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Tissue damage that is associated with the loss of cell memb
integrity should alter the bulk electrical properties of the tissu
This study shows that electrical impedance tomography (E
should be able to detect and image necrotic tissue inside the b
due to the permeabilization of the membrane to ions. Cryosurg
a minimally invasive surgical procedure that uses freezing to
stroy undesirable tissue, was used to investigate the hypoth
Experimental results with liver tissue demonstrate that cell da
age during freezing results in substantial changes in tissue e
trical properties. Two-dimensional EIT simulations of liver cry
surgery, which employ the experimental data, demonstrate
feasibility of this application. @DOI: 10.1115/1.1695577#
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Introduction
In many medical applications, it is important to distinguish b

tween live and dead cells in vivo. For instance, after cancer tr
ments, mechanical injury, or exposure to hypothermia or hypo
it is essential to know whether the targeted or traumatized cells
alive or not. Methods for measuring brain activity, to assess tis
viability after a stroke, are being made available@1,2#. However,
with the exception of brain tissue assessment, there is currentl
method to determine cell viability in vivo and, therefore, no pr
cess to quantify the success of certain surgical procedures o
severity of an accident. In this research we show that cell viabi
in tissue can be determined through measurement of cell elect
impedance. We also show that electrical impedance tomogra
~EIT! can be used as a tool for viability detection.

There are two ways to determine cell viability: through the
function or through their properties. Viability can be test
through cell function by, for example, measuring metabolism,
ability to process glucose, with positron emission tomograp
~PET!. One of the most common methods for determining viab
ity through cell properties is by assessing the integrity of the c
membrane, a primary distinguishing feature separating live c
from dead cells. When membrane integrity is lost, chemicals
would otherwise not enter the cell can now enter. Therefore, m
brane integrity tests for cells in suspension@3# and cells in excised
tissue@4# have been designed to test for the presence of chem
inside cells that normally cannot penetrate the membranes o
able cells. The use of normally impermeant dyes that fluore
once inside the cell, such as YOYO-1~Molecular Probes OR! @5#,
is common in these tests.

In this study, we propose another method for detecting me
brane integrity of cells inside tissue, derived from the use of flu
rescent dyes for viability detection. The cell membrane, in ad
tion to preventing macromolecules from entering the cell, a
functions as an ionic-transport barrier, preventing low-frequen
current from entering the cell. Therefore, when the membran
compromised, ions as well as fluorescent dyes can pass thr
the cell. Consequently, cell necrosis as indicated by cell me
brane damage should lead to a measurable decrease in elec
resistivity of the bulk tissue. The intent of this research is to sh
that in tissue, cell membrane integrity can be determined by m
suring this change using a bioimpedance technique.

Electrical properties of cells and tissues have been the sub
of much research during the last century. Electrical tissue dat
available and has been tabulated in many books and review
ticles @6–9#. Tissue is an inhomogeneous material with intracel
lar and extracellular conductive domains and is strongly cha
terized by the presence of the cell membrane, which has h
capacitance and a low but complex conductance@9#. Experiments
have shown that the electrical properties of tissue are, there
highly dependent on frequency. Of particular importance to t
study is the observation that the permittivity of tissue decrease
three major steps, termed alpha, beta and gamma, and is rou
constant between these steps@9#. The steps roughly occur in the
frequency range of milli-Hz to Hz, kHz to 100 MHz and 0.1
100 GHz, respectively@6,9#. The alpha dispersion in the Hz rang
is related to membrane molecular phenomena such as count
effects, gated channels and intercellular structures. The gam
dispersion in the GHz range is related to dipolar mechanism
the polar water, salts and proteins. Of particular interest for
study is the beta dielectric dispersion, which is due to the build
of charges at the cell membrane and interfacial or Maxw
Wagner type of polarization@9#. Therefore in this study, to deter
mine the integrity of the cell membrane after cryosurgery,
employed kHz frequency.

