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ABSTRACT

The research on stem cell-derived cells and tissues is transitioning from traditional
two-dimensional (2D) cultures into 7z vivo mimicking three-dimensional (3D) cell-
biomaterial constructs. These 3D cultutres enable novel solutions for disease models,
toxicology studies, drug development, and precision medicine. However, assessing
the state of the live 3D constructs requires advanced measurement and imaging
techniques. Optical microscopy techniques are commonly used to image 2 vitro
specimens, but imaging of the mesoscopic 3D constructs is challenging due to their
thickness that causes the loss of optical signal. In addition, many optical imaging
techniques are phototoxic or require staining/optical cleating of the specimens that
renders them unusable for further culturing. Therefore, there is a need for novel 3D
imaging techniques.

Multimodal imaging approaches produce multiphysical information of the
specimen and enable to combine the strengths of different techniques. The approach
of this doctoral thesis work was to develop a novel electrical impedance tomography
(EIT) technique and integrate it with an optical projection tomography (OPT)
system. EIT is an imaging technique where specimen’s electrical conductivity is
reconstructed based on several current injections and voltage measurements on the
specimen surface. If these electrical measurements are conducted at different
frequencies, the technique is called multifrequency EIT (mfEIT). In OPT, projection
images are acquired from many view angles around the specimen and a
morphological 3D image is reconstructed.

The aim of this dissertation was to create a novel method for 3D specimen
investigation by developing an integrated OPT-mfEIT technique. First, the mfEIT
was designed to be suitable for the integration: electrode configurations, imaging
chambers, and rotational measurement protocols were developed. In addition,
rotational reconstruction algorithms and data fusion techniques were developed to
obtain multiphysical image reconstructions. Secondly, the functionality of a new
mfEIT device was demonstrated with plant phantoms. The frequency dependent
conductivities of the plants were well shown in the reconstructed images. Thirdly,
the final developed 3D OPT-mfEIT was experimentally validated with a plant

phantom, spheroids, and ex zivo tissues. The resulting images revealed both the
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specimen’s 3D morphology and conductivity at multiple frequencies. The derived
conductivity spectra enabled the detection of stem cells in biomaterial spheroids and
the analysis of cell membranes integrity in tissues.

In conclusion, this dissertation presents a new technique for the mesoscopic scale
3D imaging. The developed OPT-mfEIT technique can be used to image and assess
various 3D specimens such as spheroids and organoids, that are challenging to image
with traditional microscopy techniques. The obtained conductivity spectrum enables
novel analysis of the biological specimens because electrical conductivity is not
available with traditional microscopy techniques. Applications of iz vitro EIT are
relatively new in the field of biological specimen imaging, and more validation studies
are needed on the correlation of biological phenomena and the resulting conductivity
images. OPT-mfEIT provides a tool for such validation studies. Overall, this
technique is expected to open new avenues in 3D tissue engineering research and

contribute to advance the tissue engineering methods towards clinical applications.



