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DEFINITION OF MIXING RATE OF INDICATOR BY INDICATOR DILUTION
METHOD: EVALUATION OF RELATIONSHIP BETWEEN MIXING RATE OF
INDICATOR AND CARDIAC OUTPUT DETERMINATION

BY

Kuichi TanicucHI, Hajime Kiricava, Haruki IToH, Toshihiko TaAkAMOTO,
Yoshito Iesaka and Jugoro TAKEuCHI"

ABSTRACT

It is generally agreed that complete mixing of the indicator is one of the most important
factors of the indicator dilution method, however, no clear definition of the mixing state has
been established. We established a formula for the mixing rate of the indicator by the indicator
dilution method, using the concept of entropy in the information theory, and compared the
mixing rate of indocyanine green in one mixing chamber (left ventricle) with that in the two
mixing chamber system (including the aortic system). The mixing rate of the indicator (M) is
shown as M(%)=100 H/Hcm=—100 (/k == C; log Ci+log k) (I & k: correction factors in each
dye dilution curve, C: mean concentration of the indicator in the region).

Left heart and aortic catheterizations by retrograde femoral and carotid artery approach
were performed in five anesthetized dogs. Simultaneous dye dilution curves were recorded at
the aortic root and at the bifurcation of the abdominal aorta, following the injection of
indocyanine green (2.5 mg/Im! of indocyamine green for each injection) by impulse into the left
ventricle at the endsystole, triggered on the R wave of ECG, using the automatic injector
devised by the authors. Twenty-five pairs of dye dilution curves were obtained by simultaneous
recording in the aortic root and the abdominal aorta under several hemodynamic conditions,
and the cardiac output, mean circulation time and the mixing rate of the indicator were
determined.

The mixing rate of the indicator obtained in the aortic root (mean*SE:M=78.7+3.43%)
was observed to be significantly greater (P<0.01) than in the abdominal aorta
(mean*SE:M=70.0£3.51%).

Taking the mixing rate of the indicator into consideration, the cardiac output determina-
tion by the indicator dilution method is more sensitive to the changing hemodynamic conditions
when determined in the aortic root than in the abdominal aorta.

Key words: 1) Indicator dilution method, 2) Mixing rate of indicator, 3)
Entropy in the information theory, 4) Cardiac output
determination
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quired. Considering that the mixing phe-
nomenon of the indicator is equivalent to
the distribution of the indicator in a solid
mixing chanber, it is appropriate to
apply the concept of entropy in the infor-
mation theory in order to establish a
definition of the mixing rate, because
entropy is a non-dimensional value that
represents a measure of uniformity of
mixing quality in a system. Ogawa &
Itoh®” applied the concept of entropy in
the information theory to establish a de-
finition of the mixing rate and developed
a new concept of mechanism of mixing in
chemical engineering.

It is the purpose of this paper to pre-
sent a clinically available formula of the
mixing rate of the indicator by the indi-
cator dilution method by applying their
definition of mixing rate”” and to evalu-
ate the relationship between the mixing
rate of the indicator and cardiac output
determination in one mixing chamber
(left ventricle) with that in two mixing
chamber system (involving the aortic
system).

Definition of Mixing Rate of Indicator by
Indicator Dilution Method

Considering that there is a mixing
chamber in a circulatory system (Fig. 1),
the circulation time distribution curve of
the indicator can be determined by re-
cording at the exit of the chamber when
the indicator is injected by impulse into a

injection m':i;
flow emmp V
sampling
mixing chamber e lOWY
Fig. 1. Mixing of indicator injected by impulse

into a mixing chamber in a steady flow system.

steady flow system at the chamber en-
trance. The circulation time distribution
function is shown as a curve in Fig. 2 and
is given by the equation C(t)=-—exp(t).
Generally, the circulation time distribu-
tion function C(7) has the following char-
acteristics (Fig. 2):

r C()de=3 CAer=1 (1)
J“’ Cle)ede=3. Corhe=1 (2)

where 7 and C(7) denote the non-dimen-
sional values. However, t and C(t) in the
actual indicator dilution curve denote
the dimensional values, and the equa-
tions (1) and (2) can be expressed as:

(1)
(27)

)3 CiAtzr C(r)de
1=1 0

5 CitiAt:Jm Co)td
0

=1

where t and At (At=1) denote the time
and the minute time interval, respecti-
vely. Because C(r) and 7 are the non-
dimensional values normalized by the
correlation factors k and [, respectively,
the above two equations (1) and (2) can
be normalized by the insertion of these
carrection factors:

(3)

37 (RC)(I) (A =kE - Ct,=1  (4)

3 (KC)(A) =1k 3 C,=1

Then, the correction factors are obtained
by solving the equations (3) and (4) as
follows:

Z C‘Lti Z Cz
k=12 =i (5)
(Z CZ)Z Z Czti
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Fig. 2. Above: An indicator dilution curve in the circulatory system is

divided into small areas at minute time interval (t) with C and t denoting
concentration of indicator and time, respectively. Below: An indicator
dilution curve normalized by the correction factors k and /.