Electrical impedance tomography is a bioimpedance techni
that relies on the differences in bioelectrical attributes betw
tissues to produce an image representing the spatial tissue im
ance distribution inside the body or organ. Electrodes surround
body and a sub-sensory current pattern is injected into the b

-
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through electrode pairs while the ensuing potentials are meas
on the remaining electrodes. A reconstruction algorithm uses th
voltage measurements, the current pair information, and elect
geometries to produce an image. Reconstruction algorithms
erally use a pixel-based approach where the imaging regio
divided into a number of impedance pixels. Algorithms find
solution iteratively, employing a numerical method, since the
verse solution to the Poisson equation is usually nonlinear. A
an initial guess of the impedance distribution, usually uniform,
impedance of each pixel is adjusted until the system converge
some solution to an objective function, resulting in an image.
a general overview of EIT, see@10#. Since EIT produces an imag
representing the spatial tissue impedance distribution inside
body or organ we, therefore, propose that the change in tis
electrical resistivity upon the loss of cell membrane integr
could be imaged with EIT.

This paper investigates whether electrical properties could
used in situations in which it is vital to distinguish between livin
and dead tissue using cryosurgery as a specific application. C
surgery is a surgical procedure that destroys tissue by freezi
with a cryogen cooled surgical probe that is in contact with
targeted tissue@11,12#. With the advent of imaging techniques t
monitor in real-time the extent of the frozen lesion, imaging mo
tored cryosurgery is now often used in the treatment of pros
and liver cancer@11,12#. However, it was found that indiscrimi
nant freezing does not necessarily destroy tissue@3,4,13,14#. In-
stead, tissue destruction is a function of the thermal parame
applied during freezing. For example, in a complimentary stu
with rat liver ex vivo, it has been shown that antifreeze prote
could serve as an adjuvant to cryosurgery. Even though the
centage of tissue destruction along the outer margin of the cry
sion, the most likely area for survival and regression, was
creased, the results were vastly dependent on the the
protocols, in this case thermal cycles, applied@4#. Therefore,
while the extent of freezing can be exquisitely monitored with
array of imaging techniques, the effective application of cryos

Fig. 1 Thermal history of liver tissue frozen in air and frozen
using liquid nitrogen.
306 Õ Vol. 126, APRIL 2004
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gery is still hampered by that fact that the extent of freezing do
not necessarily correspond to the extent of tissue destruction.
cause there is no imaging method to evaluate the effectivenes
a procedure, research continues. In what may become an im
tant application of this study, we first compare experimenta
between the electrical characteristics of tissue frozen with ther
conditions that ensure damage and tissue with thermal condit
in which cells survive. Then the experimental data is incorpora
into an EIT model to determine if the changes in electrical res
tivity between tissue destroyed by freezing and tissue that s
vives freezing can be used to develop an EIT image of tis
treated by cryosurgery.

Methods

Preparation of Liver Tissue. An experimental procedure
was carried out to evaluate the changes in electrical propertie
tissue following freezing with thermal parameters that cause tis
destruction and with thermal parameters in which the tissue s
vives freezing. The experiments were performed with fresh liv
tissue from Spraque-Dawley rats, excised within minutes after
animals were anesthetized. After excision, the rat liver was s
tioned in 2 mm thick slices and frozen either in liquid nitrogen
in air at 220°C and then rapidly thawed in a saline solution
37°C.

Thermal Protocols. The electrical resistivity of rat liver was
measured for three scenarios: following excision; after it was f
zen using liquid nitrogen (2190°C); and after it was slowly fro-
zen in air at220°C. Figure 1 shows the thermal history for th
last two cases, as measured by thermocouples inserted in the
sue. The tissue frozen using liquid nitrogen reached a minimum
2190°C while the tissue frozen in air reached a minimum
24.7°C. In cryosurgery, the frozen tissue experiences a w
range of cooling rates and freezing temperatures. Studying
electrical properties of frozen tissue in the entire range of com
nations of cooling rates and temperature is beyond the scop
this preliminary study. In this paper we roughly focused on on
two combinations typical to the inner and outer limits of the fr
zen lesion. The first is near the probe, where freezing occurs
idly to liquid nitrogen temperatures, and the second is on the ou
edge of the lesion, where freezing occurs slowly to high subz
temperatures. These particular thermal parameters were ch
because they produce either complete tissue destruction by fr
ing ~liquid nitrogen! or greater than 90% frozen hepatocyte su
vival (220°C air! @4#. Liver tissue was chosen because it is rel
tively homogenous and, therefore, relatively macroscopica
isotropic, which eliminates any issues with the orientation of t
electrodes with respect to the tissue. Five tissue samples w
measured within a 10-minute span for each of the four sets
experimental conditions. All electrical measurements were

