
he use of positron emitting tracers in the study of
myocardial and cerebral metabolism and blood flow
has increased recently (1) due to the greater availability
of isotope production facilities and the evolution of
electronic and computing systems. One of the early
biomedical applications of a positron emitting radio
nucide was in the measurement of myocardial flow
with the potassium analog rubidium-84 (@â€œRb)as first
proposed by Bing et al. (2). The method was further

developed by Budinger et al. (3) and Mullani and Gould
(4) who usedrubidium-82(82Rb),which is easierto
produce and has a shorter half-life than 84Rb.

Measurement ofblood flow with a radioactive tracer
is based on the Fick principle and requires knowledge
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of the fractional extraction of labeled tracers by the
tissue under study (5,6). It is imperative that the ex
traction fraction be determined to derive accurate flow
estimates since flow and tissue extraction of tracer are
inversely related. The peak-counts modification of the
first-pass model of regional blood flow has been shown
to be valid for flow measurements in dog myocardium
(7,8). We are assuming that the methodology can also
be applied to tissues with a lower resting flow and a
greater range of flow augmentation. A tissue in which
these conditions exist is skeletal muscle.

The study of blood flow in vivo with tracer analogs
is difficult because interpretation of the results is ham

pered by a number of variables, such as circulating
hormones and metabolic activity of the tissue have a
direct influence on the analog. The use of rubidium as
a tracer for the in vivo study ofblood flow requires that
attention be paid to the effects hormones have on the
behavior of rubidium in vivo. For example, the effect
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In order to assess the effects of glucose, insulin, and exercise on skeletal muscle blood flow
in vivo,we measuredpositronemissionfromthe thighmusdeof anesthetizedrabbitsafter
simultaneousaorticbolusinjectionof @Rbandradiolabeledmicrospheres(15 @mdiameter).
Estimates of flow with @Rbwere based on first-pass regional extraction of @Rbby skeletal
muscle.Flowestimatesweremadeseriallyas a functionof vatiationsin plasmaglucoseand
insulin and changing the muscle contractile state by electrical stimulation. Flow ranged from
3.1 mI/mm/i 00 g at rest to 71 mI/mm/i 00 g during stimulation. There was good agreement
between the two methods of flow measurement over the entire range of flows (r = 0.96 at a
slopeof 0.90).Flowmeasuredby eithermethoddid not varysignificanflyfrom baselineovera
rangeof plasmaglucosefrom5 to 30 mMandplasmainsulinfrom 0 to 20 @U/ml.Whenflow
was increased up to 20-fold by electrical stimulation there was a decrease in extraction of

@Rbproportional to the increase in flow. However, at pharmacologic levels of insulin (>150
@zU/ml)flow was increased twofold as measured by radiolabeled microspheres, but not as
measured by rubidium. There was no apparent decrease in extraction of @Rbwith high
insulin. The discrepancy between the microsphere measured flow and rubidium measured
flow with highplasmainsulinlevelscanbeexplainedby the assumptionthat the expected
decreasein the extractionfractionwascounteractedby an increasein Na@/K'-ATPase
activity.It is concludedthat the first-passflow modelgivesvalidestimatesof skeletalmuscle
blood flow in vivo with @Rb,provided that plasma insulin levels are normal.
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of insulin on increased membrane transport of K@and
Rb@are well known (9). The mechanism of the effect
of insulin is thought to reside in an increased Na@/W
exchange, increasing the intracellular Na@,which brings
about the increase in the membrane bound Na@/K@
ATPase activity (10). In addition, insulin has been
shown to increase skeletal muscle blood flow (11) and
glucose transport (12).

The purpose of this study was first, to investigate the
feasibility of measuring rabbit skeletal muscle blood
flow using the positron emitter 82Rb and second, to
assess the effects ofplasma glucose and insulin on blood
flow in an in vivo preparation.

METhODS

Animal Preparation
New Zealand white rabbits weighing 2-3 kg were anesthe

tizedby an intramuscularinjectionof a cocktailconsistingof
three parts ketamine (100 mg/ml), three parts xylazine (20
mg/ml), and one part acepromazine (10 mg/ml) (13). The
initial dose was 0.5 ml/kg body weight followed by 0.2 ml/kg
as necessary.

