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The metabolism of the forearm of man has
been appraised by application of the Fick prin-
ciple (1). The data were interpreted as in-
dicative of the metabolism of skeletal muscle,
because some two-thirds of the bulk of the forearm
is skeletal muscle and because approximately 85
per cent of forearm blood flow perfuses skeletal
muscle. These data on 14 subjects showed that
resting skeletal muscle of the forearm, with the
subject in the basal state, consumed oxygen vigor-
ously and that only 7 + 71 per cent of its 02 up-
take could be accounted for by oxidation of glu-
cose abstracted from arterial blood. Because fore-
arm respiratory quotient was 0.80 ± 0.03 it was
concluded that the major substrate for oxygen
consumption by forearm muscles was lipid. Ad-
ditional subjects have now been studied and a
summary of this more extensive experience is as
follows: 16 + 5 per cent of 02 uptake can be ac-
counted for by glucose oxidation (43 subjects),
and forearm R.Q. is 0.76 ± 0.02 (45 subjects).
The missing substrate(s) for oxidation can be cal-
culated to be substances which on oxidation give
an R.Q. of 0.71.

It was predicted that the plasma lipid fraction
oxidized by muscle would prove to be that fraction
of fatty acid transported in intimate association
with serum albumin, variously called free fatty
acid (FFA), unesterified fatty acids (UFA), or
nonesterified fatty acids (NEFA). This fraction

*These studies were aided by Contract Nonr-248 (34)
(NR 101-241) between the Office of Naval Research,
Department of the Navy, and The Johns Hopkins Uni-
versity; and by grants-in-aid from the National Institutes
of Health, Department of Health, Education, and Welfare
(A-750); and the Muscular Dystrophy Associations of
America, Inc. Reproduction in whole or in part is per-
mitted for any purpose of the United States Government.

1 These data and similarly expressed data throughout
the paper will always refer to the mean + the standard
error of the mean.

was a likely candidate because a) it is present in
arterial plasma in such quantities that extraction
of only 25 per cent of arterial FFA would furnish
the missing substrate for the observed 02 uptake
of muscle; b) circulating FFA is known to turn
over with extraordinary rapidity, its half-life in
plasma being about 2 minutes (2, 3); c) other
lipid fractions disappear from the plasma of evis-
cerated animals only very slowly (4, 5).

Over a period of 6 years we have failed to ob-
tain direct evidence that this prediction is true.
The discrepancy between what seemed likely to
be an unimpeachable prediction and valid experi-
mental observation led us to re-examine the basic
assumptions which we had applied to study of the
forearm of man and to consider the heterogeneity
of the forearm tissues and the complexity of its
venous drainage.

It is the purpose of this report to present data
on the differences in concentration of various me-
tabolites between superficial and deep venous blood
from the forearm of man, to verify the metabolic
heterogeneity of the forearm, to report the concen-
trations of FFA in arterial, deep venous and su-
perficial venous blood plasma from the forearm
of man, to point out differences in FFA metabo-
lism in males and females, and to show that a quan-
titative answer to the question, "Does oxidation of
FFA account for nearly all the oxygen consump-
tion of resting skeletal muscle in man in the basal
state ?" cannot be obtained by any of the techniques
currently available.

METHODS

Subj ects were volunteers from the medical student,
hospital, and university employee population. They were
all adults, mostly in their twenties, and included 62 men
and 13 women. Since the technique requires catheteriza-
tion of two forearm veins and an artery, for technical
reasons very obese people were not used. All subj ects
ate nothing after the preceding evening meal and drank
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only water thereafter. They presented themselves to the
laboratory at 8:30 a.m. and blood samples were obtained
no earlier than 9 a.m., some 15 to 16 hours after the last
meal. Catheterization was as described previously (1).

