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INCOMPETENCE
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(From the Department of Medicine, Postgraduate Medical School, Hammersmith Hospital,

London, England)

(Submitted for publication June 2, 1958; accepted September 18, 1958)

The indicator dilution technique of Stewart was
reintroduced in practicable form by Kinsman,
Moore and Hamilton in 1929 (1), was developed
further by this group (2, 3), and since then has
been extensively used to measure cardiac output
and central blood volume (the volume of blood
between the site of injection and sampling of the
indicator). In 1951 Kopelman and Lee (4) ob-
served that tricuspid regurgitation greatly pro-
longed the time concentration curve, and more re-
cently Korner and Shillingford (5, 6) by anal-
ysis of data from model experiments attempted
to show that the degree of alteration of the curve
was proportional to the amount of regurgitant
flow.

This principle, that regurgitant flow can be
quantitatively or semiquantitatively estimated from
indicator dilution curves, has been used recently
both for clinical and for physiological studies.
Clinically, it has been evaluated as an additional
test for estimating the severity of mitral incom-
petence (7-10); physiologically, it has been used
to determine the effects of rest and exercise on
tricuspid incompetence (11) and to clarify the
role of valvular incompetence in heart failure
(12). Underlying all these studies is the as-
sumption that changes in the indicator dilution
curve depend only on the cardiac output, central
volume and amount of regurgitation. But in-
competence of a cardiac valve may be associated
with many other hemodynamic changes: The
stroke volume and/or heart rate may increase;
the distribution of blood volume behind and in
front of the incompetent valve may alter; the
heart chambers and great veins may change in
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capacity; and distention or disease may alter the
elasticity of the atria, ventricles or great vessels
and thereby affect streaming and mixing of indi-
cator, particularly in the regurgitant jet. Not all
of these changes could be controlled or assessed
in the, model which Korner and Shillingford used
(5, 6), and a new model was therefore devised
to assess the influence of some of these changes on
indicator dilution curves.

MATERIAL AND METHODS

A rigid model was designed to allow direct measure-
ment of forward and regurgitant flow (Figure 1). In
this model the volume upstream (proximal) and down-
stream (distal) to the valves could be altered by in-
serting a glass sphere at S or S,; the stroke volume could
be changed from 20 to 42 ml. by moving the attachment
of the piston to the cam; the residual volume of the
pump could be changed from 0 to 45 ml. by altering the
distance between the barrel of the syringe and the cam;
and the valve V. could be made incompetent. When it
was incompetent dye dilution curves were made with
three types of chamber at S,: 1) a 235 ml. sphere with
its entrance and exit at 90' to each other (C1) ; 2) a 235
ml. sphere with its entrance and exit at 180' to each other
(C2); and 3) the 235 ml. sphere placed at S2 so that the
chamber before the pump consisted of the 2 cm. wide tub-
ing of the model (C,). During experiments on valvular
incompetence the aperture of reflux was constant, and
forward and regurgitant flows were regulated by chang-
ing the pump rate and the resistances to each outflow.
Both forward and backward outflow (at B2 and B,) were
collected simultaneously for 30 seconds during the in-
scription of the dye dilution curve and were measured
in the same cylinder to the nearest 5 ml.

In some experiments a thin rubber segment dilated to
form a distensible chamber (E) of variable size was in-
serted at S, and valves V, and V, were removed. With
each regurgitant jet the elastic chamber dilated and al-
lowed the jet to mix with the incoming water although
some of the water in the system was displaced backwards
into the reservoir which was open to air. In this elastic
system it was no longer possible to measure the regurgi-
tant flow directly, but it could be estimated by subtracting
the measured forward output from the total minute out-
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put of the pump. This estimate is approximate because
during the downstroke of the piston a small amount of
water, found in preliminary experiments with competent
valves not to exceed 2 to 4 ml. per stroke, flows through
the model. As a result the measured forward output is
slightly greater than the calculated output of the pump,
and the backflow would be underestimated by this method
of calculation.

