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Electrical Conductivity and Permittivity
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Abstract—A classic problem in traditional conductance mea-
surement of left ventricular (LV) volume is the separation of the
contributions of myocardium from blood. Measurement of both
the magnitude and the phase of admittance allow estimation of
the time-varying myocardial contribution, which provides a sub-
stantial improvement by eliminating the need for hypertonic saline
injection. We present in vivo epicardial surface probe measure-
ments of electrical properties in murine myocardium using two
different techniques (a digital and an analog approach). These
methods exploit the capacitive properties of the myocardium, and
both methods yield similar results. The relative permittivity varies
from approximately 100 000 at 2 kHz to approximately 5000 at
50 kHz. The electrical conductivity is approximately constant at
0.16 S/m over the same frequency range. These values can be
used to estimate and eliminate the time-varying myocardial con-
tribution from the combined signal obtained in LV conductance
catheter measurements, thus yielding the blood contribution alone.
To study the effects of albumin on the blood conductivity, we also
present electrical conductivity estimates of murine blood with and
without typical administrations of albumin during the experiment.
The blood conductivity is significantly altered (p < 0.0001) by ad-
ministering albumin (0.941 S/m with albumin, 0.478 S/m without
albumin).

Index Terms—Admittance, blood conductivity, conductance,
myocardial conductivity, myocardial permittivity.

I. INTRODUCTION

D ETERMINATION of left ventricular (LV) pressure–
volume (P–V ) relations has provided a framework for

understanding cardiac mechanics in larger experimental ani-
mals and humans [1]. Extension of this technique to the mouse
model has proven valuable [2]. Determination of instantaneous
volume in the murine LV is difficult due to the small heart size
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(5 mm length, 160 mg mass, and 40 µL LV volume) and its
rapid heart rate (500–700 beats/min). Approaches such as ul-
trasonic crystals [2], MRI [3], [4], and echocardiography [4]
have been used to measure instantaneous LV volume with
some degree of success. Unfortunately, all these technologies
have severe limitations, particularly during dynamic maneuvers,
such as transient occlusion of the inferior vena cava or aorta,
which are required to generate load-independent indexes of
contractility.

Conductance catheter technology, as introduced by Baan
et al. in 1981 [6], offers a more robust alternative to gener-
ate instantaneous LV P–V relations in the intact murine heart.
Single-frequency conductance has been used in mice to gener-
ate measures of ventricular function [5], [7], [8]. However, the
traditional conductance method is limited in the mouse because
the instantaneous LV conductance signal includes both blood
conductance and parallel admittance in the myocardium and,
unless corrected, yields an overestimate of the true LV blood
volume [6]. Investigators have applied the hypertonic saline
technique developed for larger mammals to determine a sin-
gle value of steady-state parallel (cardiac muscle) conductance
and used it for the derivation of absolute LV volume [9]. The
saline technique, however, is problematic in small animals such
as mice and rats since administration of even small volumes of
hypertonic saline significantly alters both blood resistivity and
hemodynamics (i.e., blood volume) [5], violating the framework
of the governing assumptions [6]. Simultaneous measurement at
two frequencies combined with the hypertonic saline technique
has been proposed by other investigators [10]–[12]. However,
in all cases, these methods determine only a single value of
steady-state parallel conductance. Thus, conductance measure-
ment in its present reduction to practice, in both small and large
subjects, cannot calculate the instantaneous change in paral-
lel conductance occurring throughout the cardiac cycle as the
LV cavity shrinks around the intracardiac electric field during
occlusion of the inferior vena cava or at end systole.

Measurements of the permittivity of muscle by Gabriel
et al. [13], [14] suggest that the relative permittivity of car-
diac muscle exceeds 15 000 at 20 kHz. We hypothesize that
the electric permittivity of muscle in vivo is so high that the
admittance in the LV at frequencies in this range can be used
to identify and separate the cardiac muscle component from the
combined admittance measurement. The fundamental observa-
tion is that blood is semiconducting, over the same frequency
range, so all frequency-dependent admittance is due to the mus-
cle component only, i.e., for a tetrapolar catheter in the LV, the
admittance consists of two parallel components from blood and
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myocardium:

Ymeas = Yb + Ym = Gb + Gm + jωCm (1)

where Y is admittance (in siemens), G is conductance (in
siemens), ω is the angular frequency (in radians per second),
C is capacitance (in farads), “meas” refers to the measured sig-
nal, “b” to the blood alone, and “m” to the myocardium.

