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Abstract—We used a four-terminal plunge probe to measure
myocardial resistivity in two directions at three sites from the epi-
cardial surface of eight open-chest pigsin-vivo at eight frequen-
cies ranging from 1 Hz to 1 MHz. We calibrated the plunge probe
to minimize the error due to stray capacitance between the mea-
sured subject and ground. We calibrated the probe in saline so-
lutions contained in a metal cup situated near the heart that had
an electrical connection to the pig’s heart. The mean of the mea-
sured myocardial resistivity was 319
 cm at 1 Hz down to 166

 cm at 1 MHz. Statistical analysis showed the measured myocar-
dial resistivity of two out of eight pigs was significantly different
from that of other pigs. The myocardial resistivity measured with
the resistivity probe oriented along and across the epicardial fiber
direction was significantly different at only one out of the eight fre-
quencies. There was no significant difference in the myocardial re-
sistivity measured at different sites.

Index Terms—Calibration, four-terminal, heart, in-vivo, leakage
current, myocardium, pig, plunge probe, probe constant, resis-
tivity, stray capacitance.

I. INTRODUCTION

RESEARCHERS have measured myocardial resistivity for
various purposes. The four-terminal method is a popular

method for biological resistivity measurement because it min-
imizes the error caused by polarization impedance at low fre-
quencies. In the four-terminal configuration, the two electrodes
used to sense the voltage difference are separate from the two
for current injection. They are connected to an amplifier with
high input impedance so that voltage across the polarization
impedance on the voltage electrodes will be very small. Due to
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change in blood perfusion and postmortem autolysis, myocar-
dial resistivity may change after the animal’s heart stops beating
or after the myocardium is excised from the heart. Hence, it is
desirable to measure myocardial resistivity while the heart is
alive and beating. There are several difficulties in measuring
myocardial resistivityin-vivo. It is difficult to apply a closed
tube, such as the one used by Zhenget al.[1], in anin-vivomea-
surement. An open probe, such as a plunge probe, for which the
injected current flows through a presumably semi-infinite space,
must be used. The measured object actually is a multiple-layer
structure including the heart walls, in-chamber blood, and other
body parts. The different resistivity values of the deeper layers
cause error in the measured myocardial resistivity if the mea-
sured heart wall is not thick enough compared with the inter-
electrode spacing or the electrode insertion depth [2]. Unlike the
electric field lines in a closed tube, which can be easily made
straight, the electric field lines between the two voltage elec-
trodes of an open probe in the tissue are not straight. It is, there-
fore, not possible to measure the tissue resistivity along a single
direction, such as along (longitudinal) or across (transverse) the
fiber direction. Furthermore, myocardial fiber direction changes
transmurally about 160from epicardium to endocardium [3].
Depending on the thickness of the measured ventricular wall,
the interelectrode spacing, and the electrode insertion depth, the
measured apparent resistance has different contributions from
the myocardial resistivity in different directions with respect to
the fiber direction. If the fibers of the measured tissue all go in
the same direction, there are analytical formulas for extracting
the tissue resistivity longitudinal or transverse to the fiber di-
rection from the measurements in the two directions with point
electrodes applied on the tissue surface [4], [5]. Nevertheless,
the accuracy of extracting these data is questionable when con-
sidering the transmural change of the myocardial fiber direction
and the applicability of the formula with finite electrode diam-
eter.

For measurements near 1 MHz, the stray capacitance causes
error. The stray capacitance between a 15 kg pig situated on a
surgical table and the ground is about 150 pF. At frequencies
near 1 MHz, leakage current flows through the pig to ground
from the open resistivity probe attached to the pig’s heart.
Scharfetteret al. [6] modeled the effect of stray capacitance
during bioimpedance spectroscopy. However, the stray capaci-
tance problem in measuring tissue resistivityin-vivo has been
commonly ignored by other researchers.

It is difficult to fix an open probe on a beating heart. Steendijk
et al. [5] used a suction cup to hold their surface point probe
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on epicardium. This method can also be used to hold a plunge
probe. One problem of this method is that, if the suction is too
strong, there will be a bruise under the suction cup; this has
unknown effect on the measured resistivity. In a measurement
with a plunge probe, if we just insert the electrodes into the heart
wall and let go without assisting to help them stay at a constant
depth in the myocardium, the insertion depth varies with the
heart beat, which causes measurement error, and the electrodes
come out in most cases.