Evans blue dye (T-1824) was injected rapidly at point
I with an insulin syringe fitted with a metal barrel cap to
limit withdrawal of the plunger. This syringe could
therefore be filled with the same amount each time, and
the amount of dye injected (1 mg. per ml.) was found by
weighing to be 1.6873 ± 0.019 mg. After each injection
the pump was run until all the dye had been washed out
of the model and the curve had returned to the base line.

The dye curves were made with a photo cell ear piece
oximeter and amplifier (5) and an Evershed direct-writ-
ing recorder. As the response was alinear a calibration
curve was made from a series of dye solutions of concen-
tration 0.5 to 4.0 mg. per L. and the heights of the dye
curve at one second intervals were converted by this
calibration curve into concentrations in mg. per L. The
sensitivity of the system was rechecked after every five
to six curves and appropriate corrections were made
when necessary.

Five curve parameters and two ratios were studied:
1) slope (S); 2) variance (s2); 3) the time taken for
the dye concentration to fall to 0.1 mg. per L. (PT); 4)
appearance time (AT); 5) mean time of the curve
(MTT) calculated from the sum of dye concentrations
at each second throughout the curve times each corre-
sponding time interval divided by the sum of dye con-
centration at each second throughout the curve (SCT/
SC); and the ratios PT/AT and PT/MTT.

All outputs referred to are those measured directly,
and these were also used in the calculation of central
volume. This was calculated according to the methods
of Hamilton, Moore, Kinsman and Spurling (3) but
modified by fitting the downslope to the first 8 to 10 points
of the straight line descent by the method of least squares
(13) and by summing the dye concentrations to infinity
(14). These modifications were also used in calculating
the variance of the curve. Experimental differences be-
tween parameters or ratios were evaluated by an analysis
of regression technique, the adjusted mean being compared
by weighting the variances of the groups (15).

RESULTS'

A. Rigid model, no valvular incompetence
Dye dilution curves were made with stroke

volumes of 20 and 42 ml. and residual volumes
of 0 and 45 ml. To determine how each curve
parameter and ratio was related to output and

'Copies of supplementary tables are available at the
Auxiliary Publications Project, Photoduplication Serv-
ice, Library of Congress, Washington 25, D. C.
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FIG. 1. DIAGRAM OF THE MODEL
The diagram is labeled as follows: A, inflow from tap;

B1 and B2, outflow tubes for measuring forward and
backward flow, open to air to prevent siphoning; 0, ox-
imeter earpiece; I, site of dye injection; P, piston pump
(100 ml. syringe). Piston attached to a cam run by a
variable speed motor; R, reservoir (with spillover to
keep head of pressure constant) kept below level of out-
flow tubes to prevent continuous forward flow; S, and S2,
sites at which the volume of the apparatus could be al-
tered or an elastic chamber inserted; C1 and C2, glass
spheres inserted at S, and S2; E, elastic segment inside
glass sphere inserted at SL; V1-4 gravity valves; and T,
tube to eliminate dead space.

In some experiments other valves (inset lower center)
were substituted for V. and V4. When the valves were
competent water was pumped out at B2 with little or no
spillover (not more than 20 ml. per minute) through V2
and out at B1; this small loss was caused by the pressure
wave set up each time V2 closed and seemed proportional
to the force of its closure. When V, was incompetent,
with the rigid model, each regurgitant jet displaced an
equal amount of water past V2 and out of B1; the site of
the injection of dye was far enough forward to prevent
loss of dye at B1, and B1 was higher than B2 to prevent
outflow in the absence of incompetence of V2.

central volume the data from each combina-
tion of stroke and residual volume were pooled
and used to calculate the correlation coefficients
and partial correlation coefficients 1) between each
curve parameter (or ratio) and output and 2)
between each curve parameter (or ratio) and
central volume. Logarithms of output, central

