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Abstract

Objective: The aim of this study was to validate two new whole-room indirfect calo-

rimeters according to Room Indirect Calorimetry Operating and Reporting Standards

(RICORS 1.0).

Methods: For technical validation, 16 propane combustion tests were performed to

determine accuracy and precision of energy expenditure (EE) and ventilation rates of

oxygen (VO2), carbon dioxide (VCO2), and respiratory exchange ratio (VCO2/VO2). For

biological validation, eight participants (mean [SD], age 24.1 [2.5] years; BMI 24.3

[3.1] kg/m2) underwent four 24-hour protocols under highly standardized conditions:

(1) isocaloric sedentary, (2) fasting sedentary, (3) isocaloric active, and (4) fasting active.

Reliability (coefficients of variation [CV]) and minimal detectable changes (MDC) were

calculated for 24-hour EE, sleeping metabolic rate (SMR), physical activity energy expen-

diture (PAEE), thermic effect of food (TEF), and macronutrient oxidation rates.

Results: Technical validation showed high reliability and recovery rates for VO2

(0.75% and 100.8%, respectively), VCO2 (0.49% and 100.6%), and EE (0.54% and

98.2%). Biological validation revealed CV and MDC for active conditions of 1.4% and

4.3% for 24-hour EE, 1.7% and 5.9% for SMR, and 30.2% and 38.4% for TEF, as well

as 5.8% and 10.5% for PAEE, respectively. Mean CV and MDC for macronutrient oxi-

dation rates were 9.9% and 22.9%, respectively.

Conclusions: The precision of 24-hour EE and SMR was high, whereas it was lower

for PAEE and poor for TEF.

INTRODUCTION

Modern respiratory exchange chambers (whole-room indirect calorim-

eter [WRIC]) provide high-resolution data for the assessment of circa-

dian changes in energy expenditure (EE) [1] or the responses of

macronutrient oxidation during meals, exercise, and sleep, including

metabolic flexibility [2]. The technique is used in research on the

impact of energy flux [3], time-restricted feeding [1, 4], or macronutri-

ent composition of the diet [5, 6] on energy and macronutrient

balance.

Studies involving WRICs provide a strictly controlled environment

for human intervention trials, with standardization and close supervi-

sion of the daily routine, sleeping times, physical activity, and intake

of food and beverages. Control for these confounders and high
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precision of the metabolic measurement lead to the necessity for a

lower number of participants required for a WRIC study when com-

pared with interventions under free-living conditions that use doubly

labeled water for measurement of EE and changes in body composi-

tion as estimates of energy and macronutrient balance (for reviews,

see [7,8]). Because of the high expenditure of time, multicenter WRIC

studies offer another means by which to reduce the number of partici-

pants needed at one study site. Because WRICs in many facilities are

custom engineered and differ widely in the type of analyzers, soft-

ware applications, room size, and structural installations, validation of

each WRIC lab is mandatory before the fusion of data sets from dif-

ferent study centers [9]. The Room Indirect Calorimetry Operating

and Reporting Standards version 1.0 (RICORS 1.0) guide validation to

ensure reproducibility and facilitate comparisons of human WRIC

studies across multiple centers [10,11].

In this study, two new WRICs built in 2019 at Kiel University

(Germany) were validated according to RICORS 1.0. Limitations and

applicability of physical activity energy expenditure (PAEE) and ther-

mic effect of food (TEF) determined by “regression analysis” or “area
under the curve method” were compared. Reproducibility of 24-hour

EE, sleeping metabolic rate (SMR), respiratory exchange ratio (RER),

PAEE, TEF, and macronutrient oxidation was assessed by repeated

measurements of three different conditions: isocaloric sedentary

(IsoSed), fasting sedentary (FastSed), and isocaloric active (IsoAct).

Technical validation of gas exchange measurements was performed

using the recovery rates of VO2 (oxygen consumption) and VCO2 (car-

bon dioxide production) by propane combustion. In addition, chal-

lenges to the validity of the outcome measures (e.g., habituation,

excitement, tension) were analyzed to reveal biological determinants

of bias.

METHODS

The study was composed of a technical validation, using propane com-

bustion and empty runs of the WRICs, and a biological validation, com-

prising healthy participants in a crossover intervention under isocaloric

and fasting dietary conditions with sedentary and active protocols. Bio-

logical validation consisted of (1) reliability of measured components of

EE and macronutrient oxidation rates, (2) a comparison of TEF and PAEE

derived from regression analysis (TEFregression, PAEEregression, [12]) and

area under the curve (AUC) subtraction method (TEFsubtraction [13] and

PAEEsubtraction), and (3) an analysis of the biological determinants of bias.

