Myocardial Perfusion with Rubidium-82. II. Effects of Metabolic and
Pharmacologie Interventions
Richard A. Goldstein, Nizar A. Mullani, Salma K. Marani, David J. Fisher, K. Lance Gould, and Harold A. O'Brien, Jr.
The University of Texas Medical School, and Graduate School of Biomedicai Sciences, Houston, Texas, and Los
Alamos National Laboratory, Los Alamos, New Mexico
In order to validate a new method for quantifying coronary blood flow, we inject
ed intravenously a bolus of rubidium-82 (Rb-82) into 28 open-chested dogs under
a wide range of flow and physiologic conditions, using beta probes to monitor my ocardial radioactivity. Extraction fraction and perfusion were measured using a
functional model that separates the data into the free and trapped myocardial ru
bidium. Extraction and uptake of rubidium were lower during acidosis than during
alkalosis and were unchanged by glucose-insulin, digoxln, or propranolol. Myocar
dial flow, as indicated by rubidium, correlated linearly with simultaneous measure
ments of flow by microspheres in the same sample volume over a wide range of
flow (r = 0.97, n = 106, range 0.02-7.76
ml/mln/g). Regional myocardial blood
flow can be accurately determined using generator-produced Rb-82. Studies using
current state-of-the-art, fast positron-emission tomographic cameras are required
to determine the utility of this approach In man.
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Rubidium isotopes have been studied as indicators
of myocardial blood flow since the late 1950s (1,2). Prior
techniques for determining flow using rubidium have
assumed that extraction of the tracer is constant at all
levels of flow. However, several reports indicate that as
flow increases, rubidium extraction decreases, thereby
accounting for the nonlinear underestimation of flow
seen in these studies when myocardial flow is increased
to greater than twice normal (3-6). This error becomes
large at high flows that are necessary to detect differ
ences in regional perfusion caused by mild, early coro
nary stenosis that might be reversible under appropriate
therapy (7). Furthermore, rubidium extraction at a given
flow rate may be affected by altered transport across cell
membranes caused by drugs or adverse metabolic con
ditions.
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We have previously developed a mathematical model
and technique for determining first-pass myocardial
extraction of Rb-82 in order to measure flow accurately
(8). The purpose of the present study was to validate
experimentally the application of this method over a wide
range of coronary flows up to maximum, under a wide
spectrum of metabolic conditions or drugs that may
potentially affect extraction of rubidium. The flow ob
tained with this technique compared closely to simul
taneous measurements of flow with microspheres in the
same sample volume, over an extreme range of flows and
under a variety of physiologic and pharmacologie con
ditions. Since Rb-82 is a generator-produced positron
emitter, it is suitable for carrying out positron-emission
tomography without the necessity of an on-site cyclotron,
with state-of-the-art positron cameras that are capable
of short sampling intervals, (i.e., < 1 sec) for analysis of
first-pass time-activity curves (9). This study establishes
for the first time a basis for measuring myocardial per
fusion and extraction of a radiotracer by positron
imaging in the absence of an on-site cyclotron.
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METHODS