Equation (1) demonstrates that the cir-
culation time distribution function can
be considered as the probability density
distribution function. Therefore, the en-
tropy for indicator mixing by the indica-
tor dilution method can be defined in the
information theory (Shannon’s equa-
tion).

H:_f: Cl)logCr)de  (6)

Then, equation (6) can be rewritten by
substituting the correction factors as:

H——1Ik 3 C, log C, (7)
7=1

In the completely mixed state, the en-
tropy for mixing (Hem) defined in equa-
tion (7) becomes the maximun value
(Hmax) which is proved mathematically,
as shown in the following equation:

Hcm=Hmax=1 (8)

On the contrary, the entropy for the
unmixed state of the indicator (Hum)
shows the minimum value (Hmin) to be

Hum=Hmin=0 (9)
Therefore, when an indicator is inject-

ed by impulse by the indicator dilution
method, the mixing rate of the indicator

- (M) is consistent with the ratio of the

entropy for indicator mixing at an arbi-
trary time (H) to that in the completely
mixed state (Hcm). In conclusion, the
mixing rate of the indicator by the indi-
cator dilution technique can be defined
by the following equation:

M(%)=100 x H/Hcm

— _100(k 3 G, log C;+logk) (10)
t=1
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Fig. 3.

Schema of the experimental procedure
showing placement of multi-side hole catheters
in the left ventricle, in the aortic root and at the
bifuraction of the abdominal aorta. Following
injection of indicator in the left ventricle, simul-
taneous indicator dilution curves were recorded
in the aortic root and abdominal aorta.

METHOD

Left heart and aortic catheterization by
the retrograde femoral and carotid ar-
tery approach was performed in five
pentobarbital anesthetized dogs. Multi-
side hole catheters were placed in the left
ventricle, in the aortic root at the level of
the aortic cusps and at the bifurcation of
the abdominal aorta, and the proximal
portion of the catheters were fixed on to
the skin with a stitch (Fig. 3). The indica-
tor dilution method was performed
using the Erma-Kogaku Quvette dye
densitometers with a Towa-Denpa Two-
channel Recorder. Following the injec-
tion of indocyanine green by impulse
into the left ventricle, simultaneous dye
dilution curves were recorded in the

aortic root and at the bifurcation of the

Fig. 4. R-triggered injector devised by the
authors. Dye was injected at the endsystole, as is
indicated on the electrocardiogram.

£ T

abdominal aorta in various hemodyna-
mic conditions by the bloodletting or
blood transfusion technique. Injections
of the dye (2.5 mg/1 m! of indocyanine
green for each injection) were done auto-
matically at the endsystole, triggered on
the R wave of ECG, using the injector
devised by the authors (Fig. 4). Cardiac
output and mean circulation time were
calculated by the method of Lilienfield &
Kovach” and Hamilton". The mixing
rate of the indicator was determined by
the above-mentioned eqaution. The posi-
tion of each catheter, the time in the
cardic cycle when the injection were per-
formed and the injection speed were all
constant throughout the experiment.

REsuLT

Twenty-five pairs of dye dilution cur-
ves were obtained by simultaneous re-
cordings in the aortic root and the abdo-
minal aorta under several hemodynamic
conditions. A pair of dye dilution curves




45

INDICATOR MIXING AND CARDIAC OUTPUT
[N S E—

— - 1= ""‘_“r'__f“"’}"‘ — I = { 1
j’:‘A_'_f_';'!__ ‘1 — aortic root
e {" - — ZICi = 83.6 . F—
—— = ICiTi = 259.9 - ———
= N - -
3 t = 3.1 sec ——
Q= 1.8 &/min &

o _l_'__ oI TV i '
Abdominal aorta R
Ici = 92.3 =
ICiti = 348.2 p—
f: = 3.8 sec
Q= 1.6 2/min
M= 68 %
et

Fig. 5. Dye dilution curves obtained by simultaneous recordings in the
aortic root and the abdominal aorta after injection of dye in the left

ventricle.
Table 1. Cardiac output (Q), mean circulation time (f) and mixing rate of
indicator (M) determined in the aortic root and the abdominal aorta
Q (l/min) t (sec) M (%)
Ar‘c’)r(féc 1.25~2.96(1.98+0.44)  3.12~4.92(3.76=0.25) 73.5~85.5(78.7+3.43)
Abdom. . . .
aorta 1.09~2.24(1.65+0.39) 3.62~4.56(4.1 +=0.23) 62.8~75.4(70.0+3.51)

* p<0.01 (m=S.E.)
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Fig. 6. The mixing rate of indicator (M), the mean circulation time (t) and the cardiac output (Q) in
the aortic root and abdominal aorta. Note that the mixing rate of the indicator is significantly higher
(P<0.01) in the aortic root than in the abdominal aorta.

shown in Fig. 5 were simultaneously re-
corded in the aortic root and the abdomi-
nal aorta.

