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Abstract

The electrical properties of biological tissues have been researched for many years. Impedance measurements observed with increasing
frequencies are mainly attributed to changes in membrane conductivity and ion and charged-molecule mobility (mainly Na™, K™, CL~
ions). Equivalent circuits with passive electrical components are frequently used as a support model for presentation and analyses of the
behavior of tissues submitted to electrical fields. Fricke proposed an electrical model where the elements are resistive and capacitive. The
model is composed of a resistive element (Rp) representing extracellular fluids (ECF) placed in parallel with a capacitive element (Cs)
representing insulating membranes in series and a resistive element (Rs) representing intracellular fluids (ICF). This model is able to
describe impedance measurements: at lower frequencies, most of the current flows around the cells without being able to penetrate them,
while at higher frequencies the membranes lose their insulating properties and the current flows through both the extracellular and intra-
cellular compartments. Since meat ageing induces structural change, particularly in membrane integrity, the insulating properties of
membranes decrease, and intracellular and extracellular electrolytes mix, thus driving changes in their electrical properties. We report
a method combining the Fricke and Cole—Cole models that was developed to monitor and explain tissues conductivity changes in pref-

erential directions during beef meat ageing.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Electrical impedance measurement techniques are rapid,
straightforward and cost-effective. Many teams attempted
to link electrical parameters to physical, chemical or bio-
logical characteristics (Pethig & Kell, 1987; Foster & Sch-
wan, 1989; Valentinuzzi, Morucci, & Felice, 1995), thus
generating practical applications in the food industry (Bau-
chot, Harker, & Arnold, 2000; Varlan & Sansen, 1996;
Chevalier, Ossart, & Ghommidh, 2006), particularly in
the meat sector (Damez, Clerjon, Abouelkaram, & Lepetit,
2006; Lepetit, Salé, Favier, & Dalle, 2002; Swatland, 1997,
Whitman, Forrest, Morgan, & Okos, 1996). The majority
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of the structural and functional properties of biological tis-
sues can be determined by interpreting data on electric and
dielectric properties (Schwan & Takashima, 1993). The
prevalent phenomena at the microscopic scale are flow of
ionic charges, interface polarization, and the relaxation
phenomena produced by dipolar rotation and rotation of
parts of macromolecules.

Three areas of dispersion are denoted «, ff and y accord-
ing to the Schwan classification describing these three fre-
quency bands (Schwan, 1957). The majority of biological
tissues fit this spectral pattern shown in Fig. 1.

In the literature, although the three frequency bands are
not always linked to particular biophysics phenomena, dis-
persion is nevertheless caused by relaxation phenomena
(Pethig, 1979; Pethig & Kell, 1987). The y-dispersion
observed at high frequency (such as above 100 MHz) is
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Fig. 1. Hypothetical frequency impedance diagram of biological tissue.

mainly due to the permanent dipole relaxation of small
molecules, as in water molecules which are predominant
in biological tissues.

The fS-dispersion covers an intermediate frequency band
ranging from a few kHz up to a few dozen MHz. These
relaxation phenomena are sample-dependent and caused
by the Maxwell-Wagner effect. These phenomena appear
in inhomogeneous materials (e.g. suspensions of cells in
liquid) and are due to interface polarization (Hanai,
1960). According to the Schwan classification, myoglobin
aqueous solutions for example have relaxation frequencies
between 105 and 107 MHz (Pethig & Kell, 1987). Although
it is clearly a f-dispersion, this relaxation phenomenon is of
the same nature as those of the y-dispersion for small mol-
ecules. These cases can nevertheless be compared to those
of the y-dispersion, but the relaxation that occurs is not
due to permanent dipoles but to electrical charges induced
by electric fields. The first theoretical study was led by
Pauly and Schwan (1959) and was later complexified by
Asami, Hanai, and Koizumi (1980). Schwan showed that
very rigorous measurements highlight a partial overlap of
the relaxation phenomena in the fS-dispersion area that
can, in part, be attributed to the Maxwell-Wagner effects
of the intracellular structures. This led some authors to
split the f-dispersion area into two sub-dispersion areas,
p1 and f, (Asami & Yonezawa, 1996). As reported by
Pliquett, Altmann, Pliquett, and Schoberlein (2003), the
p-dispersion area is a direct measure of the cell membrane
behavior. The corresponding 1-1500 kHz range observa-
tion could serve in the study of cells membrane integrity
during meat ageing: myofiber membrane acting as a dielec-
tric insulator whose insulating properties decrease with
ageing, oxidation of the phospholipid membrane layers
and lysis occurring after the cell death making the mem-
brane porous.