Primary outcomes for the technical validation were ventilation rates of

oxygen consumption (VO2), carbon dioxide production (VCO2), and

respiratory exchange ratio (RER = VCO2/VO2, known at the cellular

level as respiratory quotient [RQ]), along with simulated 10-hour EE.

Accuracy was determined comparing the deviation of the measured

value from the true value (i.e., the predicted ventilation rate of O2 and

CO2 from propane combustion). The precision is given as means and

standard deviation (SD) as well as intraclass correlation coefficients. In

addition, we provide correlations between measured and predicted gas

volumes in Supporting Information Figure S2. Outcome parameters for

biological validation were 24-hour EE, SMR, RER, PAEE, TEF, and mac-

ronutrient oxidation rates.

Characteristics of the Kiel WRIC

The Institute of Human Nutrition at the University of Kiel has two

identically constructed metabolic chambers. The respiratory exchange

is measured by the Promethion (model GA-3m2/FG-250) integrated

Study Importance

What is already known?

• The Room Indirect Calorimetry Operating and Reporting

Standards (RICORS) 1.0 for whole-room indirect calorim-

eter (WRIC) validation were developed to compare data

of human energy metabolism from different study sites,

because most of the WRICs are custom built.

What does this study add?

• RICORS 1.0 are feasible, and the application shows that

the precision of Kiel WRICs in 24-hour energy expendi-

ture (EE) and sleeping metabolic rate measurements was

high, whereas it was lower for physical activity EE and

macronutrient oxidation rates and poor for thermic effect

of food.

• Situations with an influence on sympathetic nervous sys-

tem activity like exercise under fasting conditions or

excitement and tension due to an unaccustomed WRIC

environment or birthday were identified to have an

impact on the validity of components of EE.

How might these results change the direction of

research or the focus of clinical practice?

• The high accuracy of EE and respiratory exchange ratio

measurements facilitates data fusion for multicenter

studies.

• Because of the high reproducibility for intraindividual

comparison of EE as well as the time-consuming and

elaborate study protocol in a WRIC, study designs based

on intraindividual design have an advantage over interin-

dividual comparisons except for objectives with a high

effect size e.g., identification of thrifty and spendthrift

metabolic phenotypes.

VALIDATION OF METABOLIC CHAMBERS 1797
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WRIC (Sable Systems International; for details, see online Supporting

Information).

The size of each WRIC is 9.8 m2, and both are furnished for par-

ticipant comfort (Figure 2C). The interior volume is 24,282 L, after

correcting for that taken up by furnishings, toilet, sink, and cycle

ergometer. Dual-level airtight air locks are used for the exchange of

food, biological samples, and minor equipment.

RER is calculated from the gas exchange and is defined as the

relationship of VCO2 to VO2. All metabolic parameters such as O2,

CO2, water vapor pressure, excurrent flow rate, and barometric pres-

sure are recorded every second and then amortized on a per minute

basis prior to metabolic calculations. The 24-hour urinary nitrogen

excretion, measured photometrically from 24-hour urine, is used to

calculate macronutrient oxidation rates [14]. EE is calculated using the

Weir equation [15].

Technical and biological validation

Propane combustion (99.2% propane, Scott Medical Products) was

used for the technical validation process [16]. In each WRIC, sixteen

10-hour propane burns were conducted, monitoring the amount of

burned propane with a digital scale every 30 minutes (OHAUS

Explorer, OHAUS Europe GmbH). Accuracy and precision of the

WRICs were determined through the recovery rates of simulated EE,

VO2, VCO2, and RER. Additional information regarding formulas and

propane combustion methodology is presented in detail elsewhere

[16]. For quality assurance, monthly short propane burns were per-

formed, each with a 5.5-hour duration [16]. In addition, empty runs of

the WRIC were conducted, so VO2 and VCO2 were measured over

several days to determine any abnormalities that may occur over the

course of the measurement periods. If the WRICs are working cor-

rectly, there should be no measured VO2, VCO2, or EE detected dur-

ing the empty test runs [10].

