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Review Articles 

Errors in the 
measurement of 
cardiac output by 
thermodilution Toshiaki Nishikawa MD, Shuji Dohi, u p  

Cardiac output (CO) determination by thermodilution, which 
was introduced by Fegler in 1954, has gained wide acceptance 
in clinical medicine and animal experiments because it has sev- 
eral advantages over other methods with respect to simplicity, 
accuracy, reproducibility, repeated measurements at short in- 
tervals, and because there is no need for blood withdrawal. 
However, errors in determination of  CO by thermodilution may 
be introduced by technical factors and the patients'pathological 
conditions. The current review summarizes these issues and 
provides our recommendations, based on the medical literature 
published between 1954-1992. To obtain more reproducible and 
accurate CO values by thermodilution, one should make several 
determinations (1) by using 10 ml injectate at room temperature 
for adults and 0.15 ml" kg -t injectate for infants and children; 
(2) at evenly spaced intervals o f  the ventilation cycle; (3) when 
rapid intravenous fluid administration is discontinued; (4) by 
observing thermodilution curves so that baseline pulmonary 
artery temperature drift or the existence o f  intra- and extra- 
cardiac shunts are noticed. Finally, CO determination by ther- 
modilution may be unreliable or impossible in patients with 
low CO states and tricuspid or pulmonary regurgitation. Since 
non-invasive CO monitoring has not replaced CO determina- 
tion by thermodilution, intimate knowledge of  this method is 
crucial for anaesthetists to prevent errors in the management 
of  patients. 

K e y  w o r d s  

HEART: cardiac output; 
MEASUREMENT TECHNIQUES: cardiac output, 

thermodilution. 

From the Department of Anaesthesiology, Institute of Clinical 
Medicine, University of Tsukuba, Tsukuba City, Ibaraki 305, 
and the Department of Anaesthesiology, Gifu University 
School of Medicine, Gifu City, Gifu 500, Japan. 

Address correspondence to: Dr. T. Nishikawa, Department 
of Anaesthesiology, Institute of Clinical Medicine, University 
of Tsukuba, Tsukuba City, Ibaraki 305, Japan. 

Accepted for publication llth October, 1992. 

La mesure du debit cardiaque par thermodilution introduite 
par Fegler en 1954 est largement rdpandue en clinique et en 
recherche animale grhce h ses nombreux avantages sur les autres 
m~thodes: simplicitd, precision, reproductibilitd, r~p~tivit~ h 
courts intervalles, absence de pr$lbvement sanguin. Cependant, 
dans son application il peut facilement s ~ntroduire des erreurs 
d'origine technique ou pathologique. La pr~sente revue r~sume 
ces questions et propose certaines recommandations, bas~es sur 
la littOrature m~dicale publi~e entre 1954 et 1992. Pour obtenir 
des mesures fiables et pr~cises du d~bit cardiaque par ther- 
modilution, il faut r~pOter les mesures: 1) avec 10 ml d'injectat 
maintenu ~ tempOrature de la pibce chez le adulte, 0,15 ml" kg -t 
chez l'enfant; 2) ?t des moments identiques du cycle respiratoire; 
3) aprbs l'arr~t d'une perfusion rapide de liquide intraveineux; 
4) en observant les courbes de thermodilution pour pouvoir 
tenir compte de la d~rive de la tempdrature initiale de l'artkre 
pulmonaire et de la presence de shunts intra- ou extracardia- 
ques. Finalement, le d$bit cardiaque par h~modilution peut 
manquer de fiabilit$ et peut m~me devenir impossible ~ mesurer 
chez les malades dont le debit est bus ou qui souffrent de r~gur- 
gitation tricuspidienne ou pulmonaire. Comme le monitorage 
du d~bit cardiaque non invasif n'a pas encore remplac~ la ther- 
modilution, les anesth~sistes doivent poss~der une connaissance 
approfondie de cette m~thode pour ~viter des erreurs th~ra- 
peutiques graves. 
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Since cardiac output (CO) measurement by thermodi- 
lution was originally introduced by Fegler in anaesthe- 
tized dogs in 1954, ~,2 the usefulness of the method has 
been evaluated by several investigators. 3-16 Swan, Ganz 
and Forrester et aL, 17-19 and Ellis et al. 2~ made the tech- 
nique more practicable by development of the balloon- 
tipped, flow-directed, multiple lumen pulmonary artery 
(PA) catheter in the 1970's. Since then, this technique 
has undoubtedly assisted in the management of critically 
ill adults, infants, and children 21-43 and instrumentation 
in animal experiments. 44-47 