139



J. I. E. HOFFMANAND GEORGEG. ROWE

l.o0oozo o a o volume or of the parameter or ratios were used
0e m if preliminary calculations showed that a higheranon .; 3correlation could be obtained thereby. The mul-

66 06C tiple correlation coefficient (r) between all three
* O is also given (Table I).

t W4 M "-I t in %O &>,;All the curve parameters (but not the ratios)
6666 666o;mo were largely dependent on output and central

* al 8 Q volume. The small residual variation (1-r2) of
a ' less than 20 per cent was due to factors other
. grj than changes in output and central volume, and

0 | | z | | ggincludeddifferences resulting from changes in
0 4(0Y§>o _ X W stroke and residual volume as well as from experi-

6 ~~ AO |A | . 1.0. |dC mental error. Comparisons of the four combina-
*~AAA0 AAA~*tS t . o oOA@.>°°° Q = Xdtions of stroke and residual volume showed no

a" 000= 7" ooo o=usoo==Qdifference between the slopes of any regression
$> >Hi. += planes except those for the ratio PT/MTT

2|w|o (0.005 > p > 0.001). The means of each para-
6 oo. . ell! meter or ratio adjusted to the same output and

0 ++ 0 Cd central volume are given in Table II, as are the
relevant variance ratios and estimates of signifi-

S
11

I Cct)>zI- I0 CO o I mecance. The adjusted mean values in the table
0 ~~~~'tt MIt A't tv00C666 + o6 ; cO .4 ahwere obtained by a) averaging the forward out-

++x 1 2 ¢ O puts and central volumes from both groups being
XD = == compared and then b) using separate regression

l|0 0~3 formulae for each chamber to adjust the mean
¢ value of the parameter or ratio to these averages.

6 0 1 In effect this shows what the mean values would
AAAA A A A have been had all the experiments been made at*8.~ ° 8A XJ a constant output and central volume. The values
6666 oooW 666 O: Ah §for C1 differ in the two comparisons because the

4J: a = text outputs and central volumes used in the experi-
C r- V4 oo>° 0 M .,:v ",) .= ments with chambers C2 and C3 were not iden-
6666 o as° qoQ coointicalso that the averages they make with the
X° values obtained from the experiments with cham-

; O. O ber C1 differ slightly. The adjusted group means
o
66O

C
O ° showed statistically significant differences for all

++ ' b except slope and variance, although the actual
<Hi X = differences were small (e.g., adjusted mean curve

c
X times varied from 14.2 to 14.8 seconds) and were

| not apparent from careful inspection of the in-
1to. dividual curves.

l .-I 2 c l I _ I !."v B. Rigid model, valvular incompetence

|O W4 III4 In all these experiments (the basic data of
v 2O which is available in supplementary tables) the

O - 04 = OruD amount of regurgitant flow and its ratio to the
.. U .!32 . total flow were approximately constant. In each

KKoH *E group the forward output varied from 1.5 to 1.9
W 0u0 0 0 =| zbn4bl D L. per rlminute; the backflow varied from 65 to21: 0.1414 L0 pe
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TABLE II

Effect of stroke and residual volume in rigid systems without regurgitation. Comparisons of adjusted means *

Variance
Stroke volume (ml.) ............... 42 42 20 20 ratio Estimate of
Residual volume (ml.) ............... 0 45 0 45 F significancet

Slope (S) 0.1011 0.1006 0.0974 0.1008 1.68 0.3>p>O.l
Appearance time (AT) 10.7 9.5 10.1 10.0 24.10 0.0005 >p
Mean time of curve (MTT) 14.2 14.8 14.6 14.3 5.00 0.025>p>0.01
Duration (PT) 41.5 43.5 42.7 42.6 5.27 0.025>p>0.01
Variance (W2) 102.9 108.4 111.4 106.9 1.90 0.3>p>O.l
PT/AT 3.90 4.59 4.21 4.30 13.58 0.0005 >p
PT/MTT 3.05 2.94 3.00 2.98 23.37 0.0005 >p

* The means of each of the parameters and ratios were adjusted mathematically to the same output and central
volume to allow statistical comparisons between them.

t The estimate of significance gives the probability that all four means came from the same population, i.e., were
not affected by changes in stroke and residual volumes. There are small but significant changes in each parameter
(and ratio) except slope and variance, and even these showed trends toward change.

