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These experiments were performed to test the 
accuracy of techniques which are suitable for 
estimating the rate of uptake of Rbs6 by the myo- 
cardium in man. In the experimental animal it 
was possible to compare estimates that were based 
on external measurements of the type possible in 
man with the actual myocardial uptake of Rba6 
determined by direct analysis of the heart after 
sacrifice. The rate of myocardial uptake of Rbe8 
was of interest b h u s e  factors which influence it, 
such as the rate of coronary blood Aow and the 
permeability of capillaries and muscle fibers, prob- 
ably likewise affect the uptake of important metab- 
olites by the heart. Since rubidium resembles po- 
tassium in its biological behavior, it might be pos- 
sible to extrapolate to any gross changes in the 
rate of potassium uptake or concentration occur- 
ring with heart disease. As a partial test of the 
relationship between coronary blood flow and 
Rbse uptake rate in the heart, 1-norepinephrine or 
Pitressin@ were administered intravenously to 
several dogs because of the known effects of these 
drugs on the coronary blood flow (1, 2). If an 
estimate of coronary blood flow could be obtained 
in intact man without catheterization of the cor- 
onary sinus, the variations in coronary blood flow 
in large numbers of normal subjects and patients 
with various types of cardiac disease could be 
studied. Rubidiums6, which has a 1.1 mev. 
gamma emission and a T1/, of 19.5 days, has been 
used as if it were a tracer of potassium since the 
12.4-hour T1/2 of K" makes its use difficult. 

Rubidiums6 is not actually a tracer of potassium 
(3). However, rubidium resembles potassium 
chemically, and has biologic effects on the heart 
similar to those produced by potassium (4-7). 
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These two elements are partitioned between the 
myocardium and. plasma in almost identical ra- 
tios, and the rates of uptake of each by the various 
organs of the dog are qualitatively similar (8). 
The rates of uptake of K4a and Rba6 by the human 
erythrocyte in Vitro have been found to be very 
nearly the same (9). The processes involved in 
bringing about uptake of the two elements seem 
to be similar in this type of cell at least, since 
factors reducing K'* uptake, such as cooling, in- 
crease in plasma potassium concentration, and the 
addition of iodoacetate to the plasma, produce a 
proportional reduction in Rbse uptake (10). 

The general procedure in these experiments 
was to maintain a nearly constant concentration 
of Rbs6 in arterial blood by the continuous in- 
jection of isotope, usually for 30 minutes, while 
an' indication of the rise of myocardial RbS6 con- 
centration was obtained from a collimated, re- 
cording scintillation ratemeter placed over the 
precordium. From these data the turnover rate 
of myocardial potassium, which is defined as the 
fraction of myocardial potassium exchanging with 
the plasma per minute, and the amount of plasma 
cleared of Rbs6 by 100 Gm. of myocardium in 
one minute were calculated using certain simpli- 
fying assumptions. The reliability of these esti- 
mates was evaluated by comparing them with the 
results of direct analysis of the myocardium after 
sacrifice. 

MATERIALS A S D  METHODS 

Mongrel dogs weighing 6.7 to 14.3 Kg. (mean 10.7 
Kg.) were anesthetized with 30 mg. sodium pento- 
barbital per Kg. intravenously and taped to a frame so 
constructed that they could be held securely in a prone 
position over the precordial monitor. Supplementary 
anesthesia of 30 to 60 mg. sodium pentobarbital was M- 
casionally necessary. Under fluoroscopic control. the 
frame was adjusted so that the approximate center of 
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PRECORDIAL WONITOR IN DOQS 
DWrOl 

FIG. 1. SCEEMATIC REPRESENTATION OF TEE h R A N 5  
HBN? OF THE PRBcOaaIU MONITOR IN PRONE, A m -  
TEmm DOCS 

the ventricular mass coincided with the vVt ia l  axis of 
the counter crystal. After intravenous injection of 100 
to 150 mg. heparin, frequent recording of pulse d 
mean femoral arterial blood pressure were begun using 
a mercury manomeher. The mean arterial blood pres- 
sure averaged 140 mm. H g  in dogs not receiving drug, 
and the mean pulse rate was 160 per minute Blood from 
the opposite femoral artery was allowed to flow through 
300 an. of 1.7 mm. internal diameter polyethylene tub- 
ing and returned to the femoral vein. A drop bottle 
was interposed, and 60 an. of this tubing was wrapped 
around a probe-type Geiger-Muller tube attached to a 
recording ratemeter according to the prinaple described 
by Sear (11). Blood flow through the tubing was ap- 
proximately I5 ml. per min., measurements being made 
at five-minute intervals by timed collection of 6 ml. 
blood. 