TIVISTELMA

Kantasoluperiisten solujen ja kudosten tutkimus on siirtymissa kolmiulotteisia (3D)
in vivo rakenteita jaljittelevddn viljelyyn perinteisten kaksiulotteisten (2D) viljelmien
sijaan. Ndmid 3D-viljelmdt mahdollistavat uusia ratkaisuja tautimalleihin,
toksikologisiin tutkimuksiin, ldakekehitykseen ja tarkkuusliaketieteeseen. Eldvien
3D-rakenteiden  arvioiminen  vaatii kuitenkin  kehittyneiti  mittaus- ja
kuvantamistekniikoita. Optisia mikroskopiatekniikoita kdytetddn yleisesti iz wvitro
naytteiden kuvaamiseen, mutta mesoskooppisten 3D-rakenteiden kuvantaminen on
haastavaa niiden paksuuden vuoksi, joka aiheuttaa optisen signaalin heikkenemista.
Lisdksi monet optiset kuvantamistekniikat ovat fototoksisia tai vaativat ndytteiden
vitjadmistd/optista puhdistamista, mikd tekee niistd kiyttokelvottomia jatkoviljelyd
varten. Niiden syiden vuoksi uusille 3D-kuvantamistekniikoille on tarve.
Multimodaaliset kuvantamismenetelmit tuottavat monifysikaalista tietoa
niytteestd ja mahdollistavat hyotymisen eri tekniikoiden vahvuuksista. Tdmin
viitéstyon lihtokohtana oli kehittid uusi sihkoinen impedanssitomografia (EIT)
tekniikka ja integroida se optiseen projektiotomografia (OPT) jirjestelmiin. EIT on
kuvantamistekniikka, jolla rekonstruoidaan ndytteen sidhkonjohtavuus useiden
niytteen pinnalta tehtivien virtainjektioiden ja jannitemittausten perusteella. Jos
nimid sihkoiset mittaukset suoritetaan eri taajuuksilla, tekniikkaa kutsutaan
monitaajuus-EIT:ksi (mfEIT). OPT kuvauksessa ndytteestd otetaan projektiokuvia
useista kuvakulmista, joiden perusteella rekonstruoidaan morfologinen 3D-kuva.
Timin viitoskirjan tavoitteena oli luoda uusi menetelmd 3D-niytteiden
tutkimukseen kehittaimalld integroitu OPT-mfEIT-teknitkka. Ensin mfEIT
kehitettiin integrointiin sopivaksi: elektrodikonfiguraatiot, kuvantamiskammiot ja
rotaatiomittausprotokollat ~ suunniteltiin = ja  testattiin.  Lisdksi  kehitettiin
rekonstruktioalgoritmeja  ja  datafuusiotekniikoita monifysikaalisten — kuvien
rekonstruoimiseen. Toiseksi uuden mfEIT-laitteen toimivuus osoitettiin
kasvifantomeilla. Kasvien taajuudesta riippuvat johtavuudet nikyivit hyvin
rekonstruoiduissa monitaajuuskuvissa. Kolmanneksi lopullinen kehitetty 3D OPT-
mfEIT validoitiin kokeellisesti kasvifantomilla, sferoideilla ja ex wivo kudoksilla.
Tuloksena saadut kuvat paljastivat sekd niytteen 3D-morfologian ettd johtavuuden

useilla taajuuksilla. Rekonstruktioista johdetut johtavuusspektrit mahdollistivat
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kantasolujen havaitsemisen biomateriaalisferoideissa ja solukalvojen eheyden
analysoinnin kudoksissa.

Johtopiditoksend voidaan todeta, ettd timid viitoskirja esittelee uuden tekniikan
mesoskooppisen mittakaavan 3D-kuvaukseen. Kehitetylli OPT-mfEIT-tekniikalla
voidaan kuvata ja arvioida erilaisia 3D-naytteitd, kuten sferoideja ja organoideja, joita
on haastavaa kuvata perinteisilli mikroskopiatekniikoilla. Tuloksena saatu
johtavuusspektri mahdollistaa uudenlaisen analyysin biologisista niytteisti koska
perinteisilli mikroskopiatekniikoilla sdihkén johtavuutta ei voida selvittda. In vitro
EIT:n sovellukset ovat suhteellisen uusia biologisten niytteiden kuvantamisen alalla,
joten biologisten ilmididen ja johtavuuskuvien korrelaatiosta tarvitaan lisdd
validointitutkimuksia. OPT-mfEIT tarjoaa tyokalun tallaisiin validointitutkimuksiin.
Kaiken kaikkiaan timidn tekniikan odotetaan avaavan uusia mahdollisuuksia 3D-
kudosteknologian tutkimukseen ja edistivin kudosteknologisia menetelmii kohti
kliinisia sovelluksia.

xii
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17 INTRODUCTION

The research on stem cell-derived cells and tissues grown in biomaterials and
microphysiological systems is rapidly developing to produce novel solutions for
disease models, toxicology studies, drug development, and precision medicine (Fang
& Eglen, 2017; Gomes et al., 2017). The great advantage in stem cell-based assays is
the possibility to use cells of human origin that allows to avoid the cost-intensive
and often ineffective animal testing (Edmondson et al., 2014; Fang & Eglen, 2017,
Kim et al., 2020). Further, the ongoing transition from two-dimensional (2D) to
three-dimensional (3D) cell cultures allows to obtain more realistic zz zivo mimicking
cultures instead of cells grown, for example, on chips or well plates. Although 3D
constructs offer relevant environment for cells to grow and differentiate, they also
pose challenges regarding monitoring and imaging.

