub‐processes.  For 
whole  room calorimeters and short  (dynamic) evaluation  interval a  specific  impact on 
O2 and RER results was uncovered. Hence, the impact of climate and true molar quanti‐
ties may prove at least as important as the precision of the applied gas analysis equip‐
ment regarding short term dynamic evaluation. 

LIST OF SYMBOLS 

P = pressure         Pa 
V = volume         m3 

 = volumetric rate       m3s‐1 
T = temperature        K 
R = molar gasconstant 8.3143     J•K‐1•mol‐1 
t = time          s 
n = amount of moles       mol 
X = molar fraction      [dimensionless] 
ṅ= rate of change of amount of moles   mol•s‐1 
z = compressibility factor       [dimensionless] 
mass density        kg•m‐3 
M = mass        kg 
F = fraction        [dimensionless] 
C = molar concentration      mol•m‐3 
• notation denotes rate      s‐1 

V
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stp = standard temperature and pressure, 273.15 K, 101325 Pa. 
stpd = standard temperature pressure and dry. 
atp = ambient temperature and pressure including water vapor 
a = equation of state parameter 
b = equation of state parameter 
g = any gas 
m = mix of gasses g 
i = inlet 
o = outlet 
r = room 
s = subject or simulation 
d = diffusion 
l = leakage 
w = water 
c = critical 
O2 = oxygen 
CO2 = carbon dioxide 
N2 = nitrogen 
NI = nitrogen and inert gasses 
CH4 = methane 
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INTRODUCTION 

Respiratory  gas  exchange  (RGE)  measurements  can  reveal  both  the  source  and  the 
extent of the energy expenditure (EE) in human and animal metabolism. Equations for 
the  calculation  of  respiratory  gas  exchange  (RGE) with  fast  response  can  be  found  in 
literature  [19,5,29,15,24,34,25,33,22],  as well  as descriptions of equipment  [15,37,29, 
24,8,28,22] Advances in energy regulation science impose ever‐increasing demands on 
the dynamic accuracy and precision of measurements of RGE. To meet these demands, 
systems must be optimally configured and accuracy must be traceable throughout the 
system. Improvements in formal descriptions may help researchers to reliably perform 
comparable multi‐center studies and certification procedures. 
The aim of this paper is to introduce a practical implementation of SI units in combina‐
tion with real gasses, opening a pathway towards future improvements on determining 
RGE fluxes between compartments known‐ and as yet unknown. 
The field of measuring RGE in room sized calorimeters has evolved from measuring total 
24 hour energy expenditure (TEE24hr) and derived parameter respiratory quotient (RQ24hr) 
to measuring activity‐, resting‐ and sleeping‐ metabolic rate over shorter intervals (AMRt, 
RMR,  SMRt  and RQt). Often while  holding on  to  assumptions made  at  the beginning of 
work  in  the  field.  Some  commonly  [29,5,6,13,15,19,21,22,26,30,31,35,14,38]  used  as‐
sumptions are: 
‐  conservation of N2 and inert gasses for calculating flow  
‐  i is equal to  o 
‐  gasses may be considered ideal gasses 
‐  calculation takes place while the system is in (quasistatic) steady state 
‐  all gasses are well mixed and the model is considered a first order model 
‐  the volume of the chamber is constant 
‐  the mass inside the chamber is constant 
‐  there is no leakage 
‐  dynamic responses can be mathematically resolved by filtering and prediction  
 
Validity of these assumptions will vary depending on context,  from acceptable to fully 
inapplicable. 
Further problems may arise when  comparing performance of RGE measurements be‐
tween metabolic research centres. At the moment, there are no standards for defining 
the accuracy  in measuring RGE. Validation  tests may be performed over 24 hr  steady 
state, neglecting today’s interest in non‐steady state shorter intervals, or by neglecting 
the begin‐end change from fresh air concentrations to near steady state used air con‐
centrations typical for measuring a subject in a whole room calorimeter. Moreover, the 
description of accuracy may be expressed as a percentage of a validation test‐level, yet 
not  necessarily  identified  as  an  absolute  value  in  relation  to  the  working  range.  For 
instance, 1 % accuracy at the 1000 ml•min‐1 RGE level  is not equal to 1 % accuracy at 
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the 500 ml•min‐1 RGE level. In whole room calorimetry there is a base precision limit, a 
floor level dictated by volume, flow and analysis accuracy. This base precision is more or 
less  independent of EE  level and essentially Gaussian  in distribution [23]. Finally, EE kJ 
may be calculated from RGE using different substrate equations with or without taking 
urinary nitrogen  into account  [40,39,4,7,10,17,2,3,18,9].  This  should not pose a prob‐
lem as long as partners in research identify and use the same equation. 
Three suggestions for improvements are: 
1)  Decrease assumptions  
2)  Provide  validation  results  including absolute  levels of RGE and  interval  of  interest. 

Do not limit results to percentages without defining the 100 % reference level [29]. 
3)  Include  dynamic  responses  in  validation,  and  in  a  standardized  fashion.  Ranging 

from mimicking the typical begin‐end state difference as seen with participants [29], 
up to step‐ and impulse responses [13,25]. 

 
First of all it was deemed beneficial to derive equations with less assumptions. 
Here, a set of  true mass based SI equations  for whole  room calorimetry was derived, 
intended as building blocks for future improvements and standardisation. 

METHODS 

Derivation of the molar equation used. 

Balance equation 
In literature most calculation formulae use gas conservation in a form similar to Brown 
et al. [5]: 

      (1) 

where  

 = rate of increase of volume of gas g inside the room  

 = rate of volume flow of gas g into the room 

 = rate of net volume production of gas g by a subject 

= rate of volume flow of gas g out of the room  
 
The basis for this equation, known from even before the times of Lomonosov‐Lavoisier, 
can be found in the mass conservation law [32]; “the mass of a body is independent of 
time” or: 
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     (2) 

In general,  the  limits of  this  integration will be the volume occupied by the body as a 
function of time. Using the postulate of conservation of mass, we derive: 

    (3) 

These basic mass conservation rules lead the way to a mass‐based formula for gas ex‐
change in the form: 

    (4) 

In  order  to  prevent  problems with  gas  density  for  real  or  ideal  gas,  volume  to mass 
conversions, and other possible confounders, formula (4) is rewritten for molar quanti‐
ty: 

    (5) 

Please note that the sign of a quantity must correctly denote the entry (positive sign) or 
exit  (negative sign)  from the control volume. Furthermore,  this balance equation may 
be  augmented  with  additional  parameters  if  they  can  be  assessed,  for  instance  the 
addition  of  leakage  and  diffusion  into  confined  spaces,  or  the  subdivision  of  central 
volume in separately flushed‐ and temperature layered compartments: 

    (6) 

where   is the rate of molar quantity of gas g leaking,   is the rate of molar quantity 
of gas g diffusing into for instance a confined space (1, bed; 2, trunk), and   are sepa‐
rately  flushed‐  and  temperature  layered  compartments  (1,  flushed  ceiling, walls,  and 
airconditioning‐ducts;  2,  temperature  layering  compartments).  Note  that  subdivided 
compartments share a total sum with the room volume, i.e. a  local mass conservation 
with individual positive or negative sign. 

Real versus ideal gas 

Molar quantity is a mass based amount and thus well suited for setting up a true mass 
conservation model. However,  in reality volumes will be measured, and volumes must 
be converted to molar quantities  from measured fractions and volume. Note that this 
also holds true for mass‐flow devices as they are tuned to a specific mass and can’t yet 
discriminate the variation in gas fractions by themselves. 
This conversion of a gaseous volume to its mass in general uses the ideal gas assump‐
tion,  introducing  a  small  error  in  comparison  to  using  the  real  gas  conversion.  Both 
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“molar” and “real” indicate true mass i.e. real gas volume, while “ideal” indicates use of 
the ideal gas assumption. 
For a mix of ideal gasses the volume to molar gas laws are: 

   Bolye Gay Lussac  (7) 

   Dalton  (8) 

For eliminating the ideal‐gas assumption, formula (7) for use with a real gas becomes: 

    (9) 

Where z expresses the deviation of the real gas volume from assumed ideal volume at 
the (partial) pressure and temperature of the specific gas fraction. The factor z is known 
as compressibility. 
Regarding Daltons law, which effectively states that any gas can be considered to occu‐
py  the whole volume as  if  it were by  itself,  first,  interoperability between gasses  in a 
mixture must be determined. If interoperability is present the effects for any occurring 
fractional mix must be calculated. The interoperability between gasses can be calculat‐
ed by means of virial equations for determining the critical temperature Tc and pressure 
Pc of a gas mixture. Using the Eykman Molecular Refraction method (EMR) [11], gasses 
may be divided in two groups: 
group 1: CH4, CO2, H2S, N2, H2, O2 
group 2: C2H6 and the remaining complex hydrocarbons.  
 
Using average values of Pc and Tc  for each  individual group  in  the gas mixture  the  in‐
teroperability between the groups [11] is determined by the formula: 

    (10) 

Since, favourably, all gasses of interest for RGE fall into group 1 and no gasses from the 
other group are present (X2=0) the virial  influence is  limited to the first factor. For the 
RGE gasses their individual constants Pc and Tc can be used to calculate compressibility 
without interoperability. 
Compressibility means that for the same temperature and partial pressure as assumed 
for an ideal gas, in reality more or less moles of gas will fill the volume i.e. provide the 
“ideal” partial pressure.  
By correcting for the amount in moles the partial pressure remains unaffected and we 
may apply Daltons law for the real gasses and their partial pressures: 

  �	����� 	� ∑�	�����	  (11) 
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Calculation of compressibility z 

The compressibility of a gas depends both on pressure and temperature and it can be 
looked up in tables [1,16]. An often used equation to calculate real gas properties is the 
Van der Waals equation [36].  In comparison to tables for compressibility this equation 
proved less suitable at‐ or below atmospheric pressure (≤ 101 kPa) and applicable tem‐
perature range of 200‐350 K. A best fit to calculate z(P,T) directly from P and T for RGE 
gasses was found to be provided by the Redlich Kwong equations of state [20,27]: 

    (12) 

where 

    (13)  

    (14) 

 
Equation 12 finds partial pressure P from variables temperature T, volume V and molar 
quantity n, yet the variable of interest is compressibility z. The z value of a fixed volume 
at constant temperature for a single gas can be written as z = Preal/Pideal, and 1‐z varies 
linear proportional with partial pressure P. To resolve a particular value of z  in the P,T 
range  of  interest  (0‐100kPa,  200‐350K)  an  assumed  volume  V  =  0.00548 m3  and  as‐
sumed quantity n = 1 mol may be used to calculate z for RGE gasses O2, CO2, NH4, and 
H2O. Other choices for V,n or tables are possible. 
Given the critical temperature and pressure of a gas, Pc and Tc, the a and b factors can 
be calculated and for V=0.00548 m3 and n=1 mol its real pressure Preal at temperature T 
may be determined. 
Next the identical values for V,T and n may be used to calculate the ideal pressure Pideal, 
and used  to determine z  (Preal,T)  from Preal/Pideal.  This  specific  instance of  z(Preal,T) was 
determined for the assumed volume of 0.00548 m3 for a specific gas and temperature. 
To derive  the z(P,T)  for  this  specific  gas, dependent on pressure  instead of  volume, a 
correction for the change of pressure may be derived: 

    (15) 

 
where 
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    (16) 

As a result, the compressibility of the specific gas g may be calculated as a function of 
ideal partial pressure and temperature. 
Alternatively the z(P,T) can be looked up in an accurate table, and z(P,T) must then be 
interpolated for the exact P and T of interest. Working from tables available in literature 
[1,16] we derive the following interpolation formula for z(P,T) when P=100kPa: 

  zO2 (100kPa, TO2) = 0.9894647 – 7.475 • TO2
2 • 10‐8 + 5.554 • TO2 • 10

‐5  (17) 

 zCO2 (100kPa, TCO2) = 0.9395341 – 4.1691 • T CO2
2 • 10‐8 + 3.1016 • T CO2 • 10

‐5  (18)  

  zN2 (100kPa, TN2) = 0.99114486 – 6.5948 • TN2
2 • 10‐8 + 4.8692 • TN2 • 10

‐5  (19)  

These z’s must yet be corrected for the actual partial gas pressures, no values for com‐
pressibility of water vapor H2O where provided [1,16]. 
As the Redlich Kwong approach is suitable for any RGE gas with a known Pc and Tc, and 
may be easily implemented in a computer‐algorithm, this equation of state was used as 
the method of choice. 