Accurate knowledge of thermodilution CO measure- 
ment is important for anaesthetists and other clinicians 
engaged in the management of surgical and critically ill 
patients. The purpose of this review is to discuss the many 
errors of CO estimation by the thermodilution technique. 

Principle o f  measurement 
Thermodilution uses the same principle as other indicator- 
dilution methods for the measurement of blood flow. 48,49 
The injection of a known amount of a cold solution as 
an indicator into the right atrium through the proximal 
port of a PA catheter is detected distally by a thermistor 
located 4 cm from the end of the PA catheter. Although 
there is some controversy regarding the extravascular dis- 
tribution of thermal indicator in the pulmonary vascular 
bed, s~ the distance between injection and detection site 
should be as short as possible to reduce indicator loss 
due to radial heat exchange. 52 This can be attained by 
injecting into the right atrium and detection in the PA. 52 
The change in temperature of blood in the PA causes 
a change in the thermistor (Wheatstone bridge) resistance 
which allows calculation of the area under the thermo- 
dilution curve (Figure 1). 48,49,53,54 Cardiac output (CO) 
is determined from the following equation: 

f7 CO = Vi (TB - TI)KIK2/ ~TB(t)dt 

where V~ is injectate volume; TB is blood temperature; 
T l injectate temperature; K t is a density factor which is 
defined as the specific heat multiplied by the specific grav- 
ity of the injectate divided by the product of the specific 
heat and gravity of blood; K2 is a compuation constant 
taking into account the catheter dead space, the heat ex- 
change in transit, and injection rate. The denominator 
of the equation (the change of blood temperature as a 

FIGURE 1 Typical thermodilution curve. The peak of the 
thermodilution curve is 16 times higher than the baseline fluctuations; 
a good signal-to-noise ratio. Baseline fluctuations may reach 0. I ~ C. 
Integration should be continued until the curve returns to within the 
baseline fluctuations. Reproduced with permission from Weisel RD et 
al, 23 

function of time) corresponds to the area under the ther- 
modilution curve. 

The thermodilution curve peaks rapidly and then fol- 
lows an exponential decay, until there is recirculation or 
delayed cooling from the residual indicator in the PA 
catheter. To avoid this last portion of recirculation, a cut 
off point is determined in the thermodilution curve before 
recirculation occurs (Figure 1). 16.3s,ss-s7 

Factors responsible for erroneous estimation 
Thermodilution is a simple, rapid, safe, accurate, and 
more reproducible method of measuring CO than dye 
dilution or Fick determinations, particularly at high and 
low flows (Table 1). 5'8'9'14-37'40'47'49'57-69 Thermodilution 

does not require withdrawal of blood, and can be re- 
peated at short intervals. On the contrary, dye dilution 
is complex and inaccurate at high and low flows. Fick 
determination is not suitable in critically ill patients be- 
cause it requires prolonged steady states. 23 However, sev- 
eral factors may influence the estimation of CO by ther- 
modilution (Table II). 