80 per cent of the forward output and the central
volume ranged from 660 to 736 ml. It was

therefore possible to determine if the effect of
valvular incompetence in changing the curve par-

ameters was dependent on alterations of the cham-
ber proximal to the incompetent valve. Regres-
sion equations relating each parameter or ratio
to output and central volume were calculated for
each type of proximal chamber (sphere with en-

trance and exit at 900 to each other-C1; sphere
with entrance and exit at 1800 to each other-

C2; tube-C3) and statistical comparisons were

made between these regression equations from C1
and C2 and from C1 and C.. No differences were

shown between the slopes of the regression planes
of any of the parameters or ratios except PT/
MTT (0.05 > p > 0.03) and this only in the
comparison of C1 and C8. There were, however,
significant differences between the adjusted
means of some of the parameters and ratios
(Table III).

Curves A, B and C in Figure 2 show dia-

TABLE III

A. Comparison of adjusted means of parameters and ratios from curves made with the rigid model with
regurgitant flow obtained for proximal chambers C1 and C2 *

Variance
ratio Estimate of

Parameter C2 Ci F significance

Slope 0.0820 0.0856 7.07 0.05 >p >0.025
Appearance time (AT) 8.4 8.5 0.02 p>0.5
Mean time of curve (MTT) 16.5 16.3 0.27 p>0.5
Duration (PT) 49.0 48.0 3.05 0.3>p>O.l
Variance 155.2 143.3 7.37 0.05>p>0.025
PT/AT 5.86 5.74 0.47 p >0.5
PT/MTT 2.98 2.93 2.14 0.3>p>O.l

B. Comparison of adjusted means obtained for proximal chambers C1 and C3 *

Variance
ratio Estimate of

Parameter Cl Cs F significance

Slope 0.0848 0.0922 7.91 0.05>p>0.025
Appearance time (AT)- 8.6 9.5 7.64 0.05>p>0.025
Mean time of curve (MTT) 16.5 15.7 6.91 O.O5>p>0.025
Duration (PT) 48.6 45.4 8.92 0.025>p>0.01
Variance 147.6 123.4 13.94 0.01 >p>0.005
PT/AT 5.67 4.83 7.82 0.05 >p>0.025
PT/MTT 2.94 2.93 0.06 p>0.5

* The means of each parameter and ratio have been adjusted to the same central volume and output. The central
volume and output used in each part of the table is the average for the observations in which the two proximal chambers
under consideration were used. This average differs somewhat for C1 vs. C2 as compared with Cl vs. C3 and explains
why C1 values are not the same in each part of the table.
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FIG. 2. COMPOSITE DIAGRAM TO DEMONSTRATETHE

DIFFERENCE PRODUCEDBY VALVULAR INSUFFICIENCY IN

A RIGID MODEL
For explanation see text.

grammatically the differences between dye dilution
curves made when there was no valvular incom-
petence and those made with proximal chambers
C1 and C8 when there was backflow. These
composite curves were constructed from separate
prediction formulae for each group by adjusting
statistically to a constant output of 1.68 L. per
minute and central volume of 700 ml. the means

of the slopes (S), appearance times (AT) and
the times taken for the dye concentrations to fall
to 0.1 mg. per L. (PT). In each composite
curve the maximum dye concentration and time at
which it occurred is approximate so that the
portion of each curve from its appearance to the
beginning of the straight line downslope is hy-
pothetical. Curve A was derived from 21 curves

made when there was no valvular incompetence,
curve B was derived from six curves made with
the small proximal chamber C8 when the back-
flow averaged 75 per cent of the forward flow,
and curve C was derived from six curves made
with the large proximal chamber C1 when the
backflow averaged 73 per cent of the forward
flow. In all the stroke volume was 42 ml.; the
residual volume was 0 ml. in half the experi-
ments done in each group and 45 ml. in the other
half.