Figure 1 shows a schematic of the animal preparation.
Catheters were placed in the left carotid and right femoral
arterieswith the animal in the supine position. The femoral
line was necessary for reference blood withdrawal and plasma
sampling and consisted ofpolyethylene tubing(0.03 x 0.O5in).
A 4F Lehman end-hole catheter was inserted into the carotid

artery and the tip advanced retrograde until contact was made
with the wall of the aorta. The tip was then withdrawn 2-3
mm and the catheter anchored. Heart rate and blood pressure
were monitored with a Statham force transducer (P23 10) and
recorded on a physiologic recorder. All glucose and insulin
infusions as well as the simultaneous microsphere and 82Rb
injections were administered through the aortic cannula.

Positron emission from the left anteromedial thigh muscles
was detected by a pair ofbeta radiation detectors (14) (plastic
scintillator (NE1O4), 10 mm diam., 3 mm thick) placed
directly over and in contact with the exposed musculature.
The faceof one detectorwasshieldedwith lead (1 mm thick)
to exclude beta activity and thereby allow for background
radiation correction.

Experimental Protocol
Initially, baseline measurements of blood flow with no

interventionwere performed. Rubidium-82was eluted from
a bench top generator (15) as RbCI from its parent isotope
strontium-82 (82Sr).A bolus of@ 2-3 ml of 82Rb (2-3 mCi)
was injected rapidly (3-5 sec) along with the radiolabeled
microspheres(lOO,000 - 300,000)and followed by a 5-ml flush
of normal saline. Microspheres were 15 microns in diameter
and labeled with niobium-95, 85Sr,cobalt-57, or scandium-46
(@Sc).

After a baseline flow determination either a glucose and/or
insulin challenge was administered, or the anteromedial thigh
musculature was electrically stimulated. When insulin was
administered, it was presented in a saline-albumin (0.1%)
medium and infused at a rate of 5 mU/mm. Glucose was
infused at a rate ofO.5 or 5 zmol/min with or without insulin.

Animal Preparation

FIGURE 1
Schematic of the animal preparation. The rabbit is cathe
tenzed in the left carotid and tight femoral arteries. Moni
toring of hemodynamicstability, glucose and/or insulin
infusion and injection of microspheres and @Rbwere
through the carotid site. Blood and plasma samples were
collectedfrom the femoralartery. Rightand left kidneys
were sampled to ensure homogenous mixing of micro
spheres. The beta probes monitored positron emission
fromthe anteromedialthighmusculature.

The muscle was stimulated to contract with a Grass 5D9
stimulator at a rate of two pulses/sec, 100 msec duration, a
10 msec delay, and at 5-10 V intensity for 10-15 mm. Imme
diately prior to 82Rb and microsphere injection, both the
infusion or stimulation were stopped.

BiochemicalDeterminations
Arterial blood samples were taken from the femoral site

and immediately centrifuged at 1,500 rpm (150 g) and 4Â°C.
The plasma wasthen frozen for later analyses.Insulin in the
plasma was determined by a commercial radioimmunoassay
method.t Glucose and lactate in the deproteinized plasma
were estimated by methods previously described (16).

RubidiumFlowDeterminations
Decay corrected time-activity curves for the tissue uptake

of rubidium were generated by a VAX 11-780 computer
interfaced to a pulse-height analyzers that processed the de
tected positron counts. Tissue counts/sec were obtained by
subtracting background gamma activity (shielded probe) from
the total tissue activity (unshielded probe). Figure 2 shows
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typical decay corrected time activity curves for rubidium
uptake in skeletal muscle during baseline and low flows (A)
and at highflow elicited by electricalstimulation ofthe muscle
(B). Tissue activity at the plateau between 50 and 150 sec was
used to calculate flow. Arterial blood was sampled by con
trolled withdrawal (3 ml/min) with a Harvard pump between
0 and 150 sec following intraaortic injection. Blood activity
was counted by placing the blood in a 150 ml beaker and
placing the probes directly over the surface ofthe blood. Since
the spatial relationship between the detectors and the sample
being counted (blood or tissue) was constant, errors due to
detector geometry and sampling volume were held to a mini
mum.

