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Skeletal muscle substrate metabolism during exercise: methodological
considerations

Gerrit van Hall, José Gonzalez-Alonso, Massimo Sacchetti and Bengt Saltin*
The Copenhagen Muscle Research Centre, Rigshospitalet, section 7652, Tagensvej 20, DK-2200 Copenhagen N, Denmat

The aim of the present article is to evaluate critically the various methods employed in studies
designed to quantify precisely skeletal muscle substrate utilization during exercise. In general, the
pattern of substrate utilization during exercise can be described well fronuptake
measurements and the respiratory exchange ratio. However, if the aim is to quantify limb or
muscle metabolism, invasive measurements have to be carried out, such as the determination of
blood flow, arterio—venous (a-v) difference measurements foar@ relevant substrates, and
biopsies of the active muscle. As many substrates and metabolites may be both taken up and
released by muscle at rest and during exercise, isotopes can be used to determine uptake and/or
release and also fractional uptake can be accounted for. Furthermore, the use of isotopes opens up
further possibilities for the estimation of oxidation rates of various substrates. There are several
methodological concerns to be aware of when studying the metabolic response to exercise in
human subjects. These concerns include: (1) the muscle mass involved in the exercise is largely
unknown (bicycle or treadmill). Moreover, whether the muscle sample obtained from a limb
muscle and the substrate and metabolite concentrations are representative can be a problem;
(2) the placement of the venous catheter can be critical, and it should be secured so that the blood
sample represents blood from the active muscle with a minimum of contamination from other
muscles and tissues; (3) the use of net limb glycerol release to estimate lipolysis is probably not
valid (triacylglycerol utilization by muscle), since glycerol can be metabolized in skeletal muscle;

(4) the precision of blood-borne substrate concentrations during exercise measured by a-v
difference is hampered since they become very small due to the high blood flow.
Recommendations are given in order to obtain more quantitative and conclusive data in studies
investigating the regulatory mechanisms for substrate choice by muscle.

Free fatty acids: Triacylglycerols: Exercise: Metabolic rate:
Respiratory exchange ratio

Through the years, many approaches have been used tsubstrates, i.e. the contribution of extramuscular sources,
evaluate the contribution of carbohydrate and lipids to the arterio—venous (a-v) differences for relevant substrates
increased energy requirements of skeletal muscle duringand metabolites have to be determined. Using the Fick
exercise. Since both substrates are stored in the human bodyrinciple, the net uptake or release of, for example, glucose,
outside as well as within the muscle, another question is tofatty acids (FA) glycerol, triacylglycerols (TG; as
what extent the intra- and extra-muscular substrate source¥/LDL-TG or serum total TG) and lactate is obtained.
are utilized as a function of exercise intensity, work duration These measurements can be performed, despite the fact that
and substrate availability. a-v differences may be small when the blood flow is high

Determination of the respiratory exchange ratio (RER) during exercise. However, these measurements do not
from the gas exchange in the lungs or the RQ from indicate whether the substrates have been metabolized for an
the arterial and venous concentration of blood gases carenergy yield or have been stored in the muscle. The
give quite a precise value for the relative contribution of inclusion of isotopes in these experiments (radioactive or
carbohydrates and lipids at the whole-body level or overstable) can add more information on the fate of the
a limb. To determine the utilization of blood-borne substrates in muscle.

Abbreviations: a-v, Arterio—venous; CHO, carbohydrates; FA, fatty acids; FFA, free fatty acids; RER, respiratory exchange ratio; TG/ caratyo,,
O, uptake.
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The most common approach to determining the the first decades of this century by Zuntz (1901) and
utilization of muscle glycogen and the TG stored in the Krogh & Lindhard (1920). Indeed, by the end of the 1930s
muscle has been to obtain muscle tissue with a biopsythe principal features of exercise metabolism were
technique before and after exercise and to use biochemicaéstablished (Christensen, 1932; Billal 1932; Bang, 1936;
analysis to measure the concentration. More recently,Boje, 1936). In the 1950-60s measurements of a-v
magnetic resonance spectroscopy (protoff@) has come  difference and radioactive isotopes came into use
into use (for a discussion of the advantages and disadvan{Zierler, 1961; Havekt al. 1964, 1967). During this period
tages of these techniques, see Boesch, 1999; Eriat the taking of muscle biopsies had a renaissance when
1999). In a few studies electron microscopy has been used t®ergstrom (1962) reintroduced the needle originally
estimate changes in a non-quantitative manner of both thedescribed by Duchenne in the middle of the 19th century.
number of glycogen granules (Sjostrétnal 1982; Fridén Most of the more general biochemically-oriented early
et al 1989) and of the size of lipid droplets (Oberholzer work is summarized iftMachina Carnis(Needham, 1971)
et al 1976; Staroret al 1989). To answer the question asto and exercise-related studies are described Mascle
the relative contribution of extramuscularintramuscular Metabolism During ExercisgPernow & Saltin, 1971).
substrate sources for energy, in addition to the previouslySince then, numerous books and reviews have dealt with
mentioned measurements, the amount of muscle masshis subject, includingExercise Nutrition and Energy
engaged in the exercise has to be known, since the concerMetabolism (Horton & Terjung, 1988), Exercise
trations of substrates and metabolites in the muscle areMetabolism(Hargreaves, 1995), and most recerfiligeletal
expressed per kg muscle tissue. Although imaging tech-Muscle Metabolism in Exercise and DiabetR&chteret al.
niques are now available to quantify the muscle mass1998).
performing the work, this problem is still in part unsolved, In the present article methodological considerations
as will be discussed later. related to indirect calorimetry, a-v difference (blood flow)

The topic of energy metabolism has a long history, and muscle biopsies (glycogen, TG) will be emphasized as
with its basis outlined by Lavoisier (1777), followed by they relate to cycle ergometry and the knee-extensor
Atwater & Benedict (1902) and Benedict & Carpenter exercise (Fig. 1) models. Since data from some relevant
(1910), to mention some of the early pioneers who providedinvestigations will be used as examples to demonstrate the
the basis for indirect calorimetry, the energy value of difficulty in quantifying precisely substrate choice, the topic
various substrates and functional efficiency estimations. of substrate metabolism will be covered in part. However,
Exercise-related studies became common in the latter parthe account will be descriptive rather than regulatory or
of the 19th century, followed by very detailed studies in mechanistic.