The drugs were administered in 0.85 per cent NaCl 
solution at an average rate of 4 ml. per min. from a 
pressurized flask. Flow was regulated with a needle 
valve and drip bottle. The average dosage of l-norepi- 
nephrine was 2.5 pgm. per Kg.  per rnin., and of Pitres- 
sin492 0.065 pressor units per Kg. per m h  Administra- 
tion of the drugs was started 15 minutes before injec- 
tion of Rb" in order to allow any transient changes in 
plasma potassium to subside. When Pitressin49 was used 
the initial rise in blood pressure caused by the drug had 
disappeared before measurements of Rb" uptake were 
started. The mean pulse rate was 175 per min. and the 
average mean blood pressure 165 mm. H g  in four dogs 
receiving 1-norepinephrine, while in the six dogs given 
Pitressin@ the average pulse rate was 125 per min. and 
the average mean blood pressure 145 mm. Hg. T h e  

h a r t s  of three of four dogs  that received I-norepineph- 
rine showed varying degrees of intramy-I hanor- 
rhage, mainly subendocardial, and a decrease in tht 
myocardial potassium concentratian The mean potrti 
sium concentration in these dogs was 66.4 mEq. pa 
Kg. myocardium, or 20 pu cent less than in the CCQ- 

trol dogs. 
Precordial monitoring was perfonneed by m a n s  of 

a scintillation ratemeftrJ employing a NaI cryst?] and 
a recording galvanometer with a half-time of 5 SIX- 

on&. The geometry, shieldinp, and Bcacnl - 
ment of the apparatus are indicated ~ & ~ ~ ~ t i d l y  in 
Figure 1. The prrC0rdi;rl ndiopaivitV at the end of 
30 minutes of Rb" infusion was approximately 20 times 
baclrgmund Three dogs were sacrificed is, sihr by in- 
travenous injection of 300 tug. sodium pentohbital, and 
those tissues which were within the field of the COmttQ 
were removed to dctamine what portion of the radio- 
activity recorded over the pracordium was actually & 

-rived from the hart This varied from 62 to 72 per 
cent A h  onc-half of the p r e c o d d  mkictivity 

terior chert wall, while the ramining 15 to #)pa cart 
origiuatul in the posteriar dlc3t wall# lungs, aud the 
portions of the body shielded fnnn the counter. In six 
dogs in which the heart was d t o r e d  separately after 
sacrifice, the amotmt of radioactivity averaged 70 per 
cent of the total precordial cotmt 

The injectim of Rb" in 0.85 per ant NaCl rolutiuu 
w a s  made into a femoral vdn by means of a 504. 
syringe driven by a variable speed motor. The lLIOzl 
Rb" concentration of the injectant was 12 p c  pa ml., 

prisiog outside of the hevt wi18 derirrd from the m- 

*Supplied by Parke, Davis & Co. 

INJECTION RATE USED TO OBTAIN 
PLATEAU PLASMA LEVELS OF Rb@@ IN D06S 

0' j io is io is jo 
Minutes oftw stort of RbW infusion ' 

FIG. 2. TEE CON~NUOUSLY D ~ ~ ~ ~ s I N G  1~lreh-w~ 
INJECTION RATE USED TO OBTAIN NEAB CONSTANT b- 
TlLpIu PLASMA RB" GNCrNTRATION IN DOCS 

a W. S. MacDonald Co. Type 155. 



470 W. D. LOVE AND C. E. BUPCH 

35 d king injected in 30 minutes. Rubi&um" obtrined 
01 Rb,CO, was netltnlized with HCI and used no 
hger than two months after receipt in order to amid 
s ign i f ic~t  contamination with long lived radio elements, 
such m W. A standud injection rate was derived b 
atcllttioa from the p h  decay curve of R b " h  doss 
(8), with empirical modifiations, Figure 2. In some 
ates the injection rate was altered during the procedure 
u nqnired by a change in whole blood radhdvity. 

Tirrur sprcimmr weighing approximately one gnm 
wen collected from several parts of the heart, frsm the 
lung, liver, and muscle of the pectoral region and s p k  
T + a  mamples.wcre digested in HNO, for dctamiua- 
tion of radioactivity and potassium content by methods 
previously described (8). Specimens of arterial p h  
were obtained at five-minute intervals for determination 
of radioactivity (12) and potassium concentration. In 
the initial strrdies plasma potassium concentration was 
masured using a twenty-fold dilution of plasma. How- 

b e f a  dilution, and the earlier determinations were cor- 
rected to the probable values which would haye been 
obtained with digested plasma. This correction, which 
amounted to a 15 pet cent increase, was based upon 
200 samples measured by both methods. 

