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Skeletal muscle accounts for some 40 per cent
of body weight. Presumably, by virtue of its bulk
as the largest mass of tissue, its metabolism may
be a major factor in total body economy and yet
surprisingly little is known of the quantitative
characteristics of metabolism of skeletal muscle.
Studies of excised muscle and its extracts have
provided a rich background relating to the meta-
bolic capabilities of muscle. They have shown a
great deal about the apparatus with which muscle
is equipped to perform its functions in dissimilating
metabolites but they fail to reveal the quantitative
importance of particular pathways of dissimilation
in the total scheme.

Appraisal of metabolism in intact tissues in man
has been accomplished by application of the Fick
principle in the case of brain (3), heart (4), kid-
ney (5) and liver (6). These studies were ante-
dated by Chauveau (7) who independently formu-
lated the principle credited to Fick and used it to
estimate oxygen consumption, carbon dioxide pro-
duction and glucose uptake by the levator of the
upper lip in the intact horse.

In the studies to be reported here this principle
has been applied to assess metabolism of muscles
of the forearm in intact man. As a prerequisite to
observation of metabolism of forearm muscles
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was further supported by grants-in-aid from the National
Institutes of Health, Department of Health, Education,
and Welfare (H-1327, A-750) and the Muscular Dys-
trophy Associations of America, Inc.

2 Parts of this study have been presented at the Third
Medical Conference of the Muscular Dystrophy Associa-
tions of America (1) and at the 74th meeting of the
American Physiological Society (2).

3Public Health Service Research Fellow of the Na-
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under more complicated conditions observations
to be reported here were limited to the basal state
with the muscle at rest. The main questions to
which answers were sought were: 1) What is the
oxygen consumption of resting skeletal muscle?
and 2) What is the quantitative role of carbohy-
drate under basal conditions?

METHODS

Experimental conditions. Fourteen male subjects were
studied. Nine were medical students and laboratory col-
leagues and five were ambulatory convalescent patients.
No food was permitted after 6:00 P.M. the previous night.
Blood samples were collected between 10:00 A.M. and
1:00 P.M., that is, 16 to 19 hours postprandially. Sub-
jects lay supine in an air-conditioned room maintained at
25° C. with the arm comfortably supported. The proce-
dure was previously explained to the subjects and there
was little overt anxiety. The brachial artery was cannu-
lated with an 18-gauge thin-walled Riley needle so that
the tip of the needle lay just proximal to the antecubital
crease. Venous blood for measurement of metabolite con-
centrations was collected through a polyethylene catheter
(I. D. 0.86 mm., 0. D. 1.27 mm.) passed through a 16-gauge
thin-walled needle which had been introduced in a retro-
grade direction through a large antecubital vein and into
one of the deep veins draining the forearm muscles.
Another catheter was similarly passed into any superficial
forearm vein for the collection of blood used only in vali-
dating the blood flow method. Blood flow through wrist
and hand was excluded during the experimental periods
by a 10-cm. wide pressure cuff about the wrist inflated to a
pressure at least at 100 mm. Hg greater than systolic.

Blood flow was measured by the dye-dilution method
previously described (8). In brief, a 0.25 per cent aqueous
solution of Evans blue dye, T-1824, in 0.9 per cent sodium
chloride was introduced continuously at a constant rate
into the brachial artery. The dye concentration was
measured in two venous blood samples obtained simulta-
neously. Flow was calculated from the mean dye con-
centration only if there was good agreement in the two
samples (8).

Injection of dye and application of the wrist cuff began
five minutes before the first blood collection. Samples of
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arterial and venous blood were usually collected nearly
simultaneously, or, at times, two arterial samples bracketed
a number of venous samples. In the latter case, arterial
concentration at the time of the venous collection was
estimated by interpolation. The interval between collec-
tion of successive pairs of samples varied from 12 to 60
minutes. On the average, two arterial and three venous
samples were collected from each subject.

The blood samples were collected in syringes with dead
spaces filled with heparin in isotonic sodium chloride. No
metabolic inhibitors were used in the dead space solution.
Dead space was measured for each syringe.

The volume of each blood sample was usually 18 ml.;
in most experiments a total of less than 150 ml. of blood
was removed. Hematocrit and concentrations of all
metabolites and of T-1824 were determined on aliquots
of the same sample of blood.

Forearm volume was determined by water displacement
of the segment between the proximal margin of the sphyg-
momanometer cuff at the wrist and the antecubital crease.

Hematocrits were measured in Wintrobe tubes spun at
925 G for one hour and were corrected for 6 per cent
trapped plasma.

Chemical methods. Concentrations of 02, C02, glucose
and lactic acid were measured in whole blood. Imme-
diately after a blood sample was obtained it was mixed in
the syringe by swirling with a drop of mercury. Samples
for determination of glucose and lactic acid and hematocrit
were delivered into chilled test tubes and a measured
sample of this blood was hemolyzed by delivery into dis-
tilled water. Proteins were precipitated by the Somogyi
barium hydroxide-zinc sulfate method (9), the barium
hydroxide solution being added immediately after hemoly-
sis. Glucose was determined in the first nine experiments
on duplicate samples of the protein-free supernant by
Nelson's arsenomolybdate method (10) and in the re-
mainder on triplicate samples by modification of the an-
throne methods of Zipf and Waldo (11) and Roe (12).
Lactic acid was measured by the method of Barker and
Summerson (13). In some the CuSO4-Ca(OH)2 step was
done in duplicate with color development in quadruplicate.
In the remainder the entire procedure was carried out in
triplicate. Oxygen and carbon dioxide were determined
by the Van Slyke-Neill method (14) in triplicate and no
values were discarded.