Femoral artery M. quadriceps femoris

Femoral vein

Hamstrings

Fig. 1. The knee-extension exercise model. Straps are used around the trunk and hip to minimize upper body movement and stabilizing the torso.
In addition a cuff is placed just distal to the knee, which when inflated blocks the blood flow from the lower part of the leg. A rod connects the
subject’s ankle to the crank of the Krogh cycle ergometer. By contraction of the knee-extensor, work is produced. Fly wheel momentum and
gravity permit the return of the lower part of the leg to its vertical position without the hamstrings being active.
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Methodological considerations
Blood flow and limb oxygen uptake

There are now several good blood-flow methods that can be
applied during exercise (see Radegran, 1999). In general
either the arterial inflow (femoral artery) or the venous
outflow (femoral vein) is measured. When comparing the
two measurements there is a good agreement over the ful
range of blood flows (Kimet al 1995; Radegran, 1997).
Although this is the case, there may be a small additional
arterial inflow to the peripheral parts of the leg (e.g.
obturator artery) other than via the femoral artery. As the
magnitude of the measured femoral artery inflow is the same
as that measured in the femoral vein, not all the arterial
inflow to the leg is drained by the femoral vein (e.g. three to
four small veins in the lateral and posterior parts of the hip
region). When a dye (cardio-green) is injected into the
femoral artery, not all the cardio-green is retrieved in the
femoral vein when blood is sampled just distal to the
inguinal ligament. The more proximally the arterial catheter
is placed in the femoral artery, the lower the percentage
recovery. When catheter placement is optimal (approx-
imately at the level of the inguinal ligament), up to 90 % of
the dye can be found in the femoral vein during light-to-
intense exercise. Based on the anatomy with regard to bott
vessels in the lower limb and muscles involved in the
exercise, it is easy to envisage that there should not be ¢
complete match between the two vessels (Fig. 2). This is noi
a critical issue. What is of importance is that the sampled
blood in the vein represents the capillary blood of active
muscles.

One obvious concern in this respect relates to the fact tha:
blood is usually sampled in the femoral vein proximal to the
merger with the saphenous vein. The contamination of the
blood flow in the saphenous vein primarily from the skin is,
however, not very large. Measurements of femoral venous
blood flow proximal (anterograde) and distal (retrograde) to
the origin of the saphenous vein reveal only slightly higher
blood flows in the proximal position (Fig. 3 and Table 1). ™
Th,e largest (0'3_0'4|_'tre/mm) difference is Ob,ser_Veo,' when Fig. 2. Main arteries and veins of the lower extremities. Arteries:
skin temperature is high (Savaetial 1988). This finding (1) femoral artery; (2) profunda femoris artery; (3) ascending branch
was confirmed by direct measurements of the blood flow in of the lateral circumflex femoral artery; (4) descending branch of the
the saphenous vein in one subject during moderate andateral circumflex femoral artery; (13) medial circumflex femoral
intense cycle exercise in a warm (3Cand a cold (17) artery; (14) profunda femoris artery with perforating arteries; (22)
environment. In the warm environment, saphenous blood obturator artery. Veins: (1) superficial epigastric vein; (2) superficial
flow varied between 0-35 and 0-46litre/min, whereas blood circumflex iliac vein; (3) femoral vein; (4) small saphenous vein; (5)
flow was only 0-06—0-08 litre/min in the cold environment. &xternal iliac vein; (6) external pudendal vein; (7) great saphenous
Thus, in a warm environment contamination by skin blood vein; (9) lateral C|rcumflex'femoral' vein; (10) profunda femoris vel.n.
flow can be a problem, not only at rest, but also during Note thataCL_Jff has_to be inflated justu_nder the knee t_o temporgrlly

. b ’ occlude the circulation of the lower leg in order to avoid contamina-
exerc,'se' In a neutral environment, _saphenous blood ﬂOWtion of blood from the foot via the small saphenous vein (4; see
constitutes only a very small proportion of the blood flow Figs 1 and 3). This is a standard procedure in exercise but cannot
measured in the femoral vein at the level of the inguinal be performed during cycling exercise. (Modified from Rohen &
ligament (approximately 1-5 %) and its functional signifi- Yokochi, 1988.)
cance is minor (Table 2). This is important and explains why
O, saturation and tension in the femoral vein are similarly to some differences in activity. The proximal fraction of the
low when measured proximally and distally, as O thigh muscle is intensely engaged in the exercise and
saturation in the saphenous vein is as high as approximatelgrained via the femoral vein at the site of the measurement
90 %, when exercising in the heat, and between 60 and 75 %Figs. 2 and 3). However, variations in both €aturation
when exercising in the cold or in a neutral environment (Fig. and blood flow measured at various sites approximately
4(a)). In addition, there could be some small differences in100 mm distal to the inguinal ligament are small and thus,
O, saturation and pressure in different parts of the thigh duelimb O, uptake ¥o) is in essence unaffected by the blood
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_ N V. iliac externa comprises all muscle tissue in the leg and non-muscle
e i \] comprises skin, connective tissue and bone.
Cycling exercise in the heat (210 W, 30
Voleg = 7-5litre/minx 150 ml/I = ((7-0 litre/mirx
151 mi/l) + (O-5litre/minx 15 mi/l)),
i.e Vojeg=1-13=1-06 + 0-07.

