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A method using double coincidence counting de cass was measured. During this time interval,thevices
and 84Rb to measure myocardial blood floworgan uptake of both isotopes was a constant per

in experimental animals and in man has been de centage of the total-body uptake. Brain,however,veloped
in this laboratory (1â€”4).Initially myocardialshowed its maximum isotope content earlier than9blood

flow was determined by constant intravenoussec following injection and declinedprecipitouslyinfusion
of 84Rb. During 7-mm test periods, the ratethereafter(10).of

myocardial uptake was measured by precordialSapirstein deduced that the organ extractionratioexternal
coincidence detectors. A disadvantage ofof rubidium must be equal to the total-body extrac

constant infusion is that rapid changes in flow can tion ratio during the period of observation. Conse
not be assessed. If the method is accurate, rapidquently, it follows that myocardial uptake isrelatedintravenous

injection of a bolus of 84Rb, as carriedto body uptake as organ blood flow is related to car
out by Donato (5) and by Knoebel and McHenrydiac output.Thus(6,7),

lets one measure myocardial blood flow dur
ing a short time (less than 90 sec) . In addition,the(1)calculations

of myocardial clearances are easy, and
a comparison with flow measured according to the
direct Fick principle is more readily accomplished.

Reports in the literature have not yet clearly an
swered the principal question: Is the myocardial
clearance of 84Rb obtained with coincidence coun

in which U@(t) is total myocardial uptake of 84Rb
following the injection (cpm) and UB(t) is total-body
uptake of 84Rb following injection (cpm)â€”which
equals the amount of 84Rb injected. MBF is total
myocardial blood flow (cc/mm) and COequalsters

after a bolus injection of the isotope a true
measure of myocardial blood flow? In this paper wecardiac

output (cc/min). Solving for coronary blood
flow,report

experiments in a large series of dogs in which
this question is examined. In addition, ourstudy(2)deals

with the effects of two cardiotonic drugs (iso
proterenol and norepinephrine) on the myocardial
clearance of 84Rb in the anesthetized dog.Cardiac

output is calculated by the Stewart-Hamil
ton formula (11 ) ; the resultisMEThODS

The principle of this method using a single bolusCO=

UB(t)

fA1(t)dt(3)injection

of 84Rb is based on the observations of
Love (8) and Sapirstein (9,10) . In 1954 Love0, in which f A1(t)dt is the integratedconcentrationtried

to quantitate the exchange of rubidium in or
gans in comparison to potassium after injections of
86Rb and 42K. The myocardial uptake of 86Rb was
measured over a long period of time. Sapirstein inof

84Rb during the@ primary arterial circulation
(counts/cc) . Substituting Eq. 3 for cardiac output
i@Eq. 2, onegets1956

and 1958 injected a single bolus of 42Kor 86Rb
into a large group of animals. The animals were
killed at different intervals up to 120 sec after in
jection, and the activity of each organ and the car
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MBF= U@(t) =MCL
5 A1(t)dt

0

in which MCL is myocardial clearance.
Consequently, myocardial blood flow (MBF)

equals myocardial uptake of 84Rb divided by the
integrated arterial concentration prior to recircula
tion; this is identical with myocardial clearance
(MCL) of 84Rb in cc/mm.

The validity of this assumption can now be tested
by comparing myocardial clearance as defined by
Eq. 4 to myocardial blood flow as determined by
the Fick principle (12) which is given by

in which /A(t)dt represents the integrated arterial

concentration of 84Rb during a defined period of

time (counts/cc) and JV(t)dt represents the in
0

tegrated concentration of 84Rb in coronary sinus
blood, determined for the same period of time and
expressed in counts/cc.

In 1964 Donato (5) developed a method for
measuring myocardial blood flow with a single bolus
injection of 86Rb or 42K; his method is based on the
findings of Love and Sapirstein mentioned previ
ously. A major disadvantage of Donato's method
was that activity of blood in the cardiac chambers
interfered with the measurement of the uptake of
the isotope by the heart muscle, necessitating the
injection of a second isotope, 1311-albumin, to de
termine intracavitary activity (13,14) . In addition,
the detection of radiation from 86Rb necessitates
complicated collimation, making the separation of
the activity of the heart muscle from that of sur
rounding structures difficult. In contrast, 84Rb, a
positron emitter, lets one isolate myocardial activity

with the double coincidence counting system devel
oped in this laboratory (1 ) . McHenry and Knoebel
(6) in 1967 combined the rapid bolus technique
of Donato with the use of the double coincidence
counting technique.