The o-dispersion, which occurs at low frequencies,
expresses the relaxation of the “non-permanent” dipoles
which are formed during ionic flow across cell surfaces or
large molecules. This phenomenon is described in detail
in Pethig and Kell (1987), and an ideal model for a-disper-
sion and f-dispersion was developed by Gheorghiu (1993,

1994) and later adapted to the mesostructural characteriza-
tion of animal tissues (Damez, Clerjon, & Abouelkaram,
2005). The spectrum range corresponding to low frequen-
cies (a range) has been extensively studied in biomedical
applications on the monitoring of tissue or organ vitality
for transplantation. Research has highlighted the presence
of interfaces and compartments at a microscopic scale (1-
10 pm) (Gheorghiu, 1993, 1994; Gersing, Hofmann, Keh-
rer, & Pottel, 1995). From an electric point of view, ECF
and ICF can be regarded as electrolytes. Na™ and CI~ ions
are by far in extracellular fluids (ECF) (142 mEq/L and
105 mEq/L, respectively). In intracellular fluids (ICF), K"
is major intracellular cation (100 mEq/L), while phosphate
(PO4~, 142 mEq/L) and proteins (55 mEq/L) are major
intracellular anions. Osmotic load is similar between intra-
cellular medium and extracellular medium (205 mEq/L
against 154 mEq/L) (Crenshaw, 1991). The charge carriers
are K™ ions, proteins and organic acids. Thus, the electrical
properties are dependent on the physical and chemical
parameters determining the concentration and mobility of
ions within metabolic fluids.

2. Modeling approach: the Cole—Cole and Fricke models

The Cole models are founded on the basis of the descrip-
tion given in Cole and Cole (1941). The impedance Z" is a
complex function of alternating current frequency f, e.g.

zZ = Zreal + iZimag

were Zye, is the real part, Zjn,, the imaginary part and
i=(-1)"

Each dispersion range (e.g. the f-dispersion) can be fit-
ted by a Cole—Cole equation.

The Cole—Cole equation is:

(RO - ROC)

7' =R, +
1+ (iot)' ™

(1)
where w = 2nf, Ry and R, are the impedance at very low
and very high frequency, respectively, 7 is the time constant
and the dimensionless exponent o (taking values between 0
and 1) is a constant correcting the non-strict capacitive
behavior of membranes due to dielectric losses, and reflect-
ing distribution in dispersion.

The Cole—Cole plot according to these models is made in
a complex Nyquist plane. The impedance locus forms a
semicircular arc located below the real axis. If material
inhibits multi-relaxation ranges, the plot presents semicir-
cular multi-arcs, as shown on Fig. 2.

A standard way to facilitate the interpretation and mod-
eling of these phenomena is to consider biological tissue as
being constituted of a more or less homogeneous suspen-
sion of cells in an ionized liquid medium. The model
described by Fricke (Fricke & Morse, 1924; Fricke, 1925;
Fricke & Morse, 1926) assimilates biological tissue compo-
nents (cells, liquid, membranes, intracellular (ICF) and
extracellular fluids (ECF)) with passive electrical elements
(resistor, capacitor) connected in series and in parallel
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Fig. 2. Hypothetical Cole-Cole impedance plot of biological tissue showing the 3 overlapping dispersions of «,  and y ranges.
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(Fig. 3). The Fricke model has been widely used to quantify
cells or micro-organisms in suspension in a liquid medium,
and can also be used in homogeneous mediums.