Skeletal muscle blood flow was estimated using the equa
tion of Ishii et al. (1 7):

U(T)FE = .n,Ca(t)dt'

TIME (s.conds)

FIGURE 2
Time-activitycurvefor @Rb.Tissueuptakewasmeasured
over the courseof 5 mm. Blood flow was calculatedon
the basis of tissue activity between 50 and 150 sec and
the integral of arterial activity from 0 to 150 sec. A: Tissue
uptakeduringlow flow conditionsas well as high insulin.
B: Tissue uptake during high flow induced by electrical
stimulation.

where F is skeletal muscle blood flow (ml/min/lOO g), E is
the extraction fraction,Ca is the arterialactivity (counts/sec/
ml), and U(T) is the tissue activity (counts/sec). All flow
estimations were based on the derivation of the extraction
fractionby the curve fittingalgorithmdevelopedby Mullani
et al. (7). The method derives the extraction fraction from the
ratio of peak counts in the trapped space at the time of peak
counts to peak counts (Fig. 4 in Ref. 7).

Microsphere Flow Determinations
Blood flow was determined by radiolabeled microspheres

according to the method of Heymann et al. (18). The same
blood sample used for obtaining 82Rbactivity was stored until
the rubidium decayed away and then counted for gamma
emitting microsphere activity. Tissue samples of the thigh
musculature were obtained at the end ofeach experiment after
the animal was killed by an injection of potassium chloride.

( ) Muscle directly under the beta probe, 3 mm thick and 10
mm in diameter, was weighed and later counted for each
gamma emitter injected. Both right and left kidneys were also
removed, weighed and radiolabeled microspheres counted to
estimate renal blood flow. This was done to insure homoge
neous mixing ofmicrospheres upon injection. Only those flow
determinations in which the flows to each kidney were within
10% oftheir mean flow were used in the final data analysis.

Data Analysis
Comparisonofthe microspherederivedflowestimateswith

the rubidium flow estimates was made using the Student's t
test for paired observations. To detect any effects of circulating
plasma glucose and insulin on skeletal muscle blood flow a
one-wayanalysisof variance(ANOVA)with repeatedmeas
ures was performed on those flow measurements in which
glucose and/or insulin was infused. Groupings for the analysis
were based on the combined glucose and insulin concentra
tions existing at the time of the flow measurement. A New
man-Keuls post hoc comparison for a significant F value
followed(19). Flowmeasurementsmadeafter electricalstim
ulation were not included in the ANOVA because ofthe much
greaterflowsthat existed.Muchhigherflowswouldonlyserve
to contribute a large variance to the analysis and thus mask
subtle differences in flow that resulted from changes in the
plasma glucose and insulin.

Linear regression analysis ofthe microsphere and rubidium
flowswas done on those measurements in which the extraction
fraction was assumed to be unity. A separate regression analy
sis was done on those flow measurements that immediately
followed electrical stimulation. This distinction was made to
allow a more accurate assessment ofthe first-pass flow model's
applicability to both low flow and high flow conditions in the
muscle. A third regressionanalysis was done on those flows
measuredduring high physiologicto pharmacologiclevelsof
plasma insulin.

RESULTS

Figure 3 shows the hemodynamic stability of the
preparation. All flow measurements were made during
the period of greatest stability (between 120 and 240
mm).

Figure 4 shows the changes of plasma glucose over
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the time course of those experiments in which glucose
and/or insulin were infused. The initial rise in plasma
glucose was most likely due to a catecholamine me
diated increase in liver glycogenolysis brought on by
the stress of anesthesia and surgical trauma. The rise
was followed by normalization ofplasma glucose which
corresponded to a decrease in mean arterial pressure
(Fig. 3). At this point the first flow measurement was
taken. Also indicated in Figure 4 are the time points
for the two subsequent flow determinations made after
beginning constant infusion of glucose and/or insulin.
Electrical stimulation experiments showed similar glu
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cose responses early and up to the time of the baseline
flow measurement (data not presented). The two sub
sequent flow estimates, each made after 10-15 mm. of
muscle contraction, occurred with plasma glucose av
eraging in the range of 10-15 mM and insulin levels of
5-7 @U/ml.