Temperature and volume o f  injectate 
In 1961 Evonuk et aL 5 reported a close correlation (r 
= 0.96) between the CO values estimated by dye dilution 
and thermodilution using injectate at 23-26 ~ C. They 
suggested that the use of iced injectate as an indicator 
may have certain disadvantages as it is difficult to main- 
tain and to determine accurately the temperature of the 
delivered injectate. Also, the iced injectate may affect the 
heart and other cardiopulmonary haemodynamic vari- 
ables. 5 However, since Ganz et al. ~7 reported the first 
clinical use of 10 ml, iced 5% dextrose in water as an 
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TABLE I Reproducibility of cardiac output determinations by thermodilution, correlation coefficient 
between thermodilution and other comparative techniques, and injectate in humans 

Author Reproducibility* Correlation Comparative lnjectate temperature 
(year) (%) coefficient techniques and volume 

Adults 
Olsson et al. (1970) 1~ 6.9-7.5 0.98 DD RT, 10 ml 
Enghoff et al. (1970) II 6.3 N/A DD, Fick RT, 10-20 ml 
Ganz et al. (1971) 17 4.1 0.96 DD Iced, 10 ml 
Andreen (1974) 22 4.4 N/A N/A RT, 10 ml 
Weisel et al. (1975) 23 3.9 0.99 DD Iced, 10 ml 
Berger et al. (1976) 55 3.9 0.99 DD Iced, 10 ml 
Saadjian et al. (1976) 3s N/A 0.98 DD Iced, 4 ml 
Kohanna et aL (1977) 37 8.6 0.90 DD RT, 10 ml 
Stawicki et al. (1979) 64 1.7 0.99 Fick Iced, 10 ml1" 

2.1 0.97 Fick RT, 10 mlt 
3.6 0.97 Fick Iced, I0 ml:~ 
8.2 0.35 Fick RT, 10 ml~ 

Elkayam et al. (1983) 6s 3.1 N/A N/A Iced, 10 ml 
Pearl et al. (1986) 69 6.1 N/A N/A Iced, 10 ml 

6.7 N/A N/A RT, 10 ml 

Infants and children 
Wyse et al. (1975) 30 8.5 0.93 Fiek RT, 0.14 ml' kg -I 
Mathur et al. (1976) 31 8.2 0.90 DD Iced, 1-3 ml 
Venkataraman et al. (1976) u N/A 0.85 DD Iced, I0 ml 
Colgan et aL (1977) 62 N/A 0.97 DD Iced, 2 ml 
Freed et al. (1978) 63 5.5 0.91 Fick Iced, 3ml 

DD = dye dilution, RT = room temperature, N/A = not available. 
The temperature of iced injectate ranges from 0 ~ C to 5 ~ C. 
*Reproducibility is defined as a ratio of standard deviation to mean value of multiple measurements. 
1"Closed-system automatic injection thermodilution method. 
:~Standard open-system manual injection thermodilution method. 

TABLE II Factors responsible for erroneous estimation of cardiac 
output by thermodilution 

I Temperature and volume of injectate 5:7,33,68-76,$2 
2 Rewarming injeetate 3,17,61,67.~-86 
3 Timing of injection and respiration 75,88,95-104 
4 Speed and mode of injection 1~176 
5 Intravenous fluid administration 1~176 
6 Hypothermia "~ 
7 LOW flow 37,44'53'63,113-117 

8 Catheter dysfunction and position 39,61,118:21-t26 
9 Intra- and extra-cardiac shunts 21,59,63,127-t32 

10 Valvular heart diseases 6~176 
I 1 Paediatric patients 29-3i,62,63:4H43 
12 Electrocautery 5J 
13 Other pathological conditions ~,4s,Ss,SI,96,1u,t4s 

injectate in 1971, this has been widely used in adults for 
more than ten years. Nevertheless, most 68-74 but not 
all 33'75'76 reports showed that there was no difference in 
the accuracy or reproducibility when iced or room- 
temperature injectate was used, and there was no require- 
ment for iced injectate. Elkayam et al. 68 reported com- 
parable reproducibility when CO values were estimated 

by the use of 5 ml, iced injectate, 10 ml, room-temperature 
injectate, or 10 ml, iced injectate. In critically ill adult 
patients, Pearl et al. 69 recommended the use of 10 ml, 
iced or room-temperature injectate for CO determina- 
tions, because both the 10 ml injectates produced less 
variability than 3 or 5 ml volumes of injectate. 

