
Z Ern~ihrungswiss 36:255-262 (1997) 
© Steinkopff Verlag 1997 

Y. Schutz On problems of calculating energy expenditure 
and substrate utilization from respiratory 
exchange data 

Probleme bei der Berechnung des 
Energieumsatzes und der Sub- 
s t ra tverwer tung aus Gaswech- 
seldaten 

Summary Indirect calorimetry 
based on respiratory exchange 
measurement has been successfully 
used from the beginning of the 
century to obtain an estimate of 
heat production (energy 
expenditure) in human subjects 
and animals. The errors inherent to 
this classical technique can stem 
f~om various sources: 1) model of 
calculation and assumptions, 
2) calorimetric factors used, 
3) technical factors and 4) human 
factors. The physiological and 
biochemical factors influencing the 
interpretation of calorimetric data 
include a change in the size of the 
bicarbonate and urea pools and the 
accumulation or loss (via breath, 
urine or sweat) of intermediary 
metabolites (gluconeogenesis, 
ketogenesis). 

More recently, respiratory gas 
exchange data have been used to 
estimate substrate utilization rates 
in various physiological and meta- 
bolic situations (fasting, post- 
prandial state, etc.). It should be re- 
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called that indirect calorimetry pro- 
vides an index of overall substrate 
disappearance rates. This is incor- 
rectly assumed to be equivalent to 
substrate "oxidation" rates. Unfortu- 
nately, there is no adequate golden 
standard to validate whole body 
substrate "oxidation" rates, and this 
contrasts to the "validation" of heat 
production by indirect calorimetry, 
through use of direct calorimetry 
under strict thermal equilibrium 
conditions. 

Tracer techniques using stable 
(or radioactive) isotopes, represent 
an independent way of assessing 
substrate utilization rates. When car- 
bohydrate metabolism is measured 
with both techniques, indirect cal- 
orimetry generally provides consis- 
tent glucose "oxidation" rates as 
compared to isotopic tracers, but 
only when certain metabolic proc- 
esses (such as gluconeogenesis and 
lipogenesis) are minimal or / and 
when the respiratory quotients are 
not at the extreme of the physi- 
ological range. However, it is be- 
lieved that the tracer techniques 
underestimate true glucose "oxida- 
tion" rates due to the failure to ac- 
count for glycogenolysis in the tis- 
sue storing glucose, since this 
escapes the systemic circulation. 

A major advantage of isotopic 
techniques is that they are able to 
estimate (given certain assump- 
tions) various metabolic processes 
(such as gluconeogenesis) in a non- 

invasive way. Furthermore when, 
in addition to the 3 macronutrients, 
a fourth substrate is administered 
(such as ethanol), isotopic quantifi- 
cation of substrate "oxidation" al- 
lows one to eliminate the inherent 
assumptions made by indirect cal- 
orimetry. 

In conclusion, isotopic tracers 
techniques and indirect calorimetry 
should be considered as comple- 
mentary techniques, in particular 
since the tracer techniques require 
the measurement of carbon dioxide 
production obtained by indirect cal- 
orimetry. However, it should be 
kept in mind that the assessment 
of substrate oxidation by indirect 
calorimetry may involve large er- 
rors in particular over a short 
period of time. By indirect cal- 
orimetry, energy expenditure (heat 
production) is calculated with sub- 
stantially less error than substrate 
oxidation rates. 

