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Abstract. Twenty-one patients were studied at rest and 
during exercise after heart transplantation to compare 
cardiac output measured by thermodilution and imped- 
ance cardiography. Exercise was performed on a bicycle 
ergometer over a limited range of work load (25 and 
50 watt) whilst metabolic gas exchange was recorded. One 
patient was studied at rest whilst his circulation was main- 
tained by a Jarvik-7 artificial heart. The vaiues of cardiac 
output measured by impedance cardiography corre- 
sponded closely with the flow rate from the artificial heart. 
There was also close agreement between the impedance 
and thermodilution measurements of cardiac output at 
rest and during exercise. Both measurements followed the 
changes in heart rate and oxygen consumption. Both 
thermodilution and impedance cardiography methods 
elicited good reproducibility of cardiac output measure- 
ments at rest and during exercise. These observations sug- 
gest that the noninvasive and continuous record of cardiac 
output obtained by impedance cardiography can be used 
for the postoperative monitoring of heart transplant re- 
cipients. 
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We have measured cardiac output, both at rest and 
during limited exercise, with impedance cardiography in 
orthotopic heart transplant recipients who had no evi- 
dence of cardiac rejection. These measurements were 
then validated by comparison with those obtained with 
the thermodilution method. To complete our validation 
we have also included a study at rest of a patient with a Jar- 
vik-7 artificial heart [14]. 

Patients and methods 

Patients 

Twenty-two male patients were studied. All gave informed consent 
and the study was approved by the local ethical committee. Twenty- 
one patients, aged 30-57 years (mean 46 years), had undergone al- 
logenic heart transplantation. The time after the operation ranged 
from 2 to 6 years (mean 3.3 years). One patient was studied 2 years 
after retransplantation. No patient had a concurrent endomyocar- 
dial biopsy positive for rejection. Thc procedure was part of the rou- 
tine follow-up after transplantation. 

A 40-year-old patient was studied whilst supported by a Jarvik-7 
artificial heart [14]. 

Methods 

Cardiac output measurement offers a means of assessing 
global cardiac function. As cardiac output rises linearly 
with work load 13,131, its measurement duringexercise of- 
fers an ideal means of determining the response of the car- 
diovascular system to demand. 

Heart transplant recipients experience episodes of re- 
jection that depress cardiac function at rest [26]. This has 
led to attempts to detect rejection noninvasively at an 
early stage [26] by measuring the changes in cardiac out- 
put in response to exercise [7]. 

~ 

Offprinr reqirests to: T. W. Higenbottam 

Impedance cardiography measiirement of cardiac oirtput. The nonin- 
vasive measurements of cardiac output were obtained using the im- 
pedance cardiograph (NCCOM3 monitor, Bomed Medical Manu- 
facturing, Irvine, Calif). Four pairs of silver-silver chloride 
electrocardiograph (ECG) electrodes were applied bilaterally to the 
neck and chest. Two internal pairs were sensing electrodes and two 
acted as the electrodes supplying the current. All the electrodes were 
interfaced to the computer. Through each pair of injecting elec- 
trodes, a constant magnitude alternating current of f2.5 mA at 
70 kHz was applied. In addition, a pair of electrodes was placed on 
the chest to obtain a clear ECG signal. 

This technique makes use of the change in potential difference 
between the sensing and current-carrying electrodes (dZ/dt) associ- 
ated with the cardiac cycle to calculate stroke volume. The calcula- 
tions derived by Sramek have been reported elsewhere (10,17,18]. 
The only additional measurement required is the patient's thoracic 
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pedance cardiography were compared with the Jarvik-7 artificial 
heart output. No estimates of metabolic rate were made in this pa- 
tient. 
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Fig.1. Correlation between individual values of cardiac output 
measured by thermodilution (TD) and impedance cardiography 
(IC) at rest and duringexercise. Each individual value represents the 
mean of four measurements of cardiac output obtained with the two 
methods. 0 ,  Rest (supine); A,  rest (sitting); 0 ,exercise (25 watt); 
A, exercise (50 watt). r = 0.65; P C 0.01 

length. which can be derived from a nomogram using weight and 
height. 

Recordings were made continuously, stroke by stroke, 
throughout the study, average results being taken for each 10-s peri- 
od. 

Therniodiliition nteasiiretnent ofcardiacoiitput. Thermodilution car- 
diac output was measured with a balloon-tipped flow-directed 
catheter (Edwards model 93A-131-7F) placed under fluoroscopic 
control in the pulmonary artery. Ten milliliters of 5% dextrosc at 4'C 
was injectcd into the pulmonary artery. Cardiac output was calcu- 
lated from the standard equation [6] using an on-line computer (Ed- 
wards 9025A Cardiac computer, Edwards Laboratories. Irvine. 
Calil). Cardiac output was recorded every minute at rest and during 
exercise. 