An 18 gage thin-walled Riley needle was threaded up-
stream into the brachial artery. A 20 gage thin-walled
needle was then threaded through the Riley needle thus
converting it into a double-lumen needle, with the tip of
the inner needle projecting 5 cm beyond the tip of the
outer needle. The lumen of the 20 gage needle was used
for the collection of the arterial blood sample; the in-
jection of Evans blue dye was made through the space
between the two needles. It is emphasized that every
precaution must be taken to assure that arterial samples
are collected without imparting any motion to the ar-
terial needle that may stimulate the artery mechanically
and so alter blood flow. Venous catheters (9-inch lengths
of polyethylene-90 tubing) were inserted downstream.
One catheter was passed through the deep communicating
vein in the antecubital fossa until its tip was no longer
palpable. It was usually passed until its progress was
obstructed by a valve and then withdrawn just sufficiently
to restore blood flow. Blood obtained from this catheter
is called deep venous blood and will be identified by the
symbol DV. A second catheter was placed in the largest
accessible superficial vein and was always palpable.
Blood obtained from this catheter is called superficial ve-
nous blood and will be identified by the symbol SV.
In nearly every case DVo2 content was obviously less than
SVo2 content simply by gross inspection of the color of
the blood.

Aiualytical methods
1. Glucose. The Nelson procedure (6) was used in ex-

periments 1-9, the anthrone method (7) in experiments
10-37, and the glucose oxidase method (8) in experi-
ments 51-76. Glucose analyses on experiments 38-50
were made with the enzymatic method, but are not be-
ing reported because the commercial heparin used in the
blood-collection syringe in this group of experiments
contained phenol as a preservative. It was later found
that phenol interferes with the method. The anthrone
method gave somewhat higher arterial concentrations
than the other two methods but A-V differences were
the same with all methods. For simplicity all experi-
ments are reported together regardless of method used.

2. Lactic acid. The Barker and Summerson proce-
dure (9) was used in the first 45 experiments and the
lactic dehydrogenase-DPN method (10) in the re-
mainder. There was no significant difference in arterial
concentration or A-V difference with the two methods
and results from all experiments are therefore reported
together.

3. Free fatty acids. These were not analyzed in the
first 16 experiments. Plasma samples from experiments
17-28 were transported in frozen state to Dr. Robert
Gordon at the National Institutes of Health, Bethesda,
Md., who kindly performed the analyses by the method
described by him (11). Analyses in the remaining ex-
periments were carried out by us using Dole's method

(12). Comparison of the results obtained with the two
methods showed no difference in arterial concentration
in the two groups of subjects, but A-DV difference was
significantly greater (p < 0.05) in the initial group. This
difference in the two groups is probably not to be at-
tributed to a difference in analytical methods, however,
since elimination of a single one of the 33 subj ects in the
latter group obliterates the significance of the difference
in the results obtained by the two methods. Here also,
then, data obtained by both methods will be presented
together.

4. Potassium. Internal standard flame photometry was
used.

5. Oxygen awd CO2. Analyses on whole blood were
determined by the method of Van Slyke and Neill (13).

6. Blood flow. This was determined by constant in-
jection indicator-dilution method using Evans blue dye
(14).

'When the arterial needle and venous catheters were
in place a constant intra-arterial injection (about 0.1 ml
per minute) of a solution of Evans blue dye was started.
When blood was not being collected venous catheters
were kept patent by slow gravity drip of 0.155 M NaCl;
the inner collecting lumen of the intra-arterial needle
was kept blood-free by constant power-driven inj ection
of warmed 0.155 M NaCl at a rate of less than 0.1 ml
per minute. A 5-cm sphygmomanometer cuff was placed
about the wrist and inflated to at least 200 mmHg to
exclude the hand from the circulation. Five minutes
later venous infusions were interrupted and blood was
allowed to drip freely from the catheters; 45 seconds
later the arterial NaCl infusion was discontinued and
free arterial bleeding was permitted. At the beginning of
the sixth minute (after 1 minute of venous and 15 sec-
onds of arterial flushing) syringes were connected to the
venous catheters and arterial needle (through flexible
polyethylene tubing) and blood samples were drawn
manually and simultaneously at a rate determined by the
slowest flowing of the three, usually SV. The dead
space of the syringes was prefilled with a solution of
heparin and the dead-space volume was precalibrated
gravimetrically.