It is generally assumed that the process of indicator 
injection does not affect the blood flow being measured 
when the volume of the injectate is small.4S.54 However, 
FronSk and Ganz 4 found an increased blood flow in the 
region of the thermistor with injection. Furthermore, in 
clinical pract ice 77-79 and animal experiments s~ transient 
slowing of the heart takes place with alterations 
in systemic and pulmonary arterial pressures, right atrial 
pressure, and right ventricular output (pulmonary blood 
flow) following injection of cold injectate (Figure 2), as 
Evonuk et al. 5 inferred previously. Furthermore, the mag- 
nitude of these changes is dependent upon the tempera- 
ture and volume of cold injectate, s~ 

Based on these reports, it is recommended that the 
volume and temperature of the injectate is selected ac- 
cording to the patient's size and haemodynamic and other 
conditions. Thus, under most circumstances we should 
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overestimate the CO values. It is assumed that 17% of 
the potential signal is lost before a 10 ml bolus of injectate 
at 0 ~ C leaves the catheter and a correction factor of 
0.83 is used 6t in the thermodilution equation to correct 
for this loss of thermal indicator. The factor is unique 
for each catheter computer system, a9 

Hence, the injectate temperature should be monitored 
at the point of entry into the circulation, ~,87 and the 
use of a calculated correction factor 3,32,85 should help to 
increase the accuracy of CO determinations. In this re- 
spect, room temperature injectate seems to be superior 
to iced injectate. Room temperature injectate does not 
require cooling of the syringe before use and less "negative 
heat" is lost during its passage through the injection cath- 
eter. 

FIGURE 2 Representative polygraph tracings of pulmonary blood 
flow (PBF), heart rate (HR), systemic arterial pressure (SAP), 
pulmonary artery pressure (PAP), right atrial pressure (RAP), and 
right ventricular dP/dt (RV dP/dt) after three injections of 3 ml iced 
injectate in an anaesthetized dog. Reproduced with permission from 
Nishikawa T and Dohi S. 81 

use 10 rnl injectate at room temperature rather than 10 
ml iced injectate in adults. 6s,69 Also, with respect to the 
maintenance of temperature, room-temperature injectate 
seems to be superior to iced injectate. 72,74 When it is im- 
portant to prevent volume overload in patients with pul- 
monary oedema secondary to congestive heart failure, 
or renal failure, the use of 5 ml injectate volumes is jus- 
tiffed. 6s,69 For infants and children, approximately 0.15 
ml. kg -~ of injectate is recommended. 3~ Moreover, a 
single calibrated syringe designed to deliver a known and 
constant volume of injectate is preferable to disposable 
plastic syringes. 82 Also, uniform cooling of the injectate s3 
is essential to make an accurate estimate of CO. 

Rewarming injectate 
Errors in measurement may be introduced by rewarming 
the injectate from handling before its injection 84 and by 
heat transfer during passage through the catheter. 17,67,85,86 
Since the temperature of iced injectate in a 10 ml syringe 
held in a warm hand at 36 ~ C will increase 1 ~ C every 
13 sec, this could result in overestimation of CO by 2.86% 
for each ~ C of rewarming. Also, indicator loss during 
passage of iced injectate through the PA catheter can 

Timing of injection and respiration 
Fluctuation of the baseline temperature in the PA with 
respiration (0.01-0.1 ~ C) 18,23,24,88-91 represents physiolog- 
ical "noise" (Figure l), 17 and may make accurate assess- 
ment of the area of the thermodilution curve impossible.89 
Although the mechanism of production of these thermal 
variations has not been fully elucidated, the direction of 
the temperature changes may depend on the humidity 
and temperature of inspired gas, 91 the composite of 
changes in flow as well as blood temperature changes 
in the superior and the inferior venae cavae during the 
respiratory cycle 9~ and/or reflex effects of respiration on 
the circulatory system. 9~ Some animal experiments show 
that the baseline temperature in the PA at expiration in- 
creases during spontaneous breathing, whereas it de- 
creases during intermittent positive pressure ventilation 
(IPPV). 88,9~ Therefore, CO will be underestimated dur- 
ing spontaneous breathing and overestimated during 
IPPV in the face of large variations in PA temperature 
when end expiration is used to time indicator injection. 88 
However, most CO computers alleviate the possibility of 
respiratory-associated baseline drift by electronically aver- 
aging the blood temperature for a short time before the 
injection of indicator. 88.92 

