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Quantitation of Aortic Valvular Insufficiency 
Using Radioactive Tracers 
An Experimental Study In Vitro 

F r a n k J . H i l d n e r , M . D . * , W i l l i a m R . Pierson, Ph.D.**, 
B e r n a r d Weins tock , Ph.D.**, E l l e t H . Drake , M . D . f 

and Rober t S. O r m o n d , M . D . f f 

A method has been developed in vitro for quantitation of aortic valvular insuffi
ciency (Al) based on the use of ladioactive traceis lo genei-ate graphic recordings 
of the movement of blood out of the ventricle and back again. The regurgitant 
fraction of stroke volume (peirent of Al) is read from this recording. The method 
was evaluated in a mechanical heart model by comparing Al values read from 
the istope recordings and Al values determined volumetrically. The recordings 
gave excellent agreement with the volumetric results (Corr. Coeff. .9). These 
in vitro results are of such quality that clinical trials seem justified. 

Although aortic valvular insuffi
ciency (AT) can usually be detected 
by physical examination and phono
cardiography, crude estimates of its 
extent can be obtained by simple an
giographic procedures, i - - Quantitative 
measurements are possible, although 
cumbersome, with indicator dilution 
techniques -̂̂ ^ and biplane angiocardi
ography, i^'^-"" In recent years, the need 
has grown for a simple, safe but accu
rate method of measuring A l because 
of the advent of surgical techniques 
which require preoperative knowledge 
of the amount of A l . 

Our study introduces such a method. 
It was undertaken to develop a method 
of quantitation of A l which would 

Formerly of the Division of Cardiovas
cular Disease, Henry Ford Hospital, now 
at Mount Sinai Hospital, Miami Beach, 
Fla. 

* Scientific Laboratory, Ford Motor Com
pany, Dearborn, Mich, 

t Division of Cardiovascular Disease, 
'i t Department of Radiology. 

This study was supported in part by U.S. 
Public Health Service Fellowship 1-F2-
HE-25, 976-01. 

surpass other routine clinical methods 
in safety, ease of performance and ac
curacy. It is similar in principle to that 
introduced by Folse and Braunwald^*' 
for the measurement of ventricular 
end-diastolic and end-systolic volumes. 
Radioactive material is injected into 
the left ventricle, and a detector over 
it observes the subsequent ejection and 
regurgitation of the blood containing 
the radioactivity. The ratio between 
the rise in activity during regurgitation 
and the preceding decline during sys
tole is then equal to the amount of A l , 
expressed as a percent of stroke vol
ume. No other measurements, such as 
cardiac output, are necessary. 

Principle of the Method 
Radioactive tracer is introduced into 

the left ventricle at some time during 
diastole, either by direct injection into 
the left ventricle or by injection just 
distal to the aortic valve with subse
quent backflow. Over a span of several 
heart beats, a detector placed over the 
precordium measures the activity in the 
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entire ventricular volume on a fast 
(0.05 to 0.1 second) time scale. A 
graphic record of the count-rate vs 
time is obtained on a strip chart re
corder. 

To illustrate how we can read the 
ratio of regurgitated volume to stroke 
volume (ie, the percent regurgitation) 
directly from such a recording, we may 
adopt a highly simplified picture of the 
heart in which we assume 

(1) that the tracer is uniformly 
mixed in the ventricle by the time each 
systole occurs, 

(2) that ah regions of the ventricle 
are counted with about the same ef
ficiency, 

(3) that this efficiency is not sub
stantially altered during the heart cycle 
by motion of the heart or changes in 
the amount of intervening tissue, 

(4) that counting of both direct 
and scattered radiations originating 
outside the ventricle can be avoided, 

(5) that there is not extensive 
aortic mixing of the blood ejected dur
ing systole with blood already present 
in the aorta, and 

(6) that there is no retention of 
tracer on the ventricular walls. 

