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Since the introduction by. Kety in 1949 (1) of
the radioactive sodium clearance method for meas-
uring regional blood flow in muscle, much work
using this method has been published. The re-
sults have been varied, and conflicting in many
respects. Some have supported the contention
that the rate of sodium clearance is a good index
of local muscle blood flow (2, 3), others have not
(4, 5). Perhaps the dominant conclusions one
draws from existing data are that: 1) There is
a wide range of values for sodium clearance rate
from muscle in the resting human; 2) there is a
large overlap between clearance rates from a
normal group and from a group with known
peripheral vascular disease; and 3) nevertheless
for any given individual those influences such as
exercise, drugs, and temperature, which have been
noted to increase or decrease muscle blood flow,
usually cause parallel changes in the rate of so-
dium clearance from muscle.

The problem arises then as to whether the wide
range of clearance values noted in normals, and
the considerable overlap found between normal
and pathologic material, reflect actual variation in
regional flow rates or are due to inherent errors
in the clearance method as an index of flow.

To further elucidate this problem and to test
as rigorously as possible the accuracy and de-
pendability of the sodium clearance method as a
measurement of total blood flow, a series of direct
and simultaneous comparisons between total blood
flow through muscle and sodium clearance there-
from was carried out.

Any conclusions concerning blood flow as re-
lated to radioactive sodium clearance from this
study must of necessity refer to total blood flow

since that was the quantity measured. Effective
blood flow, which refers to the fraction of total
blood flow going through the capillaries, cannot
be directly measured at the present time. There-
fore any conclusions relating the clearance rate of
radioactive sodium to effective blood flow (capil-
lary circulation) are in the realm of speculation.

METHODS

Ten experiments were performed to determine the re-
lationship between the cfearance rate of radioactive so-
dium from an injected intramuscular site and the blood
flow through the muscle. Dogs used in this experiment,
ranging in weight from 12.7 to 23 Kg., were anesthetized
with Sodium Nembutal. ®

A large incision was made in the skin of the foreleg ex-
tending from the anterior superior surface of the shoulder
joint, distally and somewhat medially, to the elbow joint.
The skin and subcutaneous tissue were reflected and the
underlying muscle was exposed. Several large muscles,
serratus ventralis, brachiocephalicus, pectoralis super-
ficialis, and pectoralis profundus, were divided and re-
flected so as to expose the biceps muscle. This also al-
lowed for exposure of the brachial artery and vein which
were about one centimeter medially and along the longi-
tudinal axis of the muscle. The brachial artery and vein
and their branches and tributaries were carefully dissected
and freed of their connective tissue attachments. In most
of the animals three pairs of nutrient vessels supplied the
biceps muscle (Figure 1). The artery and vein which
entered the middle portion of the muscle on its medial
aspect were the largest in caliber and these vessels were
the ones used for perfusion. The smaller pairs of vessels
at the proximal and distal portions of the muscle were
ligated. All other branches of the brachial artery and
tributaries of the brachial vein were ligated and divided.
A cannula (Cv) was placed in the brachial vein and this
vein was ligated just distal to the point where the vein
from the biceps muscle joined it. This made possible the
collection of the venous outflow from the biceps muscle.
The experimental dogs received heparin approximately
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4.5 mg. per Kg. of body weight just prior to the inser-
tion of the venous cannula. A cannula (Ci.) was placed
in the brachial artery which was ligated just distal to
the arterial branch to the biceps. The arterial cannula
was then connected to the perfusion pump with Tygon
tubing.

In each experiment the venous outflow from the biceps
muscle was measured immediately after cannulation of
the brachial vein and just prior to the cannulation of the
brachial artery. In all instances a relatively large rate
of flow was found. These values, however, were not
reported since they did not appear directly relevant to
the experiment and ligation of numerous branches of the
brachial artery would tend to divert more blood to the
biceps muscle.

The nerve supply to the biceps was left intact except
in Experiment No. 2 when it was inadvertently severed
during dissection.

Both the tendon of origin and tendon of insertion of the
biceps muscle were severed. This was necessary so as
to obliterate any blood supply reaching the muscle by
way of the tendons. At this point in the dissection the
entire muscle could be lifted and completely separated
from the extremity except for the arterial branch, ve-
nous tributary, and the nerve supplying the biceps. The
proximal tendon, the tendon of origin, was sutured to-
gether again. The more distal tendon, the tendon of in-
sertion, was short; the tendinous portion of the muscle
was clamped with a small hemostat. The hemostat was
anchored to the extremity with thread so as to maintain
anatomic relations and relative muscle stretch.