Mefnbolic gris exchonge measwenrent. Metabolic gas exchange rate 
was continuously recorded as previously described [8]. The mixed 
expired oxygen and carbon dioxideconcentrations were continuous- 
ly recorded from the mixing box with a mass spectrometer 
(MGA 200. Airspec, Westerham, Kent. UK). Expired volume was 
measured with a Fleisch pneumotachograph (No 2 Statham, P K 
Morgan MK2, UK). All these variables were recorded on a multi- 
channel recorder (W & W Electronic Recorder 404, Basel. Swirzer- 
land). The ratesof ventilation (1 min- I), oxygen consumption (VO?; 
mmol.min-'). and carbon dioxide output (1.min-I) were calculated 
in a standard fashion (81. These measurements were obtained con- 
currently with the measurement of cardiac output by thermodilu- 
tion. 

Exercise. The 21 patients were first studied at rest in a supine posi- 
tion. They were then studied in a sitting position, first at rest, and 
then during cycle exercise (Body-guard ergometer 990, Iona Ogland 
AS, Sandros, Norway) whilst the metabolic gas exchange was con- 
tinuously recorded as described above. The patients were assessed at 
two levels of work load, 25 and 50 watt, each of which lasted for 
4 min. 

Cardinc oiitpirt measiirement in the patient with the Jarvik-7artificial 
heart. The patient was studied in a supine position on six separate 
occasions over a 2-day period. The ECG triggering signal for 
the NCCOM3 was obtained directly from the Jarvik-7 artificial 
heart. An average of four determinations of cardiac output with im- 

Statistical analysk 

The coefficient of variation for cardiac output was calculated for im- 
pedance or thermodilution measurements [I 1. 

We have used two methods to compare cardiac output measure- 
ments with impedance cardiography and thennodilution. First, indi- 

a vidual data obtained with both methods, at rest and duringexercise, 
are plotted along the line of identity, whereby coefficientsof correla- 
tion were calculated in the usual way [l]. To avoid systematic biases ~ 

that may be introduced by this method [4], we have subsequentlycal- 
culated differences between the mean of the two determinations of 
cardiac output with thermodilution and impedance cardiography at 
rest, and plotted them against the average value of the two [4]. 

To calculate the mean response of cardiac output during exercise, 
we performed factorial analysis of variance [4], where the factors 
were stage of exercise (time in minutes), subjects, and the two types 
of measurement (i. e.. impedance cardiography and thermodilu- 
tion). The residual error from the factorial analysis of variance was 
used to calculate the least significant difference a! P = 0.05 [4]. 

The same form of analysis was performed on V 0 2  and heart rate. 
The residual variance was used to calculate standard deviation (SD). 

Results 

A total of 381 measurements of cardiac output by simulta- 
neous impedance cardiography and thermodilution was 
made. 

The means of cardiac output measurements ranged 
from 3 to 14.2 l.min-' and from 2.6 to 13.9 l.min-' with 
the thermodilution and impedance methods, respectively. 
The coefficients of variation of both methods of measure- 
ments at rest, in the supine and sittingpositions, are shown 
in Table 1. 

Measurements of cardiac output at rest and during 
exercise by impedance cardiography were significantly re- 
lated ( r  = 0.65; P < 0.01) to those obtained with the ther- 
modilution method (Fig. 1 ) .  

There was a small mean difference between the two 
measurementsof cardiac output at rest. One SD of the dif- 
ferences was 1.5 l.min-' and 1 l.min-' in the supine and 
sitting positions, respectively (Figs. 2.3).  The impedance 
cardiography values tended to  become greater than the 
thermodilution values as cardiac output increased. 

Table 1. Range of coefficient of variation (%) of cardiac output 

Heart transplant patients at rest 
Supine position Upright position 

Impedance cardiography 1.75-13.38 1.19-1 3.22 
Thermodilution 0.50-20.88 0.47-21.00 

Table 2. Comparison of Jarvik-7 artificial heart cardiac output 
(I. min-I) and bioimpedance method (NCCOM3) 

Jarvik-7 heart 6.7 7.4 7.3 7.2 6.7 6.7 
NCCOM3 (mean) 6.5 6.3 6.4 6.2 6.7 5.5 

f SEM 0.3 0.1 0.1 0.1 0.1 0.1 
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Ag.3. Differences between means of four 
values of cardiac output obtained with 
thermodilution and impedance cardiography 
in resting upright patients (n  = 21) are plotted 
against the average of the two. Lines show the 
mean and standard deviation (SD) of the 
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In the patient with the Jarvik-7 artificial heart, the 
average difference between the impedance cardiography 
and artificial heart output was 0.8 l.min-*, cardiac output 
measured by impedance cardiography being equal to, or 
below, that of the Jarvik-7 artificial heart (Table 2). 