For any electric field spatial distribution E in a homogeneous
medium

G =
I

V
= σ

∫∫
E • dA

−
∫

E • dl
= σF (2a)

C =
Q

V
= ε

∫∫
E • dA

−
∫

E • dl
= εF (2b)

where I is the current (in amperes), V the potential (in volts), σ
the electrical conductivity (in siemens per meter), Q the charge
(in coulombs), ε the electric permittivity (in farads per me-
ter), and F is the electric field form factor, or “cell constant,”
common to both relations (in meters). The symmetry in the re-
lationships of (2a) and (2b) leads to the familiar “conductance–
capacitance” analogy. The symmetry is also the feature that
allows identification and elimination of the cardiac muscle from
the combined admittance signal: if Cm is measured, then Gm

can be calculated

Gm = Cm
σm

εm
. (2c)

An accurate value for the σm /εm ratio is required to apply this
new method for eliminating the parallel admittance of cardiac
muscle.

The dominant trend in the literature [15]–[21] following the
original form of Baan et al.’s equation [6] is to express the elec-
trical properties in the form of resistivity. However, when the
tetrapolar catheter is placed in the LV, the current path through
the myocardium flows essentially in parallel with the current
path through the blood. Therefore, it is substantially more con-
venient to express the electrical properties in the form of elec-
trical admittivity rather than impedivity. This is because over
the frequency range of interest, the admittance of (1) describes
the electrical behavior of the cardiac muscle very well, and
admittances in parallel add simply rather than combine hyper-
bolically as do parallel impedances. Complex admittivity (ψ)
has been used in impedance tomography research [23], [24] and
is the formulation of choice over complex resistivity.

Equation (1) describes the admittance relationship when a
catheter is placed within the LV of the heart. This relationship
involves contributions from both the blood and the myocardium.
However, this equation modifies into a simpler form when a sur-
face probe is placed on the epicardium to measure the properties
of the myocardium alone

Ym = Gm + jωCm . (3a)

Thus, the measured myocardial admittivity ψm (in siemens
per meter) is

ψm =
Ym

F
=

Gm + jωCm

F
= σm + jωεm (3b)

Fig. 1. Epicardial admittivity surface probe consists of 1-mm-long four elec-
trodes spaced at 0.25 mm (typical) and 0.4 mm center to center between elec-
trodes 2 and 3. Suction ports permit application of a mild vacuum to assist in
securing the electrode.

where Ym is the admittance of the myocardium (in siemens), and
F is the cell constant described in (2a) and (2b). This definition
for admittivity is clearly harmonious with Ampere’s law in point
form

∇× H = J + jωD = (σ + jωε)E = ψE. (4)

II. METHODS

In this study, we measure the electrical properties of the
murine myocardium (permittivity εm and conductivity σm ) in
order to estimate and eliminate the myocardial contribution [Ym ,
(3a)] from the combined contribution [Ymeas , (1)] in the LV, thus
yielding the blood contribution alone in real time throughout the
cardiac cycle.

A. Epicardial Surface Probe

A miniature tetrapolar surface probe was applied to the epi-
cardial surface of the beating murine heart in vivo (Fig. 1). It
was custom-fabricated to our specifications by The University
of Texas Health Science Center at San Antonio (UTHSCSA),
San Antonio. The probe contains four parallel platinum elec-
trodes aligned with an intraelectrode spacing of 0.25, 0.4, and
0.25 mm between electrodes 1 and 2, 2 and 3, and 3 and 4,
respectively. In the standard tetrapolar technique, electrodes 1
and 4 are driven with a current source and electrodes 2 and 3
are used for potential measurement at negligible current (due
to the high input impedance of the voltage sensing differential
amplifier). The tetrapolar method is thus essentially insensitive
to the series electrode–electrolyte interface impedance of the
measurement electrodes.

