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REVIEW

Some mathematical and technical issues in the
measurement and interpretation of open-circuit
indirect calorimetry in small animals

JRS Arch!, D Hislop!, SJY Wang' and JR Speakman?

Clore Laboratory, University of Buckingham, Buckingham, UK and *Aberdeen Centre for Energy Regulation and Obesity,
School of Biological Sciences, University of Aberdeen, Aberdeen, UK

Indirect calorimetry is increasingly used to investigate why compounds or genetic manipulations affect body weight or
composition in small animals. This review introduces the principles of indirect (primarily open-circuit) calorimetry and explains
some common misunderstandings. It is not widely understood that in open-circuit systems in which carbon dioxide (CO,) is not
removed from the air leaving the respiratory chamber, measurement of airflow out of the chamber and its oxygen (O,) content
paradoxically allows a more reliable estimate of energy expenditure (EE) than of O, consumption. If the CO, content of the
exiting air is also measured, both O, consumption and CO,, production, and hence respiratory quotient (RQ), can be calculated.
Respiratory quotient coupled with nitrogen excretion allows the calculation of the relative combustion of the macronutrients
only if measurements are over a period where interconversions of macronutrients that alter their pool sizes can be ignored.
Changes in rates of O, consumption and CO, production are not instantly reflected in changes in the concentrations of O, and
CO; in the air leaving the respiratory chamber. Consequently, unless air-flow is high and chamber size is small, or rates of
change of O, and CO, concentrations are included in the calculations, maxima and minima are underestimated and will appear
later than their real times. It is widely appreciated that bigger animals with more body tissue will expend more energy than
smaller animals. A major issue is how to compare animals correcting for such differences in body size. Comparison of the EE or
O, consumption per gram body weight of lean and obese animals is misleading because tissues vary in their energy
requirements or in how they influence EE in other ways. Moreover, the contribution of fat to EE is lower than that of lean tissue.
Use of metabolic mass for normalisation, based on interspecific scaling exponents (0.75 or 0.66), is similarly flawed. It is best to
use analysis of covariance to determine the relationship of EE to body mass or fat-free mass within each group, and then test
whether this relationship differs between groups.
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Introduction

In direct calorimetry, the heat produced by a living organism
is measured directly. Indirect calorimetry, by contrast,
estimates heat production from the organism’s oxygen (O,)
consumption and carbon dioxide (CO,) production. Not
only is indirect calorimetry easier to perform than direct
calorimetry, but also, if both gases are monitored (and
preferably if nitrogen excretion is measured as well), it is
possible to calculate the use of fat and carbohydrate fuels, on
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the assumption that there is no net interconversion of fuels
within the organism.

This article is not an attempt to provide a comprehensive
review of the methods, mathematics and interpretation of
open-circuit indirect calorimetry. There are some excellent
articles that provide such information'~® and there would be
little point in repeating them. There does, however, appear
to be a need for an article that introduces those who work
with animal models of obesity, and perhaps others, to the
mathematics of indirect calorimetry and the limitations of
its interpretation. Our own experience is mainly of indirect
calorimetry studies on small animals like rodents, and this is
our focus, although the arguments are equally applicable to
studies in other animals and humans. Studies in rodents
are frequently used to investigate whether a natural
molecule, drug candidate or genetic modification alters



energy expenditure (EE). It is apparent that authors often
present their results as O, consumption, when in fact they
may have a more accurate measure of EE, and they fail to
realise that their treatment of data may not be sophisticated
enough to show instantaneous EE. In addition, they
frequently ignore the complexities of interpreting respira-
tory quotient (RQ), or of comparing the EE of animals that
differ in body size or composition.

These are the issues that we shall discuss. We shall assume
that the respiratory exchange ratio — the ratio of CO, expired
to O, inspired - is the same as the RQ of the tissues, although
it actually takes a finite time for the latter to be reflected in
the former; we shall not complicate our equation by showing
the corrections needed to adjust volumes to standard
temperature (0°C) and pressure (760 mm mercury); and we
hope that it helps the non-mathematician that we have
assumed that normal air contains 21% O, and 79% N, plus
inert gases, rather than using mathematical symbols for
these parameters. Precise, correct values should be substi-
tuted if necessary. These are 20.93% for O, and 79.04% for
N, plus inert gases in ambient air,” but they may be a little
different in a calorimetry room.

Measurement of energy expenditure, oxygen
consumption and respiratory quotient

We shall assume for now that a step change in the
proportion of gases in the expired air of the animal is
instantly reflected in the proportion of gases leaving the
calorimetry chamber. This issue is addressed later. It is also
assumed that there is no delay between the time when air
exits the chamber and the measurement of its composition.

Closed-circuit systems

The simplest system is a closed-circuit, indirect calorimeter
(Figure 1la). In this system, all the CO, produced by the
occupant(s) of the chamber is absorbed. This causes the
pressure in the chamber to fall, which activates a valve
permitting the entry of O, and the return of the pressure
within the chamber to its initial level. The O, does not
simply replace the CO, absorbed - if it did, the volume of O,
supplied would provide a measure of CO, production: it also
replaces any O, that the occupants have used but did not
replace with an equivalent volume of CO,, as happens when
the RQ is less than 1. Closed-circuit, indirect calorimetry
therefore provides a measure of O, consumption. It is
potentially very sensitive, but it is also sensitive to changes
in ambient temperature and pressure. Moreover, O, con-
sumption does not always provide an accurate measure of
EE, although if the CO, absorbed is measured gravimetri-
cally, both RQ and a more accurate measurement of EE can
be obtained. This is explained below. One other problem is
that ammonia builds up in the chamber, so that closed-
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Figure 1 Organisation of (a) closed-circuit and (b) open-circuit indirect
calorimetry systems. In the open-circuit system, CO, leaving the respiratory
chamber can be absorbed, but usually it is not. The air usually passes to both
O, and CO; analysers. The schematics are provided primarily so that the
mathematics can be better understood. In practice, there may be multiple
respiratory chambers, and the system may include equipment to sample air
from each chamber in turn, pump it to the analysers and regulate flow to the
analysers.

circuit systems are probably best used for short-term
measurements.