The mean values for cardiac output measured by im- 
pedance cardiography or theqodilution during exercise 
followed closely the change in VOZ (Fig.4) and heart rate 
(Fig. 5) .  There was little difference in the mean values for 
heart rate and VOZ obtained on the two occasions. 

Discussion 

These observations demonstrate that impedance mea- 
surement of cardiac output gives comparable values to 
those obtained with thermodilution, with reasonable re- 

producibility and an ability to follow the changes in car- 
diac output with exercise. The impedance method also ac- 
curately reflects the cardiac output from an artificial 
heart. 

The reference method of measurement of cardiac out- 
put is the Fick determination [23]. This requires right 
heart catheterisation and carries an error of lo%, which 
can even exceed 19% in low cardiac output states [23]. Al- 
ternatively, the thermodilution method can be used and is 
widely available [6,11]. This, however, also requires car- 
diac catheterisation. As it records pulsatile flow, the ther- 
modilution method can sometimes be associated with 
error as high as 16% [19,21]. 

A number of noninvasive methods are available, such 
as aortovelography using a Doppler technique [12,20,22].. 
This method elicits reproducible results at rest [12]. How- 
ever, it cannot be performed in patients with thick necks 
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et al.'s calculation [17, 181 include an overestimation of 
stroke volume and poor correlation with other methods of 
measurement of cardiac output, in both healthy and dis- 
eased subjects [9, lo]. Furthermore, without an on-line 
computer, analysis of the data is time-consuming [25]. The 
NCCOM3 incorporates the calculation of Sramek et al. 
[24, 251, which avoids many of the errors of the original 
Kubicek method of calculating stroke volume from dZ/dt 

It is now thought that dZ/dt is derived from changes in 
volume of the aorta with cardiac systole [5, 151. The pa- 
tient with the Jarvik-7 artificial heart developed values for 
dZ/dt equivalent to the other patients'. Yet, this patient 
had no active cardiac muscle, and cardiac output was 
determined externally by the setting of the mechanical 
pump [14]. Support is therefore provided for the sug- 
gested aortic volume change mechanism for dZ/dt. The 
precision of cardiac output measurement from the mech- 
anical pump of the Jarvik-7 artificial heart provides re- 
liable reference vaIues. Therefore, the comparable results 
obtained in the same patient with the impedance cardio- 
graph are strongly in favour of the reliability of the latter 
method. 

We were able to demonstrate in patients at rest and 
during exercise, in a sitting position within a limited range 
of work load, that measurements of cardiac output with 
impedance cardiography could be obtained without major 
difficulty. The equipment is easily portable and can be 
applied with no greater difficulty than that for electro- 
cardiography [26]. 

We applied the impedance method in heart transplant 
recipients who were in a stable phase of their clinical con- 
ditions. We do not know how accurate the impedance 
measurements in patients with pleural and cardiac fluid 
collections can be. Such patients probably need to be as- 
sessed in a separate study. Nonetheless, our comparison 
with the thermodilution method shows that impedance 
measurement of cardiac output produces very similar re- 
sults in clinically well heart transplant recipients, even 
when using new statistical methods to demonstrate the 
size of the difference [4]. During exercise, both measure- 
ments of cardiac output closely followed the level of work 
as determined by the rate of oxygen consumption. 

In conclusion, impedance measurement of cardiac 
output can be used with ease in heart transplant re- 
cipients. Furthermore, this method gives reproducible 
measurements, at rest and even during exercise. Thoracic 
impedance cardiography could, therefore, be used to de- 
tect early cardiac dysfunction. Since the latter also reflects 
cardiac rejection in many instances, its detection by a non- 
invasive and easily performed method may provide valu- 
able help in the postoperative management of heart trans- 
plant recipients. 
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Rg.4. Comparison of cardiac output values obtained with thermo- 
dilution ( B )  and impedance cardiography ( 0 )  at rest and during 
exercise. The bar represents the least significant difference (LSD) 
for P < 0.05.Thestippledarea represents the mean and one standard 
deviation for oxygen consumption (VOJ in the 21 patients 
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Fig.5. Comparison of cardiac output values obtained with thermo- 
dilution ( ) and impedance cardiography ( 0 ) at rest and during 
exercise. The bat represents the least significant difference (LSD) 
for P < 0.OS.Thestippledareo represents the mean and one standard 
deviation for heart rate in the 21 patients 

and may produce error as high as 30% during exercise 

- Thoracic impedance cardiography provides a beat-by- 
beat noninvasive measurement of stroke volume [9, 10, 
161. Objections to the original method based on Kubicek 

P I .  
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