
Medical Engineering and Physics 74 (2019) 89–98 

Contents lists available at ScienceDirect 

Medical Engineering and Physics 

journal homepage: www.elsevier.com/locate/medengphy 

Impedance and conductivity of bovine myocardium during freezing 

and thawing at slow rates - implications for cardiac cryo–ablation 

G. Fischer a , b , ∗, M. Handler a , c , P.R. Johnston 

c , D. Baumgarten 

a , d 

a Institute of Electrical and Biomedical Engineering, UMIT - Private University for Health Sciences, Medical Informatics and Technology, 

Eduard-Wallnoefer-Zentrum 1, Hall in Tyrol 6060, Austria 
b AFreeze GmbH, Innsbruck, Austria 
c School of Environment and Science, Queensland Micro- and Nanotechnology Centre, Griffith University, Nathan, Queensland, Australia 
d Institute of Electrical and Biomedical Engineering, Technische Universität Ilmenau, Ilmenau, Germany 

a r t i c l e i n f o 

Article history: 

Received 9 January 2019 

Revised 12 September 2019 

Accepted 16 September 2019 

Keywords: 

Cryo-ablation 

Tissue impedance 

Osmotic virial equation 

Electrode polarization 

a b s t r a c t 

Increasing impedance during freezing might be a valuable marker for guiding cardiac cryo-ablation. We 

provide model based insights on how decreasing temperature below the freezing point of tissue relates to 

the percentage of frozen water. Furthermore, we provide experimental data for comparing this percentage 

with the increase in impedance. 

Measurements were performed on a bovine tissue sample at frequencies between 5 and 80 kHz. Slow 

cooling and heating rates were applied to minimize temperature gradients in the myocardial sample and 

to allow accurate assessment of the freezing point. Computer simulation was applied to link impedance 

with temperature dependent conductivities. The osmotic virial equation was used to estimate the per- 

centage of frozen water. 

Measurements identified the freezing point at −0.6 ◦C. At −5 ◦C, impedance rose by more than a 

factor of ten compared to that at the freezing point and the percentage of frozen water was estimated 

as being 89%. At −49 ◦C impedance had increased by up to three orders of magnitude and ice formation 

was most pronounced in the extracellular space. 

Progressive ice formation in tissue is reflected by a large increase in impedance, and impedance in- 

creases monotonically with the percentage of frozen water. Its analysis allows for experimental assess- 

ment of factors relevant to cell death. Solid ice contributes to the rupture of the micro-vasculature, while 

phase shifts reflect concentration differences between extra- and intracellular space driving osmotic wa- 

ter transfer across cell membranes. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Within the past decade, cryo-ablation has gained significant im-

ortance as a treatment for supraventricular tachycardia and, in

articular, for atrial fibrillation [1–4] . However, an inherent risk of

ryo-ablation is unintended damage to healthy tissue by overfreez-

ng [5] . With increasing use of cryo-thermal energy, reliable mark-

rs are needed for monitoring lesion formation and for protecting

issue structures adjacent to the thin-walled atrial myocardium [6] .

n particular, phrenic nerve injury [7] and atrioesophageal fistulas

8] are documented complications related to unintended cooling or

reezing of tissue adjacent to the left atrium. 
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Two decades ago, measurement of tissue impedance was pro-

osed as a marker for monitoring the size of a frozen region of

issue during cryo-surgery [9] . An early in vitro study demon-

trated that impedance could increase by more than three orders

f magnitude in frozen tissue [10] . However, only recently have de-

ices been developed that allow in vivo assessment of impedance

uring cardiac cryo-ablation. In [11] , two ring electrodes on a cryo-

alloon catheter were used for assessing the increase of electri-

al impedance during ice formation in pulmonary vein ablation.

t was shown that impedance increases with progressive ice for-

ation and may be a reliable marker for the actual dimension of

rozen tissue. It was also found that the increase of impedance was

elated to the outcome of the procedure. Clinically important con-

itions such as the actual placement of a cryo-balloon within the

ulmonary vein had significant impact on impedance. For effective

reezes, impedance rose by up to almost 10 k Ω , whereas for inef-

ective freezes, the increase was only of the order of some tens or

 few hundred ohms. 

https://doi.org/10.1016/j.medengphy.2019.09.017
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2019.09.017&domain=pdf
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Fig. 1. A: Stationary temperature profiles across the atrial wall. The red line depicts the experimental data from [16] . The blue lines depict simulated traces from [14] , 

in segments of high (H) and low (L) cooling power, along a circumference of a loop catheter. Dashed vertical lines mark the typical thickness of the atrial wall ranging 

from 1.5 mm to 2.5 mm. B: Percentage of frozen water in an electrolyte at thermodynamic equilibrium. The blue line is the result obtained for the osmotic virial equation 

[19] (see Appendix A). The red line is the result obtained for physiological saline solution [36] . (For interpretation of the references to colour in this figure legend, the reader 

is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a  

p  

o  

e  

a  

t  

s  

p  

t  

r  

c  

p

 

c  

s  

b  

c  

b  

f  

l  

d  

c

 

r  

F

i  

a  

a

2

 

n  

t  

o  
To develop methods that accurately relate the increase of

impedance to a thickness or other dimension of the ice

layer, a clear understanding of how freezing affects electrical

conduction in tissue is needed. An early study investigating the

variation of impedance with rapid cooling down to temperatures

between −100 ◦C and −60 ◦C reports a quick increase (“jump”)

of impedance by up to four orders of magnitude [10] . This con-

tributed to the over-simplified picture that frozen tissue is essen-

tially non conducting [12] . However, for atrial cryo-ablation such

extremely low temperatures might even potentially be harmful, as

they involve the risk of unintentionally destroying adjacent tissue. 