Zusammenfassung Die indirekte 
Kalorimetrie, die auf Gaswechsel- 
messungen beruht, ist seit Beginn 
des Jahrhunderts erfolgreich ftir die 
Bestimmung der W~irmeproduktion 
(Energieumsatz) bei Menschen und 
Tieren eingesetzt worden. Fehler, 
die mit dieser klassischen Technik 
verbunden sind, k6nnen yon ver- 
schiedenen Quelten herrtihren: I) 
Modell der Berechnung und der An- 
nahmen, 2) verwendete kalorimetri- 
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sche Faktoren, 3) technische Fakto- 
ren, 4) menschliche Faktoren. Die 
physiologischen und biochemischen 
Faktoren, die die Interpretation der 
kalorimetrischen Daten beeinflus- 
sen, betreffen eine )knderung der 
Gr613e des Bicarbonat- und Harn- 
stoffpools, die Akkumulation oder 
den Verlust (tiber den Atem, Urin 
oder Schweit3) yon intermedi~iren 
Metaboliten (Glukoneogenese, Keto- 
genese). Seit neuerer Zeit sind re- 
spiratorische Gaswechseldaten ver- 
wendet worden, um Subtratverwer- 
tungsraten in verschiedenen physio- 
logischen und metabolischen Situa- 
tionen (Fastenzustand, postprandia- 
ler Zustand etc.) zu bestimmen. Es 
sollte angemerkt werden, dab die 
indirekte Kalorimetrie einen Index 
ftir die 'overall substrate disappea- 
rance rates' liefert. In unkorrekter 
Weise wird dieser Index gleichge- 
setzt mit den Substrat'oxidations'- 
Raten. Bedauerlicherweise existi- 
tiert kein geeigneter 'goldener' 
Standard, um die GanzkOrper-Sub- 
strat'oxidations'-Raten zu validie- 
ren. Im Gegensatz dazu kann die 
mittels indirekter Kalorimetrie ge- 
messene W~irmeproduktion durch 
die direkte Kalorimetrie unter exak- 

ten thermischen Gleichgewichtsbe- 
dingungen validiert werden. 

Tracertechniken, die stabile 
(oder radioaktive) Isotope verwen- 
den, stellen einen unabh~ingigen 
Weg zur Bestimmung von Substrat- 
verwertungs-Raten dar. Wenn der 
Kohlenhydratstoffwechsel mit bei- 
den Methoden gemessen wird, lie- 
fert die indirekte Kalorimetrie im 
allgemeinen Glukose"oxidations"- 
Raten, die mit den Tracerergebnis- 
sen tibereinstimmen. Vorausset- 
zung ist jedoch, dag bestimmte 
Stoffwechselprozesse (z. B. Gluco- 
neogenese und Lipogenese) mini- 
mal sind oder/und die respiratori- 
schen Quotienten nicht am 
~iugersten Ende des physiologi- 
schen Bereichs liegen. Es wird je- 
doch angenommen, dab die Tracer- 
techniken die wahren Glukose- 
oxidationsraten untersch~tzen, weil 
die Glykogenolyse des Gewebeglu- 
kosespeichers nicht berticksichtigt 
wird. 

Ein wesentlicher Vorteil der Iso- 
topentracer-Techniken ist, dab sie 
(mit bestimmten Annahmen) ver- 
schiedene Stoffwechselprozesse 
(z.B. die Gluconeogenese) auf 

nichtinvasive Weise quantifizieren 
k6nnen. Schlul3folgernd kann ge- 
sagt werden, dab die Isotopentracer- 
Techniken und die indirekte Kalori- 
metrie als komplement~ire 
Techniken betrachtet werden soil- 
ten. Es sollte beachtet werden, dab 
die Bestimmung der Substratoxidati- 
on mit Hilfe der indirekten Kalori- 
metrie grol3e Fehler beinhalten 
kann, insbesondere, wenn ein kur- 
zer Zeitraum betrachtet wird. Der 
Energieumsatz (W~irmeproduktion) 
wird mittels der indirekten Kalori- 
metrie mit einem wesentlich kleine- 
ren Fehler bestimmt als die Sub- 
stratoxidations-Raten. 

Key words Indirect calorimetry - 
respiratory gas exchange - energy 
expenditure - substrate utilization - 
isotope techniques 

Sehliisselwiirter indirekte Kalori- 
metrie - respiratorischer Gaswech- 
sel - Energieumsatz - Substratver- 
wer tung-  Isotopentechnik 

Introduction 

Indirect calorimetry based on respiratory exchange meas- 
urement has been successfully utilized from the early 
century to obtain an estimate of heat production (energy 
expenditure) in human subjects and animals. More re- 
cently, respiratory gas exchange measurements have been 
used to estimate substrate utilization rates in various 
physiological and metabolic situations (fasting, post- 
prandial state, etc.) (26). 

Tracer techniques using stable (or radioactive) iso- 
topes, constitute an independent way of assessing sub- 
strate utilization rates. In the present report, the limita- 
tions of indirect calorimetry will be briefly reviewed and 
compared to the use of isotopic tracer techniques. Finally, 
an illustration of the application of stable isotopes in 
conjunction with indirect calorimetry for assessing an 
important metabolic process (i.e., gluconeogenesis) will 
be outlined. 