The experiments were generally designed so that three
sets of blood samples were obtained from each subj ect
(where a set of blood samples is an arterial, SV and DV
sample). Occasionally fewer or more sets of samples
were obtained. The time interval from the first to last
set of samples averaged 36 minutes (range, 13 to 85).

It is essential that the blood be handled expeditiously.
The plugged syringes were carried immediately to the
laboratory, a few steps away, where a drop of mercury
was drawn into each syringe and the blood was mixed by
swirling. Blood was then distributed from the syringe
into three tubes, two of which were in ice water and one
at room temperature (23° C). Blood in one of the
chilled tubes was immediately laked and Somogyi precipi-
tating agents (15) were added; the supernatant was used
later for glucose and lactate determinations. The sec-
ond chilled tube was centrifuged in the cold; the plasma
was held for FFA analysis. The third tube was centri-
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TABLE I

.Metabolism of glucose, lactate, potassium, and oxygen and blood flow in the forearm *

I) Total subjects
Males Females (M vs F) (M + F)

A (mmoles/L)
A-DV (mmoles/L)
A-SV (mmoles/L)
SV-DV (mmoles/L)
p (SV-DV)
Q (,smoles/min/100

ml forearm)

A
A-DV
A-SV
SV-DV
p (SV-DV)
Q

A
A-DV
A-SV
SV-DV
p (SV-DV)
Q

A
Q-DV
A-SV
SV-DV
p (SV-DV)
Q

(ml/100 ml
forearm/min)

5.00 -- 0.111 (50)
0.16 it 0.021 (50)
0.22 it 0.041 (15)

-0.06 it 0.019 (15)
<0.01
0.57 -- 0.094 (40)

0.63 it 0.027 (60)
-0.12 - 0.013 (60)
-0.18 - 0.020 (22)
+0.06 i 0.029 (22)

0.05 < p < 0.1
-0.47 + 0.072 (47)

4.06 -- 0.029 (58)
-0.20 -- 0.032 (58)
-0.03 ± 0.024 (22)
-0.17 ± 0.041 (22)

<0.001
-0.46 it 0.093 (49)

8.49 i 0.105 (45)
3.02 ± 0.197 (45)
1.16 i 0.176 (8)
1.28 - 0.415 (8)

0.02
11.49 it 1.069 (34)

3.71 i 0.206 (49)

0.76 i 0.019 (42)

17.3 4± 4.96 (38)

Glucose
4.82 it 0.156 (13)
0.11 it 0.023 (13)
0.14 it 0.027 (11)

-0.04 -- 0.019 (1H)
<0.05
0.38 it 0.098 (12)

Lacatate
0.63 i 0.081 (13)

-0.10 i 0.026 (13)
-0.16 -- 0.023 (11)
+0.06 + 0.027 (11)

0.05 < p < 0.1
-0.34 :i 0.096 (12)

Potassium
3.86 -- 0.048 (13)

-0.14 ±0.040 (13)
-0.03 ±- 0.046 (11)
-0.06 it 0.028 (11)

<0.05
-0.30 -- 0.094 (12)
Oxygen

7.79 - 0.249 (5)
3.00 i 0.467 (5)

12.60 1.552 (4)

Forearm blood flow
3.74 it 0.245 (12)

Respiratory quotient
0.71 -± 0.035 (3)

(G-L)/02 %
7.0 it 12.71 (5)

NS
NS
NS
NS

NS

4.96 ±- 0.051 (63)
0.14 - 0.017 (63)
0.19 it 0.027 (26)

-0.06 it 0.013 (26)
<0.001
0.52 it 0.075 (52)

NS 0.63 -- 0.026 (73)
NS -0.12 it 0.012 (73)
NS -0.18 it 0.015 (33)
NS +0.06 it 0.021 (33)

<0.02
NS -0.44 -±- 0.060 (59)

<0.001
NS
NS

<0.05

NS

<0.02
NS

NS

NS

NS

NS

-0.19 i 0.027 (71)
-0.03 ± 0.022 (33)

-0.43 ± 0.076 (61)

3.02 ± 0.168 (50)