Figure 5 illustrates a typical curve fit under low flow
conditions. The characteristics of the raw data are
equivalent to the curve shown in Figure 2A in which
the tissue activity simply rose to a plateau value and
remained there during the period of counting. The rise
and plateau of the curve fit (total tissue activity) is
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Group N(mM)(@U/ml)(Firstpass)I

79.6 Â±1.333.1 Â±0.703.5 Â±1.00.97 Â±0.03II
1223Â±2.033.8Â±0.534.4Â±0.580.99Â±0.01Ill

834 Â±3.014 Â±1.03.6 Â±0.664.0 Â±0.311.0 Â±0.0IV
116.7 Â±0.40131 Â±307.3 Â±0.935.6 Â±0.531.0 Â±0.0E.S.

712Â±1.26Â±0.328Â±7.926Â±7.30.38Â±0.04Values

aremeanÂ±s.e.ES
= electricalstimulation.
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followed closely by the rise and plateau of the trapped
space activity. This curve is characteristic of low flow,
low insulin conditions as well as high insulin conditions.
We interpret this as an extraction fraction of one exist
ing during the low flow conditions of resting skeletal
muscle. Under high flow conditions in which the muscle
was electrically stimulated there was a decline in ex
traction at high flow as indicated by the large difference
between the first-pass peak counts and the steady state
trapped counts (Fig. 4 in Ref. 7). The relationship
between skeletal muscle blood flow and the extraction
fraction of 82Rb is shown in Figure 6. As flow increases
there is a nonlinear decrease in the first-pass extraction
ofrubidium.

In Table 1 data for all flow measurements are
grouped according to the plasma glucose and insulin
levels that existed at the time ofthe flow measurement.
Group I consists of those flows that occurred with
normal to slightly elevated plasma glucose with insulin
levels typical of the fasted state. Group II are flows also
occurring with low insulin but with high plasma glucose
levels. Flows measured in Group III occurred during

hyperglycemia with insulin levels typical of the 6-8 hr
postabsorptive state. Group IV consists of those flows
occurring under conditions of normal plasma glucose
and high physiologic to pharmacologic levels of insulin.

Figure 7 shows the corresponding data for blood flow
based on Groups I-IV defined in Table 1. These four
groups were subjected to a one-way ANOVA. Blood
flow did not differ significantly over a wide range of
plasma glucose levels and relatively low plasma insulin
levels. However, when insulin levels reached a high
physiologic to pharmacologic range, flow increased sig
nificantly as measured by the radiolabeled micro
spheres. In the same group flow measured by 82Rb
increased slightly, but the increase was not proportional
to the increase in flow as measured by the microsphere
technique. In addition, there was no apparent decrease
in rubidium extraction based on the characteristics of
the tissue time-activity curves and the modeling
scheme.

Figure 8 shows the linear regression analyses of ru
bidium estimated flow versus microsphere estimated
flow during conditions oflow flow, high flow, and high

TABLE I
FlowGroupingsAccordingto PlasmaGlucoseand Insulin

Flow (ml/mmn/100 9)

MS Rb
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insulin. Figure 8A relates microsphere and rubidium
flow estimates in which the extraction fraction of 82Rb
was estimated to be one. The best fit regression line
force fit through the origin had a slope of 0.99 and r =
0.77 (n = 24). Figure 8B shows the relationship between
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high flows elicited by electrical stimulation. The regres
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and r = 0.92 (n = 7). Comparison ofthe flow measure
ments made during high plasma insulin (Fig. 8C)
yielded a slope ofO.73 and r = 0.82 (n = 1 1). When all

the data were grouped together, excluding the high
insulin experiments, the regression line had a slope of
0.96and an r valueofO.90 (regressionline not depicted
in Fig. 8).