The reproducibility of the chemical methods is given in
Table I. In order to simplify the calculations, only a
portion of the data was utilized. For each subject, only
the first arterial and venous samples were examined, and
for both of these, the first two replicates only were con-
sidered. From these data the standard deviation (S.D.)

of a single determination was calculated as follows: 2N '

where d is the difference in the estimated concentration in
the two replicates of each blood specimen and N is the
number of pairs of replicates used in the calculation. The
precision of the methods depends not only upon the repro-
ducibility of replicate determinations, but also upon the
number of replicates. Further calculations of precision
then are based upon the S.D. derived above and the num-

ber of replicates involved in the procedure. Thus: 1) The
standard error of the estimate of the mean concentration of
a single blood sample, S.E.M., derived from N' replicates

is equal to S.D.
. 2) The standard error of the difference

-4N'
in the estimated mean concentrations of two blood samples,
that is, of the arterio-venous difference, S.E.M.(A-v), is
equal to 2 X S.E.M. 3) The standard error of the
mean A-V concentration difference for the entire series of

14 subjects, S.E.M.(,,,.), is equal to S.E.M.(A-V) where

N" is the number of pairs of A-V concentration differences
for the entire series. The 95 per cent confidence limits for
each of these calculations are approximately equal to the
mean :1: twice the appropriate standard error.

It should be pointed out that these estimates of the error
of the chemical methods are not to be considered as de-
scriptions of the overall error of the experimental pro-
cedure. In the glucose and lactate methods the protein
precipitation step was not carried out in replicate and
therefore the error of this part of the procedure is not
included in the calculations of Table I. Also, the correc-
tions of concentration for the two dilution factors presented
in the next section involve error, but these must be quan-
titatively insignificant. Part of the calculations (Table V)
also includes the error of the blood flow method, which
may be as large as 420 per cent (8).

The standard errors presented in subsequent tables are
calculated from the data presented in those tables and not
from the standard errors of the chemical methods of
Table I. The variance of the data in Tables III, V and
VII then arises not alone from errors of the chemical
methods, but includes all of the errors of the experimental
technique as well as the "physiological variations" in indi-
vidual subjects. Thus a comparison of the standard errors
presented in Table III with the S.E.M.(..) of Table I,
show the former to be larger.

Cakulation of the concentration of metabolites in blood or
plasma. The measured concentrations were multiplied by
two dilution factors:
1) Heparin dilution factor

- Volume of syringe dead space
+ Volume of collected blood

For substances whose concentration was measured in
plasma rather than in whole blood (Evans blue dye and
potassium) the volume of collected plasma was substituted
for the volume of collected blood in the equation above.
The heparin dilution factor for blood ranged from 1.01
to 1.02.

2) Dye dilution factor

1 + Concentration of dye in injectate
Concentration of dye in blood

This factor corrects for the slight dilution of the inflowing
blood by the dye solution. Since the rate of injection in
most subjects was only 0.1 ml. per min. or about 0.2 per
cent of blood flow, this factor amounted to only about
1.002. In the first two subjects however, an injection
rate of 1.0 ml. per min. was used and here the factor was
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about 1.02. Again, for substances whose concentration
was measured in plasma rather than in whole blood the
concentration of dye in plasma was substituted for the
concentration of dye in blood in the equation. This cor-

rection applied only to venous blood, since arterial blood
was collected proximal to the site of introduction of the
dye solution.

Calculation of the quantity of metabolite used or produced.
In the steady state, the rate at which a metabolite is used
or produced by a unit mass of tissue is described by

F (A-V)

where Q is the rate in question, F is blood flow to the tissue
of mass M, A is the concentration of the metabolite in
arterial blood, and V is its flow-weighted mean concentra-
tion in all venous blood draining the tissue.

Depending on the reference desired, two estimates of Q

FT(A-VT)
are possible. QT =

MT
describes the rate of metab-

olism of all forearm tissues per unit mass of forearm,
where the subscript refers to quantities in total forearm.

OM =Fm/(A-Vi) describes the rate of metabolism of

muscles in the forearm per unit mass of muscle, where the
subscript refers to quantities pertinent to muscle. The
quantities measured in fact were FT, total flow to the
forearm; Vi, concentration of metabolites in venous blood
draining mostly muscle; and MT, volume or approximate
mass of total forearm. Therefore, application of these data
directly to the Fick equation leads to an expression which
is neither QT nor QO. However, Q has been estimated in
this report entirely on the basis of the experimental data.
It is likely that this value is too large to represent accu-

rately QTand too small to represent accurately Qi. Rough
estimates of the size of these inaccuracies are possible
and a brief resume of reasonable correction factors is con-

sidered here.
The forearm may be considered to include bone, muscle,

fat and skin. Blood flow through bone has been estimated
(15) and for the segment of forearm in the present studies
it would be about 0.1 ml. per min. and therefore negligible.
Skin flow, however, is significant. In Table II are listed
various estimates of blood flow through the skin of the
forearm. The highest estimate is derived from the data
of Cooper, Edholm, and Mottram (20) who measured
forearm flow by venous occlusion plethysmography before
and after obliteration of skin flow by epinephrine ionto-
phoresis. Their data indicate a relatively linear relation

between total forearm flow and flow to muscle over a range

of flows. From the regression line of their data it can be
calculated that 30 per cent of the total forearm flow in
our subjects passed through skin. However, the perti-
nence of their data to our study is open to question since
conditions in the two studies differed in the following
respects: (a) The forearm was encased in a water-filled
plethysmograph at 340 in their study and exposed to room

air at 250 in ours. Partition of blood flow between skin
and deep tissues might be quite different in the two cases.