11.61 i 0.968 (38)

3.71 + 0.173 (61)

0.76 ± 0.018 (45)

16.1 i 4.61 (43)

* All values are means i SE of the means. The numbers in parentheses represent the number of subjects studied.
There was an average of 3 sets of arterial and venous samples per subject. NS = not significant; that is, p = 0.1 or
more. All values have been calculated to one decimal place beyond those listed in the table for the statistical computa-
tions and for derived data; this dropping of the last number is the explanation for what appear to be minor discrepancies
at some points; p in the four horizontal lines applies to tests of significance of the difference in concentration of metabolites
between superficial and deep veins (SV-DV). Vertical column headed "p (M vs F)" applies to tests of significance of the
difference in concentration of metabolites between males and females. A = concentration of metabolites in arterial
blood. A-DV (and A-SV) = the difference in concentration of metabolites between arterial and deep (or superficial)
venous blood (except that potassium concentrations were measured in plasma). Sy-DV refers only to paired values and
is not the difference between mean SV and mean DV for the groups as a whole. Q = net uptake or output, calculated
from the product of blood flow and A-DV (except that plasma flow was used for calculation of ! potassium). (G-L)/02
= per cent of oxygen consumption accounted for by glucose uptake corrected for lactate production (deep vein). Re-

spiratory quotient calculated from A-DV only.

fuged immediately at room temperature; potassium was
determined on this plasma. When gas analyses were
performed, part of the blood was kept in the capped
syringe which was then placed in ice water while awaiting
analysis.

RESULTS

For each of the parameters of metabolism in-
vestigated, results will be presented dealing with
the following questions:

18



HETEROGENEITYOF FOREARMMETABOLISM

1) Does metabolism of the deep and superficial
tissues differ ?

2 ) Is there a sex difference in metabolism?
3) Under these experimental conditions, is the

"basal state" a "steady state" or is there a time
trend in metabolism during the late morning hours?

Glucose. Arterial concentration, A-DV, and
A-SV in both males and females showed no time
trends. There was no significant difference in any

of these values between males and females. Con-
centration of glucose in superficial venous blood
was significantly less than that in deep venous

blood (Table I).
Lactate. There were no significant time trends

or sex differences. Both A-DV and A-SV were

negative; that is, net lactate production occurred,
but in both males and females A-SV was about
50 per cent greater than A-DV (Table I).

Potassium. It has been reported previously
that, under the conditions of these experiments,
K appears to be added to venous blood from
muscle; that is, concentration of K in plasma from
a deep forearm vein exceeds the arterial plasma K
concentration (16). This was confirmed in the
present study: of 73 subjects, deep venous K ex-

ceeded arterial K in 62. This was, however, not a

consistent finding in the superficial vein; in fact
the mean A-SV for both males and females did
not differ significantly from zero. The difference
in K concentration in the two veins was definite
(Table I). The arterial concentration of K av-

eraged 0.20 mEqper L higher in males than in fe-

males, a highly significant difference. There was,

however, no significant sex difference in A-DV
or A-SV. The arterial concentration of K re-

mained constant during the experimental period.
Concentration of K in plasma from both deep and
superficial veins, however, showed a definite tend-
ency to decrease, so that A-DV became less nega-

tive with time and A-SV, which was initially only
slightly negative on the average, became slightly
positive by the end of the experiment. Males and
females behaved similarly in this regard.

Oxygen. The somewhat higher arterial oxygen

content in males than in females (Table I) is ade-
quately explained by the fact that hematocrits
were slightly higher in the male subjects. A-DV
was the same in both sexes. Oxygen content in
SV was higher than that in DV in all 8 male sub-
jects. There were no time trends in oxygen me-

tabolism over the morning hours.
Free fatty acids. Arterial concentration of FFA

was the most labile of the metabolites (Table II).
In all 11 female subjects in whom multiple sam-

ples were taken there was a fall in concentration
during the period of study. The arterial concen-

tration in the male subjects was as likely to rise
(15 subjects) as to fall (17 subjects). The ini-
tial arterial concentration in the female subjects
averaged 50 per cent greater than that in the male
subjects. At the end of the experimental period,
since FFA concentration in the females fell while
that in the males showed no apparent systematic
variation, the concentration was only 30 per cent