DISCUSSION

General Comments
In the present study we have described a method to

measure skeletal muscle blood flow in vivo using the
positron emitting radioisotope 82Rb and validated it
with radioactive microspheres. We paid special atten
tion to substrate availability and plasma insulin levels,
as these can modify not only blood flow but also the
transport and extraction of monovalent cations. Both
at low flows as well as high flows (20 times higher than
control) there was good agreement between the 82Rb
and the microsphere methods as long as plasma insulin
levels were not excessively elevated. Furthermore, we
found good agreement between values reported here
and those of other investigators who have measured
skeletal muscle blood flow with microspheres at rest
(20),duringexercise(21),andafterinsulinadministra
tion (11).

The measurement of blood flow with diffusible
tracers requires that the extraction fraction ofthe tracer
be known. We have applied a technique in which the
extraction fraction is determined on first pass of the
arterial bolus through the region of interest. This is
made possible by the characteristics ofthe isotope, 82Rb
(maximal energy = 3.350 MeV), and the rapid counting

Flow vs Grouped Plasma Glucose and Insulin

0

FIGURE 7
Skeletalmuscleblood flow for Groups I-IV accordingto
the plasma glucose and insulin in levels that existed at the
time the flow measurementswas made.GroupI, low
glucose low insulin; Group II, high glucose low insulin;
Group II, high glucose moderateinsulin;Group IV, low
glucose high insulin.
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and data acquisition system available. Previous appli
cations ofthis technique have been in the measurement
of myocardial flow which is 50 to 100 times greater
than resting skeletal muscle flow. Extraction fractions
in heart are slightly higher at equivalent flows due to
continuous contractile activity necessitating a greater
Na1@/K@-ATPaseactivity. This comparison is somewhat
limited however, due to the ischemic conditions nec
essary to produce myocardial flows equivalent to the
high flows seen in postexercise skeletal muscle.

Extraction fractions for 86Rb at varying flows have
been determined specifically for skeletal muscle by a
number of workers in the past (22,23). These studies
have utilized the perfused, isolated muscle preparation
under controlled flow conditions. The bulk of the ex
traction fraction estimations have been made during
continuous infusion of tracer. Under these conditions
the estimate of extraction is made under conditions of
equilibrium and thus must be corrected for backdiffu
sion of tracer into the capillary. On the other hand, the
first pass flow model provides an estimate ofthe extrac
tion fraction within the first 20 sec after the tracer
reaches the region of interest. This essentially negates
the effects of backdiffusion resulting in a somewhat
larger estimate ofextraction at comparable flows. Fried
man (24) compared extraction fractions derived from
continuous perfusion experiments with those derived
from a single injection of 86Rbusing the perfused hind
limb model. He found the single injection estimates of
extraction to be slightly higher than continuous infusion
at comparable flows. These values were also slightly
higher than those reported by Sheehan and Renkin
(23).

Critique of Animal Model

The rabbit thigh muscle preparation used in the
present work differs from other skeletal muscle prepa

rations (mainly from rats) on several accounts. First,
we used rabbits because they met the size requirements

0
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0 n24
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r'0.77
pO.002

.1

0 n@11

@0 slope.0.73

r @0.82
p<0.001

n:7
slope0.89

r;0.92
p@0.001

necessary for accurate detection of positron emission
from skeletal muscle. Secondly, for accurate detection
of positron emission the tissue under study has to be
motionless during the time ofthe data acquisition. This
necessitates anesthetizing the animal. General anes
thesia was also necessary for catheter placement and
muscle exposure.

Anesthesia and surgical trauma profoundly affect
blood flow, circulating hormones and metabolites.
Neutze et al. (20) found skeletal muscle blood flow in
anesthetized rabbits to be one half that seen in awake

animals. Our flow results agree with those previously
reported in anesthetized rabbits. The present data re
vealed striking changes in circulating metabolites dur
ing the first 60-90 mm of the experiment in which
glucose levels rise dramatically and then return to base
line (Fig. 4). Insulin levels during this time are essen
tially zero. These changes are presumably due to a stress
induced increase in circulating catecholamines and for
this reason flow measurements were made after the
stress response subsided.