Open circuit with carbon dioxide removal

In open-circuit systems, it is air rather than O, that enters
the chamber. O, consumption can be calculated from the O,
content only and the volume of the air leaving the chamber,
but as the CO, content is not known, this can be carried out
accurately only if CO, is absorbed before the exiting air
reaches the O, analyser (Figure 1b). The reason becomes clear
when we look at the mathematics. The O, consumed (VO,)
is the difference between the amount of O, that entered and
the amount that left the chamber. Thus,

VO, =021V — (0.21 —x)V° (1)

where V' is the volume of dry air at standard temperature and
pressure that entered and V° the volume that exited the
chamber; 0.21 is assumed to be the fraction of O, in the dry
air entering the chamber; x is the difference in the fraction
between air entering and leaving the chamber — in other
words, the difference that the O, analyser measures.

The problem is that the flow meter in the configuration
shown in Figure 1b measures V° but not V*. There could be a
second flow meter that measures V', but it would have to be
very accurately calibrated relative to the flow meter on the
exit side of the chamber to avoid errors, because x is usually
kept below 0.01 to ensure that respiratory rate does not
increase.® Consequently, a 1% error in the calibration of one
of the flow meters relative to the other would result in an
error of at least 21% in the calculated value of VO,.

If the objective is to measure VO,, rather than measuring
V' as well as V°, it is better to absorb the CO, produced by the
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occupant of the chamber before measuring the O, content of
the air that has left the chamber. If no CO, enters the
chamber and none exits it, the difference between the
volume of dry air that entered and the volume that exited
the chamber is the O, consumption, that is,

VO, =V - Ve
SO
Vi=Vv0, - V° (2)
Replacing V! in (1) with (2) gives
xVe
VO2 =59 3)

If the CO, content of the air entering the chamber is that
normally found in atmospheric air (0.03%), it is unnecessary
to remove it or to adjust the equation, which changes only
marginally to

o

X
"~ 0.789937

It may be a different matter if the CO, content of the room
in which the chamber is located rises, emphasising the
importance of having a supply of fresh air.

(It is also possible to measure flow into, rather than out of,
the chamber and substitute equation (1) with the term
V=V0,-V")

VO, +0.00008 V°

Open circuit without carbon dioxide removal

Most workers do not remove the CO; in the air leaving the
chamber (Figure 1b). It is then possible to measure RQ by
using a CO, as well as an O, analyser. This makes the
calculation of V! more complicated, however.

If is often assumed that V'=V° and therefore VO,=xV?,
but this is only true when RQ=1, that is, the fuel is
carbohydrate. Many workers who make this assumption to
calculate VO, then discuss VO, as if it were the same as EE.
Their final conclusions are then valid, as the rest of this
section explains. If the fuel is fat, RQ =0.718.! Then,

Vi=V°4(1-0718)VO, (4)

In other words, V° is reduced by a value equal to 28.2% of
the O, consumption - the proportion of the O, consumed
that is not replaced by CO,.

Substituting the term for V! from equation (4) into equal 1
gives

Thus, when fat is the fuel, the calculated value of VO, is
6% too low if the equation used is VO, =xV°

Some workers regard a maximum error of 6% as accep-
table, given the other errors involved in the experiments.
However, this error can be almost entirely avoided simply
by recognising that the measurement of x and V° gives an
accurate estimate of EE, rather than O, consumption. In
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Table 1 Energy released when macronutrients are combusted with 11 of O,

Macronutrient RQ Energy released (kcal)
Carbohydrate 1.0 5.047
Fat 0.718 4.735
Protein 0.802 4.463

Abbreviations: O,, oxygen; RQ, respiratory quotient. Values are taken from
Weir.!

many cases, unless the aim is to measure RQ, EE is a more
useful value than O, consumption. Moreover, it can be
measured without the need for a CO, analyser. How is this
possible?

The classic paper of Weir! (and more recent papers by
Koteja® and Speakman'®) explains why it is relatively easy to
measure and calculate EE. Weir pointed out that for the same
volume of O, consumed, 6% more energy is obtained from
carbohydrate than from fat (Table 1). Consequently, when
fat is the fuel, if one multiplies a value of VO, that is 6% too
low by a value of EE per litre of O, that is 6% too high, the
errors are cancelled out. In fact, the error in the calculation
of EE is less than one in 600 when fat is the fuel, and
approaches zero as the proportion of carbohydrate increases.
A key point is that one must use the energy equivalence per
litre of O, consumed that is appropriate for carbohydrate
(5.04 kcal/l), whatever fuel the animal may be using. Using a
value appropriate for an average RQ of 0.75 or 0.8, as some
workers have, introduces more error than assuming that all
the fuel is carbohydrate.

Weir showed that for 11 of expired air

_0.0504x" )
~1+0.082P

Here x” is the difference in percentage O, between inspired
and expired air. (The fact that most of the air that passes
through the chamber is not inspired makes no difference to
this equation.) P is the fraction of calories from combustion
of protein. Typically, in humans P=0.125, in which case

EE = 0.050x" kcal (6A)

EE (kcal)

a neat equation, or
EE = 0.2086x% k] (6B)

The simple message is ‘if you do not use a CO, analyser,
calculate EE, not VO,, and make sure that you use an EE
equivalence appropriate for carbohydrate’.