84Rb decays by positron emission 19% of the
time. The positron travels 1â€”2mm inside the body
before annihilation with an electron, producing two
0.5 l-MeV gamma photons directed 180 deg apart.
The half-life of 84Rb is 33 days which is convenient
for clinical and experimental use. The detection
system (CO-INSITRON, American Science and En
gineering, Inc., Cambridge, Mass.) consists of pairs
of coincidence-counting crystals placed anteriorly
and posteriorly to the chest 180 deg apart. One pair

(4) of sodium iodide scintillation detectors (4 in. in dia)
is aligned anterior and posterior to the heart (H).
A second pair of detectors (2 in. in dia) is placed
anterior and posterior to the right chest (B) . The
activity seen by this pair of detectors (B) is elec
tronically subtracted from the heart and chest ac
tivity (H) ; this results in the isolation of myocardial
activity alone (H-B) . For a count to be registered,
a gamma photon pair emitted at 180 deg must strike
the anterior and posterior detectors almost simul
taneously (within 1 @sec). Hence, only activity
which is present between two corresponding detec
tors will be recorded. Thus, the major advantage
of the double coincidence counting technique is that
without elaborate collimation it is possible to define

(5) the radiation from the heart muscle independent of
surrounding structures.

The other advantages of the double coincidence
counting system and 84Rb are that: ( 1) the field of
view of a detection system is precisely defined; (2)

background counting rates arising from natural ra
dioactivity, cosmic-ray activity and radioactive con
taminants in the room are negligible; and (3) for
equal injected activities of rubidium and identical
detector fields of view, the coincidence method using
the 84Rb gives five times the counting rate that 86Rb
would yield using the standard single technique.

Healthy mongrel dogs weighing 10â€”26kg were
anesthetized with sodium pentobarbital (30 mgI

kg) . The animals were ventilated with room air
through endotracheal tubes. They were placed in
the left-lateral position so that the outline of the
heart (previously drawn on the chest wall during
fluoroscopy) could be positioned between the 4-in.
pair of coincidence-counting detectors. The â€œback
groundâ€•(B) detectors were not used in dogs because
of the left-lateral position of the animal during the
test and the shape of its chest. Natural background
was determined before the first injection of 84Rb.
The residual background activity was obtained be
fore subsequent injections.

The bolus of 84Rb (0.4 MCi/lb) was injected into
the inferior vena cava through a catheter inserted
into a femoral vein. Myocardial activity was recorded
for 4Â½mm following each injection. However, only
the precordial activity between 90 and 270 sec was
used to determine the myocardial uptake. As shown
later, the output of the detector pair remained con
stant for that period of time. This illustrates that the
initial distribution of 84Rb into the organs is com
plete 90 sec after injection. Therefore, it is possible
after 90 sec to measure the accumulated myocardial
activity from the bolus injection. Precordial counts

representing myocardial uptake were summed at
3-sec intervals and recorded as a direct printout. The

UH(t)MBF = t t

fA(t)dt â€”5 V(t)dt
0 0
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Experi

Countingrate(cpm)30â€”9090â€”150150â€”210210-270ment

No.(sec)(sec)(sec)(sec)

MYOCARDIAL BLOOD FLOW DETERMINED WITH 84Rb

sum of these counts from 90 to 270 sec (3 mm) was
converted to average activity per minute.

Arterial blood was withdrawn from the descend
ing aorta through a catheter introduced through a
femoral artery. This blood was circulated through a
polyethylene coil in a well counter and reinfused into
the distal femoral artery by a Roller-Pump (Model
3500, Sarns, Inc., Ann Arbor, Mich.) at a constant
flow of 40 cc/mm. From the time of injection until
120 sec, the activity of the arterial blood detected in
the well counter was printed at 3-sec intervals by
the same counting apparatus. To determine the myo
cardial blood flow according to the Fick principle
(Eq. 5 ) , the integrated arterial concentration of 84Rb

120

(5A(t)dt) over a period of 2 min after injection
0

was used. This period was chosen because arterial
and venous activity became constant and equal dur
ing this time, letting us determine the arteriovenous
difference following the slug injection of 84Rb.