The first-pass flow model requires that the transit
time of the tracer bolus through the region of interest
is sufficiently small to allow accurate estimates of the
extraction fraction. To minimize the bolus transit time
through the distal skeletal musculature we injected
tracer into the arch of the aorta in small volumes of 2-
3 ml. Duringconditionsof highflow,flowwaseither
underestimated by the rubidium method or overesti
mated by the microsphere method based on the slope
of the line for the high flow measurements (Fig. 8B).
The discrepancy could be due to the bolus size still
being too large thus increasing transit time through the
capillaries under the region of the interest.

Critique of Rubidium Method
Rubidium readily passes through the capillary endo

thelium, diffuses throughout the extracellular space,
and is actively transported across the cell membrane by

ft
a:

I 2 34 56 7 8010203040506070 0 2 46810microsphere
flowmicrosphere flowmicrosphereflowmI/min/

lOOgramsmI/min/ lOOgrams mI/min/ 1O0grams

12

FIGURE 8
Linearregressionof rubidiumversusmicrosphereflow estimations.All linesare force fit throughthe origin.Standard
errorof the estimate(s.e.e.)A = 1.09,B = 7.71, C = 1.28.
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the enzyme Na1@/K@-ATPase.For these reasons Rb@has
been referred to as a marker of â€œcapillaryor nutritional
flowâ€•(22).

Flow measurements with rubidium using the first
pass flow model are based on a functional two-com
partmental model in which there is a trapped rubidium
space and a free rubidium space (4). A mathematical
model based on the two compartments is used for
estimating the extraction fraction of rubidium. The
peak-counts modification of the first-pass model deter
mines the extraction fraction by dividing the trapped
counts at the time of peak counts by the peak counts
(7). Under high flow conditions rubidium underesti
mated flow slightly as evidenced by the slight deviation
from unity of the slope of the linear regression line.
This could be due to the decreased transit time of the
bolus through the capillary causing the venous egress
oftracer to become significant and introducing a small
error in the estimation of the extraction fraction. The
discrepancy between the two methods became even
greater when insulin levels were high even though the

extraction fraction was determined to be one. When
the extraction fraction of rubidium was one (Figs. 2A
and 5) and insulin levels were low there was excellent
agreement between the two independent methods.

Effects of Insulin
While hyperglycemia appeared to have no effect on

flow as measured by either method, flow measured by
radiolabeled microspheres was increased with adminis
tration of high physiologic to pharmacologic levels of
plasma insulin. The increased flow response has been
shown by others (11,25) and is thought to be due to an
increase in tissue metabolism and secondary hyperemia
(26,27). The increase in flow was, however, only signif
icant when flow was measured by radiolabeled micro
spheres. Rubidium flow measurements did increase but
not to the same extent that microsphere flow increased.
Since rubidium is a potassium analogue, it was expected
to behave similarly under conditions of high plasma
insulin. It has been shown by many workers (10,28,29)
that insulin stimulates the enzyme Na@'7K@ATPase in
vitro which leads to an increase in the uptake of potas
sium and/or rubidium.

The present results are surprising in view ofthe above
findings because of the underestimation of flow by
rubidium as compared to the microsphere flow values.
The discrepancy may, however be explained on the
basis of the known effects of insulin on cellular func
tion. As stated above, insulin enhances the uptake of
rubidium by the cell which, in effect would increase the
extraction ofrubidium as it passes through the capillary
by reducing any diffusion limitations. However, as flow
increases, the extraction of rubidium, or any other
diffusible tracer, decreases. If extraction is enhanced by
insulin, it is likely that the decrease in extraction at
higher flows is partially obscured by the enhanced 82Rb

uptake. The result is an apparent complete extraction
of tracer yet an underestimation of flow. Thus, high
physiologic to pharmacologic levels of insulin enhance
82Rb uptake to such a degree that the normal decrease
in extraction was not evident.