The electrode design was modeled after an electrode devel-
oped for the canine heart by Steendijk et al. [15]. However, their
electrode spacing was designed to sample only the epicardium.
We used effectively wider electrode spacings relative to the
myocardial thickness to gain a greater depth of penetration by
the electric field. This minimizes the effect of tissue anisotropy
in the “longitudinal plane,” as it were, by measuring over a
substantial fraction of the ventricular free wall thickness. Con-
sequently, the effect of anisotropy due to fiber orientation within
layers of myocardium is averaged. The substantial anisotropy
between longitudinal (to the fiber) and transverse measurements
is not addressed by this approach. In a parallel study [24], it was
confirmed (by measurement at four different orientations of 0◦,
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Fig. 2. Experimental setup to measure field penetration depth of surface
catheters [25], [26].

45◦, 90◦, and 135◦) that probe orientation effects showed no
variation more significant than intrameasurement and interani-
mal variability.

B. Surface Probe Depth of Penetration

The effective measuring depth of the surface probe (Fig. 1)
was determined experimentally in a saline bath by advancing
the probe normally toward an insulating glass surface with a
micromanipulator (Fig. 2). The “effective depth” was defined
as the depth at which the measured conductance decreased 5%
from the value at large depth [25], [26].

This measurement determines the thickness of myocardium
at which a substrate material affects the probe current field
sufficiently to be reflected as a measurable change at the voltage
electrodes. Separate finite-element method (FEM) numerical
studies (not included here) confirm that the effective depth over
an insulator is essentially the same as the effective depth over a
blood substrate.

C. Instrumentation

Three different sets of measurements at frequencies of 2, 5,
10, 20, and 50 kHz are compared in this study. The first one
measures only the magnitude of the admittance signal at dif-
ferent frequencies. (This is termed the “conductance” approach
in this study.) The next two measurement techniques involve
complex measurement (both magnitude and phase) of the ad-
mittance using two different approaches: the “digital” and “ana-
log” approaches to distinguish the two admittance measurement
techniques.

1) Conductance Measurements (Admittance Magnitude
Only): The admittance magnitude measurement system is dia-
grammed in Fig. 3(a). A function generator board (Data Trans-
lation, Inc., Marlboro, MA) was used to produce sinusoidal
voltages at the desired excitation frequency. The function gen-
erator output was converted into a current signal (10 µA rms)
that was applied to the two outer electrodes, 1 and 4 in Fig. 1.
The instantaneous voltage signal between the inner electrodes,
2 and 3 in Fig. 1, was: 1) amplified with an instrumentation am-
plifier (AD624, Analog Devices, Norwood, MA); 2) rectified
and inverted with a divider chip (MPY100, Texas Instruments
Incorporated, Dallas, TX); and 3) scaled to +5 V to represent
the conductance signal over the range of expected values. The
output was sampled at a sampling rate of 1 kHz using Power-

Fig. 3. (a) Block diagram of instrumentation used for admittance measure-
ments. The magnitude output is the rectified dc amplitude signal. (b) Block
diagram of instrumentation used for complex plane (magnitude and phase) ad-
mittance measurements (analog method) [28], [29].

lab (AD Instruments Pty Ltd., Bella Vista, N.S.W., Australia)
data acquisition hardware and analyzed using Chart Acquisition
Software (AD Instruments Pty Ltd.).

