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I. PREFACE 

The work reported in this paper is a continuation 

of a course of study undertaken during the academic 

year 1959-1960, at the Radioisotope Service, Omaha 

Veterans Hospital, the report of which was submitted 

to Creighton University as a Master ' s thesis. The 

earlier paper, which contains a fuller consideration 

of background material than is presented here, is 

available either through the Radioisotope Service 

at Veterans Hospital or the Graduate School of 

Creighton University. 

The study and experimentation which constituted 

the subject matter of the earlier paper had been 

elaborated in \7itro and in animals; the current 

thesis details further developments in theory and 

technology, and a report of a series of some ninety 

determinations made on human subjects. 



II. DETERMINATION OF CARDIAC OUTPUT BY 

THE USE OF RADIOISOTOPES 

AND EXTERNAL BODY COUNTING 

The chief advantage in estimating cardiac 

output by the use of radioisotopes with external 

counting over the precordium lies , i n our opinion, 

in the simplicity of the patient's role in the 

performance of the procedure. Estimation of 

cardiac output by the Fick gas principle or the 

dye dilution principle involves var i ously cardiac 

catheterization, arterial puncture , and/or a 

certain amount of intelligent cooperation on 

the part of the patient. While these are not 

insurmountable obstacles, they must be weighed 

against the value of the information to be obtained, 

and tend to limit the applicability and usefulness 

of the procedure. In the radioisotope technic with 

external counting , the patient is subjected only to 
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two peripheral venipunctures spaced six-ten minutes 

apart; his cooperation is required only to the 

e x tent of lying quietly on the table for a 

similar period of time. 

The work reported in this paper was directed 

chiefly at the introduction into the procedure of 

technical refinements which should add both to 

the accuracy of the method, and to the simplicity 

of its performance. 

Hopefully, not the least significant portion 

of this paper is that which deals with the intro

duction of modern electronic data processing into 

the mechanics of the mathematical computation. As 

will be seen, the mathematics involved, while not 

abstruse, are at least complicated; their 

calculation is laborious and time-consuming. 

Recently, the Radioisotope Service at the Veterans 

Hospital had acquired an IBM 1620 computer; the first 

phase of the current project consisted of programming 
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the mathematics of the procedure into the language 

of the computer. The utilization of electronic 

compu ting has made the performance of the procedure 

a much briefer and more systematic task. 

A word about the practical steps in the 

performance of the procedure is in order: the 

patient, first of all , is positioned supine on 

an ordinary examining or other table. Then an 

external scintillation detector is positioned 

over the chest, so that some large volume of 

blood is within the field of sensitivity of 

the counter. The precise position of the 

external detector is not highly critical, as 

long as during any one determination the same 

position is maintained. A preliminary background 

count is recorded. The proper adjustments having 

been made on the recording equipment, injection 
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of 7-20 microcuries of RISA (l) in 0.5 to 1.5 . 

ml. saline solution is made rapidly into a large 

per ipheral vein. Pertinent counts and times are 

recorded. Some minutes later (five to eight), 

when the isotope has had time to become thorougnly 

mixed in the blood, and with the patient and the 

scintillation detector in the same position, an 

external count rate is recorded; simultaneously, 

blood is withdrawn from a peripheral vein. The 

values obtained at this time are used for 

calibration purposes. This terminates the 

patient's part in the procedure, about ten 

minutes having elapsed from beginning to end of 

the test. 

(1) RISA - (ABBOTT) is Human Albumin, tagged with 
I-131. This large molecule is used so as to keep 
as much as possible of the injected indicator within 
the vascular bed during the actual time of the 
procedure. 
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III. MATHEMATICAL THEORY OF THE :PROCEDURE 

The approach taken here differs slightly from 

that usually employed. Emphasis is placed in this 

presentation on the significance of the total 

external count registered during the first 

passage of the isotope under the external 

detector as containing within it quantitative 

relationships which permit the calculation of 

cardiac output. 

It is the feeling of this investigator tha t 

within the boundaries defined by the nature of 

the procedure, the primary informat i on available 

is reported by the scaler, which ta l lies direct l y 

the count registered by the externa l detector. 

On a theoretical basis, the more directly this 

information can be used, and the less one has 

to rely on intermediate steps such as the drawing 

of a graph by some sort of count-rate estimator, 

and the personal interpretation of that graph, the 

more accurate the over-all procedure should be. 
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When a radioactive, or for that matter, colori

metric indicator is injected into a peripheral vein, 

it is carried in the bloodstream to the heart, is 

pumped through the pulmonary circulation, and 

eventually out into the systemic circulation. 