Optical microscopy techniques are most used in the cell culture research, and
they are well developed especially for 2D imaging. However, the thickness and
possible nontransparent features of the 3D cultures hinders the use of optical
microscopy. Non-harmful monitoring of 3D cultures is particularly challenging since
many current methods require mechanical sectioning and/or staining of the
specimen and are thus endpoint assessments. Therefore, new monitoring and
imaging techniques are needed to assess 3D cultures in the mesoscopic scale. (Booij
etal., 2019; De Leon et al., 2020; Fang & Eglen, 2017)

Tomography refers to methods that noninvasively visualize the insides of an
object and is associated with 3D imaging techniques. Electrical impedance
tomography (EIT) is a 3D visualization technique that has been used in many fields
of science such as geology and medical imaging. For example, lung ventilation
(Tomicic & Cornejo, 2019) and brain imaging (Ouypornkochagorn et al., 2022;
Toivanen et al., 2021) EIT applications have been demonstrated for clinical use.
Recently EIT applications have emerged also in 7z vitro research (Linderholm et al.,
2008; Sun et al., 2010; Wu, Zhou, et al., 2018).

In EIT, electrical current is injected and voltages are measured at several locations
around the specimen. The acquired data is reconstructed to visualize the conductivity
or conductivity change in the specimen. If current injections are applied at different
frequencies, the technique is called multifrequency EIT (mfEIT). Because the
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electrical properties of the cell and tissue specimens change due to cell proliferation
(Canali, Heiskanen, et al, 2015), differentiation (Bagnaninchi et al., 2018;
Hildebrandt et al., 2010), and cell death (L. Gong et al., 2021; Halonen et al., 2022),
EIT can provide a monitoring tool for such specimens. Despite the spatial resolution
of EIT is limited, its advantages make it an attractive technique for zz vitro studies:
label-free imaging, high temporal resolution, and ability to visualize optically opaque
specimens.

Optical projection tomography (OPT) is another solution for noninvasive 3D
visualizations of the mesoscopic cell cultures (Belay et al., 2021; Sharpe et al., 2002).
In OPT, projection images are collected of a rotated specimen. These projections
are 3D reconstructed to visualize the specimen morphology.

Multimodal imaging aims to combine the strengths of different modalities to gain
more information of the complex biological phenomena. For example, EIT has been
integrated with ultrasound to create a noninvasive clinical diagnostic tool for muscle
health evaluation (E. K. Murphy et al., 2019). EIT has also been integrated with
optical microscopy to image 7z vitro specimens (Z. Liu et al., 2020, 2022). This thesis
presents a novel multimodal approach where mfEIT was integrated with OPT to
acquire both specimen morphology and electrical conductivity spectra of zn vitro
specimens in 3D. The novelty of this work is based on (1) integrating two inherently
3D imaging methods that enable 3D reconstructions of the specimen, and (2) data
fusion that makes solving of accurate conductivity spectra possible that provides
novel means for quantitative analysis-.

The aim of this thesis was to develop a new tool for 3D 2 vitro imaging. The
developed OPT-mfEIT was used to assess the integrity of ex »zv0 human and porcine
tissues and to detect stem cells in biomaterial spheroids. This tool offers a new label-
free and noninvasive solution for mesoscopic scale 3D imaging that provides the
morphology and electrical conductivity spectra of even optically opaque samples.
Conductivity information provides novel analysis possibilities for the research of cell

and tissue culture growth.
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2 REVIEW OF THE LITERATURE

2.1 Biological background

211 Cells, tissues, and organs

The fundamental units of all living organisms are cells. In a simplified form, cells
contain various internal organelles such as nucleus and endoplasmic reticulum
embedded in aqueous cytosol and enclosed by cell membrane. Cell membrane is a
thin lipid bilayer that separates cytoplasm from its surroundings and contains
proteins for ion and molecule transportation and sensing. (Alberts et al., 2014)

Cells secrete extracellular matrix (ECM) around themselves, and together cell
populations and ECM form cooperative assemblies called tissues. In plants, the
ECM consists of tiny boxlike structures attached to each other creating a protecting
cell wall around each cell. The cell wall composes mainly of cellulose and other
polysaccharides and its task is to provide mechanical strength for the plant. In animal
tissues, there are no such cell walls and ECM can have various forms and amounts
depending on the tissue type. Animal cells can be attached to each other via ECM
or directly via cell junctions. (Alberts et al., 2014)