2) Admittance Magnitude and Phase Measurement by the
Digital Method: In this technique, the reference voltage was
sampled at the input to the current source, marked as “Channel
0” in Fig. 3(a). The output voltage was measured and sampled
just prior to the rectification stage, marked as “Channel 1” in
Fig. 3(a). The data channels were simultaneously sampled at 5
million samples per second, with a 12-bit data acquisition card
(Model: NI PCI-6110, National Instruments, Austin, TX) on the
Peripheral Component Interconnect (PCI) bus of the computer.
For frequencies less than 5 kHz, a continuous data epoch com-
prised 10 000 samples (2 ms of data, four cycles at 2 kHz),
and for frequencies of 5 kHz or greater, an epoch comprised
1000 samples (200 µs of data, or one cycle at 5 kHz). At each
frequency, 100 data epochs were collected and analyzed over a
period of approximately 4 s by fast Fourier transform in a Lab-
VIEW program (National Instruments) written for the purpose
to determine the phase angle. This was repeated five times for
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each mouse in the study, and the 500 estimates of the phase
angle were combined with magnitude information to estimate
the mean and standard deviation of the electrical conductivity
and permittivity in a MATLAB program (The Mathworks, Inc.,
Natick, MA)—N = 500 at each frequency [27], [28].

3) Admittance Magnitude and Phase Measurement by the
Analog Method: The “analog” technique measures admittance
magnitude and phase in hardware. This instrument is described
by Kottam [29], and Fig. 3(b) is a block diagram for this instru-
ment. The phase difference is determined using the reference
voltage signal and the filtered output voltage signal. These sig-
nals are converted to square waves and applied through NAND

logic to generate pulses whose duty cycle varies according to
the phase difference between the signals. The relative duty cy-
cle is converted to a dc signal using a true rms detector [29].
This instrument has a sensitivity of 100 mV/◦ for the phase
measurement.

Simultaneous admittance magnitude and phase measure-
ments were made using this device in real time. The outputs
were sampled at a sampling rate of 1 kHz and acquired using
Powerlab.

D. Calibration

Calibration of the conductance (magnitude of admittance)
measurement device was accomplished with 1% metal film re-
sistors between 267 Ω (3750 µS) and 5.33 k Ω (188 µS). The cal-
ibration resistors were tested on an Agilent, Inc., Model 4194A
Impedance/Gain-Phase Analyzer to ensure that no inductive or
capacitive behavior was observable in them over the frequency
range of interest, 2–50 kHz. This method was employed for the
calibration of the magnitude of admittance of all three instru-
ments mentioned before.

The small epicardial surface probe cable has substantial in-
terwire capacitance: there are six interelectrode parallel capac-
itances among the four lead wires. The net effect of these ca-
pacitances was studied using a relatively large volume of saline
of known electrical conductivity. Different conductivity saline
solutions were prepared in the range of 800–10 200 µS/cm, or
0.08–1.02 S/m at 37 ◦C. This range of conductivities includes
the range of effective conductivities of blood and myocardium.
The conductivity of the saline solutions was measured with
a Hanna Model HI 8033 conductivity meter (Hanna Instru-
ments, Woonsocket, RI). The saline solutions were placed in
large beakers, and the epicardial surface probe was advanced
just enough to touch the surface of the saline solution. Ad-
mittance magnitude and phase measurements were made us-
ing both the digital and analog admittance instruments. Cali-
bration curves (measured admittance phase versus conductiv-
ity) were constructed at each measurement frequency. Fig. 4
is a representative sample saline calibration curve performed
with the epicardial surface probe using the digital method. Be-
cause saline is semiconducting, the phase responses in Fig. 4
occur only because of the capacitances of the lead wires.
The net effect of these capacitances was compensated by this
calibration.

Fig. 4. Sample saline calibration curves measured using the digital method.
The graph shows measured admittance phase as a function of saline conduc-
tivity for various frequencies. These curves would be used in the estimation of
myocardial electrical properties to calibrate the capacitance of the epicardial
probe [26].

E. Murine Studies

The Institutional Animal Care and Use Committee (IACUC)
at The UTHSCSA and at The University of Texas at
Austin approved all experiments. A total of 80 mice were
studied by magnitude measurements: CD-1 mice (N = 33),
BKS.Cg − m + / + Leprdb(db/db) diabetic mice (N = 15),
as well as their nondiabetic littermates, and C57BlkS (db/+
or +/+, N = 15) aged 8–11 weeks were used. Ten additional
CD-1 mice were studied by the digital admittance magni-
tude and phase measurements. Seven additional C57BlkS mice
were studied by the analog admittance magnitude and phase
measurement.