In this model, Rp and Rs represent the resistances of
ECF and ICF, respectively, while Cs is the cell membrane
capacitance. The Fricke model can be combined with a
Cole-Cole model to study ageing in meat, which is an
anisotropic medium (Damez et al., 2005).

Based on the Fricke model, the parameters in the Cole—
Cole equation are:

Rp Rs

=(R Rp)C e e
= (Rs+Rp)Cs, Rp+Rs

=Rp and R, (2)

Following the Moivre transformation of a complex
number:

()" = (w1)"[cos(nn/2) + isin(nm/2)] (3)

the impedance components of Z* in Eq. (1) can be broken
down into:

The Fricke model, although highly elementary, remains an
excellent method for giving a simple description of biolog-
ical environments at microscopic level. However, it is still
necessary to make it more complex by adding resistive
and capacitive elements, whereas the level of structure to
be described is itself more complex (Geddes & Bake, 1967).

3. Experimental procedure

The experiments were carried out on a population of 104
samples obtained from 7 Semimembranosus (SM), 12 Rec-
tus Abdominis (RA), 7 Semitendinosus (ST) muscles of cull
cows (Friesian and Holstein cows, about 6 years of age).
Each muscle was divided into 4 pieces, in order to perform
measurements on each muscle at 4 postmortem times: 2
days postmortem(D?2), 3 days postmortem(D3), 6 days post-
mortem (D6), and at 14 days postmortem(D14). Measure-
ments were taken three times on each sample with two
directions of the electric field according to fibers direction,
taking the whole number of tests to 624 observations. An
observation consisted of the acquisition of an impedance
spectrum with 80 frequencies following a logarithmic law,
between 1 kHz and 1500 kHz. Muscles excised 1 h after
slaughter were vacuum-packed and stored for 24 h in water
at 15°C in order to avoid cold shortening. Subsequently
and throughout the study, the vacuum-packed meat sam-
ples were stored in a chilled room (4 °C) between measure-
ments. Measurements were taken at 4 +1°C at 2 days
(D2), 3 days (D3), 6 days (D6) and 14 days (D14)
postmortem.

Impedance measurements were carried out using a
probe consisting of 2 stainless steel electrodes spaced
5cm apart (¢ =0.6 mm; L =5mm), making it possible
to take measurements both longitudinally and transversally
to the fiber direction, and were recorded on a HP 4194A

, _ RpRs Rp[l + (1) *cos((1 — a)m/2)]
“'TRp+Rs (14 (00) "cos((1 — 0)n/2)] + [(w0) “sin((1 — 2)n/2)
Fiag = Rp(wr)'*sin((1 — o)m/2)

(14 (w1) ™ cos((1 — x)m/2))?

+ [(w7) ™ sin((1 — o2)7/2)]?
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Impedance/Gain-Phase analyzer (Hewlett-Packard Com-
pany, San Fernando, CA) scanning 80 frequencies ranging
from 1 kHz to 1500 kHz. Resistive and capacitive electrical
properties were modelled using an adapted Cole-Cole
relaxation equation (2) (Cole & Cole, 1941; Foster & Sch-
wan, 1989).

For model fitting, we implemented an improved algo-
rithm from the fininsearch function of Matlab R14 based
on a Nedler-Mead simplex method (Nedler & Mead,
1965). This model fitting gives good results as it performs
a fit on each data set (both on real part and imaginary

part).
4. Results and discussion

Electrical modeling was performed on each of the 104
samples at 4 postmortem times. Fig. 4 illustrates typical
Cole—Cole plots from early postmortem (2 days (D2) after
slaughter) to ageing (14 days (D14) after slaughter) of a
Rectus Abdominus bovine muscle (all samples yielded simi-
lar patterns). The measurements both along myofibers
(electrodes located longitudinally to the myofiber axis)
and across myofibers (electrodes transversally to the myo-
fiber axis) are given.

