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ABSTRACT A novel image reconstruction method called multiple regression fitting electrical impedance
spectro-tomography (mrf -EIST) has been proposed in order to realize the quantitative image reconstruction
of dead cell fraction φd and cell concentration cc in a huge amount of cell environment. mrf -EIST
statistically selects frequencies to extract two variables ψd and ψc, which quantifyφd and cc, respectively.
The φd and cc images are reconstructed by solving the inverse problem using ψd and ψc. To validate the
performance of mrf -EIST, the image reconstruction by mrf -EIST in the frequency range from 100 Hz
to 1 MHz is carried out under the condition that the number of cells is over 109 cells. As a result,
mrf -EIST shows that the image quality defined by the difference in pixel value from the true image is
less than 0.050 in φd and 0.071 in cc, respectively. In comparison to frequency-difference EIT (fd-EIT)
as a conventional EIST regarding a position error of center of gravity, mrf -EIST provides much more
accurate images, qualitatively and quantitatively, compared to the fd-EIT.

INDEX TERMS Electrical impedance spectro-tomography, multiple regression fitting, dead cell fraction,
cell concentration.

I. INTRODUCTION

CELL imaging plays an extremely beneficial role for cell
condition observation under cell culturing and cell dif-

ferentiation of pluripotent stem cells for cell manufacturing,
e.g., organogenesis. For an application of cell manufactur-
ing, a non-invasive cell imaging is essential to estimate
cell conditions such as dead cell fraction and cell con-
centration in a huge amount of cell environment over one
billion cells. As a conventional invasive imaging technique,
electrochemical imaging (ECI) was utilized [1], [2], [3], [4].
ECI applies electrochemical reactions such as redox reac-
tion using micro- or nano-sized electrode probe to measure
pA order current [5]. Although ECI is useful for analysing
the mass exchange between cells and extracellular liquid,

ECI does not reflect the cell itself. Also, ECI is not applicable
in a huge amount of cell environment.
For an imaging technique under a huge amount of cell

environment, electrical impedance tomography (EIT) has
been currently paid attention [6], [7]. EIT visualizes the
cross-sectional image reconstructed by solving an inverse
problem using impedance which is measured at the multiple
combinations of electrodes around the region of interest.
Sun et al. [8] and Yang et al. [9] fabricated a minia-
ture electrode sensor to apply EIT to cell imaging. They
successfully reconstructed the conductivity distribution of
cells and tissues. Although EIT has a possibility to pro-
vide the information regarding dead cell fraction and cell
concentration in a huge amount of cell environment, the
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reconstructed image by EIT generally represents conductiv-
ity and permittivity distributions. Even though conductivity
and permittivity can reflect cell conditions, i.e., dead cell
fraction and cell concentration, the reconstructed image was
applicable only for shape recognition and location detection
of cells and tissues [7], [8]. To provide dead cell fraction
and cell concentration, the spectral analysis, i.e., electrical
impedance spectroscopy (EIS) which analyses the electrical
characteristics of cells is necessary [10], [11], [12].
Currently, the electrical impedance spectro-

tomography (EIST) was developed [13], [14], [15],
[16] to combine EIT with EIS. A typical EIST applies the
impedance difference at two different frequencies to the EIT
image reconstruction algorithm, called as frequency different
EIT (fd-EIT) [17]. Although fd-EIT estimated several tissue
locations, dead cell fraction and cell concentration in a huge
amount of cell environment cannot be quantified. Thus, it
is still challenging to reconstruct the quantitative image
of dead cell fraction and cell concentration in a huge
amount of cell environment. Also, frequencies applied to
the image reconstruction on the conventional EIST was
not reasonable because frequencies were arbitrarily selected
that the reconstructed image resembles the model set by
the researcher’s subjectivity [16], [18], [19]. To realize the
quantitative image reconstruction, a reasonable frequency
selection through an electrical impedance spectral analysis
is essential for the image reconstruction by EIST.
Therefore, this study proposes a novel image recon-

struction method using the multiple regression fitting EIST
(mrf -EIST) to realize a quantitative image reconstruction of
dead cell fraction and cell concentration in a huge amount of
cell environment. The mrf -EIST statistically selects suitable
frequencies to obtain two variables which quantify dead cell
fraction and cell concentration, respectively. Image recon-
struction is carried out using the two variables to visualize
and quantify the dead cell fraction and cell concentration
under the condition that the number of cells is over 109

cells. To evaluate mrf -EIST, fd-EIT is also applied as a con-
ventional image reconstruction of EIST to compare with
mrf -EIST.