Mice were anesthetized by administration of urethane
(1000 mg/kg i.p.) and etomidate (25 mg/kg i.p.), and mechani-
cally ventilated with a rodent ventilator set at 150 breaths/min
(100% O2). Mice were placed on a heated, temperature-
controlled operating table for small animals (Vestavia Scientific,
Birmingham, AL). Experiments were performed at a murine
body temperature of 37 ◦C. The chest was entered via an an-
terior thoracotomy. The tetrapolar surface probe, mounted on
a micromanipulator, was placed on the LV epicardium of the
intact beating mouse heart. We verified that the surface probe
made complete contact with the myocardium by checking the
quality of the signal.

F. Blood Conductivity Studies

The purpose of this experiment was to study the electrical
properties of murine blood. This study was extended to exam-
ine the effects of albumin on the electrical conductivity mea-
surements of murine blood, since albumin is often administered
by researchers to obtain physiologic blood pressures in murine
studies.

Previous studies by Reyes et al. have shown that murine
blood conductivity is not significantly different between differ-
ent strains of mice [24]. Albumin (0.4 mL volume per mouse)
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Fig. 5. Experimental measurements of the effective measurement depth of the
surface probe.

was administered to the C57BlkS mice but not to the CD-1 mice
to examine this variable. At the end of the in vivo studies, blood
was collected from the LV of the mouse and placed into a plastic
vial (2 mL volume). The surface probe was advanced normal
to the surface until complete contact with the blood surface
was made. Admittance magnitude and phase estimations were
performed at the same frequencies as for the epicardial studies.

III. RESULTS

A. Surface Probe Effective Depth

In Fig. 5, the measured response at large depth is 249 µS,
which decreases to 237 µS at a depth of 0.6 mm. The 0.6 mm
effective depth is less than the average thickness of the murine
myocardium in the LV free wall—approximately 1.2 mm at end
systole and 0.8 mm at end diastole.

Blood is approximately four times more conductive than car-
diac muscle—around 0.5 S/m compared to a range of 0.11–
0.17 S/m, respectively [24]. As mentioned, numerical models
show that the effective depth over an insulator is essentially the
same as over a blood substrate (i.e., within 15%). Therefore, the
surface probe measurement is not significantly affected by the
LV blood pool.

B. Estimation of Relative Permittivity From Conductance
(Admittance Magnitude) Measurements

Frequency-dependent resistivity measurements have been re-
ported elsewhere [24]. These data are reanalyzed here to esti-
mate the permittivity of cardiac muscle. From (3b), the mag-
nitude of the admittivity |ψm | (in siemens per meter) can be
expressed according to (6)

|ψm | =
√

(σm )2 + (ωεm )2 . (5)

To estimate the myocardial permittivity (εm ), (5) can be
rearranged:

εm =

√
|ψm |2 − (σm )2

ω
. (6)

At low frequencies, the ωεm term in (5) is negligible and
the measured admittivity ≈σm , which was estimated from the
reported resistivity at 1 kHz. This was substituted into (6) along

Fig. 6. Estimate of the relative permittivity of mouse LV myocardium from
measurements of the magnitude of complex admittivity (original data in [24]).

TABLE I
SUMMARY OF RELATIVE PERMITTIVITY ESTIMATES USING

MAGNITUDE-ONLY DATA

with a higher frequency measurement of |ψm | to obtain an esti-
mate of εm .

The earlier calculations were performed on six randomly
chosen mice (N = 6). The mean values are reasonably well-
behaved and fit power curves quite closely (provided in Fig. 6).
Table I summarizes the means and standard deviations at the
different frequencies.