Donor dogs were anesthetized, heparinized (approxi-
mately 4.5 mg. per Kg. of heparin), and bled into an
open reservoir. In all but Experiment Nos. 1, 3, and 4
this blood was passed through an oxygenating device.
The oxygenating device for the blood consisted of a
Vigreaux distillation column to which a glass joint and
side tube was attached near the bottom. Oxygen was al-
lowed to enter through this side tube. Blood was poured
into the column at the top and bubbles of oxygen passed
up through the tube as the column of blood descended.
This method of oxygenation resulted in very little hemoly-
sis as demonstrated by the plasma hemoglobin values be-
fore and after passage through the oxygenating column.
Prior to this passage of the blood through the column,
5 to 10 ml. of heparin was added. This blood was then
placed in two open reservoirs A and B (Figure 2).

A Phipps and Bird Infusion Pump was utilized to es-
tablish a relatively constant blood flow through the mus-
cle (Figure 2). This pump pushes a standard 50 ml. hy-
podermic syringe at an adjustable constant speed. Thus
a steady flow of blood to the biceps muscle could be main-
tained for a desired period of time. The syringe (S)
was filled with blood from reservoir A by changing the
position of the stopcock at D. While the syringe was
being filled, flow to the isolated muscle could be main-
tained by gravity from reservoir B by changing position
of Stopcock E.

Pressure within the system was recorded with a
Statham Pressure Transducer, Model P23A (c), which
was placed into the perfusion circuit through a T-tube at
F. The pressure was recorded through a Grass Bridge
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Amplifier on a direct-writing ink oscillograph. Mean
pressures were obtained by planimetric integration.

Temperature of the room was recorded continuously
on a Brown Recording Thermograph.

Blood samples for analysis of hemoglobin and per cent
O, saturation were obtained just proximal to the arterial
cannula through the three-way stopcock at G.

Radioactive sodium, Na®, 5 microcuries in 0.1 ml. iso-
tonic NaCl, was injected approximately one centimeter
into the biceps muscle through a No. 26 gauge needle.
Occasionally a small reflux of the injected material would
appear at the injection site after the withdrawal of the
needle. This was removed with gauze moistened with
saline and the surface then blotted with dry gauze.

A lead-shielded Nuclear Scintillation Counter, Model
No. DS1 and a Nuclear Scaler, Model No. 165, were
used to follow the disappearance rate of the radioactive
sodium from the muscle. The scintillation assembly was
placed over the injection site one inch from the surface
of the muscle. No additional shielding of the aperture
of the scintillation tube was used to eliminate beta radia-
tion. (Previously at this distance there was no difference
in counting rate between samples counted with an alumi-
num absorber adequate to eliminate beta radiation and
those counted without the aluminum absorber.) Sufficient
sample and background counts were measured to assure
a standard deviation of *+2 per cent or less for all but
the weakest samples. Rarely, late in an experiment, the
one minute counting rate had fallen to a level producing
a standard deviation of = 5 per cent.

After injection of the Na® and placement of the scintil-
lation counter repeated one-minute counts were recorded

E 'D
A- Blood Reservoir

B- Blood Reservoir (gravity flow)

C- Statham Pressure Tronsducer
Model P23A

Cx Arterial Cannula
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with fifteen-second intervals between each count. Usually
eight successive counts were recorded and the interval
of time over which these counts were taken constituted
a clearance period. Occasionally as few as five or as
many as nine counts were used, depending upon the re-
producibility of the volumes of the two-minute collections
of venous blood during the clearance period.

Blood flow through the biceps muscle was measured
by collecting the venous outflow from the biceps muscle
through a cannula in the brachial vein. During all clear-
ance periods the venous blood was collected for two-
minute intervals in 10 milliliter volumetric mixing cyl-
inders. Thus the sum of these two-minute volumes was
determined during the total time required for a clear-
ance period. The mean venous outflow was then calcu-
lated in milliliters per minute. Later when the weight
of the biceps muscle was determined, the mean venous
outflow was expressed in milliliters per minute per 100
grams of muscle. The sum of the volumes of blood col-
lected for two-minute intervals during a clearance pe-
riod was determined and the mean flow per two-minute
interval was calculated for the entire clearance period.
All clearance periods which contained two-minute vol-
umes of blood which deviated more than ten per cent
from the mean for that period were discarded. This was
taken as evidence of an inconstant flow during the clear-
ance period.