II. METHODOLOGY
A. OVERVIEW OF MRF-EIST
The proposed mrf -EIST which reconstructs images of
dead cell fraction φd and cell concentration cc is con-
structed of two parts: (I) stepwise regression and (II) image
reconstruction as shown in Fig. 1. The mrf -EIST

In stepwise regression part (I), the stepwise regres-
sion (SWR) as one of the multiple regression fittings is
performed to extract two variables ψd and ψc which quan-
tify φd and cc, respectively from measured impedance data.
In this study, we chose SWR instead of other representative
regression methods such as principal component regres-
sion (PCR) and the Lasso regularization. PCR induces low
prediction accuracy due to a variable composition from the
explanatory variables [20]. Lasso regularization induces the

FIGURE 1. Overview of the proposed mrf -EIST.

dense model using a relatively large number of explanatory
variables if the variables are corelated [21].
In image reconstruction part (II), φd and cc images are

reconstructed using ψd and ψc as observation vector of ψd
and ψc instead of impedance based on EIT algorithm. Here,
φd is defined as the fraction of dead cell volume to total
cell volume and cc is as the fraction of total cell volume to
total volume of cell suspension.
Note that although SWR is employed as a linear multiple

regression, any multiple regressions can be applicable such as
PCR, Lasso regularization and any other regressions. The key
technology to this study is to extract new variables reflecting
the target value from measured impedance to be employed
as the observation vector in the inverse problem of image
reconstruction.

B. STEPWISE REGRESSION FITTING
For the preprocessing by the SWR fitting, an input dataset is
prepared from impedance measurement data. Impedance is
measured as complex value from multiple electrode combi-
nations as shown in Fig. 2 (c) (described later in Chapter III).
As an input dataset, we employed the normalized reactance
ψ which depends on complex permittivity (including permit-
tivity and conductivity) of cell suspension (see the Appendix)
because ψ highly reflects the dead cell fraction φd according
to our previous study [11]. When impedance is measured at
the m-th electrode combination (m = 1, 2, . . . , M) expressed
by Zm, ψm is calculated by

ψm(f , φd, cc) = 1 − Z′′m(f , φd, cc)
Z′′m
homo

(
f , φ0

d , c
0
c

) (1)

where Z′′ is reactance, M is the total number of combination
and the superscript 0 represents a reference value. Z′′m

homo
represents the reactance under the condition that both φd and
cc are homogeneously distributed, which is used as a base-
line of the normalization. As described in eq. (1), ψm is
a function of φd and cc as well as frequency f.
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FIGURE 2. (a) Schematic of experimental setup. (b) The size of the multi-electrodes
sensor. The unit of length is mm. (c) and (d) shows experimental conditions.
(c) Homogeneous conditions in which calibration was conducted. (d) Inhomogeneous
conditions.

For a calibration, the SWR fitting is conducted using
ψ ′′m

homo under homogeneous distribution of φd and cc
described as

ψm
homo(f , φd, cc) = 1 − Z′′m

homo(f , φd, cc)

Z′′m
homo

(
f , φ0

d , c
0
c

) (2)