Animalpreparation.Twenty-eightfasted mongreldogs
were anesthetized with sodium pentobarbital (30
mg/kg), intubated, and ventilated with room air by a
Harvard volume respirator. A transfemoral aortic
catheter was inserted to record arterial blood pressure,
and Lead II of an electrocardiogram was monitored
using standard subcutaneous leads. Through a left thoracotomy in the fifth intercostal space, the left anterior
descending (LAD) coronary artery was isolated just
distal to the first major diagonal branch, where a perivascular electromagnetic flow probe was placed on the
LAD for recording of phasic and mean flow. The LAD
flow was recorded by a dual-channel, electromagnetic,
square-wave flowmeter connected to a 12-channel re
corder. The flowmeter was set to zero during a brief
(5-10 sec) occlusion just distal to the flow probe. LAD
flow was recorded in units of fiV and served as a guide
to directional flow changes during alterations of flow in
each experiment. An inflatable balloon occluder was
positioned on the LAD just distal to the flow probe.
Catheters filled with heparinized saline were also in
serted into the left atrium, femoral vein, and through the
left carotid artery into ascending aorta.
Instrumentation. Myocardial and arterial positron
radioactivity were recorded using a pair of beta radiation
detectors placed on the epicardial surface between the
LAD and second diagonal branches (8,10). These beta
detectors have high efficiency for detecting positrons and
low efficiency for gamma rays. A second beta detector
was faced with 1 mm of lead and placed adjacent to the
first detector. The lead shields the detector from positron
emissions, so only the background gamma counts are
detected by this probe. This gamma activity was sub
tracted from the activity obtained by the first beta probe;
thus we monitored pure beta activity over the myocar
dium. For Rb-82 the beta probes detect activity from a
sample volume with a depth less than 6 mm (>90% of
counts in 3-4 mm) thus excluding any contribution from
the ventricular cavity (//).
Two to three millicuries of Rb-82 in 10 ml of normal
saline were eluted from a Sr-82 -Â»Rb-82 generator (72)
and injected as a bolus into the femoral venous catheter.
Simultaneous injections of microspheres were made
during the rubidium study. An arterial blood sample was
withdrawn at a constant rate by a Harvard withdrawal
pump and served as an arterial reference for both ru
bidium and microsphere determinations. Myocardial
positron counts recorded by the beta detectors were
processed by a pulse-height analyzer connected on-line
to a computer that generated time-activity curves cor
rected for physical decay.
Measurement

of myocardial flow and extraction.

Myocardial flow can be measured after a single bolus
injection using the following formula (13):
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F=

U(T)
E fTCa(t)dt

(1)

Jo
where F is myocardial flow (ml/min/g), Ca is the con
centration of radioactivity in the artery (cps/ml), U(T)
is the myocardial uptake of rubidium (cps/g), and E is
the extraction fraction of tracer.
Extraction fraction was based on a functional twocompartment model (8), which expresses the activity
recorded by the beta probes as the sum of the instanta
neous amounts of free rubidium (interstitial and vascular
spaces) and the trapped rubidium (cellular space) in the
myocardium. Thus the counts recorded by the beta probe
can be expressed as P(t) where:
P(t) =

+ b

f'
Jo

(2)

where bi and b2 are constants and x is a dummy variable
of integration. The first term represents the free rubid
ium activity and the second term the trapped rubidium
activity. The concentration of free rubidium activity is
described by the following equation (8):
CF(t) = bte~at
(3)
where b and a are constants and CF is the concentration
of radioactivity in the free space. The substitution of Eq.
(3) into Eq. (2) gives an expression for activity detected
by the beta probe, P(t), which was then used with a
least-squares technique to fit this equation optimally to
the observed data by varying a,bi, and b2-Curve fits were
done without knowledge of the microsphere data, which
was analyzed independently by one investigator (DJF)
with no knowledge of the rubidium data.
First-pass extraction fraction was determined at peak
activity time as described previously (S), by dividing the
derived trapped rubidium activity, N, by the total ac
tivity recorded, M, at that time, as illustrated in Fig. 1.
This value for extraction fraction was then used in Eq.
(1), with values for U(T) and Ca obtained from the
measurement of myocardial and arterial radioactivity
150 sec after injection of tracers, in order to calculate
flow.
Microsphere determinedflow. Myocardial blood flow
was simultaneously measured using microspheres, 15 /urn
diameter, labeled with one of the following: Co-57,
Sn-113, Sr-85, Nb-95, Sc-46. During left-atrial injection
of microspheres, a reference sample was withdrawn
continuously, for 150 sec at a rate of 16 ml/min, from
the ascending aorta into a preweighed syringe. At the
termination of each experiment, animals were killed and
the left ventricle was separated from the remaining
myocardium. The left-ventricular free wall under the
beta probes was trimmed free of fat, divided into endocardial and epicardial portions and each was weighed.
Epicardial samples 3-4 mm thick (corresponding to the
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FIG. 1. Analysis of time-activity curve,
showing fit of time-activity curve (TAC)
from beta probe (probe activity) modeled
curve fit of TAC, and free and trapped ru
bidium activities. First-pass extraction was
obtained by dividing myocardial uptake at
time of peak probe counts (N) by probe
counts (M) at same time (8).