The indicator is carried in a discrete volume 

of blood; its concentration in this finite volume 

by the time it reaches the systemic arterial system 

is not constant, but tends, if one particular point 

is chosen as an"observation station" from which to 

view the changing concentration as the indicator

containing blood is swept by, to increase from 

zero, then to plateau somewhat, and finally to 

decrease again towards zero. Unfortunately, as 

far as calculating cardiac output is concerned, 

the concentration, when observed as described, 

never reaches zero value due to recirculation 

of blood containing indicator from near parts 

of the body. This recirculation tends to obscure 
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the tail of the concentration-decline curve; however, 

theoretically and empirically, the decline is found 

to fit closely the characteristics of an exponential 

function. If it is assumed that in all cases the 

decline will be nearly exponential, one can make 

an extrapolation to zero concentration which will 

not deviate too much from the actua l values that 

would be observed, did not the recirculation 

phenomenon occur. (2 ) 

Generally, then, theory states that if the 

amount of indicator injected is known, and if both 

its average concentration in the carrying volume, ~ 

and the time of passage of this volume can be 

determined, flow (or cardiac output) can be 

estimated by a simple extension of the familiar 

(2) Discussion of this principle can be found in 
many places in the literature. Cf the article by 
W.F. Hamilton, et.al., in Am. J. Physiol. 153:309, 
1948: "Comparison of the Fick & Dye Injection 
Methods of Measuring the Cardiac Output in Man." 
Titles of several other pertinent articles are 
included in the bibliography at the end of this 
thesis. 
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dilution principle of volume determination, according 

to the equation: 

Flow= 
indicator injected 

average concentration x time 
(1) 

The changing concentration, as well as the time 

of passage, can be determined by serial arterial 

sampling, whether the indicator used be a radio

active or colorimetrically measurable substance. 

In the context of the radioisotopic method 

with external body counting, the detector, positioned 

over the precordium, ignoring for a moment the 

recirculation phenomenon mentioned above, would 

record a given number of counts due to the first 

passage of isotope through and out of the heart 

into the systemic arterial circulation, and would 

do so in a definite period of time. It can be 

intuitively seen that the magnitude of the 'total 

recorded count will be directly proportional both 

to the concentration of isotope in the volume of 

blood "seen" by the detector, and to the time it 
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takes for the carrying volume to pass beneath it: 

the more isotope there is per unit volume of blood 

s e en, the higher will be the count; similarly, the 

longer blood containing isotope remains beneath 

the detector, the higher the count again will be: 

Ct o<. C,T I (2) 

where Ct= total count, C = concentration of 

isotope in the bloodstream, and T = the time of 

first passage of blood containing isotope beneath 

the detector. Since the total activity seen by 

the detector, and hence the total count recorded, 

depends precisely on the duration of time a given 

concentration is "seen", generally it can be 

stated: 

Ct o< C x T (3) 

As pointed out, the concentration is not constant, 

but varies. Therefore, a more precise formulation 

states: 

Ct o<./c (t) dt 
0 

(4) 
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where C(t} is used instead of C, since C is found 

to vary with time, and where the entire right hand 

side of the expression signifies the integration · 

with respect to time of all instantaneous concen

trations of isotope during the first passage of 

the carrying volume. 

A factor of proportionality must then be 

found to convert the expression to an equation. 

Under the specific circumstances of a given 

output determination, the time is determined by 

the dynamics of flow, and so becomes specified. 

Variability, however, is to be found in the 

sensitivity of the detecting apparatus to the 

concentration of isotope in the carrying volume. 

This variability depends on the precise (and, 

incidentally, non-discoverable) geometry of 

the volume seen, on the thickness of the patient ' s 

chest wall, the inherent characteristics of the 

equipment used, and similar factors. In order to 
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quantify the sensitivity of the detecting system 

to concentration, a count rate with the scintillation 

detector in position over the chest is taken after 

the isotope has become thoroughly mixed in the 

blood; simultaneously, blood (which contains, 

presumably, the same concentration of isotope 

as is in the blood seen by the detector) is 

removed via peripheral venipuncture. 

If an accurately measured aliquot of drawn 

blood is then counted in such an instrument as a 

well scintillation crystal, the concentration of 

isotope in the blood can be determined in terms 

of counts per minute per ml (CPM/ml ) . The ratio, 

then, of the external count rate taken at the 

time of withdrawal of blood to the concentration 

of isotope in the drawn blood expressed as 

mentioned is the factor of proportionality 

which converts expression (4) into an equation: 
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CPMe 
~ 

Ct= CPM/mlb 
X do~ (t} dt (5) 

But, over a short period of time, the instantaneous 

concentration of isotope multiplied by the amount 

of blood that leaves the heart durin g that 

interval is equal to the amount of isotope 

leaving the heart during the same t i me, or: 

FA,t X CAt = I ( 6) 

where FAt = flow of blood during the time interval, 

CAt = concentration during interval , and I= 

amount of isotope leaving the heart during the 

interval. 