(b) Intermittent venous occlusion in the plethysmographic
method might also affect the partition of blood flow.
(c) The plethysmograph encased a forearm volume which
was only 420 ml., on the average, compared to 1,000 ml.
in our studies. Inclusion of the upper forearm in the
larger volume results in a higher muscle-mass to skin-mass
ratio and presumably implies relatively less skin flow. It
would appear from examination of all the available data
that blood flow to muscle in our studies represented prob-
ably 80 to 85 per cent of total forearm flow.

A similarly rough estimate can be made of the mass of
muscle perfused. Weattempted to measure the volume
of intracellular water in the forearm by continuous intra-
arterial injection of n-acetylaminoantipyrine and sucrose

(see [8] for theory) but the results were erratic and useless
for this purpose. The only available means of estimating
forearm muscle mass lies in data from dissected forearms.
Abramson and Ferris (22) found that forearm muscles
occupied 58.6 per cent of forearm volume, on the average,

and Cooper, Edholm, and Mottram (20) found 63.6 per

cent, on the average, in five forearms. The standard
deviation of the latter series, calculated from their data,
is 6.5 so that one might expect occasional subjects to have
values as low as 50 or as high as 75 per cent muscle mass

in total forearm.
When estimates of flow through muscle and of muscle

mass are combined, the expression for rate of metabolism
per unit mass of muscle is

a FT(A-VM)
X b MT

where a is the fraction of total flow which perfuses muscle
and b is the fraction of total forearm which is muscle mass.

If representative values of 0.82 and 0.6 are used for a and
b, respectively, the values reported here for Q are to be
multiplied by 1.37 to convert them to units of metabolic
activity per minute per 100 g. muscle, but the factor might
be as low as 1.0 or as high as 1.7.

It is even more difficult to arrive at a reasonable estimate

BLE I

Estimate of precision of chemical methods *

Number of
Method S.D. replicates S.E.M. S.E.M.(A-v) S.E.M.(.)

Glucose-Nelson 0.125 2 0.088 0.1251
Glucose-Anthrone 0.079 3 0.046 0.065 0.020
Lactate 0.034 3 0.019 0.027 0.005
Oxygen 0.152 3 0.088 0.124 0.023
Carbon dioxide 0.229 3 0.132 0.187 0.035

* Values are expressed as mMper l. See text for method of calculation and explanation of symbols.
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TABLE II

Estimates of blood flo through skin of forearm

%of Fore- Room
Blood flow arm blood temperature

Reference ml./mis./cm.2 flow *C. Method

(16) 0.015 22 25 Calorimetry
(17) 0.009 14 25 Helium uptake
(18) 0.005 8 25 Rectal and skin temperature

and 02 uptake
(19) 0.021 30-34 Photoelectric plethysmograph

0.010 15* 25t
(20) 0.022 30 24 Water filled venous occlusion

plethysmograph with epi-
nephrine iontophoresis

* The authors in a more recent paper (21) indicate that the factor previously used by them to convert "filter units"
to flow was too high, so that the value of 15 per cent is probably somewhat high.

t Conversion to 250 made on basis of evidence (16, 17) that skin flow at 250 is one-third the skin flow at 35°.

of corrections which might yield approximate values for
OT. The A-V oxygen difference for skin has been reported
to be about half that for muscle (20). If one is willing to
make the broad assumption that A-V differences for other
metabolites are reduced similarly, then assuming 18 per

cent of total forearm flow perfuses skin and 82 per cent
perfuses muscle, appropriate substitution of these values
yields

0.9 FT(A-Vm)QT= MT

Thus, it is likely that the experimental values for Qmore

nearly represent metabolic activity of the forearm than of
its muscle. However, comparison of Q for one metabolite
with Qfor a second metabolite may be expected to reflect
adequately their relative values in muscle metabolism since
the factors F and Mcancel out of any ratio of Q's. It is
this advantage which made it desirable to sample specifi-
cally from venous blood draining muscle.

RESULTSANDDISCUSSION

A-V differences

Concentrations of 02, CO2, glucose and lactate
in arterial blood and the A-V concentration dif-
ferences of these substances determined in each
subject are listed in Table III.