Repeated analysis of variance (ANOVA) statistical analysis
using a p = 0.05 confidence interval was performed with three
different post hoc comparison tests (Tukey honestly significant
difference (HSD), least significant difference (LSD), and Bon-
ferroni) to compare the relative permittivity estimates of the
three different strains of mice: C57BlkS, db/db, and CD-1. The
three different post hoc tests show high p-values (p > 0.05
in each case), indicating that the relative permittivity estimates
from the three different strains of mice are not statistically differ-
ent from each other. Since the estimated relative permittivities of
these three strains of mice are not statistically different, we com-
bined our prospective studies comparing magnitude-only (con-
ductance), analog and digital studies on these different strains
of mice.

C. Estimation of Myocardial Conductivity From Admittance
Magnitude and Phase Measurements

When the surface probe is placed on the epicardium, the
admittance measured is a combination of the contributions from
the myocardium and the probe itself, so

Ymeas = Ym + jωCprobe = Gm + jωCm + jωCprobe (7)
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TABLE II
MYOCARDIAL ELECTRICAL CONDUCTIVITY

Fig. 7. Estimate of mouse-to-mouse variations in the electrical conductivity of
mouse LV myocardium from the real part of the complex admittivity for CD-1
mice using the digital method (N = 10) and C57BlkS mice using the analog
method (N = 7). Error bars are one standard deviation.

where Ym is the admittance contribution from the myocardium
and Cprobe is the capacitance of the probe.

The real part of (7) yields the myocardial conductance (Gm ,
in siemens)

Gm = |Ymeas | cos(θmeas) (8a)

where |Ymeas | is the measured admittance magnitude and θmeas
is the measured phase angle. The field form factor F is then es-
timated using known conductivity saline solutions. Then, using
(2a) and (8a), the myocardial electrical conductivity is estimated
(σm , in siemens per meter).

Table II lists the determination of myocardial electrical con-
ductivity from admittance magnitude and phase measurements
(N = 10 for digital method, N = 7 for analog method).

The individual mouse data mean values were combined to
obtain the overall estimates across all mice. These values are
plotted in Fig. 7 for both the digital and analog methods.

The slopes of the linear fits (presented in Fig. 7) are very
small, indicating that the conductivity is essentially independent
of frequency. Also, a repeated measures ANOVA between the
digital and analog estimates of the electrical conductivity gave
a p = 0.772 (for “between subjects” effects), indicating that the
two sets of data are not statistically different from each other.

D. Estimation of Myocardial Relative Permittivity From Admit-
tance Magnitude and Phase Measurements

Some of the imaginary part of (7) is due to the probe and
wires. This can be estimated using the saline calibration curves

TABLE III
MYOCARDIAL RELATIVE PERMITTIVITY

Fig. 8. Estimate of the mean relative permittivity of mouse LV myocardium
from the imaginary part of the complex admittivity showing mouse-to-mouse
variations. Combined data are for the same ten additional CD-1 mice as Fig. 7
for the digital method and the same seven additional C57BlkS mice as Fig. 7 for
the analog method. Also shown is the estimation of relative permittivity from
the magnitude-only (conductance) data from six randomly selected CD-1 mice.
Error bars are one standard deviation.

(Fig. 4). Once compensated, the myocardial capacitance Cm (in
farads) can be calculated from

Cm =
|Ymeas | sin(θmeas) − |Ysaline | sin(θsaline)

ω
(8b)

where |Ymeas | is the measured admittance magnitude and θmeas
is the measured phase angle, |and Ysaline | is the interpolated
(spline interpolation) admittance magnitude signal in saline and
θsaline is the interpolated (spline interpolation) phase signal in
saline. The interpolation is done to estimate |Ysaline | and θsaline
accurately in conductances in the vicinity of |Ymeas |, using the
saline calibration curves generated in Section II-D of methods
section. Finally, using (2b) and (8b), the myocardial permittivity
εm (in farads per meter) is calculated.

Table III lists the estimates of myocardial relative permit-
tivity (εr ) from admittance magnitude (N = 6 CD-1 mice for
conductance method), and both the complex admittance meth-
ods (N = 10 CD-1 mice for digital method and N = 7 C57BlkS
mice for analog method).