=, all othu plnsma samples wuc digested with HNOr 

METHODS AND ANALYSIS OF DATA 

Several assumptions were necessary to order to make 
calcnlations of myocardial potassium turnover rate and 

Rb" clearance from the data obtained. As mentioned 
previously, Rb" was used as if it traced potassium 
within the myocardium. Therefore, the mas of non- 
tracer material was represented by the potassium con- 
tent, which was assumed not to change during the pro- 
cedure. The rationale of this assumption has bem 
given above. To a t e n d  the previous study of the rda- 
tivc concentrations of potassium and exchangeable N- 
bidium in the dog's heart (8), eight animals were 
sadiced three to five days after intramow injection 
of Rb", and the potassium and Rb" concentrations of 
the plasma and myocvdium compared. The specific ac- 
tivity of achangeable rubidium in the heart and plasma 
have been shown to be nearly equal after 24 hours (8), 
50 that Rb" concentration would indicate relative ex- 
changeable rubidium content. The ratio of the Rb" con- 
centration in the myocardium to that in the plasma 
divided by the similar ratio for potassium averaged 
1.05*0.08, compared with 1.14 in four dogs reported 
previously. In the calculations this ratio was treated 
as if it were unity. 

The second assumption upon which calculations were 
based was that the ventricular myocardium constituted 
a mixed homogeneous compartment exchanging at a 
single rate with the blood Although this is clearly not 
the case, any rapidly exchanging portion containing little 
potassium, such as the interstitial fluid, would be un- 
detected by the methods used Furthermore, the results 
did not indicate the presence of any large slowly ex- 

INFLUENCE OF THE DURATION OF Rb.6 INFUSION ON THE 
TOTAL MYOCARDIAL Rb" UPTAKE IN 19 CONTROL DOGS 
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IO 20 i o  40 io B o 7 0  eb do 
. Minuhs of Rba6 iafusion 

FIG. 3.  THE TOTAL RB" UPTAKE IN 19 CONTROL Docs DETERMINED AT 

SACRIFICE 5 TO 90 bfIE:TL.TES AFTER THE START OF RB"' ISFUSIOE: 
The curved line represents the time course of Rb" uptake in the hypo- 

thetical average dog, if the myocardium was homogeneous and exchanged 
RbM with the plasma at a single constant rate. 
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chYrging components. This is indicated in Figure 3 
which shows the time course of the variation in individual 
h g s  about the mean Rb" uptake rate. 

In making calculations from data obtained from the 
intact dog, it was further assumed that the precordial 
monitor reflected the behavior of Rb" concentration in 
the myocardium. The actual comparison of estimates 
of myourdial Rb" uptake made on this basis with those 
&cd from direct analysis of the myocardium served 
2s the test of the usefulness of this assumption. If 
w v i t y  over the heart reflects myocardial radio- 
d v i t y ,  then the recording of precordial radioactivity 

three attributes from which the rate of Rb" uptake 
by the heart can be estimated. The initial rate of in- 
crease of radioactivity over the precordium is related to 
the initial rate at which plasma is cleared of Rb" by the 
myocardium, while the level of precordial radioactivity 
at the end of the infusion of Rb" is related to the maxi- 
mal myocardial Rb" concentration ruched during the 
procedure and, therefore, to the average myocardial 
clearance of plasma Rb" during the infusion. The 
amount of curvature of the trace of prccwrdial 40- 
activiw depends in part on the turnover rate of myo- 
cardial potassium. These three characteristics have been 
used to obtain "estimated" rates of plasma clearance and 
rates of turnover from the type of data obtainable in 
man, and these rates have been compared with thar  
counterparts obtained by direct analysis of the heart 
at sacrifice. The latter have been referred to as "ob- 
served'' rates of clearance and rates of turnover. 

Estimated myocardial potassium turnover rate was ob- 
tained by differentiation of the time course of precordial 
Rb" radioactivity. The continuous recording of pre- 
cordial radioactivity was transcribed and the time course 
of its slope determined graphically. The resulting val- 
ues were plotted sani-logarithmically and a single 
straight line drawn by inspection which appeared most 
nearly to represent the data. Usually there was evidence 
of a rapidly exchanging component during the first five 
minutes of the Rb" infusion. This portion was ig- 
nored in choosing the predominant exchange rate, since 
it was considered to rise from outside the myocardium. 
Assuming stable potassium concentrations, the pre- 
cordial radioactivity curve can be- taken to represent the 
rise of Rb"/K ratio in two compartments exchanging 
with plasma of constant Rb"/K ratio. This may be 
expressed as : 

Yt = A(1 - e-') + B( l  - e - M )  (1) 

where 
Yt is the precordial radioactivity a t  any time t, 
A and B are the radioactivities which would be re- 

corded from the two compartments at complete 
equilibrium, ;.e., t = 00, 

b is the fraction of total non-tracer potassium enter- 
ing or leaving the slowly exchanging portion per 
minute, and a is the similar fractional exchange 
rate in the fast exchanging component 

From equation (1) 
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The second term of equation ( Z ) ,  obtained graphidly 
as previously described, was considered to represent 
the variation of Rb"/K ratio in the myocardium 

0 69 b = -  
TM' 

where Tl/r is the time required for the value of the see- 
ond term to decrease by onehalf. 100 b is q u a l  to the 
per cent of the myocardial non-tracer entering or leav- 
ing the heart per minute. 