With respect to concentration of the several
substances measured in arterial blood it may be
stated that 02 concentrations were appropriate to
the measured hematocrits in each case. The range

of total CO2 content was normal for whole blood
(23). Glucose concentrations, in more familiar
units, were between 82 and 95 mg. per 100 ml.
The arterial lactate concentration can be compared

TABLE III

A rterial concentrations and A- V differences in forearm blood *

02 C02 Glucose Lactate
Subject

No. A A-V A V-A A A-V A V-A

1 9.01 2.38 21.6 1.85 4.75 0.25 0.70 0.05
2 8.35 1.53 23.3 1.39 5.12 0.15 0.60 0.13
3 8.20 2.06 20.1 2.10 4.83 -0.01 0.98 0.02
4 8.62 4.75 22.3 3.18 4.92 0.13 0.70 0.25
5 7.38 2.54 21.2 2.04 4.54 0.05 0.69 0.16
6 8.70 5.05 23.0 3.24 4.95 0.23 0.57 0.00
7 7.56 4.25 21.0 3.22 5.18 -0.06 0.63 0.19
8 9.44 3.00 22.4 1.95 4.88 0.25 0.45 0.13
9 8.86 1.86 22.3 1.44 4.99 0.04 0.54 0.06

10 7.10 5.15 24.7 3.78 4.76 0.15 1.19 0.05
11 7.01 3.73 22.5 2.75 4.73 0.09 0.37 0.07
12 8.54 3.69 20.3 3.20 4.70 -0.04 0.49 0.14
13 9.75 2.41 22.1 2.21 4.82 -0.04 0.56 0.27
14 9.55 2.95 21.4 2.60 5.29 0.10 0.88 0.06

Mean 8.43 3.24 22.0 2.50 4.89 0.09 0.67 0.11
+SEM 0.323 0.200 0.029 0.022

(18.9) (7.3) (48.9) (5.6) (88) (1.7) (6.0) (1.0)

* All values expressed as mMper 1. All values have been calculated to one decimal place beyond those listed in
he table for use in subsequently derived data. Data in parentheses are mean values re-expressed as ml. per 100 ml.

for the gases and as mg. per 100 ml. for the carbohydrates.
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only to a few studies employing the more specific
method available in recent years. The mean
value, 0.67 mMper 1. or 6 mg. per 100 ml., is the
same as that obtained by Mitchell and Cournand
(24) on three subjects but is lower than the mean
of 9.1 obtained on 22 subjects by Ungar, Gilbert,
Siegel, Blain, and Bing (25) and much lower than
the mean of 19 mg. per 100 ml. found in finger-
tip capillary blood by Hummel (26). While capil-
lary blood may be a useful substitute for arterial
blood in certain circumstances it is inappropriate
in the case of lactate determinations. Skin shows
active anaerobic glycolysis (27) and lactate on
skin surface is an important contaminant in the
analysis of lactate (13).

Since the validity of the Fick principle depends
upon the existence of a steady-state, it is impor-
tant to determine whether or not the concentra-
tion of metabolites in arterial blood was reason-
ably constant during these experiments. Changes
in arterial concentrations are presented in Table
IV. There was no consistent upward or down-
ward trend in arterial concentration of any of
the metabolites and indeed in all cases the ar-
terial concentrations were quite constant. This
constancy supports the impression that there was
little disturbing anxiety over the procedure among
the subjects.

02 A- V difference. The mean difference, 3.2
mMper 1. or 7.3 ml. per 100 ml., represents
extraction of some 40 per cent of the oxygen
delivered to the muscles of the forearm.

Of historical interest in this connection is the
report by Christison in 1831 (28) in which the
peripheral A-V 02 difference was estimated at
12 ml. per 100 ml. by measuring the additional
quantity of 02 which venous blood could accu-

TABLE IV

Constancy of arterial concentration *

02
Cos
Glucose
Lactate

Absolute change
JM/ml. blood/mix.

-0.007 :1: 0.004
-0.009 41 0.006
-0.001 A: 0.002

0 4:0.001

Relative change
%/mns.

-0.08 4 0.05
-0.04 A 0.03
-0.02 0.04

0 41:0.15

* Absolute change refers to change in concentration in
subsequent samples compared to the concentration in the
preceding samjple drawn from each subject and expressed
per minute time interval between sampling. Relative
change refers to absolute change as per cent of mean
arternal concentration.

mulate. Christison anticipated Chauveau and
Fick by noting that the venous blood from sub-
jects in whomperipheral blood flow was obviously
increased accepted less additional oxygen than
normal.

The mean A-V 02 difference in the present
study of 7.3 ml. per 100 ml. is somewhat higher
than the 4.6 to 5.5 ml. per 100 ml. value obtained
in most previous reports (29-31); collection of
blood from a deep vein and exclusion of blood
flow from the hand, both of which increased the
A-V difference by minimizing contamination of
venous blood by blood from skin with its higher
02 content, probably account for this difference.
Mottram (32), however, aware of the need for
these precautions, obtained a mean value of 8.5
ml. per 100 ml. Blood flow was somewhat less
in his subjects and arterial 02 content was esti-
mated by assuming 95 per cent arterial saturation
and measuring the 02 capacity of venous blood.
A mean value of about 5.3 ml. per 100 ml. has
been found in blood obtained from femoral artery
and vein (31, 33, 34).

CO2A- V difference. This has rarely been esti-
mated. Harrop in 1919 (30) and Peters, Barr,
and Rule in 1921 (35) reported mean differences
of -5.0 and -6.8 ml. per 100 ml., respectively,
which are comparable to the mean value of -5.6
ml. per 100 ml. in the present study.

Glucose A- V difference. Data on glucose A-V
differences are abundant. An extensive series
was gathered by Somogyi in 1948 (36) and a
mean difference between finger capillary blood
and antecubital venous blood of 5 mg. per 100
ml. was obtained. Bell in 1952 (34) found a
mean difference of 2.2 mg. per 100 ml. between
femoral arterial and venous blood. The mean
in the present series, 0.093 mMper 1. or 1.7 mg.
per 100 ml., and the range agree closely with
Bell's data. The several negative A-V differ-
ences obtained by Bell and by us are small.
Although they are probably within experimental
error, the possibility remains that they are real.