Extending the same principle throughout the 

entire time of the first passage of the isotope, 

the total amount of the isotope injected is 

equal to the concentration of isotope integrated 

with respect to time, multiplied by the cardiac 

output, or: I = F ct 00
c (t} dt (7) 

where I is now equal to the total amount of isotope 

injected. Transposing: F = I 

foe (t) dt 
(8) 
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And, transposing equation (5): 

C(t} dt = Ct x CPM/mlb 
CPMe 

Substituting into equation (6): 

(9) 

F = 
I (10) 

Ct X CPM/mlb 
CPMe 

Variables whose values can be empirically found 

are seen now to occupy the right hand side of the 

equation. It need be noted that the isotope 

injected (I) must be expressed in terms of CPM 

as determined under the same conditions used 

to measure the concentration of isot ope in the 

drawn blood, in order to preserve d i mensional 

comparability. 

To this point has been demonstrated the 

general mathematical validity of ca l culating the 

cardiac output primarily as a funct i on of the total 

count registered over the precordium as a result 

of the first passage of isotope under the detector; 

the problem of the recirculation phenomenon has not 
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been dealt with. In actuality, a total count cannot 

be directly recorded, for reasons mentioned. To 

overcome this difficulty, we have introduced the 

following additions of apparatus and technic 

into the system: two scalers are used instead 

of one. Of these, one tabulates directly from 

the detector; the second scaler operates in 

dependence on the first. Whatever counts over 

a given period of time are tallied by scaler #1 

are also tallied by scaler #2, provi ded it is at 

that time in operation. It does not tabulate at 

all unless scaler #1 is in operation, and can be 

switched on and off without disturbing scaler #1. 

With this arrangement, the detector and scaler #1 

can be turned on any time prior to the injection 

of indicator, and be permitted to scale counts 

and drive the graphing mechanism throughout the 

critical time of the procedure; no numerical 
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count is taken directly from scaler #1 at the time 

of the passage of injected isotope for the first 

time beneath the detector. At the moment of 

injection, scaler #2 is switched on and allowed 

to tabulate the count which scaler #1 is picking 

up from the detector. After the count rate begins 

to decrease, but before the effect of recirculation 

appears, scaler #2 is manually stopped, while #1 

continues tabulating counts and driving the 

grapher. Thus the second scaler records the 

count caused by the first passage of isotope 

up to a somewhat arbitrary point on the downswing 

of the count-rate curve. Scaler #1 is permitted 

to continue recording,both to make certain that 

#2 was in actuality stopped on a well-established 

curve, and also to have produced as many points 

as possible from which to calculate the mathematical 

slope of the downswing. 
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As has been explained, the decline in concen-

trat i on of isotope and hence in count rate is nearly 

exponential; the points taken, then, from the 

grapher , when transferred to semi-log paper 

determine a straight line, the area under which 

can be calculated by the equation: 

A = Yo 
m 

c:emt -1) (11) 

where Y0 = count rate at the time of the picture, 

m = slope of the line, and t = the time required 

for the extrapolation curve to reach a count rate 

equivalent to zero concentration of isotope in 

the volume of blood seen by the detector. 

The slope of the line is calculated by the 

formula: 

m = ln (Yt/Y0 ) 

t 

where other symbols are as above, Yt = the 

predetermined background level. (It should 

be noted that we have usually had no significant 
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difficulty in stopping scaler #2 at a suitable 

place on the downslope of the curve.) The area 

calculated is in the mathematical dimension of 

CPM x time, which can be seen to be equivalent 

to an absolute number of counts: 

Counts/minute x time= counts (13) 

This value when added to the counts from scaler #2 

gives the number of counts which would result from 

the first passage of isotope did recirculation 

not occur. The proper dimensions, of course, 

have to be preserved. (3 ) 

At the time of writing of this paper, the 

procedure as now in use is as described. Also, a 

method of mathematical calculation has been in part 

worked out and programmed on the computer, which 

should eliminate completely the element of human 

judgment in deciding where the extrapolation should 

(3) Cf pertinent sections in the chapter on the 
computer program for a more particular explanation 
of individual steps in the general mathematical 
theory here proposed. 
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begin. Equipment is only now being made available 

which reports data in the form required by this 

development. It is hoped that in the future this 

new approach may be practically implemented. 

The object of the alterations made so far 

in the procedure as usually performed, and of the 

developments not yet brought to fruition is to 

remove from the technic the necessity of 

measuring the physical area under a graphed line, 

which, since it is not a straight-line function 

on Cartesian coordinates, must be done by the 

use of a planimeter, by weighing the paper area 

after it has been cut out, or similar procedure. 

Not only does our approach simplify the performance 

of the procedure, but it should theoretically 

contain less chance of error, considering the 

fact that at best a mechanically drawn graph 

implies an interpretation of primary data, which 

could be as accurate as, or more accurate than, 

the primary data only fortuitously. 
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There are certain matters pertaining to 

scale factors, radioactive background, etc., 

which have not been fully discussed in the 

presentation so far. It was thought best to 

treat these matters in the section on the 

computer program, since their handling falls 

naturally into that context. 
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IV. INSTRUMENTATION 

This chapter describes briefly the actual 

instrumentation used in the current series of 

experiments. It should be pointed out, however , 

that this equipment is not highly specialized, 

and suitable instruments which may be adapted 

to the technic should be available t o the average 

well-equipped radioisotope installat ion. 