Radio-frequency cardiac catheter ablation is a technique
that applies power up to 50 W at 500 kHz to destroy the
excitability of abnormal myocardium in order to cure cardiac
arrhythmia. We measure myocardial resistivity in order to
create finite-element models of ablation. Pigs are convenient
experimental animals for measuring myocardial resistivity.
There are measurement results ofin-vivomyocardial resistivity
of various other animals, such as dogs [5], [7], [8], sheep [9],
and frogs [10]. There are previous studies ofin-vivo swine
myocardial resistivity [11]–[14]. This study adds more accurate
results of swine myocardial resistivity in the frequency range
from 1 Hz to 1 MHz. We also show how to correct for stray
capacitance in order to obtain accurate measurement of tissue
resistivity in-vivo.

II. M ETHOD

A. Pig Preparation

Pigs were obtained from the Department of Animal Science,
University of Wisconsin. The protocol for these studies was ap-
proved by the Animal Care and Use Committee and was in com-
pliance with all NIH guidelines for the humane use of animals in
research. Male and female pigs weighed between 15 and 22 kg.
They were injected intramuscularly with Telazol, a narcotic pre-
anesthetic at a dose of4 mg/kg. When the animals were se-
dated, they were masked to a surgical plane of anesthesia with
halothane at a 5% level. The anesthetic was reduced to 3%–4%
and an electrosurgical unit was used to make a cut-down through
the skin and underlying tissue to expose the trachea and the
sternum. The trachea was isolated by blunt dissection, and the
animal intubated via a tracheostomy. The animal was placed on
a ventilator and the animal maintained for the balance of the ex-
periment at a level where the oxygen saturation was near 100%
and the heart rate was between 90 and 120. Anesthetic levels
were adjusted to maintain these levels. The sternum was split
by cutting from the xiphoid process through the most anterior
aspect. The chest was opened, any bleeding from the incisions
ligated or stopped by electrocautery. The chest was held open
by a surgical retractor exposing the intact heart within the peri-
cardium. When measurements were performed, the pericardium
was opened, retracted and the epicardium exposed for probe in-
sertion.

B. Resistivity Probes

We measured the myocardial resistivity with a plunge probe
consisting of four electrodes made of 27-gauge stainless-steel
hypodermic needles, whose outer diameter was 0.41 mm. The

sharp ends of the needles made insertion into the myocardium
easy. The four electrodes were deployed in a linear array held to
an epoxy base. Each of the four electrodes protruded from the
epoxy base by 4.5 mm without insulation and the interelectrode
spacing was 1.5 mm. Using epoxy resin, we attached the shaft
of a disposable spoon to the epoxy base. We held the shaft to
maintain the electrodes in the myocardium to make measure-
ments.

The electrode length and the interelectrode spacing were
small compared with the myocardial thickness, which ranged
from about 1 cm to 2 cm at the measured sites, so that the
in-chamber blood would not influence the measurement result
[2]. We ensured this by using the plunge probe to measure a
piece of excised heart wall with the endocardium in contact
with saline solutions whose resistivity ranged from very large
to very small and finding that the apparent resistance measured
by the probe did not change.

C. Measurement System

Fig. 1 shows the electrical system for measuring myocardial
resistivity. An HP 33120A (Hewlett–Packard) function gener-
ator injected electric current of various frequencies and mag-
nitudes through a 10 k resistor into the myocardium through
the current electrodes. The tissue resistance-detecting circuit in-
cluded a current-to-voltage converter to detect the current mag-
nitude flowing through the myocardium and a differential
amplifier to detect the voltage difference between the two
voltage electrodes. The ratio was called the apparent re-
sistance. Due to the effect of the signal wires’ stray capaci-
tance, the tissue resistance-detecting circuits measured a dif-
ferent value, , of the apparent resistance. However, the dif-
ference between and can be limited within 0.1% by
using signal wires shorter than 15 cm and its effect in the mea-
sured resistivity will be eliminated by calibration. The circuits
of the differential amplifier and the current-to-voltage converter
have been described [2]. The gain of the current-to-voltage con-
verter and that of the differential amplifier were 10 kand 50
V/V, respectively, from 1 Hz to 1 MHz. The differential am-
plifier had a common-mode rejection ratio (CMRR) larger than
60 dB at 1 MHz, and its front end consisted of LM310 (Na-
tional Semiconductor Corporation) unity-gain buffers, which
had an input resistance of 1 Tand input capacitance of 1.5 pF.
Channel 1 and channel 2 of an HP54600B (Hewlett–Packard)
digital oscilloscope measured the output voltage,, of the dif-
ferential amplifier and, , of the current-to-voltage converter.
A LabVIEW (National Instrument) virtual instrument program
in a personal computer controlled the operations of the func-
tion generator and the digital oscilloscope, with the addition of
a measurement/storage module (Hewlett–Packard, HP54659B),
and accessed the measurement output,and , of the dig-
ital oscilloscope through RS232 serial ports. The virtual instru-
ment program also controlled a data acquisition unit to acti-
vate a temperature-measuring circuit to detect the resistance of
a thermistor placed in the measured site. The computer accessed
the data acquisition unit to determine the resistance of the ther-
mistor in order to calculate the tissue temperature using table
lookup.
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Fig. 1. The four-terminal tissue resistivity measurement system.

