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The advantage of  a Swan-Ganz catheter is the pos- 
sibility of  measuring a diversity of variables including 
temperature in the pulmonary arterial blood for esti- 
mation of  cardiac output  by the thermodilution (TD) 
method. 

The TD-method has several advantages over the 
Fick-method. Arterial and central venous blood do 
not have to be sampled, and oxygen consumption and 
carbon dioxide production do not have to be estimat- 
ed. The method is fast, allows repetitive measure- 
ments and can be made operator proof,  especially 
when the injections of  cold indicator are done auto- 
matically [1, 2] and the analyses are performed on- 
line by a properly programmed cardiac output com- 
puter. However, during mechanical ventilation ran- 
dom observations have to be abandoned. 

Theoretical considerations 

Certain important  conditions have to be fulfilled for 
the application of the TD-method: (a) complete mix- 
ing of indicator and blood [3]; (b) no loss of  indicator 
between injection and sampling site [3]; (c) stationary 
blood flow during the period of  the measurement [2, 
4, 5]. 

The third condition mentioned is not fulfilled du- 
ring mechanical ventilation, when blood flow is non- 
stationary and fluctuates cyclically with the ventila- 
tion. I would therefore like to consider the conse- 
quences of  this modulation for the reliability of the 
thermodilution measurements. 

When flow is constant and the injections of  
"cold" are done as a delta function i.e. made within 
an infinitely short time, the area of  the dilution curve 
can be estimated based on an exponential decay of its 
tail. When the injection takes a few seconds, and the 
rate of  injection is not constant, an extrapolation of 
the curve based on an exponential function is inad- 

missible. In this situation the area has to be measured 
by planimetry, which can be done by computer sam- 
pling of the signal. When the flow is not constant, not 
only the semilog extrapolation but also planimetry 
fails to give an accurate estimation of mean cardiac 
output, because then the Stewart-Hamilton equation 
is no longer valid. This equation is essentially written 
as 

t2 
0 '  = m / I  AT( t ) .  dt 

tl 

where 0 '  is mean cardiac output, m is the amount  of  
indicator and the integral function represents the area 
of the dilution curve, summing up all temperature 
changes (AT) in the blood during the dilution curve. 
This equation is derived from 

t2 
m = I Q ' ( t ) .  A T ( t ) - d t  

t 1 

where the total amount  of  indicator (m) is equal to the 
sum of  all temperature changes (AT) multiplied by the 
instantaneous flow values (Q') at the corresponding 
time moments (t). Only when Q' is constant can it be 
taken out of the integral function, because then all 
temperature changes are multiplied by the same value. 

A reliable estimation of  the area of  the thermodi- 
lution curve needs the application of several correc- 
tions [2]. Periodic temperature changes in the base- 
line value, corresponding with the ventilatory cycle 
[6 - 8], ascribed to changes in the ratio of venous re- 
turn coming from the different regions, have to be 
analysed and extrapolated to the period of the dilu- 
tion curve for correction of the area of the curve. 
Furthermore, long term trends in body-temperature 
have to be detected and extrapolated to the period of 
the curve, and the "leakage" of  cold from the intra- 
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corporeal part of the catheter after each injection has 
to be eliminated mathematically from each curve, 
when injection volume is corrected for catheter dead 
space. Rapid withdrawal of  blood into the dead space 
[6] is not easily performed in fully automated obser- 
vations. 

Experimental observations 

The nonstationary flow during mechanical ventilation 
has a characteristic pattern with a periodicity corre- 
sponding to the ventilatory cycle. During inflation a 
decrease in venous return and, therefore, in right ven- 
tricular output occurs, followed during early expira- 
tion by a fast recovery via an overshoot to an end ex- 
piratory plateau, as described by many authors [9] 
since the original description by Morgan et al. [10]. 
The variation in right ventricular stroke volume 
varied up to 400%, inversely dependent on the level of  
mean flow [9]. 