V- epigasrica supsrfieiali \ Lie, incuinale Cycling exercise in the cold (210 W, 37
& Vo,ieq = 7-2litre/minx 157 ml/l = ((7-0 litre/mirx
V. circumflexa ilium superﬁ\cialis ~_ \ Yo o 153 ml/l) + (02 litre/mirx 30 ml/l)),
a\ ¥ pudendse oxternae i.e.Voyeg = 113 = 1-07 + 0-06

Distal femoral catheter n . . .. .
™~ Proximal femoral Note that the main difference between exercising in the heat

catheter and the cold is the 0-3litre/min higher leg skin blood flow in
the former. However, this increase in the leg-skin blood
flow is accompanied by a proportionally lower a-y O
difference, so that the skin and subcutaneous tiégy@nd
thus non-muscl¥, remains unaltered.

V. saphena magna

V. circumflexa femoris Iatem/ \ Saphena . .
N cathether Arterial-femoral venous difference for substrates and
metabolites

For blood drawn from catheters placed in the femoral vein in
the groin region in distal and proximal directions, available
data for lactate at various exercise intensities are very

_ ) _ V.femoralis _ similar and exceed the arterial concentration (Fig. 4(b)). The
Fig. 3. Schematic drawing of the veins in the inguinal region of the higher the exercise intensity, the larger is the difference. The
leg and possible positions of catheters. (—), The proximal femoral lactate concentration in saphenous vein blood follows the
venous catheter, representing the ideal position; (- ---), the potential arterial concentration and is at times slightly lower than that
position when inserting the catheter in the proximal (anterograde) . . . . .

o o C in the femoral vein. This situation reintroduces the problem
direction. Lig. inguinale, inguinal ligament. . .

of the similar lactate concentrations before and after the

inflow of the saphenous blood. It is true that saphenous
blood flow is relatively low, but some blood must be drained
from the proximal thigh muscle, which has a slightly higher
lactate concentration than blood from the more distal part to
compensate for the low lactate level in the saphenous vein.

V. profunda femoris

Table 1. Leg blood flow (litre/min) measured using the thermo- and
dye-dilution methods* during knee-extension exercise (From Kim
et al. 1995)

(Values are means with their standard errors for four determinations)

Catheter position... Proximal Distal This point of view is in accordance with the explanation
Thermo Dye Dye given earlier for @ saturation, and agrees with the obser-
vation that after training the proximal part of the knee-
Mean Sk Mean SE Mean SE . .
extensor muscle enlarges more than the more distal portions
No workload 1.6 03 1.7 02 14 03 both in young (Nariciet al 1989, 1996) and older indi-
20W 31 04 34 02 31 03 viduals (Kryger, 1998).
40w 53 03 56 04 56 04 Available data on glucose reveal similar concentrations

- Biood 1 p e 1 A . when sampling in the proximal and distal direction of the
Gition tochnique (ihermo) and using the reversed dye-diluton method with  femioral artery, with a tendency for glucose concentration to

a single bolus injection (dye) in the femoral vein and sampling just proximal be slightly higher in the proximal direction (Fig. 4(b)). The
and distal to the orifice of the saphenous vein (see Fig. 3). glucose concentration in the saphenous blood follows the
arterial concentration, and is then usually slightly higher
vessel in which the measurements are performed (see théhan the glucose concentration in the femoral vein. Whether
following model and Fig. 5). this higher level is to an extent that causes a significant
difference when measurements are performed proximally or

distally in the femoral vein is uncertain at present, but it is of

Model describing the influence of changes in leg skin blood note that when measuring proximally the true muscle
flow for leg oxygen consumption during exercise in different arterial-femoral venous difference for glucose may be

environments underestimated, especially during exercise.
y _ ) e _ ; . There also appears to be a systematic difference in the
Vojeg = BFeg X i\ﬁ 0z d'fi;_(\(/BF(’g:Sa'ff?))a Vin O diff) + concentrations of free FA (FFA) and glycerol when
eV ”°”‘:“\S-/C'e TV ’ measured distally or proximally in the femoral vein (Figs.
o odeg T T Omuscle ” T Oon-muscle 4 (c and d), 6 (a and b) and 7). This difference can be a

where BF is blood flow, arv0, diff, a-viy O, diff and major problem. In the distal direction glycerol and FFA

a\hm O diff are arterio—venous difference in the femoral levels are lower than those in the slightly more proximal
artery, muscle and non-muscle respectively, where muscle gntly P

position. It is true that the saphenous vein merges between
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Table 2. Comparison of published values for respiratory exchange ratio (RER) and leg RQ

Study Model RER RQ
Havel et al. (1967) Cycle: Rest 0-74 0-80
Exercise (66-5W) 0-83 0-85
Bergstém et al. (1969) Cycle: Rest 0-72 0:72
Rest (+nicotinic acid) 0-74 0-82
Exercise (50 W) 0-78 0-77
Exercise (+nicotinic acid) 0-82 0-93
Gollnick et al. (1981) Knee-extensor: Exercise (62 % two-leg VOZmax)
Leg with normal glycogen 0-83 0-90
Leg with low glycogen 0-85
Exercise (+nicotinic acid)
Leg with normal glycogen 0-88 0-93
Leg with low glycogen 0-93
Hargreaves et al. (1991) Knee-extensor: Exercise (80 % maximum leg work intensity) 0-85 0-87
Kiens et al. (1993) Knee-extensor: Exercise (65 % leg \'/ozmax) 0-80 0-82
Bergman et al. (1999) Cycle: Exercise (45 % Vo,pum) 0-93 0-89
Exercise (65 % \'/ozpmm) 0-96 0-98
Gonzalez-Alonso et al. (1999)t Cycle: Exercise (62 % Vo,puim) 0-90 0-92
van Hall et al. (unpublished results)t1 Cycle: Exercise (80 % Vo,pum) 0-93 0-95

Vo,max, Vozpuim, Maximum and pulmonary O, uptake respectively.
T Blood CO; calculated according to Douglas et al. (1988).
1 G van Hall, M Sacchetti, G R&degran and B Saltin, unpublished results.