The biceps muscle preparation in this experiment had
a completely isolated circulation. Fresh donor dog’s
blood was infused into the muscular arterial branch sup-
plying the muscle and the total venous outflow from the
muscle was collected and discarded. Consequently, in

INFUSION PUMP

BICEPS MUSCLE

Cy Venous Cannula

D- Three-way Stopcock

E- Three-way Stopcock

F- T-tube

G- Three-way Stopcock

S- Stondard 50ml. Hypodermic
Syringe

F16. 2. ScHEMATIC DIAGRAM SHOWING PERFUSION APPARATUS AND ITsS RELATIONSHIP TO
PERFUSED MUSCLE
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TABLE I

Summary of the data from the experiments where Na™ was injected iniramuscularly—Each horizontal row of figures
in a given experiment refers to the data obtained during one clearance period in that experiment

Maximm
deviation
Mumber Mean bi- of flow
of one- oops ven- from mean
Clearance nimite Mean bi- ous out- flow for |, . Plasma bhenmo- | Temperature)
Mmber rate of | Half- counts ceps ven- flow in fusion entire Oxygen content | globin con- | range of
of Ba22 in | time determin- | ous cut- [ml./ain./200 |p 1 of in] tent of per-|’ the rom
axperi- % per in ing clear- | flow in Q. of in m. of $ fusate in in degrees
went ninute ainutes Jance rate ul./minute] muscle -ug in § ¢ saturation . % Fehrenheit l-nh_
1 9%.5 4 .
2.2 3.2 7 K] 4.3 100 5.7 Oxygenating device
. not used.
3.8 17.9 8 1.1 6.7 135 7.0
3.7 18.4 8 2.1 12.8 3.0 84-89
93.5 4
4.7 14.4 8 2.0 12,2 as 4.0
31 22.0 8 11 6.7 168 2.7
89.4 4
2 [Before 0, 91.2 10
29 23.6 7 40 118 9.0 A ter 02 94.0 2 Densrvated.
3.7 18.4 1.0 5.7 17% 5.2 78-84
. 7 1. 7. 234 o
4.6 14.7 3 4 0.2 .
3 95.8 n
2.6 26.3 8 7 2.7 ” 1.5 Oxygenating device
not used.
3.3 20.6 9 1.2 4.7 124 5.5
3.2 2.3 8 1.5 5.9 161 8.8 7%6-82
9.8 29
3.9 17.4 8 1.8 7.0 186 7.1
2.7 25.3 8 .8 3.1 100 5.2
3.7 18.4 7 1.8 7.0 17”7 3.4
93.0 9%
4 87.0 3
1.9 36.1 9 .8 4.0 86 5.0 Oxygenating device
4 16.6 8 1.3 6.5 133 2.3 n-a ot used.
3.6 18.9 8 1.8 9.0 1% 5.7
4.6 14.7 8 2.2 1.0 246 3.6
’ 87.3 6%
5 At
8 %4 8 -8 3.2 82 3.8 0 %06 12
35 15.4 8 1.3 5.2 1n? 4.0
3.9 17.4 8 1.7 6.8 139 2.3 74-80
4.0 17.0 8 21 8.4 Ul 1.4 jats “wo
1.9 36.1 6 1.1 A4 139 0
Before 0, 96.4 5
3 After 0,° 96.9 1%
2,7 25.3 8 .3_ . 3 9% 3.8
4.2 16.2 8 1.3 7.2 120 0
5.0 . 8 1.8 0.0 155 1.6 : 75-80
1.5 9.8 ]
5.3 12.7 9 2.1 n.7 773 4.2
5.3 12.7 2.2 12.2 208 3.3
? “94.3 53
Before O, 69.9 2
7 After O 93.0 [
2.7 25.3 8 K 2.6 93 5.4 2
4.3 15.8 8 1.2 A 136 5.6 80-83
4.6 U7 8 1.7 6.3 165 3.0
90.9 46
5.3 12.7 9 1.9 7.0 201 7.6

