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ABSTRACT, Objective. A semi-continuous thermodilution 
method (CCO) was recently developed to measure cardiac 
output with less risk of  bacterial contamination, fluid overload, 
and user-induced errors than the classical bolus technique 
(BCO). Previous comparison between these two methods 
showed negligible bias. However, large limits of  agreement 
suggest that the two methods are not interchangeable. We 
hypothesized that this poor agreement may be due to differ- 
ences in reproducibility. Methods .  In 23 critically ill patients, 
369 paired measurements of  CCO and BCO were compared 
(range of  cardiac outputs: 2.8 to 16 L/min). The reproducibility 
of  BCO and CCO methods was evaluated on a sample of  
205 and 209 determinations, respectively. Results.  The com- 
parison between the CCO and the BCO methods confirmed 
previous results: i.e., small bias (-0.39 L/min) and large limits 
of agreement (-2.06 to +1.28 L/rain). Reproducibility showed 
no bias for either the CCO or the BCO method. Limits of  
reproducibility agreement between repeated determinations 
were approximately 50% less for CCO than for BCO method: 
respectively -0.87 to +0.82 L/min for the CCO method and 
-1.56 to +1.37 L/min for the BCO method. Consequently, the 
threshold necessary to ascertain that the difference between 
two measurements was not due to the internal variability of  
the method (3 x SEM) was 0.39 for the CCO method and 
0.75 L/min for the BCO method. Conclusion.  Differences in 
reproducibility may explain the poor agreement between 
the CCO and BCO methods. The better reproducibility of  
the CCO method allows the detection of  smaller variations 
in cardiac output and suggests the superiority of  this new 
method. 
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The  m a n a g e m e n t  o f  cri t ical ly ill patients usual ly requires 
the measurement  o f h e m o d y n a m i c  variables such as r ight  
atrial, p u l m o n a r y  arterial,  and radial  arterial pressures, as 
wel l  as arterial and m i x e d  venous  oxygen  saturations [1]. 
This in fo rma t ion  is con t inuous ly  available, but  the cur-  
rent  p rocedure  used to measure cardiac ou tpu t  is based 
on the bolus thermodi lu t ion  me thod  (BCO). This me thod  
provides  on ly  in t e rmi t t en t  measurements ,  requires t ime-  
consuming  procedures  and calculations, and is subject to 
user - induced  errors due to i m p r o p e r  inject ion technique.  
Fur the rmore ,  this m e t h o d  m a y  cause fluid over load  in 
vo lume-sens i t ive  patients, and m a y  be a cause o f  bacterial  
con tamina t ion  [2]. It is possible to c i rcumvent  these 
p rob lems  w i th  cont inuous  m o n i t o r i n g  o f  cardiac ou tpu t ,  
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which may provide early information on fluid challenge, 
vasoactive therapy, or modifications in mechanical ven- 
tilation. Furthermore, this method can also uncover 
pathological modifications in hemodynamically unstable 
patients. 

A semi-continuous thermodilution method (CCO) 
has been recently developed [3, 4]. This method uses a 
standard pulmonary artery catheter modified by the 
attachment of an electrically controlled right ventricular 
thermal filament, which adds small amounts of  heat into 
the blood in a specific, random, on-offsequence, without 
any addition of  volume. The heat pulses serve as the 
indicator and replace the traditional fluid bolus, without 
introduction of  thermal risk [5]. 

Since 1992, several studies (Table 1) [4,6-14] have 
compared the agreement between the BCO technique 
and the (CCO) technique using the method of Bland 
and Altman [15,16]. These studies used the BCO tech- 
nique as the reference, since this was a standard method, 
and more importantly because of its widespread clinical 
use. Except for two recent studies [13,14], this compar- 
ison was limited to cardiac outputs below 10 L/rain. All 
studies showed a negligible mean difference (bias) be- 
tween the two methods, but large limits of  agreement 
(0.6 to 1.7 L), clearly suggesting that the two methods are 
not interchangeable. However, whether one method is 
better than the other remains to be established. We 
hypothesize that this lack of agreement may be due to 
the difference in reproducibility between the two meth- 
ods. Indeed, as shown by Stetz et al. in 1982 [17], the lack 
of accuracy of  the BCO method compared with the 
standards (Fick or dye dilution) is likely to be due to its 
large variability. Obviously, the more repeatable method 
will be the more accurate [15]. 

The aims of  the present study were to: 1) assess the 
agreement between the BCO and CCO methods in a 
large panel of  critically ill patients, with a wide range of 
cardiac outputs, and 2) to compare the reproducibility of 
the two methods and determine which one is the most 
accurate. 