(a) Knee extensor exercise

V. circumflexa femoris lateralis

V. profunda fem%

7
V. circumflexa ilium superficialis
1
epigastrica superficialis

fA
//,7’ V. circumflexa ilium profunda

: V. epigastrica inferior

. So, 66 30 So, 67 31 .
V. femoralis Po, 60 19 Py, 60 19 V. iliac externa
PCOZ 58 114 PCOZ 58 114

V. saphena magna

S, 8 78
Po, 92 50

107

Vv. pudendae externae

(b) Knee extensor exercise

Pco, 58 58
Lig. inguinale

(c) Cycle exercise

gl

Lact 09 24
Gluc 43 41

Lact 09 24
Gluc 43 415

[ 11

Lact 09 16
Gluc 425 42

(d) Knee extensor exercise

FFA 779 527
Glyc 244 310

FFA 791 542
Glyc 282 326

(e) Knee extensor exercise

g

FFA 211 401
Glyc 56 116

FFA 148 375
Glyc 43 102

111

4

FFA 155 306
Glyc 51 84

FFA 289 428
Glyc 96 125

1]

\Wl/

Fig. 4. Schematic representation of blood gases and metabolite concentrations in the different catheter positions (distal, proximal and
saphenous) in the femoral and saphenous veins during knee extension exercise (a,b,d,e) and cycle exercise (c) in thermoneutral conditions (see
Fig. 3). The concentrations shown in italics represent values during exercise. Blood oxygen saturation (So,) is expressed in %, oxygen tension
(P,,) and carbon dioxide tension (Pco,) in kPa, lactate (Lact) and glucose (Gluc) in mmol/l, and free fatty acids (FFA) and glycerol (Glyc) in mmol/l.
Lig. inguinale, inguinal ligament. (From Kim et al. (1995); G van Hall, M Sacchetti and B Saltin, unpublished results.)
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Fig. 5. Leg oxygen uptake and blood femoral venous oxygen saturation. Leg oxygen uptake (a) and blood venous oxygen saturation (b) at rest
and during knee-extensor exercise and recovery when the femoral venous catheter was placed in the proximal (®) or distal (O) direction (for
details, see Fig. 3). Values are means and standard deviations for four determinations. (G. van Hall, J Gonzéalez-Alonso, M Sacchetti and B Saltin,
unpublished results.)
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Fig. 6. (a) Leg free fatty acid (FFA) and (b) glycerol exchange. The FFA and glycerol exchange across the leg was calculated from the arterio—
femoral venous (in proximal (®) and distal (O) position) difference multiplied by the leg blood flow (measured using ultrasound Doppler) at rest
and during knee-extensor exercise. Values are means and standard deviations for four determinations. A positive value indicates a net leg uptake
and a negative value a net leg release. (G. van Hall, J Gonzéalez-Alonso, M Sacchetti and B Saltin, unpublished results.)

these two sampling points and it could be anticipated that At the present time it seems that no studies using leg
lipolysis in the leg subcutaneous tissue causes the proximaéxercise have been carried out which have established the
values to be higher. In the one case studied the FFA andexact position of the femoral venous catheter. Thus, with leg
glycerol levels in the saphenous vein tended to be higherexercise it is unclear what the contribution of the ‘contami-
than those in the femoral vein. However, the difference wasnation’ from non-muscle tissues is to muscle FFA and
small and not large enough to account for the differenceglycerol turnover. Well-controlled studies have been
observed when comparing the two sites in the femoral vein.performed on the forearm showing that ‘pure’ blood from
This situation may indicate that the abdominal fat pad is contracting muscles was obtained by visualization of the
drained by veins which enter proximally to the orifice of the placing of the tip of the catheter in a vein draining muscle
saphenous vein, but distally to the inguinal ligament only (Fig. 8; Wahren, 1967; Hagenfeldt & Wahren, 1968).
(Figs. 6(a and b) and 7). These studies confirm the importance of the sampling site,
Regardless of where the lipolysis may occur, if FFA and since they observed a net glycerol release during exercise
glycerol are added to the femoral vein blood at the proximal when blood was sampled from a superficial forearm vein,
site where blood is most commonly sampled, it will not only but no net release of glycerol when blood was sampled from
represent blood from active skeletal muscle but from fat a deep forearm vein that was shown to drain only muscle
deposits outside the active skeletal muscle. This factor(Hagenfeldt & Wahren, 1968). However, it is equally clear
compromises the use of the a-v difference for FFA to that the uptake and oxidation of FFA from the blood could
estimate the net exchange of FFA over the contractingnot account for all lipids being oxidized. Thus, the total
muscles. Moreover, it would mean that a net release ofamount of lipids being oxidized can only be explained if
glycerol is not a quantitative measure of TG hydrolysis intramuscular lipid stores or blood TG (VLDL-TG and
occurring in the active muscles. serum total TG) are utilized as well. The lack of glycerol
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Fig. 7. Leg free fatty acid (FFA; H) and glycerol (O) exchange with
the femoral venous catheter in the proximal position with the tip
above the inguinal ligament. FFA and glycerol exchange across the
leg was calculated from arterio—femoral venous difference multiplied
by the leg blood flow (measured using ultrasound Doppler) at rest
and during knee-extensor exercise. Values represent one
determination. The data indicate that if the tip of the femoral venous
catheter is advanced more proximally to the inguinal ligament
(compared with the sampling site in Fig. 6) that not only blood from
the leg but also blood from the abdominal fat is sampled. This factor
increases both the apparent release of fatty acids and of glycerol. (G
van Hall, M Sacchetti and B Saltin, unpublished results.)