To determine coronary venous activity, a catheter
was directed, under fluoroscopic control, from the
external jugular vein into the coronary sinus. Coro
nary sinus blood was collected by gravity in a flask
over the same 2-mm period after 84Rb injection.
Three 1-cc samples were then pipetted from this
flask into test tubes. The activity in each aliquot was

later determined in the well counter used to register
activity in arterial blood.

I

F1G. 1. Constancyof uptake.Eachbar representsthe average
counting rate (cpm) in 30 dogs beginning 30 sec after slug iniec
tion of â€œRb.

TABLE 1. MYOCARDIAL UPTAKE FOLLOWING
INJECTION OF 84Rb BOLUS

50 5,831
51 3,933
52 2,464
53 3,334
54 3,395
55 3,327
56 3,733
57 4,511
58 3,399
@59 4,938
60 5,671
61 3,735
62 2,290
63 2,916
64 3,016
65 5,442
66 6,252
67 3,396
68 3,130
69 4,713
70 4,548
71 4,935
72 3,582
73 3,387
74 3,744
75 3,198
76 2,650
77 3,115
78 2,067
79 3,487

Average 3,805

5,752
3,742
2,542
2,840
3,376
3,214
3,657
4,337
3,107
4,698
4,921
3,403
2,088
2,891
2,910
4,839
5,696
3,164
3,064
4,263
4,014
4,923
3,346
2,881
3,507
2,939
2,400
2,959
2,047
3,273

3,560

5,734
3,785
2,531
2,784
3,438
3,239
3,675
4,335
3,007
4,456
4,824
3,320
2,090
2,866
2,865
4,802
5,518
3,166
3,035
4,035
3,799
5,050
3,249
2,927
3,465
2,965
2,474
2,802
2,122
3,317

3,523

5,758
3,896
2,601
2,830
3,396
3,117
3,686
4,274
3,074
4,538
4,855
3,083
2,263
2,930
2,901
4,683
5,487
3,299
3,053
4,095
3,886
4,900
3,365
2,840
3,479
2,981
2,480
2,921
2,213
3,368
3,542

@=245 @@=37 @=19
O/@=64 %@=1.0%@=0.5

P<0.001 N.S. N.S.

120

To obtain 5 V(t)dt (Eq. 5), the activity of this
0

coronary venous blood was corrected for the differ

ent geometry of the test tube compared to the coil
by a conversion factor. This conversion factor was
obtained by relating the activity of an aqueous solu
tion of 84Rb in the test tube to that in the coil.

To obtain 5A1(t)dt (Eq. 4) for the myocardial

clearance of 84Rb, the arterial concentrations were
summed from the onset of the appearance to the
beginning of recirculation. The downslope was
plotted on semilog paper and the area under the
curve was calculated. The numerator U@(t) of Eq.
4 is identical to that of Eq. 5.

Another conversion factor was used to relate the
activity obtained from the well counter to precordial
counts. The determination of this coefficient has
been described previously (3) . To compare the
myocardial uptake measured in vivo with the up
take of the isolated and empty heart, the hearts of

i,000â€¢

30-90 90-150 50-210210-270
SECONDS

3805 3560 3523 3542
%a@6.4 %@L0 %@a0.5

p.c0.0Oi NS NS
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Clear Differ Differ
Exp.ri.WeightFlowancsenceoncemont

No.(kg)(cc/mm)(cc/mm)(cc/mm)(%)

Ezp.rl WeightFlow (cc/mm)Clearance(cc/mm)m.nt

No.(kg)Bolus I Bolus IIBolus I Bolus II
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TABLE3. COMPARISONOF MYOCARDIALTABLE 2. COMPARISON OF MYOCARDIAL
BLOOD FLOW AND 84Rb CLEARANCE

DETERMINEDBY RRSTAND SECONDBOWS
IN THE SAME ANIMAL 20 MIN APART

84Rb CLEARANCEBlOOD FLOW AND

120.0136.5149.813.39.7215.9112.7107.3â€”5.4â€”4.8319.1138.0130.1â€”7.9â€”5J415.9121.0142.221.217.5514.1135.4137.72.31.7616.3240.0206.7â€”33.3â€”13.9716.8200.4220.520.110.0815.9169.6137.8â€”31.8â€”18.7914.5141.4149.98.56.01018.6267.5231.1â€”36.4â€”13.61