D. Calibration and Measurement Procedure

We calibrated the resistivity probe and measured the tissue
resistivity by the following four steps.

Step 1) Measuring the oscilloscope-circuit constant.
The oscilloscope-circuit constant - is defined

as the ratio of the measured apparent resistance
of the measured subject divided by the

output voltage ratio of the differential am-
plifier and the current-to-voltage converter. The
oscilloscope-circuit constant - is the multipli-
cation of the oscilloscope constant , defined as

, which accounted for the disparity
of the two channels of the oscilloscope, and the
circuit constant , defined as ,
which was the inverse response of the tissue resis-
tance-detecting circuit.

We first measured the resistance of a reference
resistor with a multimeter and then added two other
resistors and connected them to the four terminals
of the measurement circuit as shown in Fig. 2(a).
The resistance ratios within the four terminals were
close to those inStep 2in order that the ratios of
the common-mode voltage to the differential voltage
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Fig. 2. The configurations used inStep 1–3. Note that the “measurement
circuit and equipment” block is identical to that in Fig. 1. (a) The configuration
for measuring the oscilloscope-circuit constantK - in Step 1. (b) The
configuration for measuring the saline resistivity inStep 2. (c) The
configuration for measuring the wire-probe constantK - in Step 3.

would be close in the two steps. The computer cal-
culated the oscilloscope-circuit constant as

- (1)

Note that the subscript next to a parenthesis repre-
sents the step number in which the quantity inside
the parenthesis was measured or was pertinent to the
configuration used.

Step 2) Measuring the saline resistivity.
We prepared several saline solutions of var-

ious salt concentrations. The saline resistivities
encompassed the possible resistivity range of the
myocardium. We then measured the resistivity of
the saline solutions with a syringe tube with four

silver wires penetrating through the tube, as shown
in Fig. 2(b). The measured saline resistivity was

- (2)

where was the value of the wire-probe con-
stant, defined inStep 3, of the syringe tube, where
was the inner cross-sectional area of the syringe tube
and was the voltage electrode distance. The nom-
inal value of was 1.54 cmand of was 3 cm. The
distance between either of the current electrodes and
its adjacent voltage electrode was 1 cm.

In (2), we used the oscilloscope-circuit constant
- measured inStep 1since we used the same

circuit and the same oscilloscope in all steps.
Step 3) Measuring the wire-probe constant.

The wire-probe constant - is defined as the
ratio of the real tissue resistivity of the measured
subject divided by the measured apparent resistance

seen by the tissue-resistance detecting circuit
through the signal wires and the resistivity probe.
It was the multiplication of the wire constant ,
defined as , which accounted for
the effect of the signal wires’ stray capacitance,
times the probe constant , defined as ,
which was the inverse response of the resistivity
probe. To calibrate the plunge probe, we put a
cylindrical metal cup with 8 cm diameter and 10 cm
height on top of the heart in the opened chest. While
the bottom of the cup was in contact with the pig’s
heart, we attached the cup to the surgical retractor
so that the heart would not be overloaded by the
weight of the cup. We poured each of the saline
solutions, whose resistivity had been measured in
Step 2, in the cup and immersed the electrodes of the
plunge probe in the solution to measure the apparent
resistance. We obtained wire-probe constants with
the saline solutions of various resistivity values. We
used a thermistor to measure the saline temperature
both inSteps 2andStep 3and we corrected the mea-
sured saline resistivity with a 2%/ C temperature
coefficient.