Thus, in order to promote the use of impedance monitoring

in cardiac cryo-ablation, it is necessary to provide a better under-

standing of, and accurate data for, impedance and conductivity of

the myocardium in the temperature range of interest. In our study,

we provide an experimental setting that allows for measurement

of myocardial impedance from body temperature down to −50 ◦C.

In particular, we focus on an accurate assessment of the freezing

point (i.e. the onset of ice formation) and the bio-physical mech-

anisms driving the increase of impedance at temperatures down

to approximately −20 ◦C. We also provide conductivity data that

can be used for computer models of cardiac cryo-ablation [13,14] .

Furthermore, we investigate the effect of promoting ice formation

on electrode polarization at the tissue contact surface [15] . Appen-

dices, which contain detailed information on the methodological

background, are provided as an online supplement. 

2. Biophysical background 

2.1. Temperature profile 

In order to plan the experimental setting, a literature review

on the biophysical background of cryo-ablation within the human

atrium was performed. Fig. 1 A shows examples of temperature

profiles across the atrial wall near steady state freezing (i.e. after
t least 90 s of freezing). One trace is a fit of a logarithmic tem-

erature function to experimentally measured temperature profiles

btained from more than 50 cryo-balloon ablations in dogs. Takami

t al. [16] fitted the logarithmic function to 259 observation points

t distances of 0.5 to 25 mm from the balloon. At the point of con-

act between the balloon surface and the endocardium, the mean

teady state temperature was near -31 ◦C. In Fig. 1 A, a linear inter-

olation was performed from the surface to the logarithmic func-

ion of Takami et al. Note that the logarithmic function is a mean

epresentation of successful and non-successful freezes. It can be

oncluded from Takami et al. that in successful freezes the tem-

erature may be up to 20 ◦C below the logarithmic function. 

Also in Fig. 1 A, two temperature functions for a loop-shaped

ryo-ablation catheter are shown that are obtained from computer

imulations performed by our group. The simulations conducted

y Seger et al. [14] were compared with cryo-lesions created by

ryo-ablation in the pig atrium. Due to varying refrigerant distri-

ution along the circumference of the loop, temperature profiles

or maximal and minimal refrigerant distribution are shown. The

owest temperature at the contact of the loop surface with the en-

ocardium was near −40 ◦C, rising to about −10 ◦C at the epi-

ardium. 

The typical wall thickness of the human left atrium is in the

ange of 1.5 mm to 2.5 mm [17] . As can be seen from all traces in

ig. 1 A, a huge mean temperature gradient of more than 10 ◦ mm 

−1 

s observed across the relatively thin atrial wall. Such huge temper-

ture gradients can also be observed in other applications of cryo-

blation [13,18] . 

.2. Freezing point 

Extra- and intracellular body fluids are aqueous multicompo-

ent electrolytes. As was shown by Prickett and co-workers [19] ,

he freezing point of such electrolytes displays little dependency

n the actual composition of solvents but depends mainly on their
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Fig. 2. Schematic experimental set-up. Left: A metallic box with the tissue sample was placed inside an isolated housing. An aluminum bar was used for thermally connecting 

it with a thermoelectric (TE) cooler (not visible) on the top of the housing. An isolated passage was built for introducing the catheter and thermocouple (TC). Right: 

Dimensions of the metallic box together with the catheter. 

Note that the catheter was slightly curved due to the preparation in the box. For finite element simulations the volume filled by tissue was discretised by tetrahedral 

elements. Mesh grid is shown at the catheter level for illustration. 
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smolality. At isotonic osmolality (308 mmmol kg −1 ), a freezing

oint of −0.6 ◦C is obtained. Pure water freezes entirely at its

reezing point, but electrolytic solvents do not freeze entirely at

heir freezing point. When lowering temperature somewhat below

he freezing point, some percentage of the water freezes within the

lectrolyte. This increases the osmolality of the remaining liquid

lectrolyte such that it is in thermodynamic equilibrium with the

ctual temperature. Thus, with decreasing temperature, the per-

entage of frozen water in the body liquids increases. 

The osmotic virial equation proposed by Prickett et al. [19] al-

ows for a reasonable estimation of the thermodynamic equilib-

ium temperature. As shown in Appendix A, the percentage of

rozen water in the tissue (see Fig. 1 B) can be calculated. At

1.2 ◦C, half of the water is frozen at the thermodynamic equi-

ibrium and at −5.0 ◦C, 89% of the water is frozen. 