125.9362.0401.039.01031221.3259.9286.026.110.01318.6173.0174.61.60.91413.6177.8178.20.40.21517.3187.9160.4â€”27.5â€”14.61613.2105.2118.112.912.31720.4171.1230.659.534.81815.01603164.13.42.11911.891.7133.041.345.02015.9147.4156.38.96.02115.4114.9125.310.49.12210.0119.2137318.515.52313.1150.81507â€”0.1â€”0.12424.0171.6199.527.916.32518.4161.4173.211.87.32613.81443162.517.812.32715.2146.1147.51.41.02818.198.1136.438.339.02916.8226.2190.1â€”36.1â€”16.03016.3173.0187.614.68.43120.0129.8134.85.03.83218.1133.8149.415.611.63317.7112.2118.26.05.33425.9200.4254.954.527.23516.1â€¢

1093129.219.517.03616.1167.2166.40.80.53722.22467221.6â€”25.1â€”10.23817.2136.3162.826.519.53919.1165.0160.6â€”4.4â€”23401431983202.13.4134121.3189.4194.1432.54224.0273.5312.639.114.34320.2243.6275.231

.613.04415.2169.4167.0â€”2.4â€”1.4Average17.5170.0179.09.06.6SEÂ±8.4Â±83

319.1138.0157J130.1160.4415.9121.094.0142.2113.0S14.1135.484.0137J93.4616.3240.0228.0206.7189.2815.9169.6129.3137.8135.9914.5141.4105.1149.9127.51018.6267.5223.0231.1231.81

125.9362.0290.0401.0386.91221.3259.9215.0286.0249.01318.6173.0198.6174.6190.91413.6177.8169.3178.2165.3Average17.6198J172.2197.8185.8SEÂ±22.5Â±12.8Â±24.9Â±24J

p<0.1 N.S. P<0.2N.S.

15 animals were excised and counted at the end of
the experiments.

To test the reproducibility of the method, a sec
ond bolus was injected in 10 animals 15â€”20mm
after the first injection. The stability of the rela
tionship between clearance and flow was evaluated
during infusion of vasopressor amines. In these cx
periments, isoproterenol (1 @g/kg/mmn) and nor
epinephrine (0.25, 0.5 and 1 pg/kg/mm) were
infused intravenously. The second bolus of @Rb
was injected when the blood pressure had become
stable. This usually occurred from 3 to 6 miii after
beginning infusion of each drug.

Central aortic (phasic and mean) pressure was
measured through a catheter placed in the ascending
aorta and recorded on a photographic strip chart
(Model DR-8 Recorder, Electronics for Medicine,
White Plains, N.Y.). In a few experiments cardiac
output was also calculated by the same isotopic in
jection method (Eq. 3), substituting the activity of
the injected 84Rb for body uptake.

P < 0.02

tistically significant difference between dual deter
minations of flow (P < 0.1 ) and clearance (P <
0.2) . This is in agreement with the data of Knoebel
and McHenry (7).

Table 3 and Fig. 2 give myocardial flow and
clearance in 44 dogs at rest. The average flow is
170.0 Â± 8.4 cc/mm, and the average clearance is
179.0 Â±8.7 cc/min. It can be seen that over a wide
range of flow (91â€”362 cc/mm/whole heart), the
mean difference between flow and clearance is 9.0
cc/min (6.6% ), which is significant (P < 0.02).

RESULTS

Myocardial uptake. Table 1 and Fig. 1 show that
from 90 to 270 sec after the injection of 84Rb, the
myocardial uptake of 84Rb remained constant. This
period is used for measuring myocardial flow and
clearance.

Reproducibility of results. Paired determinations
of resting flow and clearance were performed 20 mm
apart in 10 animals to establish the reproducibility
of the method. Table 2 shows that there is no sta

86 JOURNAL OF NUCLEAR MEDICINE



MYOCARDIAL BLOOD FLOW DETERMINED WITH 84Rb

The regression line relating clearance (MCL) to
flow (MBF) is seen in Fig. 3. The estimating equa
tion is: MCL = 15.44 + 0.96 MBF. The essential
features of the regression line are: ( 1) the relation
ship between flow and clearance is linear (correla

100@ 200@ . 4Ã´0
FLOW cc/mm

FIG. 3. Regressionline relatingmyocardialclearanceof â€œRb
to myocardial blood flow in 44 anesthetized dogs. Thin lines en
closestandard error.

lsoproterencl
I@g@'kgM*@

tion coefficient, r = 0.92 Â±0.06) ; (2) this linear
relationship is significant at a level less than 0.1%
as shown by analysis of variances (F-value = 237.5);
(3) the standard error of the estimate is Â±22.7;
and (4) the regression coefficient is 0.96 Â±0.06 or
nearly one.