For the biological validation, healthy human participants fol-

lowed a 5-week protocol, comprising two physical activity levels,

sedentary and active, as shown in Figure 1. Metabolic measures

composed of 24-hour EE, SMR, RER, TEF, PAEE, and macronutrient

oxidation rates were conducted on two identical days. On these

days, either isocaloric diets with sedentary (IsoSed) or active condi-

tions (IsoAct) or inactivity and fasting (FastSed) were used, as shown

in Figure 1. The 24-hour EE and RER were calculated for 24 hours

from 6:30 AM to 6:30 AM SMR was calculated according to Schrau-

wen et al. [17] by taking the lowest mean EE during three consecu-

tive hours between 11:30 PM and 6:30 AM The repeatability and

plausibility of two different methods for assessing TEF and PAEE

(regression vs. subtraction) were compared. Trapezoidal rule was

used to estimate the AUC for EE, which enables the calculation of

TEF [13] and PAEE as follows:

TEFsubtraction ¼24hEEAUC isocaloric – 24hEEAUCfasting

PAEEsubtraction ¼24hEEAUCactive–24hEEAUC inactive:

Regression analysis was applied for both parameters using the

regression intercept between EE and acceleration volume per minute

derived from accelerometry (TEFregression, PAEEregression, [12]), as

shown in Figure 2B. However, the original regression method was not

validated with accelerometry but with radar, which is a method that,

in addition to lower limb activity, also detects chest and upper limb

movements. Because the activity in our study on the exercise bike

mainly involves the lower limbs, we used the acceleration volume

derived from a triaxial accelerometer, which may have slightly under-

estimated the total movement. Spontaneous physical activity was

determined according to Hall et al. [9], and resting metabolic rate

(RMR) estimation was based on the assumption that SMR is 95% of

RMR [18]. As an indication of sympathetic nervous system (SNS)

activity dopamine excretion in 24-hour urine was measured by high-

performance liquid chromatography.

Study protocol

Each participant went through seven interventions in the WRIC within

5 weeks. Participants either fasted or consumed isocaloric diets with a

constant macronutrient ratio (52% carbohydrates, 35% fat, 13% pro-

tein). Physical activity level (PAL) was 1.3 on inactive days and 1.7 on

active days. On inactive days, participants were allowed to move

around freely but were instructed to spend their day mainly sitting

without much activity (e.g., reading, computer work) and to avoid any

athletic activity. On active days, physical activity was performed on a

bicycle ergometer (opticare basic and ergoselect 4, ergoline GmbH)

F I G U R E 1 Outline of the study protocol with 24-hour
interventions in the WRIC with four different conditions: isocaloric
sedentary (IsoSed), fasting sedentary (FastSed), isocaloric active
(IsoAct), and fasting active (FastAct). All boxes with solid line
represent 24-hour stays in the WRIC. IsoSed and FastSed were
conducted in a single stay over 48 hours. Isocaloric diets had a

constant macronutrient ratio (52% carbohydrates, 35% fat, 13%
protein). Different levels of physical activity were accomplished by
cycling on an exercise bike with 50 W (female) or 75 W (male) and
constant cadence (55–65 rpm) for defined time periods
(3 � 20 minutes, three times a day; total of 3 h/d). A 3-day wash-in
period with a controlled diet preceded each intervention phase. The
figure displays the chronological sequence of the protocol. PAL,
physical activity level

1798 VALIDATION OF METABOLIC CHAMBERS
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for 3 � 20 minutes three times a day. Women were requested to

cycle at 50 W and men at 75 W with a constant cadence (55–65 rpm).

Physical activity was continuously monitored using step counts and

acceleration volume per minute by a triaxial accelerometer (activPAL

4, Paltechnologies Ltd.). Each intervention week was initiated by a

3-day run-in period with a controlled diet and identical macronutrient

composition to adapt macronutrient oxidation rates to macronutrient

intake [19]. Participants were advised to maintain their habitual physi-

cal activity levels (< 1 h/d of exercise) and eat only the provided foods

and noncaloric beverages without caffeine to ensure equal baseline

conditions. Energy requirement under inactive and active conditions

over 24 hours inside the WRIC was measured (preceding the IsoSed

and fasting active [FastAct] days) with ad libitum energy intake

(Figure 1). Participants entered the WRIC in the evening before each

intervention period to adapt to the environment. A highly standard-

ized diurnal rhythm (from 6:30 AM to 6:30 AM hours) was maintained

throughout the study (wake-up at 6:30 AM; meals at 7:00 AM, 1:00 PM,

7:00 PM; and bedtime at 10:30 PM). Participants were asked to eat

their meals within 30 minutes, without leftovers, on isocaloric inter-

vention days. Individual diet composition was calculated using PRODI

expert version 6.10 (Wissenschaftliche Verlagsgesellschaft Stuttgart;

based on German Nutrient Data Base BLS 3.02). An outline of the

study protocol is given in Figure 1, and a CONSORT (Consolidating

Standards for Reporting Trials) is available in online Supporting

Information.