Lactate A- Vdifferences. In all subjects venous
lactate concentration was always higher than
arterial; that is, forearm muscles at rest pro-
duced lactate continuously even in the presence
of active oxygen consumption.

The presence of lactic acid at all times in circu-
lating blood has been attributed to its formation
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by "a few special tissues, such as red blood cells,
the intestinal mucous membrane, and the retina,
etc." (37). In the light of the present data
resting skeletal muscle must now be considered
as a major source of lactate in blood in the basal
state. The accepted concept that lactate forma-
tion in muscle is a sign of anoxia must also be
modified. There was, in fact, no correlation be-
tween lactate and 02 A-V differences in the
present study.

Rates of uptake or production
Values for forearm blood flow, rates of uptake

of 02 and of glucose and rates of production of
CO2and of lactate (Qo2, Qa, QCO0 and QL, respec-
tively), expressed as the mean for eight of the
subjects, appear in Table V. In accordance with
criteria previously established (8) blood flow was

not calculated in six subjects: in four, only one

vein was catheterized; in two, dye concentrations
in blood from the two veins differed by more

than 20 per cent.
Blood flow. The range of blood flows in these

subjects was similar to normal values established
previously by the indicator-dilution method (8).
Blood flow was quite constant during the experi-
mental period and there was no trend toward
increasing or decreasing flow. The mean change
in blood flow in all subjects was -0.035 ml. per
min. per 100 ml. forearm i 0.028 (S.E.M.), or a

rate of change of about -1 per cent per min.
0.8.

02 uptake. The only previous studies in which
blood flow and peripheral A-V differences have
been measured simultaneously in man are two
which were concerned only with 02 uptake.
Holling (38) found a mean Qo, of 0.12 ml. per
min. per 100 ml. forearm tissue and Mottram
(32) found a mean Qo2 of 0.24 ml. per min. per
100 ml. forearm muscle. When the latter data
are recalculated, using the means of the total
forearm blood flow and A-V 02 difference, one

obtains a value of 0.27 ml. per min. per 100 ml.
forearm. This is remarkably similar to the value
reported here, 11.7 mMor 0.26 ml. per min. per
100 ml. forearm.

It has been suggested earlier (see Methods)
that the values given here for Qmay be too small
by a factor of about one-third to represent meta-
bolic activity in muscle proper. If the value

TABLE V

Uptake of 0° and glucose and production of CO2and
lactate by forearm *

Subject Blood
No. flow 02 C02 Glucose Lactate

1 4.3 10.7 8;5 1.09 0.20
4 3.2 15.0 10.0 0.42 0.78
6 2.6 13.3 8.6 0.62 0.02
8 1.9 6.4 4.1 0.44 0.26
9 5.0 9.8 7.6 0.18 0.29

10 3.5 18.2 13.4 0.53 0.18
12 4.8 11.9 10.3 -0.11 0.68
13 3.4 8.2 7.5 -0.15 0.92

Mean 3.6 11.7 8.7 0.38 0.42
bSEM 1.34 0.94 0.143 0.116

(0.262) (0.194) (0.068) (0.037)

*Subject No. same as in Table III. Blood flow ex-
pressed as ml. whole blood per min. per 100 ml. forearm.
Uptake and production data expressed as ,uM per min. per
100 ml. forearm. Data in parentheses are mean values re-
expressed as ml. per min. per 100 ml. forearm for the gases
and as mg. per min. per 100 ml. forearm for the carbo-
hydrates.

given for QO2 is increased by one-third, the esti-
mate of Qo2 for skeletal muscle becomes 15.5 ,uM
or 0.35 ml. per min. per 100 g. forearm muscle.
If it is assumed that an ideal man of 1.73 Ml
body surface weighs 63 Kg. and that he is 40
per cent skeletal muscle, and if metabolism in
forearm muscles is fairly representative of the
25 Kg. of body muscle, then the total 02 con-
sumption by skeletal muscle in ideal man is 3.9
mMor 88 ml. per min. This rate of 02 con-
sumption by skeletal muscle is 35 to 40 per cent
of standard basal total body 02 consumption.
In Table VI this datum is added to those reported
for other organs and it will be noted that the sum
of the parts compares well with the whole.

Glucose uptake. Similar calculations may be
made for glucose uptake by muscle proper.

TABLE VI

Summary of the metabolism of oxygen and glucose in intact
organs of man in the basal state

Qo, Qo
ml./min./1.73 M2 mg./min./1.73 MS

Total body 234(e) 112*(W)

Splanchnic bed 59(N)
Brain 48(41) 78(41)
Kidney 13(e) "negligible"(4)
Heart 31(2) 14(m)
Muscle 88 22
Sumof individual

tissues 239 114

* Glucose output by splanchnic bed.
Figures in parentheses are reference numbers.
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These lead to estimates of 0.5 ;&M or 0.09 mg.
of glucose taken up per minute per 100 g. forearm
muscle, and of 22 mg. per min. for glucose uptake
by total muscle in ideal man. In Table VI this
value for glucose uptake by muscle is added to
those available for brain and heart. Their sum
agrees well with the estimated rate of release of
glucose by liver.

