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Use of a dynamic method in calibration of
dye-dilution curves during cardiac surgery'
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A simplified dynamic method of calibration for dye-dilution curves is described. The method involves
appropriate matching of thefluid volume in the mixing chamber, the blood withdrawal rate, and the calibration
dose of dye. It was used to compare the observed versus calibratedpump output of a heart-lung machine with
individual dye-dilution curves obtained from IS patients during total cardiopulmonary bypass. The results
indicate that the difference (range+ 14% to -8%) between the two is statistically insignificant. The method is
rapid and relatively simple. It is particularly usefulfor cardiac output determination during unsteady clinical
conditions because of the ability to calibrate dye curves at the time they are recorded.

Measurement of cardiac output from dye-dilution
curves requires a calibration procedure relating
points on the curve to known blood concentrations
of the dye. The serial dilution method of calibration
is cumbersome and time consuming. It entails
repeated pipetting of blood for mixing with dye.
Under unsteady clinical conditions such as cardiac
surgery, or haemorrhagic shock, gross changes in
blood composition are common and only repeated
calibrations will assure the accuracy of cardiac
output determinations. A simple, rapid, and
accurate calibration procedure is necessary; one
which permits reinfusion of the blood used has an
added advantage.

Sparling et al. (I960) described a simple and
time-saving dynamic method for calibrating dye-
dilution curves. They compared the area of the
dilution curve obtained from the patient with that
derived from a small calibration system built into
the sampling line. Since then several studies of the
dynamic method have been published (Emanuel
and Norman, I963; Emanuel et al., I966; Hamer
et al., I966; Shinebourne, Fleming, and Hamer,
I967; Sparling et al., I960). Its accuracy and re-
producibility have been confirmed by direct com-
parison of the calibration factor of this method with
that of the standard serial-dilution method (V6llm
and Rolett, I969). However, when applying the
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technique as described by Sparling et al. (i960),
and Emanuel and Norman (I963) during cardiac
surgery, we encountered numerous difficulties,
especially with regard to injection of the calibra-
tion dose and the amount of blood required for the
procedure. Therefore, through a series of experi-
ments, we changed the technique to make it more
suitable for clinical applications.
The experiment described here is designed to

validate the accuracy of this method by comparing
simultaneously the dye-dilution output using this
method of calibration with the pump output from a
cardiopulmonary bypass machine.

Methods
Calibration system
The system used is shown schematically in Fig. I.
Upstream from the cuvette densitometer (C), a short

piece of heavy Latex tubing (taken from an intravenous
infusion set) served as the injection chamber (A). Be-
tween the injection chamber and the densitometer, a
mixing chamber (B) was connected. This chamber was
made of Silastic tubing (Dow Corning) 5 cm long and
6 mm inner diameter, filled with glass beads of 2 mm
diameter, and with 'teflon' mesh at each end to prevent
impaction of glass beads during aspiration. Each end is
then sealed with a male adaptor leaving a fluid volume
of o.6 ml in the chamber. A Gilson (DTL) cuvette
densitometer (C) with a GDI-8 DC amplifier was used
as the sensing unit. This unit has a linearizing circuit to
maintain linearity within the range of dye concentration
encountered in the study. The amplifier output was
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FIG. I Schematic representation of system for dynamic calibration. A= injection chamber;
B = mixing chamber; C= densitometer; D= withdrawal pump; E= Hamilton microlitre
syringe and repeating dispenser; F= Luer adaptor.

simultaneously displayed on an oscilloscope and re-
corded on paper (Rapid-Writer - Electronics for Medi-
cine). Downstream from the cuvette, an intravenous
extension tube (Portex) was used to connect the cuvette
and a 50 ml glass syringe on the Harvard pump (D),
which was calibrated to withdraw blood at a constant
rate of i6 ml/min.