Measurement of respiratory quotient

If the aim is to measure RQ (the volume of CO, produced
(VCO,) divided by the volume of O, used (VO,)), then one
has to use a CO, analyser — or measure CO, production
gravimetrically. In theory, one could calculate VCO, by
measuring the difference between the volume of air entering
and the volume leaving the chamber, but it is almost
impossible to do this with the required accuracy. Calculation



of VCO; is easy:
VCO, = VO (7)

where y is the fraction of CO; in the air exiting the chamber
minus the fraction in the air entering the chamber. Because
the fraction of CO; in the air entering the chamber is usually
very small, it makes almost no difference to this calculation
that the precise value of V' is not known. For 0.03% CO, in
the entering air, VCO, is underestimated by 0.01%.

To calculate the VO,, an approach called ‘The Haldane
Correction’ is used. This is based on the fact that the volume
of N, (and inert gases) entering the chamber is the same as
that leaving it. For simplicity, we shall say that 0.79 of the
entering air is composed of N, and inert gases. This fraction
increases by the value of x and decreases by the value of y in
the exiting gases. Thus,

0.79 Vi=V°[1 - (0.21 —x) —y] (8)

Strictly, the last term should be y—0.0003 to allow for the
0.03% CO, in the entering air. If x=0.008 (i.e. x*=0.8), this
simplification results in VO, being underestimated by 1%.
The value of V! from equation (8) can be substituted into
equation (1) to give
VO, = V°(1.266x — 0.266y) 9)

(Even et al.? provide an equivalent equation - equation (7) of
their paper. There is, however, an error in this equation: F™"
CO; should be replaced by F°** O, as correctly used in their
equation (6).)

When the fuel is carbohydrate, the values of x and y are
equal and

VO, = xV,

which is, of course, what one gets if V'=V° (carbohydrate
combustion). However, when the fuel is not pure carbohy-
drate, V'# V° and x+#y, and the correct equation is equation
(9). VCO, from equation (7), divided by VO, from equation
(9) gives RQ.

Calculation of energy expenditure from VO, and VCO,
Weir,! in his equation (9), states that when 12.3% of EE is
produced by protein oxidation

EE(kcal) = 3.9 VO, + 1.1 VCO, (10)

So it is possible to use values of VO, and VCO, to calculate
EE. It should make little difference whether equation (10) or
equations (6A) or (6B), which do not require the analysis of
COy, are used. Equation (10) introduces slightly less error if
variations in protein oxidation are not accounted for,
however (see below).

Protein oxidation

The percentage of calories obtained from combustion of
protein may vary widely in some rodent studies, but
nevertheless introduce only a small error into the measure-
ment of EE. For example, some studies compare energy
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balance in animals fed on diets that contain widely differing
protein contents.'!'? If differences in dietary protein con-
tent of 8 and 20% by energy are fully reflected in the
percentage of calories obtained from protein, then values of
EE from equation (5) would differ by 1.1% for the same value
of x”. If equation (10) is used, which contains both VO, and
VCO, terms, this error is reduced by about 40% because
variations in protein oxidation are reflected in RQ.

Interpretation of respiratory quotient

When measuring VO, and VCO,, we assume that the O, and
CO, pools in the body remain stable. The CO, pool is not
stable, however, and this limits our ability to interpret short-
term changes in RQ. It is similarly important to recognise
that interconversions of macronutrients that result in
variations in their pool sizes will affect RQ.

Pool sizes are not normally stable during the course of
24 h, nor during rapid weight gain or loss where these are
associated with interconversion of fuel types. On the other
hand, it is reasonable to expect that pool sizes will change
little over a 24 h period when animals are in or near energy
balance. Figure 2, based on Ferrannini,* shows RQ values for
gluconeogenesis, lipogenesis and ketogenesis. For example,
the RQ for the conversion of glucose to fat is 5.55. The RQ
for oxidation of fat is 0.7. As the volumes of O, and CO,
involved in the oxidation of the fat are greater than those
involved in its production from glucose, the overall RQ for
the conversion of glucose to fat followed by its oxidation is
1.0, exactly as if the glucose was oxidised directly. Clearly,
therefore, short-term measurements of RQ can by themselves
provide little quantitative information on fuel oxidation;
they are better interpretated as measures of the net rate of
fuel disappearance. These issues are discussed in more detail
by others.>*®

Protein oxidation has far more influence on the calcula-
tion of RQ than of EE (see above).® Therefore, protein
oxidation should be measured if it might vary significantly
between experimental groups, and RQ is to be calculated.

Gluconeogenesis: overall RQ for protein = 0.80
Ala+CO, 213 glucose + urea
L,+0, 20, CO,

Lipogenesis: overall RQ for glucose = 1.0
glucose + O, 55 fat+ CO,

I_;" 0O, _07 CO,
Ketogenesis: overall RQ for fat = 0.7

AcAc

|_, +0, 10 [ COp

Figure 2 Respiratory quotient (RQ) values for gluconeogenesis from alanine,
lipogenesis and ketogenesis.* If the glucose, fat or acetoacetate (AcAc)
produced is subsequently oxidised, the overall weighted average of the RQ is
that of the original substrate (alanine, glucose or fat, respectively).

fat 0
—
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If protein oxidation is measured from nitrogen excretion, it
is possible to calculate the nonprotein RQ with the knowl-
edge that for each gram of urinary nitrogen 5.941 of O, is
consumed and 4.761 of CO, is produced. The proportions of
carbohydrate and fat disappearing can then be read from
tables.” An alternative mathematical approach is to calculate
glucose, fat and protein disappearance from equations based
on VO,, VCO, and urinary nitrogen.®

The simple message is ‘without information on fuel
interconversions, it may be difficult to interpret RQ’.

