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Abstract 

Knowledge of the left ventricular (LV) pressure-volume relation, along 

with parameters derived from this relation, have led to new possibilities for the 

characterisation of cardiac pump function, in both experimental studies and 

clinical settings. 

The pressure-volume diagram is a powerful tool for visualising LV 

performance, but in order to be clinically useful it is necessary to make plots 

continuously and on-line. The conductance catheter technique offers this 

possibility. The conductance catheter system has experienced growing interest 

among cardiologists, physiologists, surgeons, and anaesthesiologists around the 

world as a powerful new research tool, but the invasiveness of this technique has 

been a limiting factor for most clinical applications. The catheter needs to be 

thinner and softer in order to make this technique more suitable for human use. 

This thesis reports of a new thin and soft conductance catheter for 

continuously and on-line measurements of LV pressure and volume.  

One way to reduce both catheter size and stiffness is to decrease the 

number of electrodes on the catheter. Theoretical calculations shown in this 

thesis proves that it is possible to obtain the same performance with a single 

segment catheter as with a five-segment catheter. The thin catheter has been 

tested and compared to a commercial five-segment conductance catheter in 

animal studies.  

We conclude that the thin single segment conductance catheter can 

measure left ventricular volume and pressure. The regression coefficient between 

the two methods is good independent of loading condition and during baseline 
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conditions the catheters produce very similar volume curves. During preload 

reduction the estimated volume reduction is different in the two systems.  

Our thin catheter does not disturb the heart’s normal electrophysiology, 

neither by the catheter current nor by any mechanical stimuli.  

The results demonstrates that our thin, soft, single segment conductance 

catheter has performance characteristics which warrant further development, 

with the goal to make the method available for human use. 
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1 Introduction  

1.1 Motivation 

In the year 2000, more than 50 % of all deaths in Europe were caused by 

cardiovascular disease [1, pp. 144-9]. As the European population ages in the 

coming decades, the human and economic impacts of cardiovascular disease is 

expected to continue to increase [2]. In order to decrease the number of deaths 

due to cardiovascular disease, it is necessary to have accurate methods for both 

assessing cardiac function, and treating cardiac dysfunction. 

It is the left ventricle (LV) that performs most of the heart’s work, since 

the left side of the heart provides blood with energy to circulate through the 

body’s vascular network. It is therefore of great importance to be able to assess 

and understand LV function. 

The best way to obtain an accurate analysis of the heart’s performance at 

rest, and under different loading conditions, has shown to be the pressure-volume 

diagram [3]. By combining the measurement of LV volume and pressure, the left 

ventricular pressure-volume relation can be determined. Knowledge of the LV 

pressure-volume relation, along with parameters derived from this relation, have 
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led to new possibilities of characterising cardiac pump function, in both 

experimental studies and clinical settings. 

The pressure-volume diagram is a powerful tool for visualising LV 

performance, but in order to be clinically useful it is necessary to make plots 

continuously and on-line. Unfortunately, the application of the pressure-volume 

relationship for evaluating LV function, especially in human subjects, has been 

hampered by technological constraints on the ability to measure LV volume in a 

clinically acceptable way. Today’s methods of volume measurements do not 

meet the requirements of time resolution, endurance, and accessibility (MR, CT, 

MUGA) required for assessing cardiac function.  

In recent years a new technique, the conductance catheter technique 

(originally developed by Baan and co-workers at the Department of Cardiology, 

Leiden University Medical Center [4-6]), has made it possible to obtain 

ventricular volume continuously and on-line. The conductance catheter system 

has experienced growing interest among cardiologists, physiologists, surgeons, 

and anaesthesiologists around the world as a powerful new research tool. The 

conductance catheter technique has been used in several animal studies [4-5,14-

17,19,26] and in human studies [5,7,16,20-25], but the side effects of this 

technique have been a limiting factor for most clinical applications. 
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1.2 Aims of the project 

This thesis is a part of a larger project, the PV-project, that aims to study 

pressure and volume in vessels and the heart’s four cavities.  

The aim of this part of the project was to construct and evaluate a 

conductance catheter system which could be used as a real time monitoring 

system of left ventricular volume and pressure in human patients both intra- and 

post-operatively. 

The first problem to be solved was how to construct a conductance 

catheter that was thin and soft, as opposed to the stiff commercial conductance 

catheter developed by Baan and co-workers. This objective was at first 

approached theoretically and later on practically by showing that our thin and 

soft catheter could assess LV pressure and volume.  

The next step was to compare the two systems in vivo at the same time, in 

order compare their performance. 
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2 Background 

2.1 Anatomy 

 

Figure 2.1 An internal view of the heart. ©Boehringer Ingelheim 
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2.2 The pressure volume diagram 

Leonardo da Vinci proposed that the predominant pumping function of 

the heart is achieved by a back and forth movement of the ventricular plane [8]. 

This theory was abandoned for the belief that the heart pumped blood as the 

result of squeezing movements but Lundbäck concluded in his thesis in 1986, 

that da Vinci’s theory was correct [9]. The heart can therefore be considered as 

an ordinary pump, but with some mechanical differences from the regular 

displacement pump. The physicist knows that an easy way to study pumping 

function is to observe the pressure and volume relation. Of course one can study 

the time function curves of ventricular pressure and volume but there are, 

however, a number of advantages in seeing the cardiac contraction as loop 

trajectories in the pressure-volume plane. Suga, Sagawa and co-workers have 

shown that the best way to obtain an accurate analysis of the heart’s performance 

at rest, and under different loading conditions is to study the Pressure-Volume 

(PV)-loop [3]. They have also shown that knowledge of the LV pressure-volume 

relation, along with parameters derived from this relation, is essential when 

characterising cardiac pump function. 