As the freezing of water drives an increase of impedance during

rogressive cooling, Fig. 1 B suggests that slightly below the freez-

ng point, significant changes of impedance are observed within

 range of a few degrees centigrade. Thus, the high spatial ther-

al gradients ( > 10 ◦mm 

−1 ) that are observed during in vivo

ryo-ablation ( Fig. 1 A) will also induce large spatial resistivity

radients in the tissue. This creates enormous difficulty for the ac-

urate measurement of local tissue temperature and local resistiv-

ty in vivo. Therefore, we decided to use in vitro experiments for

ssessing the temperature dependence of impedance. We aimed to

eep temperature gradients small within the probe. As shown in

ppendix B, low cooling or heating rates are needed for achieving

 uniform temperature distribution. 

. Methods 

.1. Thermal protocol 

An Image of the experimental setup is shown in Fig. 2 . Bovine

yocardial tissue (51 g) was placed in a metallic box with a vol-

me of 70 cm 

3 . To avoid non-conducting air inclusions between

atches of tissue, 10 g of physiological saline solution was added.

 standard 6 Fr (french size) diagnostic electrophysiology catheter

ith Platine electrodes of 1.9 mm diameter and 1.0 mm width was

laced in the middle of the box as shown. Two electrodes at the

enter of the box were spaced at a distance of 6.1 mm and used

or measuring impedance. 

The box containing the tissue was made from aluminum of

.5 mm thickness to reduce temperature gradients. A bar of

0 mm × 3 mm aluminum was used for thermally connect-
ng the box with a thermoelectric (TE) cooling device (FTA 951,

errotec Corporation). The cooling power of the TE cooler was con-

inuously varied by adjusting the current between 0 and 6A. To

eheat the tissue to body temperature, the polarity of the cur-

ent was reversed and to provide thermal isolation, the tissue box

nd TE cooler were mounted inside an insulated box. TE-cooling

lone allowed for cooling down to approximately −20 ◦C. In order

o achieve lower temperatures, the air outside the insulated box

as enclosed in a plastic housing and pre-cooled down to approx-

mately −15 ◦C using dry ice (solid CO 2 ). Thus, temperatures down

o −50 ◦C were achieved in the tissue. A thermocouple of Type K,

ith a length of 2 mm, was placed parallel to the catheter axis ap-

roximately 1 mm from one of the two recording electrodes. A cal-

brated logger (GMH 3210-GH, Greisinger GmbH) was used to con-

inuously measure the temperature. According to the calibration

rotocol the accuracy of the temperature readings was ± 0.1 ◦C. 

Bovine myocardial tissue was obtained from a certified animal

ab in frozen condition. Before starting the experiment, the tissue

as allowed to thaw for 1 h. During the thawing time, the tis-

ue was cut from the ventricle and placed in the metallic box. To

void any degeneration of the tissue at warm temperatures, re-

arming was allowed up to 10 to 15 ◦C, which also ensured that

o regions of frozen tissue existed at the beginning of the exper-

ment. Then the temperature was decreased slowly (average gra-

ient −6 ◦C/hour) to ensure that temperature gradients inside the

issue were small (see Appendix B). When crossing the freezing

oint ( −0.6 ◦C), cooling power was kept constant for 30 minutes

o guarantee a slow and homogeneous formation of ice inside the

issue. Then cooling was continued down to approximately −50 ◦C.

The tissue was maintained at the lowest temperature for

0 min and then slowly rewarmed (average gradient +0.6 ◦C/h) up

o 10 ◦C. To avoid degeneration of the thawed tissue, further warm-

ng up to body temperature was performed quickly (15 minutes),

ith a waiting period of 5 minutes for equilibration of the tissue

emperature to near body temperature. The entire experiment took

bout 24 h. 

.2. Impedance measurements 

To allow impedance to be measured at conditions compara-

le to an electrophysiology laboratory, a standard EP cable (length

50 cm) was used to connect a standard 6 Fr decapolar diagnos-

ic catheter (length 115 cm) to the impedance registration circuit.

he output voltage of a function generator (TG315, TTi) was set to

0Vpp ( ± 1%). During the cool down phase, measurements were
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Fig. 3. Panel A: Simulated spatial temperature profile at a constant cooling rate of −6 ◦C/h. As cooling is applied via the metallic housing, the outer tissue layers are warmer 

compared to the center. 

Note that at a constant cooling rate absolute temperature is time dependent. Thus, we display the relative temperature difference �T , which is stationary for a constant 

cooling rate. Isosurfaces are shown in steps of 0.2 ◦C. The difference between the cooler outer border and the warmer tissue center is 1 ◦C (see also Appendix B). Panel 

B: Finite element model of the potential field inside the metallic box. A constant current was applied across the two electrodes and the potential field was computed. 

Assuming unit conductivity (1S m 

−1 ) an impedance of 171 Ω was obtained. This value was used for converting the measured impedance into its corresponding conductivity 

(see Appendix D). Panel C: Equivalent circuit diagram of the experimental set-up. On the registration board the resistor R V was used for creating a voltage divider structure. 

The parasitic board capacity C B is in parallel to R V . The resistance of the cable R C is in series with the tissue impedance Z T . Tissue impedance Z T is modeled by four RC 

components as described in the text. The parasitic cable capacitance C C is in parallel to Z T and R C . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Parameters for the equivalent circuit. 