Study participants

Eight healthy adults (four women, four men) were recruited at Kiel

University. Exclusion criteria were food allergies or intolerances, alter-

native eating habits, regular exercise (> 1 h/d), smoking, chronic

F I GU R E 2 (A) Total energy expenditure (EE) over 24 hours, illustrated for one participant, comparing an inactive and an active day. Gray,
area under the curve for EE on an active day being higher than on the inactive day. Black, area under the curve for EE on an inactive day being
higher than on the active day. (B) Regression analysis, showing components of total daily energy expenditure (24-hour EE). Physical activity
energy expenditure (PAEE) has a linear relationship with concurrent activity measured by triaxial accelerometer. Energy expenditure at zero
activity (EE0), i.e., the y-intercept, represents the sum of the resting metabolic rate (RMR) and thermic effect of food (TEF). RMR comprises
sleeping EE and EE from arousal. Based on Schutz et al. [12] and Ravussin et al. [26]. (C) WRIC located at Kiel University, including a daybed, desk
and chair, access to the internet, telephone, toilet, sink, and an exercise bike

VALIDATION OF METABOLIC CHAMBERS 1799
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diseases or regular use of medications, claustrophobia, or > 5-kg

weight change within 3 months before the study. Women were

included only when using hormonal contraceptives continuously to

avoid the influence of the menstrual cycle on EE [20]. The study pro-

tocol was approved by the Ethics Committee of the Medical Faculty

of the University of Kiel, Germany, in accordance with the Declaration

of Helsinki. Written, informed consent was obtained from all partici-

pants before participation.

Participants were invited to attend an in-person screening con-

ducted within 2 weeks of the start of the interventions, before enroll-

ment of the participants. Screening examinations took place after an

overnight fast. Height was determined with a stadiometer (seca 274;

seca GmbH & Co. KG). Body weight was measured on a calibrated

scale, and fat mass was assessed using air-displacement plethysmogra-

phy (BodPod, COSMED), both in underwear. BMI was calculated as

weight in kilograms divided by height in meters squared (kg/m2). Fat-

free mass index was calculated as fat-free mass divided by height

squared (kg/m2). Fat mass index was calculated as fat mass divided by

height squared (kg/m2). RMR was measured for 25 minutes via indirect

calorimetry using two canopy hood devices (Q-NRG, COSMED). Both

devices were calibrated according to the manufacturer’s instructions

prior to each measurement.

Statistical analysis

Normal distribution was checked via the Kolmogorov–Smirnov test.

Paired t tests were used to examine differences between repeated

measurements of 24-hour EE, SMR, PAEE, TEF, macronutrient oxida-

tion rates, RER, VO2, VCO2, and technical EE (difference between

measured and expected EE from propane combustion) as well as to

compare results from propane combustion with stoichiometrically

predicted values. Coefficient of variations (CV) given as a percentage

was calculated as follows: CV (%) = (SD/mean) � 100. The minimal

detectable change at 95% CI (MDC95) was calculated from standard

error of measurement (SEM) as MDC95 = SEM � 1.96 � √2, where

1.96 corresponds to the level of confidence adopted (95% in this

case) and √2 represents the correction factor for measurement in

duplicate.

Graphs were plotted using GraphPad Prism 9 for Windows

(version 9.2). Data were analyzed using the SPSS Statistics soft-

ware package version 27.0 (IBM Corp.). Furthermore, an appropri-

ate statistical mixed model was applied [21] to calculate an

applicable standard deviation using the statistical software R. The

model included activity and energy intake, as well as their interac-

tion term as fixed factors. The different participants and time

effects were regarded as random factors. The residuals were

assumed to be normally distributed and to be homoscedastic. These

assumptions are based on a graphical residual analysis. Based on

this model, a pseudo R 2 was calculated [22], and ANOVA was con-

ducted, followed by multiple contrast tests [23] in order to compare

the activity levels, as well as fasting and isocaloric conditions. Data

are reported as means and SD unless otherwise specified. Signifi-

cance was set at p < 0.05.

RESULTS

Technical validation

Results of repeated propane combustion tests are shown in Table 1.