 

2.2.1 The PV-loop 

Figure 2.2 shows a typical left ventricular pressure–volume diagram with 

reference to the time function curves of pressure and volume in figure 2.3. At 

point A the mitral valve closes and the ventricle rapidly starts to build up a 

pressure without changing the volume, i.e. the isovolumetric contraction phase. 

At point B the pressure inside the ventricle exceeds the aortic blood pressure and 

the aortic valve opens. This is the start of the ejection phase when the ventricle 

contracts and ejects its contents, partially. The aortic blood pressure will 
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increases and when the pressure exceeds the ventricular pressure the aortic valve 

closes, point C. Point C is the start of the isovolumetric relaxation phase, where 

the pressure decreases but the volume is constant. As the ventricular pressure 

falls below the atrial pressure at point D, the mitral valve opens and the relaxing 

ventricle starts filling. The stroke volume (SV), i.e. the volume ejected blood, is 

the width of the loop. 

 

 

Figure 2.2 Pressure-volume loop diagram of left ventricular contraction. 

 

 

Figure 2.3 Time function curves of LV pressure (P) and LV volume (V). 
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2.2.2 Analysing the PV-loop 

One of the advantages of the PV-loop compared with the time function 

curves is that the area enclosed by the loop represents the external work that the 

ventricle performs, i.e. the energy imparted to the blood by contraction of the 

ventricle. In a more mathematical approach the loop area represents the stroke 

work (SW) [3]: 

 

∫ ∗=
ESV

EDV

dVtPSW )(  

Where ESV stands for end-systolic volume, and EDV for end-diastolic 

volume. Obviously a graphic presentation in the pressure-volume diagram is 

easier to understand and comprehend. 

Another advantage is the possibility to assess the end-systolic pressure-

volume relationships (ESPVR) and the end-diastolic pressure-volume 

relationships (EDPVR) from the pressure-volume diagram. 

By plotting several PV-loops during varying loading conditions ESPVR 

and EDPVR can be found by connecting the upper left corners respective the 

lower right corners [3], see figure 2-2.  These relationship curves are extremely 

valuable representations of the mechanical properties of the fully contracted 

ventricle at end-systole and fully relaxed ventricle at end-diastole. Also, the area 

trapped by the ESPVR and EDPVR curves is the pumping capacity of the 

ventricle [3].  

A short review of the concept and use of the end-systolic pressure-volume 

relationship can be found in [10] and a description of changes in the pressure-

volume relation in vivo can be read about in [11]. 
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2.2.3 Preload and afterload 

Varying the loading conditions stands for changing preload and afterload. 

Preload means the tension in the cardiac walls at the end of diastole but can also 

be expressed as the amount of blood in the ventricle at the end of diastole. 

Occluding the vena cava decreases preload. A preload reduction has 

characteristic appearance in a volume tracing, see figure 2.4. The figure is based 

on data from recordings with a PressureWire and a single segment conductance 

catheter in a pig. 
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Figure 2.4 A preload reduction measurement. 

 

Afterload is the ventricle wall tension at the end of systole but can be 

substituted for the resistance in the aorta for which the left ventricle has to work 

against and can be measured as the blood pressure in the aorta. A 

pharmacological provocation of afterload can be achieved by an injection of for 
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example phenylephrine, which will increase afterload. Phenylephrine increases 

the arterial resistance, i.e. the workload. A typical recording of afterload increase 

in pigs, using a single segment catheter, is shown in figure 2.5.  
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Figure 2.5 An afterload increase measurement. 
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2.3 Volume measurements with the 
conductance catheter 

The early studies with the conductance catheter aimed mainly to test [12] 

and to validate the method [13-17] but more recent studies aimed to use the 

method for assessing LV function and studies at different disease conditions [18-

21]. In recent years the interest for the right ventricle has increased and some 

investigators have used this method on the right ventricle in humans [21-23], and 

in pigs [24-25]. 

 

2.3.1 The conductance catheter method 

The conductance method is based on the fact that the conductivity of 

blood is much higher than that of the myocardium and the tissues surrounding 

the heart. 

A conductance catheter is an insulated catheter with several electrodes 

evenly spaced along the part placed inside the LV, see figure 2.6. The number of 

electrodes is typically 10 or 12, and between the most distal and proximal 

electrode runs a weak, alternating current. The current creates an electrical field 

that will vary with blood content in the ventricle. The electrodes in between 

sense potentials from which segment conductances are derived. The conductance 

will of course also vary with time and it will change proportional to the actual 

volume of blood in the ventricle. From a physics point of view one can say that 

the conductance catheter and the signal dependent part works as an ohm-meter, 

measuring the impedance of the blood inside the left ventricle. The conductance 

is the real part of the inverse of the complex impedance. When the ventricle fills 
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with blood during diastole the electrical impedance decreases and during systole 

when the heart contracts and ejects it’s contents of blood, i.e. the blood volume 

decreases, the impedance increases. 

 

I
I

 

Figure 2.6 Schematic sketch of a conductance catheter. 