Given the above idealization and a 
normal aortic valve, the variation of 
count rate during several beats is as 
shown in Figure 1. The tracer enters 
the left ventricle at some time (t„) dur
ing diastole. The count-rate (which is 
proportional to the total amotmt of 
radiactivity in the ventricle) remains 
constant at A,, until the onset of systole, 
decreases during systole, then levels 
off and remains constant at A i through
out diastole, and begins to fall again 
when the next stroke begins. This step
wise washout continues, A2 , 

until the left ventricle is cleared of 
tracer. We can write: 

Bo 
An A, 

B^ 
A.. 

SV 
(1) • A„ ^ EDV 

A„ is the height (counting rate) of the 
nth plateau, B„ is the total fall during 
the nth systole, SV is the stroke vol
ume, and EDV is the end-diastolic vol
ume. In the example shown in Figure 
1, SV/EDV is 0.5. 

With regurgitation, the recording 
from the idealized heart is as shown in 
Figure 2. From to until the end of the 
first systole the recording is identical to 
that obtained from a normal heart. 
However, shortly after the next diastole 
begins, the count-rate begins to rise 
again as radioactive blood regurgitates 
into the ventricle from the aorta, and 
continues rising until the end of dia
stole. We can write: 

RgV C , , ^ C: 
B() Bj SV 

Here, RgV is the regurgitated volume, 
SV is the stroke volume, B„ is the total 
fall in count-rate during the nth systole, 
and Cn is the subsequent increase to 
the (n-{-l)th peak. In the example 
given in Figure 2 RgV/SV is 0.5 (ie, 
there is 50% regurgitation), and 
SV/EDV is 0.5 as before. This kind 
of behavior has been observed and ex
plained qualitatively earlier.^* 

It is essential to note that the only 
quantities that are significant are the 
fall (B„) and the subsequent rise (Cn) 
between peaks and troughs, and not 
the actual peaks and troughs. (The 
scale of measurement of Bn and Cn is 
arbitrary, since one is concerned only 
with their ratio). Consequently, even 
large baseline shifts do not affect the 
results. In partictdar, a gradual in
crease in the background count-rate. 
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as recirculated blood arrives in the 
heart, will not introduce a systematic 
error even in data taken from the later 
heart beats. A baseline shift taking 
place in a very short time interval com
pared to one heart cycle would affect 
only a single Bn or C„ value. The ef
fects of such shifts, as might occur for 
example with a very sudden onset of 
recirculation, should be detected and/ 
or suppressed by the usual practice of 
taking and averaging as many readings 
as possible before the curve becomes 
lost in the random statistical counting 
fluctuations. 

The real heart does not warrant 
these simplifications, of course. It is 

known that mixing in the normal ven
tricle is incomplete.^^'i* There is cer
tainly substantial variation of counting 
efficiency over the ventricular volume. 
The counting of radiations originating 
outside the ventricle (especially radia
tions originating from the aorta) can 
be effectively suppressed by suitably 
placed shielding, by detector place
ment, and by rejection of scattered ra
diation through energy selection. The 
counting of radioactivity in the coro
nary circulation or in recirculated 
blood caimot be avoided. However, the 
recordings can be completed in a few 
seconds, ie, in a short time compared 
to that required for recirculation, and 

COUNT 
RATE 

TIME 
Figure 1 

Representation of a recording of radioactive tracer count rate vs time, for a heart with a 
normal aortic valve. The radiation detector is placed over the left ventricle and tracer is 
introduced instantaneously into ventricle at time to. The ordinate is proportional to the 
amount of radioactivity in the ventricle. The ratios B„/A„ = Bi/Ai = . . . = B„/A„ are equal 
to SV/EDV, ie, to the ratio between stroke volume (SV) and end-diastolic volume (EDV). 
This particular figure has been drawn to correspond to the case SV/EDV = 0.5. For reference, 
an electrocardiogram has been added along the top. 
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COUNT 
RATE 

TIME 

Figure 2 

Idealized representation of a recording of count rate vs time, for a heart with an aortic valve 
through which regurgitation is taking place. Detector is placed over left ventricle and tracer 
is introduced instantaneously al time t„. The ratios C„/B„ = Ci/B, = . . . = C„/B„ are equal 
to RgV/SV, ie, to ratio between regurgitated volume (RgV) and stroke volume (SV). This 
figure has been drawn to represent a case of 50% regurgitation (RgV/SV = 0.5) and 
SV/EDV — 0.5. An electrocardiogram has been added for reference along the top. The 
dashed curve is the normal-valve recording from Figure I . 

a gradual increase or decline of extra
neous activity (gradual baseline shift) 
has no effect on the results. 