TABLE II

Plasma FFA concentrations in forearm in basal state *

Arterial A-DV A-SV

mmoles/L mmoles/L mmoles/L

Males Initial 0.63 i 0.032 (35) 0 i 0.019 (35) -0.13 ±t 0.035 (23)t
Final 0.66 i 0.031 (33) -0.05 ± 0.028 (33) -0.15 ±4 0.028 (23)t
Change 0.02 + 0.020 (33) -0.06 ± 0.020 (33)t -0.03 ± 0.026 (23)

Females Initial 0.93 4- 0.090 (12) 0.10 i 0.060 (12) -0.15 ± 0.089 (11)
Final 0.86 i 0.076 (11) 0.04 ± 0.080 (11) -0.05 ±0.044 (11)
Change -0.10 ± 0.025 (11)t -0.06 + 0.028 (11)t 0.10 ± 0.070 (11)

Males vs Initial 0.30 i 0.096t 0.10 4 0.063 0.02 ± 0.096
females Final 0.20 ± 0.082t 0.09 4 0.084 0.11 i 0.051t

Change 0.11 i 0.032t 0 ± 0.03 0.13 i 0.075t

* Symbols as in Table I.
t Refers to those means which differ significantly (p < 0.05) from zero, for case of A-V differences, or in which

changes were probably not due to chance (p < 0.05). Data are means i SE of means. Numbers of subjects given in
parentheses.
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greater, still a significant difference. Because the
female subjects had higher arterial concentrations
and a distinct downward trend with time, while
the males had lower concentrations which tended
to rise, the data were further analyzed to see

whether the time course of the arterial concentra-
tion for the entire group was related to the initial
FFA concentration. A strong negative correla-
tion exists (Figure 1). Invariably, large increases
in arterial FFA concentration occurred only when
the initial concentration was below 0.65 mmole per

L; large falls occurred only if the initial concen-

tration exceeded 0.65.
The expected positive A-DV was not demon-

strated for the entire group of subjects, although
in some there were consistently large uptakes of

FIG. 1. RELATIONSHIP BETWEEN INITIAL ARTERIAL

CONCENTRATIONOF FFA AND SUBSEQUENTCHANGESIN

FFA CONCENTRATIONWITH TIME. Open circles repre-

sent female subjects; closed circles, males.
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VENOUS, AND SUPERFICIAL VENOUS PLASMA. A. Four
representative subj ects demonstrating uptake of FFA by
deep forearm tissues and output from superficial fore-
arm tissues. B. Four subjects demonstrating either no

net movement of FFA between arterial and deep venous

plasma or output of FFA by deep tissues (see text).
Output of FFA by superficial tissues occurs in each of
these subjects.
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FFA. Four examples are shown in Figure 2A.
Others showed either no A-DV difference (the up-
per two subjects in Figure 2B) or even negative
A-DV difference (the lower two subjects in Fig-
ure 2B). These will be commented on below.
There was a tendency for the A-DV to become
more negative with time in both male and female
subjects (Table II). A preliminary report on the
A-DV differences in our first 9 subjects was pre-
sented by Gordon (17).

The expected output of FFA from superficial
tissues was a much more consistent finding: 28 of
the 34 subjects had negative A-SV differences
(Table II and Figure 2). There was a tendency
for the output of FFA to diminish with time in
the female subjects, so that by the end of the ex-
perimental period the A-SV in the males was more
highly negative than in the females, although ini-
tially they were essentially the same.

The fraction of the oxygen consumption ac-
counted for by the uptake of FFA can be calculated
by assuming that 1 mole of FFA is equivalent to
25 moles of oxygen.