Generally, there are two types of radio

active measurement to be made in the procedure: 

1) external body counts, and 2) counts of 

accurately measured fluid aliquots i n a well 

type scintillation crystal counter system. The 

latter system consists of a heavily shielded 

scintillation crystal, enveloped in a light 

metal can, into the top of which a cylindrical 

port has been made for the reception of a small 

test-tube containing the material to be counted; 
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of a photo-multiplier tube which converts the 

scintillations caused by radioactive emanations 

in the crystal into transmittable electrical 

impulses; and of a scaler, which tallies the impulses 

so transmitted. This is more or less standard 

equipment for medical work with radi oactivity; 

in the cardiac output technic it is utilized 

for quantification of the radioactive content 

of 1) a dilution of the injected material, 

2) blood drawn by venipuncture prior to the 

running of the procedure, provided the patient 

has recently received isotopes, and 3) blood 

drawn by venipuncture after the radioactive 

indicator has become thoroughly mixed in the 

patient's circulation. 

The external body counting system consists 

of a boom-supported, movable, heavily shielded 

scintillation crystal and its photomultiplier 

tube, two scaling units, a count rate computer, 

and a grapher which creates a permanent record 

of the changing count rate. 
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The external counting instrumentation used 

in t he current study is pictured on page 24. 

1. The scintillation counter and £hoto 

multiplier tube. In our set-up, this is a 

Berkeley Model 2770 Detector, encased in a 

modified shield and collimator, which provides 

excellent cut-off of side-incident rays and a 

fairly broad cone of sensitivity. 

2. The Primary scaler. This is a Berkeley 

Model 2001 Scaler, whose design is immediately 

compatible with the 2770 Detector. It is set 

up for pre-determined count cut-off or impulse 

transferral. In the cardiac output procedure , 

it is used in the latter mode to drive 

3. The Count-Rate Computer. This also is 

compatible equipment, a Berkeley Model 1600 

Counting Rate Computer. This operates to provide 

a meter reading of count rate integrated over the 

time interval of the pre-determined count cycle, 

information which is transmitted from the primary 

scaler. 
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DETECTION ANO RE_CORDING ,EQUIPMENT 

Over Patient: 

Berkeley Model 2770 Detector 

.From Above, on Cart: 

1. Esterline-Angus Graphing Ammeter 
2. Primary Scaler. Berkeley Model 2001. 
3. Secondary Scaler. Picker Model 5810. 
4. Berkeley Model 1600 Counting Rate Computer. 
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4. The Esterline-Angus Graphing Ammeter. 

This machine is a model capable of being i ncor 

p orated into many different systems, is made by 

a different manufacturer, and is not specific to 

the instrumentation so far described. It i s 

however, compatible with the output of the 

Count Rate Computer. The graph that it draws 

indicates time on the abscissa and count rate 

on the ordinate. It is from the downswing of 

the curve caused by the changing count rate 

recorded over the precordium that the extrapolat ed 

count is calculated in the cardiac output 

procedure. 

5. The Secondary Scaler. The exact model 

to be used is inconsequential to the procedure, 

as this phase of the instrumentation serves only 

as slave counter to the pri~ary sca l er during t h e 

time from the injection of indicator to the 

beginning of the extrapolation. 
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In our set-up, we have utilized a Picker 

Model 5810 Scaler, which is a transistorized and 

relatively inexpensive machine made primarily for 

instructional purposes. The necessary adaptations 

having been made, it is capable of being started 

or stopped by independent hand switches on lengths 

of electric cord. This arrangement has proved to 

be quite workable in practice. 
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V. THE IBM PROGRAM 

The IBM 1620 electronic computer is a recen tly 

developed instrument, specifically designed for the 

processing of scientific and technical data. 

Transistorized circuitry and a high degree of 

internal flexibility enable the ins t rument to 

perform computation heretofore requ i ring much 

larger and more expensive installati ons. 

Internally, the system operates entirely 

in terms of decimal digits. There i s a digital 

machine -language in terms of which all operat i ons 

are performed. Any program is ultimately expre s sed 

in terms of this machine language, so that it ma y 

be handled by the computer. In order, however , 

to overcome the tediousness and complexity 

involved in constructing and expressing a program 

in terms of machine language, which would be an 

extremely involved procedure if the program under 
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consideration were at all complicated, there have 

been developed systems, or programs, whose sole 

purpose is to convert into machine language state

ments and relations expressed in a manner that is 

quite similar to familiar modes of expression. 