release from contracting skeletal muscle would argue
against this being the case. The explanation may be :
that there is an uptake and metabolism of glycerol by therig. 8. In his studies of forearm muscle metabolism, Wahren (1967)
skeletal muscles (Hagenfeldt & Wahren, 1968; Eliaal controlled the positioning of the forearm venous catheter by X-ray.
1993; Odlanckt al 1998). Indeed, it has been demonstrated (a), Contrast medium may be seen in both deep and superficial veins
that glycerol kinase HC 2.7.1.30) is present in human afterinjection at restinto the radial artery at the wrist. The two venous
skeletal muscle (Seltzest al 1989), which suggests the catheters are visuglized by contr'astfilling,with_their tip_s i_ndic_:ateql by
possibility that glycerol may be metabolized. Moreover, arrows._(b),There is no contrgstlnthedeepvelnsafter!njectlonsmto
glycerol dehydrogenaseEC 1.1.1.6) is also present in tEhe radial arter)gdur?g e;(eruse (C:-LSW,_Slxycontractlons per min).
human skeletal muscle (Toews, 1966; Hagenfeldt & xposure was 65 after the start of the injection.

Wahren, 1968), thus allowing the potential for glycerol to be

oxidized (Hagenfeldt & Wahren, 1968; Pearce & Connett, Smallv. large muscle-group exercise

1980).

In summary, it is not critical whether the blood flow to
the leg is measured as the arterial inflow or femoral outflow.
In the latter case there is only a tendency for slightly higher
blood flow values if the measurements are performed just
proximal to the merger with the saphenous femoral vein. O
saturation and haemoglobin are also similar both distal an
proximal to the merger with the saphenous vein, minimizing
the problem of measuring the le¥,, There are no
systematic differences for glucose and lactate concen-
trations when comparing the proximal and distal sampling
sites in the femoral vein. In contrast, both the FFA and
glycerol levels may be slightly higher when sampling
proximally. It is important to bear in mind that FFA

Some of the best controlled exercise studies have been
performed with the forearm, as discussed earlier (a thorough
examination of the forearm exercise model is provided by
Wahren (1967). However, the forearm exercise model has
several methodological difficulties. First, a major drawback
st that the loading of the various muscles of the forearm
engaged in the exercise may vary considerably, since this is
also dependent on hand—forearm positioning. Thus, a biopsy
does not adequately represent all forearm muscles.
Moreover, the small individual muscles of the forearm do
not lend themselves to biopsy taking. Thus, isotopes have to
be used to evaluate the relative contribution of blood-borne
and intramuscular substrate stores, but even then this value

exchange is calculated using plasma flows rather than bloo egégr?gnf/\slitr??o rg\z;?rrna%i e:)cfi s:iﬂ\éest?ensi (I)r:]a»fr:gf,}vhrgés&eds'
flows, whereas the latter is used when estimating glucose ! y

lactate and glycerol exchange. These considerations appe%\?l h\ilgr:yirzmtﬂcr)rrl ?anglpgltfeedctwslt&]bgtjrg?én%ec:ir\/ g?’;“tgg tﬁge;ilt?\?é
to apply to ordinary cycle exercise and the knee-extensormuscle_ Third, the position of the deep venous catheter has

xercise model as well. . :
exercise model as we to be controlled so that it only drains forearm muscle,
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thereby avoiding the quantitatively large contribution of analysis, since it is quite likely to be representative of the
contamination from skin blood (Fig. 8; Wahren, 1967). whole muscle.
Thus, for several reasons leg exercise is the preferred model, Cycle exercise does not offer any real possibility of being
and it has been used extensively. In early work it consistedable to extrapolate from single biopsies to all leg muscles.
of ordinary cycle ergometry or treadmill exercise. During Usually a given muscle weight is assumed (5-8 kg per leg).
later years the knee-extensor model has come into us&he problem is not only that the estimate of leg muscle mass
(Anderseret al 1985; Richardson & Saltin, 1998). may be wrong, but that various leg muscles may not
One of the main arguments for developing the knee- contribute similarly at a given work intensity or at
extensor model is the advantage of knowing precisely theincreasing workloads. Furthermore, the positioning of the
amount of muscle mass involved in the exercise. foot on the pedal is important. If the foot is placed with the
Furthermore, of great importance is the fact that in knee-heel on the pedal the calf muscles are hardly engaged in
extensor exercise, when properly performed, only the exercise and the lower leg is acting as a lever arm. If the foot
quadriceps muscle anensor fasciae lates active and the is placed with the forefoot on the pedal the calf muscles are
four portions of the muscle are equally engaged (Fig. 9).engaged in exercise (Fig. 9). It is true that whenVggs
This factor has been verified using electromyelogram determined during cycle work there is a linear increase with
analysis and magnetic resonance transaxial relaxation timgoower output, but the relative proportion of this, that
weighted images of the thigh (Anderset al 1985; represents the pulmona¥, may vary (Fig. 10). In some
Andersen & Saltin, 1985; Ray & Dudley, 1998; Richardson studies legvo, may amount to as much as 80-90 % of the
& Saltin, 1998). This finding makes it possible, when the pulmonaryVo, but in other studies, it may only represent
knee-extensor exercise model is used, to express th&0-70 % of the pulmonaN, This finding signifies that in
contribution of muscle TG and glycogen to the metabolism some studies a large proportion of the active skeletal muscle
on a whole-muscle level based on the muscle biopsyis not included in the measurements of the Vg This