‘Instant’ measurements

Up to now, we have assumed that a step change in the
proportion of gases in the air that an animal expires is
instantly reflected in a step change in the proportion of gases
leaving the chamber. This is obviously not true. If the
occupants of the chamber were removed, it would take a
finite time for the air in the chamber to reach the
composition of the entering air. This is illustrated in Figure 3.
In fact,

VO, = VO, — VO3S — AO3 in chamber (11)

AQO; is negative and - AO, is therefore positive when the
amount of O, in the chamber has fallen.

If the AO, term is not used, the calculated rate of change of
VO, or EE is ‘smoothed out’. This may not affect the
interpretation of data if control and experimental data are
subject to the same smoothing. If so, it may be best to work
with smoothed data because correcting it may introduce
noise into the calculations. Smoothed data may not be
acceptable, however, if VO, or EE is compared to instanta-
neous measurements, such as locomotor activity, feeding
behaviour, body temperature or heart rate. Nor are smoothed
data appropriate if accurate maximum or minimum values
are required, for example because they are to be interpreted
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£
>
; 0.15 —4-500
&
£ 010 --G00
N
2 \\ /f/-
s 0.08 -#-400
c O
L
S
UE; 0.00.
0 20 40 60 80 100
Time (min)

Figure 3 Return of composition of air leaving respiratory chamber to that of
ambient air after nitrogen was infused into the chamber. The volume of the
chamber was 23 1. The flow of air through the chamber after the nitrogen
infusion was varied as shown. The figure illustrates in an exaggerated fashion
how a change in gas exchange is not instantaneously fully reflected in the
composition of the exiting gases. Data from this figure are analysed in Table 2.
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in relation to absolute organ weights, rather than compared
between treatment groups.

To calculate instant VO,, we need to differentiate equation
(11) with respect to time

dvoO,
dt

where f'is flow (of O, in or out of the chamber) and C is the
volume of the chamber. x has a positive value, so that if the
value of x is increasing, dVO,/dt is larger than if this
correction is not made.

From the equations of Weir,' we obtain a similar equation:

dEE [, dx
o = {f x+C a}0.05 (13)

=fO, —fOS +C = (12)

where f° is the flow of air out of the chamber. So if we need
to calculate ‘instant’ EE, we need to know the volume of the
chamber and the rate of change of x. The latter might be
obtained from a sophisticated curve-fitting programme, or it
may be roughly determined from Ax/Adt for times either side
of the time for which EE is being calculated.’ In many set-ups
for rodents, x is measured only once every 10-15 min, which
makes accurate determination of dx/dt difficult. For really
accurate measurement of EE, a continuous measurement of x
is the best approach. Ravussin et al.> describe such a system
for calorimetry in humans, and measure Ax over 2min
periods.

The term C dx/dt in equations (12) and (13) is based on the
assumption that the rate of change of x in air leaving the
chamber is the same as that for air inside the chamber. This is
only true when there is good mixing of expired air with the
air in the chamber. If mixing is poor, the rate of change of x
for the air in the chamber (an average for the whole chamber
— x will vary within the chamber) may be greater (more
positive or more negative) than that of the air reaching the
O, analyser. This is because the air entering the chamber is,
to some extent, flowing straight through without ‘picking
up’ the expired air.

If the measured value of dx/dt is too small, then equations
(12) and (13) will only be correct if the chamber volume (C)
is replaced by a higher value, C,pparent (Capp). Fortunately, it
is not difficult to determine C,;, in the absence of chamber
occupants, and so to determine the maximum flow rate that
gives Capp = C. It may be best not to exceed this flow rate if
the C,ppdx/dt term is used in the calculation of EE, because
the presence of animals in the chamber and their movement
in the chamber may improve mixing and reduce Cjpp.

Capp Can be determined by making the O, content of the
air in chamber different from that of ambient air, and then,
with no occupants in the chamber, following the rate at
which it returns to that of ambient air.

From equation (13), since &£ = 0

dx  f°x

dt — Capp

(14)

This is the equation of a first-order decay. In other words, the
rate of fall of x is proportional to x. The rate constant of this



first-order decay is

fo
(15)
Capp
and the half-life (t;,,) is
0.693C
T*‘PP (16)

We have applied this equation to the data shown in Figure 3,
which were obtained for a system that uses normal rodent
cages with a measured volume of 231. Table 2 shows that
when f° for this system was 0.41/min, the measured value
Capp Was equal to the actual value, but as the flow rate
increased, C,pp increased.

The t;, of this system when f° was 0.41/min was 39.8 min.
This is obviously not a good system for measuring rapid
changes in EE, or short-lived maxima or minima of EE. The
dx/dt term, which is the least accurate in equations (12) and
(13), assumes greater importance for the calculation when
Capp is high or f° is low, the ratio C,,/f° being proportional
to t12 (equation (16)). For measurements of rapid changes in
EE, it is therefore best to keep the chamber volume (C) low
and the airflow (f°) high. The problem with using small
chambers is that the animals may be restricted in their
movement, and it may not be possible to keep them in small

Table 2 Apparent volume of respiratory chamber determined from rate at
which composition of exiting air approaches that of ambient air

Flow rate (f°; I/min)Rate constant (k; min~' )Apparent chamber volume (Capp’; )]

0.4 0.0175 229
0.6 0.0210 28.5
0.8 0.0256 31.2
1.0 0.0283 34.7

Data are taken from Figure 3. Calculations (equations (14)—-(16)) are described
in the text. The measured chamber volume was 23 1.
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chambers for very long. The problem with f° being high is
that this reduces the size of x, and if x is too low, accuracy
will be reduced. The system described with its large chambers
is nevertheless suitable for measurement of EE over 24 h or
perhaps 6 h periods. This is usually all that is needed when
attempting to understand energy balance in a genetically
modified animal, or in response to a potential anti-obesity
drug. If, however, we wish to relate EE to instant measure-
ments, it is important to use the C,p, dx/dt correction factor
and it is best to keep C/f° as low as possible, given other
experimental constraints.