The individual mouse data mean values were combined to
obtain the overall estimates across all mice. These values are
plotted in Fig. 8 for both the digital and the analog methods. Also
shown, for comparison, is the estimation of relative permittivity
from the magnitude-only data (conductance) on six randomly
selected CD-1 mice.

The results show that the relative permittivity decreases with
frequency in a logarithmic sense. Also, repeated measures
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TABLE IV
REPEATED ANOVA ANALYSIS—Post Hoc RESULTS

TABLE V
MURINE LV BLOOD ELECTRICAL CONDUCTIVITY

ANOVA with three different post hoc results indicate that the
two complex measurements (the digital and analog approach)
are not statistically different from each other (p = 0.606, p =
0.345, and p = 1.0). They also show that the magnitude-only
(conductance) method estimates are statistically different from
both the analog and digital methods. Table IV summarizes the
post hoc results.

The magnitude-only (conductance) method has a large source
of uncertainty at low frequencies arising from the subtraction of
large numbers. This suggests that a complex measurement (both
magnitude and phase of admittance) is more effective in esti-
mating the electrical properties of the myocardium accurately
than a magnitude-only (i.e., dual frequency) approach.

E. Estimation of Murine Blood Conductivity (With and Without
Albumin Administration)

Murine blood electrical properties were measured on the same
CD-1 mice with 0.4 mL of albumin administered during the
course of the experiment (N = 10) and the same CBlk57S mice
without albumin administration (N = 7). The imaginary com-
ponent of the admittance (after catheter correction) was found
to be negligible. Thus, all the conductivity estimates were per-
formed using the real part of the admittance.

Table V lists the estimates of murine LV blood electrical
conductivity from complex admittance. The individual mouse
data mean values were combined to obtain the overall estimates
across all mice. These values are plotted in Fig. 9 for both
the mice with and without albumin administered during the
experiment.

The results show that the blood conductivity does not vary
with frequency. Also, the mean conductivity over all frequencies
changes considerably with the administration of albumin (0.941
S/m with albumin and 0.478 S/m without albumin). Thus, al-
bumin alters the blood conductivity by nearly 97%. Repeated

Fig. 9. Estimate of mouse-to-mouse variations in the electrical conductivity of
mouse LV blood from the real part of the complex admittivity for ten mice with
albumin and seven mice without albumin. Error bars are one standard deviation.

measures ANOVA analysis generated a p < 0.0001, indicating
that the two sets of data are statistically different from each
other.

IV. DISCUSSION

A. Effect of Myocardial Anisotropy

The primary application for these results involves the mea-
surement of P–V loops inside the murine LV using a tetrapolar
catheter. The catheter measurement has contributions from both
the blood and the myocardium. Myocardium is known to be
highly anisotropic: the electrical conductivity in the longitudi-
nal direction has been shown to be approximately twice that
in the direction transverse to the fibers [15], [16]. Further, the
fibers transition as much as 160◦ in the various “longitudinal
planes” that make up the thickness of the myocardium, from
epicardium to endocardium [30], [31]. Like the LV conductance
catheter, the surface probe measurement is dominated by the
longitudinal components; however, there is some contribution
from the transverse direction. Our surface measurements in the
mouse have been shown to be essentially insensitive to probe
rotation relative to the longitudinal planes [24]. Some trans-
verse/longitudinal anisotropy is always included in the lumped
measurement provided by the surface probe. Needle electrodes,
like the ones used by Salazar et al. [32] in their study of porcine
myocardial tissue, would provide a longitudinal measurement
alone; but needle electrodes are not practical in the extremely
thin murine ventricular free wall due to the relative amount of
tissue trauma they would cause.