Valvular incompetence has made the appear-
ance time shorter, the duration of the curve
longer, the maximum dye concentration less and
the slope smaller. All of these changes were
less marked for small proximal chamber C8
(curve B) than for the large proximal chamber
C1 (curve C), and despite the relatively large
backflows neither composite curve differs greatly
from the normal.

The mean circulation time is the sum of the
appearance time and the mean time of the curve,
both of which may change when there is valvular
incompetence. To see if this affected the calcu-
lated central volume, analyses were made of dye
dilution curves obtained with and without valvu-
lar incompetence but with no change in the phys-
ical volume of the model. The calculated cen-
tral volume in these experiments was unchanged
by valvular incompetence, but the distortion of
the curves was small (Figure 2); it was therefore
possible for the shortened appearance time to
balance the longer mean time of the curve. With
more marked curve distortion this may not occur
since the mean time of the curve can be greatly
prolonged and it is difficult to see how the ap-
pearance time could shorten enough to compen-
sate for this.

C. Elastic model, valvular incompetence

Table IV gives the statistics for dye dilution
curves made with and without valvular incom-
petence and with small and large elastic proximal
chambers. In all experiments the stroke volume
was 42 ml. and there was no residual volume
in the pump. When the valves were competent
the dye dilution curves were similar to, though
perhaps slightly less prolonged than, those ob-
tained from the rigid model at similar outputs and
central volumes; two few experiments were done
with the elastic proximal chamber to test this
difference rigorously.

The magnitude of the change in the parameters
of the dye dilution curves when valvular incom-
petence was introduced was related to the size
of the proximal elastic chamber. In Experi-
ments A and B. illustrated in Figure 3 and
marked in Table IV, the forward output and
central volume were the same, the regurgitant
flow was 2.99 L. per minute in A and 2.40 L.
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TABLE IV

Effect of valvular incompetence and an elastic chamber on dye curves

Appear- Mean
Size of ance time of

Forward Back- Central proximal Duration time curve
flow flow Rate/min. volume chamber* Slope Variance (PT) (AT) (MTT) PT/AT PT/MTT

L./min. L./min. ml. sec. sec. sec.
2.18 52 748 S 0.1425 52.3 31.5 10.0 10.6 3.15 2.97
1.56 44 759 S 0.0974 110.1 46.1 13.0 16.3 3.55 2.83 C
1.80 44 768 S 0.1097 87.1 40.0 12.2 13.4 3.28 2.99
1.86 44 786 S 0.1167 77.2 38.7 12.0 13.4 3.23 2.89
1.58 36 1,282 L 0.0403 641.5 88.0 14.8 33.9 5.95 2.60

1.55 2.99 108 850 S 0.0903 137.2 50.4 14.4 18.5 3.50 2.72 A
1.55 2.40 94 847 L 0.0552 334.0 67.3 9.9 22.9 6.80 2.94 B
1.58 1.78 80 919 S 0.0737 196.9 58.7 13.5 21.4 4.35 2.74

$ S designates small proximal chamber; L, large proximal chamber (capacity about 400 to 500 ml.). Changes in
volume of the proximal chamber, with no change in forward output and central volume, have allowed regurgitation to
produce gross alterations in curve parameters and ratios. The introduction of an elastic system has made changes,
previously detected only by mathematical analysis, obvious.

per minute in B, and the proximal elastic chamber
was 235 ml. smaller in A than in B. Despite the
smaller regurgitant flow in B, the alterations of
its curve parameters and ratios were much
greater than those in A.