Figure 4 illustrates the importance of keeping C/f° low and
of using the C,p, dx/dt correction term to accurately measure
transient changes in EE, both with respect to time and
magnitude. In this system, a short-tailed field vole weighing
approximately 25 g was placed in a chamber with a volume
of 843ml, and the value of f° was 230 ml/min.'® Thus, the
calculated t;,, of the system was only 2.5 min. Nevertheless,
the magnitude of the transient thermogenic response to
noradrenaline was increased by 40% and the time from the
noradrenaline injection to the peak response cut by more
than half when the C,,, dx/dt correction was made. In fact,
with such a short-lived response, buffering of gas exchange
within the vole’s body fluids and airways may mean that
the response was even greater and sooner than the value
calculated using the C,,,dx/dt term. By contrast, the base-
line metabolic rate, which is relatively stable, was unaffected
by the correction term. The example of Figure 4 can easily be
extrapolated to other situations: for example, the point of
injection of noradrenaline can be viewed as the start of a
short bout of physical activity.

The simple message is ‘know the half-life of your system
and whether rate of change of x is included in the calculation
of EE. Then, you can decide whether your values are ‘instant
enough’ for your purposes’.
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Figure 4 Effect of applying a C,pp, dx/dt term to correct for the fact that the composition of air exiting a respiratory chamber does not immediately respond fully to
a change in the rate of gas exchange by the chamber’s occupant(s). (a) Oxygen (O) consumption without correction, and (b) corrected O, consumption, for a
short-tailed field vole injected with noradrenaline.' The system employed a much smaller chamber (843 ml) than the one used for the data shown in Figure 3 and
Table 2. The flow of air out of the chamber was 230 ml/min. The horizontal lines show how the peak but not the basal O, consumption is underestimated when the
Capp dx/dt term is not used in the calculation. The vertical lines show how the time of peak O, consumption appears too late if the Cp, dx/dt term is not used in the
calculations. The dip in the apparent O, consumption shortly before the peak was due to removal of the vole from the respiratory chamber so that it could be

injected with noradrenaline at the point indicated by the arrows.
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Comparison of energy expenditure in lean and
obese animals

The dominant factor influencing levels of EE is body weight.
This has been known since the seminal observations of
energy demands using calorimetry that were made by
Lavoisier and Laplace in the late 1700s. There is therefore a
widespread understanding that to compare the levels of EE
between animals that differ in their body sizes, it is necessary
to somehow correct for the differences in body size. The aim
of normalisation of EE is to obtain some understanding of
the differences between animals or treatment groups, with
the effects of differences in body size removed. A simple way
that this might be achieved is to divide the estimated EE by
body weight. Comparisons of different animal species made
in this way by Rubner'* demonstrated that dividing by body
weight overcorrects the estimated metabolic rates of larger
animals. Nevertheless, to this day, the metabolic rates of lean
and obese rodents are often compared only after dividing by
body weight.!> Rubner instead argued that, because heat loss
is a surface phenomenon, it would be more logical to divide
the metabolic rates of the animals by their surface areas
rather than their body weights. However, this causes a
practical problem because body weights are easy to measure,
whereas surface areas are not. Rubner devised an elegant
solution to this problem by making arguments of dynamic
similarity. When a simple object like a cube increases in size,
but keeps the same shape, the relation between surface area
and mass follows a simple dynamic rule. Because all animals
are roughly of the same shape, he argued that, like objects
that retain shape similarity, their surface area scales in
relation to body weight raised to the power 0.66. Applying
this to data from dog breeds, he judged that correcting
metabolic rate estimates by expressing them in relation
to Mass®%® adequately corrected for the differences in body
size.'

As more data accumulated, the appropriateness of the 0.66
scaling exponent advocated by Rubner was questioned. It
seemed to apply as much to ectotherms as to endotherms,
undermining the theoretical basis of its derivation. By 1932,
Kleiber'® was already advocating an exponent of 0.72, which
in the days before computers were widely available became
‘rounded’ to 3 or 0.75. In recent years, a body of theoretical
work has become established, based on fractal geometry of
O; supply networks, explaining why 0.75 would be expected
to be the exponent for the scaling of metabolic rate.'” But
this work largely ignores the fact that exponents of 0.75 have
never been an established feature of the empirical database.
Indeed, more recent empirical work has established that,
once phylogenetic effects are accounted for (in other words,
effects due to a shared evolutionary origin), the most
parsimonious exponent is strongly dependent on the group
being studied,'®2° and there is no uniform scaling exponent
- be it 0.66 or 0.75 - for either basal or maximal metabolic
rate.?! This widespread confusion over the most appropriate
method for ‘correcting’ estimates of metabolism for body
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weight differences has led to a diversity of different
approaches in the literature, which is replete with estimates
of metabolism divided by body weight, or divided by
‘metabolic weight’, which is weight raised to 0.66 or weight
raised to 0.75.

One issue of importance is whether corrections for body
size differences that are derived from comparisons across
different species of animal have any relevance anyway when
making comparisons within a particular species. This is
particularly germane to studies of obesity, where it is
generally the case that one is interested in whether
metabolic rate differences between lean and obese indivi-
duals of a single species (e.g. transgenically manipulated
animals, or animals on different dietary or drug treatments)
contribute to their differential storage of body fat. It is
seldom the case that one might be interested in interspecific
comparisons. Scaling exponents within species generally do
not conform at all to scaling exponents between species. The
reasons are obvious. When one compares a 20 g mouse to a
60 g mouse, the difference between the two is largely due to
excess fat storage. In contrast, when one compares a 20g
mouse to a 60g hamster, the body composition remains
similar.