B. Blood Conductivity Studies

The murine LV blood electrical conductivity means are higher
than the means of electrical conductivities of LV myocardium.
Mean myocardial conductivity σm ranged between 0.15 and
0.17 S/m while the mean blood conductivity was approximately
0.5 S/m without any albumin administered. Thus, we have veri-
fied experimentally that blood is approximately four times more
conductive than myocardium. Further, over the frequencies used
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TABLE VI
ωεm TERMS OBTAINED FROM DIGITAL PERMITTIVITY DATA

in this study, there was no measurable phase angle (after catheter
effects correction) in blood. Thus, we can treat blood as a purely
conductive medium. Finally, in a small animal, like a mouse,
externally administered albumin (or similar electrolytes) signif-
icantly alters the electrical conductivity. This is a key point that
researchers need to be aware of while performing murine LV
catheter experiments.

C. Electrical Permittivity

Previously, Gabriel et al. [14] reported electrical permittivity
values that range from approximately 200 000 at 2 kHz to about
20 000 at 50 kHz. They suggested that the high permittivity
most likely originates in the cardiac myocyte transmembrane
charge distribution. However, they had lumped the relative per-
mittivity and conductivity into a complex permittivity. Salazar
et al. [32] reported in situ complex resistivity measurements on
porcine myocardium using needle electrodes. These data were
reanalyzed to obtain the relative permittivity. The relative per-
mittivity varied from about 190 000 at 2 kHz to about 23 000 at
50 kHz in their measurements, and the electrical conductivity
was about 0.4 S/m. Our relative permittivity estimates varied
from approximately 100 000 at 2 kHz to about 5000 at 50 kHz.
Our epicardial surface probe measurements also include some
transverse component, which accounts for the differences in the
measurements. As discussed earlier, it is impractical for us to
use needle electrodes on the murine myocardium due to the ex-
tremely thin nature of the ventricular free wall (approximately
1.2 mm at end systole and 0.8 mm at end diastole). We, however,
suggest that since our goal is to determine the σ/ε ratio for the
myocardium, our estimate of this ratio—1.8 × 105 S/F at 2 kHz
compared to Salazar et al. at 2.3 × 105 S/F—is useful for the
intended purpose in spite of the limitation.

D. Choice of Optimal Frequency for LV P–V Experiments

We have observed that as the frequency increases, the relative
permittivity decreases while the conductivity remains relatively
constant. For further analysis, we calculated the ωεm term [the
imaginary component of the admittivity formulation in (3b)] at
different frequencies (see Table VI).

The ωεm term has a local maximum near 20 kHz, which is
comparable to the measurements by Epstein and Foster [33].
This observation is a key point in the LV P–V analysis because
this frequency will give the maximum resolvable imaginary
cardiac muscle component.

E. Implications: Real-Time Parallel Myocardial Contribution
Estimation and Removal in LV Volume Analysis

The complex measurement technique presented in this study
is a progression of the initial formulation of Wei et al. [34] and
can be used to estimate the electrical properties of myocardium
in real time. The results of the current study have an important
application during catheter-based LV P–V analysis in murine
hearts, where the myocardial contribution to the measured ad-
mittance is changing instantaneously, and needs to be estimated
and removed from the combined signal during the cardiac cy-
cle. This is particularly important when transient occlusion of
the inferior vena cava is performed to generate more complex
measures of LV function available in the P–V plane such as
end-systolic elastance, diastolic chamber compliance, and ef-
fective arterial elastance. Without true LV volume, absolute de-
termination of these measures of ventricular function would not
be available, but are desired by investigators of whole-heart
mechanics.

The application of admittance to determine instantaneous LV
volume allows comparison of measures of ventricular function
between mice, and in a given mouse to itself over time. Current
methods in determination of murine LV P–V suffer from a
major limitation in that they fail to estimate a time-varying
myocardial contribution within a heart cycle. However, this can
be overcome by using real-time admittance that utilizes the
capacitive component of muscle to remove the myocardium
from the combined blood/myocardial signal, thus providing a
broader application of this technology to invasive hemodynamic
murine studies.

V. CONCLUSION

Complex admittance measuring instruments were designed
and used to estimate the frequency-dependent myocardial elec-
trical properties (conductivity and relative permittivity). The
electrical conductivity was found to be essentially independent
of the frequency of excitation. In contrast, the permittivity of
myocardium was found to be inversely related to the frequency.
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