Indocyanine green (Cardio-Green) dye in a concentra-
tion of 2.5 mg/ml was used as the indicator. The dye
solution was prepared for each patient by dissolving
50 mg indocyanine green in 20 ml distilled water. The
test dose (2 [L) was injected into the chamber (A)
through a 25 G needle with a Hamilton No. 710 micro-
litre syringe mounted on a Hamilton repeating dis-
penser (E).
The entire system was sterile before each use and was

maintained with sterile technique during use. Parts of
the system were disposable (cannula, stopcocks, intra-
venous infusion tubing). The remaining parts were
cleaned after use and resterilized either by ethylene
oxide (parts A, B, C, E, F) or by autoclaving (5o ml
glass syringe).

Dynamic calibration
The system was flushed with heparinized saline (20000
units added to a litre of normal saline) to purge the air.
Then arterial blood was withdrawn at the constant rate
(i6 ml/min) and the densitometer balanced at zero de-
flection. The needle was introduced into the injection
chamber and the densitometer was set to the sensitivity
previously determined to result in a peak deflection of
the calibration curve of about Ioo mm on the recording
paper. Dye solution, 2 IL, was injected and the curve
was observed and recorded. When the deflection re-
turned to zero the injection was repeated. Five to eight
calibration curves were thus obtained in succession.
After the last calibration curve, the withdrawal system
was again flushed with heparinized saline.

Pump output curves
Fifteen adult patients having either aortic or mitral valve
replacement or aortocoronary venous graft under total
cardiopulmonary bypass were subjects for this study.
The procedures were explained to the patients and

consent for the study obtained the day before surgery.
In the operating room the radial artery was cannulated
percutaneously using a 'teflon' catheter (Deseret, i8G)
5 cm long and o.8 cm inner diameter.
The patients were anaesthetized either with halothane

or with morphine sulphate. All patients received the
same diameter aortic cannula and the same pump
machine was used. The pump output was calibrated
previously. All bypasses were carried out under normo-
thermia. After the establishment of stable total cardio-
pulmonary bypass, the calibration curves were obtained,
followed immediately by the dye-dilution curves from
the patient. Such curves were obtained in duplicate in
each patient by injecting i to 2 ml dye solution into the
arterial tubing distal to the rotary pump and immed-
iately proximal to the arterial line filter. The injection
port stopcock had its dead space previously filled with
dye solution. Blood was withdrawn at the rate of i6 ml/
min from the radial artery through the densitometer
with a male-to-male luer adaptor (F) in place of parts
A and B.

Calculation of flow
The pump flow into the aorta was calculated according
to equation (I) (Sparling et al., I960):

Q=(I x Q. x A.)/(I, x A) (I)
where I is the amount of indocyanine green injected for
the pump output curves, I. (,ul) is the amount injected
for the calibration curves, Qc is the withdrawal rate
(i6 ml/min), and A. is the mean area under the calibra-
tion curves (planimetrically determined). The first
calibration curve of each series was discarded. The
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TABLE I Variance of curve
calibration dye curves

areas in r5 series of

At

FIG. 2 Diagram of calibration curves and dye-
dilution curves. For explanation of symbols, see text.

arithmetic mean of the remaining four to seven curves
was used in the computations. A is the area under the
pump output curves. This was analysed according to the
method described by Cohn and Del Guercio (I966), in
which the forward area of the curve A1 was plani-
metrically determined. A2 is the area under the ex-

ponential portion of the downslope, excluding recircula-
tion (Fig. 2).

A=A1+A2 (2)
The downslope of the curve was scanned with the aid

of a computer (Olivetti P602) which was programmed to
choose two points within exponential portion of the
curve.
The deflection of these two points (CO and CQ 3 to 5

seconds apart (At) on the downslope of the curve was

obtained and A2 calculated according to equation (3).
A2= - C. xAt/log9 CtCo (3)

The computer was programmed to solve for pump out-
put as given by equation (4).

Q I, x [A1- (Co xAt)/log, C,/Co] (4)
in which, Io (2.0 V.1) and Q0 (i6 ml/min) are constant.