Since QFFA= (A-DV)FFA X plasma flow, and
Qo2 = (A-DV)o2 x blood flow; and since plasma

100

75 _ -

z

0~
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FIG. 3. PER CENT OF OXYGENCONSUMPTIONACCOUNTED
FOR BY FFA UPTAKE. Black circles represent those
subjects in whom both oxygen and FFA were measured.
Open circles represent subjects in whom only FFA was

measured; mean value for (A-DV) 02 was used as a

rough approximation (see text).

flow = blood flow x plasmacrit, the fraction of 02
uptake accounted for by FFA oxidation, FFA/02,
can be calculated from:

FFA _ (A-DV)FFA X 25 X plasmacrit
02 (A-DV)o2

Note that blood flow is not needed for this cal-
culation.

In 23 subjects simultaneous 02 and FFA de-
terminations were made and FFA/02 calculated.
The closed circles in Figure 3 show that occasion-
ally a major fraction of the oxygen consumption
can be accounted for, but in most subjects the
role of FFA is apparently minor. In 24 other
subjects (the open circles in Figure 3), 02 was
not measured; a rough estimate of FFA/O2 in
these subjects can be made by assuming an A-DVo2
difference of 3 mEqper L (the mean value in our
subjects). FFA appears to account for a larger
fraction of 02 uptake in women.

DISCUSSION

There is nothing novel in the notion that the
concentration of certain metabolites is not neces-
sarily identical in all veins draining the forearm.
That 02 content may vary widely from vein to
vein is so well known as to require no documenta-
tion. Monod and co-workers (18) compared the
concentrations of 02, CO2 and lactic acid in a su-
perficial and in a deep vein of the forearm. Their
technique differed from ours only in that they did
not occlude circulation to the hand. They re-
ported the anticipated fact that 02 content was
greater and CO2 content less in superficial than in
deep venous blood. Their data differ from ours
in that they found lower (though not significantly
so) lactic acid concentration in superficial than in
deep venous blood. The difference may be owing
to the inadequate number of subjects (three) in
whom they obtained data on superficial venous lac-
tate concentration and in part to the fact that they
do not report SV-DV for individual subjects;
that is, they compare mean SV in 3 subjects to
mean DVin 16 subjects.

Superficial venous blood, in our observations,
is characterized by a lower glucose and a higher
lactate concentration than is deep venous blood.
However, the A-V differences are such that, both
in the tissues drained by the deep vein and in those
drained by the superficial vein, about 45 per cent
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of glucose uptake is accounted for by lactate pro-
duction. Although our data are relatively meager
with respect to A-SVo2 differences, on the aver-
age, nearly 60 per cent of 02 uptake by tissues
drained by the superficial vein is accounted for
by glucose uptake (corrected for lactate produc-
tion), in contrast to less than 20 per cent for the
case of tissues drained by the deep vein.

A report by Butterfield and Schless (19) is
unique in that among 8 so-called "control" sub-
jects (but including subjects with obesity, hyper-
thyroidism, and acromegaly) there were very large
FFA A-V differences; so large in fact, that in
two of them enough FFA was apparently ab-
stracted to account for several times the mean 02
uptake by our subjects. This report is almost
certainly erroneous. Arterial FFA in their sub-
jects was several times the upper limits of normal
in all other series, possibly because they kept can-
nulae patent by intravascular infusion of heparin.

Despite excellent theoretical reasons for antici-
pating that FFA serves as an important metabolic
substrate for forearm tissues, in the majority of
cases A-DV was in fact too small to account for a
major part of forearm 0., uptake. The failure to
show FFA uptake by deep forearm tissues is not
to be taken as proof that the role of FFA is minor.
In the first place, there is no doubt that FFA is
extracted from arterial blood by forearm tissues.
This fact is clear from the data of Friedberg and
associates (20) who observed that, whether FFA
A-V difference was positive or negative, the radio-
activity of forearm venous blood (site unspecified)
was less than that of arterial blood during plateaus
of radioactivity in arterial blood in the course of
continuous, remote, intravenous infusion of pal-
mitic acid-C14. This is, of course, a purely quali-
tative observation, and the technique does not per-
mit any decision concerning the magnitude of FFA
uptake. In the second place there were, among
our subjects, some in whomapparent FFA uptake
bv tissues drained by the deep vein was adequate
to account for a major fraction of 02 uptake.
Failure to demonstrate this consistently may de-
pend upon complexities of venous drainage and
adipose tissue distribution in the forearm, as sug-
gested by Gordon (17) on the basis of his analy-
ses of our early plasma samples. Since it has
now become common to use FFA concentration
in antecubital venous plasma as an index of sys-

temtic metabolism of FFA, a more detailed con-
sideration of these complexities is in order.