Step 4) Measuring the tissue resistivity.
We inserted the plunge electrodes into the my-

ocardium of the open-chest pig and measured the
myocardial resistivity. With the oscilloscope-circuit
constant - measured inStep 1, the wire-probe
constant - measured inStep 3, and the output
ratio of the oscilloscope measured in this step,
the computer calculated the myocardial resistivity as

- - (3)

At three sites in the left ventricles, we measured the
resistivity by placing the electrode array in two di-
rections, one along the epicardial fiber direction and
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Fig. 3. The three measurement sites on left ventricular surface. LV= left
ventricle; RV= right ventricle; LA= left atrium; RA= right atrium; AO=
aorta; PA= pulmonary artery; SVC= superior vena cava.

the other across. We determined the fiber direction
by visual inspection and from previousin-vitro study
of the fiber direction of excised pig hearts. Fig. 3
shows the three sites of measurement. We measured
at 1 Hz, 10 Hz, 100 Hz, 1 kHz, 10 kHz, 100 kHz, 500
kHz, and 1 MHz. During the injection of current, we
fixed the output voltage of the function generator at
4 V for every frequency except 10 and 100 Hz, for
which we fixed it at 0.8 and 2 V, respectively. During
this step, we also measured the temperature of the
myocardium and corrected the myocardial resistivi-
ties with a 2%/ C temperature coefficient.

Step 4a. Subtracting the system error. (optional)
In another paper [15], we introduce a method for

analyzing and measuring the errors accompanying
the measurement of tissue resistivity. The overall
measurement error comprises random error and sys-
tematic error. At this optional step, we subtract the
systematic error from the measured myocardial re-
sistivity, if it is available.

E. Practical Measurements

We measured eight pigsin-vivo. For each pig, we repeated
Step 2andStep 3to obtain a new set of wire-probe constants. For
each calculation with (3), the computer interpolated the wire-
probe constant set to obtain a value of - specifically for the
measured voltage ratio . We used the SPLINE (Cubic
spline interpolation) function in MATLAB (The MathWorks,
Inc., Natick, MA) for interpolation.

In addition to thein-vivomeasurement, we also measured the
postmortem change of myocardial resistivity. We first inserted
the plunge probe and madein-vivobaseline measurements when
the pig was still alive, and then we injected a large current mag-
nitude at 10 Hz for several seconds to cause ventricular fibril-
lation and sacrifice the pig. Within 1 min after we injected the
large current, the pig’s heart stopped beating, and then, we made
a measurement from 1 Hz to 1 MHz every few minutes.

With an averaging function in the LabVIEW program, We
took 101-time averages inStep 1and 10-time averages inSteps
2 and3 in order to decrease the quantization error of the digital
oscilloscope [15].

III. RESULTS AND DISCUSSION

A. In-Vivo Calibration

Fig. 4(a) shows an example of the wire-probe constant mea-
sured inStep 3, where the calibrating saline solution was con-
tained in a stainless-steel cup, which was in contact with the
pig’s heart. The stray capacitance between the saline solution
and the ground measured with a simple resistance–capacitance
configuration was about 250 pF. Connection or disconnection
of the metal cup to the pig did not affect the measured value of
the stray capacitance. The dependence of the wire-probe con-
stant on the saline resistivity increased drastically at frequencies
higher than 100 kHz due to the variation of the leakage current
through the stray capacitance.

Fig. 4(b) shows the wire-probe constant measured with the
same pig in the same conditions except that we disconnected
the metal cup from the pig’s heart by placing a plastic layer in
between. In this situation, at high frequencies, the wire-probe
constant was very different from that measured with contact be-
tween the metal cup and the pig’s heart. It was less sensitive to
the change of saline resistivity because of smaller stray capaci-
tance, which was about 50 pF, between the saline solution and
the ground.

A comparison of Fig. 4(a) and (b) shows that it is important
to calibrate the resistivity probe with various saline resistivity
values and with a connection between the saline and the pig
in order to minimize the error caused by the leakage current
flowing through the stray capacitance between the pig and the
ground. Ourin-vivo measurement result showed that the my-
ocardial resistivity at 1 MHz was about 166 cm (shown
below). If we had used the calibration result of Fig. 4(b) to calcu-
late the myocardial resistivity, the error would have been about
5% at 1 MHz.

To ensure accurate calibration, we suggest repeatingStep 2
andStep 3for every pig experiment. However, the calibration
steps take hours and sometimes it may not be convenient to carry
out these steps when the pig is still alive. Instead ofin-vivocali-
bration, it is appropriate to do itin situafter finishing thein-vivo
measurement of myocardial resistivity.