Results
The reproducibility of the dynamic calibration
technique was analysed in the I5 experiments.
Seventy-three calibration dye curves were accept-
able. The first calibration curve of each series was

significantly smaller in area than the remaining
curves and was discarded. Four additional curves
were discarded because of gross distortions caused
by accidental air leak into the withdrawal system,
obstruction of the withdrawal system, or faulty in-
jection of the test dose. The mean curve areas,

standard deviation, and the coefficient of variance
are listed in Table i.

In I3 of the IS series, the calibration curve area

had adequate reproducibility (CV within ± 5%).
In all I5 studies, the calculated outputs were ob-
tained in duplicate, and the arithmetic mean of the
two outputs was used to compare with the indicated
pump output (Table 2, Fig. 3).
The paired t-test was used to test for differences

Case No. No. of A0 SD CV(%)
dye
curves

I 4 170.8 7.6 4.4
2 6 220.8 9.4 4.2
3 6 203.2 7.2 3.I
4 6 2I6.3 7.8 3.6
5 6 250.2 9.3 3-7
6 5 340.8 I2.I 3.5
7 4 302.3 23.2 7-7
8 4 2II.3 6.6 3.1
9 5 205.8 13.8 6.7
IO 4 III.3 4.7 4.2
I I 6 I26.7 5.0 3.9
12 6 176.7 6.3 3.5
I3 4 I5I.5 5-3 3.5
I4 3 I49.3 7.4 4.9
I5 4 I03.3 2.2 2. I

A0=mean curve area; SD=standard deviation; CV (%)=
coefficient of variance.

between the calculated value and the pump output.
The test does not indicate a statistically significant
difference (t= o.6o; P > o.i). The regression equa-
tion was y=I.0I3x-.0i6. It was essentially the
same if the regression line were drawn through the
origin. The estimates of the correlation coefficient

TABLE 2 Comparison of calculated output andpump
output from heart lung machine in i5 experiments
during cardiopulmonary bypass

Case Operation Calcu- Pump d (%)
No. lated output

output (I/min)
(I/min)

I Aortocoronary bypass 4.57 4.00 + I4.3
2 Aortic valve replacement 4.09 4.20 -2.6
3 Aortic valve replacement 3.87 4.00 -3.3
4 Aortocoronary bypass 3.95 3.88 + i.8
5 Aortic valve replacement 2.95 3.20 -7.8
6 Aortic valve replacement 4.30 4.40 -2.3
7 Aortocoronary bypass 5.24 5.00 +4.8
8 Mitral valve replacement 4.26 4.20 + I4
9 Aortocoronary bypass 4.39 4.40 -0.2
IO Mitral valve replacement 4.I2 4.28 -3-7
II Mitral valve replacement 4.79 4.32 + 10.9
12 Aortocoronary bypass 4.72 5-15 -8.4
I3 Aortocoronary bypass 5.15 4.86 + 6.o
14 Aortocoronary bypass 4.93 4.60 +7.0
15 Aortic valve replacement 4.59 4.80 -4.4

d=o.o4 sd=o.o7 t=o.6o P>o.io

d = difference as a per cent of pump output; J=mean differ-
ence; sd= standard error of the mean difference.

GdvQnometer
de ection

{mm)
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Discus
The first calibration curve
carded because it was fc
smaller than the subsequer
this problem has been mac

tors. We have not determin
factors may contribute. (I
calibration dose may be re

combination with blood j
onto surfaces in the mixii
doses in the same series ma
of the apparent saturatior
during the first passage of
series the heparinized salin
protein and the entire proc
the next initial calibration.
be directly bound to surfa
introduction of the needle
ber causes the first calibrn
than 2 pd. The latter tw
explanations. We experime
2 ptl doses of dye into the cl
saline purge of air and fou
vent the reduction in area

curve that followed.
Other factors influencin

curve areas are the precisi
constancy of withdrawal rai
of the densitometer-record

cision of planimetry. The reproducibility of our
calibration method is demonstrated by measure-
ments of coefficients of variance of curve area for
each series (Table i). All but 2 of the I5 series had
coefficients of variance less than 5 per cent. As