Right ventricular output may vary due to cyclic al- 
terations in venous return and right ventricular afterload 
during IPPV 93,94 or Kussmaul breathing. 75 The variation 
of flow was found to increase as inflation pressure in- 
creased in dogs. 95 Most human and animal data 75,s8,96-1~ 
have demonstrated that timing of injections with the res- 
piratory cycle enhances the reproducibility of CO values, 
although two reports t03.104 showed no need for timing the 
injections during IPPV or high-frequency jet ventilation. 
We recommend that at least two to four determinations 
are made at evenly spaced intervals of the ventilation 
cycle (e.g., at end-inspiration, 96 midinspiration, gS. I~176 or 
end-expiration 99'1~176 during IPPV. 95-10! 
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Speed and mode of  injection 
Although an injection time of up to four seconds may 
be accepted when the injectate volume is 5 or 10 ml, 
CO values are unreliable due to poor quality of the ther- 
modilution curves if the injection time is too long. 105 The 
use of an automatic injector has been recommended. 35:~ 
However, small variations in injection time, injectate flow 
rate, and consistency of injection may occur during au- 
tomatic injection with a gas powered injector, which may 
show no improvement over the manual method in in- 
jection reproducibility or CO values when the manual 
injection is made by an experienced operator. The overall 
consistency of injection (uniformity of upstroke in pres- 
sure, steadiness of pressure, and injectate flow rate) may 
be more important than the speed of injection. 107 

lntravenous fluid administration 
Rapid peripheral intravenous infusion of 90-220 ml fluid 
at room temperature prior to the measurement may result 
in underestimation of CO in adults after cardiopulmonary 
bypass. 108 This is attributed to the temperature change 
caused by the infusion augmenting the area of the ther- 
modilution curve area (Figure 3). In contrast, CO values 
will be overestimated if the injection is made just after 
the plateau temperature in mixed venous blood by the 
peripheral intravenous infusion has been reached (Figure 
3). These observations indicate that rapid infusion of fluid 
either should be maintained at a constant rate or dis- 
continued for at least 30 see before CO measurement. 108 
In addition, the infusion of fluids through the introducer 
side-port extension should be discontinued during CO de- 
terminations. ~09 

Hypothermia 
A close correlation (r = 0.96) has been noted between 
CO values measured by thermodilution using 5 ml iced 
injectate and with an electromagnetic flowmeter in hypo- 
thermic (20-35 ~ C) anaesthetized dogs. H0 In hypother- 
mic (32.7 ~ C) patients undergoing cardiac surgery, CO 
values measured by thermodilution using 10 ml iced in- 
jectate correlated well with those using 10 ml (r = 0.951) 
or 5 ml (r = 0.925) injectate at room temperature (19-25 ~ 
C), suggesting that there is no requirement for iced in- 
jectate even during hypothermia. HI 

The PA temperature decreased after cardiopulmonary 
bypass when systemic cooling and rewarming are per- 
formed during cardiopulmonary bypass. Recently, these 
alterations in PA temperature have been shown to cause 
substantial underestimation of CO measured by thermo- 
dilution. H2 Since the baseline PA temperature drift is read- 
ily detected by examination of the thermodilution curves, 
incorrect data can be avoided by accepting only thermo- 
dilution curves that begin and end on a stable baseline. 1~2 
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FIGURE 3 Diagramatic representation of effects of peripheral 
volume infusion on the temperature curve. Peripheral volume infusion 
was started at time = 0. CO -- start of cardiac output measurement 
(followed by iced saline injection). (A) Temperature change caused by 
peripheral volume infusion augments measured change following iced 
saline injection. (B) Temperature change caused by volume infusion 
decreases measured change after iced saline injection (notice effect of 
"rezeroing" referenced baseline temperature at CO). Reproduced with 
permission from Wetzel RC and Latson TW. 108 