Insulin could also be contributing to the discrepancy
between rubidium and microsphere estimated flow in
another way. On theoretical grounds it is possible that
insulin may have differential effects on microsphere
flow and rubidium extraction. Because extraction is
one, yet flow is underestimated when compared to the
microsphere method, insulin may be exerting its influ
ence on precapillary shunts in addition to its effect on
the Na@/K@-ATPase.

CONCLUSION

We have demonstrated the usefulness of using 82Rb
as a marker for skeletal muscle blood flow at both low
and high flows. Because of the ultra-short half-life of
82Rb, flow measurements can be rapidly repeated
thereby allowing the study of medical and/or physical
interventions affecting skeletal muscle blood flow.

Given that rubidium is a monovalent cation and is
subjected to the same cellular and molecular forces as
potassium, attention must be paid to the circulating
insulin levels at the time ofthe flow measurement. This
may be particularly true for a very insulin sensitive
tissue like skeletal muscle. In a less insulin sensitive
tissue like the heart this may not be of great concern
and in the brain it may not be a concern at all. Insulin
sensitivity at present however is based on glucose trans
port and may not be applicable to monovalent cation
transport.

We are encouraged by the results ofthe present study
and are currently investigating the usefulness of 82Rb
tracer flow measurements using intravenous injection
and coincidence gamma detection to monitor tissue
uptake of radioactivity. Reliable estimation of skeletal
muscle blood flow by the coincidence gamma counting
technique could develop into a clinical tool for quanti
tative and functional assessment of peripheral vascular
disease.

NOTES

. Nuclear Enterprises, Inc., San Carlos, CA 94070.

t Phadeseph, Pharmacia Diagnostics, Piscataway, NJ

08854.
I EG & 0 Ortec, Oak Ridge, TN 37830.

ACKNOWLEDGMENTS

This work was supported in part by grants from the Amer.
ican Diabetes Association, the Upjohn Company, Kalamazoo,
MI., and the Clayton Foundation for Research.

1 1 62 Mossberg, Mullani, Gould et al The Journal of Nuclear Medicine



The authors thank Michael Loberg, Ph.D. of Squibb Di
agnostics for the Rb-82 generator, Ms. Lisa Douglas for typing
the manuscript.

H.T. is the recipientof a U.S.P.H.S.ResearchCareer De
velopment Award (No. K04-HLO1246-03). K.A.M. is the
recipient of a traineeship from the Foundation for Physical
Therapy.

REFERENCES

1. Phelps ME, Maziotta JC, Schelbert HR. eds. Positron
emission tomography and autoradiography: principles
and applications for the heart and brain. New York:
Raven Press, 1986.

2. Bing Ri, Bennish A, Bluemchen G, et al. The deter
mination of coronary flow equivalent with coinci
dence counting technique. Circulation 1964; 29:833â€”
846.

3. Budinger TF, Yano Y, Hoop B. A comparison of 82-
Rb@and l3-NH3 for myocardial positron scintigra
phy. J Nucl Med 1974; 16:429â€”431.

4. Mullani N, Gould KL. First-pass measurements of
regional blood flow with external detectors. J NucI
Med 1983; 24:572â€”581.

5. Kety S. The theory and application ofthe exchange of
inert gases at the lungs and tissues. Pharmacol Rev
1951; 3:1â€”41.

6. Sapirstein LA. Fractionation of the cardiac output of
rats with isotopic potassium. Circ Res 1956; 4:689â€”
692.

7. Mullani N, Goldstein RA, Gould KL, et al. Myocar
dial perfusion with rubidium-82. I. Measurement of
extraction fraction and flow with external detectors. J
NuclMed 1983;24:898â€”906.

8. Goldstein RA. Kinetics ofrubidium-82 after coronary
occlusion and reperfusion. J Clin Invest 1985;
75:1131â€”1137.

9. Zierler KL. Insulin, ions and membrane potential. In:
Steiner DF, Freinkel N, eds. Endocrinology, Vol. 1.
Handbook of Physiology, Sect. 7. Washington, D.C.,
Amer Physiological Soc., 1972, 347â€”368.