Main tissue types in humans are epithelial, connective, muscle, and nervous
tissues. For example, epithelial tissues are formed of single or multiple cell layers and
their mechanical strength is based on the direct cell-cell junctions with scarce amount
of ECM. Whereas connective tissues are composed of cells, ECM, and fibers
(collagen, reticular, and elastin) and their properties depend on the composition of
the ECM. For example, bones are dense connective tissues due of the high
concentration of fibers in the ECM. Many tissue types together form organs, such
as heart or liver, that act together to produce a specific function, such as pump blood
or metabolize substances. (Alberts et al., 2014; Moreau et al., 2002)
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2.1.2  Stemcells

The main features of stem cells are their ability to divide (proliferate) and
differentiate — unlike many of the specialized cells that cannot divide themselves.
The specialized terminally differentiated cells, such as red blood cells, need to be
continuously replaced. The renewal of cells is taken care by adult stem cells that are
preserved in the corresponding tissues. Adult stem cells are multipotent: they can
only differentiate into specific cell types. Another stem cell type are embryonic stem
cells that are derived from mammalian blastocysts. They are pluripotent, hence, they
can differentiate into any cell type. (Alberts et al., 2014)

Due to ethical issues and poor availability of embryonic stem cells, Takahashi &
Yamanaka (2006) developed a method to induce pluripotency in somatic cells
(Takahashi & Yamanaka, 20006). These induced pluripotent stem (iPS) cells — or hiPS
cells if they are of human origin — enable the use of patients own somatic cells in
various stem cell-based treatments, drug testing, and disease models (Yamanaka,
2009). In theory, any adult cell type can be reprogrammed to iPS cells and then
differentiated to form a desired tissue type.

2.1.3 3D cell and tissue cultures

Most of the 7n vivo tissues are naturally in 3D instead of planar 2D surfaces. It has
been shown that chemical and mechanical microenvironments are very different in
2D and 3D cell cultures that affects the functionality and spatial organization of the
cells, as reviewed in (Duval et al., 2017; Edmondson et al., 2014; Fang & Eglen,
2017). For example, cell-cell interaction and nutrient access differ in 2D and 3D
environments. Therefore, 7z vivo mimicking 3D cell cultures have emerged in cell
biology applications.

There are various forms of 3D cell cultures: biomaterial-based scaffolds and
hydrogels, spheroids, organoids, bioprinted tissues, and organ-on-chip models. The
3D cultures can contain single or many different cell types (cocultures). Biomaterial-
based scaffolds and hydrogels are used to generate a physiologically relevant
microenvironment for cells to grow. They can be made of natural biological materials
or synthetic materials, and fabricated with wvarious techniques, such as
electrospinning or 3D printing, depending on the desired geometry and mechanical
and chemical properties. Spheroids are self-aggregated multicellular cultures that can
be formed from various cell types. They have been traditionally used in tumor

studies. Organoids are used to mimic 7z vivo organ functions and they consist of
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various organ-specific cells grown in highly organized manner. They are grown from
stem cells or cells derived from tissue. Bioprinted tissues are another form of 3D
cultures that produce a desired microarchitecture. There are various fabrication
techniques, such as layer-by-layer extrusion, but the main idea of bioprinting is to
combine living cells, biological materials and biochemicals into a custom-made
geometry. Organ-on-chip models are used to mimic a human organ grown on a
microfluidic chip. Systems that connect multiple organs are called body-on-chip or
multiorgan-on-chip models, where the organ-organ interactions can be studied.
(Dellaquila et al., 2021; Fang & Eglen, 2017)

Building 3D cultures 7z vitro has many challenges, such as reproducibility,
incorporation of different cell types, challenges in monitoring and imaging, and
suitable scaffold design and its biocompatibility. Despite all the challenges, there is a
wide consensus of the need to apply 3D assays in cell and tissue research. (Dellaquila
et al., 2021; Duval et al., 2017; Edmondson et al., 2014; Gomes et al., 2017)

2.2 Overview of 3D in vitro imaging

221  General features of in vitro imaging

Imaging is needed for quality and quantity assessment of cell cultures and evaluation
of the cell behavior and structure in cultures. 3D imaging techniques require data
acquisitions from several planes, thus, the amount of collected data is large compared
to 2D imaging. Large amount of data significantly increases the acquisition and
postprocessing time and poses a challenge for high-throughput 3D systems. In
addition, 3D specimens introduce challenges in the imaging preparation such as
specimen placement, and they might require modifications to staining protocols due
to specimen thickness. However, several 3D imaging techniques have been
developed for in vitro imaging. A summary of the properties of the 3D imaging
modalities used in zz vitro research is presented in Table 1.