Low flow 
Although the accuracy of thermodilution CO values has 
been noted at low CO of less than 1 to 2 L .  min -1 in 
in vitro H3,114 or in vivo studies of paediatric 63 and adult 115 
patients, or animals, IIs,H6 appearance of the thermal 
curve is delayed and its decay is prolonged in low CO 
states. Recirculation of indicator may occur before the 
computed analysis is completed, and loss of thermal in- 
dicator may be considerable. These sources of error may 
contribute to the variable CO values obtained during low 
CO states, s3 The potential error is likely to be large in 
adult patients, 37'H7 although these patients are candidates 
for frequent CO determinations. Thermodilution over- 
estimates CO in this situation probably due to excessive 
heat exchange secondary to slow passage of injectate. 44:~7 
Clinical errors can be reduced by observing the thermo- 
dilution curve and changes in clinical variables. 53 Under 
certain circumstances, methods other than thermodilution 
may be. preferable when accurate determination of CO 
is necessary in patients with low CO states. 117 

Catheter dysfunction and position 
Relatively common causes of PA catheter dysfunction in- 
clude thrombus formation around the catheter us and oc- 
clusion of the proximal lumen. H9 The CO value is pro- 
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gressively underestimated as the size of catheter thrombus 
increases, which is due to overestimation of thermodi- 
lution curve area by prolonged rewarming of the therm- 
istor. ~s When the proximal lumen opening of the PA 
catheter is obstructed because of improper perfusion, the 
catheter should be removed and replaced. However, CO 
measurements can also be obtained by injection of cold 
injectate through a central venous catheter inserted into 
the lower portion of the superior vena cava, 119 or through 
a right ventricular port of the PA catheter that was orig- 
inally designed for pacemaker introduction or fluid ad- 
ministration. 120 There are three reports in which using 
the proximal port within the introducer sheath resulted 
in overestimation of CO because the thermal indicator 
refluxed within the introducer and failed to mix ade- 
quately with venous blood flow. 121-123 If this problem oc- 
curs, the sheath should be withdrawn slightly to allow 
a more usable length of catheter. ~22,123 

When the thermistor of the PA catheter is located in 
the non-dependent lung or in the non-dependent zone 
during thoracotomy or during application of positive end- 
expiratory pressure, the injectate may be warmed less on 
the side of the thoracotomy,124 and a different rate of 
thermal dissipation in the pulmonary circulation occurs 
around vessels in the non-dependent zone. J25 However, 
animal experiments have shown that the measurement 
of CO is not influenced by catheter position. 124-126 Sirn- 
ilarly, no differences were demonstrated between CO 
values obtained with the catheter in a central or in a 
peripheral position in the PA. 39,61,124 

lntra- and extra-cardiac shunts 
Recirculation occurs early and is seen on the downslope 
of the thermodilution curve in a patient with left-to-right 
intracardiac shunt, so that the exponential downslope of 
the thermodilution curve is interrupted. The shunt ratio 
may be calculated by obtaining the ratio of the area under 
the entire thermodilution curve to the area under the first 
portion of the curve which is measured by extrapolation 
of the first-pass curve to the baseline before the early 
recirculation (Figure 4). 127,128 The values measured by this 
method correlate well with those obtained with the Fick 
technique (r = 0.89), n7 and are fairly reproducible 
(7.9%). n8 Likewise, thermal dilution can be used to meas- 
ure the outputs of the left and right ventricles separately 
in infants and children with atrial septal defects and with 
transposition of the great arteries. 21 The ratio of pul- 
monary:systemic flow calculated by this method correl- 
ates well with that obtained by the Fick method (r = 
0.91). Thus, thermodilution provides a simple, rapid, and 
accurate method for determining the magnitude of left- 
to-right intracardiac shunts, provided that there is op- 
portunity for the indicator to mix adequately in the main 
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LEFT- TO-RIGHT SHUNT 