®* This value is the
two-mimute collection volumes for the entire cl

of individual two-minute vencus collection volumes for the mean of all

period,

d in per cemt.
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TABLE I—Continued
Maximm
deviation
Bamber Mean bi- of flow
of one~ ceps ven- from mean
Clearance minute Mean bi- ous out- llnnqunwfer Plasus hemo-| Temperature
Thmber ‘nz of Half- counts ceps ven— flov in fusion en' Oxygen content globin con- range of
of Nac< in time- jdetermin- Jous ocut~ al./min./100 | pr at of "in | tent of per- the room
% per in ing clear~ iflow in Gm. of in =, of| 1od fusate in in degrees
mpot | minute | winutes Juwo rate |ml. muscle mercury |in % * saturation 8 Remarks
8 3.3 2.6 8 .8 2.6 54 3.8 Before 0, 94.5 2
After 02° 94.5 5
4.9 13.8 8 1.3 4.2 85 9.3 2-T7
6.5 10.3 8 1.7 5.5 116 4.6
96.9
6.4 10.5 8 2.0 6.5 137 8.3 2
9 21 32.7 8 .8 3.5 93 6.6 Botaroooz 89.1 23
31 22.0 8 1.2 5.2 1% 2.4 2 7T %79
4.6 14.7 8 1.6 7.0 186 1.8
95.3 192
5.4 12.5 7 2.1 9.1 157 6.7
10 3.7 18.4 9 1.5 5.6 105 9.6 Before 0, 81.0 4
. After 0, 88.8 13
3.7 18.4 7 1.4 © 5.2 n7 4.8
89.9 660
4.6 1%4.7 9 1.8 6.7 93 5.5 U1
3.5 19.5 9 1.6 5.9 u6 4.2
86.8 L0
41 16.6 7 1.8 6.7 89 7.9
3.6 18.9 7 1.6 5.9 n 1.8
85.2 222
ISCHEMIC AND ANOXIC MUSCLE
¥ 2.6 A26.') 8 .8 2.6 56 5.0 Before 0, 84.4 6
After 0, 94.8 45
3.7 18.4 8 1.4 4.5 59 2.1 Ischeaic for 75
- 3-19 minutes prior tg.
4.5 15.1 8 1.8 5.8 9% 4.3 . injection of Ma“<.
90.4 45
6.2 10.8 8 2.2 7.1 93 31
2 1.5 45.9 10 .8 2.9 59 6.9 Befors 0, 6.4 n
After 0,° 94.8 43
3.8 17.9 8 1.3 4.9 ke 31 73-80 Ischemic for 75
. : ninuf
5.2 13.0 9 1.6 5.7 124 6.2 mjcg;::;rl:gz.
97.4 a5
u faus 9.2 ] .8 3.3 5 49 [Berere 0, 64.2 4
After 0,°'90.5 n
2.5 27.4 7 1.2 5.0 84 2.0 2 76-80 Ischemic for 80
3.5 19.5 8 1.8 7.5 165 &4 mt: Lghed
2.1 158 injection of .:32,
® This valus is the d of ind PO

two-minute collection volumes for the entire cl

vencus collection volumes for the mean of all

this preparation the “recirculation” of radioactive sodium
through the muscle was completely eliminated.

It was frequently noted during the later portions of an
experiment that the clearance rate for any given blood
flow would progressively decrease. When the same rate
of blood flow was maintained for two or three clearance
periods in the late phase of the experiments, progressive
“flattening” 1 of the slope of disappearance of Na® often

1 The term “flattening” refers to a progressive decrease
in the rate of clearance of radioactive sodium as a func-
tion of a given rate of flow.

period, exp:

d in per cent.

was observed. When this “flattening” phenomenon was
observed, the results from these latter clearance periods
were not included in the data in Table I.

No reinjections of radioactive sodium were performed
in any of these experiments. It had previously been
learned that a high rate of flow for a long time interval
was usually required to completely remove all of the
radioactive sodium from the muscle and thus obtain a
count which was even near the original background
count.

Collateral blood flow, which could have inadvertently
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resulted from failure to ligate small arterial branches and
venous tributaries, was checked by placing a hemostat on
the perfusion tube which was connected to the arterial
cannula. Absence of venous outflow during this proce-
dure was accepted as evidence of an isolated circulation
to the biceps muscle. Either small arterial branches
joining the brachial artery distal to the cannula or small
venous tributaries joining the brachial vein proximal to
the venous cannula would have resulted in a flow of blood
from the venous cannula. If evidence for collateral ves-
sels was found, and the vessels could not be obliterated,
the experimental data were considered invalid and not
reported.

At the termination of each experiment India Ink was
injected into the arterial cannula. The ink flowed rela-
tively easily through the muscle vasculature and drained
from the venous cannula. No evident swelling of the

10~
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muscle was produced by perfusion of either the blood
or the colloidal suspension of India Ink. The biceps
muscle was then removed and sectioned with a scalpel.
In each experiment the muscle was found to be diffusely
and homogeneously darkened. The muscle was then
weighed. Section of neighboring muscles in the foreleg
with a scalpel revealed no evidence of darkening with the
colloidal suspension.

Experiment Nos. 1A, 2A, and 3A were performed in
the usual way except that the muscle was purposely
made anoxic and ischemic. After cannulation of the ves-
sels, and prior to the onset of perfusion and injection of
the radioactive sodium intramuscularly, the muscle was
allowed to remain without any blood supply for a pe-
riod of 75 to 80 minutes. Then the perfusion and in-
jection of the Na™ were carried out in the usual way.