 

 

The conductance catheter is placed along the long-axis in the LV with the 

most distal current electrode at the apex and the proximal just above the aortic 

valve. Every pair of sensing electrodes will measure the respective conductance 

and the LV-volume is then derived from the sum of the segment conductances 

through cylindrical approximation: according to the formula [4]: 

∑
=

⋅⋅=
5

1

2 )()(
i

i tGLtV ρ  

where L electrode spacing; ρ blood resistivity and Gi segment conductance. But 

volume obtained according to this theoretical equation will only give a first 
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approximation of the relative volume changes. In order to get a more accurate 

volume the conductance signal need to be corrected for gain and offset. This 

yields the final volume equation [5]: 






 −⋅⋅= ∑

=
c

i
i VtGLtV

5

1

2 )(1)( ρ
α

 

where α is a dimensionless slope factor and VC parallel conductance from 

structures surrounding the left ventricle. 

The volume between the distal current electrode and the first sensing 

electrode is not included in the total volume since the current electrode cannot be 

used as a sensing electrode because of polarisation effects. The apical volume is 

in practice ignored or approximated as 1/3 of the volume of segment 1, assuming 

a conical apical geometry [10]. 

In order to use the volume equation we need to assume that the electric 

field is homogeneous. This may not always be the case. Steendijk and co-

workers has for this reason introduced a dual excitation method in order to 

produce a more homogenous electric field [26]. The method has been validated 

in dogs showing that the dual excitation gives a more accurate measured volume 

[27].  

2.3.1.1 Calibration 

Even though the conductivity of blood is 3 times higher than that of the 

myocardium and the tissues surrounding the heart, still a part of the current will 

propagate to the myocardium, right ventricle and other surrounding tissues. The 

conductance catheter will therefore not only measure the LV blood pool but also 

conductance derived from the tissues surrounding the left ventricle and changes 

in these may result in major measurement errors.  
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2.3.1.1.1 Estimation of the Parallel Conductance Volume (VC) 

The term VC introduced in equation 2 seeks to compensate for the 

measured conductance derived from the surrounding tissue. There exist two 

competing methods to determine VC. The oldest method is the saline method 

developed by Baan and co-workers [5]. Briefly, a small bolus of hypertonic 

saline (about 10 %) is injected in the pulmonary artery. Since the saline is much 

more conductive than the blood, the total conductivity will increase. The parallel 

conductance will not be affected since it does not depend of local blood 

conductivity. The conductance catheter will, when the saline-blood mix enters 

the left ventricle, register a false conductance increase, i.e. volume increase 

because of the conductivity change. After a few beats the volume will return to 

baseline.  

If the blood in the ventricle would be considered as non-conductive, a 

change of ventricular volume would not give a change in measured conductance 

(stroke volume = 0 ml). The only remaining signal would be the parallel 

conductance. To determine VC, ESV against EDV, from every heartbeat during 

the rising volume curve and until its highest point (i.e. when the saline is 

introduced), should be plotted. The intersection of the resulting regression line 

and the line of identity, i.e. the point were ESV and EDV are the same (stroke 

volume = 0 ml), is an estimate of VC, see figure 2.7.  This method requires that 

the heart is in a relatively steady state, with no beat-to-beat changes in end-

diastolic or end-systolic volume. 
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Figure 2.7 The minimum volume (ESV) plotted against the maximum volume (EDV). The 
intersection between the regression line and the line of identity is the parallel conductance volume. 

 

Recently another analysing method of the saline method was presented in 

[7] based on the indicator dilution method using the hypertonic saline, studying 

the area under the volume curve and blood flow. The indicator dilution method 

has been described elsewhere [28].   

The second competing method is the dual-frequency method, originally 

developed by Gawne and co-workers [29]. This method is based on the fact that 

blood essentially has a constant conductivity at frequencies from 2 to 100 kHz 

[30] opposed to muscle that is far more conductive at frequencies above than 

below 12 kHz. By measuring below and above 12 kHz two different volume 

signals are detected. The difference in amplitude is directly correlated to VC [29] 

obtained with the saline method. This method has been tested in pigs [29] and in 

mice [31]. A dual-frequency system merely for mouse has been developed and 

validated [32] showing interesting results, which indicates that the complicated 

saline method can be avoided.      
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2.3.1.1.2 Estimation of the slope factorα 

α is a slope factor that corrects for gain. In theory α should be 1 but in 

general the relation between “true” volume and conductance volume, corrected 

for VC, does not coincide with the line of identity. The average value for α, 

found both in vivo [4,5], and in the isolated heart [14] is approximately 0.8 but α 

can vary from about 0.5 to 1.2. 

The theory and possible explanations for α can be found in [10] and [32]. 

Briefly, α’s variation is the result from the fact that the equipotential lines are not 

parallel to one other. Strictly speaking, equation 2 is only valid if the 

equipotential lines are parallel to one other. The only positions where the lines 

are parallel are equidistant from the excitation electrodes, and very close to the 

conductance catheter itself. The volume measurement will therefor be most 

accurate at the center segment and when the ventricular short axis is small. 

α can be determined by comparing stroke volume measured by the 

conductance technique, with stroke volume obtained with another independent 

method, such as thermodilution. 