In the literature on humans, this problem has long been
recognised and a ‘solution’ has been to divide the metabolic
rate not by body weight, or weight raised to a scaling
exponent, but rather by the lean body tissue weight or fat-
free mass. The rationale for this approach is that fat tissue is
largely inert?? and contributes little to the metabolic rate,
which is generated mostly by the activity of the lean body
compartment. Animal studies have tended not to employ
this approach largely because, until recently, accurately
estimating the fat-free mass has been technically difficult,
but some studies have started to employ such calculations, as
the potential for non-invasive body composition measure-
ments has improved.?® It is worth noting, however, that
dividing metabolic rate by lean body mass may not be an
ideal solution to the problem of normalising metabolic rate
data. There are two problems in ignoring adipose tissue.
First, although the metabolic rate of fat tissue may be low,
it is not zero. Secondly, adipose tissue releases adipokines,
notably leptin and adiponectin, that affect EE in other
tissues. When regression models are used, the contribution
of fat mass appears to be around 0.15-0.2 of the contribution
of the same mass of lean tissue.?*?* Studies in humans show
that in this species as well, fat mass makes a contribution to
EE that is a 0.15-0.2,52%%7 or a greater®® proportion of that of
the equivalent lean mass.

Let us consider the example of a hypothetical lean mouse
of 20g, which consists of 18 g of lean tissue and 2 g of fat.
(We will ignore the bones for simplicity.) If the resting
metabolism of the lean tissue is say 0.1W and the fat
expends energy at 0.2 times the rate of the lean tissue, the
total metabolic rate will be (18 x0.1)+(2x0.1x0.2)
=1.84 W. Expressed on a fat free mass basis, this would be
0.102 W/g. If the mouse gained 20 g of fat to become a 40 g



mouse, and (ignoring any influence of adipose on other
tissues) the metabolism of its tissues was unchanged, the
total metabolism would be (18 x0.1)+ (22 x0.1x0.2)
=2.28 W. Expressed per gram of fat-free mass, the metabo-
lism would be 0.124 W/g. In other words, using fat-free mass
as the comparison basis (as is often the case in studies on
humans), one would conclude that the metabolic rate was
increased by 22% in the fat mouse, when in fact the
metabolic rates of fat and fat-free tissue were unchanged.
Incidentally, dividing by total body weight in this situation
results in a 64% higher estimated metabolism in the lean
mouse, using a scaling exponent of 0.66 results in a 29%
greater metabolic rate in the lean mouse and using a scaling
exponent of 0.75 gives a 38% greater metabolic rate in the
lean mouse, demonstrating that these approaches are also
inadequate.

A further problem with using fat-free mass is that the lean
tissue compartment is not homogeneous. As animals vary in
their fat-free mass and total body weight, the contributions
of different tissues change. Some tissues like the brain, with
high rates of metabolism, change relatively little in absolute
weight, but others such as skeletal muscle, with lower rates
of metabolism, are subject to extensive remodelling. The
result is that the intercept of the relation between fat-free
mass and metabolism is generally not zero, even if the
contribution and influence on other tissues of fat tissue
remain constant.?*3° Simply dividing by fat-free mass is
therefore inappropriate, because the scaling is not isometric.
These problems are as important in normalisation of
metabolism data in humans as they are in animals.

To overcome these problems, the best and simplest
statistical approach is to use analysis of covariance (ANCO-
VA).3!32 This approach is useful because it makes no prior
assumptions about the nature of the scaling relationships
between different body compartments and metabolism, but
rather derives these empirically using the actual data. The
generalised linear model for ANCOVA includes the assump-
tion that the effects of body mass or fat-free mass on
metabolic rate are linear and the traits are normally
distributed. It is best to check these assumptions first by
plotting the data for individual groups (say different
treatment groups or genotypes on different diets) and using
a standard normality test such as the Anderson-Darling or
Kolmogorov-Smirnov tests. If the data are nonlinear or not
normally distributed, they can generally be corrected by
using a normalisation procedure, such as a standard
logarithmic transformation, or the Box-Cox procedure.
Having convinced oneself that the data conform to the test
assumptions, the analysis assesses the effects of body weight,
the effects of the group allocation and the interaction of
these effects.

The interaction evaluates whether the gradients of the
effects of the independent variable (weight or fat-free mass)
on metabolism are different between treatment groups. If
they are, then a formal comparison of a group effect is not
possible. This is because at some point two non-parallel lines
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(i.e. that differ in their gradients) must cross. However, in
practical terms, one is not interested in whether the lines
may eventually cross, but whether they differ in the region
where one has data. The problem of an interaction can be
overcome by using the regression line for each group to
predict what the EE of each animal in that group would have
been, if it had the average body weight for the two groups
combined. The normalised data may then be compared
using a standard f-test. Alternatively, more sophisticated
approaches such as the Johnson-Neyman technique may
be applied,®® which defines the region of body weights
over which no significant differences in metabolism are
detectable.

If, on the other hand, the interaction is not significant,
this means that the gradients of the effects of body weight
(or fat-free mass) are not different in the two groups (i.e.,
they are parallel). Re-running the ANCOVA excluding the
interaction term from the model can then formally test for a
group effect.