The plots traced a semicircular arc confirming the elec-
trical behavior advanced by Cole. Impedance at high fre-
quencies (in this instance at 1.5 MHz) tended to be

similar for both transversal and longitudinal directions,
both early on and after ageing. This reflects that myofiber
membranes act as capacitance and that the dielectric
anisotropy disappears at high frequencies.

There was different impedance at low frequencies
according to measurement direction, with impedance
being higher across the myofiber axes than along them,
as previously reported by other authors (Lepetit et al.,
2002; Swatland, 1980). This may reflect the longer path-
way of the electric fields across the myofibers. For a same
distance D between the measurement electrodes, the path-
way across the myofibers is about /2 longer than along
the myofiber axe if the myofiber section is assumed to
be a circle, with electric fields circumventing the circular
myofiber membranes following N half-circle in transverse
myofiber measurements whereas they follow a distance
equivalent to N myofiber diameters () in the case of lon-
gitudinal myofiber measurements. Hence, for the same
distance between electrodes, length of electric fields across
myofibers was P1 = N(n/2 - d) and length of electric fields
along myofibers was P2 = N -d. Since impedance is dis-
tance-dependent, the distance pathways of electric
fields acted on impedance in the same manner. The factor
P1/P2 between transverse and longitudinal impedance
measurements is close to m/2, which is consistent with
other reports (Lepetit et al., 2002; Swatland, 1980), thus
confirming our hypotheses on the behavior of electric
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Fig. 4. Typical plots of imaginary part against real part of impedances for individual Rectus Abdominus (RA) beef muscle samples, after 2 days (D2), 3
days (D3), 6 days (D6) and 14 days (D14) of ageing. Impedance measurements were taken longitudinally and transversally to the muscle fiber direction.
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fields at low frequencies circumventing the myofiber mem-
branes. However, this n/2 factor has never before been
highlighted.

From (D2) to (D14), the diameters of the plot arcs con-
tract, indicating that the electrical impedances reduce and
lead to better conductivity, which suggests shorter electrical
fields lengths and improved ions mobility. In the same time,
the transversal and longitudinal impedance plots tend to
superimpose, which is evidence of the same electrical
behavior. This reflects that, after cell death and during age-
ing, ECF and ICF mix due to the permeability of cell mem-
branes. During ageing, it is estimated that between 60 and
80% of the increase in osmotic pressure is driven by metab-
olites, and the remainder by free inorganic ions not present
in the cytoplasm before the rigor mortis (Winger, 1979; Wu
& Smith, 1987; Bonnet, Ouali, & Kopp, 1992). These ions,
which are concentrated in organoids such as the sarcoplas-
mic reticulum and mitochondria, are released after the
death of the animal during depolarization of the mem-
branes (Ouali et al., 2006). Feidt and Brun-Bellut (1996)
showed that the release of Na*, K™, and Cl~ ions over time
was not only pH-dependent but was also directly affected
by cellular death, in particular the rupture of membranes.
In addition, Mg™" and Ca™*™ are fragmented ions related
to proteins. Thus, even released out of the sarcoplasmic
reticulum after exhaustion of the ATP and inactivation
of membrane pumps, these two ions can still bind to pro-
teins with which they have a strong affinity. The final quan-
tities of free Mg™ " and Ca™" thus appear to be mainly
conditioned by pH. When the pH approaches the pl of
myofibrillar proteins (i.e. around pH 5), the protein charge
tends to be cancelled and their capacity to adsorb cations
decreases. A lower pH leads to more slacking of the two
ions. Based on the study of Feidt and Brun-Bellut (1996),
it is possible to distinguish passive fixing of the ions by pro-
teins, which is directly dependent on pH, and active bulk-
heading, which stops as the cell’s energy reserves are
exhausted. The relative contributions of these two phenom-
ena to the ion release will vary according to the ions
involved. The ionic flow across cell surfaces or large mole-
cules allow the formation of ‘“non-permanent” dipoles
witch are expressed in the the wa-dispersion range, that
can be observed at lower frequencies and at 14 days of age-
ing (D14) in Fig. 4: the semicircular plots tend to plateau
out, indicating that the border between « and f area
appears at around 15 kHz, as early described in Schwan
(1957).