100 r (a) Knee-extensor exercise 1001 (b) Cycle exercise
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Fig. 9. Potential contribution of different muscle groups with increasing exercise intensity for (a) knee-extensor and (b) cycle exercise. Vo,max,
maximum oxygen uptake.
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Fig. 10. Whole-body and leg O, consumption (Vo,) as function of the workload during (a) one-leg knee-extension exercise and (b) cycle
ergometer exercise. (a) Whole-body (®) and one-leg (O) \'/o2 during incremental knee-extensor exercise (modified from Richardson et al. 1993).
Note that one-leg Vo, increases in a linear fashion with increasing workload, whereas whole-body Vo, shifts from a linear to an exponential
increase when reaching a high workload, due to the additional energy requirement for primarily postural muscles. During the linear part of the
relationship, one-leg \'/o2 contributes 70-74 % whole-body \'/o2 to decline to approximately 60 % at the highest workload. (b) Whole-body (®) and
two-leg (O) Vo, during incremental cycle ergometer exercise in trained subjects data from Jorfeldt & Wahren, 1971 (4); Poole et al. 1992; Harms
etal. 1997; Gonzalez-Alonso et al. 1998). Note that the contribution of two-leg Vo, to whole-body Vo, increases slightly from 72-76 % at the lowest
workloads, to 81-82 % at the highest workloads.
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proportion tends to become gradually larger at higher work time for the two compartments is different. In the active
intensities in cycle exercise. In knee-extensor exercise, thegroup it is as low as 5s during very intense exercise,
elevation in pulmonary/o, parallels the increase in the leg whereas the passively-contracting muscle has a mean transit
Vo, up to relatively high intensities of exercise, after which time of approximately 15s (J Bangsbo, K Kanstrup,
the pulmonary, increases exponentially while the g, J Gonzalez-Alonso and B Saltin, unpublished results). Of
is elevated linearly. greater concern, substrates or metabolites may be taken up
These findings bring about the question as to whetherby the inactive muscle, thus affecting the femoral vein
small-muscle-group exercise such as knee-extensor workconcentration (Fig. 11). Lactate is used in Fig. 11 as an
mimics ordinary exercise, in which a dominant proportion example of a metabolite for which a high arterial concen-
of the muscle mass of the body is in use; this question wagration is taken up by the inactive muscle; this high uptake in
discussed in a recent article (Richardson & Saltin, 1998).turn lowers the lactate concentration in the venous blood
There are several major differences between the twofrom the hamstrings. Although blood flow may be lower, it
conditions. At peak exercise the work per unit muscle massaffects the femoral venous concentration, and the true
is the highest in knee-extensor exercise, primarily as alactate release from the knee extensors is underestimated.
function of the larger @delivery as the heart does not Glucose, FFA and TG are less likely to be taken up to a
constitute a limitation for the muscle perfusion. Increased smaller extent by the hamstrings than by the knee extensors.
glycogenolysis also makes a small contribution to the high The concentration of these substrates will then be higher in
peak power output, since more of the formed lactate canthe venous drainage from the hamstrings than the knee
leave the muscle due to the high muscle perfusion. In kneeextensors, and the uptake over the active muscle is
extensor exercise, the power output per unit muscle massinderestimated.
may be 30-40W/kg, which is about 2-fold higher than that  Finally, it should be mentioned that two-legged exercise
during peak cycle exercise. Despite the difference in poweroffers the possibility of inducing an intervention in one of
output per unit muscle mass, nucleotide changes (ATP,the legs. Most commonly, this intervention involves training
ADP, AMP, IMP) in the muscle, as well as those for one leg or lowering the glycogen level of one leg.
phosphocreatine and NHduring short-term exercise are Performing measurements over both legs allows a direct
almost identical in ordinary cycle ergometry and knee- comparison of blood-borne substances (substrates,
extensor exercise. hormones) with local muscle substrate stores influencing the
In submaximal exercise performed for a prolonged period metabolic response.
of time (hour(s)), the metabolic responses to cycle
ergometer or knee-extensor exercise are also very similar. It
might be anticipated that blood-borne substrates should
contribute more in knee-extensor exercise since muscle
perfusion is high, but this is not the case. Muscle glycogenin most studies in the field of exercise metabolism usually
utilization is high during the knee-extensor work, which only one, two or possibly three of the various substrate
may explain why glucose uptake by the muscle gradually choices have been determined directly. The description of
increases during the exercise in a manner and magnitudéhe more complete picture of the relative contribution stems
close to that observed in two-legged cycle work. The FFA from an evaluation based on the RER or RQ of the carbo-
uptake is, if anything, lower in knee-extensor work than in hydrate (CHO) and lipid contribution, and the estimated
cycling exercise, which relates to a low arterial FFA concen- remaining substrate utilization is obtained by subtraction. A
tration. The sympathetic activation is also minor in small- good match for the quantitative role for the various
muscle-mass dynamic exercise, both in intense and moresubstrates is then presented. For the uncritical reader the
moderate exercise, as judged from plasma noradrenaline angrecision is very impressive. A more careful evaluation,
adrenaline levels. Despite the low sympathetic activity, however, usually reveals that there is much more of a
insulin is lowered in both forms of exercise. Other hormones mismatch than at first glance. Several reasons for this
have not been studied. problem have been outlined earlier. The following section
Based on the findings discussed earlier, it appears thawill highlight some additional aspects of the problem
knee-extensor exercise has many advantages, not the leashcountered when reading studies where skeletal muscle
that the active muscle mass is known, and it appears to have
fewer limitations than ordinary cycle exercise. The possible
drawback of a small muscle mass engaged in the exercise
when the knee extensors of one leg are contracting can a
least partly be overcome by exercising both legs. Recently,Femoral artery
the knee flexors (hamstrings) have also been included to
. ; 069
enlarge the muscle mass involvement, which may have = -
some advantages in specific cardiovascular studies, but little
in metabolic studies as the loading of extensor and flexor
muscles will be difficult to estimate. Moreover, the femoral
vein does not drain the proximal part of the hamstrings or
the gluteal muscles. Fig. 11. Schematic drawing of the effect of inactive muscle groups
It is of note that with one muscle group very active (knee on the femoral venous concentration of lactate (mmol/l). The knee-
extensors) and another inactive (hamstrings) mean transitextensors perform the work, whereas the hamstrings are inactive.