Estimation of substrate disappearance rates 
by indirect calorimetry 

Renewed interest in indirect calorimetry can be attributed 
to the fact that this technique permits not only to assess 
energy expenditure (13) but also the calculation of the 
rate of substrate utilization from the 3 primary variables 
(oxygen consumption VO2, carbon dioxide production 
VCO2 and urinary nitrogen excretion Nu). This calcula- 
tion assumes that all substrates of endogenous and ex- 
ogenous origin are completely oxidized to CO2 and H20 
and that the main nitrogenous end product is urea. It 
should be mentioned that this type of calculation is not 
new and dates back to the fifties. In earlier metabolic 
investigations by British pioneers (such as Prof. R. Pass- 
more) it has been denominated "metabolic mixture". 

It should be recalled that indirect calorimetry provides 
an index of overall substrate disappearance rates but it 
does not provide any information upon the intermediate 
metabolic processes. This is incorrectly assumed to be 
equivalent to substrate "oxidation" rates. Unfortunately, 
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there is no adequate golden standard to validate whole 
body substrate "oxidation" rates, and this contrasts to 
the possible "validation" of  indirect calorimetry, which 
can be made under controlled thermal equilibrium condi- 
tions by means of direct calorimetry. 

The potential errors inherent to the classical indirect 
calorimetry technique can stem from various sources: 
model of calculation, calorimetric factors used, technical 
factors, and human factors. The first two factors have 
little influence upon the energy expenditure calculation 
but make a substantial impact on the calculation of sub- 
strate oxidation (25). The last two factors will obviously 
depend upon the technical specifications of the calorime- 
ter (accuracy and precision) and the friability of the 
investigator. 

Whereas the assessment of energy expenditure by in- 
direct calorimetry is generally considered of undoubtful 
validity over a prolonged period of measurement, the 
estimation of substrate utilization is subjected to a much 
greater error due to the fact that it depends upon both 
the error of  VO2 and VCO2 as well as the ratio 
VCO2/VO2 (i.e. the respiration quotient RQ). For exam- 
ple, a slight overestimation of VCO2 will not substantially 
affect the calculation of energy expenditure whereas the 
resulting increase in RQ will lead to a large overestima- 
tion of carbohydrate "oxidation" and a concomitant un- 
derestimation of fat "oxidation". A practical example 
showing the dramatic effect as well as the sensitivity of 
substrate oxidation calculation to a minute error in VCO2 
(respectively VO2) is given in Fig. 1. Note that the rate 
of urinary nitrogen excretion only provides a crude esti- 
mate of protein "oxidation" (considered as a constant in 
Fig. 1) but the extent to which it affects the ratio between 
carbohydrate and fat "oxidation" is not very large when 
the RQ is in the middle range, i.e., close to the RQ of 
protein (0.81). 

The physiological and biochemical factors confound- 
ing the interpretation of calorimetric data include a 
change in the size of the bicarbonate and urea pools and 
the accumulation or loss (via breath, urine or sweat) of 
intermediary metabolites (18). The use of indirect cal- 
orimetry to estimate substrate utilization rate assumes that 
it will reflect the processes occurring at the tissue and 
organ levels and that no temporary storage of metabo- 
lites derived from the primary substrates occurs during 
the measurement. In the situation of metabolic equilib- 
rium, when the system remains in steady state, this is 
expected to occur. However, under certain conditions, the 
calculation of fuel utilization is largely influenced by 
unsteady state conditions. For example, there may be a 
change in the size of the urea pool during an experiment. 
In this situation, the urinary nitrogen excretion measure- 
ment will not constitute an accurate indicator of protein 
"oxidation" and a correction for the change in the urea 
pool during the experiment is required. Practical exam- 
ples of the impact of this correction for changes in both 

11 Equation for ca lcu la t in  K EE 126) : 

EE = 15,91 x VO2 + 5 ,21 x VCO2 
(kd/min} (l/rain) (l/rain) 

2) Equation for calculating substrat© oxidation*(26}; 