Remaining assumptions 

Two practical issue with z remain;  
Firstly, using N2  for  the  sum of  inert  gasses  is  an assumption.  Since air  comprises ap‐
proximately a 1 % rest of inert gasses, mostly Ar and a little Ne, the z of N2 plus the inert 
gasses will differ from the z for pure N2. This difference is expressed by using the name 
NI for Nitrogen and Inert gasses together. It follows that: 

    (20) 

    (21) 

    (22) 

    (23) 

Resulting in:  
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    (24) 

Formula 24 illustrates that zni is the proportional sum of each components z. 
For N2 and Ar as the main components of the inert gasses the influence of Ar relative to 
the z of pure N2  is  in  the order of 2%, an  impact below the error  in  the estimate of z 
from lookup tables. The next largest inert gas component is Ne, with an impact on the z 
of N2 of  just 0.002%. Though these fractions can be calculated from the prevalence of 
said gasses in fresh air, for the moment their impact is small enough to allow considera‐
tion of N2 and the rest of the inert gasses as if they were pure N2.  
Secondly,  the gasses  involved are assumed  to be  in gaseous  state,  yet water  vapor  is 
technically not a gas. As far as we could determine this  is of no consequence fulfilling 
the requirement that its partial pressure remains below saturation pressure.  
Finally, using Dalton’s  law assumes quasi‐steady state,  ignoring momentary changes in 
collisions  of  gas‐molecules  until  mixing‐  or  pressure‐  variations  have  stabilized.  The 
speed of  the gas molecules  is governed by  the Maxwell‐Bolzmann distribution, other‐
wise mixing would  indeed  be  almost  instantaneous  as molecules would  travel  at  ex‐
treme  speeds  without  collisions.  The  effect  of Maxwell‐Bolzmann  distribution  on  dy‐
namic changes of gas‐mixes may be deemed a further refinement, but it is assumed to 
be of no consequence to the balance equations in quasi‐steady state as presented here. 
Effectively,  the speed of distribution may only help to  improve the speed of mixing of 
gasses. 

The molar balance equation 

The calorimeter molar balance for any gas g can be written in the form: 

    (25) 

Or for a finite interval t2‐t1 
 

  (26) 

 
In  practice,  this  continuous  time  formula must  be  re‐written  as  computers,  analyzers 
and analog to digital converters do not work with continuous time. Instead, a sampled 
finite time is used [22,29].  
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If t1 and t2 are two subsequent samples this leads to the form: 

  (27) 

Over a longer measurement interval, the equation can be written as: 

    (28) 
For the calculation of RGE the following gasses are of interest: 
O2, CO2, N2, CH4 and Water, and each of these will have its own molar equation in the 
form suggested above. 

Effect of water vapor 

For the measured pressures, dry or wet, we may now follow Dalton for the equation: 
 

    (29) 

As gas analysis equipment may require dry gasses the water vapor part can be removed 
from the sample, physically or mathematically, which will cause the P to decrease. Gas‐
analysis,  in most cases, will  take place at ambient pressure and  thus  the gasses  to be 
analysed are compressed against the outflow to ambient at the following partial pres‐
sure: 

    (30) 

Since  is dependent on   an  iterative process may be used. At 100kPa, 

and even for a non‐ideal gas like CO2,  it only takes 6 iterations to become accurate to 

. For the partial pressures of interest in RGE an accuracy ≤  can be achieved 
by replacing  with: 
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    (31) 

The N2 conservation  

The N2  conservation  assumption  or  Haldane  transform  [12]  is  useful  to  determine  i 
from  0 for pull system or vice‐versa for a push system. The main advantage being that 
the assumed balance  is forced to become  I +  0 = 0. This effectively eliminates even 
the smallest, yet cumulative, mismatch of flows in comparison to separately measured 
in‐flow and out‐flow, or to a degree the impact of small leakages.  
The balance for the N2 conservation approach on a molar basis can be written as: 

    (32) 

for a pull system this results in: 

   

(33)

 

and for a push system this results in: 

   

(34)

 

fN2 for dry gas is normally derived through: 

    (35) 

which for real gasses and PN2 in a wet environment can be written as: 

    (36) 

or in complete form: 

  (37) 

Formula (37) illustrates the link between measurement of O2, CO2 and CH4 (if present) 
with the N2 balance, yet also includes water vapor as an important component empha‐
sizing the requirement of accurate equipment for measuring this gas. 
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If the assumption that the subject has no part in the N2 gas exchange [12] is invalidated 
for  any  reason  there  are  two  ways  for  correctly  handling  this.  First  of  all  one  could 

measure    by  other means  and use  the  results with  (32)  to  change  (33)  for  a  pull 
system into: 

    (38) 

and similarly for a push system: 

    (39) 

The other option  for  correctly handling  this would be  to not use  the N2  conservation 
assumption and measure both   and   with fully identical instruments as well as with 
complete elimination of leakage.  

The model of a room sized calorimeter  

In  literature,  the common model  chosen  is  the  first order model.  In  reality,  there will 
also be a measurable second order and a delay effect due to the mixing properties  in 
the calorimeter [29,22]. 
In the case of a first order model the integration in the room is elimated by differentia‐
tion in calculation, the room is in fact an integrator for moles of gas g: 

    (40) 

and     (41) 

where differentiation resolves back to : 
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If we assume immediate and complete mixing then the first order system consists only 
of the integrator (Vr) and the flow through the system. However, in reality we have the 
mixing  flow which  together with  the  integrator  forms  a  second  order model  and we 
may calculate the second order or mixing time constant from: 

    (43) 

This faster mixing time constant is further improved by the particle speed of RGE gasses 
in  the  confined  volume,  governed  by  the  Maxwell‐Bolzmann  distribution.  The  latter 
causes gasses to travel through the enclosed space in the absence of active mixing, not 
unlike the diffusion front in a tube‐reactor or sample‐tubing. 
Construction of the room‐calorimeter regarding mixing will  for the greater part define 
mixing speed obtained, for example by application of laminar‐ and bypass flows.  
In formula 27 and 28 the impact of volume Vr of a whole room calorimeter is visible, its 
typically  large quantity  is multiplied by differences  in gas pressure of  “any” gas g.  Im‐
portantly, the difference in gas pressure,  i.e. concentration, must be representative of 
the complete volume in order to prevent momentary over‐ or under representation of 
such gas. This is where the assumption “all gasses are well mixed” finds its origin. Part of 
the  construction of  a  room calorimeter  therefore must be  the positioning of  sample‐
point(s)  allowing  a  representative  sample  for  the  total  of  the  volume Vr.  I.e.  not  the 
closest, partially mixed, position to the subject but in contrast the best mixed position 
of the total volume may provide the optimal input to the differential formulae regarding 
dynamic precision.  

Total balance for a calorimeter system 

The equations derived provide total balance equations for a volume Vr and the relevant 
gases for RGE: O2, CO2, N2, CH4 and Water, and the balance can easily be augmented for 
additional parameters while using true physics  i.e. with  less assumptions. This balance 
can also be derived using classic volumetric equations, yet only the application of cor‐
rect physics regarding the conversion from mass to volume will yield fully  identical re‐
sults. The latter would  in fact be  identical to calculating molar quantities as proposed. 
For this reason, describing the total balance for a calorimeter in absolute molar quanti‐
ties may ultimately result in the highest precision achievable; a small step towards true 
molecule counting balance. 
The  equations  where  converted  to  software  (Labview,  National  Instruments,  Austin, 
USA) for two applications. First, in simulation mode, the impact of molar calculation and 
real‐  versus  ideal gas assumption may be compared  for simulated  input variables and 
their expected variation. This allows for the examining the  impact of a single variable, 
for instance single‐point (inlet, room, outlet) temperature or pressure variation. 

2 
Vr

V


recirculation
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Secondly the software module can be integrated in production calculation programs for 
subject and validation experiments. 

Measurement system 

The calculation software has been applied in whole room calorimetry. The calorimeter 
system was described earlier [29] and its measurement system with automatic calibra-
tion and dual analyser systems (Servomex, UK and ABB, Hartmann&Braun Germany) has 
been kept intact. Based on simulation results, the rooms have been augmented with 
cross-sectional recirculation flow and flow-division through flushed inner walls and 
ceiling, proportional climate control, additional continuous gas analysers (Uras, Magnos, 
ABB, Hartmann&Braun, Germany) and additional P, Rh, and T sensors. The analog to 
digital conversion for all parameters has been upgraded to 24 bits resolution, data is 
stored for each one second interval. Further augmentation is intended based on results 
and validation of molar equations. 

Statistics 

Evaluating the output of a formula will result in repeated identical output for an identi-
cal repeated set of input parameters, in this situation the standard deviation is zero and 
the effect size is 1. The changing of a single input parameter of interest will therefore 
reveal an absolute and repeatable impact on result. Hence, for presenting the impact of 
simulation results no statistics were required or applied. 
A power calculation for validation of experiments using molar balance versus volumetric 
balance projected a minimum sample size of 107 experiments. This is caused by the 
standard deviation of whole room calorimetry in combination with the small mean 
difference expected. 

RESULTS 

Results for using the molar equation where obtained by changing a single parameter in 
a set of fixed parameters as input to the calculation software. As no mass may escape 
calculation the total of molecules has to be accounted for. At first glance this seemed 
identical to working with volumetric equations and ideal gas assumption, both in creat-
ing software and in calculating results. However, differences in the output become 
visible for dynamic responses as well as for static differences.  
To start with, the compressibility of 4 common RGE gasses was calculated using the 
molar equations (Fig.1). 
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Figure 1. Compressibility z (P,T) for CO2, H2O, O2 and N2. The gasses show a change in compressibility in the 
normal temperature range, and the effect increases linear with its partial pressure.  

 
Except for H2O vapor, CO2 gas is the most compressible. All gasses increase their com-
pressibility linear with partial pressure, i.e. decrease linear with a decrease in partial 
pressure. Note that H2O will condensate at 610-4200 Pascal for the presented tempera-
ture range, it was plotted past its saturation pressure for illustrating its non-linear char-
acter. 
In a closed volume near standard ambient conditions, temperature and pressure will 
have near-identical impact. In most indirect calorimeters pressure will remain close to 
the prevalent ambient pressure, with relatively small and slow changes, while tempera-
tures in calorimeter and flows will have a practical range of ±5% variation (±15 K) on the 
Kelvin scale around 293 K. For this reason, a variation in temperature was chosen for 
illustrating the impact of compressibility (Figure 1).  
For volume, the impact of 0.5 K temperature steps around standard temperature and 
pressure where evaluated with real and ideal calculation. The measured flow at outlet 
(pull-type) was set to zero, using the Haldane transform to calculate any volumetric 
error at the inlet caused by the ideal assumption (Fig.2). The impact is identical for a 
push type calorimeter, setting the inlet to zero. 
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Figure 2. The difference in using real- versus ideal- Haldane calculation for 14 m3 and 30 m3 stp volumes over a 
± 10 degree K range for a single evaluation interval.  

 
Figure 2 shows the difference in volume ml between real and ideal calculation over a 
single evaluation interval, plotted for two room volumes of 14 and 30 m3 and for tem-
perature steps over a range of ± 10 K. The difference is independent of duration of 
interval, is linear with room volume, and is not linear with temperature. Typically, the 
resulting error in measured O2 consumption for a 1 degree K change inside a 14 m3 
volume is in the order of ± 20-25 ml over a single interval. 
The cumulative effect of up and down steps will average to zero for any interval with 
identical start- and end temperature. The difference in O2 ml for Real versus Ideal in a 
14 m3 volume, applying a 1 degree K up and down temperature change, was calculated 
to illustrate this (Fig.3). 
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Figure 3. Difference in O2 ml between Real and Ideal calculation calculated for a 14 m3 volume with a 1 degree 
K temperature step applied, negative O2 denotes consumption. Note the slight offset for O2 ml at points 6-8, 
illustrative of the non-linearity with temperature. 