Effects of isoproterenoi and norepinephrine infu
sions. The effect of these drugs on myocardial
blood flow and clearance of 84Rb are illustrated in
Tables 4 and 5 and Fig. 4. It may be seen that both
drugs at a dose of 1 @g/kg/min cause an increase
in myocardial blood flow of about 100% . During
isoproterenol infusion (Table 4), flow and clearance
show a proportional increase; however, during nor
epinephrine infusion (Table 5), the increase in flow
was considerably greater compared to clearance.

Thus the mean difference between flow and clear
ance during isoproterenol infusion is only 3.2%,
while the mean difference during norepinephrine in
fusion is â€”19.8% (Fig. 4). The regression line
obtained in the normal population of 44 dogs is also
used for Fig. 5. It can be seen that the results dur
ing the infusion of isoproterenol (1 .0 @g/kg/min)
and norepinephrine (0.25 and 0.5 @g/kg/min) are
within the standard error of that regression line. In
contrast, values obtained during infusion of 1.0
/Lg/kg/min norepinephrine lie outside and below the
standard error because myocardial clearance fails to
increase proportional to flow.

Nnephrlne
lpag/kgM*i
10Dogs

79.0
SE:@84 SE@8.7

%@:6.6
p<0.02

.c IO( H CLEARANCE

F10. 4. Flowandclearanceduringisoproterenolandnorepi
nephrine infusion. Left-hand bar of each pair is myocardial blood
flow (MBF); right-hand bar is myocardial clearance of â€œRb(MCI).
Solid black and white lower portions are resting values and
hatched upper portions are increases.

FIG. 2. Flow and clearancein 44 anesthetizeddogs. Bars
represent average myocardial blood flow and clearance of â€œRb.

40C

30C

@20C

bC

MCLV15.4+O.9GMBF
@.*22.7

r@0.92
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TABLE 4. EFFECTOF ISOPROTERENOLINFUSION ON MYOCARDIAL BLOODFLOWBefore

infusion During infusion Increase (â€˜I.)

Exper- Dose Clear- Clear
ment Weight (@g/kg/ Flow ance Clearance-flow Flow once Clearance-flow Clear
No. (kg) mm) (cc/mm) (cc/mm) (4k) (%i@) (cc/mm) (cc/mm) (Lx) (%@) Flowance2

15.9 1.0 1123 107.3 â€”5.4 â€”4.8 262.3 280.8 18.5 7.1 1327161.715
17.3 1.0 187.9 160.4 â€”27.5 â€”14.6 318.2 282.5 â€”35.7 â€”11.2 69.376.116
13.2 1.0 105.2 118.1 12.9 12.3 160.5 189.2 28.7 17.9 52.660.217
20.4 1.0 171.1 230.6 59.5 34.8 469.3 446.2 â€”23.0 â€”4.9 174.293.518
15.0 1.0 160.7 164.1 3.4 2.1 414.2 420.0 5.8 1.4 1573155.919
11.8 1.0 913 133.0 41.3 45.0 192.2 223.0 30.8 16.0 109.567.620
15.9 1.0 147.4 156.3 8.9 6.0 228.5 214.9 â€”13.6 â€”6.0 55.037.422
10.0 1.0 119.2 137.7 18.5 15.5 150.2 163.7 13.5 9.0 26.018.942
24.0 1.0 273.5 312.6 39.1 14.3 597.6 566.2 â€”31.4 â€”5.2 118.581.143
20.2 1.0 243.6 275.2 31.6 13.0 338.3 384.7 46.4 13.7 38.939.844
15.2 1.0 169.4 167.0 â€”2.4 â€”1.4 320.2 311.9 â€”8.4 â€”2.6 89.086.8Average
16.3 1.0 162.0 178.4 16.4 11.1 313.8 316.6 2.8 3.2 93.079.9SE