B. Measurement Results

Fig. 5 shows all the measured myocardial resistivities in
the two directions at the three sites on the left ventricles of
the eight pigs. The measured myocardial temperature during
in-vivo measurements was within38 1 C. The results
shown here represent the myocardial resistivity at 38C. We
have subtracted from the measured resistivity shown here
the systematic error that we obtained from analyzing and
measuring the error of the resistivity measurement [15]. The
systematic error was0.3412, 0.1184, 0.1370, 0.1950, 0.0346,

0.2180, 0.4837, and 0.3584 in percentage at the eight
frequencies of measurement from 1 Hz to 1 MHz. It is apparent
that the measured myocardial resistivity had larger variation
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Fig. 4. An example of the wire-probe constant of the four-electrode stainless-steel plunge probe calibrated with various saline resistivities. Thesaline solution
was contained in a metal cup which was placed on the top of the heart. (a) With contact between the metal cup and the pig’s heart. (b) Without contact between
the metal cup and the pig’s heart.

Fig. 5. All the measuredin-vivo myocardial resistivity results in the two directions at the three sites on the left ventricles of the eight pigs. The results shown
here are the original measured myocardial resistivities subtracting the systematic error measured with the method described in [14]. ——: Longitudinal; ……:
transverse;�: site 1;+: site 2; and�:site 3.
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TABLE I
THE MEAN AND STANDARD DEVIATION OF ALL THE RESULTS OF MEASURED MYOCARDIAL RESISTIVITY

IN TWO DIRECTIONS AT THREE SITES OF THELEFT VENTRICLES IN EIGHT PIGS

Fig. 6. The mean of the measured myocardial resistivity eight pigs. Mean� standard deviation (asterisks) is shown at each measurement frequency.

at low frequencies in each of the eight pigs. This was due
to the variation of the fiber direction around the electrodes.
At low-frequency, the resistivity had larger differences in the
longitudinal and the transverse directions. At high-frequency,
the capacitive cell membranes of myocardium become nearly
short-circuited and the fiber direction has a smaller effect on
the measured resistivity. Table I shows the mean of the 48
samples of myocardial resistivity measured from the eight pigs
at the three sites in the two directions.

Fig. 6 shows the mean for all directions and sites, of the mea-
sured myocardial resistivity of each of the eight pigs. We used
ANOVA to compare the measured results of the eight pigs and
found that there was no significant difference at frequencies 10,
100, and 500 kHz ( 0.067). We then used the-test to com-
pare the means of myocardial resistivity at the other frequencies
in every pair of the eight pigs. The-test shows that the myocar-
dial resistivity of pig 7 was significantly different from that of
all the other seven pigs at certain frequencies and that of pig 2
was significantly different from that of five of the other pigs at
certain frequencies. Table II shows the result of statistical anal-
ysis.

Fig. 7 shows the mean for all directions and pigs, of the mea-
sured myocardial resistivity at each of the three sites. We used
ANOVA to compare the means at the three sites and found there
was no significant difference between any two sites (0.285
for all frequencies).

Fig. 8 shows the mean for all sites and pigs, of the mea-
sured myocardial resistivity in each of the two directions. The
-test shows that there was significant difference at 100 Hz (

0.030) and no significant difference at other frequencies (
0.076). We expected that the tissue resistivity measured with a
plunge probe in a direction across the tissue fibers would be
higher than that measured along the fibers. Our results showed
that the measurement with a plunge probe could not distinguish
the two directions. The resistivity measured in the transverse di-
rection could be higher than, equal to, or lower than that in the
transverse direction at the same site. We assume this is due to
the rapid transmural change of the myocardial fiber orientation.
The fiber direction beneath the epicardium is different from that
on the epicardium. With a 4.5-mm length, the electrodes passed
through myocardial fibers of different directions. With 1–2 cm
ventricular wall thickness, the measured myocardial resistivity
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TABLE II
THE PIG PAIRS THAT HAD SIGNIFICANT DIFFERENCES INMYOCARDIAL RESISTIVITY AT FREQUENCIESBETWEEN 1 HZ TO 1 MHZ. EACH DIGIT

OF THE EIGHT DIGITS IN TABLE CELLS REPRESENTSONE FREQUENCY. STARTING FROM THE LEFTMOST DIGIT, THEY ARE 1 HZ,
10 HZ, 100 HZ, 1 KHZ, 10 KHZ, 100 KHZ, 500 KHZ, AND 1 MHZ. “1” M EANS SIGNIFICANT DIFFERENCE(p < 0:050) AT THAT

FREQUENCYAND “0” M EANS NO SIGNIFICANT DIFFERENCE

Fig. 7. The mean of the measured myocardial resistivity at the three sites of the left ventricles in eight pigs. Mean� standard deviation (asterisks) is shown at
each measurement frequency.