Of the tissues composing the forearm, con-
sider only two, adipose tissue and skeletal muscle.
For purposes of simplicity consider that arterial
blood to the forearm divides into two major paths.
One, the superficial bed, supplies subcutaneous
adipose tissue. The other, the deep bed, supplies
muscle and that adipose tissue which is streaked
intimately among muscle bundles. There are
known luxuriant intercommunications of super-
ficial and deep veins of the forearm (21). Con-
ceivably, venous effluent from the superficial bed
(adipose tissue) may flow, in part, through com-
municating veins to join the deep venous effluent
(largely draining muscle, but including intermus-
cular adipose tissue). Venous effluent from the
deep bed may flow, in part, through communicating
veins to join the superficial effluent. A catheter
placed in a superficial vein of the forearm may
sample, therefore, not only effluent from subcu-
taneous adipose tissue, but also effluent from
muscle and deep adipose tissue. A catheter placed
in a deep vein of the forearm may sample not only
effluent from muscle and from an uncertain mass
of intermuscular adipose tissue, but also an uncer-
tain contamination by superficial venous blood.

The second possibility seems unlikely in view
of the recent reports of Roddie, Shepherd and
Whelan (22), and Coles, Cooper, Mottram and
Occleshaw (23), who showed by several techni-
ques that superficial venous blood does not enter
the deep venous system of the forearm unless a
pressure cuff above the elbow is inflated to "ve-
nous occlusion" pressure, 50 to 70 mmHg. Thus,
if blood flow were measured by venous occlusion
plethysmography, a forced flow of superficial blood
into deep veins would be expected. Because the
dye-dilution flow method was used in our studies
(no venous occlusion), this type of contamination
probably did not occur.

In addition to the foregoing anatomical compli-
cations there are the following metabolic com-
plexities. First make the assumption that FFA
is released from adipose tissue and diffuses into
venous blood, and that FFA is taken up by muscle
after diffusing from arterial blood. Thus, in the
deep forearm tissues when a single vein drains
both FFA-producing and FFA-utilizing tissues,
the difference in FFA concentration between ar-
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tery and vein is determined by the relative rates
of the two processes. An experimental approach
to these considerations was attempted in a prepa-
ration of the hind limb of the dog (24). In dogs,
under pentobarbital anesthesia, all muscles of the
left hind limb but the gastrocnemius-plantaris
group were removed. The arterial supply to the
gastrocnemius-plantaris muscle was isolated so
that blood flowed only to this muscle group (and
to adipose tissue laced within it). Venous efflu-
ent was isolated so that it drained only the gastroc-
nemius-plantaris group. Superficial fat and ma-
jor fat deposits between muscle bundles were ex-
cised as thoroughly as possible. Despite these
precautions, venous FFA concentrations exceeded
arterial more than half the time. When net FFA
uptake did occur it was far too small to account
for the observed 02 consumption. Despite me-
ticulous dissection, much adipose tissue still re-
mained in the preparation; extraction of the
muscle with ether-alcohol at the end of the ex-
periment showed about 4 per cent lipid. The
pertinence of these experiments to the human
studies is open to question. The hind limb prepa-
ration has a much higher glucose uptake and R.Q.
than has the forearm of man. It seems likely that
FFA does not serve as a major substrate in that
experimental preparation.

Another factor which cannot be assessed is the
possibility of direct diffusion of FFA from deep-
lying adipose tissue into contiguous muscle through
the interstitial fluid without traversing any vas-
cular bed. In this event FFA might serve as a
major fuel and be unmeasured by techniques
based on the Fick principle.