CHO oxida t ion  = 4 , 5 7  x VCO2 - 3 .23  x VO2 - 0 , 5 9  x prot. 
(g/mint (t/rain) {i/rain) 

lipid oxidation = 1,69 x VO2 - 1 .69 x VCO2 - 0 . 2 8  x prof. 
(g/rain) (l/rain} (1/miu) 

Example: 

Subject at  rest with VO2 = 0.25 l /min,  VCO2 = 0.2 l / ra in  (RQ=0.8). 

o v e r e s t i m a t i o n  o v e r e s t i m a t i o n  
Variables  " t r u e  " v a l u e  o f  V C O 2  b y  5 %  o f  V O 2  b y  5 %  

E E  k J / m i n  5 . 0 2  5 . 0 7  (+1%) 5 . 2 2  {+4%) 
kcal/rnin 1 , 2 0  1 .21  1 . 2 5  

C H O  o x i d a t i o n  
g/rain 0 . 0 7 6  0 . 1 2 2  (+59%) 0 . 0 3 6  (-47%) 

Fat o x i d a t i o n  
g/min 0 . 0 7 1  0 .054(-24%) 0 . 0 9 2  (+30%) 

Ratio CHO/ fat 1 , 0 9  2 , 2 8  0 . 3 9  
ox ida t ion  

*protein oxidation taken as 0.05 g /min  

Fig. 1. Effect of a small systematic error (+5%) in the measure- 
ment of oxygen consumption (VOa) and carbon dioxide production 
(VC0:) on the bias in energy expenditure (EE) and substrate (car- 
bohydrate, CHO & fat) oxidations calculations. 

urea and bicarbonate pools have been previously outlined 
(26). 

One of the difficulties involved when indirect cal- 
orimetry is used is that its validity to assess substrate 
disappearance rate cannot be easily checked. It should be 
pointed out that there is no easy way to assess the accu- 
racy and precision of substrate oxidation obtained by 
indirect calorimetry in vivo, except by comparing the 
values obtained with an independent technique i.e., iso- 
topic techniques, which also have their own limitation 
(see further). 

Influence of various metabolic processes on the 
calculation of substrate disappearance rate 

Although under many circumstances, the disappearance 
of substrates from their respective metabolic pool is 
largely achieved by oxidaOon, there are also a number of 
situations in which a substrate is converted into another 
compound prior to its oxidation or a substrate is utilized 
for other metabolic purposes. Three examples can be 
briefly discussed: 1) lipogenesis from carbohydrates, 2) 
gluconeogenesis from aminoacids, and 3) ketogenesis 
from incompletely oxidized fatty acids. 
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In regard to 1, the process of lipogenesis from carbo- 
hydrates has a high RQ since during this process more 
than twice as many moles of CO2 are produced than 
moles of 02 consumed. Although in subjects eating a diet 
at a level close to energy equilibrium, net lipogenesis can 
be neglected, there are nevertheless circumstances during 
which this process is largely stimulated: when patients 
are administered a hyperosmolar glucose solution at a rate 
much greater than their potential glucose utilization or 
during carbohydrate overfeeding when the glycogen 
stores have been fully saturated. In this situation the rate 
0f glucose converted into fat by "de novo" fat synthesis 
is greater than the rate of fat oxidation as evidenced by 
a non-protein RQ greater than 1.0. 

The rate of carbohydrate disappearance rate assessed 
by indirect calorimetry represents the sum of the "true" 
CHO oxidation rate + that converted into fat, indicating 
that indirect calorimetry overestimates the actual rate of 
CHO oxidation when lipogenesis occurs from glucose. 
Note that fat concomitantly oxidized during lipogenesis 
is assumed to represent a homogenous mixture so that 
when the RQ is greater than 1.0, it is hypothesized that 
the same pattern of fatty acids has been synthesized as 
that which are contributing to oxidation (6), an assump- 
tion which is not necessarily valid. 