DISCUSSION

It has been recognized since 1932 (3) that the
downslope of indicator dilution curves (made
without regurgitant flow) was determined largely
by output and central volume. This was con-
firmed by statistical analyses of data obtained
from a circulation model and man by Korner
and Shillingford (5, 6), who also demonstrated
that other curve parameters (variance, mean
time of the curve) were similarly determined and
could be predicted for any output and central
volume.

In the present study changes in stroke and
residual volume were also shown to have signifi-
cant effects on the parameters of dye dilution
curves. These effects were, however, small (ac-
counting for less than 20 per cent of the total
variation, Tables I and II), in spite of the fact
that the groups compared ranged from those in
which the pump emptied completely or almost
completely at each stroke to those in which the
residual volume was more than double the stroke
volume. These findings do not confirm the
theory of Comet and Lagerlof (16) that the
downslope of the indicator-dilution curve is deter-
mined by the left ventricular stroke and residual
volume and that this relationship can be used to

calculate the residual volume of the left ventricle.
An exponential washout slope dependent on the

residual volume
stroke + residual volume would indeed be

expected if the indicator were injected into the
left ventricle, mixed completely with the left
ventricular blood and sampled just above the
aortic valve; experimental evidence for this has
been presented by Holt (17). If, however, the
indicator is injected or sampled far from the
ventricle (and it was for this type of curve that
Comet and Lagerlof made their mathematical
analysis) the relationships between stroke vol-
ume, residual volume and the slope are obscured
by the washout slope imposed by the additional

FIG. 3. DYE CURVESMADEWITH SMALL AND LARGE
ELASTIC PROXIMAL CHAMBERSAND VALVULAR INCOM-
PETENCE
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TABLE V

Comparison of backflow observed and estimated by three methods of calculation in the rigid model

Backflow (L./min.)*

Calculated
Residual Forward Predicted Ratio of Ratio of
volume flow Observed from slope variances slopes

ml. L./min.
Tube C3 0 1.57 1.24 -0.06 -0.12 -0.07

0 1.58 1.22 0.01 0.07 0.01
0 1.80 1.45 -0.05 -0.07 -0.06

45 1.68 1.30 0.15 0.34 0.24
45 1.73 1.26 0.01 -0.08 0.02
45 1.78 1.19 0.13 0.20 0.17

Sphere Cl 0 1.60 1.28 0.08 0.23 0.10
0 1.66 1.14 0.12 0.36 0.17
0 1.68 1.20 0.13 0.32 0.16

45 1.63 1.13 0.17 0.35 0.24
45 1.66 1.21 0.20 0.44 0.30
45 1.78 1.11 0.20 0.41 0.27

* Comparison of observed and calculated backflow shows how far off from the actual backflow the calculated amount
may be; the amount of error bears little relation to the method used.

central volume. The corollary of this, namely
that despite a constant left ventricular stroke and
residual volume the downslope changes as the
central volume changes, was shown by Hetzel,
Swan and Wood (18). They injected dye suc-
cessively at different sites (pulmonary artery,
right atrium, superior vena cava and brachial
vein) and found that the curve became lower and
wider as the site of injection moved peripherally.
Since cardiac output and rate varied little be-
tween successive injections and since residual
ventricular volume was not likely to have altered
much, the changes of slope were therefore related
to differences of central volume and independent

of stroke and residual volume. Thus, in practice
left ventricular stroke and residual volume prob-
ably have little effect on the parameters of indicator
dilution curves, although if the central volume is
small relative to the stroke and residual volume,
e.g., with injection into the left atrium or left
ventricle, it may not be safe to assume that curve

parameters are related only to output and cen-
tral volume.