sample volume of the beta probe) were counted sepa
rately with a sodium iodide well counter and 1000channel pulse-height analyzer. Blood flow was calculated
with a computer program using least-squares analysis
of the spectra (14,15). Based on the measured ratio of
counts per microsphere, we calculated that at least 1600
microspheres were present in each portion of myocar
dium and in each reference sample, providing a statistical
accuracy of Â±5%(16).
Experimental protocol. Flow was monitored with an
electromagnetic flowmeter and by the simultaneous
intravenous injection of a bolus of Rb-82 and an injection
of radioactive microspheres over 20-30 sec into the left
atrium. After initial baseline measurements, coronary
flow was increased by intravenous dipyridamole (5-10
mg) with phenylepherine added as required to keep ar
terial pressure and heart rate at control levels. Flow in
the left anterior descending coronary artery was de
creased from baseline by graded occlusions. After flow
was increased or decreased to a constant level, Rb-82 and
microspheres were again injected. This protocol was
followed in six dogs under control conditions and after
the physiologic and pharmacologie interventions de
scribed below. At the conclusion of each series of ex
periments, the animal was killed and epicardial biopsies
were taken directly under the beta probe. Microsphere
determinations were made the next day so that all the
rubidium had decayed and did not interfere with mea
surements of the microsphere activity.
Effects of pH. The effects of changes in arterial pH
were determined in ten dogs. Systemic acidosis was
produced by infusion of 1000 ml of 0.5% NH4C1 over 1
hr, with the ventilation rate adjusted to 15cycles per min.
Systemic alkalosis was produced by infusion of 500 ml
of 2.1%NaHCC>30ver 1 hr, with a respiratory rate of 50
cycles/min. Arterial pH, pOa, and pCO2 were monitored
Volume 24, Number 10

with a blood-gas analyzer before each injection of ru
bidium.
Effects of arterial glucose. Arterial glucose was ele
vated in four dogs by the intravenous administration,
over 30 min, of a 250-ml solution containing 250 g glu
cose and 500 units of regular insulin. Arterial glucose
was measured before each experiment using a standard
enzymatic technique (77).
Effects of digoxin. Digoxin was given to four dogs as
a single intravenous loading dose of 10 Â¿ig/kg.Tracer
studies were performed 60-90 min later corresponding
to the peak effect of digoxin (18).
Effects of propranolol.Beta blockade was induced by
the intravenous injection of propranolol ( 1-2 mg/kg) in
four dogs. Studies were conducted after heart rate had
fallen by at least 25% of control levels.
Statistics. The relationshipbetween microsphereflow
and rubidium flow was established by a linear regression
analysis. Myocardial uptake of rubidium was plotted
against microsphere flow using a quadratic regression
analysis, since this relation had a higher correlation than
was obtained using a linear regression. Differences in
uptake of rubidium during alkalosis and acidosis were
analyzed using a two-tailed Student's t-test. All values
reported are mean Â±standard deviation unless otherwise
noted.
RESULTS

Myocardialuptakeof rubidium-82comparedwithflow
measuredby microspheres.Priorstudies of rubidiumfor
measuring myocardial flow have not included a mea
surement of extraction. Consequently, the results of such
studies have related myocardial uptake of rubidium (the
product of flow times extraction) to flow determined by
microspheres. Flow per se can be determined in such
909
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studies only by assuming a value for extraction. Figure
2A shows the results of this classical technique as de
scribed by earlier investigators (5,19) but applied to the
data acquired in the current study. The relationship is
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plagued by scatter, and the uptake with this estimate of
flow using Rb-82 is linear only up to 2.5 times normal
flow, with higher flows being significantly underesti
mated. Furthermore, in the absence of measured exTHE JOURNAL
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traction, low flows are overestimated. These results are
very similar to those obtained by Selwyn et al. using
positron tomography with Rb-82 (19). Finally, the
scatter in the data would limit the potential usefulness
of this technique for diagnostic purposes if uptake (i.e.,
count density) alone was measured.
Volume 24, Number 10