In regard to 2, another situation in which the RQ of 
a given process is beyond the usual "physiological" range 
of 0.7 to 1.0 is the process of gluconeogenesis, i.e., the 
biosynthesis of glucose from gtucogenic aminoacids. The 
average RQ of this process is very low, i.e., approxi- 
mately 0.4. (24). The extent to which gluconeogenesis 
will affect the RQ will depend upon the source of gly- 
cogenic aminoacids and whether the neo-formed glucose 
is stored rather than further oxidized. The disappearance 
rate of CHO assessed by indirect calorimetry will repre- 
sent the difference between the "true" rate of CHO oxi- 
dation minus the rate of glucose synthesis from amino- 
acids indicating that indirect calorimetry underestimates 
CHO oxidation when gluconeogenesis occurs. In contrast, 
the "true" rate of protein oxidation will be overestimated 
from the assessment of urinary nitrogen excretion since 
the rate of glucose synthesis by gluconeogenesis will be 
computed as amino-acid "oxidation"(27). 

In regard to 3, the process of ketogenesis constitutes 
another example in which indirect calorimetry may gen- 
erate erroneous values of substrate "oxidation" rates. The 
RQ of ketone body synthesis is zero since this process 
requires oxygen consumption but does not release any 
CO2. The precursors of ketone bodies are fatty acids so 
that if the ketones are subsequently oxidized to CO2 and 
H20, the RQ of the entire reaction will be that of fatty 
acid oxidation, i.e., approximately 0.7. In contrast, if the 
ketone bodies are transiently retained, excreted in the 
urine or eliminated in the breath (acetone) this process 
will contribute to drop the RQ to below 0.7 (24). 

Estimation of substrate oxidation using tracer 
techniques 

Isotopic labeling of substrates provides an independent 
way of assessing substrate utilization in man (14,20,23) 
and substrate turnover (29). The rate of glucose oxidation 
can be calculated from the 13CO2 in expired air and the 
enrichment of exogenous 13CHO ingested. A tracer 
amount of U-13C glucose, in which all carbon atoms are 
uniformly labeled with 13C, can be mixed with unlabeled 
glucose and given peroral as a single dose. In the simplest 
model, it is assumed that both the labeled and unlabeled 
glucose enter a single homogenous plasma glucose pool. 
From this pool, the glucose can either be oxidized to 
CO2 and H20, stored as glycogen in the liver and muscles 
or converted to fat by lipogenesis. It should be pointed 
out that when the tracer is labeled with carbon, the carbon 
atoms are likely to be reincorporated and recycled into 
newly synthesized substrates, 

One common assumption is that the rate of 13C glu- 
cose oxidation is the same as that of unlabeled glucose. 
Another assumption is that all the glucose carbons are 
contributing equally in the oxidation of carbohydrate. 
However, during the oxidation of glucose, there is a 
differential contribution of each glucose carbon to CO2 
production: for example if glucose C-3 and C-4 contrib- 
ute 100% to CO2 elimination (in the PDH reaction), 
glucose C-1 and C-6 will contribute much less, at least 
50% of CO2 production (6). 

One critical issue is indeed the magnitude of the label 
recovered in breath CO2 which rarely approaches 100%. 
On the basis of 13C (or 14C) bicarbonate infusion tests, a 
test which has some inherent shortcoming (7), 13CO2 
recovery factors have ranged from 60 to 96%. This jus- 
tifies the use of a correction factor (2,10,11), although 
on some occasions, no correction factor is applied (6). 
The large inter-study differences in the recovery of label 
in expired CO2 can be explained by the nature of sub- 
strate labeled, the position of labeling on the molecule 
(31), the duration of the study as well technical factors 
such as the potential difficulties in the adequate prepara- 
tion of the bicarbonate infusion solution in isotonic saline 
(6). 

As opposed to the utilization of a single oral dose, a 
tracer dose together with a tracee can be continuously 
administered at a constant rate, so that a (pseudo)steady 
state will be achieved in the plasma 13C glucose and in 
the I3CO2 in expired air assuming that the glucose pool 
remains constant. In this situation, the rate of glucose 
"appearance" and "disappearance" are identical. The rate 
of glucose oxidation can be calculated from the fraction 
of the administered label recovered in expired air and the 
amount of glucose entering the glucose pool. 

The administration of a 13C labeled glucose provides 
an estimation of the rate of oxidation of glucose derived 
from the systemic circulation. Note that all sources of 
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glucose appearing in the blood from endogenous sources, 
i.e., from hepatic glycogenolysis and de novo glucose 
synthesis from aminoacids and glycerol, wilt be quanti- 
fied by the tracer technique. This forms the basis of a 
new method aiming at quantifying fractional hepatic glu- 
coneogenesis (see further). A general simplified scheme 
of the fate of energetic substrates in the body and the 
flux of substrates of interest for quantification are given 
in Fig. 2. 