Â±17.2 Â±i9.9 Â±41.6Â±37.6N.S.
N.S.DISCUSSION

complicated and time consuming. TheprocedureExperiments

were performed to test the validity used in this paper is based on the method ofDonatoof
a method for measuring myocardial blood flow (5), using the assumption of Sapirstein (10)thatin
which an injection of a single bolus of a positron for a certain period of time (in dogs from 20 to I 20

emitter, 84Rb, was used. In addition, the effects of sec) a bolus of rubidium is distributed to the mdi
isoproterenol and norepinephrine on myocardial vidual organs in proportion to the fraction oftheblood

flow and clearance were studied. In this lab- cardiac output perfusing thatorgan.oratory
the infusion of 84Rb, rather than a bolus If this is correct, then during a limited periodofinjection,

has been used for a number of years to time following a bolus injection ot the isotope, clear
measure myocardial clearance. The infusion tech- ance and flow should be identical. Beforethisnique

has the disadvantage that the determination technique can be used, however, it is necessarytoof
myocardial clearance requires a prolonged steady demonstrate that the activity of blood in thecardiacstate

(7-mm periods) and that the calculations are chambers does not interfere with themeasurementTABLE

5. EFFECT OF NOREPINEPHRINE INFUSION ON MYOCARDIAL BLOODFLOWBefore

infusion During infusion Increase (â€˜I.)

Experi- Dose Clear- Clear
mont Weight (@&g/kg/ Flow once Clearance-flow Flow once Clearance-flow Clear
No. (kg) mm) (cc/mm) (cc/mm) (@) (%@) (cc/mm) (cc/mm) (@) (%@) Flowonce21

15.4 0.25 114.9 125.3 10.4 9.1 141.7 149.0 7.3 5.2 23.318.923
13.2 0.5 150.8 1503 â€”0.1 â€”0.06 232.2 220.4 â€”11.8 â€”5.1 54.046.325
18.4 0.5 161.4 173.2 11.8 7.3 222.7 230.1 7.4 3.3 28.023.226
13.8 0.5 144.7 162.5 17.8 12.3 159.9 1863 26.8 163 10.514.927
15.2 0.5 146.1 147.5 1.4 1.0 157.3 172.2 14.9 9.5 7.716328

18.2 1.0 98.1 136.4 38.3 39.0 139.1 179.7 40.6 29.2 41.831.729
16.9 1.0 226.2 190.1 â€”36.1 â€”16.0 309.6 253.2 â€”56.4 â€”18.2 36.933.231
20.0 1.0 129.8 134.8 5.0 3.8 174.4 171.3 â€”3.1 â€”1.7 34.427.133
17.7 1.0 112.2 118.2 6.0 5.3 206.6 161.7 â€”44.9 â€”213 84.136.840
14.7 1.0 198.7 202.1 3.4 1.7 392.9 269.1 â€”123.8 â€”31.5 97.733.241
21.3 1.0 189.4 194.1 43 2.5 225.2 200.5 â€”24.7 â€”11.0 18.93.342
24.0 1.0 273.5 312.6 39.1 14.3 355.1 308.8 â€”46.3 â€”13.0 29.8â€”1.243
20.2 1.0 243.6 275.2 31.6 13.0 466.3 323.1 â€”143.2 â€”30J 91.417.444
15.2 1.0 169.4 167.0 â€”2.4 â€”1.4 796.1 226.3 â€”569.8 â€”71.6 369.935.545
19.1 1.0 56.5 60.6 4.1 7.3 181.5 131.1 â€”50.4 â€”277 221.2116.3Average
18J 1.0 169.7 179.1 9.4 6.9 3243 222.5 â€”101.9 â€”19.8 102.633.3SE

Â±22.0 Â±23.5 Â±62.3Â±20.5N.S.
N.S.
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AND 84RbCLEARANCEMean

aortic pressure (mmHg)Heartrate (beat/mm)

InDo

Before Duringcrease(01Â°)BeforeDuringcrease(%)76

53
96 83
60 43
95 69
99 79
94 49
87 74
85 62

115 71
108 66
97 61â€”30.3

â€”13.5
â€”29.2
â€”27.4
â€”20.2
â€”47.9
â€”15.5
â€”27.0
â€”38.3
â€”38.5
â€”37.5133

146
122
163
152
166
152
130
200
152
170190

206
164
205
215
230
216
183
226
140
16947.4

41.1
34.4
25.8
41.5
38.6
41.6
403
13.0

â€”5.3
â€”0.692

64â€”28.915319528.9

AND 84Rb CLEARANCE

Mean aortic pressure (mmHg) Heart rate (beat/mm)

In- In
crease crease

Before During (0/,) Before During (â€˜I,)

109 112 2.8 106 120 13.2
60 71 18.3 156 174 11.6
85 96 12.9 79 147 86.1
64 145 126.6 151 102 â€”32.4
106 110 3.8 187 187 0