Experiment Nos. 1B, 2B, and 3B were performed to

y=25+0.22x
Sy=09
r=0.575

®Innervated Biceps Muscle
oDenervated Biceps Muscle
alnnervated Biceps Muscle After
75-80 min.Without Blood Flow.
These Points Are Not Included In
The Statistical Analysis.
— Line of Regression
=== Limits of Standard Error of Estimate

0 ] 2

3 4 5 6 7 8 9
MEAN VENOUS OUTFLOW FROM THE BICEPS MUSCLE

1 1 1
10 [ 12 13 14 IS

IN ml. PER MINUTE PER 100gm. OF MUSCLE

F1c. 3. LINEAR RELATIONSHIP BETWEEN CLEARANCE OF RADIOACTIVE SODIUM FROM
INJECTED SITE IN MUSCLE AND BLOOD FLOW THROUGH THE MUSCLE

The wide variation in clearance rate for any given flow is evident.
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test the closeness of correlation between flow rate and
clearance of Na® from muscle following its injection into
the arterial supply to that muscle. They differed from
the other experiments in the following respects. Instead
of injecting the radioactive sodium intramuscularly, Na™
(25 microcuries in 0.5 ml. in Experiment Nos. 1B and
2B and 20 microcuries in 0.4 ml. in Experiment No. 3B)
was injected into the perfusion tube just proximal to the
intra-arterial cannula. In Experiment Nos. 1B and 2B
the clearance periods were much longer than in previous
experiments. In Experiment No. 3B the clearance pe-
riods were of the usual length. At the termination of
each of these experiments the biceps muscle was injected
with India ink and then removed without changing the
original position of the scintillation tube. In each in-
stance the counts after removal of the muscle were very
close to background and it was concluded that there was
very little contamination of the tubing and cannulae distal
to the injection site, :

The oxygen saturation of the blood used for perfusion
was determined by the method of Gordy and Drabkin (6).

The plasma hemoglobin concentration of the blood used
for perfusion was determined by the method of Creditor

@).
RESULTS

Relationship between blood flow and clearance
rate of radioactive sodium from am iniramus-
cular injection site in muscle with an adequate
supply of oxygenated blood

The over-all results of the correlation between
the clearance rate of radioactive sodium from an
injected site in the biceps muscle and the blood
flow through the muscle can be seen in Table I
and Figure 3. A linear relationship as determined
statistically was noted between clearance and flow.
However, the large standard error of estimate
about the line of regression prevented accurate
estimation of flow from a given clearance value.

The linearity of the line of regression was
tested by the analysis of variance about the line us-
ing the method of Fisher (8). The deviations
from linear regression were not significant—they
were fully accounted for by the variations within
the arrays; so linearity was indicated. The equa-
tion found for the line of regression was y = 2.5 +
22 X. The standard error of estimate about this
line of regression was 0.9. Thus 99 per cent of
the clearance values for a given flow would fall
between plus or minus 2.7 per cent (2.7 per cent
referring to units of the ordinate rather than per
cent variation about the line). The coefficient of
correlation was 0.57. This can be considered a

$51
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F16. 4. PROGRESSIVE INCREASE IN EXPONENTIAL
SLoPES OF D1SAPPEARANCE oF Na® rroM INJECTED SITE
IN MuscLE As A FuNcTioN oF INCREASING PERFUSION
RATES

Slope 5 illustrates the “flattening” effect seen in later
phases of some experiments.

significant correlation since the value of “z”, de-
rived from the coefficient of correlation, exceeded
three times the standard error of “z”.

Figure 4 demonstrates typical slopes of disap-
pearance of radioactive sodium from an injected
site in the biceps muscle with increasing rates of
perfusion during successive clearance periods.
(Taken from Experiment No. 7.) It can be
seen that clearance rate and blood flow rise con-
cordantly during the first four clearance periods.
However, progressive decrease in clearance rate,
as a function of flow, was observed during the
last two clearance periods even though the flow
was maintained relatively constant. Data from
the fifth and sixth clearance periods of this ex-
periment were not included in the analysis of the
results. Similar terminal clearance periods from
those other experiments which demonstrated
“flattening” were likewise not included.

To further clarify, in a quantitative way, the re-
lationship between clearance rate of radioactive
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sodium from the muscle and perfusion rate the fol-
lowing calculations were made. The degree of in-
crease or decrease in the values of clearance rate
and blood flow between successive clearance pe-
riods in each experiment was calculated. These
values were expressed as ratios of the clearance
and flow, respectively, of each successive clearance
period to its predecessor. The change in flow was
then divided by the change in clearance for each
interval between clearance periods, thus giving a
quantitative estimate of the relationship between
change in flow and change in clearance. The re-
sults of these computations are shown in Table II.
In 50 per cent of the instances the degree of change
in clearance and flow found between successive
clearance periods were within plus or minus ten
per cent of each other.