This study employs the bidirectional elimination in
SWR [22]. The SWR is carried out by following three
processes.
(i) Initial model: The model of the regression equation is

described by a multiple linear equation as follows:

y =
I′∑

i′=1

ai′x(fi′)+ a0 (3)

where x is an explanatory variable which is ψ ′′m
homo as a func-

tion of f, y is an objective variable which represents φd or cc
and a is a coefficient of explanatory variables. Subscript i’
denotes the numbering of frequency, and I’ is the total num-
ber of sweeping frequencies. Initially, the regression equation
starts from a constant model which includes only an intercept
a0, while the other coefficients ai′ = 0. If some charac-
teristic frequencies are already known, it is better to add

the variables at those frequencies to the initial equation. To
solve the multiple linear equation eq. (3) is solved by QR
decomposition [23].
(ii) Forward process: The regression equation is updated

based on p-value of F static which is calculated from ai′ in
order to pick up a new variable x(fi′ ) at another frequency.
The p-value is calculated from each coefficient ai′ , where
p(ai′ ) denotes p-value of ai′ . In order to search a variable
which is employed in the regression equation, each variable
among ai′ is individually added to the regression equation
to obtain p-value (e.g., if the current equation is y = a0,
try y = a1x1 + a0, y = a2x2 + a0, . . . , y = aI′x I′ + a0,
respectively). The p-value indicates the significance of the
coefficient ai′ , which is obtained from the F distribution [24].
Among them, a variable for which proposition (3) is true is
employed to the model.

X := {
i′ ∈ Z, i′ > 0

∣∣ai′ = 0
}
,min(p(ai′)) < δf (4)

A tolerance δf = 0.05 as a general value is used [25]. This
procedure is repeated until proposition (4) becomes false.
(iii) Backward process: The updated equation is revised

by eliminating variable x(fi′ ) while proposition (5) is true.

Y := {
i′ ∈ Z, i′ > 0

∣∣ai′ �= 0
};max(p(ai′)) > δb (5)

Generally, 0.10 is used as a tolerance δb [25]. If proposition
(5) is false, the process is finished.
Finally, linear equations are obtained using ψ , the esti-

mated φd and cc instead of x and y as follows:

φd,est =
I∑

i=1

αiψhomo(fi, φd, cc)+ α0 (6a)

cc,est =
J∑

j=1

βiψhomo(fi, φd, cc)+ β0 (6b)

where φd,est and cc,est are the estimated φd and cc, α and β
are coefficients or intercepts. i and j represent the selected
frequency by SWR.

C. IMAGE RECONSTRUCTION
φd and cc are reconstructed using ψm

d and ψm
c obtained from

ψ . Eqs. (6a) and (6b) can be modified using ψm
d and ψm

c
instead of φmd,est and c

m
c,est as follows:

ψm
d =

I∑

i=1

αmi ψ
m(fi, φd, cc)+ αm0 (7a)

ψm
c =

J∑

j=1

βmj ψ
m(fj, φd, cc

)+ βm0 (7b)

Instead of resistance or reactance which is conventionally
applied to the image reconstruction in EIST, ψd and ψc are
applied to the image reconstruction. The linear relationship
between ψd and φd or ψc and cc is assumed as follows:
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ψd = Jφd (8)

ψc = Jcc (9)

where ψd and ψc are the observation vectors using the
reactance written by

ψd = [
ψ1
d ψ

2
d . . . ψ

m
d . . . ψ

M−1
d ψM

d

]T
(10)

ψc = [
ψ1
c ψ

2
c . . . ψ

m
c . . . ψ

M−1
c ψM

c

]T
(11)

φd ∈RN and cc ∈ R
N are the column vectors of the distri-

butions of φd and cc, respectively. N represents the number
of elements in reconstructed image. J ∈RM×N is a normal-
ized Jacobian. In the case of two-terminal mode [11], J is
calculated by

J = [
j1 j2 · · · jn · · · jN−1 jN

]
(12a)

jn =
[

j′1,n∑
m j

′m,n
j′2,n∑
m j

′m,n · · · j′m,n∑
m j

′m,n · · · j′M−1,n
∑

m j
′m,n

j′M,n∑
m j

′m,n
]T

(12b)

j′m,n =
∫

�n

−∇ vm,n
(
ε∗0
) · ∇ vm,n

(
ε∗0
)
d� (12c)

where v is potential and �n is the area at a pixel n (= 1,
2, . . ., N). j’ is an element of Jacobian which is obtained
by the same procedure in [26]. Complex permittivity ε0