Fig. 8. The mean of the results of measured myocardial resistivity in the two directions from eight pigs. Mean� standard deviation (asterisks) is shown at each
measurement frequency.

included contributions of the resistivity of myocardial fibers of
different directions in about the 45–90 range.

Fig. 9 shows the postmortem change in myocardial resistivity
measured from one pig. Right after the heart stopped beating,
the myocardial resistivity increased rapidly at low frequencies.
The values at 1 Hz and 10 Hz reached 150% at 50 min after
death. Starting from about the fiftieth min, the resistivity at all
frequencies increased even more rapidly, especially at midfre-
quencies. The low-frequency resistivity reached nearly 250%
at 100 min. Between 100 and 150 min, the resistivity changed
very slowly, less than 3% at all frequencies. After that, the resis-
tivity at all frequencies increased gradually until 7 h past death,
when we stopped the measurement. The myocardial resistivity
at 1, 10, and 100 Hz increased to about three times the original

in-vivovalue and that at 500 kHz and 1 MHz increased less than
15% 6 h after death.

The time course shown in Fig. 9 is a typical case. However,
the result might change depending on how we treated the pig’s
heart. In this case, during the 6 h of postmortem measurement,
we did not cover the epicardial surface around the probe base
and we let the heart cool down naturally. The results shown have
been corrected with a2%/ C temperature coefficient. We kept
the electrodes in the myocardium by fixing the shaft of the probe
to the surgical retractor.

C. Comparison With Others’ Measurements

Fig. 10 compares ourin-vivo measurement result of swine
myocardial resistivity with that of others. At high frequencies,
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Fig. 9. The postmortem time course of the myocardial resistivity measured at site 1 in transverse direction from one pig.

Fig. 10. Comparison ofin-vivoswine myocardial resistivity measured by different researchers. Not shown in this figure is(187�120) 
 � cm measured by Smith
et al. [11] with a dc pulse of 20 ms duration.

there was general agreement among research groups. Our
result, 166 15 cm, at 1 MHz is close to 170 cm

of Hahnet al. [11] and 159 cm of Bragós [13], although
they did not describe compensation for the problem of stray
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capacitance between the pig and ground. Our results in the
mid- and low-frequency ranges are higher than others’ results.
Our result, 272 47 cm, at 1 kHz is higher than 190

cm measured by Bragós at 1 kHz and237 41 cm
measured by Cinca at 1.11 kHz. Our results are also higher
than 187 120 cm measured by Smithet al. [12] with a
20 ms dc pulse.

It is noteworthy that each of these measurement results was
a combination of the resistivity of myocardial fibers in various
directions. However, Rushet al. [4] used a four-point probe to
measure the myocardium of dogsin-vivo in two directions and
calculated the transverse and longitudinal resistivity with ana-
lytic formulae, which assume uniform fiber direction. They ob-
tained about 2.2 for anisotropy, transverse vs. longitudinal resis-
tivity, at frequencies between 5 Hz and 60 Hz. Steendijket al.
[5] used a similar method on dogs. They obtained 1.6 anisotropy
at 5 kHz.

D. Ventricular Fibrillation

The cellular excitation of the heart beating caused drifting of
the differential voltage sensed by the voltage electrodes. For ac-
curacy’s sake, we tried to inject as large a current as possible
to increase the signal-to-drifting ratio. However, because the
injected current interfered with normal cellular excitation, we
could cause ventricular fibrillation by injecting too large a cur-
rent. We found that the heart was mostly vulnerable to the in-
jected current at 10 Hz and next 100 Hz among the frequencies
we used. We tested on several pigs and found that the pig would
be free of ventricular fibrillation if the injected current was less
than 100 A at 10 Hz and less than 250A at 100 Hz. We, thus,
limited the injected current magnitude accordingly. For all the
pigs, we set the output voltage of the function generator to 0.8 V
at 10 Hz, 2 V at 100 Hz, and 4 V at other frequencies. This way,
we could finish the resistivity measurementin-vivo at the three
sites in two directions without causing ventricular fibrillation.