2.3.1.2 Validation 

Numerous studies have sought to test the accuracy of the conductance 

catheter method to measure absolute and relative LV volume. These studies 

compared volumes derived from conductance with balloon volume [14], 

sonomicrometry [13], radionuclide ventriculography [15-17], aortic flow probe 

[5] and thermodilution [5]. Most of these studies have shown excellent 

correlation between the techniques compared, but have also raised the possibility 

of important limitations in the conductance method measuring absolute 

ventricular volume in situ. 
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The volume dependence of the gain, α and offset, VC has been 

investigated in the canine left ventricle using angiographic volumes as a 

reference in a closed chest preparation [17] and using volumes derived from 

subendocardial ultrasonic crystal in an open chest preparation [13]. Both showed 

the gain and offset of the conductance catheter are relatively constant at steady 

state but vary when volume is reduced by caval occlusion. This questions the use 

of saline-derived α and VC at measurement of absolute LV volume over a wide 

hemodynamic range. Cassidy and Teitel compared the conductance volume with 

angiography and found that the conductance technique was more accurate when 

comparing with raw rather than conductance volume corrected with VC and α 

[15]. 

The question if α and VC change under the cardiac cycle has been argued 

about for a long time. Boltwood [17] and Appelgate [13] showed that α and VC 

did change under the cardiac cycle but not that much. Other investigators have 

shown that this variation is considerable [7] and need to be corrected for.  

The use of a dual-frequency system for determination of parallel 

conductance is also a hot topic. Whereas Gawne [29] Georgakopolous [31] and 

Feldman [30] conclude that this method can estimate parallel conductance, 

White [33] maintains that it can not be used to substitute the saline dilution 

technique. 

Yet another method for determination of the parallel conductance has 

been suggested by White and co-workers [34]. This method is based on the 

suction technique described in [5]. The LV cavity volume is reduced to zero; the 

remaining volume signal will be the parallel volume. This technique is for 

obvious reasons impossible to use in patients but only reducing the volume 

partially is possible. White and co-workers suggest that extrapolating the linear 

relationship of a plot of the fall of EDV versus ESV to a point where EDV 

equals ESV gives VC. The analysis is equal to the analysis of the saline method. 
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This method is very interesting since the execution of the volume reduction is the 

same as in a preload reduction. 
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3 The thin catheter 

Currently, state-of-the-art conductance catheters are not used extensively 

in clinical settings since they, among other factors, are too thick and too stiff and 

thus may cause valvular leakage and/or arrhythmia. We believe that a thin, soft 

catheter may allow for the feasible monitoring of cardiac function in a clinical 

setting. 

One way to reduce both catheter size and stiffness is to decrease the 

number of electrodes on the catheter. It has been shown that the mid-ventricular 

segment of the present conductance catheter is a fairly good correlate to the total 

volume obtained with the same method [35]. In order to find a volume obtained 

with only one measuring segment that would correlate better with the total 

volume we needed to optimise the positions for the measuring electrodes.  
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3.1 Design of a single segment conductance 
catheter 

3.1.1 Methods for optimal placement of the two 
sensing electrodes 

The details for optimising the positions for the measuring electrodes are 

described in detail in paper II. Briefly, volume data from 18 pigs were recorded 

with a 5-segment catheter using the technique described in [4-6]. A total of 234 

recordings were collected. Recordings were made in both steady state and during 

provocations (e.g. reduced preload, increased afterload) at a sampling rate of 250 

Hz. 

Using the assumption that the electric field was smooth, we computed 

potential profiles along the catheter with cubic interpolation. From these profiles 

the potential difference between any two arbitrary positions on the catheter could 

be estimated, and consequently, the output of a single segment conductance 

catheter. The difference between this output and the volume signal was 

minimised using a mean square error algorithm, in order to obtain a volume 

curve that matched the volume curve obtained with the 5-segment catheter. 

 

3.1.2 Result and discussion 

The results of comparison between the virtual volume from a single 

segment and the total volume obtained from five segments are given in detail in 

paper II.  
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Figure 3.1 shows a three-dimensional plot of the deviation between the 

simulated catheter and the 5-segment catheter in percent per time sample per 

measurement, including all measurements, with position of the virtual electrodes 

on the x- and y-axis. 

 

Figure 3.1 3D-plot of the deviation. x1 and x2 are positions of electrode 1 and 2, 
respectively. 

 

The 3D-plot has one minimum (deviation 0.05% per sample) indicating 

the optimal positions. This suggests that the best way to position the electrodes, 

in order to obtain a volume curve as similar as possible to those obtained with 

the 5-segmental catheter, are position 11 for (virtual) electrode 1, and position 51 

for electrode 2. Thus, eighty percent of the whole length of the catheter should be 

used. As seen in figure 3.2 the volume (or conductance) curves appear almost 

identical for the optimised electrode positions. This hold for all loading 

conditions tested, although slightly greater deviation can occur during fast 

changes in volume (maximum 2.57% in one preload reduction measurement). 
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The exact positions hold for the porcine model but the relative positions are 

probably useable in humans. 

These results apply to a stiff catheter as the commercial 5-segment 

catheter. 
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Figure 3.2 Total conductance and calculated conductance. 

 

 

3.1.3 Conclusions 

We have shown that it is possible to optimise the electrode positions of a 

single segment and that the optimum is broad. Both sensing electrodes can be 

moved at least half a centimetre without affecting the result significantly.  
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3.2 Construction of a single segment 
conductance catheter system 

In collaboration with Radi Medical systems AB in Uppsala we have 

developed a thin and soft catheter according to paper II. The catheter is 0.36 mm 

in diameter, (the same as that of an ordinary guide wire, PressureWire), soft, and 

equipped with a high bandwidth pressure sensor manufactured with Radi 

Medical’s Pressure Wire Technology. The catheter contains six thin wires, and is 

covered by a thin polyimid tube. The wires are connected to four platinum ring 

electrodes with a length of 3 mm. In order to test the catheter experimentally a 

system running the catheter and collecting the signal was needed. It was 

therefore necessary to build an electronic measurement system compatible with 

the catheter. 