 
A second volume of interest is the flow passing through the calorimeter over time, re-
sulting in totalized ingoing- and outgoing volume. Typically, the temperature difference 
for flow in- and out- may show a larger and often static temperature difference in com-
parison to the climatised room-volume with its variation around a setpoint. A tempera-
ture difference in the range 10-50 K may occur depending on season and climate, 
though such large differences will typically be decreased before reaching the calorime-
ter or even eliminated completely in sample preparation. A relatively small yet static 
temperature difference of 2 degrees Kelvin in inlet versus outlet temperature, around 
standard temperature and pressure, was used to find the difference in O2 consumption 
resulting from real versus ideal calculation (Fig.4). Note that this difference is assumed 
to be present in the sample at the point of analysis. 
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Figure 4. Difference in O2 ml consumption result between Real and Ideal calculation calculated for two flow 
rates with a 2 degree K temperature difference from inlet to outlet. 

 
The effect on O2 measured for a 2 K difference in inlet and outlet sample temperature 
at the typical whole room calorimeter flow-through of 100 - 200 l•min-1, was independ-
ent of volume, was linear with flow, and was non-linear with temperature. Contrary to 
volume effects with their ‘return-to-zero’ impact, this flow effect is cumulative as delta 
temperatures of inlet and outlet are in general of a static nature and may be in propor-
tional effect at the point of analysis if not stabilized; a difference in sample temperature 
of 0 K is perfect, up to 5 K is thought to be an outer limit for a working calorimeter. The 
calculation software was used to examine more variations of parameters for their im-
pact (Table 1). 
A secondary result of developing and working with molar quantities was an increased 
understanding of the physics of gas properties, assumptions, and how additional sen-
sors may benefit whole room calorimetry. This was instrumental in applying first im-
provements to revisions of whole room calorimeters, resulting in sub-
compartmentalized and flushed inner walls, smooth proportional climate control, cross-
sectional recirculation flow, repositioned sample points, additional P, Rh, and T sensors 
and near-continuous gas analysis. 
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Table 1. The impact of true molar evaluation versus ideal volumetric evaluation on O2 uptake and CO2 produc-
tion, calculated for a 14 m3 whole room volume at STP conditions, 0.001667 m3•s-1 flow (100 l•min-1), and 
without subject. The impact varies with type of parameter change applied, and with length of calculation 
interval. The 100 % EE reference level was chosen for BMR, i.e. 206 ml•min-1 O2 consumption and 175 
ml•min-1 CO2 production (1 kcal•min-1), RER = 0.85. The calculated difference was added to the BMR level to 
reveal the impact on RER. 

Interval s Parameter Type of change O2 ml CO2 ml RER O2 % CO2 % RER % 

60 T room + 0.5 K step during interval -91 -0.3 0.589 44.2 -0.1 -30.7 

300 T room + 0.5 K step during interval -91 -0.3 0.781 8.8 0.0 -8.1 

300 P O2 in + 10 Pa step during interval 0.9 0.0 0.851 -0.1 0.0 0.1 

300 P CO2 in + 10 Pa step during interval -0.3 0.0 0.850 0.0 0.0 0.0 

60 P room + 100 Pa step during interval 2.7 0.0 0.861 -1.3 0.0 1.3 

300 P room + 100 Pa step during interval 2.7 0.0 0.852 -0.3 0.0 0.3 

60 T inlet - 5 K static difference inlet air -0.7 0.0 0.847 0.3 0.0 -0.3 

300 T inlet - 5 K static difference inlet air -3.6 0.0 0.847 0.3 0.0 -0.3 

86400 T inlet - 5 K static difference inlet air -1040 -2.9 0.847 0.4 0.0 -0.4 

3600 T inlet - 5 K step in inlet air in 1 hr -46.8 -0.1 0.847 0.4 0.0 -0.4 

60 Pw room - 500 Pa step dehumidification 12.4 0.0 0.905 -6.0 0.0 6.4 

300 Pw room - 500 Pa step dehumidification 12.4 0.0 0.860 -1.2 0.0 1.2 

 
The impact of both calculus and augmentations are now under investigation, also driv-
ing further changes as application of this molar approach becomes a reality.  

DISCUSSION 

Molar application 

Using the molar equation and SI units allows true conversion of quantities from volume 
to mass, this is beneficial for the subdivision of a whole room calorimeter design into 
compartmentalized processes, as mass transport between sub-processes can be pre-
cisely described and quantified. The theoretical model revealed physics of RGE gasses 
impacted by dynamic changes and static differences of gasses at realisticly occurring 
ambient temperatures and pressures. The impact of true molar evaluation versus ideal 
volumetric evaluation is small for CO2 and large for short-interval O2, and hence for RER 
(Table 1, Figure 4). Related to performance of whole room calorimeters in literature 
[29] (Table 2), the impact of true molar evaluation on O2 is comparable in magnitude to 
published values. For short interval evaluation, the impact may even be high, this will 
depend on how impact of various parameters adds up or in contrast cancels out. 
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Table 2. The impact of using real gas molar equations can be related to typical performance of whole room 
calorimeters in literature, shown to be well within 1% [29]. 

 ∆O2, % ∆CO2, % 

Charbonier A. et al, 1990 -1 ± 2.2 0 ± 2.1 

Henning B. et al, 1996 0.06 ± 1.21 -0.49 ± 1.12 

Jéquier E. et al, 1983 0.44 ± 0.34 -0.36 ± 0.5 

Moon J.K. et al, 1995 -0.22 ± 1.51 0.21 ± 0.68 

Moon J.K. et al, 1995 -0.53 ± 0.66 -0.05 ±1.36 

Moon J.K. et al, 1995 2.3 – 5.8 1.9 – 4.9 

Murgatroyd P.R. et al, 1987 ± 1.2 ±0.5 

Ravussin E. et al, 1986 -2.8 ± 2.8 -2.1 ± 2.8 

Rumpler W.V. et al, 1990 1.5 ± 1.4 1.5 ± 1.4 

Seale J.L. et al, 1991 0.3 ± 1.54 0.4 ± 1.34 

Seale J.L. et al, 1991  0.4 ± 0.85 

Shetty P.S. et al, 1987 ± 0.43  

Treuth M.S. et al, 1996 -0.5 ± 2.1 0.2 ± 2.3 

Schoffelen et al, 1997 0.5 ± 2.0 -0.3 ± 1.6 

Schoffelen et al, 1997  -0.6 ± 2.3 

Summary 0.13 ± 1.26 0.09 ± 0.95 

 
The molar equation has been made operational in whole room calorimetry. As ex-
pected, first results for validation tests fall within the previous specification [29]. Given 
the mathematical similarity of molar and volumetric calculation, the detection of a pos-
sible small shift in mean validation results was not yet possible. For the calorimeter at 
hand, it would require a sample size estimated at 107. Moreover, this shift will be spe-
cific for the calorimeter examined and its environmental parameters, for instance static 
differences in sample temperatures, possibly impacted by seasonal or even circadian 
variability.  

Non-linearity aspects - gasses 

The nonlinearity of CO2 has been mentioned before [29] and was suspected as a possi-
ble confounding factor, yet its low partial pressure in fresh- and room-calorimeter air in 
the range 40-1000 Pascal decreases its compressibility significantly. At low partial pres-
sures compressibility of CO2 for all practical purposes does not affect measurements 
using either ideal volumetric or real molar equations, and amounts in this diluted gase-
ous form may be converted to moles using the ideal gas assumption without measura-
ble error. Moreover, classic formulae for the conversion from gas-exchange to energy 
expenditure (EE) [40,39,4,7] likely have used ideal volumetric conversion at similar low 
partial pressures, even though their origins are molar based, and no references to the 
contrary where found. Effectively, pure CO2 at atmospheric pressure and ambient tem-
perature due to its non-linearity will occupy about - 0.7% less volume in comparison to 
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ideally assumed volume, however, in indirect calorimetry “pure” CO2 is only a product 
of calculus and the actual liters are in reality diluted as well as measured at lower partial 
pressure. Since molar equations using real gas volumes will result in moles, the resulting 
real moles of CO2 must yet be converted back to an ideal gas volume in order to fit the 
classic EE conversion formulae. This can be envisioned as if the pure CO2 was diluted 
and thus changed compressibility close to ideal gas but not changed in amount. 
Depending on the use of true molar quantities or ideal volumetric quantities, CO2 quan-
tity may therefore require a correction if volumetric measures are used instead of grav-
imetric measures. This is the case with infusion tests using undiluted gasses [29]. 
The non-linearity of Oxygen is less than that of CO2, the compressibility of O2 is just 0.02 
% even at the higher partial pressure of around 20.9 kPa. For pure Oxygen at standard 
pressure and temperature the compressibility remains well below 0.1%. Thus, for prac-
tical purposes there is little effect (≤ 0.1%) of molar versus ideal volumetric expression 
regarding substrate use and conversion of RGE to EE. However, the measurement of O2 
itself will be influenced by non-linearity of the other gasses, specifically N2, as calculated 
volumes may be affected. 
The dynamic impact on both O2 and CO2 for a 5 min evaluation interval was calculated 
(Table 1). These single-parameter percentages can be cumulative or instead cancel each 
other out. 
Note that the calculated impact on O2 is larger in comparison to impact on CO2. This is 
attributed to the larger amount of O2 passing through the indirect calorimeter, whereas 
CO2 is for the greater part limited to the quantity of CO2 produced inside the calorime-
ter. 
The impact on O2 was larger than expected in view of the low compressibility of both O2 
and the inert gasses. Surprisingly, the least compressible gas, N2, showed the largest 
effect and specifically regarding O2 consumption. This was caused by the important role 
of N2 in the Haldane volume calculation [12]. The high N2 partial pressure in combina-
tion with large flow- and room- volumes amplifies the non-linearity impact of N2 for 
both dynamic and static climate effects. 
The impact of dynamic variation in room-climate around a set-point will mostly cancel 
out over time (Figure 3), the symmetrical O2 peaks observed in whole-room indirect 
calorimetry[33] may be explained by the combined impact effect of N2 compressibility, 
the Haldane equation, and climate-control impact on large enclosed volumes. This ef-
fect is for the greater part linear with the amplitude of temperature variation within the 
calculation interval, establishing a direct link between EE-noise and climate-control. 
Note that O2 consumption (Figure 3, Table 1) accounts for 78% of EE [39]. 
In contrast to dynamic variation, the static differences may have a cumulative effect 
(Figure 4). Please note that Figure 4 does not include dynamic storage inside the calo-
rimeter, though formulae 25 – 28, 32 – 34, 38, 39 and 42 do. 
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Non-linearity aspects – the Haldane equation 