EJtimcrted iniriol tnyocardiol Rb" clearance. The id- 
tid rate of increase of the predomiaant component of the 
pncordial radioactivity curve w a s  obtained by evaluat- 
ing the second term of equation (2 )  at t = O .  For erch 
dog the resulting value was plotted a t  the observcd 
initial myocardial Rb" clearance rate, ddined below, a- 
pressed in units of Rb" cpm. per 100 Gm. myocardium 
per minute. The resulting a n p i r i d  relationship (cor- 
relation coefficient, r = + 095)  was d to CoSIveft the 
observed initial rate of rise of precordial ndioactivie 
in individual dogs to the units of Rb" ~ p m .  per 100 Gm. 
myocardium per minute. The resulting value divided 
by the average plasma concentration of Rb" was the 
estimated myocardial Rb" clanncc, in units of mL 
plasma cleared of Rb" per 100 Gm. myoardmsl per 
minute. 

EstimOted average myocardial Rb" ckwancr was ob- 
tained by taking advantage of the high correktion be 
tween final precordial radioactivity and the Rb" con-- 
tration of the myoardium at  the time of s a c r i k  (r = + 
0.93). The correlation codliaents between prscordiol 
radioactivity and the Rb" concentration of the other or- 
gans measured were : lung + 0.85 ; liver + 0.59 ; d e  
from anterior chest wall + 0.35 ; and back muscle + 0.54. 
Despite the variation in ventricular weight from 38 to 89 
Gm., there was no consistent increase in precordial d o -  
activity with increase in heart size. Estimated avuage 
myocardial Rb" clearance was defined as: 

(3) 
Estimated myocardial Rb" i- Mean plawa Rb" 

Duration of Rbu infusion 

Because increasing amounts of Rb" return to the plyma 
from the heart with increasing duration of Rb" infurion, 
average clearances of different dogs are not comppnble 
unless measurements are made over the same l a &  
of time. As the myocardium approaches aquilibrimn 
with the plasma, average clearance becomes otl inuas- 
ingly poor index of initial clearance Therefore, m a n  
rate of clearance reflects the true rate of myocvdizl Rb" 
uptake only when the heart has attained less than pp' 
proximately 40 per cent of the equilibrium Rb" co1~c11- 
tration. 

observed myocardiol gotasGnm t u r t ~ ~ u  rate WPPT d- 
alated from the Rb" and potassium concentrathS of 
the myocardium measured at the end of the paid of 

0 0 2 1 5 2 2 3  
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R p ~ ~ t h e w r r m p t i a n r l i a t e d r b o v t  since 
thclnpadmm * was aasumed to be a aingle comput- 
mart a c h l g m g  * Rb" and potysium with the plasma 
at 8-t rate# then 

€I = C(l**), ( 4 )  

w h  H ir the Rb"/K ratio in the myocvdinm at the 
time of d e  and C b the w/K ratio in the hart 
at t =  00 (Ciaummedto be quid to the Rb"K 
ratio obarrd in the plaama) and b pnd t as &- 
o d y  defined. The d u e s  of H, C, and t were m e q m d  
diredy, and the turnover rate b was ddermiwd 
E = P W Y .  

Obmycd initial myocardial Rb" ckarancr was de6ned 
ns the PmOflILt of plyrm? at the average amcentxatioll of 
prtai.l Rb" which would be required to supply the 
amount of Rb" takm up per minate daring a hypo- 
thetical moment before any Rb" had begun to return from 
the alyocdium to the pksma. This was obtaiacd from 
the trunovu rate and potassium concentrations as fol- 
lows : 

Initial myocardial Rb" dauance 
(b) (Mean myocardial K cox.) 

Mean ploama K corn. I 

Observed m e a  myocardial R P  ckarancc was alcu- 
lated in the m e  manner as estimated mean myourdial 
Rb" clevpncc except that the myocardial Rb" concen- 
tration was obtained by direct analysis of the heart 
muscle. 