Such a translating system is -Fortran (FORmula 

TRANslation), utilized in the preparation of the 

program currently under discussion. This system 

is so worked out as to enable the programmer to 

express his material for the most part in the 

form of mathematical equations. When the computer 

then, has been loaded with the Fortran Processor 

Program, it is capable of translating the data fed 

to it in terms of mathematical statements into its 

own internal language. One statement, accordingly, 

expressed in •. Fortran language, is capable of 

generating a multitude of statements in machine 

language. As would be expected, for the machine 

to be able to perform such translation , rigid 
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rules must be followed in the formulation of 

expressions, but, with a little practice, one 

rapi dly becomes familiar with the possiblities 

and restrictions of the system . 

The cardiac output program, as currently in 

use, follows the logical structure of the mathe

matics explained in the previous section; to 

this, however, is added a larger str ucture 

designed to provide ease and continuity in the 

actual process of caluculation. The final 

program, translated into machine language , 

is punched out by the machine onto paper tape . 

When it is desired to calculate an individual 

determination, or series of determin ations , 

this paper tape is fed into the computer , 

thereby impressing on the machine's memory the 

logic it requires for the solution of a p r oblem. 

With a tap on the "START" button, the machine 

verbally asks, via the typewriter, for the 
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different variables required for computation. 

It then holds itself in readiness for the 

recept i on of data , also to be entered from 

the typewriter. When all the variables have 

been entered into the computer, the machine 

calculates the answers; this it does with great 

rapidity; its results are then typed out on 

the typewriter. Thus not only is the computa

tion performed, but a permanent record of the 

results of computation is also produced. 

An actual print-out from the computer of 

the cardiac output program follows; the format 

is that of Fortran statements. The statement 

numbers in the far right-hand column are not a 

part of the program; they have been added for the 

purpose of reference in the present discussion. 
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OUM = 13¢. 
DX = 1 ¢¢¢. 
DO 1 1.=-1 ,.9 
OUM= DUM+DX 
1 D = SAY(DUM) 
2 PAUSE 
D = SAY(-11¢1.) 
ACCEPT, WPO, . HIN, AMT 
D = SAY(-21¢1 . ) 
ACCEPT, BGE, FACP CDR, TORP CTE 
D = SAY(-31¢1.) 
ACCEPT, YO, ~T< T 
D = SAY(-4l¢1.J 
ACCEPT, BGW,. BBG, CBL, CDL, OIL 
WKG = WPD*¢.45359 
HCM = HIN*2.54 
A = ( ~✓KG*·k¢. 425 )* ( HCM**¢. 725 )*¢ .¢¢7 ~ 84 
ORC = CDR-(BGE~TDR) 
SLP = (LOG(YT/YO))/T 
XTR = (YO/SLP)*(EXP(T*SLP)-1.) 
XTRCT = (XTR- (T*YT))*(FAC/6¢.) 
CTOT = DRC+XTRCT 
CTI= ((CDL-BGW)*DIL)*(AMT) 
CAL= (CBL-BBG)/ (CTE-BGE) 
F = CTl/(CTOT*CAL) 
F I L = F / ~ ¢¢¢. 
CI = FIL/ A .. 
D = SAY(-51¢L) 
PR I NT, CT .I . 
D = SAY(-61¢L) 
PRINT, DRCP XTRCT, CTOT 
D = SAY(-71¢L) 
PR I NT, CAL . 
D = SAY ( -81 .01.) 
PR I NT, A .. ·. 
D = SAY(-91¢1.) 
PR I NT, F, CI . 
GO TO 2 
END 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

- 31 
32 
33 
34 
35 
36 
37 
38 
39 

LOAD WPD, HIN, AMT. 40 
LOAD BGE, FAC, CDR, TOR, CTE. 41 
LOAD YO, YT, T. 42 
LOAD BGW, BBG, CBL, CDL, OIL. 43 
NET INJECTED COUNTS= 44 
NET DIRECT, EXTRAPOLATED, TOTAL COUNTS= 45 
CALIBRATION FACTOR= 46 
SURFACE AREA IN SQUARE METERS= 47 
CARDIAC OUTPUT, CARDIAC INDEX= 48. 
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The symbols assigned to the variables used in 

the program are explained as follows: 

WPD = weight of patient in pounds. 

HI N= height of patient in inches. 

AMT= amount in ml. of RISA solution injected . 

BGE = background, external; i.e. , backgroun d 

in .CPM as measured by the external 

recording apparatus with the detector 

in position over the chest of the patient. 

FAC = a scale factor set on the count-rate 

computer prior to the recording of t h e 

concentration curve. 

CDR = count, direct; i.e., the gross count 

recorded up to the point on the curve 

which is established at the beginning 

of the extrapolation. 

TDR = time , direct; i.e., the t i me in decimal 

minutes from the beginning of the 

recording of the concentration curve 
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to the point which serves as the 

beginning of the extrapolation. 

This is the time it has taken to 

accumulate CDR. 