Parameter Value Temperature range 

R V 330 Ω −1.5 ◦C < T 

R V 10 k Ω −15 ◦C ≤ T ≤ −1.5 ◦C 

R V 100 k Ω −15 ◦C < T 

R C 5 Ω all 

C B 2.3 pF all 

C C 228 pF all 
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performed at 5 kHz, 20 kHz and 80kHz (all frequencies ± 1%)

and during rewarming, data were recorded at 20 kHz for control

purposes. The resulting data were then digitized using a digital

oscilloscope (IDS-6052-U, Isotech). A circuit equivalent to the ex-

perimental setting is shown in Fig. 3 C. Parasitic properties (ca-

pacitance/resistance) of cables and boards were assessed using the

same equipment. 

3.3. Computation of parameters 

The tissue impedance Z T was calculated at each temperature

and frequency from the measured data using standard AC-circuit

calculations. The equivalent circuit model depicted in Fig. 3 C was

used to further describe the electrical properties of the tissue. Sim-

ilarly, as described elsewhere ( [20,21] ), the resistors R E ( T ) (extra-

cellular conduction), R I ( T ) (intracellular conduction) and the capac-

itance C M 

( T ) (cell membrane) were used to model conduction in

the beta-dispersion band. As body liquids exhibit a strong ionic

conductivity, electrode surface polarization was modeled by a ca-

pacitance C P ( T ) similar to that describe elsewhere ( [15] ). 

The following approach was used to compute the parameters

R E ( T ), R I ( T ), C M 

( T ) and C P ( T ) as a function of temperature. At each

of the 3 frequencies (5kHz, 20kHz and 80kHz) a spline fit (cubic

Hermite splines) was created to obtain a continuous approxima-

tion of the temperature dependent tissue impedance Z T ( T, f ). Then,

a linear optimization scheme (Broyden–Fletcher–Goldfarb–Shanno

Algorithm) was implemented to compute the temperature depen-

dent parameters in steps of 0.05 ◦C. 

A finite element model of the experimental setting was created

(see Fig. 3 A and B) to link the measured and computed impedances

to tissue conductivity. The impedance Z 1 obtained for a hypotheti-

cal conductivity of 1 S m 

−1 was computed. This impedance defines

a conversion factor that can be used for converting the measured

temperature dependent impedance into a temperature dependent

tissue conductivity or resistivity (see Appendix D). 

4. Results 

4.1. Thermal protocol 

In Fig. 4 tissue temperature is depicted as a function of time. As

can be seen from the insert, moderate subzero temperatures were
btained approximately 2.5 h after starting the experiment. After

eaching -0.8 ◦C, the temperature rose back to -0.6 ◦C while cool-

ng power (i.e. 2A current across the TE-cooler) was kept constant.

rom the local minimum, it took 90 min to decrease the temper-

ture to −0.9 ◦C, indicating that crystallization nuclei formed at

0.8 ◦C trigger ice formation. Then, initial growth of ice occurred

t −0.6 ◦C. As can be seen from Fig. 1 B, a significant percentage of

ater freezes initially within a narrow temperature range. Thus, a

istinct holding point of temperature was observable when initial

reezing occurred. 

The lowest temperature obtained was −49.1 ◦C. During rewarm-

ng a holding point was observed again near the freezing point at

oderate subzero temperatures. 

.2. Impedance measurements 

Parameters for the serial resistors used in the measurement

rocedure are listed in Table 1 together with the parasitic prop-

rties of the board ( C B ) and cables ( C C ) that were determined.

ote that the values of the serial resistors were increased with

rogressive freezing of the tissue in order to account for the in-

reasing tissue impedance at low temperature. The temperature

ependent tissue impedance obtained from the experiment is plot-

ed in Fig. 5 on a semi-logarithmic scale. When cooling from body

emperature down to the freezing point, an increase of impedance

as observed. In the semi-logarithmic plot, the temperature de-

endence of impedance appears approximately linear. This is con-

istent with the known temperature dependence of electrolytic

onduction. Cooling the tissue from body temperature down to

0.6 ◦C increased the impedance by a factor of approximately 2.5. 
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Fig. 4. Tissue temperature as a function of time during cooling and rewarming. 

Note that time base is labeled in hours. The insert zooms the local temperature minimum followed by a holding point which was observed when crossing the freezing point 

at −0.6 ◦C. 
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As can be seen from the insert in Fig. 5 , during initial ice

ormation (temperature range −0.6 ◦C to −0.9 ◦C, see also in-

ert in Fig. 4 ) no significant increase of impedance was observed.

hen the temperature dropped below −0.9 ◦C a significant in-

rease of impedance occurred. Impedance rose by one order of

agnitude with progressive freezing within a narrow temperature

ange ( −0.9 ◦C to −4.5 ◦C). This suggests that a high percentage

f water froze within this temperature range and only a small
ig. 5. The magnitude of measured tissue impedance, normalized by the value obtained

isplay the results obtained during cooling for the three test frequencies. The dashed gree

n a temperature range near the freezing point ( −0.6 ◦C). 
ercentage of water was still liquid at around −5 ◦C. With fur-

her cooling, the slope flattened. At 5kHz and 20 kHz an increase

y another order of magnitude was obtained within the interval of

4.5 ◦C to −15 ◦C. At 5kHz an increase by a third order of magni-

ude was observed for temperatures down to −50 ◦C. 