1) Mixing
(Table 1)

The mixing rate of the indicator in the
aortic root ranged from 73.5% to 85.5%
(mean=*S.E.=78.7+3.43), while that in
the abdominal aorta ranged from 62.8%
to 75.4% (mean=S.E.=70.0£3.51). Note
that the M in the aortic root was signifi-
cantly higher than the M in the abdomi-
nal aorta (p<0.01), as shown in Fig. 6.

2) Cardiac output (Q) and mean cir-
culation time (t) (Table 1)

Cardiac output as determined in the
aortic root varied within a relatively wide
range from 1.25L/min. to 2.96L/min.
(mean=*S.E.=1.98%+0.44), whereas those
in the abdominal aorta remained within a

rate of indicator (M)

relatively narrow range from 1.09L/min.
to 2.24L/min. (mean=S.E.=1.65%+0.39).
The mean value in the aortic root was
slightly larger than in the abdominal
aorta (Fig. 6). Cardiac output as determi-
ned in the aortic root was more sensitive
to the changing hemodynamic condi-
tions.

The mean circulation time (Fig. 6) in
the aortic root ranged from 3.12 seconds
to 4.22 seconds (mean=S.E.=3.76%
0.25), while in the abdominal aorta it
varied from 3.62 seconds to 4.56 seconds
(mean*S.E.=4.1+0.23).

DiscussioN

This study establishes a formula for
the mixing rate of the indicator by the
indicator dilution method, using the en-
tropy in the information theory. Indica-
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tor dilution curves were recorded simul-
taneously in the aortic root and the abdo-
minal aorta following the injection of the
dye by impulse at the endsystole into the
left ventricle in the anesthetized dogs. It
is generally recognized that the indicator
dilution curves are affected by the site of
injection and recording, the function of
the mixing chamber and the injection
speed. Such conditions fixed
throughout the experiment. In addition,
the part of the cardiac cycle in which the
injections are performed has an impor-
tant influence on the indicator mixing.
Therefore, an automatic injector trigger-
ed on the R wave of ECG was used as
stated above. Cardiac output, mean cir-

wWeEre

tank

flow

culation time and the mixing rate of the
indicator were calculated from the simul-
taneous recordings obtained in the aortic
root and the abdominal aorta. Several
differences were noted in the data from
these two recording sites. For example,
the mixing rate of the indicator in the
aortic root was significantly higher than
that in the abdominal aorta (P<0.01).
Certain anatomical factors exist to ex-
plain these differences. For the indicator
dilution curves obtained from the aortic
root, the mixing chamber consisted of
the left ventricle and a small area of the
proximal aortic root. For the abdominal
aortic recordings, however, the mixing
chamber for the indicator was consider-

residence time distribution tunction

E(Z) = exp(- T)

T : non-dimmensional time normalized by the average residence time
compiete mixing equivolume tanks in series model
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Residence time distribution function and the degree of indicator

mixing in the completely mixed equivolume tanks in series. This graph
shows that the degree of indicator mixing decreases with increasing
number of tanks (k) (Ogawa, K., & Itoh, S.: . Chem. Engin. Japan, 8: 148,

1975).
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ably larger, including the left ventricle
plus the entire aortic system. Thus, sig-
nificant differences in the volume and
function of the mixing chamber occur-
red between these two aortic recording

sites, although no statistical difference -

was noted in the mean circulation time.
According to the previous studies by the
impulse response method, the residence
time distribution function in the com-
pletely mixed equivolume tanks in the
series is shown as:

kkfk—l
E(z)= (k——l)_’ exp (—kz).

(t: non-dimensional time normalized by
the average residence time complete
mixing equivolume tanks in the series
model.)

The varying degree of the indicator
mixing for the different numbers of mix-
ing tanks (k) is shown in Fig. 7 (lower
right). It is apparent from this graph that
the mixing rate of the indicator de-
creases with the increasing number of
tanks.

In reference to the present study, this
concept explains that a more complete
mixing of the indicator in the aortic root
than in the abdominal aorta results from
a smaller number of tanks in the mixing
chamber of the proximal aortic site than
that in the abdominal aorta. This obser-
vation means that the determination of
the cardiac output by the indicator dilu-
tion method is more accurate and reflec-

tive of the hemodynamic changes in the
circulatory system with a more complete
degree of mixing that occurs in the aortic
root than with a lesser degree of indica-
tor mixing in the abdominal aorta.
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