CTE = count, external; i.e., t he count rate 

in CPM recorded by the externa l detector 

after the isotope has b ecome mixed in 

the 'bloodstream. 

YO = the value of the instantaneous count 

rate at the beginning o f the extrapola

tion, read from the graph drawn by the 

count-rate computer-graph e r combinat i on. 

YT = the value of the instantaneou s count 

rate at the end of extrapolation. 

This value is obtained by dividing 

the radioactive background by the 

scale factor used on the count-rate 

computer (BGE ~ FAC). 
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T = the time required to complete the 

extrapolation, obtained from the graph 

of the extrapolation drawn on semi-log 

paper; expressed in decimal seconds. 

BGW = background, well; i.e., the air 

background in CPM recorded by the well 

scintillation crystal in which both 

the dilution of the injection material 

and the blood drawn after mixing from 

the patient are counted. 

BBG = blood background; i.e., the count level 

in CPM/ml of blood drawn from the 

patient prior to the performance of 

the procedure, as measured in the well 

scintillator, if the patient has recently 

received diagnostic or therapeutic radio

active material. .If such is not the case, 

the value of BGW is repeated in place of 

BBG . 
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CBL = count, blood; i.e., the count rate in 

CPM/ml of blood drawn from the patient 

after the isotope has become thdroughly 

mixed; counted in the well counter. 

CDL = count, dilution; i.e., the count 

rate in CPM/ml of a dilution of the 

injection material; counted in the 

well scintillator. 

DIL = dilution; i.e., the factor of 

dilution used in the preparation of 

an aliquot of injection material; 

counted in the well scintillator. 

WKG = weight of the patient in kilograms. 

HCM = height of the patient in centimeters. 

A = area;- i.e., the body surface area of 

the patient · in square meters. 

-DRC = direct count; i.e., the net value of 

the count to extrapolation; equal to 

CDR less the appropriate background. 
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SLP = the mathematical slope of the line 

used in extrapolation. 

XTR = the gross extrapolated area, calcu

lated in CPM x seconds. 

XTRCT = extrapolated count; i.e . , the net 

value of an absolute count equivalent 

to the value of the graphed area; equal 

to the graphed area corrected to proper 

mathematical dimensions less appropriate 

background. 

CTOT = count , total; i.e., the sum of net 

direct and extrapolated counts . 

CTI= count, injection; i.e., the amount of 

radioactivity injected in CPM. 

CAL= calibration; i.e., the mathematical 

expression of the sensitivity of the 

external detector to the concentration 

of radioisotope in the bloodstream. 

F = flow; i.e., the cardiac output in ml/min. 
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FIL= flow in liters; i • e • I equal to F/1000; 
I 

used for calculating cardiac index. 

CI = cardiac index; i.e., cardiac output 

expressed in terms of L/min/M2 . 

In order to get the machine to use verbal 

statements, it is, of course, necessary to include 

these in the program. The verbal statements 

included in this program are numbered 40-48 , and 

are handled by what is called the "SAY ' sub-

routine. Statements 1-5 prepare the computer to 

receive the nine statements used. , Statement 6 , 

"PAUSE", is included at the beginning of the 

actual operational portion of the program to 

enable the operator to set the paper in the 

typewriter, etc., according to his desires. A 

push of the "START" button when the computer has 

reached this point in the program causes the 

machine to proceed to the statements which follow. 
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Statements 7-14 cause the machine alternately to 

ask for and to receive into memory the variables 

required for calculation. Statement 15 converts 

weight in pounds to weight in kilograms; statement 

16, height in inches to height in centimeters. 

(Chart records at OVAH show these values in 

English units; expression of cardiac output and 

cardiac index is desired in metric units, 

necessitating this conversion.) 

Statement 17 calculates by empi rical equat i on 

the body surface area of the patient in square 

meters, to be used in the calculation of the 

cardiac index. 

Statement 18 converts the gross coun~ to the 

beginning of extrapolation to a net value. The 

background in CPM recorded by the external detec

tor prior to the recording of the counts from 

injection is multiplied by the time in decimal 

minutes required for the accumulation of the count 

to the beginning of the extrapolation; the product 

of these values is subtracted from the gross coun t. 
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Statement 19 calculates the slope of the line 

of extrapolation according to the formula given in 

the p receding section. 

Statement 20 calculates the gross extrapo

lated area in the dimension of CPM x seconds. 

Statement 21 both subtracts the appropriate 

background from the area calculated in statement 

20, and converts the resultant value into the 

correct dimension; i.e., absolute counts. 

Multiplication by FAC is performed because the 

count rate signified by the line drawn by the 

grapher is smaller than the actual count rate 

by the factor manually set on the count rate 

computer. Division by a constant 60 is performed 

in order to convert the dimension of CPM x 

seconds to CPM x minutes, or, simply, counts. 

Statement 22 simply performs the addition 

of the net direct and extrapolated counts, 

giving the total net absolute count that would 
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result from the first passage of the isotope, did 

not the recirculation phenomenon occur. 