Progressive increase in the ratio between the
change in flow and the change in clearance be-
tween successive clearance periods was accepted
as evidence of “flattening.” This trend was not
evident in the data selected for analysis. In in-
stances where it was noted, invariably in the later

T. C. PRENTICE, R. R. STAHL, N. A. DIAL, AND F. V. PONTERIO

clearance periods of an experiment, these data
were deleted.

The flow produced by the infusion pump was
pulsatile in character having about 40 beats per
minute. The pulse pressure varied between 8 and
18 millimeters of mercury, independent of the total
pressure within the system.

There was no obvious relationship noted be-
tween the ambient temperature and the results of
any of the experiments.

In view of the previous reports that elevated
plasma hemoglobin produces vasodilatation, the
hemoglobin concentration in the perfusating plasma
was measured. No relationship was found be-
tween levels of plasma hemoglobin and the results
of the experiments.

Relationship between blood flow and clearance rate
of radioactive sodium from an intramuscular
injection site in muscle following a 75 to 80-
minute period of ischemia and anoxia

The data from three experiments in which ra-
dioactive sodium was injected into an ischemic

TABLE II

Table of ratios indicating the quantilative changes in clearance rates (C) and flow rates (F) during successive clearance
periods, and the relationship of change in flow rate to change in clearance rate

Nug:fbu Cll)uiearaneeod 'Nug}ber C:)eﬂeamnee
8
exper-  determining t F1 , G || experii  determining Rati Ratio Fp G
e deerm &8 Fagie F. TG || ‘ment *atio &8, oy G
1 2/1 1.73 1.56 .90 7 2/1 1.60 1.69 1.06
3/2 97 1.91 1.96 3/2 1.07 1.43 1.34
4/3 1.27 95 75 4/3 1.15 1.1 .96
5/4 .66 .55 83
s ¥ 133 131 08
2 2/1 1.27 1.42 1.12 1. .
3/2 1.24 1.30 1.05 4/3 .98 1.18 1.2
A A SR IR N S S
gﬁ ‘%}, 123 :gz 4/3 1.17 1.30 1.11
6/5 1.37 2.26 1.65 10 % 19 9 Lo
4 .76 88 1.16
4 7 216 162 I8 A %t Nt 5
. . . . 1.00
4/3 1.28 1.22 .95 6/5 88 88
s 21 57 162 103 Ischemic and Anoxic muscle
L : . 1A 2/1 142 1.73 1.22
5 102 133 120 3 1.22 1.28 108
. . . 4 1.3 . .
5/4 A7 .52 1.11 /3
1 2A 2/1 2.53 1.59 .63
6 2/1 1.55 1.64 - 1.06 3/2 1.37 1.24 91
3/2 1.19 1.38 1.16
4/3 1.06 1.17 1.10 3A 2/1 1.78 1.51 .85
5/4 1.00 1.04 1.04 3/2 1.40 1.50 1.07
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and anoxic muscle are recorded in the latter part
of Table I. In each of these experiments the mus-
cle was completely without blood flow for a pe-
riod of 75 to 80 minutes. The relationship be-
tween clearance rate of radioactive sodium and
rate of blood flow in this preparation, following
this period of ischemia, was very similar to that
found in the first ten experiments in which the
muscle had an adequate supply of oxygenated
blood (Figure 3). During the first clearance pe-
riod of Experiment Nos. 2A and 3A, during which
the rate of blood flow was low, the clearance rate
of radioactive sodium was less than that seen in
any oxygenated muscle for a similar range of
blood flow. However, the subsequent clearance
values for any given blood flow for these experi-
ments, as well as all the clearance values in Ex-
periment No. 1A, fell within the scatter of data
for the first ten experiments. The data from these
three experiments are not included in the statistical
analysis of the data for the first ten experiments.