Haldane [12] used the elegant method of constant throughput of inert gasses, unused 
by the calorimetric process, to balance input flow with output flow or vice-versa. This 
effectively eliminates cumulative errors originating from inequality of separate flow 
measurement on each side. For instance, two highly accurate flow metering devices 
with ≤ 0.1 % accuracy at 100 L•min-1, one on the inlet and one on the outlet, may show 
a deviation of up to 288 liter over 24 hour. At the 20.9 kPa O2 level in air this could re-
sult in up to 60 liter deviation of measured O2 consumption, i.e. 10 - 20 % of daily adult 
O2 consumption. Importantly, most flow-meters are less accurate, in general 0.2-1% of 
the full range of the device. 
This explains why the Haldane equation, establishing a zero balance for inflow and out-
flow of inert gasses, is still an important tool for nearly all indirect calorimeters.  
For a room-calorimeter, with its large volume, the dynamic changes in fractional 
amounts of inert gasses, i.e. dynamic storage, must also be taken into account. If we 
momentarily ignore this storage, the Haldane equation simply states that momentary 
inflow of inert gasses equals momentary outflow of inert gasses. Historically, this is a 
volumetric equality using the ideal gas assumption. However, the underlying principle is 
that no change in quantities of inert gasses will occur; i.e. the same amount of moles 
moves in and out. Use of molar equations therefore adheres to the underlying principle, 
while eliminating the impact of the ideal gas assumption. 
For eliminating the real gas assumption one more aspect is of importance; determining 
the above mentioned fractional amounts of inert gasses. The non-linearity impact 
caused by different temperatures and pressures at inlet- and outlet- of the calorimeter 
might also be in effect at the point of analysis; creating further deviation from reality. 
However, in general gas samples from outlet- , inlet- and internal sample points will be 
measured in an analyser at stabilized temperature and stabilized sample pressure. 
Therefore, at the point of analysis no or decreased changes in compressibility for the 
gasses will be co-registered, and differences in fractional composition are determined at 
near-identical temperature and sample pressure. If this equalisation in sample condi-
tions is absent, calorimetric results will be increasingly affected. 
Moreover, the volumetric mix at a sample point, with its individual temperature and 
pressure, will be compressed or expanded to real gas volumes that differ from the “vir-
tual” volumes calculated at the temperature and pressure of the point of analysis. For 
true molar quantities, these sort of changes in temperature and pressure must be 
measured and taken into account; de-virtualized as it were. The sample condition at the 
point of analysis thus may have to be measured with precision, just as in the other 
compartments, in and out. 
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Future impact 

The derivation of true molar equations was less obvious than expected. From a physics 
and mathematics viewpoint the molar equation should not differ from existing and 
validated volumetric equations. However, for exact molar quantities the ideal gas as-
sumption had to be eliminated and this revealed an impact on calorimetric measures, 
both static and dynamic.  
The static impact on EE was estimated to be in the 0 % - 1 % range, within published 
standard deviation of existing systems. The static impact in part may be responsible for 
small differences in mean results. To investigate such a difference a large number of 
validation tests would be required, and results would be specific for the individual calo-
rimeter tested. Differences might even depend on time of day or seasonality. 
The dynamic impact can be significant for a limited measurement interval (Table 1). 
Given the multitude of parameters involved, local Rh, T and P measures, it has been 
speculated that coinciding variation will partly cancel out over a single interval of inter-
est, and specifically for longer intervals. In contrast, a shorter finite sample interval will 
increase both noise and time resolution [23]. Here it has become clear from (26) that 
improved dynamic response is dependent on the precision of a larger set of input pa-
rameters, i.e. not limited to gas measurement precision. With a growing interest in 
short-interval dynamic changes, the dynamic impact of climate and molar quantities 
may ultimately become at least as important as the precision of the applied gas analysis. 
The validation of a whole room calorimeter using the molar equations was not the aim 
of this study, that is the next tep. Yet, implementation was realized and hence a few 
remarks can be made regarding the future impact of a true molar balance on require-
ments: 
- As more parameters impact calorimetric resolution, while sample interval decreases, 

timing differences between signals need to be eliminated. I.e. out-of-phase prob-
lems must be eliminated, and not just for sample transport delays but probably also 
for speed of molecules of gas, i.e. mixing speed and/or diffusion speed of gasses. In 
this respect water vapor and its memory effect in tubing and sensors must also be 
considered. 

- More sensors for Rh, T, P and flow will allow for evaluating sub-compartments in 
greater detail, and this may also be the case for measuring layering of airstreams 
due to temperature differences.  

- Quantification noise from analog to digital conversion, or from digital sensors, must 
be evaluated for minimum step size. The step-size should be small enough as not to 
cause digitizing noise, for instance in real gas evaluation (Table 1). A possible excep-
tion is gas analysis, being allowed an acceptable step-size in favor of accuracy. Now-
adays even “analog” sensors may incorporate digital inner workings, using a digital 
to analog converter at the output. 
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Note that the above remarks will hold true for most dynamic aspects of whole room 
calorimetry, and may reveal an impact on, or variability in, previously measured impulse 
transfer characteristics. 

CONCLUSIONS 

A practical implementation of true molar balance equations for indirect calorimetry 
based on SI units in combination with real gasses was achieved. The formal description 
in molar quantities allows for stricter compartmentalization of sub-processes. 
From a physics and mathematics viewpoint the molar equation is not different from 
existing and validated volumetric equations, except for the impact of eliminating the 
ideal gas assumption. Using Real gasses instead of Ideal gasses will specifically have an 
impact on whole room indirect calorimeters and their inherent large volumes, and spe-
cifically regarding O2 calculations and RER for dynamic short interval evaluation. 
The nonlinearity of pure CO2 with its compressibility of around 0.7% at atmospheric 
pressure can be mostly ignored, as historically substrate calculations used ideal gas 
assumption. In contrast, the non-linearity of CO2 must be accounted for where volumet-
ric quantities of pure CO2 at atmospheric pressure are applied, for instance with infu-
sion techniques by volume instead of by mass (weight).  
More theoretical and practical work using real molar gas quantities is expected to im-
prove indirect calorimeters on a physics level. Specifically, for short interval evaluation 
the dynamic impact of climate and true molar quantities may prove at least as im-
portant as the precision of the applied gas analysis. 
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The energy we obtain and expend is the main determinant for life itself [1-27]. It has 
aptly been called “the fire of life” [28], and measuring this “fire” is the functional de-
scription for both direct- and indirect calorimeters.  
Aspects of today’s nutrition, clinical nutrition, physical activity, obesity, diabetes, exer-
cise, and various extreme environments impact health and lifestyle in a more complex 
way than ever before. This drives a growing interest in human energy expenditure and 
its relation to aspects of physiology in man, re-appraising historical findings for modern 
day aspects and detail. 
For measuring human energy expenditure, indirect calorimetry has become the method 
of choice. Commercial availability and the growing interest have caused a “black box” 
effect, where application and results may be trusted without check or understanding of 
inner working. [29] 

SUITABILITY OF A CALORIMETER FOR THE INTENDED RESEARCH 

In order to select suitable devices, technical setup, and a viable study protocol, an in-
depth knowledge of both biological variability and technical validity is required. 
It is the primary goal of validation to prove suitability (appropriateness) for the intended 
research goal, explicitly taking into account the full range of biological variability ex-
pected for the type of research.  
In this context definitions for biological variability and technical validation are:  

Definitions 

1) Biological variability is dependent on the type of research and comprises two as-
pects; A) the limits of biological parameters that may be achieved but not surpassed by 
the subjects, for instance level of EE, biological response time, breathing frequencies 
and breathing abnormalities; and B) limits imposed by physical presence of subjects in a 
defined environment, for instance duration, ambient conditions, or required freedom of 
movement. 
2) Technical validity is the proof of suitability for the intended research, and specifically 
while taking into account the expected biological variability. For instance, combustion 
tests are suitable for systems measuring BMR or 24 h EE, whereas gas-infusion test are 
suitable for exercise level calorimeters, in both instances mimicking all relevant biologi-
cal aspects. A typical example of a mismatch is the validation test of a breath-by-breath 
calorimeter with a combustion test, i.e. an alcohol-burn in BMR (hood) mode yet with-
out simulated breathing.  
The degree of suitability of the combination of biological variability and technical validi-
ty determines the required number of experiments for a valid result. While on the other 
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hand, there is a definite limit to the number of subjects, funding, and time available to 
measure energy expenditure.  
A combination with lower precision and accuracy will require more experiments for a 
valid result in comparison to a combination of higher precision and accuracy. Effectively, 
the combination with lower precision and accuracy may after all not be practical or 
suitable. 
 
The above introduces precision and accuracy as important aspects for suitability. 

Precision and accuracy 

Precision, i.e. repeatability, reproducibility or test-retest reliability, is what can be ex-
pressed with a coefficient of variation CV [%] or standard deviation SD [absolute]; i.e. 
how precise can an experiment be repeated, what is the distribution and range? 
Accuracy specifies the mean distance of measured results from reality.  
For technical validation accuracy is the mean distance between known true “validation” 
values and the respective measured values. However, for measured values of subjects 
there is no known true value. The “true” momentary EE of a subject can only be deter-
mined with a parallel and accurate measurement. Thus, accuracy is mostly a technical 
aspect. 

The relation between suitability and aspects of precision and accuracy 

A precise measurement will reveal the true difference in repeated measures if present, 
it is suitable for finding changes over time in both an individual and in a group. These 
changes may be detected with significance even when the average values are not accu-
rate, i.e. show an offset from the true value. If this offset is extreme or non-linear or not 
constant, results may yet be invalid.  
An accurate measurement will show a minimal mean distance of measured results from 
reality. It should be noted that accuracy is defined for mean values, and not for individ-
ual values. As a consequence, aspects of distribution and range may need to be consid-
ered. For this discussion a normal distribution without abnormal outliers is assumed.  
It is the combination of precision and accuracy that determines the error range for an 
individual assessment, this individual range is the sum of accuracy and precision ranges. 
A device specified at ±1±2 % (mean ± SD) will resolve 95% of its individual results to 
within 5%, which is expressed as the 95% CI or the mean ± 2•SD (e.g. ±1 ± 4 % i.e. a 
range of -5 to +5 %). 
In literature twelve sites with whole room calorimeters showed a mean technical valida-
tion accuracy of 0.0 ± 1.2 % (range -2.7 to 2.2%), based on the mean per site while ex-
cluding their variability. Hence a mean accuracy range with 95% CI was within 0.0 ± 
2•1.2 %. (Figure 1, arrow in the middle) [18]. When including the variability in accuracy 
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with 95% CI per site, the inter-site accuracy range increased to -8.5 to + 5.8 %, and indi-
vidual results may be hardly comparable. 
For an individual assessment precision (CV%) and accuracy must both be taken into 
account. 

THE COMBINATION OF TECHNICAL VALIDITY AND BIOLOGICAL 
VARIABILITY IN REAL LIFE 

The combination according to this thesis 

The first goal of any calorimetric study will be to obtain valid data proving or disproving 
a hypothesis. This goal can only be achieved by using suitable devices and methods.  
The technical and biological pathways and their four typical stages were previously 
defined for an indirect calorimeter (introduction, Table 5), and consist of theory, im-
plementation, validation and application for both technology and biology. In this thesis 
the four stages can be recognized for both Man and Machine; providing theoretical 
background on gas analysis, combined direct- and indirect calorimetry, substrate use, 
and implementation background for calorimeters and protocols and ultimately provid-
ing validation and application results for the combination of technical validity and bio-
logical variability. Clarifying this combination was an objective of this thesis, and there-
fore it is of interest to view the results in comparison to those found in literature[1-27].  