57 61 7.0 142 165 16.2
49 57 16.3 181 178 â€”13

86 211 144.0 174 132 â€”24.1
105 159 51.5 151 74 â€”51.0
96 115 19.8 146 153 4.8

115 173 50.4 200 â€¢82 â€”59.0
108 173 61.0 152 115 â€”24.3
97 161 65.3 170 82 â€”51.7
39 100 156.4 110 103 â€”6.4

84 134 63.5 159 120 â€”21.9
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that of the paired coincidence-counting detectors.
Therefore, the activity of the blood can be main

tamed so low that it plays only an insignificant role
in the total counts from the coincidence-counting
detectors (1,15) . McHenry and Knoebel also stated
that the contribution of intracavitary blood to the
external myocardial counts is minimal (2.3% ) from
120to150sec(6).

4nother fact to be ascertained is whether myo
cardial uptake is constant for the period of its meas
urement (90 to 270 sec) . During that period, myo
cardial uptake reflects the previously accumulated
amount of isotope in the heart muscle. Table 1 and
Fig. 1 show that from 90 to 270 sec after the 84Rb
injection, myocardial uptake remains constant. The
value for myocardial 84Rb uptake for the period
from 30 to 90 sec is only 6.4% higher than during
the following 60 sec (Table 1 and Fig. 1) . There
fore, the initial uptake of 84Rb in the heart muscle
is almost completed 30 sec after the bolus injection.
Thus a steady state of at least 30 sec, but not cx
ceeding 90 sec, is necessary. Love and coworkers
(8,16) using punch biopsy of heart muscle found
that the relatively high isotope value of heart muscle
compared to that in blood is not due to continuous
gain of the isotope, but rather to â€œlagâ€•in the loss of
the isotope from the myocardium. Sapirstein (9,10),
Levy and Oliveira (1 7) and McHenry and Knoebel
(6) also demonstrated constancy of the myocardial
uptake for a limited period of time.

It is likely that the myocardial uptake in animals
as determined in our experiments is too high. This

is illustrated in Table 6, in which the uptake of the

of the myocardial uptake during the time of meas
urement. To demonstrate that the radioactivity of

blood in the cardiac chambers using coincidence
counting detectors does not significantly alter pre
cordial counts, a series of experiments were carried
out in the isolated, nonbeating dog heart. These data

have been previously published (4) . In these tests,
the activity of intracavitary blood was maintained
equal to that after prolonged intravenous infusion
of 84Rb. The activity of blood in the cardiac cham
bers did not significantly interfere with the precordial
counts. This is because the sensitivity of the detec
tion system of the well counter is about 160 times
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tive reduction of the amount of rubidium in the
brain as postulated by Sapirstein (10) or by uptake
of the isotope in the lungs as demonstrated by Clarke
and Rushmer (18) and Sheppard and coworkers
(19).

One may object to the validity of the conclusion
drawn from a comparison of clearance to flow since
the same isotope and the same detection system
were used. In general, the direct Fick principle,
which is used to measure total myocardial blood
flow in our experiments, is a valid yardstick. Clear
ance represents nutritional flow. Since the prim
ciple underlying the measurement of myocardial
clearance of rubidium is different from that entailed
in the measurement of flow, comparisons are valid;
as a matter of fact, the use of an identical isotope
and detection system is a definite advantage since
the experimental errors cancel each other out. In
the nitrous oxide method, a steady state of at least
4 min is essential and the coronary sinus must be
incubated (20) . Other procedures are dependent
upon direct injections in the left ventricle (21,22)
or in the coronary artery (23,24). There is at the
present time no simple method which offers the
direct and quantitative measurement of all values
necessary for the calculation of myocardial flow in
man by the Fick principle (Eq. 5) . In animals dcc
tromagnetic flow meters do not permit the measure
ment of total myocardial blood flow since it is cx
tremely difficult to place a probe around the left
common coronary artery.