3.2.1 Our electronic system 

Our group has developed an electronic measuring system described in 

[36]. Briefly, the system consists of an electronic-box, a 12 bit analog to digital 

conversion card and a computer. The computer is used to control the system, for 

data collection and for data display. A dual frequency 100 µA excitation current 

in the range 4 kHz to 1 MHz is generated by the electronic box and applied to the 

excitation electrodes. The resulting voltage between the sensing electrodes is 

amplified. The real and imaginary parts of the signal are coherently detected at 

the two frequencies and integrated for two ms and finally AD-converted 

resulting in a sampling rate of 500 Hz. 
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Figure 3.3 Schematic sketch over the measuring system.. 

 

 

This system can send out two frequencies simultaneously which can be 

used in a dual-frequency measurement. Another advantage of this system is that 

we can easily choose any excitation frequencies that we need.  

3.2.2 Radi Analyzer 

Radi Medical systems AB has a commercial system for pressure 

measurements, Radi Analyzer, mainly used in angiography and PTCA. Radi has 

added an extra feature of volume measurements (non-commercial) to the existing 

system. The principle of voltage measurement is based on our measurement 

system except that has only one excitation frequency and the sampling frequency 

is 400 Hz. The excitation current is 100 µA. Data is displayed continuously and 

on-line and stored on a flash memory. The data can also be transferred directly to 

a computer for further analysis. 
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3.3 Animal studies with the thin single segment 
catheter 

The study in paper I reports initial experience of this conductance catheter 

in a porcine model under different cardiac loading conditions. 

3.3.1 Methods 

The catheter was tested in four pigs. Measurements were performed 

during open chest surgery, but the pericardium was kept intact. For calibration of 

the catheter, we used thermodilution to determine cardiac output and 

intravascular ultrasound for determination of ejection fraction according to 

Simpson’s rule [37]. The ultrasound transducer was placed inside the right 

ventricle. Measurements were done at baseline and during various cardiac-

loading conditions. The measurement frequency is 32 kHz with an applied 

current of 100 µA. A detailed description of material and methods can be found 

in paper I. 

3.3.2 Result and discussion 

Figure 3.4 shows a representative example of a simultaneous recording of 

LV volume, pressure and ECG. In our recordings, covering some 20,000 

heartbeats from the 4 animals, we observed only 18 brief episodes of arrhythmia.  

14 of these episodes were attributed to surgical interference. Four were of 

unknown origin, but were most likely caused by the ultrasonic transducer. 
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Figure 3.4 Simultaneous recording of LV volume, pressure and ECG. 

 

 

We have no indications that the combined pressure and conductance 

catheter is disturbing the heart’s electrophysiology, neither by the catheter 

current nor by any mechanical stimuli. 

We had a fine temporal resolution in the original signals but unfortunately 

the signals were burdened with noise due to inappropriate electrical installations 

in the animal laboratory. Therefore all signals were low pass filtered with a cut 

off frequency of 33 Hz. 

As with all conductance catheters the obtained volume curves show 

artefacts. We believe that these artefacts are the result of cardiac reshaping 

during the isovolumetric phases and movements of the valves. This has been 

shown with ultrasound tissue Doppler measurements compared with 

conductance measurements [38].  

The intravascular ultrasound images showed that the catheter had a 

relatively constant position, along and close to the cardiac wall. 
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During the measurements we did not experience any blood clotting on the 

conductance catheters. The heart was emptied with blood and then cut open in 

order to inspect the catheter. This was done to make sure that we did not peel of 

any clotting when drawing out the catheter trough the introducer. 

3.3.3 Conclusions 

Currently, the catheter is not suitable for exact measurements of absolute 

LV volumes since no adequate reference method exists.  It is, however, stable 

and delivers consistent and reproducible volume and pressure data from the 

individual animal.  The catheter can be calibrated the same way as the five-

segment catheter. We believe that the method has potential applications in 

human intensive care and intra operatively.  
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4 Comparison 

This chapter will be submitted in slightly modified form.  

4.1  Comparison between a single segment 
conductance catheter and a five segment 
conductance catheter 

4.1.1 Introduction 

The use of pressure-volume loops has increased in experimental and 

clinical settings for cardiac evaluation and new research is frequently reported. 

The pressure-volume relation can illustrate in a comprehensible way the left 

ventricular function [3]. In order to make the pressure-volume loops more useful 

in clinical applications the recordings of pressure and volume need to be 

instantaneous and on-line and only minimally interfering with cardiac function.   

On-line registration of pressure inside the left ventricle (LV) is easily 

obtained by the use of for example a catheter with a tip pressure sensor. Several 

methods used clinically today to measure LV volume will not meet the 
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requirements of time resolution, endurance and accessibility (MR, CT, MUGA). 

With the conductance catheter technique, originally developed by Baan et al. [4-

6] a continuous on-line registration and quantification of LV volume is possible.   