At low temperature, the parasitic capacitance of the EP-cable

nd the catheter itself had a significant impact on the recorded

ata. At 20 kHz and −15 ◦C, the impedance of the parasitic
 at body temperature, plotted as a function of temperature. The three solid lines 

n line is the impedance during rewarming at 20 kHz. The insert zooms impedance 
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Fig. 6. Left: The magnitude of fitted normalized tissue impedance during cooling for the three test frequencies. Right: Phase of the fitted tissue impedance during cooling 

for the three test frequencies. 

Note that above the freezing point, the lowest frequency displays the largest phase shift. When crossing the freezing point, the lowest frequency displays the lowest phase 

shift. For all frequencies, the phase shift increases with progressive freezing. 

Table 2 

Normalized impedance Z 
Z B 

at the three test frequencies. 

5 kHz 20 kHz 80 kHz 

Temperature | Z| 
Z B 

arg Z | Z| 
Z B 

arg Z | Z| 
Z B 

arg Z

10 ◦C 1.97 11.3 ◦ 1.85 5.3 ◦ 1.79 3.3 ◦

5 ◦C 2.26 11.4 ◦ 2.12 4.8 ◦ 2.06 3.3 ◦

0 ◦C 2.66 9.7 ◦ 2.50 4.5 ◦ 2.44 3.3 ◦

−5 ◦C 39.4 5.9 ◦ 36.8 7.7 ◦ 32.0 13.3 ◦

−10 ◦C 129 7.5 ◦ 114 13.6 ◦ 87.0 22.7 ◦

−15 ◦C 329 13.5 ◦ 246 24.0 ◦ – –

−20 ◦C 704 24.2 ◦ 414 41.7 ◦ – –
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capacitance in parallel with the tissue had approximately the same

impedance as that of the tissue itself. Thus, with progressive cool-

ing to temperatures well below −15 ◦C, the increase in tissue

impedance was partially masked by the parasitic parallel capaci-

tance. 

4.3. Computation of parameters 

Fig. 6 shows the computed spline fits for the impedance data.

In order to account for the fast increase of impedance below the

freezing point, the splines were allowed to kink (have a discon-

tinuous first derivative) at −0.9 ◦C. At the highest test frequency

(80 kHz) the parasitic cable capacitance C C , had a reactance of ap-

proximately 90 k Ω . Below −10 ◦C, the computed tissue impedance

at 80 kHz was more than four times larger than the cable reac-

tance. Here, the experimental estimates were of low accuracy and

these results are not shown in the plot. Note that the phase shift

increased with progressing ice formation. For selected tempera-

tures, the impedance is listed in Table 2 . 

The data obtained from spline interpolation was used for com-

puting the RC components of the equivalent circuit, as defined in

Fig. 3 C, and the results are shown in Fig. 7 . Above the freezing

point, the extracellular resistance R E was smaller than the intra-

cellular resistance R I (in series with membrane capacitance C M 

).

Hence, the majority of the current flow was across the extracel-
ular space, which is in series with the polarization capacitance C P .

his explains why in Fig. 6 B the lowest frequency displayed the

argest phase shift above the freezing point. 

Below the freezing point, extracellular resistance R E increases

ore rapidly with decreasing temperature than does intracellular

esistance R I . Hence, the contribution of the intracellular pathway

o the total current flow increased. Here, the contribution of the

 I C M 

pathway also increased with increasing frequency. This ex-

lains why in Fig. 6 B the highest frequency displayed the largest

hase shift well below the freezing point. 

We applied the finite element model shown in Fig. 2 to con-

ert the four estimated RC parameters of the equivalent circuit to

he conductivity values (see Appendix D). This provides suitable

ata for computer simulations. The validity of this conversion is

hecked by comparing results obtained at body temperature with

alues listed in the literature. 

Extracellular ohmic conductivity was estimated to be

.65S m 

−1 . This value was larger than the expected value (mean

.18S m 

−1 in [22] ) as a 16% physiological saline solution was added

o avoid air inclusions. At body temperature, the conductivity of

hysiological saline solution is 1.8S m 

−1 (see [23] and Appendix E)

nd, thus, about ten-fold the value of the extracellular myocardial

pace. This explains why our estimation is above the expected

alue. As can be seen from Appendix E, the relative increase of

mpedance with progressive freezing of a saline solution qual-

tatively matches the results obtained for the tissue, and the

aline solution behaves like an ohmic conductor in the liquid and

partially) frozen state. 

Intracellular ohmic conductivity was estimated to be 0.1S m 

−1 .

his value is near the expected value (mean 0.09S m 

−1 in [22] ). 