The strength of this approach is that it makes no a priori
assumptions about scaling relationships or differences in
body composition, and can be run using either body weight
or fat-free mass as the independent variable. Indeed, if fat-
free and fat mass are known, they can both be included in
the analysis as two independent covariable factors. There
may, however, be interventions that are better interpreted
using only fat-free mass as the covariate, so that effects of fat
mass on EE in other tissues are not factored out. An example
is where enhanced metabolic efficiency after weight loss was
investigated in obesity-prone rats.>* Other examples of the
use of ANCOVA are a recent study of mice with a missense
mutation in growth hormone,*’ and a study on EE in type 2
diabetes.”®

Nevertheless, few studies on genetically modified mice
have used ANCOVA to interpret alterations in energy
balance. It must seem strange, even to those who are
not familiar with ANCOVA, that fundamentally similar
data have been expressed relative to body weight to argue
that genetically modified animals are obese or lean because
they have a reduced or raised EE respectively, but expressed
per individual to argue that obese humans are obese (or
sustain their obesity) because they overeat.?6*%37 It is
particularly illogical to attempt to interpret energy balance
data when food intake is expressed on a whole animal basis,
but EE is expressed relative to body weight.! At least if both
energy intake and expenditure are expressed in the same
way, some attempt can be made to determine whether fat
accretion or resistance to diet-induced obesity is due to
altered intake or expenditure. However, it is important to
recognise that in humans and to a lesser extent rodents,
severe obesity can develop as a result of very small
mismatches of energy intake and expenditure. There are a
number of examples of genetically modified mice where
energy intake and expenditure are both disturbed in the
same direction, where hyperphagia develops after obesity
has developed, or where it has not been possible to
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determine why obesity has developed by measuring intake
and expenditure.?®

One final caveat in using ANCOVA to analyse the effects
of treatments on EE corrected for body mass is that this
approach does not work well when the within-group
variances are very low compared to the between-group
effects on both mass and EE. Normally, this is not an issue,
as individual variations in response are sufficient to generate
a large enough within-group variation in mass/body compo-
sition. In those cases where there is exceptionally low
within-group variance relative to the treatment effect,
ANCOVA will generally not detect an independent treatment
effect, but assign all the EE effect to the covariate differences
(mass or body composition). In these unusual cases, one is
reduced back to using normalisation processes based on
division by mass or lean body mass. We suggest using lean
body mass by preference over mass or metabolic mass for the
reasons given above.

The simple message is ‘use ANCOVA to analyse studies of
treatment effects on EE. In those cases where ANCOVA is not
appropriate (low within-group variance relative to treatment
effect on mass and EE) at the very least give EE per animal as
well as transformed data (preferably divided by lean body
mass and not divided by whole body mass or metabolic mass).
Always make comparisons between intake and expenditure
using equivalent units (mass corrected or absolute)’.

Conclusion

The use of indirect calorimetry in small rodents has
increased in the obesity field in recent years owing to
the need to discover why many genetically modified
mice are obese, lean or resistant to obesity. Moreover,
thermogenic responses to compounds aimed at the many
new targets suggested by genetically modifed mice have
been investigated. Some workers have reported O, consump-
tion despite using an O, but not a CO, analyser, not realising
that paradoxically their data can give a more reliable
estimate of EE; the calculated EE or O, consumption is
sometimes assumed to be precise and instantaneous,
when the equation used in its calculation results in it being
smoothed over time; and it is important when interpreting
differences in EE between lean and obese animals to
appreciate that different tissues have different energy
requirements and that of adipose tissue is low relative
to its weight. Analysis of covariance offers the best approach
for the comparison of EE data between lean and obese
animals.

Acknowledgements

We acknowledge the support of Mike Cawthorne, who first
introduced JA to indirect calorimetry and provided advice on
the manuscript.

International Journal of Obesity

References

—_

Weir JB. New methods for calculating metabolic rate with special

reference to protein metabolism. J Physiol 1949; 109: 1-9.

2 Even PC, Mokhtarian A, Pele A. Practical aspects of indirect
calorimetry in laboratory animals. Neurosci Biobehav Rev 1994; 18:
435-447.

3 Jequier E, Felber JP. Indirect calorimetry. Baillieres Clin Endocrinol
Metab 1987; 1: 911-935.

4 Ferrannini E. The theoretical bases of indirect calorimetry: a
review. Metabolism 1988; 37: 287-301.

5 Ravussin E, Lillioja S, Anderson TE, Christin L, Bogardus C.
Determinants of 24-h energy expenditure in man. Methods and
results using a respiratory chamber. ] Clin Invest 1986; 78: 1568—
1578.

6 Simonson DC, DeFronzo RA. Indirect calorimetry: methodo-

logical and interpretative problems. Am ] Physiol 1990; 258: E399-

E412.

McArdle WD, Katch FI, Katch VL. Exercise Physiology: Energy

Nutrition and Human Performance. Lippincott Williams & Wilkins:

Baltimore, 2001.

8 Slonim NB, Bender NR. Environmental Physiology. CV Mosby Co.:
St Louis, 1974.

9 Koteja P. Measuring energy expenditure metabolism with open-
flow respirometric systems: which design to choose. Funct Ecol
1996; 10: 675-677.

10 Speakman JR. The cost of living: field metabolic rates of small
mammals. Adv Ecol Res 2000; 30: 177-297.

11 Stocker C, O'Dowd ], Morton NM, Wargent E, Sennitt MV, Hislop
D et al. Modulation of susceptibility to weight gain and insulin
resistance in low birthweight rats by treatment of their mothers
with leptin during pregnancy and lactation. Int ] Obes Relat Metab
Disord 2004; 28: 129-136.

12 Stock MJ. Gluttony and thermogenesis revisited. Int | Obes Relat
Metab Disord 1999; 23: 1105-1117.

13 Jackson DM, Trayhurn P, Speakman JR. Associations between
energetics and over-winter survival in the short-tailed field vole
Microtus agrestis. ] Anim Ecol 2001; 70: 633-640.