The combination according to literature 

Biological variability is related to personal metabolic traits and exogenous factors like 
diet and physical activity. In literature, an impact of diet and activity on CV% as high as 
30% were reported [6, 16, 30].  
For this reason, the categories Sleep, OMR, BMR and 24h EE are commonly used. Proto-
cols with best standardization of exogenous factors may lead to the lowest biological 
variability[9]. In turn, such categories with lowest impact of exogenous factors will allow 
comparative interpretation of data in literature.  
This thesis therefore focused on biological variability of SMR, OMR, BMR and 24h EE, 
augmented with a similarly standardized value for exercise. 
For exercise and physical activity, the levels of EE, work or load fail to fit one single cat-
egory. For example, cycling at a 30 Watt load [20] is completely different from EE at 
80% submaximal or at maximum exertion [19, 26, 31]. 
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Figure 1. a) The mean intra-individual variability of EE per category is provided as found in literature (+) and in 
this thesis (• and solid line). The X-axis shows the descriptive categories of 5 typical EE levels*, T the Y-axis was 
limited to ~ 6% for appropriate scaling.  
Since technical CV% was only revealed in a sub-set of studies, this sub-set was taken over to b).  
*) For presentation purposes the categories of EE levels on X-axis are not in proportion.  
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Figure 1. b). For this sub-set the mean technical CV% for each category could be calculated, represented by 
the lower solid line in b). Thus, data points in figure a) and b) are identical except for the addition of technical 
CV% derived for the sub-set in b).  
**) Note that CV% expresses reproducibility, not accuracy. A reference of accuracy was taken from literature 
for whole room indirect calorimeters, calculated as the 2 SD range for mean accuracy of 12 sites. This effec-
tively adds a possible ± 2.4 % bias (vertical arrow in the middle, conforming to y-axis scale), the size is de-
pendent on the individual site. 
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Each activity/exercise level combined with subject selection and equipment specifica-
tion may have a different CV% (range 1.2 – 8.5 %). The level found for maximum exer-
tion is of special interest as it can be used for selecting subjects based on their physical 
fitness, i.e. maximal power per kg lean body mass [32, 33], and in turn can be used to 
preset an individual level of submaximal exercise, i.e. an individual percentage of the 
subjects maximum performance[34, 35]. It may be considered a standardized value for 
exercise/activity, revealing the 100% level of individual performance. 
For this reason the reproducibility of physical activity at the maximum of human EE, i.e. 
maximum exertion, was chosen [19]. This maximum completes the range of Human EE 
at the top, as opposed to the minimum during sleep. In figure 1 this maximum was used 
as the category “exercise” at the upper limit of human EE. Based on these considera-
tions five categories SMR, OMR, BMR, 24h EE and exercise are depicted to compare 
biological and technical variation (Figure 1 a). 
In figure 1a the mean intra-individual variability of EE per category is provided as found 
in literature (Figure 1a). Technical CV% was only revealed in a sub-set of studies (Figure 
1b). For this sub-set the mean technical CV% for each category could be calculated, 
represented by the lower solid line (Figure 1b). 
Note that the Y-axis was limited to ~ 6% for appropriate scaling, however, specific val-
ues above 6% exist [20, 21]. 

The combination - aspects of CV% 

The large differences in the CV%, even within “common” categories, raise the question 
how the CV% was specified. At least three components may be identified, as the sub-
ject, the calorimeter, and the validation method each will introduce variability. Consist-
ing of the respective biological, technical and validation method’s CV’s. 
Assuming normal distribution of variability, and assuming components to be uncorre-
lated [1], the component CV’s may be combined: 
 

For a validation test:  𝐶𝐶𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑚𝑚𝑔𝑔𝑚𝑚𝑙𝑙 =  �𝐶𝐶𝑉𝑉𝑡𝑡𝑚𝑚𝑐𝑐ℎ𝑑𝑑𝑖𝑖𝑐𝑐𝑚𝑚𝑙𝑙 2 + 𝐶𝐶𝑉𝑉𝑣𝑣𝑚𝑚𝑙𝑙𝑖𝑖𝑙𝑙𝑚𝑚𝑡𝑡𝑖𝑖𝑜𝑜𝑑𝑑 𝑚𝑚𝑚𝑚𝑡𝑡ℎ𝑜𝑜𝑙𝑙
2  

 

For a subject test:  𝐶𝐶𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑚𝑚𝑔𝑔𝑚𝑚𝑙𝑙 =  �𝐶𝐶𝑉𝑉𝑡𝑡𝑚𝑚𝑐𝑐ℎ𝑑𝑑𝑖𝑖𝑐𝑐𝑚𝑚𝑙𝑙2 + 𝐶𝐶𝑉𝑉𝑏𝑏𝑖𝑖𝑜𝑜𝑙𝑙𝑜𝑜𝑔𝑔𝑖𝑖𝑐𝑐𝑚𝑚𝑙𝑙2     

 
In concordance with ideal assumptions, the validation method is assumed to have a 
small CV and may be ignored, in that instance technical CV is measured as the mean 
result of a validation tests. For this ideal assumption it follows that: 
 

    𝐶𝐶𝑉𝑉𝑏𝑏𝑖𝑖𝑜𝑜𝑙𝑙𝑜𝑜𝑔𝑔𝑖𝑖𝑐𝑐𝑚𝑚𝑙𝑙 =  �𝐶𝐶𝑉𝑉𝑠𝑠𝑚𝑚𝑏𝑏𝑠𝑠𝑚𝑚𝑐𝑐𝑡𝑡 𝑡𝑡𝑚𝑚𝑠𝑠𝑡𝑡
2 − 𝐶𝐶𝑉𝑉����𝑣𝑣𝑚𝑚𝑙𝑙𝑖𝑖𝑙𝑙𝑚𝑚𝑡𝑡𝑖𝑖𝑜𝑜𝑑𝑑 𝑡𝑡𝑚𝑚𝑠𝑠𝑡𝑡

2     

 



General discussion 

177 

In practice, this ideal assumption will not hold true, components may or may not be 
uncorrelated and may or may not have a normal distribution. Also, further subdivision 
in components can be expected.  
Effectively, technical CV as a “component” is an estimate, if it is overestimated the sep-
aration of biological CV will be underestimated and vice-versa. 
A further specification of CV% concerns the level of EE involved. As a percentage is not 
an absolute value, it has a 100% reference level that varies with selected protocol. A CV 
of 2.8% for OMR (4.8 kJ•min-1) has the identical SD of 0.13 kJ•min-1, as compared to a 
CV of 1.9% for EE 24 h (6.8 kJ•min-1).  
Thus, differences in CV% will be caused by differences in subject group, protocol, 
equipment, and correction for “estimated” technical CV%. And these differences for the 
greater part may explain observed maxima and minima in CV% (Figure 1a). 

MEASURED CV% FOR THE DIFFERENT COMPONENTS OF EE AND 
RECOMMENDATIONS FOR GOOD PRACTICE 

Sleeping and overnight metabolic rate. 

Both SMR and OMR are measured during the night. The main difference is the choice of 
interval, where overnight indicates a 6-8 h interval in the range 23:00 – 08:00 h, and 
SMR typically focuses on the EE during a 3 h interval of sleep in the later hours of the 
night, for example during 03:00 – 06:00 h.  
The CV % values measured during the night are highly reproducible (Figure 1a, SMR [14, 
17], in this thesis the CV for SMRres was 2.4% including technical CV i.e. 0.11 kJ•min-1. 
Yet choice of equipment and method may impact resulting EE and CV%, up to 4-fold 
(Figure 1a, OMR [22] versus SMR [16]).  
Measuring EE during the night is a typical application for a whole room calorimeter, 
allowing the subject freedom of movement in bed and undisturbed sleep. Additionally, 
movement detection systems [18] may independently evaluate activity during bed-time, 
for instance use of the toilet. 
The biological variability is dependent on time of last meal and exercise, bedtime, as 
well as absence of spontaneous activity and presence of comfortable temperature dur-
ing the night. For OMR and SMR evaluation it is therefore advised to select a comforta-
ble temperature within the human thermo-neutral zone [36, 37], and apply a subject-
protocol with a standardized evening meal without additional food intake or exercise in 
the evening hours before a standardized bedtime. It is furthermore advised to use the 
night following free-living conditions [17] and check for activity during the night[17, 18]. 
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Basal metabolic rate 

BMR can be defined as the EE level required for lying on a bed in supine position while 
awake in a fasted state. The only difference with sleep is arousal (being awake) and a 
defined position (lying on the back), note that activity or diet previous to measurement 
will affect BMR [9]. For adult subjects the absolute EE levels for BMR and OMR were 
near-equal and typically elevated in the order of 5-6% in comparison to SMR, however, 
the OMR:BMR ratio proved significantly different from 1.0 for children (0.92) and the 
elderly (1.06) [38]. 
In this thesis, the CV % for BMR was 3.2-3.3 % [17, 19], which was the highest of the 5 
categories described (SMR, OMR, BMR, EE24h and VO2max). In previous studies the CV% 
of BMR also showed the largest variation, with a range 1.5 to 8.5 % (Figure 1a). High CV 
% values can be attributed to equipment performance, outpatient protocol or non-
adherence of subjects to such protocol [9]. In part, this larger CV % will be caused by 
the fact that it is expressed as a percentage of BMR, which is a small absolute value just 
above sleeping.  
Since EE level and equipment accuracy are comparable for BMR measured with a venti-
lated hood and measuring sleep with a whole room calorimeter, the in general larger CV 
% for BMR is caused by a true increase in biological variability.  
Once more, separating the biological CV% from measured CV% by correcting for tech-
nical CV% may explain some of the lowest CV percentages (Figure 1a), yet only if a simi-
lar outpatient protocol was used as in this thesis. The outpatient protocol in this thesis 
defines a realistic target of 3-4 CV % for the combination of suitable equipment with a 
normal healthy subject group and well standardized measurements, while including 
technical CV%. Important to this result was the exclusion of subjects that did not adhere 
to protocol. Results and protocol were deemed “of outstanding interest” [6], and its 3.3 
CV% proved reproducible [19].  
Measuring BMR is a typical application for a ventilated hood or whole room calorimeter, 
with either in- or outpatient protocol. A ventilated hood is more accurate for a short 10-
20 minutes interval. A best practice BMR measurement interval of 30 minutes compris-
es of 10 minutes under the ventilated hood, getting accustomed and restful, followed 
by a 20 minutes registration of BMR. 
In contrast, a whole room calorimeter may provide more comfort yet may require up to 
60 minutes presence of the subject.  
Biological variability is dependent on time of last meal, time and level of previous exer-
cise, a normal restful night, and temperature (comfort) as well as wakefulness (arousal) 
during the measurement. 
Subjects should refrain from abnormal activities or exercise on the day before a meas-
urement, as well as fast from 22:00 on the evening before a measurement. On the 
morning of the measurement they should remain fasted, transport themselves by car or 
public transport to the laboratory, and allowed to rest for 15-30 minutes. During the 
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measurement, they must be allowed undisturbed lying on a bed in supine position, in a 
thermo-neutral environment, awake and without too great distractions.  

24 h EE 

Human energy expenditure is variable, typically its pattern conforms to a 24 h cycle i.e. 
circadian rhythm triggered by light and food [23, 39-41]. With only few exceptions [42] 
the day-night cycle on average is 24 hours for all people, independent of distribution of 
night-time versus day-time. Measuring the EE of a subject over 24 h typically includes all 
components of EE with their individual proportions intact, and results will be compara-
ble to other 24 h measurements world-wide. This clarifies why 24 h is considered a gold 
standard interval in calorimetry. Expressed as a metabolic rate over time it is called 
average daily metabolic rate or ADMR. 
In this thesis 24 h EE data for a repeated stay after 10±5 days resulted in a CV % of 1.9 
%, when including data up to a longer interval of 2 months the 24 h EE CV% increased to 
2.8 %. 
Measuring EE over 24 h is a typical application for a whole room calorimeter, allowing 
the subject freedom of movement for meals, toilet, and activities during the long inter-
val, as well as undisturbed sleep during the night. 
Biological variability is dependent on diet, activity, bedtime, and climate. These factors 
depend on study-protocol, for instance regarding energy-balance versus over- and un-
der-eating, regarding impact of thermo-neutral zone versus temperature variation, and 
regarding impact of time-shift on circadian rhythm. 
To assess a normalized 24 h EE value subjects should refrain from abnormal exercise 
and follow their normal diet in the days before a measurement, possibly monitored by 
activity measurement and food-anamnesis. The measurement should take place in 
energy-balance, in a thermo-neutral environment, and with or without prescribed addi-
tional activity to increase PAL in the confined space. The measurement should start 
during daytime or in the evening, as the sleep interval must not be disturbed. There is 
an advantage of starting in the evening for measurement of SMR, as explained above. 
For achieving energy-balance it is advised to measure over 36 h while starting in the 
evening, this allows for individual values of the first night to be used for determining 
energy-requirements (food) for the following 24 h sub-interval. 