Relationship between blood flow and clearance
rate of radioactive sodium from muscle follow-
ing intra-arterial injection of Na* into the nu-
trient artery supplying the muscle

Three experiments were performed in which
the clearance rate of radioactive sodium from the
biceps muscle was determined following the in-
jection of Na?? into the perfusion tube immediately
proximal to the arterial cannula (Table III).
In two of these experiments (1B and 2B) an at-
tempt was made to maintain the perfusion rate at
a constant level until the clearance rate of Na?
from the muscle had reached a constant value.
In Experiment No. 2B it was necessary after the
first thirty minutes, during which time the flow
was maintained constant at a level of 4.0 ml. per
minute per 100 Gm. of muscle (maximum devia-
tion 4.4 per cent) to refill the syringe on the pump.
After this was accomplished the flow was main-
tained at a slightly lower level, 3.4 ml. per minute
per 100 Gm. of muscle (maximum deviation 9.8
per cent). The values recorded for the first
clearance period in the data in Table III are the
average of these two values. The maximum de-
viation from mean two-minute flow was calcu-
lated using the mean of all two-minute collection
volumes throughout the entire 53.5 minutes. In
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both experiments the disappearance rate of radio-
active sodium from the muscle could be sepa-
rated into two exponential components with widely
variant rate constants. The results are illustrated
in Figures 5 and 6. In both of these experiments,
when a constant rate of clearance appeared to
have been reached, the perfusion rate was raised.
In Experiment No. 1B the perfusion rate was
raised from 5.9 to 9.5 ml. per min. per 100 Gm.
and in Experiment No. 2B from 3.7 to 5.7 ml. per
min. per 100 Gm. In neither instance was there
any resultant increase in the clearance rate subse-
quent to the increase in perfusion rate. In 2B the
clearance rate during this period of increased flow
actually decreased slightly. The values for the
last clearance periods in 1B and 2B were recorded
under “Component No. 2” in Table III since they
differed little from the slower component.

In Experiment No. 3B perfusion was started at
a low rate, 3.7 ml. per min. per 100 Gm., and was
increased stepwise during four subsequent clear-
ance periods to a maximum of 10 ml. per min.
per 100 Gm. Table III shows the results. There
was a rise in the clearance rate during the second
clearance period as compared to the first, con-
comitant with the rise in perfusion rate. How-
ever, during successive clearance periods there-
after the clearance rates decreased progressively
in spite of increasing perfusion rates. During the
last two clearance periods a relatively constant
perfusion rate of 10 ml. per min. per 100 Gm. was
maintained and the clearance rates continued to
decrease, going from 3.9 per cent in the fourth
clearance period to 2.7 per cent in the last.

DISCUSSION

The results of the intramuscular injection ex-
periments, namely, the wide range of blood flow
represented by any given clearance rate of radio-
active sodium, tend to minimize the value of this
method as an index of total muscle blood flow.

There are several factors which may be re-
sponsible in greater or lesser degree for this lack
of correlation between rate of clearance of radio-
active sodium from an intramuscular injection site
and total blood flow through the muscle. These
can be divided conveniently into physiological fac-
tors and anatomical factors.
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Physiological factors

The presence of effective shunts at the arteriolar
level which by-pass a fraction of the arterial blood
around the capillary circulation could be impor-
tant in producing the observed lack of correlation
between total blood flow and radioactive sodium
clearance. Since, presumably, radioactive sodium
is cleared from the injected site only by blood
flow at the capillary level, the radioactive sodium
clearance would correlate only with that fraction
of total blood flow not shunted. What quantita-
tive significance shunts actually possess is not
known at the present time and therefore their
influence on the present data cannot be evaluated.

Pappenheimer, Renkin, and Borrero (9) have
" shown from their data on osmotic transients that

at low blood flows the diffusion rate of sodium.

chloride is flow limited. The question arises as
to whether, at higher levels of blood flow, the
exchange of sodium between the vascular system
and extracellular space may be limited by perme-
ability factors and the diffusion rate of sodium
rather than by blood flow per se. Jones (10) pre-
sented evidence that the exchange rates in various
tissues of several inert gases, having an eightfold
range of relative diffusion rates, were approxi-
mately the same. These results led to the view
that diffusion and transcapillaric permeability were
not factors limiting the inert-gas-exchange rate
and that in fact blood flow determined the ex-
change rate. The linearity of our clearance/flow
relationship and the absence of any consistent re-
duction in increment of clearance rates at higher
blood flows suggest that radioactive sodium ex-
change in these experiments was not limited at
higher levels of blood flow by diffusion or perme-
ability factors.

Although sodium is freely diffusible it is cer-
tainly not inert and consequently is subject to such
influences as electric potential gradient and chem-
ical combination. What effect these influences had
on our results cannot be assessed.