How well can skeletal muscle substrate utilization in
exercise be described?

Knee extensors

1—30
0-6 =11 Femoral vein
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metabolism has been quantified. The specific topics to bewhen properly measured the RER values provide a valid
discussed are RER and RQ measurements, the role oéstimate of the whole-body utilization of CHO and lipids,
glucose uptake by muscle and muscle glycogen utilizationbut for skeletal muscle metabolism to be evaluated,
to provide the C skeleton for pyruvate formation, fractional appropriate RQ measurements have to be performed.
oxidation of FA, and the contributions of serum TG,
VLDL-TG and muscle TG. The last topic to be highlighted
is the metabolic adaptation to endurance training, which
shows the breadth of the problem when the goal is toGlucose uptake by the leg increases as a function of the
precisely quantify muscle substrate utilization. workload, as does the amount of muscle glycogen broken
down (Figs. 12 and 13). When the blood glucose contri-
bution and the estimated muscle glycogen contribution
(although a quite conservative assumption is made for the
active muscle mass engaged in the exercise) are added
The general metabolic response to incremental exercise otogether, the sum is often considerably higher than the
more prolonged exercise was outlined in studies in theestimated CHO utilization based ¥p, and RQ. Whether it
1930s (Christensen, 1932; D#ét al 1932; Bang, 1936; s the intramuscular CHO contribution that is overestimated
Boje, 1936). The higher the workload the higher the RER, cannot be determined, and it may also vary among studies.
indicating an enhanced utilization of CHO. In contrast, as When splanchnic glucose output has been measured simul-
the exercise continues at a given submaximal workloadtaneously with the glucose uptake by muscle, it is common
RER progressively declines, reflecting a larger dependencythat the former cannot account for the utilization of blood
on lipid oxidation with time. This decrease in RER during glucose by the peripheral tissues and the fact that the arterial
exercise is only pronounced if the intensity is low and the blood glucose concentration is quite stable (Ahlbetgl.
exercise time is relatively prolonged. Indeed, at exercise1974, 1982; Ahlborg & Juhlin-Danfelt, 1994). This finding
intensities above 60-65 %pmax the decrease in RER is suggests that glucose uptake by muscle is the value overesti-
small or zero (Hermanseat al 1967; Gollnicket al 1974; mated, but it is difficult to envisage how this can occur since
Saltin & Gollnick, 1988). Measurements of RQ for a limb at femoral venous blood is commonly sampled from a position
rest and during exercise confirm the RER measurementswhich tends to underestimate the a-v glucose difference of
However, when measured simultaneously with RER, thethe true glucose uptake. The most obvious problem is the
RQ values are usually slightly higher (Table 2). The issue of muscle mass. However, in some studies there is no
probable explanation is that there is a higher level of possibility of any CHO source other than the blood glucose.
utilization of CHO in contracting skeletal muscle than in the Thus, even with the most conservative estimate of muscle
rest of the body. More recently, Brooks and co-workers mass involvement, there is a surplus of CHO utilization
(O'Brien et al 1993; Bergmaet al. 1999) have conducted compared with the estimated CHO utilization. Related to
studies where RER and RQ were used to estimate CHO anthis issue is the possibility that during exercise there is
lipid oxidation. In general they report higher RER and RQ glycogen storage in the muscles concomitant with glycogen
values at a given work intensity than have been generallybreakdown. Although storage may occur, synthesis must
observed. Indeed, the general implication from their work is take place in parts of the muscle other than that obtained by
that when muscle contracts there is virtually exclusive biopsy in order to explain the high glucose uptake from the
utilization of CHO. There are several lines of evidence to blood, i.e. a proportion of the measured glucose uptake is
suggest that the high RER values reported by O’Bsteal. not oxidized but stored. At present it is not easy to reconcile
(1993) and Bergmart al (1999) do not represent the this issue of a mismatch between estimated muscle turnover
generally accepted pattern. First, most of the data reported irof CHO and the levels of the two CHO sources. Tracer
the literature are in marked contrast to their findings. Further
evidence against CHO being virtually the only substrate 5r
utilized in contracting skeletal muscle is the finding that
blood-borne FA are oxidized in significant amounts.
Moreover, TG are used in prolonged exercise as well as in
more-short-term high-intensity cycle work. It is also of note
that the estimated level of CHO utilization, based on the
studies by O'Brienet al (1993), appears to exceed the
storage of CHO in the human body. In the study of a
simulated marathon race approximately 600g CHO should
have been consumed. It is true that this amount of glycogen
can be stored in the human body, but only half of it is I

located in the leg muscle, and very special dietary regimens ] . . .
are needed to come close to a CHO storage of 500¢ Rest 67 133 200
exclusively in the leg muscles (supplemented by approx- Exercise intensity (W)

imately 100 in the liver). The subjects in these studies hadrg 12 | eg-muscle glucose uptake (=) as a function of the
been given a meal before the experiment, which tends tQuorkioad. (), Splanchnic production. Values are means and
elevate the RER and RQ, but this effect is not usually standard deviations represented by vertical bars. (From Wahren
sufficient to explain the difference. Our conclusion is that etal. 1971.)