This method is based on the fact that the conductivity of blood for 

alternating current  (AC) is much higher than that of the myocardium and the 

tissues surrounding the heart. The catheter, has several evenly spaced electrodes, 

is placed inside the LV, see figure 2.6.  Between the most distal and proximal 

electrode runs a weak AC.  The electrodes in between sense potentials from 

which segment conductances are derived.  The number of electrodes is typically 

10 or 12, and the LV-volume is then computed from the sum of the segment 

conductances: [5]: 






 −⋅⋅= ∑

=
c

i
i VtGLtV

5

1

2 )(1)( ρ
α

 

where α is a dimensionless slope factor; L electrode spacing; ρ blood 

resistivity; Gi segment conductance and VC parallel conductance from structures 

surrounding the left ventricle. 

Several groups have used the conductance catheter technique to 

investigate the pressure-volume relationship in animals studies [4-5,14-17,19,26] 

and in human studies [5,7,16,20-25]. On the other hand have, this technique has 

not been used in the clinical routine since it has been considered to interfere too 

much with heart function. Currently, today’s commercially available 

conductance catheters are too thick and too stiff and thus may induce valvular 

leakage and/or arrhythmia.  

We believe that a thin, soft, catheter may allow for feasible monitoring of 

cardiac function in a clinical setting. One way to reach this goal is to reduce both 

catheter size and stiffness by decreasing the number of sensing electrodes on the 

catheter. Our group has shown that with strategically placed electrodes the same 

performance can be expected from a catheter with just one segment as from one 

with 10 or 12 evenly spaced electrodes [35, paper II], at least in the porcine 
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model. The thin and soft catheter has been tested in animals showing that it is 

possible to measure LV pressure and volume with only one volume segment 

[paper I]. An important observation was that there were no indications that the 

combined pressure and conductance catheter was disturbing the heart’s 

electrophysiology, neither by the catheter current nor by any mechanical stimuli. 

In this study we report simultaneous recordings with the commercially 

available five-segment conductance catheter and our single segment catheter in a 

porcine model under different cardiac loading conditions by means of comparing 

the performance of the catheters. 

 

4.1.2 Materials and methods 

4.1.2.1 Technical equipment  

In collaboration with Radi Medical Systems, Uppsala Sweden, we 

designed a thin and soft conductance catheter previously described in [Paper I, 

paper II]. Briefly, the diameter is only 0.36 mm, the same as Radi Medical 

Systems’ ordinary pressureguide wire.  The catheter has four electrodes placed 

according to previous published specifications [Paper I].  It is also equipped with 

a high bandwidth pressure sensor manufactured with Radi Medical’s Pressure 

Wire technology.  The system incorporates computerised data collection.  The 

excitation frequency is 15.5 kHz with an applied current of 100 µA. The 

measurements are based on coherent detection; sampling frequency is 400 Hz; 

data is displayed continuously on-line and stored on a personal computer.  

The commercial catheter used for comparison was a five-segment 

conductance catheter (Leycom Sigma 5DF) connected to a Leycom Sigma-5 

signal-conditioner processor (CardioDynamics BV, Zoetermeer, the 

Netherlands). The excitation frequency of the Leycom system is 20 kHz with an 
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applied current of 400 µA. Sampling frequency was 250 Hz using an AD 

converting board (DAS-1601, Keithley Data Acquisition, Taunton, MA). 

4.1.2.2 In vitro measurements 

In order to investigate if the two catheters were interfering with each 

other, in vitro measurements were performed. The measurements were done in a 

glass cylinder with a diameter of 5 cm filled with saline. The catheters were 

moved around in the cylinder so that the electrodes touched. During this 

procedure both catheter systems were active and continuously monitored.  

4.1.2.3 Experimental preparation 

Farm pigs (30-34 kg, n=5) of either sex were obtained from a local 

breeder. After an overnight fast, the pigs were premedicated with intramuscular 

azaperon 2-4 mg/kg. Anaesthesia was induced by intramuscular bolus of 

tiletamin/zolazepam 6 mg/kg, xylazin 2.2 mg/kg and atropine 0.04 mg/kg, and 

was maintained by a continuous infusion of clomethiazol 16 mg/kg/h, fentanyl 

4µg/kg/h and pancuronium bromide 0.08 mg/kg/h. The animals were intubated 

and automatically ventilated with air and oxygen. Respiratory rate and tidal 

volume were adjusted to keep arterial blood pH, PO2 and PCO2 within the 

physiological range. Body temperature was kept at 38.0-39.0°C by means of a 

heating pad.  

A 1.45 mm arterial catheter (Ohmeda AB, Helsingborg, Sweden) was 

inserted in the right femoral artery and connected to a DPT-4003 pressure 

transducer (Peter von Berg Medizintechnik GmbH, Eglharting, Germany) to a 

Sirecust 630 module and Datex-Engström monitor AS3 for arterial pressure 

monitoring throughout the procedure. The neck was dissected for bilateral access 

to the external and internal jugular veins and the carotid arteries. A median 

sternotomy was done, and care was taken to keep the pericardium intact. A 

silicone band was placed extrapericardially around the inferior vena cava (IVC) 
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and pulled through a tourniquet for controlled intermittent reduction of preload. 

After meticulous hemostasis, 10000 IU of heparin sodium was given. Heparin 

was repeated with 5000 IU every hour. A pulmonary artery (PA) catheter 

(CritiCath  SP5107-H) was advanced into the PA from a jugular vein and used 

for cardiac output (CO) measurements by the thermodilution technique. A 8 

French (F) vascular introducer (Cordis Corp, Miami, Florida) was positioned via 

the right carotid artery 2-3 cm above the aortic valve. This introducer was used 

for positioning the five-segment conduction catheter in the LV cavity, and a 

pressure tip catheter (PressureWire, Radi Medical Sytems AB, Uppsala, Sweden) 

in the ascending aorta. A 20 cm, 5 F introducer (Pulsion Medizintechnik, 

Munich, Germany) was advanced over a J-wire from the left carotid artery into 

the LV cavity under pressure monitoring. The single segment conductance 

catheter was placed through the introducer in the LV cavity. The introducer was 

then withdrawn to the ascending aorta.   