Comparison between the quantification of substrate 
oxidation by indirect calorimetry versus isotopic 
tracers 

Comparison of the rate of glucose oxidation assessed by 
tracer isotopes has been made by a number of investiga- 
tors (1,4,19,28). These have shown that glucose oxida- 
tion obtained from 13C labeled glucose was lower than 
net carbohydrate oxidation assessed by indirect cal- 
orimetry. Two factors could explain this discrepancy: 1) 
The failure to account for glycogenolysis in the tissue 
storing glucose (i.e., muscles), since this escapes the 
systemic circulation and is not measured with the glucose 
tracer method. Given the fact that muscles accounts for 
approximately 20% of the resting energy expenditure and 
primarily oxidized non-esterified fatty acid at rest, this 
may constitute only part of the explanation for the dis- 
crepancy between these two methods. 2) A second factor 
which may play a role is, as described above, the incom- 
plete recovery of labeled CO2 generated from the oxida- 
tion of carbon labeled glucose due to a temporary seques- 
tration of labeled CO2 in body pools of slow turnover 

S y s t e m i c  
e i r c u l a t i o n  

s 
s u h s t r a t e s  

F E E D I N G  I / 

D e l i v e r y  Per iphera l  
~-- t i s s u e s  

/non- 
o x i d a t i o n  o x i d a t i o n  

t r a n a f o r m a t .  
& s t o r a g e  

CO2 + H 2 0  

Fig. 2 Simplified diagram of the fate of energetic substrates (i.e., 
glucose) in the body. The flux of endogenous production and exo- 
genous utilization can be non-invasively estimated by tracer 
techniques using substrates labeled with stable isotopes (a3C, 2H2) 
in combination with indirect calorimetry, which is only capable of 
assessing net substrate oxidation irrespective of the metabolic 
pathways used. 

such as bone, as well as fixation of labeled carbon in 
intermediary metabolism of fat, carbohydrate, and pro- 
tein. 3) Other contributors to the discrepancy between the 
two methods include the effect of recycled labeling of 
glucose carbon (16, 30). 

Studies carried out by Kalhan's group in pregnant 
women and infants have demonstrated that the discrep- 
ancy between the isotopic tracer versus the calorimetric 
techniques tends to widen at the upper end of the RQ's 
range (6) in particular during period of accelerated anabo- 
lism (growth & pregnancy). A more recent investigation 
has shown that estimates of carbohydrate oxidation by 
indirect calorimetry yielded similar values as tracer iso- 
topes only in a narrow range of RQ's, i.e., between 0.75 
and 0.90. Below and above this range of RQ's, there was 
a greater discrepancy between the two techniques. At 
high RQ, the indirect calorimetry overestimated "true" 
carbohydrate oxidation whereas at low RQ this was the 
reverse, namely indirect calorimetry underestimated 
"true" carbohydrate oxidation. For example, after a few 
days of starvation, net glucose oxidation assessed from 
indirect calorimetry is essentially zero (4) although the 
brain continues to utilize as small amount of glucose. 
Fig. 3 illustrates two nutritional situations leading to an 
underestimation (respectively overestimation) of carbohy- 
drate oxidation. 

Finally it is important to note that one can take ad- 
vantage of naturally labeled carbohydrates with high 
abundance of I3C atoms (such as in cane sugar or corn) 
which can be used, at a very low financial cost (17), for 
the assessment of the fate of carbohydrates ingested, in 
particular the partition of total CHO oxidation between 
its exogenous versus endogenous origin (22) . The endo- 
genous CHO oxidation can be computed by difference 
between the net CHO utilization assessed by indirect 
calorimetry and the exogenous CHO oxidation assessed 
by isotopic tracer. The latter is calculated from 1) the 
13C enrichment (atom % excess) above basal level in the 
sample of 13CO2 in expired air, 2) VCO2 during the 
collection period obtained by indirect calorimetry, and 3) 
the natural abundance of the 13C-CHO ingested. 