The fraction of 02 consumption accounted for by
oxidation of glucose and the fraction of glu-
cose uptake accounted for by lactate pro-
duction

The uptake of glucose and of oxygen may be
directly compared from data in Table III. If all
glucose taken up were completely oxidized, then
it would account for only 19 per cent of the oxy-
gen consumption, on the average. It has, however,
been shown that lactate is continuously produced
by forearm tissues, and it is therefore reasonable
to assume that even 19 per cent is an overestimate,
since apparently not all the glucose undergoes
oxidation.

A more precise appraisal may be derived us-
ing the following assumptions: (a) muscle gly-
cogen is constant during these observations, (b)
lactate arises exclusively from dissimilation of glu-
cose, and (c) diffusible intermediates other than
lactate are negligible.

The essence of the calculation about to be made
is that one first determines the fraction of glucose
uptake which can be accounted for by lactate pro-
duction. The remainder of the glucose uptake
is then assumed to be oxidized completely. If as-
sumption (b) is sufficiently in error anaerobic dis-
similation of glucose will be overestimated, but
this appears to be a quite reasonable assumption.
Assumption (c) is probably overdrawn in that
pyruvate for example is known to be diffusible
and might account for an additional moiety of glu-
cose. It is probable that this is small. The error
leads to a slight overestimate of the fraction of
glucose which is oxidized.

Since production of 2 moles of lactate implies
dissimilation of 1 mole of glucose, lactate molar
A-V differences are divided by two to determine
the size of the glucose A-V difference which is
exactly matched by lactate production. The fol-
lowing equations apply:

(V-A)L 100, the per cent of glucose uptake2 (A-V)G
accounted for by anaerobic metabolism or by
lactate production, and

A-Vi(V-A)L] 100, the per cent of 02
(A-V)o,

consumption accounted for by oxidation of glu-
cose abstracted from blood.

These estimates are presented in Figure 1 and
in Table VII.

It will be seen that about 60 per cent of glucose
uptake is accounted for by lactate production.

5-

2-

I:
@0

Percent -44-22 -18 -7 -5 1 4 9 15 15 27 3 37 57

FIG. 1. THE FRACTION OF OXYGEN CONSUMPrION
ACCOUNTEDFOR BY OXIDATION OF GLUCOSEIN THE REST-
ING FoREARM

Each pair of columns represents data from a single
subject. Each left-hand column of the pair contains two
components: the arteriovenous difference in oxygen con-
centration, mMper 1., is represented by the column above
the zero line, and the oxygen equivalents of the arterio-
venous difference in lactate concentration (the measured
arteriovenous difference in lactate multiplied by 3) is
represented by the column below the zero line. Each
right-hand column of the pair represents the oxygen
equivalents of the arteriovenous difference in glucose
concentration (the measured arteriovenous difference in
glucose multiplied by 6). The base of each right-hand
column is aligned so that all the glucose uptake accounted
for by lactate production appears below the zero line;
the remaining glucose uptake, available for oxidation, ap-
pears above the zero line. In four subjects the venous
glucose concentration exceeded the arterial and in these
the glucose bar is plotted down from the base of the
lactate bar. The numbers below the pairs of columns
indicate the per cent of oxygen consumption accounted
for by oxidation of glucose.

Data on nine subjects in this figure have appeared
previously in Figure 1, reference (1). In some of these,
recalculation of the data has led to slight revision. Data
on a tenth subject previously reported (1) have been de-
leted owing to the fact that he had not fasted 16 hours.
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TABLE VII

The fraction of glucose uptake accounted for by lactate pro-
duction, thefraction of oxygen uptake accountedfor

by glucose oxidation, and the respiratory
quotient of forearm *

Subject
No.

1

2
3
4
5

6
7
8
9

10
11
12
13
14

Mean
:4SEM

L/G

9
44

All
94

163
1

All
26
72
17
41

All
All
28

61
13

(G-L)/O,

57
34

-5

1
-7
27

-22
37

4
15
9

-18
-44

15

7.4
7.07

* L/G - 100 (1/2 lactate V-A difference)/(Glucose A-V

difference). In subjects 3, 7, 12, and 13 the A-V glucose
differences were negative. Mean value for L/G is calcu-
lated from the mean lactate V-A difference and the mean
glucose A-V difference, and its SEM calculated from
variance of A-V lactate and of A-V glucose differences.
(G-L)/02- fraction of oxygen uptake accounted for by
glucose oxidation, calculated as explained in the text.

This is a surprisingly high value. The classical
view is that "lactate formation in tissues is a sign
of anoxia, for in the presence of oxygen pyruvate
proceeds through the oxidative pathway" (44).
The lactate formation in working muscles, for
example, is attributed to the inability of the blood
supply to meet the increased oxygen requirements.
Yet, the forearm muscles were at rest, blood flow
was normal, and oxygen consumption was brisk,
although the technique used cannot rule out the
possibility that lactate is formed during periods of
ischemia, perhaps as blood flow shifts from one

area of muscle to another.
It may be suspected that the high concentrations

of lactate in venous blood resulted possibly from
escape of small amounts of blood from the ischemic
hand or from a relatively ischemic wedge of tissue
beneath the proximal edge of the sphygmomanom-
eter cuff at the wrist. The former possibility
seems unlikely in the light of the following ob-
servation. A small amount of an aqueous solu-
tion of Na2S3504 was injected intramuscularly
into the thenar eminence of a subject in whom
hand circulation was occluded by a pressure cuff at
the wrist. No radioactivity was detected in ante-

cubital venous blood during the usual period of
occlusion, but on release of the cuff there was the
anticipated rush of radioactivity into antecubital
venous blood. The possibility that high venous
lactate concentration represented lactate contrib-
uted from an ischemic wedge of tissue beneath the
cuff was made unlikely by an experiment in which
the cuff was not applied. The concentration of
lactate in the deep venous blood again exceeded
the concentration in arterial blood. And finally, it
will be recalled from Table IV that blood lactate
concentrations were quite constant and from Table
III that the concentrations reported here are at
least as low, if not lower, than those reported by
others for subjects at rest in the fasting state.