The average burning rate was 0.293 � 0.033 g/min (range: 0.2311–

0.3429 g/min). Measured gas volumes correlated well with values pre-

dicted by stoichiometry (VO2, r = 0.998; VCO2, r = 0.999; Supporting

Information Figure S2), although measured values differed signifi-

cantly from predicted values (VO2, Δ = �24 mL/g propane, p < 0.001;

VCO2, Δ = �12 mL/g propane, p < 0.001), with errors of the

expected gas volumes ranging from 0.06% to 1.62% for VO2 and

0.13% to 1.15% for VCO2. Recovery rates without correction for flow

resistance were VO2, 97.47% � 1.40%; VCO2, 94.91% � 1.14%; and

RER, 97.47% � 0.69%. Errors for technical EE given as a percentage

of expected EE ranged between 0.80% and 3.00%. Compared with

the 10-hour propane burns, the shorter 5.5-hour tests (n = 12) per-

formed for quality assurance showed similar recovery rates (VO2,

101.81% � 1.30%; VCO2, 101.13% � 1.47%; RER, 99.60% � 0.73%;

and EE, 100.9% � 1.5%). The flow rate was stable during all propane

combustions and the whole intervention study at 79.99 � 0.01 L/min.

The empty runs showed no abnormalities. Deviation from the default

T AB L E 1 Reproducibility of 10-hour propane combustion (n = 16) and comparison of results (normalized for the amount of burned propane)
against stoichiometry

Mean SD CV (%) SEM MDC95 MDC (%) Recovery (%)

VO2 (L) 2.567 0.019 0.75 0.005 0.013 0.52 100.84 � 0.78

VCO2 (L) 1.537 0.007 0.49 0.002 0.005 0.34 100.64 � 0.51

RER 0.599 0.004 0.69 0.001 0.003 0.48 99.97 � 0.55

EE (kcal) 3.42 0.38 0.54 0.001 0.004 0.40 98.17 � 0.53

Note: Total amount of propane burned = 182.6 � 20.7 g.

Abbreviations: CV, coefficient of variation; EE, energy expenditure; MDC, minimal detectable change; MDC95, minimal detectable change at 95%

confidence level; RER, respiratory exchange ratio; VCO2, carbon dioxide production; VO2, oxygen consumption.

1800 VALIDATION OF METABOLIC CHAMBERS
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setting amounted to < 0.9% for VO2, VCO2, flow rate, and tempera-

ture of the gas analyzer.

Biological validation

Four women and four men aged between 20 and 29 years and with

BMI between 19.9 and 29.3 kg/m2 participated in the study (Table 2).

Three participants had overweight according to WHO criteria.

The CV for isocaloric repeated measurements of RER, 24-hour

EE, and SMR ranged between 1.4% and 1.7% (Table 3). Moreover, all

three conditions performed twice showed excellent test–retest reli-

ability, assessed by concordance correlation coefficient, as shown in

T AB L E 2 Baseline characteristics

Women (n = 4) Men (n = 4) Total (n = 8)

Age (y) 22.4 � 1.2 25.8 � 2.4 24.1 � 2.5

Height (m) 1.72 � 0.0 1.78 � 0.1 1.75 � 0.1

Body weight (kg) 67.3 � 8.9 81.6 � 9.0 74.5 � 11.5

BMI (kg/m2) 22.9 � 3.3 25.6 � 2.1 24.3 � 3.1

FMI (kg/m2) 6.4 � 2.9 5.3 � 1.6 5.9 � 2.4

FFMI (kg/m2) 16.4 � 0.4 20.3 � 0.7 18.3 � 2.0

RMR (canopy)

(kcal/d)

1,613 � 201 1,882 � 138 1,748 � 218

Note: Values are mean � SD.

Abbreviations: FFMI, fat-free mass index; FMI, fat mass index; RMR,

resting metabolic rate.