10. Rosic NK, Standaert ML, Pollet RJ. The mechanism
of insulin stimulation of (Na@/K@)-ATPase transport
activity in muscle. J BiolChem 1985; 260:6202â€”6212.

11. Liang CS, Doherty JU, Faillace R, et al. Insulin infu
sion in conscious dogs: effects on systemic and coro
nary hemodynamics, regional blood flows, and plasma
catecholamines. J Clin Invest 1982; 69:1321â€”1336.

12. Hom F, Goodner CJ, Berrie MA. A (3-H) 2-deoxyglu
cose method for comparing rates of glucose metabo
lism and insulin responses among rat tissues in vivo.
Diabetes1984;33:141â€”152.

13. Overturf ML, Aschenbrenner C, Druilet RE, et al.
Renin as a risk factor for atherogenesis. Artheroscie

rosis1981;38:97â€”119.
14. Lerch RA, Amdos HD, Bergmann SR, et al. Kinetics

of positron emitters in vivo characterized with a beta
probe. Am JPhysiol 1982;242:H62â€”H67.

15. Neirinckx RD, Kronauge JF, Gennaro GP, et al.
Evaluation of inorganic absorbents for the rubidium
82 generator. I. Hydrous Sn02. J Nuci Med 1982;
23:245â€”249.

16. Taegtmeyer H, Hems R, Krebs HA. Utilization of
energyproviding substrates in the isolated working rat
heart.BiochemJ 1980;186:701â€”711.

17. Ishii Y, Maclntyre WJ, Pritchard WH, et al. Measure
ment of total myocardial blood flow in dogs with 43-
K and the scintillation camera. Circ Res 1973; 33: 113â€”
122.

18. Heymann MA, Payne BD, Hoffman JIE, et al. Blood
flow measurement with radionuclide-labeled micro
spheres. Prog Cardiovasc Dis 1977; 20:55â€”77.

19. Zar JH. Biostatistical analysis. Englewood Cliffs, NJ:
Prentice-Hall, Inc., 1974, 151â€”155.

20. Neutze JM, Wyler F, Rudolf AM. Use of radioactive
microspheres to assess distribution of cardiac output
inrabbits.Am JPhysiol1968;215:486â€”495.

21. Mackie BG, Terjung RL. Blood flow to different skel
etal muscle fiber types during contraction. Am J Phys.
iol1983;245:H265â€”H275.

22. Friedman JJ. Muscle blood flow and Rb-86 extraction:
Rb-86 as a capillary flow indicator. Am JPhysiol 1968;
214:488â€”493.

23. Sheehan RM, Renkin EM. Capillary, interstitial, and
cell membrane barriers to blood-tissue transport of
potassium and rubidium in mammalian skeletal mus
cle. CircRes 1972; 30:588â€”607.

24. Friedman JJ. Single passage extraction of Rb-86 from
the circulation of skeletal muscle. Am J Physiol 1969;
216:460â€”466.

25. Dosekun FO. The measurement of metabolic and
vascular response in the human skeletal muscle with
observations on it's responses to insulin and glucose.
Clin Sci 1962; 22:287â€”294.

26. Therminarias A, Chirpaz MF, Lucas A, et al. Calori
genic effect of insulin in hypothermic dogs. J AppI
Physiol1979;47:342â€”346.

27. Walaas 0, Walaas E, Wick AN. The stimulatory effect
by insulin on the incorporation of 32-P radioactive
inorganic phosphate into intracellular inorganic phos
phate, adenine nucleotides and guanine nucleotides of
the isolated rat diaphragm. Diabetologia 1969; 5:79â€”
87.

28. Brodal BP, Jebens E, Oy V, et al. Effect of insulin on
(Na@/K@)- activated adenosine triphosphatase activity
in rat muscle sarcolemma. Nature 1974; 249:41â€”43.

29. Hougen TJ, Hopkins BE, Smith TW. Insulin effects
on monovalent cation transport and Na-K-ATPase
activity. Am JPhysiol 1978; 234:C59â€”C63.

1163Volume 28 â€¢Number 7 â€¢July1987