Changes in plosnco Rb"/K ratio occurred during Rb" 
infusions and caused errors in the indices of Rb" uptake. 
The ~ ~ U C I I C C  Of such variations W ~ S  tuted b ealmlat- 
ing the theoretic changes produced in the time aJurse 
of myocardial Rb" concentration and the resulting er- 
rors in calculations of Rb" uptake. Changes in plasma 
Rb"/K ratio were assumed to be h e a r  to simplify d- 
dat ion.  It is evident from Figure 4 that, in the range 
of exchange rates and rata of change of plasma Rb"/K 
ratio actually encountered and investigated, a very sig- 
nificant error may occur in estimations of turnover rate 
and initial plasma Rb" clearance based on differentia- 
tion of the curve of precordial radioactivity. However, 
little error results in the calculations of observed ini- 
tial myocardial clearance of plasma Rb" and turnover 
of potassium which depend on the relationship of final 
Rb"/K ratio in the myocardium to the mean plasma 
Rb"/K ratio. The error in the estimated initial clear- 
ance would be greatly reduced if the initial rather than 
the mean plasma Rb" concentration were used in cal- 
culating the initial clearance when a definite progressive 
change in plasma RbM/K ratio occurred. 

RESULTS 

An example of the type of data obtained is given 
in Table I. Figure 5 illustrates the time course 
of precordial radioactivity in a dog receiving no 
drug infusion, in one receiving 1-norepinephrine, 

THE THEORETIC EFFECTOF W A R  CHIUQS 
IN PLASMA Rbw/K RATIO ON INDICES OF 

MYOCARDIAL Rb.6 UPTAKE IN DOGS 

. .  
-40 -20 0 +a t40 * In PkMa Rb @*/a rotto In so-. , 

FIG. 4. TEE THEOI~ETIC E m  OF LINEAE CHANGES 
IN PLASMA &"/K RATIO ON TEE CALCULATED INDICES 
OF MYOCARDIAL RB" UFTAKE IN Docs 

Since the effect depends on the actual rate of potas- 
sium turnover present, calculations. were made in the 
range of turnover rates of myocardial potassium present 
in the dogs receiving Pi t ress id  and 1-norepinephrine, as 
well as the control dogs. Group a gives the effects on 
the calculations of estimated initial myocardial clearance 
of plasma Rb", group b the effects on calculations of 
observed initial myocardial clearance of plasma Rb" and 
turnover of potassium, and c the effects on calculations 
of estimated myocardial turnover rate of potassium. 

WM@c Of lwon Rb @*/K 

and in one receiving Pitressin@. The mean plasma 
Rba6 concentration and the relationship between 
final precordial radioactivity and RbEO concentra- 
tion of the myocardium were approximately equal 
in these three dogs. 

The accuracy of estimations of turnover rate 
is indicated by Figure 6.  Two dogs that received 
RbE6 infusions for less than 7 minutes were omitted 
since no record of precordial radioactivity was 
made, and two that were infused with RbEO for 
90 minutes were omitted since the myocardial 

0024224 
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TABLE I 

Data and calcubridns from Dog 944, wt. 14.3 Kg. 

Data 
Minuta of Rb" infurion 

5 10 15 20 25 30 

Rb", cpm. per ml. plusma 10,900 10,m 11,300 11,m 10,700 10,400 

Heart rate pcr min. 164 I64 160 168 168 168 

K, m 4 .  pcr L. plasma 3.27 3.27 3.24 3.20 3.17 3.17 
Mean blood pressure, mm. Hg 113 112 115 118 118 119 

Rb", cpm. pcr Gm. wntriclc (av.). .................................................. 157,000 

54 
Initial slope of principal component of curve of precordiaI radioactivity, converted to cpm. 

per Gm. ventricle per min.. ..................................................... 9,980 
Final net precordial radioactivity, converted to cpm. per Gm. ventricle. ................ 205,oOO 

K, mEq. Kg. ?+de (av.). ................................................... 77.5 
Tg from differentaabon of the plot of precordial radioactivity, min.. ................... 

calculations 

K turnover of myocardium, per cen! nin. 3.1 1.3 
Otmerved htimated 

Initial myocardial clearance of plasma Rb*f ml. per 100 Gm. myocurdtnm per min. 
Mean myocardial clearance of plasma Rb", ml. pcr 1lW Gm. myocardium per min. 

75 
49 

93 
64 

Rbs6/K ratio at the time of sacrifice exceeded the 
piasma Rba8/K ratio, making it impossible to cal- 
culate the rate of turnover. Estimated turnover 
was consistently less than observed turnover in 
the dogs which did not receive drugs, averaging 

only one-half of the latter value. Figure 6 shows 
that it was not possible to predict rapid or slow 
rates of turnover in the control group of dogs. 
A b n o d y  low rates of turnover were apparent 
in two of six dogs receiving Pitressin@, since 

TIME COURSE OF PRECORDIAL RADIOACTIVITY IN DOGS 
INFUSED WITH R b w  

A P 70001 
60001 

G 
0 5000. 