Exercise 

Exercise is part of the activity EE component. It can be under investigation or it can be 
used as part of the study protocol, or both. Levels of activity/exercise can vary from low, 
such as fidgeting [16], to the highest achievable, i.e. VO2max [19, 43]. Measuring the EE 
of activity/exercise with a calorimeter is therefore not limited to a single typical setup or 
type. It depends on level of EE, duration, and requirements regarding dynamic response 
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time, freedom of movement or climate. In the context of this thesis exercise is consid-
ered a higher EE level associated with maximal exertion or a substantial percentage 
thereof. 
In this thesis, the CV% for EE at maximum exertion, calculated for VO2max and including 
technical variability, was 1.2 %. This was measured with a facemask, and the mean 
100% level was 4022 ml•min-1 O2 uptake. The absolute SD was 48.3 ml•min-1 O2, which 
roughly translates to and EE value of ~1 kJ•min-1. The true EE value cannot be deter-
mined at maximum exertion, as flux of VCO2 in exhalation is no longer representative of 
EE; i.e. RQ ≠ RER. The SD value of 1 kJ•min-1 was only introduced for comparison with 
absolute SD values of EE observed below this maximum. 
Measuring maximal exertion EE levels is a typical application for a calorimeter using a 
facemask or mouthpiece, requiring a fast dynamic response of the calorimeter to cap-
ture the short interval of the momentary maximum.  
Biological variability is amongst others dependent on time of last meal, time and level of 
previous exercise, and in this instance fitness or training status. 
In general subjects should refrain from abnormal activities, diet and extreme exercise in 
the days before research. For highly trained athletes their competition schedule should 
be taken into account, as this may affect their willingness and ability to test at the max-
imum.  
Maximal exercise is not performed fasted, and not directly after a meal, it also requires 
sufficient cooling of the subject for removal of the excessive body heat. 
Recently, maximum exertion tests were performed in a whole room calorimeter, re-
defining the useable upper limit for whole room calorimetry [43]. Briefly, results for 
facemask versus room matched with an R2 of 0.98 (n=29, P<0.001), though test-retest 
reproducibility R2 decreased from 0.98 with a facemask to 0.88. in the room. 
Measuring submaximal exercise is a typical application for both a calorimeter using a 
facemask or mouthpiece, and for a whole room calorimeter. The choice depends mostly 
on availability of calorimeter and on duration of the exercise, where prolonged exercise 
is more easily performed inside a whole room calorimeter. A typical example of such 
prolonged exercise was a tour de France simulation [44]. 

The relativity of CV% for the different components of EE 

Calorimeters can be set up specifically for an intended EE range. For the higher exercise 
levels the calorimeter must cope with the increase in minute-ventilation of the subject 
i.e. have a higher flow-through, while low-level exercise or short exercise bouts may fit 
the general setup used, for example when measuring 24 h EE in a whole room calorime-
ter. A ventilated hood calorimeter for BMR may be considered a variant of a whole 
room calorimeter with a specific setup for low-level EE, having both a lower flow and an 
insignificant volume. Differences in setup will impact technical SD, i.e. the “absolute” 
floor noise-level which is co-linear with volume and flow (volume over time) to a large 
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degree [1]. In contrast, technical CV% may remain constant or even show a decrease as 
CV% is expressed relative to the 100% reference, i.e. co-linear with the expected EE 
level of the specific setup. 
 
Table 1. Biological variability of sleeping metabolic rate (SMR), overnight metabolic rate (OMR), basal meta-
bolic rate (BMR), average daily metabolic rate (ADMR), and oxygen consumption at maximum exertion 
(VO2max). 

Parameter Energy expenditure (kJ•min-1) SD (kJ•min-1) CV (%)  

SMR 4.6 0.11 2.4 

OMR 4.8 0.13 2.8 

BMR 4.7 0.15 3.3 

ADMR 6.8 0.13 1.9 

VO2max ~90 ~1 1.2 

 
The categories Sleep, OMR, BMR, 24h EE and Exercise showed a CV% that was smallest 
for high-level exercise and largest for outpatient BMR, consistent with literature (Figure 
1a, Table 1). 
Although exercise has the lowest CV% of 1.2%, it is the least absolute reproducible. In 
contrast, SMR with its medium CV% of 2.4% showed the best absolute reproducibility, 
closely followed by OMR, 24h EE and even BMR with an outpatient protocol (Table 1). 
In general, co-evaluation of absolute values is advised [18]. 

IMPLEMENTATION ASPECTS 

Historically the concept for any calorimeter was to fully capture the complete output of 
the process, collecting total quantities and analyzing these to the highest achievable 
accuracy. Regarding full-capture there is no conceptual difference in collecting all of the 
meltwater from an ice-calorimeter, in comparison to collecting all exhaled air. In both 
instances, the total of heat or gas-exchange from the subject is evaluated. For this “full 
capture” approach technical capabilities determine the achievable accuracy and preci-
sion over an interval of choice. For indirect calorimetry, gas exchange formerly was 
chemically analyzed [45-51], and nowadays is measured with fully automated electronic 
analyzers, and includes aspects of dynamic response time [18, 19, 52, 53]. Fundamen-
tally, all exhalation is collected, mixed, measured for quantity of volume or mass, and 
gas samples are analyzed for mean gas fractions over the interval of interest. Classic 
examples of open circuit full-capture indirect calorimetry are whole room calorimeters, 
ventilated hood calorimeters, as well as the historical geppert-zuntz apparatus [49] and 
the douglas bag method[54].  
A typical example of calorimeters that do not fully capture exhaled air are breath-by-
breath calorimeters, sampling in- and ex-halation in sequence at the mouth, and com-
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bining rapid gas analysis with bi-directional flow data also measured at the mouth. 
When applied for exercise and its high minute-ventilation and breathing frequencies, 
aspects of timing and shape of breathing curves may prove critical and show loss of 
accuracy, i.e. underestimate reality. Validation of these calorimeters is problematic, as 
lung simulators are not commonly available. And although breathing frequencies of 60 
bpm for an advanced simulator (GESS) are mentioned [55], no measurements above 40 
bpm were provided [55, 56]. 
Hence, biological reproducibility can be determined, but accuracy and specifically line-
arity with level of EE can only be determined by parallel validation against equipment 
that can be realistically validated, and preferably on-site.  
In contrast, indirect calorimetry with full capture of exhaled air is the method of choice 
for measurements requiring complete, frequent, and on-site validation. 
Part of the full-capture concept is the absence [18, 57] of requirements for filtering or 
predictive (feed-forward) algorithms, with the noted exception for whole room calorim-
eters and methods seeking fast dynamic response by applying such algorithms [58-61]. 
It can be remarked that such algorithms and assumptions may cause the removal or 
addition of small changes in results, while for statistical evaluation all changes, even 
those hidden in noise, should be retained. 

TECHNICAL VALIDATION REVISITED – ON SITE AND LONGITUDINAL 

The goal of technical validation was discussed, and in that context the practice of on-
site and frequent validation was deemed a requirement. Not all calorimeters will per-
form to the highest standard each and every day, each individual device must prove its 
adherence to specifications as found in validation studies. Moreover, validation studies 
may reveal a momentary status, not taking into account possible decay over time of 
use. An example is the deposition of particles in exhaled air in analyzers used in breath-
by-breath calorimetry, caused by the fast transport of exhalation into the analyzers and 
over time resulting in contamination and decrease of performance (personal observa-
tion). A more general example is occurrence of drift or decay of sensors, ranging from a 
slow and unobtrusive drift to a stepwise change caused by an instantaneous partial 
defect or even by simply replacing calibration gasses with their certificate uncertainty. 
Any such correction or replacement may instantly change measurements to a slightly 
different baseline, i.e. decrease or increase offset, but the proportional step in meas-
urements may affect studies in progress and must be taken into account.  
Although specification, or an individual validation, may show results within 2% including 
accuracy and CV, a specification used for longitudinal studies must reveal a sustainable 
performance. This potential problem can be alleviated in the presence of a history of 
validation tests, allowing the tracking of drift or determining the time of occurrence of a 
defect or baseline-shift.  
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In general, and for the above reasons, a typical 1 ± 2 % mean ± SD technical specifica-
tion should prove achievable, prudent and realistic, both for longitudinal and even for 
inter-equipment purposes. Yet only by performing periodic and frequent validation 
tests [9, 18, 19].  
An example would be methanol burns that must stay within 5% for nearly all individual 
validation test, i.e. achieve < 5% individual validation error for a 95% CI. 

THE NEAR FUTURE 

As technology advances, there will be a proliferation of small and affordable devices, 
software, and “black boxes”. However, in view of the cost and complexity of both vali-
dation and variability, results may vary and on occasion fail to meet scientific or clinical 
standards. Aside from the individual health risk, researchers may be tempted to use 
such affordable technology without means for validation. 
In contrast, this proliferation coincides with a growing awareness amongst groups of 
researchers that accuracy and reliability need to be more commonly assessed. A grow-
ing demand for classical validation, as well as for showing suitability for the applicable 
range of biological variability, is expected.  
Whole room calorimeters targeting a specific application may become more affordable 
and capable, and able to be validated on-site for the intended biological application and 
range. This will allow subjects more freedom of movement, comfort, and is expected to 
decrease biological variability to an as yet unknown extend. A secondary effect may be 
ease of use, as well as decrease of possible operator errors. 
Whole room calorimeters targeting a broad range of applications may show a trend 
towards compartmentalization, effectively optimizing the momentary active volume 
and its subject- air dilution mixing. 
It is expected that indirect calorimeters of all forms will become capable of live valida-
tion, in co-existence with measurements in progress and in the same space where the 
subject is residing. This may be done by insertion of tracer gasses of known quantity, or 
by varying physics of climate or volume. 
 
 
 
 
  



Chapter 9 

184 

CONCLUSIONS 

Pertaining to measurement of Human Energy Expenditure. 

Validity of an indirect calorimeter for a specific biological application can only be 
achieved by validation tests that take into account the applicable ranges of biological 
and technical variability. Technical validation without taking into account the applicable 
biological variability does not prove suitability for the intended goal. 

Technical and biological CV's of energy expenditure measurements are not constant. 
They are estimated, separated, components of the measured CV. The latter varies with 
applicable ranges and dynamic responses of calorimeter, subject or validation method. 

Human energy expenditure measured by whole room indirect calorimetry was matched 
by heat loss measured by direct calorimetry plus external work during rest and cycling. 
Both calorimetric methods used were valid. 

The implementation of SI units for real gasses and true molar quantities provides a 
formal description of gas exchange measured with indirect calorimetry, allowing strict 
compartmentalization and the quantification of true mass flux between individual pro-
cesses. The implementation is expected to result in improvements in design, accuracy, 
precision and dynamic response of whole room calorimeters. 

Biological variability in normal healthy adults, originating from formulae for the conver-
sion of gas exchange to energy expenditure using common estimates of substrate com-
position, was limited to within 1% for each of 5 selected formulae. 
Incorrect estimate of protein consumption, in the absence of measured EEurin, can result 
in errors > 2% of human EE. The application of an updated formula limits this error to 
within 1% for the full range of normal human protein consumption.  

Expressed in CV% maximum exertion tests showed the best reproducibility of 1.2% 
(48.3 ml•min-1 O2 ~1 kJ•min-1) at the highest level of human performance. Sleeping 
metabolic rate measured on nights following free-living conditions showed the lowest 
level of human EE with a larger CV of 2.4% and the best absolute reproducibility (0.11 
kJ•min-1). 
The Human energy expenditure levels for SMR, OMR, BMR and EE 24 h are reproducible 
in the range 0.11 to 0.19 kJ•min-1 including technical variability. 

Basal metabolic rate measured with a standard outpatient protocol is sufficiently repro-
ducible for most practical purposes. 

Healthy participants with a stable training status performing a step protocol to Pmax 
and VO2max have a linear relation of P and VO2 over the full range of P, This challenges 
previously reported non-linearity between P and VO2. 
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Biological variation in normal healthy subjects and technical validity are in agreement 
regarding magnitude of variability, proving suitability for the intended research. This 
was achieved by using implementations of the capture-all concept in diluted mode 
indirect calorimetry. 