As shown in Appendix C, the estimated polarization capacitance

s in a plausible order of magnitude. Note that polarization is a

roperty of the electrode-tissue interface. Relative to a surface unit,

 value for the polarization capacitance of 200 nF mm 

−2 was ob-

ained. The computed membrane capacitance was converted to a

elative tissue permittivity, εr , as described in Appendix D, giv-

ng an estimated value of εr = 2 × 10 4 . In the report by Skourou
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as a function of temperature during cool down. Both capacitances decrease during freezing. 
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t al. [24] , tissue permittivity of rat skeletal muscle is investigated,

here it is shown that the relative permittivity displays a strong

ependence on frequency values in a range of 1 × 10 5 Hz. Hence,

ur estimation is within a plausible range. 

. Discussion 

.1. Tissue temperature and progressive ice formation 

In this work, we investigated the change of impedance and con-

uctivity in bovine myocardium during freezing. To reduce the in-

uence of temperature gradients inside the tissue, we performed

easurements at slow cooling and slow heating rates. This allowed

he electrical conduction of partially frozen body liquids to be ac-

urately assessed. Our results suggest that the following tempera-

ure ranges may be distinguished. 

From body temperature down to the freezing point a continu-

us increase of impedance by a factor of 2.5 was observed. This

ncrease was caused by the well known temperature dependent

onduction properties of a liquid electrolyte [23] . 

At −0.8 ◦C ice formation started and the release of enthalpy

y the formation of ice-particles caused a moderate rewarming to

0.6 ◦C. The experimental observation of such a local temperature

inimum below the freezing point is a well-known phenomenon

13] . The moderate elevation of 0.2 ◦C obtained in our experiment

ndicates a very slow formation of ice. The local temperature max-

mum at the freezing point corresponds to the prediction of the

smotic virial equation [19] for a multisolute electrolytic solution

t isotonic osmolality ( −0.6 ◦C at 320 mmol/kg) within the resolu-

ion of the temperature sensor. 

Surprisingly, during initial freezing (i.e. the temperature plateau

n the 90 minutes between the onset of freezing and −0.9 ◦C)

mpedance remained almost constant. A small but measurable de-

rease in impedance of 3% was observed. As can be estimated

rom the osmotic virial equation [19] , cooling to 0.3 ◦C below the

reezing point of an isotonic solution freezes approximately 25%

f the water. This suggests that a relatively small percentage of

rozen water (significantly less than 50%) may not be sufficient for
bserving a noticeable increase of impedance. As the volume por-

ion containing liquid electrolyte decreases, the ion concentration

ncreases. At low (near isotonic) concentrations, conductivity is ap-

roximately proportional to concentration. These two effects may

argely cancel each other out, which explains the almost constant

alue in this range. 

As can be seen from Appendix E, the small drop of impedance

bserved during initial freezing may be caused by a diffusion of

ons. The slow cooling rates we applied in our experiments allowed

or the observation of a slow diffusion process. It is questionable

hether this effect may be observable or relevant for clinical cryo-

blation where much faster cooling rates are applied. With re-

pect to cryo-ablation therapy, it is an important finding that, be-

ow −1.0 ◦C, impedance rises quickly by more than one order of

agnitude within a relatively narrow temperature range of 4 ◦C.

nce a sufficiently large percentage of water is frozen, only nar-

ow and long conducting channels remain for conduction. Further-

ore, when ion concentration in the liquid electrolyte reaches a

aturation level, conductivity of the electrolyte does not increase

urther. 

At −5 ◦C, impedance is increased by more than an order of

agnitude compared to the impedance observed at the freezing

oint. There is a monotonically increasing relation between the

ercentage of frozen water and impedance. From the osmotic virial

quation it can be estimated that 89% of water in the body liquids

re frozen at −5 ◦C. 

Within a temperature interval from −5 ◦C down to −15 ◦C,

 further increase of impedance by another order of magnitude

ccurs when recording at 5kHz, reflecting further ice formation.

elow −15 ◦C, the increase of impedance with progressive cooling

urther flattens but a continuous increase was observed down

o −50 ◦C. At 5kHz and −50 ◦C, the increase of impedance is

lmost three orders of magnitude higher than the impedance at

he freezing point. As will be discussed in more detail below, our

xperimental setting did not allow for an accurate assessment

f impedance at very low temperature as the parasitic capaci-

ance of the catheter and EP cable largely masks very high tissue

mpedance. 
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When comparing the data recorded at 20 kHz for freezing and

thawing, a slight hysteresis was observed in the data at tempera-

tures below -15 ◦C. Most likely this hysteresis was due to resid-

ual temperature gradients in the tissue. During cooling, the tissue

was somewhat warmer at the center of the tissue mass compared

to the boarder. During rewarming, this gradient reversed and this

may account for the differences observed. As can be seen from

Fig. 4 , relatively high cooling and rewarming rates were obtained

in the temperature range below −15 ◦C due to the use of dry ice.

After complete melting, impedance returned close to the value ob-

tained at the beginning of the experiment, but impedance was

consistently lower by about 10%. Most likely this was caused by

irreversible changes inside the tissue during the experiment. Me-

chanical forces due to freezing and thawing may have ruptured cell

membranes and lowered impedance by direct access of ohmic cur-

rent flow to the intracellular space, an effect that was noted also

by Yu et al. [25] . Furthermore, diffusion of ions may have occured

during the experiment which can also alter the conductivity. 