Source of glucose for glycolysis

Carbohydrate and lipid utilization based on measurements
of respiratory exchange ratios and respiratory quotients

Glucose exchange (mmol/min)
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° r Wahren, 1968, 1972; Hagenfeldt, 1975) suggesting that they
§ = 12r i can all be used to represent blood FA.
2E L Blood-borne TG is not regarded as a major supplier of FA
5 5 10F for muscle energy turnover during exercise. Values for lipid
£ S oxidation of from 5 to 10 % are usually observed when
Eg 8 based on measurements of a-v difference and blood flow
& g L [ (Havel et al. 1967; Hagenfeldet al 1975; Olsseret al
T = 6r /ﬁ 1975; Kienset al 1993; for review see Van der Vusse &
e al . Reneman, 1996). This value does not take into account
c %= ii/* whether the FA released from the blood-borne TG is
2= ,l / oxidized. In contrast there are studies proposing a much
s’ — larger contribution from blood-borne TG. Other studies
© 0 __e—1% . s | - have measured muscle TG but have not observed any
0 25 50 75 100 125 150 utilization (Kiens et al 1993). However, there is a
0, uptake (% maximum) significant glycerol release. The glycerol was then assumed
Fig. 13. Muscle glycogen depletion as a function of the workload. to be derived from hydrolysis of TG, with no breakdown of
Values are means with their standard errors represented by vertical muscle TG; TG in the blood would have been the lipid
bars. (From Saltin & Karlsson, 1971.) source. As discussed earlier, it cannot be excluded that the
glycerol originates from the hydrolysis of TG in the adipose
tissue.

studies to determine the glucose oxidation rate could be a Equally contradictory with regard to the possible role of
first step in establishing the possibility of glycogen storage blood TG are the data on the utilization of muscle TG in
in muscle while subjects are performing work. There is not exercise. Most studies demonstrate a utilization (Fréberg
an easy solution to the problem of how well a muscle sampleet al. 1971; Fréberg & Mossfeldt, 1971; Essgnal 1977;
represents the active muscle, as well as the size of théHurleyet al 1986), but it has not been possible to evaluate
muscle mass in cycle exercise. to what extent these TG are located in or between the muscle
fibres. There are also studies where no muscle TG
breakdown has been observed (Jansson & Kaijser, 1982;
Kienset al. 1993; Wendlinget al. 1996; Kiens & Richter,

FA are both taken up and released by the muscle cell. Thel998), several of which have used knee-extensor exercise.
a-v difference gives the net exchange, but this value is notin the latter case it has been proposed that the lack of TG
sufficient to evaluate the rate at which FA are utilized by the hydrolysis could be due to the exercise model and, for
muscle, since it may not be totally oxidized immediately. example, lack of hormonal or sympathetic activation of the
Tracer studies reveal that 60—-90 % may be oxidized (Havellipase when only a small proportion of the muscle mass is
et al. 1967; Hagenfeldt & Wahren, 1968, 1972; Ahlborg engaged in the exercise (Kieasal 1993). Regardless of

et al. 1974; Dagenaist al. 1976; Turcotteet al 1992). The whether or not this is the explanation, it is apparent that the
variation among studies is quite large, which probably present knowledge is limited with respect to specific values
relates to the variation in intensity and duration of the for the various fat sources being used by muscle during
exercise as well as the training status of the subjects. Recentxercise. The situation could be improved by the use of
work which aims to establish an acetate correction factor,tracers, to determine not only the fractional oxidation of
accounting for labelled C{not excreted and label fixed in blood-borne FA, but also the contribution of FA from
other metabolites (van Hall, 1999), indicates that the true hydrolysis of TG from either the blood or muscle. Equally
fractional oxidation rate may be closer to 100 % than important would be the determination of level of glycerol
originally believed (Sidossist al. 1995; Mittendorfeet al. metabolism in active skeletal muscles.

1998). A common procedure when tracers are not used is to
assume a given percentage of the net FA uptake is oxidized.
Although possibly better than only using the net uptake of
FA (which may overestimate the contribution from blood- The pattern of change with endurance training is quite clear.
borne FA), the accuracy of the estimation is too low to allow The CHO dependence is reduced, less lactate is formed, and
for any precision in the evaluation of FA being used by the lipid oxidation is enhanced. RQ measurement is a good
muscle. Indeed, it appears mandatory to use tracers in anyndicator of the relative roles of CHO and fat. However, the
attempt to quantify FA oxidation. The use of tracers would most striking observation when comparing some studies in
be advisable where studies involving the acetate correctiorthe field is how different the results are. This factor has been
do not demonstrate that 100 % of the FA taken up arehighlighted by just three well-controlled studies by
oxidized. Moreover, consideration should also be given to experienced researchers. In two of the investigations, the
the question of which individual FA should be used to subjects trained one leg and the muscle metabolism was
represent the FA. Palmitic (16:0), stearic (18:0), oleic studied in both legs during exercise (Henriksson, 1977;
(18: 1) and linoleic (18: 2) acids together represent approx-Kienset al. 1993). Both studies showed a reduction in CHO
imately 80-90 % of the blood FA. The ratio between these utilization. In one of the studies (Henriksson, 1977) this was
FA, the muscle fractional uptake and the total net exchangedue to a lower glucose uptake, while in the other study
are similar for these FA (Havel al 1964; Hagenfeldt &  (Kienset al 1993) it was due to reduced muscle glycogen

Source of fatty acids for skeletal muscle oxidation

Endurance training
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depletion (estimated value; there was no significant skeletal muscle substrate choice during exercise. The
difference in muscle glycogen breakdown in the two legs). conclusion is that there have been major limitations in the
Although there were differences in the relative amount of studies performed so far. Advice is given as to how
lipid that was oxidized in the two studies, they both show a improvements can be made. These improvements relate to
major increase in the contribution of FFA from the blood. obtaining better quantitative data, but more importantly they
This latter finding is in sharp contrast with the study by also apply in the case of studies where the aim is to elucidate
Hurley et al (1986) who found a major increase in the the regulatory mechanisms for substrate choice by muscle.
contribution of muscle TG after endurance training. Thus,

depending on choice of study, a different message is

obtained with regard to which substrate source contributes Acknowledgements
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