2 4000- 
3 L 

5 3000- 

C Q 
b 
0 

L 
\ 

.P 2000- P 
8 
h 1000 
Q 

5 IO 15 20 25 
Durotion o f  Rb I@ Infu8ion. min. 

FIG. 5. THE TIME COURSE OF PRECORDIAL RADIOACTIVITY IN A CONTROL 
Doc (B)  AND Docs INFUSED WITH L-NOREPINEPHRINE (A) AND PITRESSIN@ 
(c) DURING A 3O-MIN7ITP. PPamr, OF CONTINUOUS RE" ADMINISTRATION 

I 
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C O W W S O N  OF OBSERVED AND ESTIMATED 
YYOCARDIALK TURNOVER RATE IN DOGS 

0 A 

e 0 

* e  @ e  

8 a0 5 
e 

1 e 
l 

e 

A 

A 

A 

there was no detectable curvature in the tracing 
of precordial radioactivity. Abnormally rapid 
rates of turnover were predicted in all four dogs 
given 1-norepinephrine, although the observed 

COYPARISOW OF OBSERVED AND ESTIMATED INITIAL 
MYOCARDIAL PLASMA Rbe' CLEARANCE IN -8 

0 9cOntrddog 
0 dop receiving paerrln 
A -dog recalving I-norepinapkine 

'"I 
4 

A 4  

o 4  

of 0 

0 

0 

_- 
20 40 60 80 100 I20 140 

Obrarvad lnifial myocardici plasma R b ~ c k o r a r i c r .  
ml / 100 pm./min. 

rates of turnover were again somewhat greater 
than the estimated rates. 

The accuracy of esfimutions of the rates of ini- 
tial myocardial clearances of pkrsmcr RbW is ap 
parent from Figure 7. The standard error of 
estimate was 14 ml. plasma, the mean normal 
clearance being 70 ml. Predicted and observed 
clearances were necessarily equal overall because 
of the method of calculation. 

The acm-racy of esfimationr of mean mte of 
clearance in those dogs receiving RbM for 30 
minutes is shown in Figure 8. The standard er- 
ror of estimate was 10 ml. plasma, the mean con- 
trol value being 50 ml. There was no consistent 
difference between the values for estimated and 
observed mean clearances because an urperimen- 
tally derived factor was used to obtain the esti- 
mated myocardial Rb'* concentration from the 
final level of precordial radiation. In accordance 
with considerations discussed previously, de- 
creased uptake caused by Pitressin@ was detected, 
whereas the small increase in mean clearance 
occurring in dogs receiving I-norepinephrine was 
not. 

Facfors afecting the accuracy of the three types 
of estimufionr included the failure to maintain a 
constant piasma RbEa/K ratio. In 18 dogs this 
ratio was not observed to vary by as much as 10 

MEAN MYOCARDIAL PLASMA Rb ' 8  CLEARANCE 
IN D06S 

-a6 I , ,  , , . , , , $lo 20 40 60 00 

clrarancr, 30mn. ,m1/100 gm. / m h .  

be 8 Obrrrvod man myocordlalpfosmo Rb86 

FIG. 7. COMPARISON OF TRE VALUES OF OBSERVED AND F X .  8. CO?JPARISOh- OF THE VALUES OF OBSERVED AND 
ESTIMATED ISITIAL MYOCARDIAL PLASMA R B ~  CLEARASCE 
IN Docs 

ESTIMATED M E A K  MYOCARDIAL P L A S ~ I A  RB" CLEARANCE 
FOR A 3 0 - h I r h . c . ~ ~  PERIOD IN TIIE DOG 
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THE EFFECT OF PITRESSIN AND I-NOREPlNEWe 
ON Rba6 UPTAKE IN THE DOG HEART 

We@t of ten?ri's, gm btwJhtof wn#des pm . 

FIG. 9. TEE EppEcr OF PlTEESSIFI@ AND I-NORSPINEPHBINE ON TEE OB- 
smvm INITIAL MYOC~DIAL CINCE OF ~ S Y A  RB" (a) AND THE OB- 
SERVED MYOCARDIAL POTASSIUX TURN- RATE (b) IN Docs 

per cent of the mean during the Rbne infusion, 
while in the remaining 9 dogs the Rbad/K ratio 
declined as much as 22 per cent or increased as 
much as 33 per cent of the mean value. In gen- 
eral these changes in plasma Rba6/K ratio were 
associated with errors in estimated rates of clear- 
ance and turnover that were in the expected di- 
rections as outlined above, but the quantitative re- 
lationships were not consistent enough to justify 
the application of corrections to the estimated val- 
ues. Some variations in Rbne/K ratio were caused 
by changes in plasma Rbne concentration, but fre- 
quently the variations were due to changes in 
plasma potassium concentration which could not 
be detected during the experimental procedure. 