4.1.2.4 Experimental protocol and data acquisition 

After finishing the preparation procedure the animals were allowed to 

stabilise for approximately 20 minutes followed by calibration of the pressure 

transducer according to PressureWire standard recommendations.  Throughout 

all recordings measurements with echocardiography were made.  From these 

measurements ejection fractions (EF) were estimated. 

Hemodynamic data were acquired in apnea in end-expiration to minimise 

the effects of intrathoracic pressure variations. 

The measurements began with a determination of cardiac output (CO) 

through an averaging of at least 3 thermodilutions, and after that at least 3 basal 

recordings were made to determine base-line data. The mechanical data were 

acquired during variable loaded beats by occluding the inferior vena cava (VCO) 

for 10 to 15 seconds. The VCO was performed with caution, to avoid extra-

systoles. The procedure was recorded at least twice, with a period of 2 minutes 
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for circulatory stabilisation between acquisitions. Afterload was increased using 

phenylephrine (0.2 mg to 0.3 mg).  This was made twice. In order to increase 

contractility infusion of adrenaline (10 mg to 20 mg) was made. Recordings were 

performed twice. After each recording of increased afterload and contractility, 

the pig stabilised for approximately 10 minutes during which it returned to 

baseline conditions.  

During all measurements ECG was recorded.  Pressure, volume and ECG 

measurements were recorded for a period of at least 8 heartbeats.  

4.1.2.5 Data and statistical analysis 

All data were analysed off-line, and each measurement was inspected 

visually.  The data were analysed and plots were made using Matlab software. 

All signals were low pass filtered with a digital IIR 13-pole Butterworth low pass 

filter having a cut off frequency of 43 Hz. Linear regression analysis, between 

volume signals obtained with the catheters, was performed by the least-square 

method for paired samples.  

Ejection fraction was derived from the ultrasound according to Simpson’s 

rule [37].  Stroke volume (SV) was calculated as cardiac output divided by heart 

rate for which the volume signal was calibrated.  The maximum of the volume 

curve was given by end-diastolic volume, calculated as stroke volume divided by 

ejection fraction. 
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4.1.3 Results 

4.1.3.1 In vitro measurements 

Electrical and mechanical interference between the two systems was 

minimal. All that could be observed was a slightly increased noise level in the 

signal from the thin catheter. 

4.1.3.2 In vivo measurements    

The curve shapes are very similar with a few exceptions, see figure 4.1. 

The volume curve obtained from the thin catheter shows a number of small 

notches more accentuated than in the recordings obtained with the 5-segment 

catheter. When the blood volume in the heart has been strongly reduced as in the 

end of a preload reduction the curve shapes differs. The rise time is shorter and 

the fall time is slower for the thin catheter when the LV-volume is low. 
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Figure 4.1 The green curve is the volume curve obtained with the thin catheter and the blue 
derives from Leycom catheter. 
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Figure 4.2 shows the distribution of the regression coefficient r between 

our thin and the Leycom catheters from all measurements.   
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Figure 4.2 The distribution of the regression coefficient r from all measurements. 

 

The majority of the low values derive from measurements from one pig, 

which should be excluded because of technical failure resulting in a too low 

SNR. Even after this correction the distribution is not normally distributed, see 

figure 4.3. Therefore the results are presented as median and percentiles in table 

1. The volumes were calibrated with thermodilution. 
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Figure 4.3 The distribution of the regression coefficient r from all measurements except 
from measurements performed on one pig. 

  

 

Figure 4.4 and 4.5 shows both measured volumes against each other with 

the ideal and computed regression lines plotted, from a representative baseline 

recording.  

TABLE I.  Regression analysis
Regression coefficient r

All Baseline Preload
reduction

Afterload
increase

Contractility
increase

Median 0.97 0.97 0.96 0.96 0.92
95 %
percentile

0.98 0.98 0.98 0.97 0.95

75 %
percentile

0.97 0.97 0.97 0.96 0.92

25 %
percentile

0.85 0.96 0.95 0.95 0.90

5 %
percentile

0.72 0.85 0.91 0.88 0.90
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Figure 4.4 Volume from the thin catheter versus volume from the Leycom catheter during 
baseline conditions. Regression coefficient r=0.97, solid line. The red dashed line is the ideal 

regression coefficient.  
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Figure 4.5 Green curve represents the measured volume from the thin catheter and the blue 
the volume from the Leycom catheter at baseline. 
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Figure 4.6 and 4.7 shows worst case for a baseline recording, volume 

versus volume respectively the volume time curves. 

 

Figure 4.6 Volume from the thin catheter versus volume from the Leycom catheter. 
Regression coefficient r=0.80, solid line. The red dashed line is the ideal regression coefficient. 

Worst case scenario during baseline conditions. 

 

0 1 2 3 4 5 6 7 8 9 1015

20

25

30

35

40

45

50

55

60

Time (s)

Vo
lu

m
e 

(m
l)

 

Figure 4.7 Green curve represents the measured volume from the thin catheter and the blue 
the volume from the Leycom catheter at baseline. Worst case scenario. 
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Figure 4.8 shows a typical baseline recording presented as a continuous 

Bland-Altman plot [39], in which the difference between two observations is 

plotted against their mean, with nine heartbeats.  