It is known that mixing occurs in 
the aorta. 1" However, for the present 
purpose it is not necessary to assume 
that there is no mixing of blood ejected 
from the heart with blood aheady 
present in the aorta. But, it is neces
sary to assume that whatever blood is 

to regurgitate should not have been 
mixed in the aorta. Our experiments 
question whether this simplified picture 
offers a good enough approximation to 
test the feasibility of the proposed 
method. The work of Folse and Braun
wald^" was subject to these same prob
lems, except that of aortic mixing, and 
their discussion deals with several of 
these matters. 
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Experiments 

Mechanical Model 

The mechanical model for these ex
periments consisted of a pulse dupli
cator (Fig 3) designed to simulate left 
ventricular function. Basically, this 
was a pump composed of a piston and 

Figure 3 
Pulse duplicator used for in vitro experi
ments. I.R.. inflow reservoir; R.T., receiving 
tank; P.C. pump chamber; E.-R.D.M., en
gage-release drive mechanism; C, counter 
(mechanical register) for counting the num
ber of machine strokes. 

cylinder (left ventricle) with spring-
loaded, one-way valves for inflow 
(mitral valve) and outflow (aortic 
valve). An unseating pin was incor
porated into the housing of the out
flow valve to make the valve "insuffi
cient". Stopcock ports were installed in 
the cylinder and downstream 1 cm 
from the outflow valve to provide ac
cess for pressure monitoring and injec
tion of radioactive tracer. Pulse rate, 
stroke volume, residual volume and 
degree of insufficiency were all inde
pendently adjustable over a wide 

range. By proper choice of static pres
sure head, dimensions and elasticity of 
outflow hose (aorta), it was a simple 
matter to produce pressure curves 
which duplicated those in the human 
system (Fig 4) over the whole range 
of speeds, volumes and degrees of in
sufficiency tested. 

Counting Equipment 

Gamma-ray scintillation counting 
was employed, using as the detector 
thallium-activated sodium iodide 
[Nal(th)] crystal 1.75 inches in di
ameter by 2 inches thick and placed a 
few cm away from the pump chamber. 
Figure 5 shows block diagram of the 
instrumentation. The output pulses 
from the EMI 9536 phototube were 
sent through conventional amplifying 
circuitry to a single-channel pulse 
height analyzer, the output of which 
was fed into a periodic integrator (see 
below) whose output went into a strip-
chart recorder. A scaler connected to 
the amplifier or the single-channel 
analyzer was used as an aid in making 
and checking settings, measuring dos
age and as a general check to see that 
the apparatus was operating properly. 

The periodic integrator designed for 
these experiments^" has some advantage 
over that of Donato et al-^ -* in writ
ing-speed requirements and switching 
speeds. The linearity of the periodic 
integrator output is believed to be bet
ter than dz 1 % of full scale. The chief 
source of inaccuracy is probably the 
temperature drift, which is about 
0.03% of full scale per 1°C tempera
ture change. 

Method 

For these experiments a few micro-
curies of the tracer sodium-24 (as 
aqueous NaoCOa) were injected at one 
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O U T F L O W H O S E 

0 -

P U M P C H A M B E R 

200-

mm Hg 

Figure 4 
Representative pressure curves for outflow hose (aorta) and pump chamber (left ventricle) 
obtained from pulse duplicator with out-flow valve in the fully seated position and with stroke 
volume 87 ml. Chart speed is 25 mm per second (each heavy or fifth line being 5 mm or 0.2 
second). 
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NaKTJ) 