Sex differences in the metabolism of FFA have
not previously been noted. The arterial concen-
tration is much higher in female subjects and,
although a fall in concentration does occur with
time, it still remains at a higher level. A correla-
tion between FFA concentration and obesity has
been noted, but this correlation is present only if
extremely obese subjects are included (12). The
female subjects of the present series were not
obese, but undoubtedly a higher percentage of
their body weight was composed of fat than was
that of male subjects. Perhaps this is in some
way related to the higher basal concentration of
FFA in arterial plasma of women.

The explanation for the fall in arterial FFA

concentration during the morning hours in some
subjects is not known. Stress of the experiment
might cause release of epinephrine. This should,
however, result in a rise in FFA concentration
rather than a fall (11, 12), although the excite-
ment during vasopunctures might have produced
initially high levels. Epinephrine release, how-
ever, should also have caused an elevation of ar-
terial blood glucose and lactate concentration (25)
and a fall in arterial potassium (26); but these
were all normal in our subjects and furthermore,
they showed practically no variations during the
morning (all varied by only 1 per cent or less on
the average). Nevertheless, the reservation must
be held that the FFA response to epinephrine may
be a more sensitive index of epinephrine action
than is any of the other functions mentioned. The
possibility also exists of norepinephrine release,
with effects on FFA (27) but with negligible ef-
fects on glucose and lactate (28) ; but this is un-
proven.

Since there is a "metabolic pattern" for deep
and superficial forearm veins, with significant dif-
ferences in glucose, lactate, potassium, and oxy-
gen as well as in FFA metabolism, it was of in-
terest to examine the total metabolic pattern in
those subjects who showed inordinately high
negative (A-DV)FFA (as in Figure 2B). This
analysis revealed almost always that A-V differ-
ences of the other metabolites also resembled those
to be expected from a superficial vein: positive
potassium A-V differences, small oxygen A-V
differences, and larger than average glucose and
lactate A-V differences. Since the introduction
of the catheter into the deep forearm tissues is a
blind procedure, it seems from the above evidence
that occasionally it enters a small vein that drains
predominantly tissues which act metabolically
like the tissue drained by the superficial veins-
i.e., adipose tissue.

The magnitude of the differences in concentra-
tion of some metabolites in different forearm veins
deserves emphasis. The FFA concentration in
one forearm vein may be twice as great as that
in another vein (Figure 2A). Clearly, for meta-
bolic studies on FFA involving repeated blood
sampling, this variable must be controlled either
1) by sampling through an indwelling needle or
catheter whose position is unchanged during the
study, or preferably 2) by arterial sampling.
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Studies on glucose, lactate, and potassium metabo-
lism in which great delicacy is required for the
measurement of subtle changes will also demand
attention to the above strictures.

SUMMARY

1. IUnder basal conditions in blood draining
chiefly superficial tissues of the forearm, concentra-
tions of glucose and potassium (in plasma) are
lower and concentrations of lactate, free fatty
acids (FFA) and oxygen are higher than in blood
draining chiefly deep tissues of the forearm. The
fraction of 02 uptake accounted for by glucose up-
take, corrected for lactate production, and complete
oxidation of glucose assumed, is much greater in
superficial than in deep tissues. Whereas there
is net leak of potassium from deep forearm tissues,
there is no significant difference between arterial
and superficial venous plasma potassium con-
centration. Superficial tissues, presumably adi-
pose tissues, discharge FFA into venous blood.
FFA in deep venous plasma is not significantly
different from arterial FFA.

2. Arterial potassium concentration is greater
in males, who also show a greater difference in
potassium concentration between deep and super-
ficial veins. Females show a much higher arterial
FFA concentration, a tendency for FFA concen-
tration to fall with time, and a decreasing output
of FFA from superficial tissues.

3. The changes in arterial concentration of FFA
with time are related to the height of the initial
values: low concentrations tend to rise and high
ones to fall.

4. Owing to anatomical considerations, the Fick
principle is not entirely applicable to assessment of
FFA metabolism by forearm muscles. It can oc-
casionally be shown that FFA act as major sub-
strates for resting muscle under basal conditions.
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