MATERIALS AND METHODS 

Patients 

Twenty-one patients admitted to the medical intensive 
care units of two university hospitals were included. Mean 
age was 62 yr. (range 35 to 83), mean SAPS (simplified 
acute physiology score) [18] on admission was 16 (range 
7 to 25). Diagnoses were septic shock (n = 16), cardio- 
genic shock (n = 2), hypovolemic shock (n = 1), paraquat 
intoxication (n = 1), and hyperthyroidism (n = 1). All 

patients were on mechanical ventilation. The hemo- 
dynamic status of these patients required the placement 
of a pulmonary artery catheter, according to the judge- 
ment of  the physician in charge. Patients with atrial 
fibrillation or tricuspid insufficiency were excluded. The 
study protocol was approved by the institutional review 
boards. 

Methods 

The quadruple lumen pulmonary artery catheter (In- 
tellicath @ Continuous Cardiac Output Thermodilution 
Catheter, model PA3-H 8F, Baxter Healthcare Corpora- 
tion, Edwards Critical-Care Division, Irvine, CA) is 
connected to a monitor (Vigilance @, Baxter Healthcare 
Corporation, Edwards Critical-Care Division, Irvine, 
CA). The system allows automatic and semi-continuous 
measurement of  cardiac output by the thermodilution 
technique with heating instead of  cooling of the blood. 
The system combines the use of  the indicator dilution 
principle with signal-to-noise processing techniques that 
eliminate background thermal noise in the pulmonary 
artery. The heating source is a thermal filament coated 
with an ultra-thin polymer film and placed on the 
catheter wall in the region of  the catheter injectate port. 
When the catheter is inserted into the heart, the filament 
is located within the right ventricle, away from the 
ventricular wall. Small energy signals are introduced 
directly into the blood in a random, on-off pattern to 
form the input signal, which is repeated continuously. 
The resulting temperature changes are detected by a 
distal thermistor in the pulmonary artery and form the 
output signal. The input and output signals are cross- 
correlated through a complex formula to generate a 
classic indicator dilution curve from which cardiac out- 
put is calculated. The system does not provide instanta- 
neous cardiac output, but, rather, averages measurements 
over a 3- to 6-min period, updated every 30 sec. The 
technique and the theoretical background are detailed 
elsewhere [3, 4]. 

The monitor is also able to measure cardiac output 
by the traditional BCO method using the same catheter. 
In the BCO mode, when the injectate menu is operat- 
ing, the CCO mode is cancelled and has to be restarted 
later. 

Protocol 

The Intellicath @ catheter was inserted, the proximal 
injectate port was positioned in the right atrium just 
above the tricuspid valve, and the position was checked 
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by radiograph and pressure measurement. The catheter 
was then connected with the Vigilance @ monitor. After 
self-test and initialization, the C C O  was measured and 
recorded. 

To compare C C O  and B C O  measurements, every 6 
hours the C C O  value was noted. Immediately after this, 
warm solution was removed f rom the catheter, and then 
a rapid series of  three ice-cold solution boluses were 
given. A 10-ml ice-cold 5% dextrose solution was in- 
jected using a closed-injected delivery system (CO-Set @, 
Baxter Edwards, Critical-Care) with in-line temperature 
measurement. Thermodilut ion curves were always plot- 
ted to detect artifacts. The B C O  values were obtained by 
averaging at least three measurements randomly within 
the respiratory cycle. The average B C O  value was then 
compared with the value obtained immediately before 
CCO. During the study period, there was no change in 
the mechanical ventilation parameters or in any thera- 
peutical intervention. 

To evaluate the reproducibility of  the two methods, a 
second C C O  value was obtained immediately after the 
series of  boluses and compared with the first C C O  value. 
The first and the third B C O  values were also compared 
in this manner. 

Statistical analysis 

The paired data were plotted and the line of  identity on 
which all points would lie if  the two methods gave 
exactly the same results was drawn. Agreement between 
C C O  and B C O  measurements was assessed by the 
method of  Bland and Altman [15,16]. The bias is the 
mean difference (MD) between the two methods of  
measurement and represents the systematic error; bias is 
compared to ideal null bias (paired t-test, a P-value 
< 0.05 was considered significant). Precision (the SD of  
the bias) is representative of  the random error or varia- 
bility between the two techniques• M D  4- 1.96 SD are 
the limits o f  agreement. I f  the limits of  agreement are 
smaller than the threshold of  clinical relevance, the two 
methods may be considered in agreement, and therefore 
interchangeable. 

