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Abstract—Cardiac volume can be estimated by a
conductance catheter system. Both blood and myocardium are
conductive, but only the blood conductance is desired.
Therefore, the parallel myocardium contribution should be
removed from the total measured conductance. Several
methods have been developed to estimate the contribution from
myocardium, and they only determine a single steady state
value for the parallel contribution. Besides, myocardium was
treated as purely resistive or mainly capacitive when
estimating the myocardial contribution. We question these
assumptions and propose that the myocardium is both resistive
and capacitive, and its contribution changes during a single
cardiac cycle. In vivo magnitude and phase experiments were
performed in mice to confirm this hypothesis.
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. INTRODUCTION

Pressure-volume analysis is the gold standard for
assessing myocardial function. The left ventricular (LV)
pressure-volume relationship generated on a beat-by-beat
basis during transient occlusion of the inferior vena cava
allows precise hemodynamic characterization of LV systolic
and diastolic function independent of loading conditions [1]-
[3]. There is some interest in applying LV pressure-volume
relationships to characterize the cardiac performance of
gene-altered mice. The measurement of instantaneous
volume has been problematic due to the small size of the
mouse heart and its rapid rate (up to 600 bpm). Conductance
technology has been miniaturized to generate an
instantaneous conductance signal, which is proportional to
volume, to solve this problem [1].

A LV volume signal can be estimated with a
conductance catheter system. Experimentally a four-
electrode catheter (see Fig. 1) is inserted into the mouse LV
to generate an electric field and continuously measure the
instantaneous conductance as the LV fills and ejects blood.
Unfortunately, the measured conductance is a combination
of blood and left ventricular myocardium, but only the blood
conductance is desired. Hence, the parallel myocardial
contribution needs to be removed from the total measured
conductance. Previous studies only determine a single
steady state value for the parallel myocardial contribution
[3]-[7]. Numerous investigators have confirmed this finding
and it has, in part, been the basis for the acceptance of the

technique to generate a reliable instantaneous LV volume
signal during steady state conditions. However,
electromagnetically the electric field decreases dramatically
with increasing distance from sources [8]-[10]. When a heart
beats, the distance between the catheter and myocardial wall
changes, which should make the myocardial contribution to
the total measured conductance change as well. Hence, we
question the assumption of constant myocardial contribution
and propose that the parallel myocardial contribution
changes during a single cardiac cycle.

Furthermore, myocardium has been proved to have both
resistive and capacitive properties, but all the myocardial
contribution estimation method are based on the assumption
that myocardium is either purely resistive or mainly
capacitive [3]-[7], [11]-[14]. Actually the myocardial
resistive property has been found to be substantial [12].
Hence, the controversy is whether or not the capacitance is
negligible compared to the conductance. We propose that
both of them are significant, which makes it more
appropriate to label the measured result admittance, instead
of conductance.

If this hypothesis is sustained, the phase of total
measured admittance should increase measurably with
frequency, since the imaginary part of myocardium
admittance would increase with frequency. Further, if the
myocardial contribution becomes less significant with
increasing LV volumes as we hypothesized above, the phase
measured at larger LV volumes should be smaller.
Therefore, if we can demonstrate experimentally that the
phase does increase with increasing frequency and
decreasing volume, the hypotheses of time-varying
myocardial admittance and non-negligible capacitance are
confirmed.

In this study, measurements of phase and magnitude of
the admittance between the two inner sensing electrodes (see
Fig. 1) were performed to examine the proposed hypotheses.

Il. METHODOLOGY

A 1.4-Fr pressure-volume catheter (SPR-839, made by
Millar Instruments, Houston, Texas) was used in these
studies. The catheter has four 0.25-mm-length platinum
electrodes with interelectrode spacing of 0.5, 4.5, and 0.5
mm respectively. A combined 10 and 100 kHz sinusoidal
signal generated from a signal function generator board was



fed into an instrument designed by us and then was
converted into a current signal. A constant 30 pA peak-to-
peak excitation ac current, composed of 10 and 100 kHz,
was applied to the two outermost electrodes to generate an
intraventricular electric field. The voltage differences
between the two inner electrodes were measured
continuously. The magnitude of the voltage between the two
inner electrodes is inversely proportional to the admittance
between the inner electrode pair. This dual-frequency signal
was separated by two band-pass filters (BPF) and then
amplified. These filtered signals together with the input
signal were sampled by a digital oscilloscope (TDS 350,
Tektronix). The scope communicates with PC through a
GPIB interface, as shown in Fig. 1. LabVIEW™ 6.1
(National Instruments, Austin, TX) was used to record data
and MATLAB® (Mathworks, Inc., Natick, MA) was used to
analyze data. This phase measurement is not accomplished
in real-time. The oscilloscope is capable of recording 1000
samples for two channels at up to 20 MHz. The data
recording process is triggered manually. The recorded data
from both input and output signals are converted into the
frequency domain by Fast Fourier Transform (FFT). The
measured phase is the phase difference between the input
and output signals at either 10 or 100 kHz. The magnitude
of the measured admittance is inversely proportional to the
amplitude of the output signal.