Impedances parameters (Rp, Rs and Cs) are calculated
from fittings of the transversal and longitudinal plots
according to the Fricke model. The three parameters are
capacitance Cs, which reflects the state of myofibers mem-
branes, and the two resistances Rs and Rp, which reflect
ICF and ECF conductivities, respectively. These parame-
ters Cs, Rs and Rp versus time postmortem are plotted
on Figs. 5-7, for the 3 types of muscles studied (respectively
for Rectus Abdominis (RA), for Semitendinosus (ST), and
for Semimembranosus (SM) muscles).
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Fig. 5. Evolution of dielectric parameter Cs versus time postmortem for
the 3 types of muscles studied (respectively for Rectus Abdominis (RA), for
Semitendinosus (ST), and for Semimembranosus (SM) muscles).

The plot of capacitance Cs arising from cell membranes
is shown in Fig. 5. The curves level out during ageing,
reaching very similar values for both longitudinal and
transversal measurements. This confirms that the myofiber
membrane acts as a dielectric insulator whose insulating
properties decrease with ageing. This may be due to oxida-
tion of the phospholipid membrane layers and lysis occur-
ring after the cell death (Huff-Lonergan & Lonergan,
2005), making the membrane porous.

Rs rises steadily with ageing (Fig. 6), giving very similar
values in both the longitudinal and transversal directions.
This denotes that electric fields across the myofibers (in
intracellular compartments) meet relatively more insulating
stuffs as ageing progresses. This can be explained by shrink-
age of myofibers during the postmortem period which
causes exudation of electrolytes from cells, with the remain-
ing nuclei acting as insulators inside the cells (Valet, Silz,



J.-L. Damez et al. | Meat Science 77 (2007) 512-519 517

2000
RA

E 1500 —3—Rs Longitudinal
'S —@ — Rs Transversal
@

2 1000}

©

T

[

[<

E 500}

0 L L L L L L L L L L

01 2 3 45 6 7 8 9 10111213 14 15
Time postmortem (days)

2000
ST
~ 1500 |
£
<
CX
8
e 1000
3
2 === PRs Longitudinal
§ 500 | =@ = Rs Transversal
0 R R S T S S R S S L

0123456 7 8 9101112131415
Time postmortem (days)

2000

1500 |

Impedance (ohm)
I}
o
o

——{0—Rs Longitudinal
=@ == Rs Transversal | -

0 N N RN NN S NN R [ N S R R R
012 3 456 7 8 910111213 1415

Time postmortem (days)

Fig. 6. Evolution of impedance parameter Rs versus time postmortem for
the 3 types of muscles studied (respectively for Rectus Abdominis (RA), for
Semitendinosus (ST), and for Semimembranosus (SM) muscles).

Metzger, & Ruhenstroth-Bauer, 1975). Rs may, therefore,
reflect myofibers shrinkage during ageing.

Rp decreased with ageing (Fig. 7), and Rp was much
higher in the transversal than the longitudinal direction
during the early stages of ageing, as previously underlined
for impedance. This confirms that electric fields preferably
travel through ECF before ageing, since the higher trans-
versal Rs results from a longer circumventing path taken
by electrical fields compared to longitudinal Rs and its
straight electrical field path. During ageing, ECF and
ICF progressively mix, electrolyte conductivity increases,
and thus resistivity decreases to reach the same value for
both directions, meaning that meat is no longer electrically
anisotropic after the membrane disruption that occurs dur-
ing ageing, confirming the results of Lepetit, Damez, Mor-
eno, Clerjon, and Favier (2001).