The finding that clearance is primarily flow de
pendent is substantiated by the results obtained dur
ing the infusion of isoproterenol. During infusion
of that drug, a proportional increase of clearance
and flow is observed. However, this is not the case
during the infusion of a large dose of norepinephrine
(1.0 @@g/kg/min). Here the increasein clearance
lags behind that in flow with a mean difference of
almost 20% . This is in line with the observations
of many workers that the extraction ratio diminishes
as flow increases (4,25â€”30). Under these circum
stances, clearance is not flow dependent only since
the percentage of myocardial extraction diminishes
with increasing flow, impairing the basic principle
of the method. The relation of myocardial extraction
of rubidium to total-body extraction, and the rela
tion of myocardial uptake of rubidium to myocardial
blood flow is altered as the extraction ratio changes.
The method employing constant infusion of the iso
tope, previously used in this laboratory, does not
have this disadvantage because the calculation of
flow is obtained by extrapolation of the myocardial
clearance to time zero. At that time, the extraction
ratio is theoretically one, provided the myocardium
is extracting all of the isotope at this time (4).

TABLE 6. COMPARISON BETWEEN PRECOR@AI.
ACTIVITY (HEART IN VIVO) AND ACTiVITY OF

EXCISEDANDDRAINEDHEART(INVITRO)

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

Average
Difference (â€˜I.)

6,447
7,860
9,478

10,345
13,957
9,069

10,287
12,693
12,969
17,735
8,287
9,524

13,202
8,500
8,449

10,587

4,546
7,831
7,234

10,447
11,895
3,916
5,119
5,969
5,967

15,468
4,121
5,928

10,899
7,239
6,919

7,567

28.5

P < 0.001

heart in vivo is compared to that of the same heart
removed from the body. The uptake of the isolated
heart with blood-free chambers was 28.5% lower
than that of the heart in vivo. This discrepancy is
due in part to adjacent thoracic activity counted by
the large 4-in. detectors which were designed for
the heart size of adult man. In addition, the pair of
2-in. detectors, devised for subtraction of thorax
â€œbackgroundâ€•could not be used in the dog because
of the anatomical arrangement of the canine thorax.
Consequently, the values for myocardial uptake in
the dog as obtained in this series are consistently too
high. This, however, does not defeat the main pur
pose of these experiments in which clearance is
compared to flow. Since the same value for uptake
is used for both clearance and flow, comparison
between these two determinations remains justified.

Another fact which needs verification is the re
producibility of the results under ideiftical experi
mental conditions. Table 2 shows that there is no
statistically significant difference between paired
studies carried out 20 mm apart. Knoebel and Mc
Henry (7) reported similar results.

The comparison between myocardial clearance
and flow in 44 animals shows that over a wide range
of flow (91â€”362cc/min/whole heart) the average
difference is only 6.6% ; this, however, is statisti
cally significant. The regression line relating clear
ance to flow is linear, and the regression coefficient
is nearly one. Consequently, clearance is flow de
pendent over a wide range, but clearance is con
sistently higher by a small, but significant, quantity.
This disparity may be caused either by a compara
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Although the data show that clearance is primarily
flow dependent, it is not claimed here that flow is
the only factor influencing clearance. It has been
determined that velocity of flow (31 ), relationship
of permeability to surface area of capillaries (32â€”
34) and intramyocardial shunts (29) also may in
fluence the myocardial extraction ratio of rubidium
and consequently its clearance. But the data show
that under the experimental condition present in this
report these factors are of no major importance in
influencing the clearance-to-flow dependency.

SUMMARY

The myocardial blood flow in the anesthetized dog
using the coincidence-counting system in connection
with a bolus injection of the isotope 84Rb was in
vestigated. The validity of the method was tested
by comparing myocardial blood flow with myo
cardial clearance of @Rb;flow was calculated with
the Fick principle and clearance was obtained by
dividing precordial uptake of the isotope by the
integrated arterial concentration of the first circu
lation.

The average coronary blood flow in 44 dogs was
170.0 cc/mm/whole heart; the average myocardial
clearance was 179.0 cc/mm/whole heart. The dif
ference was 6.6% and statistically significant (P <

0.02) . It could be demonstrated, however, that over
a wide range of flows (91â€”362 cc/mm/whole
heart) there is a linear and direct relationship be
tween myocardial blood flow and clearance in the
resting dog.

The effects of isoproterenol and norepinephrine
on both myocardial blood flow and clearance of
84Rb were examined. Isoproterenol did not change
the relationship between clearance and flow, but a
high dose of norepinephrine caused a proportional
greater increase in flow than in clearance. It is likely
that this is due to an alteration of the myocardial
extraction ratio of rubidium. The results demon

strate that myocardial clearance of 84Rb is primarily
flow dependent under these experimental conditions
and that the factors which can alter clearance were
not a major influence.

The advantages and disadvantages of the bolus
method as compared to the constant infusion method
were discussed.
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