∗ of
water at 25 ◦C was used for the calculation of j’. To obtain
the potential distribution ν in eq. (12c) for the Jacobian
calculation, AC/DC module in the COMSOL Multiphysics
software (version 5.3a) was used.
For the inverse solutions of φd and cc in eqs. (8) and (9),

the iterative algorithm was utilized because the inverse
problem in EIT is in ill-posed condition [27]. In this paper,
we applied the GVSPM algorithm [28] defined as

φ
ni
d = φ

ni−1
d − JT

⎛

⎝ Jφni−1
d∣∣∣Jφni−1
d

∣∣∣
− ψd

⎞

⎠

cnic = cni−1
c − JT

(
Jcni−1

c∣∣Jcni−1
c

∣∣ − ψc

)

(13)

where ni is an iterative number.

III. EXPERIMENT
A. EXPERIMENTAL SETUP
Fig. 2 shows an experimental setup which consisted of
a multi-electrode sensor, a multiplexer, an impedance ana-
lyzer (IM3570, HIOKI, Japan) and a PC. The multi-
electrodes sensor had a square-shaped cage with eight
electrodes which were stainless steel screw with 5.0 mm in
diameter. Each electrode was connected to the multiplexer to
switch the combination of electrodes to measure impedance
by the impedance analyzer. Four ports of the impedance ana-
lyzer which are Hc, Lc, Hp and Lp were connected to the
corresponding ports on the multiplexer. In the multiplexer,
Hc and Hp ports and Lc and Lp ports were combined respec-
tively in order to realize two-terminal mode, which injected

current and measured voltage at the same electrode com-
bination. The PC controlled the measurement system and
accumulated all experimental data in its storage.

B. EXPERIMENTAL METHOD
A fixed current at 10 μA was stimulated at the combination
of k-th and l-th electrodes (k < l, max(k) = K = L − 1
and max(l) = L), and voltage was measured at the same
electrode combination. Since this study employed 8 elec-
trodes, K = 7 and L = 8. The total number of electrode
combination M = 28.
Cell suspension was injected in the sensor with the height

h = 7.5 mm. To make the coefficients α and β by SWR,
the homogeneous distributions of φd and cc were applied
as shown in Fig. 2 (c) (Case 1). For the validation of the
proposed image reconstruction, inhomogeneous distributions
were applied as shown in Fig. 2 (d) (Case 2). To construct
the distributions as shown in Fig. 2 (d), we injected the cell
suspension in separated regions by a partition plate. After
cell sedimentation, the partition plate was removed, and then
the impedance measurement was started.

C. EXPERIMENTAL CONDITIONS
In the case of homogeneous distributions (Case 1), cell sus-
pension was homogeneously distributed in the sensor under
the fixed φd,0 and cc,0 in Region 0 as shown in Fig. 2 (c). We
prepared 59 samples under the conditions of φd,R0 (6 condi-
tions) and cc,R0 (3 conditions) combinations, which included
41 samples for calibration and the remained 18 samples for
testing. cc = 0.05, 0.08 and 0.10 which were measured
by a capillary tube centrifuge system (Micro hematocrit
Centrifuge Model 3220; Kubota Corporation, Tokyo, Japan)
were converted into 5.16 × 109, 8.25 × 109 and 10.3 × 109

cells in the number of cells in the multi-electrode sensor
(6.75 mL in total volume of cell suspension) under the
assumption that the cell size was 5 μm in diameter. In
the case of inhomogeneous distributions (Case2), the sensor
area was divided into two regions: Region I and Region II
as shown in Fig. 2 (d). In Region I, φd,I and cc,I were fixed
at φd,I = 0 and cc,I = 0.05, respectively. In Region II, φd,II
and cc,II were changed in each condition (detail conditions
are listed in Fig. 5).
This study used yeast cell suspension. Cell suspensions

with φd and cc were prepared by the following procedure.
Firstly, yeast cells were cultured in a distilled water for
30 min at fixed water temperature Tw = 298 K. To make
dead cell suspension, living cells were kept in hot water at
temperature Tw = 363 K for 5 min in order to artificially
destroy the plasma membrane. Note that dead cell keeps its
shape and volume even though the membrane is destructed
because yeast cell has a cell wall, which is maintained after
heat treatment. After cc of living and dead cells was tempo-
rally measured, cc was adjusted by the amount of distilled
water. In order to make a cell suspension with the fixed
φd, the living cell suspension and the dead cell suspension
were mixed.
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FIGURE 3. The number of frequencies selected through the stepwise fitting.