Imaging modalities in general are based on certain contrast mechanisms that
result from the interactions of an induced energy — such as electromagnetic or
electrical energy — with the specimen. The resulting images are created from the
changes in the applied and detected energy after interaction events such as scattering,
reflection, absorption, or luminescence. The type and frequency of the induced
energy together with the imaging system and specimen characteristics determines the
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possible imaging depth, spatial and temporal resolution, and contrast of the resulting
images. (Appel et al., 2013; Booij et al., 2019; Nam et al., 2015) The harmfulness of
the modality depends on the intensity of the applied energy and the need of chemical
specimen manipulation. Some imaging methods are endpoint methods that render
the specimen unusable for further exploitation due to, for example, phototoxicity or
clearing reagents. Other methods are less harmful and can be used to monitor the
development of cell and tissue cultures.

Another important feature of 3D imaging modalities is how the images are
generated from the raw data. Volume scanning techniques stack the raw data directly
to produce images, whereas other methods need to reconstruct the raw data with
inversion algorithms. Many optical imaging methods are scanning techniques where
the specimen is imaged sequentially point-by-point of one plane at a time. This raw
data can be stacked to a 3D matrix that represents the specimen volume. The
reconstruction-based methods typically acquire data from the entire specimen
volume collected from several view angles. In these cases, mathematical forward and
inverse models, and possibly also priors are used to produce an image.
(Ntziachristos, 2010)

2.2.2  Optical imaging methods

Optical imaging methods are the most used imaging techniques in 7z vitro research.
They can provide high spatial accuracy for even subcellular features and molecular
visualization. However, the imaging depth is often limited to couple hundred
microns due to light scattering and disturbances from out-of-focus areas (Appel et
al., 2013; Ntziachristos, 2010). Optical imaging methods can be divided into
brightfield and fluorescence modes. Brightfield microscopes image the transmission
of applied light through the specimen. Fluorescence microscopes excite
fluorophores in the specimen with a specific wavelength and collect the emitted light
at a different wavelength. Fluorescence can originate from biological molecules’
intrinsic fluorescence or by label molecules with an extrinsic fluorophore.
Widefield microscopes are basic tools in most laboratories, and they provide
relatively fast tool for specimen checkups. Widefield microscopes illuminate the
whole specimen at once, thus out-of-focus signals disturb the image quality. To gain
better spatial resolution, laser illumination techniques have been developed.
Confocal microscopy is commonly used in 3D cell culture research: the specimen is

scanned with a laser point source and a pinhole is used to reduce the collection of
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light from out-of-focus areas. 3D images are obtained by scanning the specimen at
different depths and stacking these image planes together. Limiting factors of
confocal imaging are its limited throughput and photobleaching. (Appel et al., 2013;
Ntziachristos, 2010)

Two- or multiphoton microscopies (2P/MPM) are fluorescence imaging
methods that apply short laser pulses for exciting the fluorophores in the specimen.
The excitation is spatially and temporally confined to the focus point, hence emitted
photons arrive from a known location in the volume and a pinhole is not needed.
Compared to confocal microscopy longer wavelengths are applied, thus, 2P/MPM
can image thicker specimens with slightly lower spatial resolution. (Ntziachristos,
2010)

Selective plane illumination microscopy (SPIM) offers a practical 3D imaging
technique where a thin light sheet illuminates one plane of the specimen at a time to
excite exclusively the fluorophores in the illuminated plane. These imaged planes can
be stacked to form a visualization of the specimen 3D volume. The spatial resolution
is slightly poorer than in confocal microscopy but also, the use of light sheet reduces
photobleaching and enables larger imaging depth and throughput. (Huisken et al.,
2004)

Optical coherence tomography (OCT) detects reflected and scattered light from
the specimen by matching the coherence of illuminated and collected light. It is an
optical analogue to ultrasound imaging as echo time delay and magnitude of the
reflected light are detected. OCT can image even couple of millimeters thick
specimens. It only operates in brightfield mode and cannot be used for fluorescence
imaging where excitation and emission light has differing wavelengths. (Appel et al.,
2013; D. Huang et al., 1991; Ntziachristos, 2010)

Photoacoustic microscopy (PAM) combines optical illumination with ultrasound
detection. Short light pulses transform to heat in the light absorbing structures such
as hemoglobin. This creates sound waves that are detected with ultrasound
transducers. Hence, the method combines spatial resolution of optical imaging and
penetration depth of ultrasound imaging. (Appel et al., 2013; Ntziachristos, 2010)