14 Rubner M. Uber den Einfluss der Koérpergrosse auf Stoff- und
Kraftwechsel. Z Fur Biol 1883; 19: 535-562.

15 Himms-Hagen J. On raising energy expenditure in ob/ob mice.
Science 1997; 276: 1132-1133.

16 Kleiber M. Body size and metabolism. Hilgardia 1932; 6: 315-353.

17 West GB, Brown JH, Enquist B]. The fourth dimension of life:
fractal geometry and allometric scaling of organisms. Science
1999; 284: 1677-1679.

18 White CR, Seymour RS. Mammalian basal metabolic rate is
proportional to body mass2/3. Proc Natl Acad Sci USA 2003; 100:
4046-4049.

19 Kozlowski J, Konarzewski M. Is West, Brown and Enquist’s model
of allometric scaling mathematically correct and biologically
relevant? Funct Ecol 2004; 18: 283-289.

20 Kozlowski J, Konarzewski M, Gawelczyk AT. Cell size as a link
between noncoding DNA and metabolic rate scaling. Proc Natl
Acad Sci USA 2003; 100: 14080-14085.

21 Weibel ER, Hoppeler H. Exercise-induced maximal metabolic
rate scales with muscle aerobic capacity. /] Exp Biol 2005; 208:
1635-1644.

22 Elia M. Organ and tissue contributions to metabolic rate. In:
Kinney JM,Tucker HN (eds). Energy Metabolism: Tissue Determi-
nants and Cellular Corollaries. Raven: New York, 1992.

23 Speakman JR. Body Composition Analysis in Animals: A Handbook of
Non-Destructive Methods. Cambridge University Press: Cambridge,
UK, 2001.

24 Selman C, Lumsden S, Bunger L, Hill WG, Speakman JR. Resting
metabolic rate and morphology in mice (Mus musculus) selected
for high and low food intake. J Exp Biol 2001; 204: 777-784.

25 Speakman JR, Johnson MS. Relationships between resting meta-

bolic rate and morphology in lactating mice: what tissues are the

N



26

27

28

29

30

31

major contributors to resting metabolism?. In: Heldmaier G,
Klingenspor M (eds). Life in the Cold. Springer: Berlin, 2000.
Garrow JS, Webster J. Are pre-obese people energy thrifty? Lancet
1985; 1: 670-671.

Nelson KM, Weinsier RL, Long CL, Schutz Y. Prediction of resting
energy expenditure from fat-free mass and fat mass. Am J Clin
Nutr 1992; 56: 848-856.

Bitz C, Toubro S, Larsen TM, Harder H, Rennie KL, Jebb SA et al.
Increased 24-h energy expenditure in type 2 diabetes. Diabetes
Care 2004; 27: 2416-2421.

Wang Z, Heshka S, Gallagher D, Boozer CN, Kotler DP, Heyms-
field SB. Resting energy expenditure-fat-free mass relationship:
new insights provided by body composition modeling. Am ]
Physiol Endocrinol Metab 2000; 279: E539-E545.

Heymsfield SB, Gallagher D, Kotler DP, Wang Z,
Allison DB, Heshka S. Body-size dependence of resting energy
expenditure can be attributed to nonenergetic homogeneity
of fat-free mass. Am ] Physiol Endocrinol Metab 2002; 282: E132-
E138.

Packard GC, Boardman TJ. The misuse of ratios, indices, and
percentages in ecophysiological research. Physiol Zool 1988; 61:
1-9.

Interpretation of indirect calorimetry in animals
JRS Arch et al

32

33

34

35

36

Packard GC, Boardman TJ. The use of percentages and size-
specific indices to normalise physiological data for variation in
body size: wasted time wasted effort? Comp Biochem Physiol A
1999; 122: 37-44.

White CR. Allometric analysis beyond heterogeneous regression
slopes: use of the Johnson-Neyman technique in comparative
biology. Physiol Biochem Zool 2003; 76: 1509-1518.

MacLean PS, Higgins JA, Johnson GC, Fleming-Elder BK,
Donahoo WT, Melanson EL et al. Enhanced metabolic efficiency
contributes to weight regain after weight loss in obesity-prone
rats. Am ] Physiol Regul Integr Comp Physiol 2004; 287: R1306-
R1315.

Meyer CW, Klingenspor M, Rozman J, Heldmaier G. Gene or size:
metabolic rate and body temperature in obese growth hormone-
deficient dwarf mice. Obes Res 2004; 12: 1509-1518.

Prentice AM, Black AE, Coward WA, Davies HL, Goldberg GR,
Murgatroyd PR et al. High levels of energy expenditure in obese
women. BMJ (Clin Res Ed) 1986; 292: 983-987.

37 Jebb SA. The nutrition society medical lecture. Obesity: from

38

molecules to man. Proc Nutr Soc 1999; 58: 1-14.
Arch JR. Lessons in obesity from transgenic animals. ] Endocrinol
Invest 2002; 25: 867-875.

International Journal of Obesity



	Some mathematical and technical issues in the measurement and interpretation of open-circuit indirect calorimetry in small animals
	Introduction
	Measurement of energy expenditure, oxygen consumption and respiratory quotient
	Closed-circuit systems
	Open circuit with carbon dioxide removal
	Open circuit without carbon dioxide removal
	Measurement of respiratory quotient
	Calculation of energy expenditure from VO2 and VCO2
	Protein oxidation
	Interpretation of respiratory quotient

	‘Instant’ measurements
	Comparison of energy expenditure in lean and obese animals
	Conclusion
	Acknowledgements
	References