PREAMP AMPLIFIER 
S INGLE-
CHANNEL 

ANALYZER 
PREAMP AMPLIFIER 

\ 
SINGLE-
CHANNEL 

ANALYZER 
n, 

]o>^ 
t 

PERIODIC 
IN-TEBRATOR 

]o>^ 
t 

]o>^ 
t 

EMI 9536 

HISH 

VOU-AGE 

Figure 5 

Block diagram of counting equipment. Scaler is connected to analyzer or amplifier as appro
priate. Recorder trace produced by periodic integrator is represented at upper right. 

of the two injection sites during early 
diastole or at the end of systole. Lead 
was used as shielding between the de
tector and those areas beyond the ven
tricle where there could be activity, 
particularly the aorta. The detector lo
cation was varied somewhat over the 
course of the experiments in order to 

ascertain optimum placement and the 
extent of the effects produced by such 
variations. 

Each experiment consisted of two 
parts. (1) With the valve normal (able 
to seat), the output of water from a 
convenient number of strokes was col
lected and weighed, and from this the 

15000-

COUNTS 
PER 

SECOND 

0 -
S ' D 

Sample recording from experiment with aortic valve normal. Activity is injected into left 
ventricle at time t„ indicated. Systolic and diastolic portions of cycle are denoted by symbols 
S and D, respectively. Note the elevated initial baseline; this represents activity in the needle 
in the aorta prior to injection. A rise accompanies injection as activity appears in ventricle. 
Sudden drop in count rate represents activity being largely removed from detector's field of 
view during first systole. Pump speed is 72 beats per minute. Chart speed is 50 mm per second 
(each heavy or fifth line being 5 mm or 0.1 second). 
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stroke volume was calculated. Some
times, while the water was being col
lected prior to weighing, sodium-24 
tracer was injected at one of the two 
injection sites and a strip-chart record
ing was obtained of count-rate vs time 
(Fig 6). (2) With the outflow valve 
made incompetent (unseated), the out
put of water was measured again and, 
simultaneously, a recording of count-
rate vs time was obtained (Fig 7) from 
which the tracer percent insufficiency 
was calculated, using equation 2. 

Throughout each experiment all 
parameters remained constant except 
for seating of the valve. Consequently, 
the reduced volume delivered per 
stroke when the valve was unseated is 
the final regurgitant volume per stroke. 
Dividing this by the normal stroke 
volume (the volume per stroke de
livered before unseating the valve) 
gives the volumetric percent insuffi
ciency which is then compared for each 
experiment with the tracer per cent 
insufficiency. 

Results 

Table I summarizes the results. In 
these runs, injections were made both 
into the mechanical aorta and ventri
cle. Generation of a recording which 
reflects the washout of activity from 
the ventricle necessitates that some re
gurgitation be present if isotope is in
jected into the aorta. In cases where A I 
is mild or absent, only a small amount 
of activity is observed. This activity 
arises from scatter from the aorta or 
minimal reflux into the ventricle. 
Therefore, it is useful to know what 
approximate order of magnitude of 
activity is expected when A I is present. 
Then, the dose of isotope and recorder 
sensitivity can be roughly adjusted and 

TABLE I 

DATA IN VITRO 

PERCENT INSUFFICIENCY 
(I) (II) (ll-l) 

VOLUMETRIC TRACER ERROR 
0.0 6.3 6.3 
0.0 7.5 7.5 
0.0 -1.2 -1.2 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
5.6 7.3 1.7 

11.5 15.9 4.4 
18.1 13.5 -4.6 
24.0 22.8 -1.2 
31.9 31.5 -0.4 
33.0 21.5 -11.5 
35.2 29.2 -6.0 
42.4 33.4 -9.0 
43.8 35.0 -8.8 
44.6 46.8 2.2 
45.5 40.3 -5.2 
45.4 53.6 8.1 
49.0 44.5 -4.5 

lll-l) 
19 

(ll-l)' 