Application of  the TD-method under these cir- 
cumstances with calculations based on the original 
Stewart-Hamilton equation, also resulted in a charac- 
teristic pattern of  modulated flow estimates with a 
mean value of a series of 50 measurements, perform- 
ed at each even percentage phase of the cycle, similar 
to the Fick values [2]. Thus, although the application 
of the Stewart-Hamilton equation is theoretically not 
allowed, in such a number of  estimates the errors neu- 
tralize each other leading to a reliable mean value. 
The relative variation in the TD estimates around the 
mean was constant for different levels of  mean flow 
and, thus, did not increase when flow fell, as the real 
modulation did. We hypothesized that the reason for 
this was a smoothing effect of  the TD-method, be- 
cause during a dilution curve the periods of  high flow 
will have an increasing effect on the estimation and 
the periods of  low flow a decreasing effect. Both ef- 
fects will have been present, because the dilution 
curve took about 4 s, which was a considerable part of 
the ventilatory cycle of  6 s. 

In spite of  this smoothing effect we observed 
variations in TD-estimates between 60% and 130% of  
the mean under steady state circumstances. Thus, the 
estimations of  cardiac output might have a difference 
of a factor of  two, without a change in the condition 
of the animal, when observations are done randomly 
in the ventilatory cycle. 

We also observed that the pattern of modulation 
shifted when mean flow decreased. This shift implies 
that during changing conditions not one moment in 
the ventilatory cycle will be found for the estimation 
of  mean cardiac output, even when a systematic error 
is tolerated. Our results in pigs were recently con- 

firmed in dogs and in one patient, leading to the same 
conclusions [11]. 

An improvement to about 15% from the mean in 
the estimation of mean cardiac output was acquired 
by taking the mean of  two estimates, obtained with a 
phase difference of half a ventilatory cycle [9]. A 
maximal reliability, with a deviation from the mean 
of  about 2%, was found when four estimates, equally 
spread over the ventilatory cycle, were averaged (J. R. C. 
Jansen, A. Versprille, unpublished work). Averaging 
a higher number of estimates did not improve the 
reliability. Thus, for estimation of mean cardiac 
output, four measurements at equally spread phases 
in the ventilatory cycle seem to be a minimal number 
for total neutralization of errors due to the applica- 
tion of the Stewart-Hamilton equation under non-sta- 
tionary flow. 

Estimation of  cardiac output from measurements 
at preset phases in the ventilatory cycle requires a 
phase controlled injection of  cold indicator, and 
therefore, a phase dependent signal from the ventila- 
tor via a control unit to an automatic injector. We 
developed this system respectively for a Starling ven- 
tilator [2], a computer controlled ventilator in the lab- 
oratory, and the Servo-ventilator (Siemens-Elema) in 
the clinical department. 

Clinical application 

The Swan-Ganz catheter with its long narrow tube for 
injection of cold fluid has several disadvantages for 
accurate estimation. Usually, the injections are done 
by hand. As a consequence the injection rate will not 
be constant, and the injection period of  up to three 
seconds (also partly due to the large amount of  injec- 
tate) certainly does not approximate to a delta func- 
tion. Thus, a cardiac output computer programmed 
with an exponential extrapolation procedure will not 
estimate accurate curve areas. A computer pro- 
gramme based on a planimetric procedure will be fea- 
sible, but only when flow is constant and the correc- 
tions mentioned in the theoretical considerations are 
used in the calculations. Neglecting the condition of  
constant flow and using the Stewart-Hamilton equa- 
tion, the longer duration of the inj ection will certainly 
contribute to the smoothing effect, as mentioned be- 
fore, and will therefore lead to a smaller cyclic fluc- 
tuation in estimates of  cardiac output than we found 
in our pig-studies [2]. 

However, due to a lack of  accurate and systematic 
observations in mechanically ventilated patients we 
do not know how large the real errors of the estimates 
in patients are. The observation that repeated values 
are highly reproducible does not justify an assump- 
tion of accuracy. The estimations might have been 
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performed at corresponding moments in the venti- 
latory cycle, e.g. when the noise of the ventilator or 
some other sign provides a reliable guide for the mo- 
ment of injection. The widely used technique of in- 
jecting during the expiratory pause, whether or not 
prolonged, gives highly reproducible results but 
usually overestimates cardiac output. 

For the moment, the best policy for obtaining an 
accurate value of mean cardiac output is the mean of 
a series of four TD-measurements spread equally in 
the ventilatory cycle. If fluid overload is a problem we 
may be compelled to use a smaller number of injec- 
tions realising, however, that this is not the ideal. 
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