2.2.3  Optical projection tomography (OPT)
Optical projection tomography (OPT) is an optical equivalent to X-ray imaging:

specimens are prepared in transparent media to minimize scattering and images are
formed mainly based on the absorbance of light transmitted through the specimen.
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Thus, similar back-projection reconstruction algorithms can be applied as in X-ray
computed tomography. OPT illumination is done with telecentric/nonfocused light
beam through the whole specimen, so scattering and out-of-focus areas disturb the
focus plane images. This causes the spatial resolution of OPT to be poorer than, for
example, in confocal microscopy. In brightfield mode, a specimen attached to a
rotational motor is illuminated with a white light beam. An image is acquired at each
rotational position, and this raw data is postprocessed for 3D reconstruction of the
specimen volume. In fluorescence mode, epi-illumination is typically used, and
emitted light is collected from the rotated specimen. OPT offers a noninvasive 3D
imaging method that is optimally suited for cleared or naturally transparent
specimens, such as hydrogel-based cell cultures, that can be up to couple of
millimeters thick. (Belay et al., 2021; Figueiras et al., 2014; Ntziachristos, 2010;
Sharpe et al., 2002)

2.24  Other imaging methods

Other imaging methods are available for 3D 7 vitro imaging. One of them is X-ray
micro computed tomography (X-ray pCT) where an ionizing X-ray beam is
transmitted through the specimen and a 2D projection image is recorded by an X-
ray detector. X-ray pCT provides an effective tool for 3D imaging since the
penetration depth and spatial resolution are high, although the contrast in soft tissues
is often low. (Appel et al., 2013) The application of contrast agents in X-ray nCT
creates new possibilities for soft tissue and cell culture imaging (Tamminen et al.,
2020).

Scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) techniques have probably the highest spatial resolutions available for iz vitro
imaging, enabling nanoscale images (Y. S. Zhang & Yao, 2018). The main
disadvantages of these techniques are the limited specimen penetration depth, the
imaging is limited to 2D, specimen preparation is challenging, and living cells are
difficult to image.

EIT has emerged as an option for 3D 7 vitro imaging. In EIT, a low amplitude
electrical current is applied through the specimen and induced voltages are measured.
The method is sensitive for electrical conductivity variations in the specimen. The
diffusive nature of the electrical current flow causes poor spatial resolution and, thus,
effective inverse problem solutions are needed to obtain high-quality image
reconstructions. However, EIT is label-free, has no known harmful effects, and it is
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inherently a 3D method because electrical current flows throughout the whole

volume of the specimen. Also, imaging of optically opaque specimens is feasible with
EIT. (Wu, Zhou, et al., 2018)

Table 1. Properties of 3D imaging modalities in in vitro researche.
Modality  Contrast Typical Spatial Inversion  Advantages Limitations
mechanism imaging  resolution needed
depth
Confocal  Fluorescent 350 um <t um No High spatial High phototoxicity
emission resolution
2P/IMPM Fluorescent 1 mm 1um No High spatial High phototoxicity
emission, resolution and
optical penetration
scattering depth
SPIM Fluorescent <500 um <10 um No High spatialand ~ Complex
emission temporal specimen
resolution preparation and
alignment
OCT Optical back  1-5mm 1-10 ym No High temporal Only brightfield
scattering resolution mode, low
chemical
sensitivity
PAM Optical 1-20 mm 50-150 No High functional Coupling medium
absorption pm and chemical needed
sensitivity, deep
penetration
OPT Optical 0.5-2 >1 um Yes High spatial Complex
absorption, mm resolution and specimen
fluorescent penetration preparation and
emission depth alignment
X-ray X-ray 100 pm- 1-1000 Yes High spatial lonizing radiation,
MCT absorption 1m pm resolution and low chemical
penetration sensitivity
depth
SEM/TEM  Electron 0.1 um 1nm No Nanoscale Complex and
scattering spatial resolution  invasive specimen
or diffraction preparation, low
penetration depth
EIT Electrical Extensive Low Yes No known Low spatial
conductivity harmful effects, resolution, lack of
deep specificity
penetration,
dimensions
scalable

a Data adapted from (Appel et al., 2013; Nam et al., 2015; Ntziachristos, 2010; Y. S. Zhang & Yao, 2018)

All imaging techniques have strengths and limitations, and a suitable modality
needs to be chosen for each application. This decision is often a trade-off between
specimen thickness/field of view and spatial resolution. Furthermore, high spatial
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resolution techniques are typically harmful for living specimens. Multimodal imaging
techniques are an attempt to tackle these challenges since they combine the strengths
of two modalities, as it is discussed in sections 2.10 and 2.11.