The capture-all concept in diluted mode indirect calorimetry allows for on-site valida-
tion and realistic mimicking of subject responses over the full range of human EE. 
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INTRODUCTION 

Energy required for human living results from combustion of food with oxygen; releas-
ing the energy stored in the food by converting it into heat and work. 
Measuring energy expenditure in the form of heat became possible in 1780 when A.L. 
Lavoisier and P.S. Laplace created a direct calorimeter for small animals. 
Direct calorimeters for measuring heat (calories), and indirect calorimeters for measur-
ing gas exchange i.e. oxygen uptake and carbon dioxide production were constructed. 
Indirect calorimeters, estimating energy expenditure by converting measured gas ex-
change to energy by using data on food composition and its energy content, became 
most frequently used. Indirect calorimeters have proliferated as basic infrastructure, 
providing implicitly trusted results often without proper application and validation. This 
effect becomes visible where biological variability for healthy subjects far exceeds tech-
nical validation results.  
Indirect calorimetry remains sensitive to sources of error, ranging from ambient- and 
biological aspects to technical- and operator errors. The availability of specialized know-
how on site should be considered a requirement. 

OBJECTIVE 

It was the objective of this thesis to show that biological variability and technical validity 
should be of similar magnitude, and that this can be achieved by following the ‘capture 
all’ (exhalation or heat) concept of the past, with modern day equipment and methods. 
A second objective was to emphasize that technical validation methods should be readi-
ly available on site, and these should be able to realistically mimic subject responses. A 
final goal was to increase awareness for some of the pitfalls in indirect calorimetry. 

METHODS 

Whole room indirect calorimeters were used for average daily metabolic rate (ADMR), 
overnight metabolic rate (OMR) and sleeping metabolic rate (SMR). Similarly, ventilated 
hood and face-mask calorimeters were constructed, capturing all exhalation, and were 
used for determining basal metabolic rate (BMR) and oxygen uptake at maximum exer-
tion (VO2max). A direct "suit" calorimeter was used to allow simultaneous direct- and 
indirect calorimetric measures as combined with a whole room indirect calorimeter. A 
typical "breath by breath" exercise calorimeter was also applied for comparison of "cap-
ture all" and "breath by breath" measurements of VO2max. 
Technical validity for indirect calorimeters was determined using alcohol combustion 
and gas infusion, the latter was also used for the simulation of breathing. The direct 
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calorimeter was checked using an electric heat-source. In total 101 male and 48 female 
healthy adults provided data on multiple individual measurements. All studies con-
formed to the University of Maastricht protocols for ethics and informed consent, in 
agreement with the Declaration of Helsinki.  

RESULTS 

Simultaneous measurement of heat loss and gaseous exchange showed total energy 
expenditure, calculated from oxygen consumption and carbon dioxide production, 
matches heat loss at rest. During cycling, total energy expenditure matched heat loss 
plus the work performed, as measured by the cycle ergometer. Observations during 
walking showed that work is done in level walking as well. 
Application of nine different formulae for the calculation of energy expenditure from 
oxygen consumption and carbon dioxide production resulted in an updated formula 
with a minimal effect for variation in protein as energy substrate, the energy substrate 
that is not fully oxidized to allow excretion of the nitrogen component in urine. 
Repeated measurements allowed evaluation of biological variability of the five parame-
ters of energy expenditure mentioned above: SMR; OMR; BMR; ADMR and VO2max 
(Table 1). SMR, OMR and ADMR were measured in a room calorimeter over 3 h, 5-8 h 
and 24 h intervals, respectively. BMR was measured with a ventilated hood, directly 
after waking up in the morning over 20-30 min in the fasted state. VO2max was meas-
ured with a facemask during a maximal exertion test on a cycle ergometer 
 
Table 1: Biological variability of sleeping metabolic rate (SMR), overnight metabolic rate (OMR), basal meta-
bolic rate (BMR), average daily metabolic rate (ADMR), and oxygen consumption at maximum exertion 
(VO2max). These biological measurements are uncorrected and inclusive of technical aspects. 

Parameter Energy expenditure (kJ•min-1) SD (kJ•min-1) CV (%)  

SMR 4.6 0.11 2.4 

OMR 4.8 0.13 2.8 

BMR 4.7 0.15 3.3 

ADMR 6.8 0.13 1.9 

VO2max ~90 ~1 1.2 

Technical validity was dependent on the specific calorimeter used. Observed values showed an average 
accuracy range of 0 - 1% and a CV of up to 2% in agreement with published values.  

 
A final aspect that could yet be deemed "indirect" was the use of assumptions in calcu-
lating gas exchange quantities. This aspect was addressed by deriving equations for true 
molar balance of respiratory gas exchange, eliminating the "ideal gas" assumption and 
using SI units. Simulations resulted in finding sources of error specifically related to 
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temperature differences and transients, drawing attention to effects of internal com-
partmentalization and climate control in whole room indirect calorimeters.  

DISCUSSION AND CONCLUSIONS 

Total energy expenditure as calculated from measured oxygen consumption and carbon 
dioxide production matched simultaneously measured heat loss plus work performed, 
as measured by a cycle ergometer. Thus, indirect calorimetry is a valid method for the 
measurement of energy expenditure. Biological variation of average daily metabolic 
rate and its components was found to be in agreement with technical validity of meas-
urement over the complete human range. Reduction of technical variability requires 
regular on-site validation. 
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INLEIDING 

De mens gebruikt energie om te leven, afkomstig uit voedsel, door oxidatie van koolhy-
draat, vet en eiwit. De zo beschikbare energie wordt uiteindelijk omgezet in warmte en 
uitwendige arbeid. Meting van het energiegebruik werd mogelijk in 1780 met de bouw 
van een directe calorimeter, geschikt voor kleine dieren, door A.L. Lavoisier en P.S. Lap-
lace. Directe calorimeters voor het meten van warmte (Joules), en indirecte calorime-
ters voor het meten van gaswisseling werden vervolgens verder ontwikkeld en toege-
past. Bij indirecte calorimetrie wordt het energiegebruik berekend uit de gemeten zuur-
stof opname en koolstof dioxide productie op basis van gegevens over zuurstof opna-
me, koolstof dioxide productie en vrijkomende energie bij oxidatie van de afzonderlijke 
nutriënten. Meting van het energiegebruik vindt tegenwoordig vrijwel uitsluitend plaats 
met indirecte calorimetrie. De brede verspreiding van calorimeters als meetapparaat 
wekt de indruk dat het een eenvoudige standaard meting betreft. Juiste toepassing 
vereist echter regelmatige controle op validiteit van metingen. Indirecte calorimetrie is 
tot op heden gevoelig voor fouten in toepassing en gebrek aan deskundigheid, vari-
erend van omgevings- en biologische aspecten tot technische- en bedienings- fouten. 
De beschikbaarheid van gespecialiseerde kennis en faciliteiten ter plekke dient dan ook 
als een vereiste te worden beschouwd. 

DOELSTELLING 

Het doel van dit proefschrift was aan te tonen dat de biologische variabiliteit en techni-
sche validiteit van een vergelijkbare grootte-orde moeten zijn en dat dit kan worden 
bereikt door het klassieke principe van het compleet opvangen van geproduceerde 
warmte of uitademingsgassen, met moderne apparatuur en methodes. Een tweede 
doelstelling was aan te tonen dat technische validatiemethoden ter plekke beschikbaar 
moeten zijn, met regelmaat worden toegepast, en dat de te verwachten biologische 
variatie realistisch moet kunnen worden nagebootst. Tenslotte was het doel om kennis 
over de gevoeligheid voor fouten bij toepassing van indirecte calorimetrie te vergroten. 

METHODES 

Respiratiekamers werden toegepast voor het meten van energiegebruik over een et-
maal (average daily metabolic rate, ADMR), gedurende de nacht (overnight metabolic 
rate, OMR) en tijdens slaap (sleeping metabolic rate, SMR). Vergelijkbare apparatuur 
werd toegepast voor het meten van het basale energiegebruik (basal metabolic rate, 
BMR), waarbij men ontspannen op bed ligt met een geventileerde doorzichtige kap over 
het hoofd. Zuurstofopname bij maximale inspanning (VO2max) werd gemeten met een 
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masker over mond en neus. Een directe calorimeter, lijkend op een ruimtepak, werd 
toegepast met gelijktijdige meting in een respiratiekamer. De combinatie maakte verge-
lijking mogelijk van totaal energiegebruik, gemeten met indirecte calorimetrie, met de 
warmteproductie. Een typische calorimeter voor ademteuganalyse (breath-by-breath 
methode) werd toegepast voor het vergelijken van metingen van VO2max bemonsterd 
per adem teug met resultaten verkregen door het compleet opvangen van ademteu-
gen. 
Technische validiteit van indirecte calorimeters werd bepaald met behulp van alcohol-
verbranding en gasinfusie; de gasinfusie methode werd ook gebruikt voor het simuleren 
van ademteugen. De directe calorimeter werd gevalideerd met behulp van een elektri-
sche warmtebron. In totaal werden gegevens verzameld van 101 mannelijke en 48 
vrouwelijke gezonde volwassenen die deelnamen aan meerdere experimenten. Alle 
studies voldeden aan de medisch-ethische eisen van de Universiteit Maastricht, en 
waren in overeenstemming met het verdrag van Helsinki.  

RESULTATEN 

Bij gelijktijdige toepassing van directe en indirecte calorimetrie bleek dat de gemeten 
warmte afgifte in rust overeen kwam met het energiegebruik zoals berekend uit geme-
ten zuurstof opname en koolstof dioxide productie. Tijdens inspanning was het totale 
energiegebruik in overeenstemming met de warmte afgifte plus de uitwendige arbeid 
zoals geregistreerd met een fiets ergometer. Waarnemingen tijdens lopen toonden aan 
dat ook dan sprake is van uitwendige arbeid. 
Evaluatie van acht verschillende formules voor de berekening van energiegebruik uit 
zuurstof opname en koolstof dioxide productie resulteerde in een bijgestelde formule 
met een minimaal effect van variatie in eiwit als energie substraat, het nutrient dat niet 
volledig wordt geoxideerd vanwege de uitscheiding van de stikstof component in urine. 
Herhaalde metingen met proefpersonen resulteerden in waardes voor de biologische 
variatie van de hierboven genoemde energieparameters: SMR; OMR; BMR; ADMR en 
VO2max (tabel 1). SMR, OMR en ADMR werden gemeten in een respiratiekamer over 
een interval van respectievelijk 3 uur, 5-8 uur en 24 uur. BMR werd gemeten met een 
geventileerde kap, na het ontwaken en voorafgaand aan voedsel inname, over een duur 
van 20-30 minuten. VO2max werd gemeten met een masker over mond en neus tijdens 
maximale inspanning op een fiets ergometer. 
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Tabel 1. Biologische variatie van het energiegebruik tijdens slaap (SMR), gedurende de nacht (OMR), in rust na 
ontwaken (BMR), over een etmaal (ADMR) en zuurstofgebruik bij maximale inspanning (VO2max). De metin-
gen zijn niet gecorrigeerd en zijn inclusief de technische aspecten. 

Parameter Energie gebruik (kJ•min-1) SD (kJ•min-1) CV (%)  

SMR 4.6 0.11 2.4 

OMR 4.8 0.13 2.8 

BMR 4.7 0.15 3.3 

ADMR 6.8 0.13 1.9 

VO2max ~90 ~1 1.2 

De technische validiteit verschilde per type calorimeter. De gemiddelde waarde varieerde van 0-1%, met 
variatie coëfficiënt tot 2%, overeenkomstig gepubliceerde waarden in de literatuur.  

 
Tot slot werden vergelijkingen afgeleid voor een molaire massa balans bij ademgasme-
tingen, waarbij de aanname dat alle gassen "ideaal" zijn werd geëlimineerd en uitslui-
tend SI-eenheden werden gebruikt. Simulaties resulteerden in mogelijke fouten bron-
nen wat betreft temperatuur verschillen en veranderingen, vooral van belang bij ge-
bruik van respiratiekamers met klimaatbeheersing en verdeling van gasvolumina in 
compartimenten en deel-luchtstromen.  