Assessment of metabolic processes by tracer technique 

As indicated above, some metabolic processes (such as 
gluconeogenesis) cannot be quantitatively assessed by 
indirect calorimetry. The use of isotopic techniques al- 
lows one to obviate this shortcoming. The assessment of 
lipogenesis in man by isotopomer anaIysis has been de- 
scribed by Hellerstein et al. (8). Gluconeogenesis consti- 
tutes also an important process since it appears to be the 
major degradative pathway for amino acids (12). 

The assessment of gluconeogenesis in man has been 
based on labeled acetate and the determination of the 
enrichment (or specific activity) of phosphoenolpyruvate, 
the immediate precursor pool of glucose (15). However, 
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Underfeeding Overfeeding 
(fasting, low CHO) (high CH0 diet) 

High glycogenolysis High glycogen synthesis 

$ $ 
Glycogen depletion Glycogen repletion 

(or saturation) 

$ $ 
"Low" RQ "High" RQ 

(<o.751 (>0.95) 

1" 1" 
Gluconeogenesis Lipogenesis 

stim~ated stim~ated 

CHO oxidation CHO oxidation 
underestimated by overestimated by 

indirect calorimetry indirect calorimetry 

Fig. 3 Schematic diagram showing that depending upon the nutri- 
tional status (fasting vs overfeeding) and the respiratory quotient 
(RQ), the rate of carbohydrate (CHO) "oxidation" estimated by 
indirect calorimetry can either be underestimated (fasting) or ove- 
restimated (overfeeding). 

this technique has been recently challenged (3) and iso- 
topic quantification of gluconeogenesis is difficult due to 
the partial loss of label through various exchanges in the 
intermediary metabolism (9). 

In our laboratory, Gay et al. have developed a new 
approach to assess hepatic gluconeogenesis in man in 
postabsorptive conditions using a non-invasive procedure 
(5): hepatic glycogen kinetic and hepatic gluconeogenesis 
were assessed by feeding subjects, for period of 5 con- 
secutive days naturally labeled carbohydrate containing 
high 13C abundances and by determining the 13C enrich- 
ment in breath CO2 and in plasma glucose. The principle 
is that the difference in isotopic enrichment between the 
glycogen of hepatic origin (derived from breath I3CO2) 
versus the enrichment of plasma glucose is assumed to 
represent the isotopic dilution by endogenous glucose 
derived from unlabeled neoglucogenic precursors. In the 
postabsorptive state, the circulating plasma glucose origi- 
nates from both the hydrolysis of 13C glycogen and a 
conversion of unlabelled glycerol and amino acids into 
glucose. 

The isotopic enrichment of glycogen from the liver 
can be computed as 

breath 13CO2 ° VCO~ 
'3C hepatic glycogen = VCOa (CHO) 

where VCO2 (CHO) is the carbon dioxide production 
obtained from the oxidation of endogenous carbohydrates. 

The fractional hepatic gluconeogenesis can be calcu- 
lated from the ratio between the 13C plasma glucose 
enrichment and the t3C hepatic glycogen enrichment: 

~C plasma glucose 
fractional gluconeogenesis = 1 - 13 C hepatic glycogen 

The interpretation of this equation is that the lower 
the 13C plasma glucose enrichment as compared to the 
13C hepatic glycogen enrichment, the higher the fractional 
gluconeogenesis. Note that this technique also permits to 
estimate the glycogen half-life. 

When the 13C naturally enriched diet was fed, resting 
post-absorptive breath 13CO2 increased rapidly and 
reached, after 3 to 4 days, a similar enrichment value as 
exogenous naturally labelled carbohydrate (5). The time 
required to renew 50% of hepatic glycogen was estimated 
to be 19 _+ 4 hours. Plasma 13C glucose enrichment 
increased also rapidly and reached an apparent plateau 
within 2 to 3 days. However, as shown schematically in 
Fig. 4, plasma 13C glucose enrichment at (pseudo)plateau 
represented about half (49+ 6%) of the enrichment of 
glycogen oxidized at rest, which is assumed to be essen- 
tially of hepatic origin. This gave a fractional gluconeo- 
genesis averaging 51_+5% in post-absorptive conditions. 