Regional extraction fraction of rubidium-82.At con
trol levels of flow, regional first-pass extraction fraction
of Rb-82 averaged 0.427 Â±0.059. Figure 2B shows the
relation between regional extraction fraction of Rb-82
and microsphere-determined flow. First-pass extraction
fraction decreased as a function of flow, thus accounting
911
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for the nonlinearity observed when only myocardial
uptake was measured.
Rubidium-82-determined flow compared with flow
measured by microspheres. In Fig. 2C, regional myo
cardial blood flow, corrected for first-pass extraction
fraction of Rb-82, is plotted against microsphere-de2 -i
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FIG. 4. Relationship between flow by rubidium (FRb)and microsphere-determined
flow after glucose and insulin. (â€”) From

termined flow in the same sample volume for control
injectionsover a range of flows from 0.1 to 4.8 ml/min/g.
This relationship maintains its linearity up to five times
resting flow, with a slope (0.87) not far from unity.
Effects of pH. The effects of acidosis were measured
on five dogs, with a total of eleven separate injections of
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Rb-82 and microspheres. Mean arterial pH decreased
from a normal control of 7.40 Â±0.02 to 7.17 Â±0.05 after
infusion of NH4CI.
Alkalosis experiments were done in five dogs with 17
tracer studies. The mean pH increased to 7.72 Â±0.09
from control levels of 7.38 Â±0.04. Figure 3A shows the
effects of acidosis and alkalosis on myocardial uptake
of rubidium, which was significantly less during acidosis
(0.377 Â±0.135) than alkalosis (0.671 Â±0.225) at control
flow (p <0.03). Since systemic acidosis produces hyperkalemia, it is possible that these changes are due to
competition of potassium for uptake of Rb-82 (20).
However, measurement of first-pass Rb-82 extraction
fraction in the determination of flow corrects otherwise
erroneous flow measurements in both acidosis (Fig. 3B)
and alkalosis (Fig. 3C) as compared with microspheres.
Effects of hyperglycemia. Hyperglycemia was induced
in four dogs, and 16 injections of Rb-82 and microspheres were performed. Arterial glucose was 137 Â±12
mg% before injection of the glucose-insulin infusion and
increased to 227 Â±35 mg% after administration of glu
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cose and insulin. Exogenous glucose and insulin have
been suggested to increase transport of Rb-82 (27).
However, in our study, glucose and insulin infusion did
not significantly change extraction. Measurement of flow
by rubidium was linear with respect to microsphere flow,
up to eight times control flow (Fig. 4).
Effect of digoxin. The activity of cell-membrane Na-K
ATPase might be expected to affect transport of rubid
ium tracers, since it has a distribution similar to that of
potassium (22). Accordingly,
16 experiments were
conducted in four dogs during the peak effect of digoxin,
which is known to inhibit potassium transport. Figure
5A shows the effects of digoxin on uptake of tracer as a
function of flow, for comparison with the control curve
(Fig. 2A). The lack of effect of digoxin on rubidium
uptake is consistent with the results of others (21 ). Flow
using our model for extraction was linear up to six times
normal flow (Fig. 5B).
Effects of propranolol. Propranolol was given to four
dogs in whom 20 experiments were performed. Control
heart rate in these open-chested dogs averaged 136 Â±29
beats/min decreasing to 98 Â±28 after propranolol. Ar-
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FIG. 7. Lumped results for flow by rubidi
um (FRb) compared with flow by microspheres (F//). Data represent all injections
done under control conditions and after
Interventions. (â€”) From equation shown
above graph.
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terial pressure was 137 Â±13 mm Hg at baseline mea
surements, and 111 Â±27after propranolol. There was
no significant effect of propranolol on extraction of ru
bidium. The relationship between flow determined by
rubidium and by microspheres was not significantly ef
fected by beta blockade (Fig. 6).
Composite results. Rubidium-measured flow com
pared with microsphere flow was determined in 28 dogs
undergoing a total of 106 experiments, shown in Fig. 7.
Despite a wide variety of conditions affecting pH,
beta-receptor activity, glucose transport, and the Na-K
ATPase pump, our method of measuring regional
myocardial flow with Rb-82 is linearly related to mi
crosphere flow throughout a wide range of flow, from low
to eight times resting flow. The slope of the equation
describing this relationship is 0.91 Â±0.02 (s.e.m.), with
an intercept of 0.16 db0.06, r = 0.97, p <0.001.
DISCUSSION