/ . * described, our method suffers an acceptably small
0*: random error. Similar random errors have been

found by Hamer et al. (I966).
To demonstrate the applicability and accuracy

of the method, the pump output was measured by
dye-dilution method during total cardiopulmonary
bypass. As suggested by Volim and Rolett (I969),
each recording of output curves was immediately
preceded by the calibration. The dose of dye was

g56 chosen so that the peak deflection of the output
curves and calibration curves was similar. The varia-

s of the calculated output tion observed in the areas of calibration curves

zethod of calibration and among the patients was caused by different settings
rom the heart lung machine. in the sensitivity of recordings, which was adjusted
oh3x-O.Oi6. m according to the peak deflection of the curves at the

beginning of the recordings. The range of outputs
we studied is relatively narrow (3.2 1/min to 5.2
1/min). The dye-dilution method of cardiac output

ptly different from zero determination may suffer a major error from early
vely d recirculation at very low flows (Oriol, Sekelj, andvely). McGregor, I967). Scanning the downslope of the

ssion
curves with a computer to select the exponential

;Siflo portion of the curves helps to reduce but not
of each series was dis- eliminate such errors. At high flows there could be
und to be consistently problems caused by spectral shifts in the concen-
it curves. No mention of trated dye injected (Saunders et al., I970), there-
le by previous investiga- fore, one should properly choose the dose of dye
led the reason but several and watch the appearance time of the curves.
i) A portion of the first The dynamic method for calibrating dye-dilution
moved by some physical curves has major advantages over the serial-dilution
protein newly adsorbed method. Appropriate matching of the fluid volume
ng chamber. Subsequent in the mixing chamber, the blood withdrawal rate,
iy not be affected because and the calibration dose of dye, together with the
a of these binding sites use of a repeating dispenser for injection enables us
C dye. At the end of the to obtain a series of calibration curves requiring less
,e washes out the binding than 20 ml of the patient's blood and 2 minutes of
-ess will be repeated with time. The aspirated blood remains sterile and with
(2) Some of the dye may filtration may be immediately reinfused into the
ces in the system, or (3) patient. This saving may be very significant in
into the injection cham- children or in any patient subjected to many cardiac
ation dose to be smaller output determinations. Fox and Wood (I960)
lo reasons are doubtful found no significant change in optical density of a
nted by injecting several i mg/l solution of dye in blood from variations
hamber during the initial in pH, electrolyte concentrations, temperature, or
nd that this did not pre- protein concentration within physiological ranges.
a of the first calibration However, additive effects of several such changes

could be significant. During cardiac surgery, rapid
g the reproducibility of changes in blood constituents and temperature
om of test dose injection, occur. In addition, over the course of several hours,
te, stability, and linearity errors could be introduced by changes in the light
ter system, and the pre- absorption by dye caused by deterioration, and in
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the sensitivity of the densitometer-recorder system.
Therefore, premeasurement calibration should
improve the accuracy of cardiac output determina-
tions under unsteady clinical conditions. The ease
of performance of the dynamic method and the
opportunity for minimizing blood loss facilitate
frequent calibrations. Other advantages of this
method include compensation for non-linearities
of the densitometer-recorder system (Shinebourne
et al., x967) and the suitability for on-line computer
computation of cardiac output (Hamer et al., I966).

After documenting the accuracy of the method,
we have applied it satisfactorily in numerous clin-
ical measurements of cardiac output. The materials
needed are widely available and are easily assembled,
and the procedures can be mastered with little
effort. We recommend that others adopt this as the
preferred method of calibration in clinical situations
already outlined.

The authors are indebted to Dr. Robert W. M. Frater,
and Dr. Louis R. Orkin, for the co-operation and help
extended to us during this study.
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