•1.2 

5.7 
18 

Table I 

Data from experiments performed through 
the use of a mechanical pulse duplicator. 
Values given are regurgitant flow expressed as 
a percent of stroke volume. Volumetric per
cent insufficiency represents regurgitant flow 
measured from output of a mechanical pulse 
duplicator. Tracer percent insufficiency rep
resents experimental results obtained from 
isotope dilution curves. Error is the arithme
tical difference between the volumetric and 
tracer values. 
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15000-

COUNTS 
PER 

SECOND 

0 -
s r T S I D 

TIME-

Figure 7 

I S I 

Sample recording from experiment with aortic valve insufficient. Activity is injected at time 
t„ into aorta and enters ventricle with onset of diastole. Counting rate arising from radio
activity in needle just prior to injection can be seen at left. Systolic (S) and diastolic (D) 
portions of cycle are denoted by symbols. Initial rise signifies activity being swept into ven
tricle as part of the regurgitant stream. Wave pattern is seen to be the same as that predicted 
for the idealized case (Fig 2). Pump speed is 72 beats per minute. Chart speed is 50 mm per 
second (each heavy or fifth line being 5 mm or 0.1 second). Periodic integrator period is 
0.05 seconds. A I read from this recording, using equation 2, is 37%. 

total runs kept at a minimum. Injection 
of isotope into the ventricle provides 
good recordings, even when no A I is 
present and allows easy standardiza
tion of total dose. The flrst six entries 
of Table I show what happens when 
this is ignored. In the three earliest 
ones, spurious results were obtained, 
partly because of improper detector 
placement. The next three readings 
indicate that correct results ( A I = 0 ) 
can be obtained with proper align
ment, even on recordings generated by 
spurious radiation. Nevertheless, be
cause of the poor counting statistics 
and relatively prominent secondary 
effects, injection directly into the ven
tricle would be preferable for measur
ing A I when it is small or absent. 

On the average, the tracer insuffi
ciency reads 1.2% lower than the 
volumetric insufficiency, without sig
nificant dependence on the level of in
sufficiency. The standard deviation is 

5.7%. The best (least-squares) 
straight-line fit to the data is: 

T = 1.81 - f 0.87V (3) 

Here T is the tracer percent insuffi
ciency and V is the volumetric percent 
insufficiency. The correlation coeffi
cient is 0.96 (or, if the six normal-
valve cases are ignored, 0.92). 

Discussion 

Most methods of grading A I have 
not been compared with known values. 
Aortic valvulography, which expresses 
degree of A I on a 1 to 4 + scale, offers 
only a gross estimate. However, experi
mental results with known values from 
mechanical models have been com
pared in several studies.̂ -̂ ''-̂ ' Com
parison of our results with these re
ports is difficult because of the man
ner in which some of their data were 
handled. Nevertheless, we believe that 
the accuracy of the tracer method pre-
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sented here equals or exceeds that of 
the other methods. 

Once any basic apparatus for de
termination of A I has been assembled 
and tested, the actual performance of 
the test usually is not difficult. Basic to 
any test, however, is the amount of 
vascular catheterization needed to in
ject or obtain indicator samples. Cer
tainly, the placement of a single cathe
ter above the aortic valve for injection 
of radioactivity or contrast medium is 
less difficult than the multiple vessel-
and-heart-chamber catheterization re
quired for other indicator-dilution 
methods. Moreover, in ordinary indi
cator-dilution techniques, the timing of 
the injection is critical and the dosage 
must be accurately known. In the 
method described here, injection of 
any reasonable amount of radioisotope 
during any portion of diastole is ade
quate. Also, the interpretation of iso
tope recordings is not liable to the sub
jective interpretation inherent in con
trast aortography. Both of these are 
also probably far easier to perform and 
analyze than the indicator-dilution or 
the biplane, angiographic, ventricular 

volumetric methods. 
Any coincident mortality or mor

bidity is apt to result from the vascular 
catheterization rather than from the 
drugs, indicators, or media employed. 
The incidence of complications from 
any method of catheterization, how
ever, is known to be low.-" 

The results of this study indicate 
that the proposed isotope method for 
quantitation of A I is suitable for trial 
under clinical conditions. 
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