Fig. 2 Schematic of experimental setup.
Transactions of the ASME
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corded for 30 seconds and conducted at body temperature (37
The freshly excised measurements were taken within an hou
excision while measurements for the tissue treated with liq
nitrogen and for the tissue frozen in air were taken approxima
55 and 270 minutes thereafter, respectively, as depicted in Fig
The tissue was stored in 0.9% aqueous solution until use.

Electrical Impedance Measurements. Resistivity measure-
ments were conducted by placing excised tissue into a noncon
tive chamber with a 2.0 cm2 circular cross-section between two 1
mm diameter electrodes~In vivo Metric, Healdsburg, CA!. Figure
2 is a schematic of the experimental setup. To minimize con
resistance, silver/silver chloride electrodes with large surface
eas were used with a sinusoidal input. A 1 kHz current was
jected from one electrode through the sample and out the o
electrode. The amount of current through the tissue was de
mined by measuring the voltage drop across a 1 kOhmresistor
located between the last electrode and ground.

The sinusoidal waveform is generated from a function gene
tor and converted using a dual-op-amp~JFET TLO82CP! voltage-

Fig. 3 Histological samples of rat liver at 200 Ã magnification,
showing the nuclei „n… and cytoplasmic limits „c… a: freshly ex-
cised sample b: sample frozen with liquid nitrogen c: sample
frozen in air.
Journal of Biomechanical Engineering
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to-current converter~VCC!, which is powered by a Raytheo
~864107-4! 25V power supply. The system is controlled with
National Instruments PCI-1200 data acquisition card and co
using National Instruments LabVIEW 6.1 acquisition softwa
~National Instruments, Austin, TX!.

Histology. To investigate the structural integrity of the tissu
following each of the three scenarios, the samples were prep
using a hematoxylin and eosin stain and mounted on a microsc
slide ~PSI Berkeley, CA!. Figure 3a shows a histological section
of the freshly excised tissue at 2003. It shows excellent preser
vation of the hepatocytes and the absence of cytoplasmic ly
The limits between cytoplasms as well as the sinusoids are cle
visible. It also shows that the inner structures of the nuclei w
well preserved.

Figure 3b shows the histological section of the tissue that w
cooled using liquid nitrogen with a subsequent thaw and indica
that the tissue was severely damaged by the treatment. At 23
magnification, it shows that the vascular structures are recog
able but the cytoplasmic limits of the hepatocytes have all
disappeared. The sinusoids and endothelial cells are not vis
and lysis of the cytoplasm is very intense. It also shows that m
of the nuclei and the inner structure were not visible.

Figure 3c shows a histological section of the tissue that w
frozen in air to24.7°C with a subsequent thaw. At 2003 mag-
nification, it can be seen that some of the cytoplasms exhibited
early lysis and that some of the sinusoids are not clearly visi
However, the morphology is similar, in general, to that of t
fresh sample and the nuclei were well preserved.

Numerical Methods. As a first step towards demonstratin
feasibility of electrical impedance tomography for tissue viabil
detection, we created 2-D simulations representing liver tiss
containing one or more small sections of damaged tissue.
incorporated the electrical measurements from the experim
into the models for the electrical properties of the tissue and
tempted to produce an image of this simulated phantom usin
standard reconstruction algorithm.