The reproducibility of  the B C O  and C C O  methods 
were first analyzed according to Stetz et al. [17]: the 
standard error of  the mean (SEM) is the basis for predict- 
ing reproducibility. SEM is derived by dividing the 
standard deviation of  repeated measurements by the 
square root of  the number  of  measurements (two for 
both B C O  and CCO).  SEM is characteristic of  the 
variability for each method or instrument. SEM may 
also be used to determine for each method the threshold 
required to differentiate two values of  CCO:  a variation 
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Fig 1. Comparison between semi-continuous method (CCO) and 
bolus method (BCO) of cardiac output determination by thermodilu- 
tion (n = 369 paired determinations). On the upper graph are 
represented the paired determinations and the line of identity. On the 
lower graph are represented the mean (X-axis) and the differences 
(Y-axis) of the paired determinations. The dotted line represents the 
line of identity. Solid lines are the bias and the limits of agreement 
between the two methods. 

of  three SEM is needed to be confident that two values 
of  cardiac output are different. 

Reproducibility of  both CCO and BCO was also 
analyzed according to Bland and Altman [15,16]: We used 
the CO measurements before and after the series of  bolus 
injections for CCO. Similarly, the first and third meas- 
urements of  BCO were used as paired data. 

RESULTS 

No particular complications or difficulties were noted 
during catheter insertion or measurement. Two patients 
had a core temperature higher than 40 °C, and CCO 

determination was temporarily interrupted. No delete- 
rious effects were noted in terms of  thermal change and 
no data were eliminated before analysis. Data obtained 
by CCO  ranged from 2.90 to 16 L/rain (mean 7.87 
L/min), and those obtained by BCO ranged from 2.80 to 
16 L/min (mean 7.48 L/rain). 

Agreement 

The comparison between the two methods is shown in 
Figure 1. Mean values obtained by the CCO method 
were higher than those obtained by the BCO method; 
bias was -0.39 L/rain and was different from ideal null 
bias (P < 0.001). SD of  the difference (precision) was 0.85 
L/min and the limits of  agreement between the two 
methods were -2 .06 and +1.28 L/min. 

Reproducibili ty 

The reproducibility of  the BCO and CCO methods was 
evaluated on a sample of  205 and 209 determinations, 
respectively; 8EM was 0.25 L/min and O.13 L/min, 
respectively. Therefore, the threshold required to consider 
two measurements as different (i.e., not due to the 
variability of the method) was 0.75 L/min and 0.39 L/min 
for the BCO and CCO methods, respectively. Bland and 
Altman analysis [15,16] (Figure 2) showed negligible 
bias, which was not statistically different from the ideal 
null bias (P > 0.1) (-0.02 L/min, and -0.09 L/min) for 
both the BCO and CCO methods. The limits of  agree- 
ment were -1.56 to + 1.37 L/min for the BCO method 
and approximately half as much for the CCO method 
(-0.87 to +0.82 L/min). 

DISCUSSION 

The main result of  this study, which has not been shown 
previously, is that repeated measures of  CCO showed 
less variability than BCO. As a result, the threshold 
required to differentiate two values for cardiac output is 
half as much for the CCO method compared with the 
BCO method (0.39 vs. 0.75 L/min). This point is of  
clinical importance because the CCO method may pro- 
vide more sensitive information i n  hem•dynamically 
unstable patients or during therapeutical interventions. 

Technical considerations 

The average of  three determinations for BCO for the 
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Fig 2. Reproducibility of the bolus (BCO) method of cardiac output 
determination (n = 205 paired determinations). On the upper graph 
are represented the first (X-axis) and the second (Y-axis) determina- 
tions and the line of identity. On the Iower graph are represented the 
mean (X-axis) and the differences (Y-axis) between the first and the 
second determination. The dotted line is the line of identity; solid lines 
are the bias and the limits of agreement between the repeated measure- 
ments. 

comparison between CCO and BCO was used. No 
value was discarded so that the method could be eval- 
uated in its original form. Due to the known variability 
of  this method [17], values that differ by more than 0.5 or 
0.6 L/min are usually rejected in clinical practice, based 
on the investigator's judgement. This practice limits the 
effects of  the variability, but leads to an undetermined 
number of  measurements and a variable delay between 
the three measurements finally selected. During this 
delay, cardiac output may change, especially in critically 
ill patients under mechanical ventilation or in those 
receiving fluid challenge and/or inotropic drugs. For all 
of  these reasons, in order to have a standardized protocol 
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Fig 3. Reproducibility of the semi-continuous (CCO) method of 
cardiac output determination (n = 209paired determinations). On the 
upper graph are represented the first (X-axis) and the second (Y-axis) 
determinations and the line of identity. On the lower graph are 
represented the mean (X-axis) and the differences (Y-axis) between 
the first and the second determinations. The dotted line is the line of 
identity, solid lines are the bias and the limits of agreement between the 
repeated measurements. Comparison with Figure 2 shows in both cases 
negligible bias, but smaller limits of agreement and, thus, less varia- 
bility for the CCO method• 

of  measurements, we took the mean of  three values at 
random times during the respiratory cycle. 