T AB L E 3 Reliability of components of energy expenditure and macronutrient oxidation rates on isocaloric days; comparison between inactive
and active conditions

Mean SD CV (%) ICC SEM MDC95 MDC (%)

(A) Reliability of components of energy expenditure

RER Inactive 0.853 0.013 1.7 0.897 0.004 0.012 1.4

Active 0.825 0.010 1.8 0.814 0.004 0.012 1.4

24-hour EE (kcal/d) Inactive 2,112 282 1.5 0.998 35.7 1.7

Active 2,446 411 1.4 0.991 41.0 105.1 4.3

SMR (kcal/d) Inactive 1,597 201 1.5 0.986 25.6 70.9 4.4

Active 1,392 198 1.7 0.981 29.5 78.9 5.9

(B) Reliability of thermic effect of food; comparison of methods (n = 6)

Subtraction method Inactive 145 37 9.1 0.846 16.6 46.0 31.8

Active 44 75 39.3 0.776 27.8 77.1 173.5

Regression method Inactive 154 62 38.2 0.697 46.3 128.4 83.4

Active 181 48 30.2 0.645 25.0 69.4 38.4

(C) Reliability of physical activity energy expenditure on active days; comparison of methods (n = 6), PAL and SPA

Subtraction Active 808 142 5.8 0.937 37.6 140.1 12.9

Regression Active 992 208 5.8 0.977 37.6 104.3 10.5

PAL Inactive 1.26 0.03 1.2 0.811 0.02 0.05 3.6

Active 1.68 0.07 0.1 0.950 0.02 0.04 2.7

SPA Inactive 44.53 17.28 49.5 0.113 26.18 72.57 163.0

Active 118.30 35.13 16.3 0.910 11.46 31.77 26.9

(D) Reliability of macronutrient oxidation rates

CHOOx (g) Inactive 234.0 53.8 9.5 0.916 15.6 43.2 18.5

Active 307.4 53.7 11.2 0.678 30.5 84.4 27.5

FatOx (g) Inactive 98.0 35.8 12.1 0.943 8.6 23.7 24.2

Active 150.9 40.0 8.8 0.912 11.9 32.9 21.8

ProtOx (g) Inactive 67.6 9.0 10.7 0.283 21.1 21.1 31.2

Active 73.9 13.2 6.2 0.915 10.7 10.7 14.5

Nitrogen excretion (g) Inactive 5.8 1.9 17.7 0.695 1.1 2.9 50.3

Active 6.5 2.3 9.9 0.948 0.5 1.5 22.5

Abbreviations: 24-hour EE, 24-hour energy expenditure; CHOOx, carbohydrate oxidation; CV, coefficient of variation; FatOx, fat oxidation; ICC, intraclass

correlation coefficient; MDC, minimal detectable change; MDC95, minimal detectable change on a 95% confidence level; PAL, physical activity level;

ProtOx, protein oxidation; RER, respiratory exchange ratio; SMR, sleeping metabolic rate; SPA, spontaneous physical activity.
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Supporting Information Figure S1. The reliability of the biological out-

come parameters was tested between inactive (PAL = 1.23 � 0.05)

and active (PAL = 1.65 � 0.05) conditions. Activity on the exercise

bike led to a peak in EE up to 5.909 � 0.989 kcal/min for a short

period during the activity.

Comparison of mean values for TEF on active days between the

regression and subtraction method is shown in Figure 3A (stratified

into fasting and isocaloric conditions). Under isocaloric conditions,

TEF was higher and more plausible using the regression method than

the subtraction method (181 � 48 kcal/d vs. 44 � 75 kcal/d,

p < 0.05). Under fasting conditions, the regression method resulted in

a TEF of 75 � 53 kcal/d (Figure 3A), which is explained by the model

error of the regression analysis.

On active days, PAEE was significantly higher using the regression

method when compared with the subtraction method. This was found dur-

ing isocaloric as well as fasting conditions (Figure 3B, isocaloric condition:

Δ�205 � 101 kcal/d; p < 0.01; fasting:Δ�154 � 107 kcal/d; p < 0.05).

The reliability of carbohydrate and fat oxidation, as well as protein

oxidation along with nitrogen excretion under isocaloric treatment, is

shown in Table 3. No differences in macronutrient oxidation rates

were observed between repeated measurements.

No differences in carbohydrate or fat balances were found for

repeated measurements on inactive days. On both inactive days, energy

balance was positive (first IsoSed day:+75 � 61 kcal, p < 0.05 vs. second

IsoSed day:+133 � 26 kcal, p < 0.001). On active days, there was a neg-

ative fat balance on the second day (Δ �20.5 � 23.0 g, p < 0.05), show-

ing that fat oxidation exceeded fat intake. By contrast, protein balance

was significantly positive on active days (Δ +21.4 � 9.1 g, p < 0.001)

(Table 4).