FIGURE 4. Spatial mean value of (a) φd, mean and (b) cc, mean against each
controlled value cc,R0 and φd,R0.

IV. RESULTS
A. CASE 1 HOMOGENEOUS DISTRIBUTION
By SWR fitting, the regression coefficients αi and βj at
selected frequencies were obtained. Fig. 3 shows the num-
ber of frequencies in three frequency ranges (f = 100 Hz
to 1000 Hz, 10 kHz to 20 kHz, and 100 kHz to 1 MHz)
selected by SWR in the case of φd (upper) and cc (bottom). In
the most cases, three to five different frequencies suitable for
image reconstruction of φd and two to four ones for cc were
selected by SWR. The selected frequencies were included
in the frequency ranges of 100 Hz to 1000 Hz, 10 kHz to
20 kHz, and 100 kHz to 1 MHz. Note that although we
applied SWR to all electrode combinations, ideally it is suf-
ficient to apply SWR to a single electrode combination.
However, technically we can consider applying SWR to all
electrode combination in order to compensate the electrical
characteristics of each individual electrode.
Image reconstruction of φd and cc was carried out using

ψm
d and ψm

c obtained from ψm
homo by eq. (7a) and (7b)

based on SWR. For the quantitative evaluation of φd and
cc, the spatial mean values of φd and cc were used.
Fig. 4 shows (a) the spatial mean value of φd, φd,mean
against φd,R0 and (b) the spatial mean value of cc, cc,mean

FIGURE 5. Reconstructed image of φd and cc by mrf -EIST under (a) fixed cc ,II
and (b) fixed φd ,II in Region II shown in Fig. 2 (d). Images reconstructed by fd-EIT are
also shown at fa = 1.6 kHz and fb = 31 kHz.

against cc,R0. φd,mean and cc,mean became slightly bigger with
increasing φd,R0 and cc,R0, respectively. In this measurement
range, φd,mean was measured within ± 0.03 and cc,mean was
within +0.025 and −0.013 in absolute error, respectively.

B. CASE 2 INHOMOGENEOUS DISTRIBUTION
Image reconstruction was carried out in the inhomogeneous
case (Case2) using the same regression coefficients α and
β obtained in the homogeneous case (Case 1). In Case 2,
φd,II or cc,II in Region II was changed, while the other
value was fixed. Fig. 5 shows the reconstructed images
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TABLE 1. Experimental condition.

of (a) φd and (b) cc, which were represented by φd,mrf−EIST,
and cc,mrf−EIST , respectively. According to Fig. 5 (a) under
fixed cc,II in Region II, φd,mrf−EIST was changed in the bot-
tom section, while cc,mrf−EIST was almost homogeneously
distributed at cc = 0.01. In contrast, Fig. 5 (b) shows
that cc,mrf−EIST was changed in the bottom section, while
φd,mrf−EIST was homogeneously distributed at φd = 0 under
fixed φd,II in Region II.
The reconstructed images were evaluated by the image

quality defined by

IQ =
∑N

n=1

√(
Fnmrf−EIST − Fnmodel

)2

N
(14)

where F represents φd or cc, n ∈RN is pixel number and
N is the total number of pixels. The subscript model repre-
sents the model image shown in Fig. 5. Fig. 5 also shows
IQ of each condition, which shows that the reconstructed
image by mrf -EIST had agreement with the original distri-
bution (in Table 1) within max IQ < 0.050 in φd,mrf−EIST
and within max IQ < 0.071 in cc,mrf−EIST . For φd, the
accuracy was 80 %, which was roughly calculated by(
1 − IQ/φd,model

)× 100. Although the accuracy of the mrf -
EIST is inferior to a conventional trypan blue dying imaging
with from 85 % to 95 % in accuracy [29], the accuracy is
able to be improved by statistical model instead of SWR
such as Lasso and Bayesian inferences.
Fig. 5 also shows the reconstructed images by fd-EIT

calculated using the following equation.