Statement 23 calculates the amount of radio

activity injected (i.e., the total amount of 

indicator used); the well background in C-PM is 

subtracted from the GPM/ml of diluted injection . 

The resultant factor is multiplied by the factor 

of dilution, giving the actual CPM/ml of material 

injected; and by the amount of material injected 

in ml, giving in CPM the net amount of radio

activity injected. 

Statement 24 calculates a "calibration factor," 

which expresses the sensitivity of the external 

detector to the concentration in CPM/ml of 

radioactivity in the blood volume seen by the 

detector. This factor is the ratio between a 

known concentration (known because measured in 
I 

an aliquot of blood drawn after mixing) and a 

known and corresponding external count rate 
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(known because recorded at the time of withdrawal 

of b lood). Appropriate background values are 

subtrac ted from these quantities in each case . 

Statement 25 calculates the cardiac output 

i n ml/mi n , according to equation (10) , page 14. 

Statement 26 calculates the output in 

I 

liters rather than in milliliters , because of 

the established convention of reporting the 

cardiac index in terms of L/min/M2 . 

Accordingly, statement 27 calculates the 

cardiac index . At this point, computation is 

complete, and all requisite results are contained 

in memory . Statements 28-37 cause the machine 

first to name the answer about to be printed , 

and then to print out the designated answer . 

-It is, of course, possible to have t he machine 

print out any or all of its intermediate o r 

final answers. In the present state of the 

program, only the major factors of the final 

eq uation are asked for, as indicated in statemen ts 

44-48 in the program. 

41 



VI o STATISTICAL EVALUATION OF THE PROCEDURE 

The statistics pertinent to the procedure which 

are reported in this chapter are drawn from a series 

of 94 determinations of cardiac output run during 

the summer months of 1961. Of these 94 determina-

tions, 11 were technical failures, due to one 

reason or another. Of the remaining 83 , 22 were 

performed as part of a study not sufficiently 

complete for report at the present time, and 5 

,were performed on patients in clinical cardiac 

decompensation, leaving 56 determinations on 

cardiac normals. 

The chief goals of the work whi ch the entir e 

series of determinations represents were the incor

poration into the procedure of the technical 

developments earlier described, standardization 

of the procedure in humans, and an evaluation of 

the reproducibility of results in individual 
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pat i ents, all with a view to producing a workable 

technic applicable to further problems of car d i o 

c irculatory dynamics. Of the 56 determinations 

on car diac normals, 54 were initial runs and 

r epeats on 27 patients. The other two we r e 

i ndivi dual tests on patients who left the h ospita l 

before second determinations could be made , and 

for that reason are omitted from the statisti ca l 

analysis. 

In accord wi th the purposes outlined above , 

t here follows first an analysis of the dete r mina

tions run on cardiac normals; to this is appen de d 

a brief report of the results of the short serie s 

run on patients i n clinical cardiac decompen sation. 

This last is included largely out of general 

interest , since the group is too small to con stitute 

a basis for any hard and fast conclusions . 
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Repeat determinations on the 27 patients were 

run in two different ways. With six of these 

pat i ents, the second determination was made after 

an interval of 3 or more days. This group is 

important for the provision of a baseline. 

Perhaps more important, due to the fact that 

the procedure would find a special usefulness in 

situations where determinations are made immediately 

prior to and following some alteration of the 

physiologic complex, the repeat determinations 

on the other 21 patients were made more or less 

immediately, time elapsed between tests being 

only sufficient for the technical requirements 

of the procedure. 

From the analysis of the 27 first runs taken 

as a group, a mean value in terms of cardiac index 

is found to be 2.95 L/min/M2 , with a range of from 

1.98 to 3.91, and a standard deviation of 0.55. 
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Tr.e mean values of the two groups constituting 

the total group of 27 do not vary significantly 

from the mean value of the total group, being 

3.10 for the smaller group of 6, and 2.91 for 

the larger group of 21. Similarly, the standard 

deviations of the component groups are essentially 

similar, being 0.61 and 0.54 respectively . 

It is to be noted that these values compare 

favorably with results obtained with other standar d 

methods of cardiac output determination, and with 

the results of other investigators who have 

utilized radioisotopic technics. (4 ) 

When the reproducibility of the procedure i s 

analyzed, it is found that in the group of 6 on 

whom determinations were made after an interval 

(4) Cf the section on cardiac output in "The 
Physiological Basis of Medical Practice" by Best 
and .Taylor, Williams and Watkins, 1961, and 
variously in many of the articles mentioned in 
the bibliography. 
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o f some days, the second mean for the group was 

3.36 as compared to 3.10 as the value of the first 

mean . This perhaps signifies a tendency for the 

second outputs to be somewhat higher , presumably 

due to the complicated changes brought about by 

retention of isotope in the body and bloodstream , 

though when the difference is expressed statisti c 

ally , the standard error of the difference between 

means is found to be 0.43, and the calculated t 

value is 0.60, which is not even remotely close 

to being statistically significant. 