Calibration is required for both magnitude and phase.
The magnitude calibration was performed to convert the
voltage output into conductance. Known resistors were used
to calibrate the instrumentation. The phase calibration is to
eliminate the phase shift due to the electronic system, the
stray capacitance of the catheter, and the electrode-
electrolyte interfaces [15]. The phase calibration was
performed by inserting the catheter into saline of known
conductivity close to the conductivity of murine blood. The
phase shift from our instrumentation was subtracted from
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the phase measured in in vivo mouse experiments. The
calibration offsets are 14.7° at 10 kHz and 96.5°at 100 kHz.

The animal protocol was approved by the Institutional
Animal Care and Use Committee at the University of Texas
Health Science Center at San Antonio and conformed with
“Guidelines for the Care and Use of Laboratory Animals”
(NIH publication No. 86-23, revised in 1985) and
“Principles of Laboratory Animal Care” (published by the
National Society for Medical Research). Six wild type C57
black mice were used for these experiments. Mice were
anesthetized by urethane (1000 mg/kg IP) and etomidate (25
mg/kg IP). Respiration was controlled through a
tracheotomy cannula, and the mice were mechanically
ventilated with a rodent ventilator at 100 breaths/min
supplemented with 100% oxygen. The chest was entered by
anterior thoracotomy. An apical stab was made in the heart
with a 30-gauge needle, and the miniaturized mouse
conductance catheter was advanced retrograde into the LV
along the long axis with the proximal electrodes just within
the myocardial wall of the apex.

Il. RESULTS

Fig. 2 shows the waveforms of pressure, measured
magnitude at 10 and 100 kHz, and the magnitude difference
between the two frequencies. At end-diastole, the measured
magnitudes at both frequencies are the largest in a cardiac
cycle, while the magnitude difference is the smallest. On
the other hand, at end-systole, the magnitudes are the
smallest within a cycle, while the difference reaches its
maximum.

Measurement data from three mice were chosen for
demonstration purposes. Fig. 3 shows the relationship
between the phase and the magnitude of the measured
admittance. When the magnitude of the measured
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Fig. 1. The block diagram of dual-frequency phase measurement system.
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Fig. 2. Waveforms in time domain (a) pressure (b) measured magnitude at
10 and 100 kHz (c) magnitude differences between 10 and 100 kHz.

admittance increases, its phase tends to be smaller.
Exponential regression lines are added to emphasize this
trend. The correlation coefficients, R? are larger at 10 kHz
than at 100 KHz.

IV. DISCUSSION

End-diastole refers to the time in a cardiac cycle when
the pressure reaches its minimum and the LV volume
reaches its maximum. From Fig. 2, it is clear that the
measured magnitude of admittance is proportional to the LV
blood volume. Therefore, if the phase is plotted versus the
magnitude of the measured admittance, as shown in Fig. 3,
the timing during the cardiac cycle of the measured phase is
evident. The measurements show that the phase measured at
100 kHz is larger than the phase at 10 kHz, and the phase
measured at larger volumes (larger magnitudes) is smaller.
The fact that phase changes with frequency confirms that the
myocardial capacitance is non-negligible compared to the
summation of myocardial conductance and blood
conductance; otherwise, the phase should be around 0° at
both frequencies. Hence, a mouse LV can be modeled as
blood resistance in parallel with myocardial resistance and
myocardial capacitance as shown in Fig. 4. Furthermore,
since only myocardium has capacitance, not blood, the
phase changing within the cardiac cycle comes from the
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myocardium, which proves that myocardial contribution is
not a constant during the cardiac cycle.

As expected, the capacitive effect of the myocardium is
more prominent at higher frequency, since the imaginary
part of myocardial admittance is proportional to frequency.
As a result, the phase measured at higher frequency is larger.
On the other hand, as the LV blood volume gets larger, the
distance between myocardium and catheter increases and
then the effect of the electric field on the myocardium is
reduced. This makes the contribution from the myocardium
less significant. Therefore, the phase measured at larger LV
volumes during the cardiac cycle should be smaller. Also,
the same amount of timing error caused by noise makes the
phase error at 100 kHz ten times larger than that at 10 kHz.
Therefore, the noise sensitivity at 100 kHz is ten times
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Fig. 3. The magnitude-phase relationships of the LV admittance measured
at both 10 and 100 kHz measured in three different mice.
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Fig. 4. The equivalent circuit of a mouse LV

larger, which may explain the correlation coefficient at 100
kHz being lower than that at 10 kHz.

From Fig 2, the magnitude differences between two
frequencies vary between end-systole and end-diastole. The
differences come only from the imaginary part of
myocardial admittance, since the real part of admittance is
independent of frequency, which further confirms that the
myocardial admittance is not a constant during the cardiac
cycle. The magnitude differences are larger at end-systole
than those at end-diastole. At end-systole, the myocardial
wall is closer to the catheter, so the myocardial contribution
to the total measured admittance should be more significant,
which means that myocardial capacitance, or imaginary part
of myocardial admittance, at end-systole is larger.
Therefore, the magnitude differences are larger at end-
systole than at end-diastole.

V. CONCLUSION

In vivo phase and magnitude measurements were
performed in mice. The hypothesis of non-negligible
myocardial capacitance is confirmed by that fact that the
phase is increasing with frequency. The hypothesis of time-
varying myocardial contribution is supported by the fact that
the phase is changing with the magnitude, or the LV
volume. Finally, the experimental data also shows that the
phase measurement is more sensitive to noise at higher
frequency.
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