The 24-hour EE was higher during isocaloric condition than fasting

on inactive days (2112 � 248 kcal/d vs. 1883 � 233 kcal/d, p < 0.001;

Figure 4A). This difference disappeared on active days (IsoAct:

2914 � 385 kcal/d vs. FastAct: 2875 � 410 kcal/d, p = 0.189;

Figure 4B). Following this discrepancy, 24-hour urinary dopamine excre-

tion decreased with fasting on inactive days (p < 0.001; Figure 4C),

whereas it tended to increase with fasting on active days (p = 0.088;

Figure 4D). When comparing the two fasting interventions, activity

resulted in higher dopamine excretion (p < 0.05; Figure 4).

One participant (male, 27 years) had his birthday on an inactive

fasting day. On this occasion, his 24-hour EE was +13.5%

(+323 kcal/d) higher than at the other inactive fasting day. This par-

ticipant was therefore excluded from the analysis of inactive

fasting days.

The impact of habituation to the WRIC was analyzed by compar-

ing IsoSed measurements of EE from the second and fourth day.

Mean 24-hour EE decreased (Δ �43 � 28 kcal/d, p < 0.01), whereas

SMR did not change with time (Δ +29 � 42 kcal/d, p = 0.131). Repe-

tition of the inactive fasting intervention (third vs. fifth day in the

WRIC) showed a significant decrease in SMR (Δ �34 � 34 kcal,

p < 0.001) but not in 24-hour EE (Δ �39 � 31 kcal, p = 0.087). Disre-

garding habituation effect, between-participant standard deviation for

24-hour EE was 352 kcal, whereas within-participant standard devia-

tion was 101 kcal using the statistical mixed model analysis. Further

analysis is shown in the online Supporting Information (Supporting

Information Figure S1; Tables S1-S3).

DISCUSSION

Propane combustion tests have revealed a high validity (as evidenced

by recovery rates of VO2 and VCO2) as well as a high precision

F I GU R E 3 (A) Comparison of the thermic effect of food (TEF)
and (B) physical activity energy expenditure (PAEE) between
regression and subtraction method on active days stratified to
isocaloric (black) and fasting (open bars) conditions. Fasting
TEFsubtraction is used as a reference and thus zero by definition. Values
are mean � SD. *p < 0.05; **p < 0.01 (paired t test)

T AB L E 4 Comparison of energy and macronutrient intake and balance between isocaloric sedentary (IsoSed) and isocaloric active (IsoAct)

conditions

Energy (kcal) Carbohydrates (g) Fat (g) Protein (g)

IsoSed

Intake 2,222 � 259 234.0 � 53.5 98.0 � 10.4 64.8 � 8.1

Balance 110 � 42 37.6 � 60.1 �7.1 � 28.0 �2.9 � 10.7

IsoAct

Intake 2,872 � 415 304.2 � 56.9 149.8 � 40.1 94.2 � 16.8

Balance �28 � 82 34.0 � 67.9 �23.7 � 26.8 20.3 � 8.7

Note: Values are mean � SD.
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(in repeated tests) of the WRIC at Kiel University. In the biological val-

idation, the precision of 24-hour EE and SMR measurements was

high, whereas it was lower for PAEE as well as macronutrient oxida-

tion rates and poor for TEF. Situations with an influence on SNS activ-

ity were identified to have an impact on validity of components of EE.

Technical validation

The recovery rates for VO2, VCO2, RER, and technical EE for WRIC in

Kiel are high. They are comparable with other validation studies, in

which values ranged between �0.5% � 1.6% for VO2, �0.6% � 0.9%

for VCO2, �0.5% � 1.9% for RER, and 1.2% � 1.5% for EE in 10-hour

propane burns [16], or lay within 2% of the expected values [25, 26]

despite differences in instrument construction and gas analyzers. Our

5.5-hour propane burns were found to be as precise as the 10-hour

propane burns. So far, no recommendation has been made in RICORS

1.0 for the frequency of propane burns for quality check. During

ongoing studies, we agree with the advice of Rising et al. to use

monthly burns to check if parameters are out of range [16]. In addi-

tion, occasional empty runs can be recommended for troubleshooting.

According to RICORS, the rate and range of simulated EE from

combustion should be similar to EE from humans [10, 16]. The 10-

hour propane combustions led to an EE of 2,134 � 247 kcal. This

approximates the EE of one person on a whole intervention day. The

technical error limits the detection of biological effects. Based on an

EE of 2134 kcal, the technical error would be around 10 kcal (derived

from MDC).