Variations in the quantitative relationship be- 
tween the radioactivity observed by monitoring 
over the precordium and the actual myocardial 
concentration of RbSe was the major source of er- 
ror in estimations of the rates of clearance. It 
is apparent that such variations must be related 
to variations in geometry and heart size, and also 
to differences in the RbBe uptake of the other tis- 
sues under the monitor in relation to that of the 
heart. However, attempts to correlate the radio- 
activity of the lung, liver, and muscles of the chest 
wall with variations in the relationship of myo- 
cardial RbE6 concentration and precordial radio- 
activity were unsuccessfu1. The presence of im- 

portant amounts of slowly exchanging tissue 
under the precordial monitor would result in esti- 
mated rates of turnover which would be con- 
sistently lower than observed rates, as was the 
case. Dissection of the animals after sacrifice 
showed that 10 to 20 per cent of the precordial 
radioactivity was derived from skeletal muscle, 
which is known to exchange slowly (8). In two 
dogs in which the Rbn6/K ratio in the myocardium 
had nearly reached equilibrium with that of the 
plasma after 90 minutes of RbM infusion, there 
was still a continuing rise in precordial radio- 
activity. These slowly exchanging components 
could not be separated from the myocardial com- 
ponent in the analysis of the time course curve of 
the first derivative of precordial radioactivity, 
although in theory this might be possible after 90 
minutes of infusion of RbEe. 

The duration of Rb" infusion appeared to in- 
fluence estimates of the rates of Rba6 uptake Since 
infusions of 15 minutes or less provided insuffi- 
cient data for the separation of rapidly equili- 
brating components, and infusions of long dura- 
tions, i.e., 90 minutes, accentuated errors caused 
by slowly exchanging components and variations 
in the comparative distribution of non-tracer N- 
bidium and potassium. 

The assumption that the right and left ventricles 
had the same geometrical relationship to the mooi- 
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tor rrpresented a variable source of error depend- 
ing upon the umct location of the monitor, since 
uptake of Rbn by the right ventricle was less than 
by the left. Variations in the ratio of myocardial 
Rbn/K to plasma Rbn/K that would have been 
present at quilibrium in the dogs studied con- 
tributed an error of unknown size to the calcula- 
tion of observed rates of turnover and rats of ini- 
tial clearance. The coefficient of variation of this 
ratio was 8 per cent in 8 similar dogs sacrificed 
after equilibrik was considered to have been 
achieved. 

The effects of Pitressin@ and l-norepinephrine 
on the rate of Rbaa uptake are indicated in Figure 
9. Since Spencer, Merrill, Powers, and Bing (13) 
have shown that coronary blood flow per unit 
weight of myocardium varies inversely with heart 
size, the indices of Rb" uptake have been plotted 
with the values for ventricular weight. The dif- 
ferences in mean heart rate among the three 
groups of dogs were relatively small, as noted 
previously, and there was no definite relation- 
ship between heart rate and rate of uptake of 
Rbaa within the individual groups. 

DISCUSSION 

It is evident that differentiation of the time 
course of precordial radioactivity did not result 
in even a gross indication of the rate of uptake of 
Rbea by the myocardium. This method probably 
is more suited for conditions in which the rate of 
turnover is greater than that encountered in these 
dogs, since with greater curvature of the plot of 
radioactivity the graphic methods used for analysis 
would be expected to be more reliable and inter- 
ference by slowly exchanging components less im- 
portant. On the other hand, estimations of ini- 
tial rate of clearance of plasma RbB6 by the myo- 
cardium were reasonably reliable for the detection 
of both increased and decreased rates of uptake. 
Estimations of the mean rate of Rb8" clearance 
appeared to be reliable only for the detection of 
diminished RbB6 uptake. It should be noted that 
if reproducible and reliable estimates of the rate 
of turnover of potassium by the myocardium 
could be combined with determinations of the 
rate of initial myocardial clearance of plasma po- 
tassium it would be possible to detect lowered 
concentration of potassium in the myocardium 

in w u ,  since the rate of turnover would be rela- 
tively large compared to the rate of uptake of 
potassium. 