With valvular regurgitation varying changes
have been found in curve parameters when, with
similar amounts of backflow, the type of proximal
chamber has been altered; these differences were
present even when allowance was made for varia-

0
~~~z

0

IL

0 ./.1 .3J .4 .5 ° -J 0 .1 .2 .3 .4 .5
BACKFLOWL/IMl: METHODNIO BACKFLOWL/MIK: METHODNO.1

FIG. 4. COMPARISONSOF BACKFLOWSESTIMATED BY DIFFERENT METHODS

Method 1: From observed slope reciprocal (5). Method 2: From ratio
of predicted to observed variances (6). Method 3: From ratio of predicted
to observed slope reciprocals (8, 19).

144



INDICATOR DILUTION CURVES IN VALVULAR INCOMPETENCE

tion in output and central volume (Tables III and
IV). As a result the estimates of backflow by
existing methods of calculation (5, 6, 8, 10)
varied with the type of proximal chamber, and
comparisons between the backflows observed and
calculated by three methods are given in Table
V. Not only do these estimates differ in rigid
systems for the different types of proximal cham-
ber and perhaps for different residual volumes,
but they all greatly underestimate the actual back-
flow. In addition the three methods do not give
similar estimates of the same backflow (Figure
4).

In the absence of a sufficiently large series
of experiments done without valvular incompe-
tence and with an elastic proximal chamber it was
not possible to make a regression equation for
predicting curve parameters from output and cen-
tral volume. It is possible, however, to set limits
for these parameters. In Experiment A (Table
IV) the upper and lower limits of the slope pre-
dicted without backflow are 0.0974 (found in
Experiment C for the same output but a smaller
central volume) and 0.0903 (found in Experi-
ment A itself with 2.99 L. per minute backflow);
corresponding limits of the predicted curve vari-
ance can be determined so that the upper and
lower limits of the ratios of predicted and ob-
served slopes and variances can be calculated,
and backflows can be estimated (5, 6, 8, 10). The
backflow of 2.99 L. per minute in Experiment
A is estimated from the ratio of slopes as 0 to
0.12 L. per minute and from the ratio of variances
as 0 to 0.38 L. per minute; in Experiment B the
backflow of 2.40 L. per minute is estimated as 0.98
to 1.18 L. per minute from the ratio of the slopes
and 2.23 to 3.16 L. per minute from the ratio of
the variances. It is important to note that esti-
mates by these two methods differ greatly, that
the actual backflow in Experiment A was grossly
underestimated by both methods, and that an in-
crease of 235 ml. in the proximal elastic chamber
has increased the estimated backflow by about 1 L.
per minute (slope method) or by about 2 to 3 L.
per minute (variance method), even though the
actual backflow had decreased. An equivalent
increase in the volume of the proximal chamber in
the rigid model changed the estimated backflow by
about 20 to 40 ml. (Table V), a relatively small

amount even allowing for the smaller backflow in
these experiments.

These observations may best be explained by
the hypothesis that most of the changes in the
parameters of the curves are due not only to
the amount of backflow but also to the dilu-
tion of the regurgitated dye. The extent to
which dilution occurs may depend upon the vol-
ume and shape of the proximal chamber; its
elasticity; the force, shape and direction of the
regurgitant jet; and swirling and streaming of
fluid within the proximal chamber. If the re-
gurgitated dye mixes poorly with the fluid in the
proximal chamber, e.g., in the rigid model with the
small proximal chamber, it will be little diluted
and will rapidly be washed into and out of the
pump, so that little distortion of the curve will
result. If, on the other hand, the regurgitated
dye mixes well with a large volume of fluid in the
proximal chamber, e.g., in the model with the
large elastic chamber, it will be greatly diluted, its
washout will consequently be prolonged and the
curve will be greatly distorted. The more the
dilution of a given amount of regurgitant dye
the lower will be the maximum and mean con-
centrations of dye at the sampling site. Differ-
ences between chambers C1 and C2 may have been
due to streaming, for it has been shown that the
positions of the entrance to and exit from a
sphere influence the passage of dye through it
(19).

This hypothesis has important implications in
man, for valvular disease may be associated with
great alterations in size, shape and elasticity of
the atria and ventricles, and in the force, shape
and direction of the regurgitant jet. For example,
since the residual volume of blood in the left