 

Figure 4.8 A Bland-Altman plot of a typical baseline recording. x1=volume obtained with 
the thin catheter, x2=volume obtained with the Leycom catheter. Dashed lines are the mean and the 
mean ± 1.96 times standard deviation, 0.3183± 4.0525. 

 

In some preload reductions the volume reduction measured with the 

Leycom catheter is more prominent than with the thin catheter, see fig 4.9.  
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Figure 4.9 A preload reduction recording. Green curve is from the thin catheter and the 
blue from the Leycom catheter. 
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4.1.4 Discussion 

A thin a soft conductance catheter has some drawbacks compared to a 

stiff catheter. The soft catheter will be positioned along and close to the cardiac 

wall [paper II], and replicate the movements of the LV endocardium. These 

movements contribute to a distorted volume curve. In our findings the volume 

curves from the catheters are similar with a few exemptions.  

The small notches in the volume curve obtained from the thin catheter are 

more prominent than those in otherwise similar recordings obtained with the 5-

segment catheter. We are convinced that the notches are the result of the heart 

reshaping and the movements of the valves. Comparison of volume curves 

obtained with a 5-segment catheter and ultrasound tissue Doppler measurements 

supports this theory [38].  

The rise time is shorter and the fall time is slower for the thin catheter 

when the blood volume in the heart has been strongly reduced as in the end of a 

preload reduction. This could be a result of the catheter’s position close to the 

cardiac wall. Bending of the catheter will result in a different curve shape; the 

proximity to the cardiac wall increases the influence of the parallel conductance.  

Table 1 clearly shows that regression between the two volume 

measurements was good. The distribution of the regression coefficient was not 

normal which is the reason why the result is presented in percentiles. Percentiles 

give a better view of the distribution than mean and standard deviation when the 

distribution is non-normally distributed. 

The Bland-Altman plots give an indication of the difference in measured 

volume between the two catheters. Compared to the Leycom catheter the thin 

catheter overestimates the volume in end-systole and underestimates the volume 

in end-diastole during baseline conditions. There is no systematic difference 

between the two volume curves during a complete heart cycle and the standard 

deviation is ± 4%. 
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The difference in estimated volume reduction, in some recordings, is 

disturbing because it suggests differences in elastance values, ESPVR. During 

VCO we restrict the return flow from the caudal part of the body, the blood flow 

from the cranial part of the body is unrestricted. This implies that the reduction 

in blood flow should not be higher than 40 to 60 %, which is an indication that 

the Leycom catheter overestimates the reduction. In one case the calculated 

volumes from echocardiography showed a 46 % reduction during VCO. This 

finding needs further investigations.  

 

4.1.5 Conclusions 

We conclude that the catheters during baseline conditions produce very 

similar volume curves. The regression coefficient between the two methods is 

good independent of loading condition. During preload reduction the estimated 

volume reduction is different in the two systems. 
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5 Ethical approval 

 

In the cases of animal studies, the local Ethics Committee approved them for 

Animal Research. All animals received human care in compliance with the 

European Convention on Animal Care.  The ethic approvals are found in the 

appendix. 
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6 Future work and development 

Yesterday 
We have shown that it is possible to optimise the electrode positions of a 

single segment and the optimum is broad. Both sensing electrodes can be moved 

at least half a centimetre without affecting the result significantly. We have also 

managed to construct a very thin, soft, single segment conductance catheter for 

continuos and on-line registration of LV pressure and volume. The thin catheter 

does not interfere with the normal cardiac electrophysiology, neither by the 

catheter current nor by any mechanical stimuli. Currently, the catheter is not 

suitable for exact measurements of absolute LV volumes since no adequate 

reference method exists.  It is, however, stable and delivers consistent and 

reproducible volume and pressure data from the individual animal. 

In order to study the performance of the two catheters we compared them 

in an animal study. The result showed the regression coefficient between the two 

methods is good independent of loading condition and during baseline conditions 

the catheters produce very similar volume curves. During preload reduction the 

estimated volume reduction is different in the two systems. 
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Today 
The difference in volume reduction during VCO is disturbing and we are 

now trying to verify this with echocardiography. Echocardiography is the only 

method with a temporal resolution comparable to the conductance catheter. 

The next step is to test our catheter on patients during heart surgery. 

Hopefully the catheter can remain inside the left ventricle after completion of the 

surgery, monitoring the LV function for several hours, up to three days. If this 

experiment turn out the way we hope and expect a powerful tool for continuos 

and on-line registration of left ventricular function in humans could be possible 

in the clinical setting. 

 

Tomorrow 
In the future we need to investigate the calibration procedure and see if 

the multifrequency approach on the parallel conductance problem can lead to a 

solution. The saline method is not appropriate in a clinical setting. The electronic 

system we have constructed enables us to measure volume at different current 

frequencies in the same manner as Feldman and co-workers [30]. The difference 

between our system and theirs is that we consider the signal to be complex which 

they ignore. Maybe we can find valuable information in the phase contribution. 

We also need to study if and how the radial position of the catheter in the 

ventricle effects the measured volume. This effect has been pointed out 

theoretically but not proven in vivo [40]. Studying this we need to take into 

account the fact that our soft catheter automatically places itself close and along 

the cardiac wall.  
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