Biological validation

All three conditions performed twice (IsoSed, FastSed, and IsoAct)

showed excellent test–retest reliability for 24-hour EE (Supporting

Information Figure S1). Our results are, however, limited by a homo-

geneous, healthy, and young study population. Precision was compa-

rable with values reported by other groups for repeated

measurements of 1% to 5% for 24-hour EE and 1% to 4% for SMR

[25-29]. Precision is decisive for determining differences in interven-

tion studies, in which each participant serves as his/her control. On

the contrary, high accuracy is crucial for combining data sets from

multicenter studies in order to minimize the required sample size (for

review, see [30]). Variances in 24-hour EE within individuals (791 kcal)

and among individuals (79,758 kcal, after adjusting for FFM) were

comparable with variances found by others (within individual,

1843 kcal/d; among individuals, 80,420 kcal/d [27]). Using intraindivi-

dual comparisons, we were able to detect a difference of 43 kcal/d in

24-hour EE between inactive isocaloric and fasting conditions

(Figure 4A). This result was accompanied by a decrease in dopamine

excretion and thus, lower SNS activity with fasting (Figure 4C). Inter-

estingly, under active conditions, 24-hour EE did not decrease with

fasting (Figure 4B). This discrepancy may be due to a slightly higher

dopamine excretion (Figure 4D). This presumption is supported by

others who found elevated plasma epinephrine and norepinephrine

concentrations in fasting compared with fed participants during exer-

cise varying in intensity and volume [31].

Besides higher SNS activity with exercise on fasting days, excite-

ment and tension due to unaccustomed WRIC environment or having

a birthday might contributed to a systematic bias of the 24-hour EE

measurement (see Results). Therefore, standardization of measure-

ment conditions (i.e., avoidance of emotional or mental stress) is

important in order not to override small biological effects. Our find-

ings highlight that complete adaptation to the chamber environment

takes at least 3 days in the WRIC. However, our results need to be

confirmed using intraindividual measurements over several days under

exactly the same conditions of diet and activities.

In contrast to 24-hour EE, the reproducibility of the TEF was much

lower (Table 3). Similar to our results, others found CV for TEF between

15% and 43% using WRIC [30, 33, 26]. There may be several factors

with an impact on the reproducibility of TEF. First, a higher chamber vol-

ume may increase the error due to dilution. This is why several room cal-

orimeter labs use a smaller room for RMR and TEF measurements [34].

Second, physical activity may impact the choice of the method for TEF

determination. Under active conditions, the subtraction method led to

implausibly low values for TEF. For the regression method, the determi-

nation of the y-intercept revealed some weaknesses because a spurious

TEF was found under fasting conditions (Figure 3A and Table 3). A posi-

tive TEF with fasting might result from an overestimation of the

F I GU R E 4 (A) 24-hour energy expenditure (EE) and (B) 24-hour
dopamine urinary excretion are shown for inactivity and activity in
comparison to isocaloric (black) and fasting (open bars) conditions.
Values are mean � SD. **p < 0.01; ***p < 0.001 (paired t test)
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y-intercept due to not recorded, nonexercise activity thermogenesis by

accelerometry (for review, see [35]).

The MDC95 for PAEE was 104 to 140 kcal (Table 3). Because

habitual physical activity in a WRIC is artificially low, intervention pro-

tocols should use a treadmill or exercise bike to simulate free-living

conditions in order to avoid confounding adverse effects of inactivity

on metabolism [35]. Regarding the accuracy of PAEE measurements,

the subtraction method systematically underestimates PAEE

(Figure 3B) because spontaneous physical activity is included in

24-hour EE under inactive conditions and thus disregarded when sub-

tracted from 24-hour EE with activity. Therefore, results from both

methods cannot be used interchangeably because they are based on a

different concept. Spontaneous physical activity is a behavioral com-

ponent that might impair reliability. In fact, spontaneous physical

activity showed a high variance between participants. Absolute differ-

ences in kilocalories per day were, however, low (Table 3). The differ-

ence between PAEEregression and PAEEsubtraction was 216 � 93 kcal.

This difference could be explained by spontaneous physical activity

and associated nonexercise activity thermogenesis. Levine et al.

described nonexercise activity thermogenesis as 15% of 24-hour EE

in very sedentary individuals [36].

CONCLUSION

In conclusion, our results show an excellent technical and biological

validity of 24-hour EE using Kiel WRICs. The findings contribute to

evaluating whether biological effects in components of EE can be

detected using WRIC and facilitate the choice of study design

(intraindividual vs. interindividual comparison) and sample size calcu-

lation.O
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