For each simulation, 32 electrodes were equally spaced aro
the model periphery. A 1-mA current was injected through opp
site electrode pairs~‘‘projections’’! while recording the voltage
differences across the remaining opposite pairs~known as an
‘‘opposite-opposite’’ data collection algorithm@15#!. For each cur-
rent projection, the resulting voltages were obtained by solv
the Poisson equation in a finely meshed finite-element syst
using the resistivity distribution from the simulated phantom. W
assumed that the liver is temporarily placed in an electrically
sulating, semi-rigid electrode array fixture during the surgical p
cedure. Therefore, a zero flux boundary condition was impo
along the periphery of the simulation except at the locations of
source and sink electrodes, and electrode placement uncert
errors were not considered.

The collection of ensuing voltage measurements produce
vector of independent voltage measurements whose vector le
defines the maximum number of independent variables~in our
case, 464 impedance pixels! for a well-defined matrix inverse to
exist. An image was then produced from the known current inp
the electrode geometry, and the measured voltage data usin
reconstruction algorithm.

We employed a modified Newton-Raphson~NR! reconstruction
algorithm because of its excellent convergence properties@16#.
The method attempts to iteratively minimize an objective funct
representing the difference between the overall voltage meas
ments from the simulated phantom and the measurements
the reconstruction algorithm’s internal model. The Jacobian m
trix was calculated using a sensitivity matrix approach@17# em-
ploying Marquardt regularization to overcome the ill-conditionin
@18#.

The internal model to the reconstruction algorithm containe
finite element mesh with an inner imaging region of 366 triangu
APRIL 2004, Vol. 126 Õ 307
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elements and an outer ring with a constrained constant resist
For these parameters, the convergence criteria for this algor
were typically met after approximately 20 iterations, taking a
proximately 5 minutes.

Numerical models were solved using MATLAB’s partial diffe
ential equation toolbox~The MathWorks Inc., Natick, MA!. Data
acquisition and computations were conducted on a Compaq 1
Presario laptop computer with an Intel 800-MHz processor
256MB of RAM.

Results
The experiments indicated that the resistivity of the liver wou

drop from a normalized value of 1~0.068! to 0.363~0.026! for the
samples cooled with liquid nitrogen and change fro
0.987~0.090! to 1.096~0.063! for the samples frozen in air. Th
number in parenthesis is the normalized standard deviation fro

Fig. 4 First post-cryosurgical configuration: 6 cm imaging do-
main „1.0ro… with a 2 cm circular damaged region „0.363ro…

located in the center of the domain a: Simulated phantom b:
Generated image.

Table 1 Resistivity change of rat liver at 37°C exposed to two
freezing conditions

mean6std
@V cm#

p
t-test

Freezing with liquid nitrogen
(n55)

Prior to treatment
After treatment

20386140
739643 0.00004

Freezing with air (n55) Prior to treatment 20116184
After treatment 22346128 0.14333
308 Õ Vol. 126, APRIL 2004
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sample size of five. The results have been normalized using 2
V cm, the mean value of the freshly excised tissue measurem
prior to liquid nitrogen freezing, and a summary of the results c
be found in Table 1. It is evident that the liver frozen with therm
conditions that do not induce damage retained its electrical p
erties, while liver frozen under conditions that induce cell necro
experienced a statistically significant (t-test: p!1) decrease in
electrical resistivity. These results agree with the histology ass
ment, which shows little distinction between the freshly excis
tissue and the tissue frozen in air but tremendous difference
tween the freshly excised tissue and the tissue frozen using li
nitrogen. The results also confirm the hypothesis that cell me
brane damage causes a decrease in the bulk tissue electrical
tivity because the cell membrane no longer inhibits ionic curre

Two different resistivity maps were generated as examples
two different distributions of damaged tissue inside an undama
imaging region, 6 cm in diameter. The simulations incorpora
the resistivity values from the cryosurgery experimental resu
1.0ro V cm ~from the freshly excised tissue measurements p
to liquid nitrogen freezing! for the healthy tissue and
0.363ro V cm ~from the tissue frozen with liquid nitrogen mea
surements! for the damaged tissue.