By measuring impedance at three test frequencies, it was pos-

sible to investigate temperature dependent extra- and intracellu-

lar conductivity. Extracellular resistance rose much more quickly

than the intracellular resistance. It is a well described phenomenon

that water in the intracellular space freezes at lower temperature

[25–27] , and the observed difference of relative increase of extra-

and intracellular resistance may reflect osmotic gradients across

the cell membrane. 

5.2. Relevance for myocardial ablation 

No definitive conclusion can be found from the literature about

the temperature that is required for the controlled triggering of cell

death (necrosis or apoptosis) in cardiac tissue during cryo-ablation.

As a coarse indicator, a temperature of −20 ◦C, maintained for

at least one minute, is considered to be lethal for muscle tissue

[26,28] . However, the data presented by Takami et al. [16] suggest

that even significantly warmer temperatures may be sufficient for

creating a cryo-lesion in atrial tissue. Fig. 1 depicts a temperature-

distance curve taken from the report by Takami et al. [16] . These

data contain successful and incomplete ablations. As reported by

Takami and colleagues [16] , temperature was preferentially some

degrees of centigrade below the trace, and the ablation time was

at least 90 s for successful ablation. This suggests that moderate

subzero temperatures might be sufficient for epicardial lesion for-

mation. Furthermore, a computer model of a cryo-loop catheter

described by Seger et al. [14] predicts moderate sub-zero tempera-

tures at the epicardium. Also, for such cryo-loop catheters, success-

ful pulmonary vein isolation has been demonstrated in humans

[4,29] . Recently, transmural ice formation was confirmed clinically

for a loop catheter [6] . 

Our data and the work by Prickett et al. [27] suggest that at

around −5 ◦C a significant portion of water (near 90%) is frozen in

the tissue. Such a significant portion of frozen water might con-

tribute to cell death. Ice formation in the micro vasculature in-

duces rupture of tiny vessels by shear forces due to freezing and

thawing of ice [28] . Furthermore, ice formation in the extracellular

space creates osmotic gradients at the cell membrane [27] . Both

effects promote cell death. Obviously, our data recorded in an in

vitro setting do not allow us to finally define a lethal temperature

for cardiac tissue. However, our results indicate that at −5 ◦C ice

formation may be sufficient for potentially promoting myocardial

cell death by rupture of micro vasculature and osmotic effects. 

As can be seen from Fig. 1 , huge temperature gradients oc-

cur inside the atrial wall during cryo-ablation. The mean temper-

ature gradient across the atrial wall is typically in the order of

10 ◦ mm 

−1 . This poses an enormous challenge for accurately mea-

suring local tissue temperature in vivo. In experimental settings,
emperature sensors are often attached to a catheter or probe.

he rapid increase of temperature within a few millimeters from

he probe might be underestimated. This may explain why lethal

hresholds might be significantly warmer than the −20 ◦C reported

lsewhere ( [26,28] ). 

.3. Cooling rate 

We performed the experiment at an extremely low cooling rate

6 ◦C h 

−1 ). The reason for choosing such a low rate was to avoid

arge temperature gradients in the tissue. As is shown in Appendix

, the ratio of the high heat capacity of tissue (significant water

ontent) and its low thermal conductivity generates relative large

radients during cooling. Only at sufficiently low cooling rates do

hey become small enough to establish an accurate temperature to

mpedance relationship. As can be seen from our treatment, the

ize of the tissue patch also has significant impact on the tem-

erature difference �T . Our concept of using a standard diagnostic

atheter for assessing impedance required a large tissue sample. In

uture studies, micro-electrodes may be used in combination with

mall tissue volumes for accurately assessing the temperature to

mpedance relation at much faster cooling rates. 

The computation of a temperature dependent percentage of

rozen water in tissue (given in Appendix A) assumes that the

aline solution is in thermal equilibrium. As reported by Han and

ischof [30] , the geometric dimension of ice crystals formed in a

aline solution is in the order of 100μm. Furthermore, the small di-

ensions of cell structures in tissue may also contribute to reduc-

ng the size of crystals. At such small dimensions, thermal equilib-

ium can be achieved at relatively short time constants. In early

n vitro studies [10,25] , cooling rates were approximately 200

imes faster than in our study. Quick responses of impedance with

ime constants in the order of 10s were observed. However, at such

ast rates no accurate temperature to impedance relationship was

btained. Similarly, an in vivo study showed that within 90s clini-

ally relevant changes of impedance (prediction of a successful ab-

ation) can be observed [11] . These experimental findings indicate

hat thermal equilibrium inside frozen tissue may occur at much

horter time constants such as those that were applied in our

xperimental setting. Thus, the accurate temperate to impedance

elationship we established may be used for simulating cardiac

ryo-ablation at clinically relevant time scales. Here, future experi-

ental validation is needed. 