σ ni = 
σ ni−1 − JT
(

J
σ ni

|J
σ ni | −
Z
)

(15)

where 
Z denotes the resistance difference at two different
frequencies fa and fb (fa < fb). According to preliminary
experiments, we chose fa = 1.6 kHz and fb = 31 kHz,
at which impedance difference shows better image. The
same image reconstruction algorithm (GVSPM) was used.
Although fd-EIT visualized the bottom section’s location,
fd-EIT showed many image artifacts and does not show
quantitative images of φd or cc.

To evaluate the spatial distribution of the bottom region,
we obtained a position error of a center of gravity coordinate

FIGURE 6. Position error of a center of gravity coordinate Er at each condition in
comparison to mrf -EIST and fd-EIT.

Eg of bottom region calculated by following equation.

Eg =
√(

xg − xg,model
)2 − (

yg − yg,model
)2 (16)

where a center of gravity coordinate (xg, yg) was calculated
by

xg =
MN∑

m=1

F(m)x(m) (17)

yg =
MN∑

m=1

F(m)y(m) (18)

F represents φd, cc or 
σ obtained from Fig. 5. The x and
y represent the position coordinate at each pixel. Likewise,
a center of gravity coordinate of a model (xg,model, yg,model)
as a true value was calculated.
Fig. 6 shows Eg at each condition. In comparison to fd-

EIT, Eg of mrf -EIST was much lower. In the average of Eg
under all conditions, Eg = 1.30 ± 0.536 mm in φd (mrf -
EIST), Eg = 0.36 ± 0.323 mm in cc (mrf -EIST) and Eg =
4.34 ± 2.202 mm in fd-EIT, which indicated the accuracy of
a position estimation by mrf -EIST was more accurate than
that by the fd-EIT. Also, it is difficult to quantitatively esti-
mate φd and cc by fd-EIT. In contrast, the mrf -EIST provided
better images of φd and cc, qualitatively and quantitatively.

V. DISCUSSION
In order to realize a quantitative image reconstruction of φd
and cc by mrf -EIST, a unique spectral characteristic of rel-
ative permittivity εr and conductivity σ of cell suspension
by fluctuations of φd and cc are required. We also measured
εr and σ spectra in the frequency range from 100 Hz to
1 MHz using a cuvette with two parallel plate electrodes
(2.0 mm in electrode gap and 200 mm2 in electrode sur-
face area) (Model EC-002S, Nepa Gene E.E Corporation,
Japan) and the impedance analyzer (IM3570, HIOKI, Japan)
system [11].
Fig. 7 (a) shows εr and σ spectral changes by φd at

cc = 0.05 and (b) changes by cc at φd = 0. εr was
decreased with increasing f due to dielectric relaxation by
the plasma membrane (f ≈ 100 kHz) and electrical double
layer (f ≈ 1 kHz) [30]. εr was slightly changed by φd and
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FIGURE 7. Spectral variation of relative permittivity εr and conductivity σ by (a) φd
at cc = 0.05 and (b) cc at φd = 0. Spectral variation of ε̃r by (c) φd at cc = 0.05
and (d) cc at φd = 0 and that of σ̃ by (e) φd at cc = 0.05 and (f) cc at φd = 0.