It has been repeatedly observed that the rate 
of blood flow appears to be a major factor limit- 
ing the rate of uptake by the tissues of a variety 
of substances including electrolytes, water, and 
inert gases (1G16). If this is true in the case 
of the exchange of potassium between myocardium 
and plasma, th'en the rates of passage of potassium 
through the capillary wall, the mixing with inter- 
stitial fluid, and the entry into myocardial fibers 
are all very high compared to the rate of delivery 
of new potassium by the circulation. Therefore, 
the actual rate of accumulation of a tracer sub- 
stance in the myocardium would be dependent 
for the most part on the rate at which the tracer 
w a s  brought to the heart by the coronary blood. 
H. L. Conn and J. S. Robertson (17) have stated 
that in a series of dogs the amount of K42 entering 
the interstitial fluid of heart muscle from the 
plasma was approximately equal to the total 
amount delivered by the coronary blood, assum- 
ing that the data of others (18) for the coronary 
blood flow in dogs were applicable to the animals 
used in their experiments. In the studies re- 
ported here, it w a s  found that drugs which are 
known to affect coronary blood flow affect the 
rate of uptake of Rbsd by the myocardium as a 
whole in the manner which would be expected if 
Rbe6 uptake were dependent on the rate of coro- 
nary blood flow. The observed myocardial p 
tassium turnover rate estimate4 with Rbaa in 
these dogs was correlated with the concentration 
of potassium in the plasma (r = + 0.67), whereas 
the observed initial myocardial clearance of plasma 
Rhea showed no significant correlation with the 
concentration of potassium in the plasma (r = + 
0.24, u of r = 0.25). This is consistent with the 
uptake by the myocardium of all, or a constant 
fraction, of the tracer in coronary arterial blood. 
These data do not exclude the possibility that 
these drugs produced their effects through altera- 
tion in cellular metabolic or chemical factors. 
Conn and Robertson (17) have found the TS 
value of the slowly exchanging component of 
myocardial potassium in the dog to average 45 
minutes; whereas, in the normal dogs reported 
here this value was 25 minutes. The smaller 
size, and subsequently relatively higher rates, of 
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coronary blood %ow of the dogs studied with RbM 
is one of the factors which may account for this 
difference. 

Although blood %ow may be the most important 
factor limiting the rate of uptake of RbB8 by the 
heart of the normal dog, it cannot be inferred that 
capillary or extravascular factors may not be 
of significance in heart disease. In  addition, it is 
necessary to distinguish between the absolute rate 
of blood %OW to a tissue and the effective rate of 
blood flow, which is judged by the clearance of a 
substance from the blood stream. The heart is 
known to be capable of increasing the degree of 
extraction of oxygen from arterial blood from a 
normal value of 70 per cent to one as great as 91 
per cent (19). Although this is believed to be 
caused by a change in the oxygen diffusion gradi- 
ents, it is possible that local circulatory readjust- 
ments such as the closing of arteriovenous shunts 
(20) or the re-arrangement of capillary arcula- 
tion might play a role in determining the efficiency 
of extraction of oxygen or other substances such 
as Rba6 from flowing blood. Johnson, Cavert, and 
Lifson ( 15) have shown that in the isolated per- 
fused heart of the dog the initial degree of ex- 
traction of D,O from coronary blood was 100 per 
cent, and Conn and Robertson (17) considered 
K42 extraction by the dog heart in situ to be 100 
per cent. However, these workers found that 
after less than one minute the extraction of arterial 
K42 had fallen to approximately 65 per cent. 
This latter figure is essentially in agreement with 
the experience with RbEE in six dogs submitted to 
thoracotomy and cannulation of the coronary 
sinus in this laboratory. The apparent initial 
extraction of Rba6 from arterial plasma averaged 
70 per cent in these dogs, although the existence 
of an early rapidly exchanging component of myo- 
cardial potassium would not have been detested 
by the methods used. 

SUMMARY 

1. Methods suitable for estimating the rate of 
myocardial uptake of Rba6 in man were tested in 
27 dogs because of the probable relationship of 
RbaE uptake to coronary blood flow and to pos- 
sible extravascular factors affecting the exchange 
of metabolites. 

2. Estimates of initial myocardial clearance of 
plasma Rbe6 had a standard error of estimate of 

14 ml. per 100 Gm. ventride per fin., the mean 
normal value being 70 ml. 

3. For estimates of mean clearance for 30 min- 
utes, the standard error of estimate was 10 ml. 
per 100 Gm. ventricle per min. and the mean 50 
ml. Estimates of mean clearance were unsuited 
for detection of rapid uptake, although slow u p  
take was reliably re%ected. 

4. Estimates of turnover rate were much less 
reliable than those of clearance. 

5. Infusion of 0.065 pressor unit of Pitressin@ 
per Kg. per min. decreased the average initial 
plasma Rbo8 clearance from the normal value of 
70 ml. per 100 Gm. ventricle per d n .  to 42 ml. 

6. Infusion of 2.5 pgm. 1-norepinephrine per Kg. 
per min. increased initial clearance to 116 ml. per 
100 Gm. 

7. These changes in plasma Rb" clearance were 
in the direction expected from the known effects 
of these drugs on coronary blood %ow. The 
ability to detect such changes with a reasonable 
degree of accuracy in dogs by external monitoring 
over the heart supports a trial of these procedures 
in man. 
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