Equally surprising is the fact that only about
7 per cent of the oxygen consumption of the fore-
arm muscles is spent in oxidation of glucose. The
range of results, + 57 to - 44 per cent is attrib-
utable in part to cumulative experimental errors of
determinations of glucose, lactate and 02 in arterial
and venous blood. These errors can be estimated
and, for a determination based upon a single pair
of arterial and venous blood samples, the stand-
ard error of the determination is 20.0 per cent. In
most subjects at least two pairs of A-V differ-
ences were obtained, so that generally the stand-
ard error of the mean for a single subject is 14.1
per cent. For the entire series of 14 subjects
then, the standard error owing to chemical meth-
ods is only 3.8 per cent. Moreover if errors from
all sources, including errors of chemical analysis,
are random, the mean for the entire series is not
likely to be far from the true value. Indeed the
values appear to be distributed normally about
the mean with a median of 6.5 per cent, and it can
be shown by routine analysis of the data that it is
highly improbable that the true mean is as high as
25 per cent.

The mean value, 7 per cent of 02 uptake used
for oxidation of glucose by forearm muscle, may
be compared with data reported by Baker,
Shreeve, Shipley, Incefy, and Miller (45). These
workers assessed glucose oxidation in man by
measuring rates of appearance of C1402 in expired
air following administration of C14-labeled glucose,
and their calculations indicate that 21 per cent of
CO2 production in the basal state was derived
from glucose oxidation by the entire body. If the
R.Q. in their subjects were 0.82, the usual mean
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value found by others in subjects in the basal state,
glucose would have provided about 17 per cent
of the substrate for oxidation throughout the body.
As Table VI indicates, although metabolism by
muscle accounts probably for nearly 40 per cent of
total 02 consumption, it accounts for only 20 per
cent of glucose uptake and it is not surprising that
measurements of net performance of total body
metabolism should lead to a slightly higher esti-
mate of the quantitative role of oxidation of glu-
cose.

Probable inadequacy of muscle glycogen as oxi-
dizable substrate in the basal state

While it is clear that arterial blood supplies little
glucose to the arm, it is conceivable that glycogen
stored previously (i.e., after meals) serves as
carbohydrate substrate under basal conditions.
Some evidence is available suggesting that the role
of glycogen must be minor.

Glucose A-V differences following meals have
been measured by Fryer, Moore, Williams, and
Young (46). From their data it can be estimated
that about 60 g. of glucose is taken up by total
body muscle from 8:00 A.M. to 10:00 P.M. As
reported elsewhere (47) the glucose uptake from
10:00 P.M. to 8:00 A.M. averaged 30 g. The
total 24-hour glucose uptake, then, about 90 g.,
could account for 67 1. of O2 if it were totally oxi-
dized. Basal 02 consumption by total muscle
may be taken as 125 1. per day from our data, and
moderate activity might make 200 1. per day a
reasonable estimate of total uptake. The 90 g. of
glucose then would account for only one-third of
the 02 uptake. However, since a considerable
part of glucose taken up is lost as lactate, even this
minor fraction must be revised downward.

Furthermore, if observations in the rat can be
extrapolated to man, then it can be estimated from
data of glycogen turnover rates (48) and from
decrements in concentration of muscle glycogen
(49) that only about 12 per cent of the oxygen
consumption can be attributed to glycogen during
the basal state.

Respiratory quotient of forearm muscle

So far, it has been shown that most of the oxy-
gen consumed by muscle under basal conditions is
spent in oxidation of non-carbohydrate substrates.
A clue concerning the nature of the major sub-

strates is found in estimates of R.Q. for forearm
muscle, listed in Table VII. The range is broad,
0.64 to 1.02, but is attributable at least in part to
experimental error cumulative in any ratio of A-V
concentration differences; this error may be cal-
culated and, for a determination of R.Q. based
upon a single pair of A-V concentration differ-
ences, the standard error of the estimated R.Q.
is 0.065. In most of the subjects at least two pairs
of arterial and venous bloods were drawn, so that
the standard error for the R.Q. of a single sub-
ject is usually 0.046. A large fraction then of the
R.Q. range may well be owing to experimental
error. The true mean R.Q. for the entire series
of 14 subjects is however unlikely to be outside
the range of 0.74 to 0.86.

These data may be compared with those of
Harrop (30) who in 1919 measured 02 and CO2
A-V differences. Calculation of R.Q. for his 10
subjects yields a median of 0.81, with a mean
which is misleadingly higher owing to a single dis-
crepantly high value.