In this approach, the assumption is made that the 
enrichment of glycogen oxidized at rest in post-absorptive 
condition is essentially equal to the enrichment of hepatic 
glycogen. Obviously, one cannot exclude the possibility 
that glucose recycling providing lactate from muscle gly- 
cogen could contribute to labeling of liver glycogen. In 
addition, it is assumed that the rate of increase in 13CO2 
is only due to glycogen turnover. Since the 13C abun- 
dance of plasma protein and VLDL remained constant 
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Fig. 4 Smoothed kinetic of 13C enrichment of hepatic glycogen 
oxidized (estimated from breath 13CO2 enrichment and indirect 
calorimetry) and 13C plasma glucose enrichment under resting & 
postabsorptive conditions in young lean women. At the beginning 
of the study, a naturally labeled 13C-carbohydrate (CHO) diet was 
fed for 5 consecutive days. The dotted line represents the level of 
13C-CHO enrichment in the diet. Note that the hepatic glycogen 
stores reach, after 3-4 days, the same isotopic enrichment as the 
exogenous 13C-CHO, whereas this is not the case for the plasma ~3C 
glucose. 
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throughout  the study, this indicates that the exogenous 
natural ly enr iched carbohydrates  did not label  the endo- 
genous pools  of  protein  and l ipid.  

Wi th  the present  method it is unfortunately not  possi-  
b le  to dis t inguish between changes in the g lycogen con- 
tent o f  l iver  versus  skeletal  muscles.  In addit ion,  part  of  
the g luconeogenes is  could be due to the Cori cycle  and 
g lucose-a lanine  cycle;  the lat ter  would  have the same 
enr ichment  as p lasma  glucose due to the isotopic  equil i-  
brat ion o f  l abe led  glucose ( formed from glycogen)  with 
lactate and alanine.  

The magni tude  o f  g luconeogenes is  es t imated in this 
study was substant ia l ly  higher  than that reported pre- 
v iously  in the l i terature (20 - 30%). However ,  it  was 
consis tent  with the g luconeogenes is  values es t imated by 
~3C nuclear  magnet ic  resonance  in fasting condi t ions (21). 
The large methodolog ica l  var iabi l i ty  observed with this 
method o f  g lycogen  kinet ic  assessment  (the coeff ic ient  of  
variat ion of  fract ional  g luconeogenes is  was 33%!) could 
be substant ia l ly  reduced by using art i f icial ly enriched 13C 
glucose,  but  at a dramat ic  increase in f inancial  cost. 

Conclusion 

Indirect  ca lor imetry  al lows one to calculate overal l  sub- 
strate d i sappearance  rate by the body but does not permit  

to assess the flux of  various in termediate  metabol ic  proc- 
esses. These processes are suscept ible  to inf luence the 
RQ (and hence the relat ive rate of  fuel ut i l izat ion) only 
when the intermediate  substrates accumulate  within the 
body or are excreted via the urine, breath or by other 
routes. Indirect  ca lor imetry  assesses n e t  substrate ut i l iza-  
tion without  taking into account  the metabol ic  transfor-  
mations,  for example ,  g luconeogenes is  f rom aminoacids  
will  be measured as protein oxidat ion,  i.e., the original  
substrate precursors.  

The uti l izat ion of  tracer isotopic  technique consti tutes 
a great  advancement  for the es t imat ion o f  metabol ic  
f luxes and for the quanti tat ive assessment  (given certain 
assumptions)  of  certain processes  (g luconeogenes is  & 
l ipogenesis)  in a non- invas ive  way.  Furthermore,  combi-  
nation of  indirect  ca lor imetry  and tracer techniques al- 
lows a metabol ic  part i t ioning,  in the pos tprandia l  phase,  
of  substrate oxidat ion according to their  exogenous  vs. 
endogenous origin. In essence,  i sotopic  techniques and 
indirect  calor imetry can be considered as "the two sides 
of  the same coin": the combined  ut i l izat ion of  indirect  
calor imetry and stable isotopic tracer technique wil l  open 
wide areas of  metabol ic  invest igat ions  in humans and 
new perspect ives  for assessing the turnover  of  substrates 
as well  as the magni tude and impor tance  of  certain me- 
tabolic processes in various pa thologica l  and non-patho-  
logical  states. 
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