ventricle in aortic incompetence is probably less
than that in the right atrium for an equal amount
of tricuspid incompetence, the dilution of regur-
gitated dye may be less with the aortic lesion and
so produce less alteration of the curve parameters.
In disease of the mitral valve, too, great variation
of left atrial size is well known, calcification of the
wall may decrease elasticity and thrombi may
influence mixing. Examples of inadequate mixing
of dye and blood in the left atrium have been
cited by Woodward, Swan and Wood (20).
Though it has not been determined how these
changes influence curve parameters it is possible
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that they may cause the parameters to vary in-
dependently of the amount of backflow and so
make difficult its assessment. Finally, in experi-
mental procedures (e.g., rest, exercise, digitaliza-
tion) it may be difficult to assess not only the
amount of backflow but even whether it increases
or decreases, for once again the differences pro-
duced in the curve parameters may be due to
changes in the dilution of the regurgitated dye
as well as to its amount.

Parameters and ratios from indicator dilution
curves have also been compared with assessments
of mitral incompetence made by routine clinical
and laboratory methods, and have been found to
alter as the severity of mitral incompetence in-
creased (7, 9). These methods do not attempt
to estimate absolute amounts of backflow, but are
necessarily limited in their value by the accuracy
of the criteria used to define the severity of the
mitral insufficiency and the extent to which the
parameters and ratios used are altered by vari-
ables other than the amount of regurgitation.

This study has thus shown that several factors
other than output, central volume and the amount
of backflow may influence the parameters of indi-
cator dilution curves. If the only major vari-
ables 'in a model are forward output, central vol-
ume and backflow, it will be possible to construct
formulae for relating these to the curve param-
eters and thus, knowing forward output and cen-
tral volume, to estimate the amount of backflow.
This estimate would not necessarily be correct
in different models with additional variables, al-
though if these could be measured it should be
possible to construct formulae which take them
also into account. It is difficult to be sure that
any model successfully reproduces all the vari-
ables found in the human, and therefore the ex-
tension of formulae derived from any model to
calculate the backflow in man should be validated
by independent estimates of that backflow in man
himself.

SUMMARY

Dye dilution curves were made in a circula-
tion model in which the amount of forward
output and of backward flow through an incompe-
tent valve could be measured directly in a cali-
brated flask. When the valves were compe-

tent, all' the curve parameters examined (slope,
variance, duration, appearance time and mean
time of the curve) were markedly dependent on
output and central volume. When the stroke
volume of the pump was changed from 20 to 42
ml. and its residual volume from 0 to 45 ml.
there were slight changes of these parameters as
well as of the ratios of the curve duration to 1)
the appearance time and 2) the mean time of the
curve; these changes were statistically signifi-
cant for all but slope and variance, and both of these
showed trends towards change. It is probable
that the changes were small because the central
volume was large relative to the stroke and
residual volume.

When a valve was incompetent changes were
made in the size, shape and elasticity of the
proximal chamber entered by the regurgitant jet,
and the alterations produced in the curve param-
eters and ratios by similar amounts of backflow
depended in part on these changes. With a
narrow and rigid proximal chamber there was
little distortion of the curve despite a relatively
large backflow, whereas with a large elastic prox-
imal chamber gross distortion of the curve oc-
curred. Although the type of change in the curve
was that described by Korner and Shillingford
(5, 6) (i.e., earlier appearance time, lower and
longer curve), backflow estimated in our model
by their formulae could differ greatly from the
measured backflow and varied with the type of
proximal chamber.

The hypothesis is made that the distortion of
the indicator dilution curve produced by backflow
is due to the dilution and subsequent washout of
the regurgitated indicator and that this depends
not only on the amount of backflow but also on the
nature of the regurgitant jet and the chamber
which it enters.
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