Cole—Cole plots at D2 time for the muscle types studied
are shown in Fig. 8. Comparing the electrical impedances

3500

3000 RA

~——O—Rp Longitudinal
=@ — Rp Transversal

E 2500}

(ol

o 2000

nc

< 1500

ed

£1000f
500}

0
0123 456 7 8 9 11112131415

Time postmortem (days)

3500

ST
3000

—_ ——O— Rp Longitudinal
€ 25001 —@ — Rp Transversal
© 2000

1500

Impedanc

1000 ~

500

01 2 3 45 6 7 8 9 10111213 14 15
Time postmortem (days)

| sm

~——O—Rp Longitudinal
=@ — Rp Transversal

01 2 3 45 6 7 8 9 10111213 14 15
Time postmortem (days)

Fig. 7. Evolution of impedance parameter Rp versus time postmortem for
the 3 types of muscles studied (respectively for Rectus Abdominis (RA), for
Semitendinosus (ST), and for Semimembranosus (SM) muscles).

parameters (Rp, Rs and Cs) with muscle types (RA, ST
and SM), RA and ST highlights more differences between
longitudinal and transversal values of electrical impedance
parameters than for SM muscle as showed on Figs. 5-7.
This could be caused by the more fiber aligned structure
of RA and ST muscles. RA and ST muscles differ from
SM as they differ in speed of maturation (Geesink, Ouali,
& Smulders, 1992; Ouali et al., 2005) with the slowest speed
for RA. This difference in speed of maturation was
explained by these authors by the proteolysis of myofibril-
lar proteins and the disintegration of the myofibrillar
structure depending on the osmotic pressure attained in
post-rigor muscle, explaining it also in terms of membrane
degradation.

For all types of muscles, longitudinal impedance curves
are upon transversal impedance curves, indicating that
longitudinal impedances are lowers than transversal
impedances before ageing as reported in Lepetit et al.
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Fig. 8. Typical plots of imaginary part against real part of impedances for Rectus Abdominis (RA), for Semitendinosus (ST), and for Semimembranosus
(SM) beef muscles, after 2 days (D2) of ageing. Impedance measurements were taken longitudinally and transversally to the muscle fiber direction.

(2002) and Swatland (1980). Impedances plots show dif-
ferent arcs, the shorter for ST muscles, the longer for
SM muscles, suggesting once again that meat impedance
is muscle dependant, as previously reported in Lepetit
et al. (2002).

5. Conclusions

This study highlights how Polar Impedance Spectromet-
ric study of biological tissues, in this case meat, generates a
battery of useful data on the structural organization and
the biological and physical state of various components.
At low frequency, anisotropy is strongly marked: the
impedance in the direction transverse to the grain of the
muscle fibers is roughly /2 times that observed in the lon-
gitudinal direction. The anisotropy disappears at high fre-
quency, since the cellular membranes no longer act as
electrical barriers; thus, at high frequency, impedance only
reflects the characteristics of the intra- and extra-cellular
media. Since meat is electrically anisotropic, measurements
were carried out in two directions: along or across the
myofibers. Myofibrillar membrane integrity is reflected by
capacitance Cs, while the conductivity of extracellular fluid
and intracellular fluids was estimated using Rp and Rs

resistances. The behavior of these three parameters during
meat ageing has been discussed. The capacitance Cs
decreases according to membranes lysis and oxidation of
the phospholipid membrane layers. Rp decreases due to
increasing flow of free ions and increasing volume of extra-
cellular compartments and Rs decreases because of ICF
exudation that increases concentration of insulating stuff
in cells. Experimental studies applying dielectric spectros-
copy to beef meat were carried out in the f-range (1-
1500 kHz) which is known to reflect dielectic properties
of biological interfaces, and the dispersions observed were
described using a simple model based on the Cole-Cole
and Fricke models. However, the model used here has to
be made more complex by adding resistive and capacitive
elements when the level of structure to be described is itself
more complex. By tracking variations in impedance
according to the angle between the electrical field direction
and the main direction of fibres, the results demonstrate
that a measurement of structural state, and thus of matura-
tion state of meat, could be obtained. This study leads
toward the design of a sensor giving the state of maturation
that could be used in a meat industry setting, based on the
measure of impedances parameters and electrical anisot-
ropy properties of meat.
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