Although classic interpretation of R.Q. data de-
rived respiratory gases have been, with cause, in-
dicted in recent years (37), the strictures are per-
haps not as pertinent to interpretation of forearm
muscle R.Q. Those complex metabolic activities
which make interpretation of total body R.Q.
hazardous are largely the province of the liver.
It might be hoped that a plot of R.Q. against the
fraction of 02 uptake spent for oxidation of glu-
cose would show a direct correlation. This was
not found, very likely because of the cumulative
errors involved in the determination of each of
these values. More reliance can, however, be
placed on the means of the entire series. The
true mean R.Q. of this series probably lies be-
tween 0.74 and 0.86, a range which theoretically
permits carbohydrate, protein, fat or ketone bodies
to serve as the major substrate. The experiments
reported here have demonstrated the limited role
of carbohydrate: glucose uptake from arterial
blood might account for 0 to 22 per cent of the
oxygen consumption (mean ± 2 standard errors);
glycogen in muscle would appear to furnish at
most no more than an additional 10 per cent or so.
Other possible substrates include all those meta-
bolic intermediates brought to muscle by arterial
blood. Some of the more likely candidates are
considered below.

679



REUBIN ANDRES, GORDONCADER, AND KENNETHL. ZIERLER

Possible nature of the major substrates for rest-
ing muscle

Although amino acids do serve as oxidative sub-
strates, it seems unlikely that amino acids would
provide the major substrate 16 hours after a meal,
since "no appreciable stores of non-functional pro-

tein exists anywhere in the body" (50). Kline
(51) could not demonstrate amino acid uptake by
the hind limb of the dog; in fact, concentration of
amino acids in venous blood exceeded arterial.
However, uptake of amino acids has been demon-
strated by the intact human heart (25).4 Even if
A-V differences in the human forearm were as

large as coronary A-V differences, then only 10
per cent of the oxygen consumption would be
accounted for.

The role of ketone bodies similarly must be mi-
nor after an overnight fast of only 16 to 19 hours.
Uptake is limited by low arterial concentrations
of ketone bodies (expressed as /8-hydroxybutyric
acid) of 1.33 and 2.26 mg. per 100 ml. (52, 25)
obtained under similar fasting conditions. Gam-
meltoft (53) has studied the A-V ketone difference
in the arm of fasting man and found this to aver-

age about 1 mg. per 100 ml. when the arterial
concentrations were about 6 to 10 mg. per 100 ml.
It would appear then from the limited data avail-
able that ketone bodies could not account for
more than 10 per cent of the oxygen substrate.

Fatty acids, however, are present in very high
concentration even under fasting conditions, so

high, in fact, that only 1 or 2 per cent of plasma
lipids need be extracted to account for all the
unidentified substrate. Unfortunately, available
analytical methods are inadequate to detect such
small A-V differences and in a number of trials
using several methods for total lipid determination
we have been unable to prove such differences
existed.

There seems to be no reason to doubt that
muscle has the apparatus with which to oxidize
lipids. Isolated skeletal muscle can oxidize fatty
acids (54-57) and uptake of lipid by myocardium
in man has been demonstrated (25) by the coro-

nary sinus catheterization technique.
In the face of strong suggestive evidence pointing

4 The mean value for A amino acids in Table I in this
reference is an obvious misprint and evidently should
be one-tenth the value printed.

toward a major role for fatty acids, current efforts
are being directed toward fractionation of plasma
lipids on the assumption that most of the lipid up-
take may occur with respect to a single lipid frac-
tion and that the A-V differences in this fraction
might then be sufficiently large to be measured con-
vincingly. Purely on the basis of relative ease of
transcapillary exchange it would appear most
probable that the small fraction of fatty acids
which are unesterified might be the major sub-
strate.

SUMMARY

Metabolism of the forearm, a mass of tissue
which is predominantly skeletal muscle, has been
studied in 14 normal men in the basal state by
measuring simultaneously differences in arterial
and venous concentrations of 02, CO2, glucose and
lactate. In eight subjects blood flow through the
segment was measured also and rates of uptake
of 02 and of glucose and of production of CO2and
lactate were determined.

Oxygen consumption by resting muscles of the
forearm is vigorous. If it is representative of 02
uptake by all skeletal muscles, then muscle ac-
counts for 35 to 40 per cent of total body 02 UP-
take at rest and following a 16-hour fast.

In contrast, muscle glucose uptake is relatively
small. By a similar extrapolation, muscle ac-
counts for only 20 per cent of total body glu-
cose uptake.

Without exception, venous lactate concentration
exceeded arterial; muscle produced lactate con-
tinuously even at rest and in the presence of active
02 consumption. On the average, 60 per cent of
glucose uptake by forearm muscles was accounted
for by lactate production, with wide individual
variation.

The remaining glucose, not accounted for by
lactate production, was assumed to be oxidized
completely. Its oxidation could account for only
about 7 per cent of the 02 uptake; that is, glu-
cose abstracted from blood is only a minor fuel
for skeletal muscle under these conditions.

Based on estimates of transient glycogen stor-
age and of reported turnover rates for glycogen
it is unlikely that glycogen in muscle is oxidized
to an important extent in the basal state. Most
of the 02 uptake is probably spent in oxidation of
non-carbohydrate material in forearm muscle.
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The mean R.Q. of forearm muscle was 0.80, sug-
gesting that the major non-carbohydrate material
which serves as the substrate for oxidation in
forearm muscle is lipid.
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