B 

FIGURE 4 Schematic representation showing the method for 
calculating the ratio of left-to-right intracardiac shunt. Top panel, an 
example of a normal thermodilution curve demonstrating an 
exponential downslope. Bottom panel, a thermodilution curve obtained 
in a patient with an atrial septal defect (a left-to-right shunt). X marks 
the point of deflection in the usual exponential downslope of the 
thermodilution curve, due to early recirculation of cold indicator 
through the atrial septal defect. The exponential portion of the 
downslope, proximal to point x, was transposed to a log amplitude 
versus time scale, resulting in a linear series of points that was then 
extrapolated to the baseline. This point along the baseline was then 
transposed on to the original thermodilution curve and connected to 
point x, resulting in line y. A is the area under the first portion of the 
thermodilution curve, whereas B is the area under the terminal portion 
of the thermodilution curve. Shunt ratio is calculated by obtaining the 
ratio of the area under the entire thermodilution curve (A + B) to the 
first portion of the thermodilution curve (A). Reproduced with 
permission from Morady F et al. 127 

blood stream before shunting occurs. 129-131 The CO meas- 
urement with this technique may suggest the existence 
of left-to-right shunting, which resulted in falsely high 
CO values in a patient with congestive heart failure, i32 
However, this method cannot be used when there is an 
additional shunt at the ductus level or in the presence 
of a right-to-left shunt. 128 The existence of a left-to-right 
shunt may be missed unless the thermodilution curve is 
displayed. 53 Furthermore, when the shunt flow is high, 
recirculation may not be seen on the thermodilution curve 
and the computed CO may be similar to systemic rather 
than pulmonary blood flow. 133 

In the presence of a fight-to-left shunt, some of the 
indicator bypasses the thermistor to reach the left-side 
of the heart, and this results in overestimation of CO. 63 
To calculate the shunt fractions in the right-to-left shunts, 
the forward triangle method (Figure 5) has been shown 
to be useful, in an animal experiment, since this method 
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FIGURE 5 The forward triangle method for obtaining the shunt 
fraction of right-to-left intracardiac shunt. This diagram shows a 
thermodilution curve with arterial blood pressure, and blood flow 
through the aorta and the shunt during right-to-left shunt, when 
injection was performed in the right atrium, at the time marked by the 
arrow. The lower part of the figure shows the triangle used for the 
estimation of shunt ratio. The proportion of right-to-left shunt may be 
obtained by calculating the shunt triangle (left, the first peak from 
injection) in per cent of the sum of the shunt triangle and the triangle 
of the primary curve (right, the second peak from injection). To obtain 
the build-up time (BC) for the primary curve, the time between 
injection and peak concentration (AB) is measured and BC = fx AB, 
where the factor for the relation between build-up time and injection to 
peak concentration time (f) is calculated from data without shunting. 
Reproduced with permission from Hedvall Get aL 59 

provides the closest representation of true values and does 
not need oxygen-enriched inspiratory air as in the blood 
gas method. 59 In this method the proportion of injectate 
passing through the shunt is obtained by the ratio of the 
shunt triangle (left) to the sum of both triangles. 59, 134 
In addition, the absolute blood flow through the shunt 
may be calculated by using the fraction of shunt and 
the total left ventricular output, if the latter can be esti- 
mated from a thermodilution curve after injection in the 
left atrium. 59 

Valvular heart diseases 
There is one report of pulmonary valve insufficiency 
caused by surgical valvectomy that did not affect the 
measurement of CO in dogs, although the magnitude of 
the peak temperature change and the downslope of the 
thermodilution curve decreased because the indicator 
mixed with a larger volume of blood and the transit time 
of indicator was prolonged. ~35 However, accurate deter- 
mination of the area under the thermodilution curve is 
impossible when pulmonary regurgitation is associated 
with a low CO. 135 