When similar comparisons are made between 

values obtained from the larger group, it is 

found that the tendency suspected from the 

results of the series of 6 is more strongly 

established in the group of 21 immediate repeats. 

The mean value of the repeat determinations of 

the large group is 3.35, as compared to a mean 

value of 2.91 for the first determinations. 
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The standard error of the difference of means is 

0.22; the t value is 2.06, which at 40 df is 

signi ficant at the 5% level. From this we would 

have to conclude that with a high degree of 

probability there is a systematic error in 

immediate repeats; second runs done immediately 

tend on the average to give results about 15% 

higher than do first runs. 

If standard deviations of first and second 

runs in the group of immediate repeats are compar ed , 

it is found that the SE of the difference between 

sigmas is 0.15, the t value being 1.85 , which at 

40 df is significant at the 10"/4 level . This 

indicates a greater variability in second immediate 

runs as compared to first runs, though the i nc r ease 

in variability is not so striking as is the 

tendency toward higher readings. Whether or not 

it may become possible to eliminate the tendenc y 

towards presumably lesser accuracy in second runs 

as compared with first runs remains t o be seen. 
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However, it should be noted that absolute 

values of cardiac output are probably not as 

n e c essary for the clinician or researcher as are 

relative values for the same subject: if the 

absolute amount of blood pumped per unit time 

is known approximately, the most uniformly 

helpful information is to be found in an increase 

or decrease in cardiac output, either as a resu l t 

of therapy, or of experimental intervention. 

Accordingly, assuming the cardiac status of the 

patients who participated in this study to have 

been, within the limits of clinical judgment, 

essentially identical during both runs, it is 

helpful to compare the level of reproducibility 

of results from one run to the next in the same 

patient. The coefficient of correlation which 

gives a quantitative expression of the tendency 

for patients with high outputs repeatedly to 
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gi ve correlatively high readings, and conversely 

for pati~nts with low outputs, wh~n calculated 

for t he group of six patients turns out to be 

0.73; statistically, this indicates a very high 

degree of relationship. When calculated for the 

group of 21 patients, the coefficient of corre

lation is found to be 0.55, which, while not as 

striking , still denotes substantial or marked 

relationship. These observations tend to 

indicate that the procedure as now performed 

gives a substantially correct estimation of 

changes in cardiac output, although a degree 

of systematic error with respect to absolute 

values is present if repeat determinations are 

made immediately. It is, in our estimation , of 

prime import that there exists this level of 

reproducibility not only when comparisons are 

made between groups, but when repeat runs are 

made on the same subject. 
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The above statistical analyses constitute the 

substance of this report. However, some addit ional 

inter esting observations can be made about the 

patients studied. If the first runs on the 

total group of 27 patients are considered , and 

a correlation is calculated between cardiac output 

in terms of ml/min and the weights of the pat ients , 

it is found that r turns out to be 0.62 , which 

indicates marked relationship, as wou ~d be 

expected. 

On the other hand , correlation between age 

and cardiac output in L/min/M2 manifests a slightly 

negative (and not significant) r value of -0.09 , 

indicating that in this group of patients , who 

ranged from 28 years to 68 years with a mean age 

of 47 years, and a standard deviation of 12 years 

(approximately), there was a slight tendency for 

the older men to have somewhat lower relative 

outputs , though this tendency was not marked . 
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If correlation between age alone and cardiac 
' 

output in terms of ml/min is made, there is a 

s:i.1.ghtly negative correlation (·-0.14), indicating 

again a slight but statistically insignificant 

tendency for the older men to pump smaller 

quantities of blood per unit time. 

The brief series of 5 successful determina-

tions run on clinically decompensated patients 

showed values in terms of cardiac index of 1.42 , 

1.63, 2.19, 1.65 and 1.76, all of which are quite 

low, indicating poor circulation; 4 of these values 

are well outside the entire range of values calcu

lated for presumed cardiac normals. This series 

of 5 is too small to be the basis of adequate 

statistical handling, but is included for its 

general interest, and as an indication of future 

clinical applications. 
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VIIo SUMMARY OF CONCLUSIONS 

1 . A technic for estimating cardiac output 

has been described, the chief advantage of which 

is its simplicity as far as the patient's role 

in the procedure is concerned. 

2. The results attained by the method are 

seen to be in good accord with results obtained 

by other methods. 

3. The technical difficulties of the procedure 

have been simplified by th~ use of mathematical 

dimensions not described in the literature before , 

an? by the incorporation of electronic computing 

into the over-all performance of the procedure. 

4. Good correlation has been found to prevail 

when repeats are run on the same subject. 

5 . There is a moderate but significant 

tendency for immediate repeats on the same subjects 

under similar clinical conditions to give results 

somewhat elevated over initial readings. 
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