E. Electrode Material

In initial studies, we made resistivity probes with silver elec-
trodes and found some undesirable properties. The silver elec-
trodes were too compliant. They bent easily during insertion into
myocardium and they could be further bent by the twisting of the
heart wall after insertion. Moreover, it was very difficult to in-
sert the silver electrodes into the myocardium, even if we made
their tips sharp. The other problem of silver electrodes was that
the injected current varied the chloriding and, hence, yielded an
unstable probe constant.

The stainless-steel hypodermic needles used to make the
plunge electrodes were very stiff and their tips were very
sharp. By visual inspection of the electrode surfaces, we found
they stayed shiny after every insertion and measurement. Our
measurement also showed stable probe constant.

Nevertheless, probably due to small interelectrode spacing,
it still was not easy to insert the four-electrode array of hy-
podermic needles into the myocardium even though they were
sharp. Very often the electrodes just went partway into the my-
ocardium and we had to pull them out and re-insert. It was im-
portant to inspect the electrodes after insertion to make sure they

all went in entirely. Stabbing quickly instead of driving the elec-
trodes slowly would make insertion easier.

F. Probe Constant

Fig. 4 shows that our probe constant of the plunge probe
from 1 Hz to 1 MHz was not constant. The fact that the
oscilloscope-circuit constant measured inStep 1and the saline
solution measurement inStep 2are constant over the frequency
range suggests that our circuit does not cause the variation of the
probeconstant.Weconnectedthefourterminals toa laddercircuit
consisting of three resistors in series. The oscilloscope-circuit
constant measured this way was also constant. Furthermore,
the probe constant became more constant when we made
the electrode distance larger. We speculate that the response
variation was caused by the change of the effective center of
the electrodes and the change of the electric field around the
electrodes when frequency changes. Nevertheless, the variation
itself does not cause error in the measured resistivity since
it is repeatable.

IV. CONCLUSION

Accurate in-vivo measurement of myocardial resistivity is
difficult because of the finite-thickness structure of the heart
wall, the spatially changing orientation of myocardial fibers, and
the movement of the beating heart. The leakage current through
stray capacitance between the measured subject and the ground
further complicates the problem. We used a plunge probe with
electrode length and interelectrode spacing small enough com-
pared with the heart wall thickness to prevent the influence of
the in-chamber blood on the measurement result. We added a
plastic shaft to the epoxy base of the plunge probe so that we
were able to hold the probe with fingers to keep the electrodes
in the myocardium with good contact while the pig’s heart was
beating.

The stray capacitance between a pig on a surgical table and
the circuit ground is greater than that between a cup of saline
solution and the ground. The difference in the leakage current
through the stray capacitance changes the effective probe con-
stant of a plunge probe. It would cause considerable error at
frequencies higher than 100 kHz, if we had used the probe con-
stant obtained by calibrating the plunge probe in a cup of saline
solution to calculate the tissue resistivity measuredin-vivo from
a pig. Moreover, the leakage current changed with the tissue re-
sistivity and, therefore, the probe constant did also. To deal with
the problems caused by stray capacitance, we performedin-vivo
or in situ calibration. We used a metal cup to contain the cali-
brating saline solution and we made the metal cup in contact
with the pig’s heart. We calibrated the resistivity probe by mea-
suring a set of probe constants in saline solutions with resistivity
that encompassed the possible myocardial resistivity and inter-
polated them to obtain the probe constant for an apparent resis-
tance value measured from the pig’s myocardium. The whole
process is time consuming but worthwhile for the applications
requiring high accuracy at high frequencies.

We measured the myocardial resistivity at eight frequencies
from 1 Hz to 1 MHz at three sites in the left ventricle of each of
eight pigs. At each site, we made two separate measurements by
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aligning the four-electrode array along and across, respectively,
the epicardial fiber direction. The electrodes extended into the
myocardium with changing fiber directions, which obscured the
distinction in fiber direction between the two measurements.
Our measurement results are similar to those of others at high
frequencies but higher at mid and low frequencies. We used sta-
tistical tests to reveal the difference between pigs, sites, and di-
rections. Some pigs were significantly different from other pigs,
but there was little difference in the measured myocardial resis-
tivity between sites and between directions.
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