cc, while σ became significantly larger with increasing φd
and cc, which can reflect the conductivity variation in the
medium of cell suspension.
To make the difference in εr and σ clear, ε̃r = εr/εr,ref

and σ̃ = σ/σref are also useful because ψ is described by
the both ratios (see the Appendix). Fig. 7 (c) and (d) show
spectral change in ε̃r by φd and cc, respectively. A broad
peak in ε̃r around 10 kHz due to changing in φd and two
peaks at 10 kHz and 700 kHz due to change in cc. The peak
at f = 10 kHz reflects the condition of medium in which
the concentration of ions or some other conductive materi-
als released from cells varied due to the changes in φd and
cc [11]. The peak at f = 700 kHz reflected the number of
cells because cells have plasma membrane which plays a role
of capacitor. Also, the effect of the number of dielectric par-
ticles were observed in Fig. 7 (c). If the number of dead cells
is increased which means φd is increased, the dielectric parti-
cles are decreased because the plasma membrane as dielectric
material is ruptured in dead cell. As shown in Fig. 7 (d),
εr at f = 700 kHz is slightly decreased with increasing φd.
As shown in Fig. 7 (e) and (f), σ̃ was similarly changed
by both φd and cc, which indicated that the conductivity
mainly reflected the medium condition. Thus, εr and σ show
the unique spectral characteristics due to the differences in
the number of dielectric particles and the medium difference
according to the variations of φd and cc. If more factors such
as cell species and other biological conditions are involved,
other frequencies are necessary. Although in this study, we
did not consider the resistance because of the multicollinear-
ity which leads to the overfitting, the resistance as well
as reactance is also a candidate as an explanatory variable
in the regression equation in order to extract the multiple
factors.

VI. CONCLUSION
This study proposed a novel image reconstruction method
using the multiple regression fitting EIST (mrf -EIST) in
order to realize a quantitative image reconstruction of dead
cell fraction and cell concentration in a huge amount of cell
environment. The mrf -EIST applies a stepwise regression as
a multiple regression fitting to electrical impedance spec-
tra in order to extract two variables which quantify dead
cell fraction and cell concentration, respectively. By using
the two variables, the reconstructed images of φd and cc
were obtained. The details are as follows:

1) Three to five different frequencies suitable for image
reconstruction of φd and two to four frequencies for
cc were selected through the stepwise regression. The
selected frequencies were in three frequency ranges of
100 Hz to 1000 Hz, 10 kHz to 20 kHz, and 100 kHz
to 1 MHz.

3) In the case of homogeneous distribution, mrf -EIST
successfully reconstructed the φd and cc images. Their
spatial mean values φd,mean and cc,mean showed agree-
ment with the controlled values φd,ctrl within ± 0.02
and cc,ctrl within +0.025 and −0.012.

3) In the case of inhomogeneous distribution, mrf -EIST
showed the image quality IQ of φd,mrf−EIST was less
than 0.050 and IQ of cc,mrfEIST was less than 0.071 in
a range of the number of cells 5.16 × 109 to 10.3
× 109 cells. In comparison to fd-EIT, the mrf -EIST
showed much better accuracy regarding a position error
of center of gravity Eg such as Eg = 1.30 ± 0.536 mm
in φd (mrf -EIST) and Eg = 0.36 ± 0.323 mm in cc
(mrf -EIST), which were much less than Eg = 4.34 ±
2.202 mm in fd-EIT.

APPENDIX
The complex impedance, Z* between two parallel elec-
trodes (electrode gap Le and electrode surface area Ae) where
a material with relative permittivity εr and conductivity σ
is written as

Z∗ = 1

σK + jωε0εrK
= σ − jωε0εr

σ 2 + (ωε0εr)
2

1

K
(A1)

where K (=Ae/Le) is a configuration parameter of the
electrode. ψ is written as follows:

ψ = 1 − Z′′(φ, c)
Z′′(φref , cref

)

= 1 −
ωε0εr

σ 2+(ωε0εr
)2

ωε0εr,ref

σ 2
ref+

(
ωε0εr,ref

)2

= 1 − εr

εr,ref

σ 2
ref + (

ωε0εr,ref
)2

σ 2 + (
ωε0εr

)2 (A2)

where subscript ref represents a reference condition. In the
case that 2 	 (ωε0εr)

2 can be consistent at low f, eq. (A2) is
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rewritten as

ψ ≈ 1 − σ 2
ref

σ 2

εr

εr,ref
= 1 − ε̂r

σ̂ 2
(A3)
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