Cardiac output determination by thermodilution was 
reported to be impossible or unreliable in patients with 
tricuspid regurgitation. 10,43336 A recent animal investiga- 
tion 137 has demonstrated that CO values estimated by 

thermodilution correlated well with pulmonary blood 
flow measured by an electromagnetic flowmeter in dogs 
with tricuspid regurgitation, and suggests that thermo- 
dilution CO determination may be more accurate than 
previously assumed, particularly in low CO states. How- 
ever, in clinical settings, CO determination using the Fick 
method appears to be superior to the thermodilution tech- 
nique in the presence of tricuspid regurgitation. 10,43,136 

Aortic or mitral regurgitation may render the indicator 
dilution technique inaccurate. 115,~38-140 Distortion of the 
dye dilution curves by coronary recirculation in patients 
with severe aortic or mitral regurgitation 138 may be al- 
leviated by sampling dye in the right heart. 139,140 However, 
a recent investigation failed to demonstrate any disparity 
between thermodilution and Fick measurements, and 
suggested that thermodilution was preferred to dye di- 
lution in patients with aortic or mitral regurgitation. 1~5 

In summary, the Fick method should be selected for 
accurate determination of CO in patients with pulmonary 
or tricuspid regurgitation. In the presence of aortic or 
mitral regurgitation, CO measurement by thermodilution 
can be used as reliably as Fick method. 

Paediatric patients 
There is an excellent correlation (r = 0.91-0.97) between 
CO by thermodilution using 1-3 ml iced injectate or in- 
jectate at room temperature with values obtained by using 
the Fick technique or dye dilution in infants and chil- 
dren. 3~ Withdrawal of blood into the injection 
lumen of the catheter before injection may lead to over- 
estimation of CO because of the heat gain by small vol- 
umes of cold injectate during passage through the cath- 
eter. 142 Thus, for accurate measurement of CO by 
thermodilution in infants and children, pre-aspiration of 
blood should be avoided, 142 and the catheter lumen 
should be fdled with fluid at the temperature of the in- 
jectate. 142 Also, a factor 6~ which corrects for the loss 
of thermal indicator during passage of the injectate 
through the intravascular portion of the injectate catheter, 
should be used. 

Electrocautery 
Pulmonary artery baseline temperature is affected by the 
electrical noise created by electrocautery. Determinations 
should not be made while electrocautery is applied, s3 

Other pathological conditions 
Candidates for frequent CO determinations include pa- 
tients with pulmonary oedema and/or respiratory failure, 
hypoxia, metabolic acidosis, myocardial ischaemia, acute 
blood loss, or endotoxaemia. Although it has been sug- 
gested that considerable loss of cold indicator might occur 
in oedematous lungs, resulting in overestimation of CO, 48 
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an animal model of dextran infusion- or oleic acid- 
induced pulmonary oedema 58,96,144 has demonstrated that 
variability of PA temperature did not affect the reliability 
of CO determinations. We have observed excellent agree- 
ment between CO values estimated by thermodilution 
and by electromagnetic flowmeter in anaesthetized dogs 
with pulmonary oedema, 81 myocardial ischaemia, 81 hy- 
poxic hypoxia, ~45 metabolic acidosis r45 and endotoxae- 
mia. 

The CO computer calculates using factors for the spe- 
cific heat and density of blood at a haemotocrit of 42%. 22 
Thus, alteration in haematocrit is presumed to change 
the specific gravity and specific heat of blood. However, 
in massive bleeding, a density factor remains unchanged 
and it is unnecessary to correct for different values of 
haematocrit within reasonable limits. 22 The product of 
specific heat and density of blood decreases from 0.9336 
to 0.9196 if haematocrit decreases from 42% to 30%, 146 
which results in an error of only 1% in the estimation 
of CO. 22 

Conclusions 
Recent developments in non-invasive CO monitoring 
have not replaced CO determination by thermodilution. 
Knowledge of the errors inherent in thermodilution meas- 
urement is essential for the anaesthetists and other cli- 
nicians engaged in the management of critically ill pa- 
tients. The erroneous estimation of CO may lead to 
inappropriate management and adverse outcomes. 
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