DISCUSSIE EN CONCLUSIES 

Het energiegebruik, bepaald door meting van zuurstof opname en koolstof dioxide 
productie, komt overeen met gemeten warmte verlies plus uitwendige arbeid, zoals 
geleverd op een fietsergometer. De biologische variatie van het dagelijks energiegebruik 
en onderliggende componenten komt overeen met de betrouwbaarheid de gebruikte 
meetapparatuur over het gehele humane bereik. Betrouwbaarheid van apparatuur voor 
meting van energiegebruik vereist de aanwezigheid ter plekke van een valide test op-
stelling alsmede regelmatige toepassing daarvan. 
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The relevance of human calorimetry and its current status. 

Human Energy Expenditure is the single most important aspect of life, without this 
energy there is no life. For this reason, interest in the energy of living is as old as rec-
orded science, starting with Plato in 360 B.C. and exponentially growing ever since phys-
ics allowed the measurements of this energy as demonstrated for mammals by Lavoisier 
and Laplace in 1780. 
It was at the start of the 20th century that research into Human Energy Expenditure 
became a well understood science, and during the course of the 20th century a vast and 
solid body of information on food, food-composition, energy, and gas-exchange was 
obtained. This information was mostly obtained by combined direct and indirect calo-
rimeters in highly specialized laboratories, measuring both heat and gas exchange as 
well as performing chemical analysis of food and its substrates. 
A solid link between direct and indirect calorimetry was created, still fully valid today, 
and together with advances in electronics, analysers, and computer sciences this ena-
bled the proliferation of indirect calorimetry in favour of direct calorimetry. Effectively, 
it appears that the complexity and cost of indirect- and direct calorimetry have switched 
places. This proliferation of indirect calorimetry was further driven by the appearance of 
commercial small mobile indirect calorimeters for bed-side and sports-lab applications.  
In 1985 Paul Webb predicted that human direct calorimeters will grow in numbers, an 
expectation that has been superseded by a reality where small indirect calorimeters can 
now be found in nearly every hospital or food/sports-related institution world-wide. 
Effectively there are thousands of small, and 30-50 large, indirect calorimeters in opera-
tion today; only a single larger direct calorimeter remains. This broad proliferation of 
what must be considered a method sensitive to methodological and technical errors is 
problematic; gone are most of the specialized laboratories of the past, replaced by black 
box technology and/or operated by non-specialized personnel.  
The relevance of the Human Energy Expenditure can be understood when viewing it as 
the counterpart to energy intake; the absorbed food. For a stable weight the expendi-
ture must be matched by the intake, if these two are not in balance we either loose or 
gain weight. 

"Food may be defined as material which, when taken into the body, serves to ei-
ther form tissue or yield energy, or both" (Wilbur Olin Atwater).  

The energy balance of man is one of great importance to the world population; every 
single person needs sufficient and healthy food. Obviously, this is not the case, whole 
populations are starving while others become morbidly obese. A problem of the distant 
past and of even greater interest in future; how do we feed a 10+ billion world popula-
tion? How to solve the myriad of health problems traceable to over- and underfeeding? 
Or sleep, activity and environment? Or even, how do we feed astronauts during their 
travels to Mars? The scope of questions is growing and seemingly endless, and it can be 
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envisioned that multi-disciplinary research is not only required but will grow and result 
in additional research topics.  
The above may determine the current status of measuring Human Energy Expenditure 
as a wide-spread and important tool that nowadays may, sadly, lack local support and 
specialized know-how. Effectively, results may be contradictory and even detrimental to 
the solid foundation of information of the past. Moreover, application for the individual 
clinical assessment can be problematic.  

"Many research workers in medicine and other fields of biology have embarked 
on calorimetry in the mistaken belief that measurement of oxygen consumption 
and hence energy expenditure is a very straightforward process. It is almost cer-
tain that results and conclusions which have been reported from some calori-
metric systems are incorrect." (McLean and Tobin) 

The value for research in Maastricht 

With roots in classic calorimetry, progressing from chemical analysis of the past to elec-
tronic analysis of today, developments in human calorimetry at Maastricht University 
proved successful. Its value for research can only be recognized from the thousands of 
subjects that have been measured, the hundreds of papers that have been published, 
and the numeous industry contracts on topics of food, equipment and medicine that 
have been fulfilled.  
Value also resulted from the actual calorimeter systems as developed in Maastricht, 
starting in 1983 with improvements to commercial bed-side calorimeters (under non-
disclosure at the time), which financed PhD studies that were executed with the proto-
types build in Maastricht. And resulting in today’s commercial availability of Omnical 
branded calorimeters on the global market. 

Academic help versus commercial turn key systems 

From 1995 onward help to other research groups around the world was provided from 
Maastricht, a common academic practice, resulting in more or less successful whole 
room calorimeters around the world. In Madison (USA) dr. Keesey's lab built a true copy 
of the Maastricht system that was successful from the start. In Capetown (ZA) there was 
a failed calorimeter that gained functional status by modifying key parts to resemble the 
Maastricht system. In Japan (JP) there are 8 calorimeters similar to the Maastricht calo-
rimeters yet with a different gas analysis system. In Wollongong (AU) a copy was built 
but never completed to full copy status or functionality. 
Based on the partially negative experiences gained, the next projects were full turn-key 
systems delivered by the company “Maastricht Instruments” to medical schools in War-
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wick (UK) and Singapore (SG). Interest in these turn-key solutions is strong, yet the sizea-
ble installation and cost in the end may allow 1 in 10 research groups to finalize funding. 
Aside from these high-performance whole room calorimeters the bed-side and sports 
type Omnical as applied in the MRUM (Metabolic Research Unit Maastricht) has now 
become commercially available, and first reactions from the field of calorimetry indicate 
interest in these small calorimeters as well. 
The Omnical calorimeters are different from the competition regarding the chosen 
components and applied methods; high-end components are intended to provide a 
continuous 24/7 quality of gas analysis, lowering drift over time and increasing quality 
over the duration of studies. Importantly, the devices can be checked on-site. The speci-
fications are a direct result of the researchers needs as learned in 35 years of calorime-
try in Maastricht, and delivering turn-key equipment eliminates the chances of failure 
that was experienced in part when groups where "building one up from components" 
with academic help from others. Caveat emptor: successfully building one remains the 
best course training, it is also the most expensive solution and especially if unsuccessful. 

"Whether buying a complete system or building one up from components, it is 
necessary to have a full understanding of the basic principles and of the many 
sources of error that must be guarded against." (J. A. McLean & G. Tobin) 

A counterweight to ignorance 

It has been stated that human indirect calorimeters have proliferated as "black boxes" 
and results may certainly suffer from absence of specialized know-how. 
In some instances, literature, or papers submitted for review, dismiss biological repro-
ducibility or have no biological data at all, which may be considered pure ignorance 
beyond a lack of know-how. It is a commercial routine to advise checking a calorimeter 
in one mode, and then let it be applied in a different mode; this certainly does not vali-
date the calorimeter for the intended use. 
In contrast, the calorimetric systems proposed in this thesis, now branded "Omnical", 
may be validated on-site, frequently, and in the identical mode as applied with subjects. 
This approach revealed near-identical variability on the technical and on the biological 
aspects (this thesis), and both technical and biological validity may be deemed a re-
quirement for successful operation of human calorimeters. 
Importantly, in a recent comparative study (just submitted by colleagues in the US) the 
Maastricht Omnical proved most reproducible and reliable of all calorimeters tested, 
which typically is of value for the individual assessment of a patient. 
Please note that application of the presented calorimeters should not be considered a 
haughty claim to infallible measurements, instead it should be considered an eye-
opener as to how much can and will go wrong; in this regard ignorance is not bliss! 
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A common mistake that people make when trying to design something com-
pletely foolproof is to underestimate the ingenuity of complete fools. 
(Douglas Adams)  

The emerging reality of calorimetry 

As human calorimetry evolves and proliferates the need for locally validated equipment 
will rise above the clouds of more or less useful validation studies. Researcher will re-
quire proof of suitability of their locally applied device, not simply rely on a paper that 
tested "a" unit at some point in time. No device can simply be deemed a gold-standard 
apparatus without periodically checking if it still operates correctly, and if anyone 
learned this lesson; we did and we still do. 
Moreover, longitudinal application of calorimeters is an under-rated yet important 
aspect; a 6 month check with repairs may confound results of the before- and after 
repairs intervals; this will not do, results must be constant in quality over the duration of 
a study. 
Recent co-operation between research groups shows the growing awareness about 
these aspects; it may be the dawn of truly validated research, even for the users of 
"black box" technology. 
The calorimetry systems as applied in Maastricht are expected to take part in this 
emerging reality of continuous and longitudinal productivity of calorimetric measures. 
With 16 calorimeters up and running on a 24/7 basis the demands upon quality control 
and validation testing are higher than ever before, and even after 35 years of operation 
and innovations it is possible to find unexpected errors. The technical and operational 
lessons learned will continue to lead to solutions that find their way into day-to-day 
operations and guidelines.  
Problematic in this process is the multi-disciplinary combination of technical and biolog-
ical aspects; technical papers that are legible to biologist may be too low on biological 
content to be acceptable for the biological papers. Their already educated editors and 
reviewers may simply consider it required common knowledge, even if sadly this 
knowledge is no longer that common. This conundrum exists, and a solution to this 
problem may be to expand the availability of calorimeters that indeed can be validated 
on site, by the local researcher, and also to provide training together with the equip-
ment. This is one reason for providing the calorimeters as applied in Maastricht to col-
leagues; proof of validity by being reproducible at other sites.  
Innovative in this regard is the adherence to classic and proven methodology, augment-
ed with the precision and accuracy of modern technology; it may cost more and take 
more space, but it will be reliable and validated. 
The chances for this type of equipment and methodology on the market are good, alt-
hough starting with small numbers the production can be easily scaled up as demand 
grows. With the advent of comparative papers and the option to test these devices 
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before final purchase researchers and clinics may recognize the increased value of reli-
able results and long lifespan. A first problem will be the many papers on validity of 
other commercial equipment, yet they do not incorporate aspects of performance over 
time and cost of ownership regarding questionable results. This is the new frontier, and 
calorimeters, especially for "black box" application, must perform at a constant quality 
and prevent operator errors. They should simply work but also provide continuous 
proof of validity. 

"Simplicity is the ultimate sophistication. It takes a lot of hard work to make 
something simple, to truly understand the underlying challenges and come up 
with elegant solutions." (Steve Jobs) 

In conclusion 

There is a large demand for simple yet accurate human calorimeters; thousands of units 
exist worldwide. There is also a demand for highly precise whole room calorimeters, this 
requires a level of infrastructure and funding to a degree that just a few sites will be 
able to realize in the near future; maybe more when time goes by and turn-key systems 
prove their value. Possibly a demand for a few direct calorimeters will return; they pro-
vide information on a different aspect on human energy expenditure. 

"The measurement of respiratory gas exchange, or of metabolic rate as an alter-
native term, is something quite different from the measurement of heat from 
the body. It is an assessment of how much fuel has been oxidized, and with what 
proportions of fat to carbohydrate, if the oxidation of protein is known." (Paul 
Webb) 

The results of studies performed with the current equipment in place will show its suc-
cess or expectedly lack thereof, opening opportunities for selling, hiring out and build-
ing a reliable and simple to operate class of calorimeters. The latter is the class of 
equipment targeted by developments in Maastricht; we too require these simple yet 
accurate human calorimeters and have a need to validate them regularly.  
After co-developing commercial units, that deviated from their original design over time 
and did no longer meet our requirements, the only option was to go back to our original 
prototypes and build upon those. This is now a requirement, and this time around we 
hope to keep calorimeters originating from Maastricht in line with the demands and 
possibilities of our metabolic research unit. 
It will be interesting to see how commercial and research needs may come together 
and provide worthwhile solutions to a changing world of calorimetry.  

"You can't look at the competition and say you're going to do it better. You have 
to look at the competition and say you're going to do it differently." (Steve Jobs)  
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