.4. Catheter temperature vs. impedance 

Cryo-catheters available for routine cardiac ablation use tem-

erature sensors which are located inside the catheter. Thus, de-

ending on the type of catheters, temperatures down to −80 ◦C

nd even below are measured [4,13] , while tissue temperature is

ignificantly warmer. For example, when using a catheter with a

etallic tip for ablation near the AV-node, a temperature of −30 ◦C

nside the tip is recommended for avoiding irreversible ablation

f the AV-node (cryo-mapping [31] ). However, −30 ◦C inside the

ip may correspond to a significantly warmer, positive temperature

t the AV-node when considering temperature gradients from tip

o tissue. Cryo-balloon catheters measure the temperature of the

oiled refrigerant near the center of the balloon, more than 1cm

way from the target tissue. 

Thus, while users are asking for reliable parameters that allow

or monitoring of ice formation, temperature readings are poorly

inked to the true tissue temperature. Electrodes that allow for safe

ecording of electrograms are in widespread clinical use and can

lso be used for cryo-impedance recordings. In contrast to temper-

ture, which is local information at an observation site, impedance

s an integral of temperature dependent conductivity across the
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trial wall. In other words, a temperature field within the tissue is

inked with a conductivity field in the tissue. Impedance recorded

y a cryo-ablation catheter, thus, represents a weighted mean of

ce formation within the tissue. This will allow for much more ac-

urate monitoring of ice formation during freezing. Furthermore,

uring thawing, after termination of a freeze, impedance should

lso allow for reliable detection of melting. Note that a catheter

hould not be moved before it is entirely disconnected from the

issue. 

Impedance will depend on the shape and size of an electrode.

uture work is needed to gain insight as to how impedance varies

uring in vivo ice formation, when spatial and temporal gradi-

nts occur. Our data analysis provides a temperature dependent

odel of tissue conductivity, which also contains an approxima-

ion to the temperature dependent electrode polarization capaci-

ance. Thus, in combination with computer simulations of cardiac

ryo-ablation, our data may be used for predicting the temporal

volution of impedance during ice formation in tissue and might,

hus, be used for linking ice-ball or ice-layer dimensions with the

ctual impedance of a given electrode configuration. To relate size

nd geometry dependent effects in our analysis, we normalized

mpedance by its value at body temperature and provided a con-

ersion to conductivity. 

.5. Frequency range 

Frequencies used for measuring impedance inside the heart are

ypically in the order of several kHz to some tens of kHz. For ex-

mple, a system used in clinical application for electro-anatomical

apping is operated at 8 kHz [32] . A system for assessing catheter

all contact is operated at 25 kHz [33] . Lower frequencies should

ot be used to avoid interference with intra-cardiac electrograms

band-width up-to 2 kHz) and potential risk of unintended tissue

timulation. Conventional electric impedance tomography is per-

ormed at 50 kHz [34] . At frequencies of some 100kHz the quasi-

tatic approximation of volume conduction is no longer applicable,

hich significantly complicates experimental design and data anal-

sis [35] . Thus, we focused on a central frequency of 20 kHz. Fur-

hermore, we also investigated a lower frequency of 5 kHz and an

pper frequency of 80 kHz. 

.6. Limitations of the study 

We used standard EP equipment (catheter and cable) for our

xperiment. The intention was to obtain impedance readings that

re comparable to those that might be obtained in a clinical set-

ing. As impedance rises by more than three orders of magnitude

hen cooling down tissue from body temperature to −50 ◦C, the

arasitic capacitances of the lines mask the tissue properties at

ery low temperature and high frequency. As a consequence, ex-

erimental values are less accurate below −20 ◦C. This is a lim-

tation, but also an important finding, of our study. As is shown

n Appendix C the cable capacitances used for the experiment are

epresentative of those in standard equipment that is used for min-

mally invasive cardiac electrophysiology. 

We applied slow freezing and thawing for reducing tempera-

ure gradients inside the tissue. In a clinical environment such slow

ooling or thawing rates are unrealistic. Catheters used for routine

reatment of atrial fibrillation require 90 s to 5 min for freezing

hroughout the atrial wall [4,11] . Thus, the ice is growing relatively

lowly within an atrial wall of about two millimeters thickness,

hich seems to be sufficiently slow to achieve ion concentrations

ear the thermodynamic equilibrium. 

For avoiding non-conducting gaps between patches of tissue,

hysiological saline was added to the probe. As the absolute con-

uctivity of physiological saline solution is significantly above the
onductivity of myocardium [22] our results overestimated the

ontribution of the extracellular space to ohmic conduction. How-

ver, our data suggest that the relative temperature dependent

ncrease of conductivity is comparable for the saline solution and

issue. Thus, the bias introduced by adding a saline solution is es-

entially a relative increase of extracellular conductivity by a con-

tant factor. 

. Conclusion 

Progressive freezing of tissue during cryo-ablation is accompa-

ied by a continuously increasing percentage of frozen water con-

ent in the aqueous electrolytic intra- and extracellular body liq-

ids. Impedance is a surrogate marker for the frozen water content

nside the tissue. We provide data that accurately reflects the tem-

erature dependent increase of impedance in bovine myocardial

issue. It may be a more reliable marker for guiding cryo-ablation

herapy than temperature. We also provide data quantifying the ef-

ect of progressive freezing on tissue conductivity and surface po-

arization of electrodes. This data will be useful when performing

omputer simulations of cyro-ablation in the future. 
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