To compare the reproducibility of  the BCO and the 
CCO determination, we used the first and the third 
value for the BCO method. This was done to minimize 
the effect of  time. In addition, the first and the third 
values of  the BCO measurement were the closest values 
to the CCO measurements, which took place just before 
and after the BCO measurements. We did not rule out 
the effect of  time between the measurements; however, if 
it did exist, this effect was less favorable for the CCO 
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method because the delay between the two measure- 
ments was greater. 

Comparison between B C O  and CCO determinations 

Since 1992, numerous studies have compared B C O  and 
C C O  measurements. The results are summarized in 
Table 1. Only  one recent study [14] and ours involve a 
large number  of  measurements (404 and 369, respectively) 
and a large range of  cardiac outputs (1.6 to 16 L/min). 

In all o f  the studies [4, 6-14], the bias was small and 
was positive or negative depending on the study. These 
results are not surprising because the technique of  meas- 
urement is basically the same in the two methods, differ- 
ing only by software designated to limit variability. 

All o f  the limits o f  agreement (i.e., bias 4- 1.96 SD) are 
reported on the last two lines of  Table 1 and show that 
our results are in the range of  the others. The limits of  
agreement are considered acceptable and, therefore, the 
methods are interchangeable when they do not  exceed a 
threshold of  clinical relevance. Such a threshold is difiq- 
cult to define and none of  the previous studies attempted 
to do so. However,  in clinical practice, it is difficult to 
consider that the differences, as large as -2 .06  L/min or 
+ 1.28 L/min, found in our study are negligible. There-  
fore, it seems that the two methods are not interchange- 
able, and, as pointed out by Bland and Altman [15,16], 
"when the old method is the more  variable one, even a 
new method that is perfect will not agree with it." 
Consequently, we hypothesized that this poor  agreement 
could be due to differences in reproducibility between 
the two methods. 

Reproducibility of the BCO and CCO methods 

The large variability of  the B C O  method has been 
known since the study by Stetz et al. in 1982 [17]. This 
variability is due to variations in the technique of  in- 
jection and in cardiac blood flow during the ventilatory 
cycle. The C C O  method has the important  advantage 
in clinical practice of  providing semi-continuous data. It 
further reduces the variability to near 50%. This reduc- 
tion is achieved partly because the C C O  method is 
independent of  the investigator and the technique of  
injection, and so it integrates the data over 3 to 6 
minutes, smoothing out the dynamic changes (such as 
the influence of  the ventilator settings), and partly be- 
cause of  the calculations that improve the signal-to-noise 
ratio. These calculations use the addition of  several "re- 
sponses" to a periodically repeated stimulation, repre- 
sented here by the repeated pattern of  changes in temper-  

ature. Such a technique is well-known in neurological 
testing for the measurement of  evoked potentials. 

The reproducibility may also be assessed by the calcu- 
lation of  two or three SEM [17]: the results confirm that 
the reproducibility of  the C C O  method is twice as good 
as that o f  the B C O  method. We chose 3 SEM as the 
variation needed to consider two measurements as differ- 
ent for both methods. Consistent with the findings of  
Stetz et al. [17], we found that this threshold was 0.75 
L/rain for B C O  and 0.39 L/min for CCO.  This is of  great 
importance in clinical settings, where the alterations in 
cardiac output under therapeutic intervention are more 
significant than the determination of  an isolated value. 
For example, if, after introducing an inotropic agent in a 
patient with cardiogenic shock, the same variation of  
0.6 L/min is significant in one case and not in another, 
we can suppose that medical strategies would be quite 
different in these two cases. 

In summary, the large limits of  agreement between 
the C C O  and B C O  methods of  thermal dilution cardiac 
output determination suggest that the two methods are 
not interchangeable, likely because of  the difference in 
reproducibility. However,  the bias between the two 
methods is negligible and according to Bland and Alt- 
man [15,16], the C C O  method, which has less variability, 
is preferable. Furthermore, the C C O  method allows 
detection of  smaller variations in cardiac output com- 
pared with the B C O  method, and in clinical practice is 
likely to be of  better quality and usefulness than the 
B C O  method. 
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