This study validates the applicability of our method
for the measurement of regional myocardial blood flow
using Rb-82 detected by beta probes, over a wide range
of flow and of physiologic conditions that might influence
uptake and extraction of rubidium. The correlation be
tween our rubidium method and flow measured inde
pendently by microspheres shows little scatter of data,
thereby validating the method's accuracy. Note that
uptake is not linear with respect to flow (Fig. 2), since
myocardial uptake is the product of flow and extraction
fraction [see Eq. (1)]. The decreased extraction fraction
seen at higher flows in this and earlier studies explains
the underestimation of high flows seen with these pre
vious methods. The present study overcame this limita
tion by determining extraction fraction from regional
epicardial time-activity curves. Extraction fraction de
termined with our method averaged 43%, and agrees
with the values of 37-55% obtained by Mack et al. in
blood-perfused isolated hearts (7 ). Similarly, Love and
Burch measured first-pass extraction in dogs by col
lecting samples from the coronary sinus (2). For flow
rates of 1 ml/min/g, the average extraction was ap
proximately 50%.
Another assumption previously inherent in the use of
diffusible tracers for measuring myocardial flow is that
the extraction of the tracer does not change when cellular
metabolism is altered, independent of flow. The work of
several investigators suggest that this assumption may
be wrong. Schelbert et al. found that insulin and glucose
caused a substantial increase in the uptake of potassium,
rubidium, and cesium without an accompanying change
in coronary flow (21 ). Weich et al. found that hypoxemia
significantly decreased the extraction of thallium, but
changes in pH, contractility, insulin, and strophanthin
did not produce any effects on extraction (23). As an
other example, ammonia labeled with N-13 has also been
found to be a good flow indicator within the limitations
914

described above for other diffusible tracers (24). How
ever, Bergmann et al. reported that whetÃ-the glutamine
synthetase pathway was blocked, extraction of tracer fell
by 60% for a given flow, and suggested that this un
coupling of ammonium extraction from flow could limit
the value of the technique (25). Since our technique
measures extraction directly, it is applicable under all
conditions. In addition, our model may be applicable to
the extraction of any labeled metabolic substrate for
purposes of assessing regional tissue oxidative metabo
lism (26,27), as long as some basic conditions are met,
as described previously (8). Using positron emission
tomography of N-13 ammonia, Gould et al. have been
able to detect coronary narrowing of 47% diameter or
more in dogs (7). The nonlinear relation between myo
cardial uptake of N-13 ammonia and coronary flow at
very high rates, as reported by Schelbert (22,28), makes
it of limited usefulness for detecting mild early coronary
stenoses of less than 47% diameter narrowing for pur
poses of early therapy aimed at reversal. Furthermore,
from a practical standpoint, the necessity of an in-house
cyclotron for production of the tracer restricts it pri
marily to research centers.
The present study suggests that Rb-82 could poten
tially provide a powerful, widely applicable technique
for the diagnosis of early coronary disease using positron
tomography. It has a very short half-life (74 sec), which
will allow repeated sequential studies without the ne
cessity of background subtraction. The nuclide can be
produced by a generator with a half-life of 25 days, and
thus could be readily available without the need for an
in-house cyclotron. Further studies with fast positron
cameras are required to determine whether flow can be
measured accurately in man.
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