Figures 4a and 4b show the simulated phantom and genera
image, respectively, for the first scenario. In this example,
damaged tissue is circular, 2 cm in diameter, located in the ce
of the undamaged tissue. The second scenario has two dam

Fig. 5 Second post-cryosurgical configuration: 6 cm imaging
domain „1.0ro… with a 1.5 cm Ã2.5 elliptical section and a 1.5
cm circular section that are damaged „0.363ro… a: Simulated
phantom b: Generated image.
Transactions of the ASME
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regions inside the tissue, an elliptical region, 1.5 cm32.0 cm, lo-
cated towards the upper right with a circular region, 1.5 cm
diameter, located in the lower left area of the tissue. Figuresa
and 5b show the resistivity map and generated image for
second example, respectively. In both examples, the recons
tion algorithm accurately generated an image representing the
and location of the damaged tissue, which indicates that EIT co
be used to image tissue damaged by cryosurgery.

Conclusion
This study investigated whether electrical measurements c

be used in situations in which it is vital to distinguish betwe
healthy and damaged tissue in vivo using a specific applicat
cryosurgery. Cell membrane integrity is one of the most co
monly used methods to detect cell viability for ex vivo and
vitro applications. Because the loss of integrity of the cell me
brane also changes the bulk bioelectrical properties of the tis
EIT may provide an inexpensive and flexible supplement to
aging techniques for assessing membrane integrity in vivo. F
our simulated phantoms, which incorporated the experime
data, we successfully generated 2-D EIT images representing
spatial distribution of the tissue damaged by cryosurgery. Co
plexities that have to be addressed at later stages include:
world inhomogeneities from larger blood vessels, patient-
patient variations, the effect of noise on image quality, nonpla
currents in 3-D regions, and nonlinear electrode behaviors. M
of these issues should be resolvable through further reconstru
algorithm refinements and a more rigorous set of experime
Nevertheless, the results in this study suggest that EIT may e
tually be able to image damaged tissue following a cryosurg
procedure and, potentially, viability of tissue in general for oth
in vivo applications.
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Measurements of Mouse Pulmonary
Artery Biomechanics

Naomi C. Chesler*
Department of Biomedical Engineering, University of
Wisconsin, Madison, WI and Department of
Mechanical Engineering, University of Vermont,
Burlington, VT

John Thompson-Figueroa and Ken Millburne
Department of Internal Medicine, University of Vermon
Burlington, VT

Background: Robust techniques for characterizing the biom
chanical properties of mouse pulmonary arteries will permit e
citing gene-level hypotheses regarding pulmonary vascular
ease to be tested in genetically engineered animals. In this pa
we present the first measurements of the biomechanical prope
of mouse pulmonary arteries.
Method of Approach: In an isolated vessel perfusion system
transmural pressure, internal diameter and wall thickness w
measured during inflation and deflation of mouse pulmonary
teries over low (5–40 mmHg) and high (10–120 mmHg) pressure
ranges representing physiological pressures in the pulmonary
systemic circulations, respectively.
Results: During inflation, circumferential stress versus stra
showed the nonlinear ‘‘J’’-shape typical of arteries. Hudetz’s i
cremental elastic modulus ranged from 27613 kPa ~n57! dur-
ing low-pressure inflation to 2,70061,700 kPa ~n59! during
high-pressure inflation. The low and high-pressure testing pro
cols yielded quantitatively indistinguishable stress-strain a
modulus-strain results. Histology performed to assess the sta
the tissue after mechanical testing showed intact medial and
ventitial architecture with some loss of endothelium, sugges
that smooth muscle cell contractile strength could also be m
sured with these techniques.
Conclusions:The measurement techniques described demons
the feasibility of quantifying mouse pulmonary artery biomecha
cal properties. Stress-strain behavior and incremental modu
values are presented for normal, healthy arteries over a w
pressure range. These techniques will be useful for investigat
into biomechanical abnormalities in pulmonary vascular disea
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