It is now known that muscle fibers are not
impermeable to sodium and hence that an energy-
using transport system must be operative to drive
outward the sodium that enters by diffusion and
thus to keep it in its primarily extracellular loca-
tion (11, 12). That this “sodium pump” may
have been injured via anoxia and other factors
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during the dissection was a possibility. How such
injury would effect our clearance values was not
known. However, it was suspected that by allow-
ing a portion of radioactive sodium to diffuse into
the muscle fibers the amount available for clearance
might have been decreased. The three anoxic
experiments were carried out to measure the
effects of complete absence of blood supply over a
75 to 80-minute interval on the clearance of radio-
active sodium. The data from these experiments
did not indicate any obvious effect of anoxia on
the clearance rate of radioactive sodium as a func-
tion of flow. In light of these findings, as well as
the fact that we were perfusing with relatively
well-oxygenated blood, it would appear that an-
oxia was not a significant contributing factor to
the wide scatter of data.

Anatomical factors

The anatomical factors which could possibly af-
fect the correlation between clearance rate and
flow have been discussed by others. They in-
volve principally the vascularity of the site selected
for injection, the degree of tissue injury produced
by the injection, and the amount of distortion and
compression of local tissues produced by the in-
jected fluid. It has been shown recently (13)
that the clearance rate is dependent upon the vol-
ume of fluid injected into the muscle; larger vol-
umes result in lower clearances. The present
studies shed no further light on this general as-
pect of the problem but it seems likely that these
local anatomical factors may be of importance in
producing some of the discrepancies in correlation.

The clearance rate following intra-arterial in-
jection of radioactive sodium was measured in
three experiments to observe its correlation with
blood flow. By injecting radioactive sodium ion
into an artery, a large portion of the injected ma-
terial can be localized in the region supplied by the
vessel due to the rapid exchange which occurs with
the local sodium pool. The subsequent rate of
removal (clearance) of this residual material can
then be measured. Dobson, Warner, Pace, Fin-
ney, and Johnston (14) reported the original
studies using this method and found that “the
rate of removal is not constant and is much more
rapid than it is in the case of local injections.
The variation of the removal rate with time can
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be explained on the basis of differing degrees of
vascularity in the tissue.”

If the diffusion rate of sodium is very rapid over
such tissue and cell barriers as may exist, com-
pared to the rate of movement of blood through
the capillaries, then the clearance rates following
intra-arterial injection should reflect vascularity of
tissue. The quantitative aspects of blood flow as
determined by clearance rates of intra-arterially in-
jected Na?? could be handled analogously to the
methods of Jones (10) using inert gases except for
two correction factors to allow for 1) the differing
concentration of sodium between blood and tissue
and 2) the fact that sodium is limited to the so-
dium space. The above interpretation would lead
one to believe that in Experiments 1B and 2B
there were two differently vascularized areas of
tissue within the muscle; the one with a high
time constant having a relatively high rate of flow
and the one with a low time constant having a
relatively low rate of flow for a given total blood
flow to the muscle. One would have expected,
however, that in Experiments 1B and 2B an in-
crease in the remaining slow component should
have occurred subsequent to an increase in total
blood flow. That this did not occur would tend
to invalidate the conclusion that the clearance
rates of sodium from muscle following intra-ar-
terial injection were dependent only upon blood
flow to the part.

In Experiment 3B, except for the second clear-
ance period, the clearance rates decreased progres-
sively in spite of increasing blood flow. Interpre-
tation here is more difficult. These results could
occur 1) because clearance rate was dependent
upon other factors as well as blood flow, and 2)
that during clearance periods 1 and 2 most of the
radioactive sodium was removed from the more
highly vascularized area and subsequent decreases
in clearance were accounted for by increasing pre-
dominance of clearance from the less vascularized
area,

SUMMARY AND CONCLUSIONS

Ten experiments were performed to establish
the correlation between the clearance rate of radio-
active sodium from an intramuscular injection site
and total blood flow through the biceps muscle of
the dog. A linear relationship was found to
exist between these two variables. However, the
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scatter of data around the line of regression was
so great that the clearance rate of radioactive so-
dium could not be utilized as an accurate measure
of total blood flow. ‘

Three similar experiments were performed af-
ter a 75 to 80-minute interval during which time
the biceps muscle was completely deprived of
blood supply. Comparison of results from these
three experiments with those of the previous ten
revealed no obvious difference in the relationship
between clearance and flow. These results,
coupled with the fact that the muscle was perfused
with relatively well oxygenated blood, were con-
sidered as evidence that anoxia was not a signifi-
cant contributing factor to the wide scatter of
the data in the first ten experiments.

Three experiments were performed in an at-
tempt to establish the correlation between the
clearance rate of radioactive sodium from muscle,
subsequent to its intra-arterial injection, and blood
flow through the muscle. The data from these
experiments did not support the concept that the
clearance rate of radioactive sodium under these
circumstances was solely dependent upon blood
flow.
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