2.3  Electrical impedance

Electrical impedance is a specimens’ passive property to oppose an induced electrical
current. It is measured by injecting an electrical stimulus — either a known voltage or
current — through the specimen, and the resulting voltage or current is sensed.
Impedance (Z) is a complex-valued quantity that is determined as a ratio of voltage
(1) and current (I) based on the Ohm’s law Z = /1. Impedance is measured with
alternating current injection that has a certain frequency. Therefore, currents and
voltages are time-variant, and they can have a phase difference depending on the
measured specimen.

The measured impedance composes of both magnitude (| Z|) and phase (6), as
is illustrated in Fig. 1. Impedance can be expressed in cartesian form

Z=R+jX [q], D

where resistance R is the real part and reactance (X) is the imaginary part of the
impedance, and imaginary unit j = (-1)1/2. Resistance can be defined as

R=p> 9], )

where g is resistivity, x is the distance between voltage measuring electrodes, and .4
is the cross-sectional area of the specimen. For example, the impedance of an ideal
resistor is purely real, thus its impedance would be R. Reactance is composed of
capacitance and inductance, that are present if charge carriers accumulate in the
specimen due to alternating current injection. For biological specimens, inductance
is not prevailing, but capacitance (C) is a characteristic. Hence, impedance of
biological specimens can be expressed as

Z=R+— [q], 3)

jwC

where w is angular frequency expressed in hertz (Hz). Capacitance of a plate

capacitor is defined as
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C=cot, 5 [F], Q)

where ¢ is the permittivity of vacuum, ¢, is relative permittivity, .4, is the area of the
conductive plates, and 4 is the distance between the plates. Instead of this ideal
capacitor, modified capacitances are often used to model cell membranes, for
example, the constant phase element of the Cole model. (Klosgen et al., 2011; Simini
& Bertemes-Filho, 2018)

Figure 1. Complex impedance Z can be presented either by its modulus |Z| and phase angle (6) or
by its real (Re(Z) = R) and imaginary (Im(Z) = X) parts.

AIm

>

According to equations (2)—(4), impedance value is dependent on the dimensions
of the measured material and material specific properties: resistivity and permittivity.
Conductivity (0) is the inverse of resistivity (¢ = 7/p) and is often used to describe
materials” ability to conduct electrical current (unit siemens per meter (S/m)). Even
though conductivity is a specific material property that is independent of the
measurement dimensions, conductivity is dependent on the applied alternating
current frequency and temperature of the material. (Grimnes & Martinsen, 2015;
Simini & Bertemes-Filho, 2018)

2.4 Impedance spectroscopy and measurement configurations

Electrical impedance spectroscopy refers to impedance measurements where current
injections are applied at several frequencies, typically in the range from 100 Hz to 10
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MHz. The excitations are performed applying either a sinusoidal signal consecutively
at different frequencies or a composite signal that includes several frequency
components. The frequency components are then decomposed from the composite
signal with signal processing methods, such as Fourier transform. In principle, the
obtained information is the same with different waveforms if the excitation
amplitude is low enough to assure linear conditions. One possibility is to use
multifrequency binary excitation to obtain fast spectroscopic measurements at high
signal-to-noise ratio (SNR). (Grimnes & Martinsen, 2015; Land et al., 2011; Min et
al., 2012).

Typical impedance spectroscopy measurement setup consists of 2—4 electrodes
that are galvanically coupled to the specimen and used to induce electrical current
and measure voltages. Two-electrode (bipolar) systems use the same electrodes for
both injection and voltage measurement. Four-electrode (tetrapolar) systems use one
electrode pair for current injection and another electrode pair for voltage sensing.
Three-electrode configuration is a mixture of these where voltage is measured
between the current injection electrode and a third reference electrode.

The advantage of bipolar systems is that they are tolerant to movement errors
that can be crucial when measuring, for example, humans. The drawback is that
contact impedances of the electrode-specimen interface are merged in the sensed
voltages that corrupt the impedance values in bipolar systems. The effect of contact
impedances is minimized in tetrapolar systems where the voltage sensing circuit is
separate from the current circuit. This is the main reason why tetrapolar
configurations are preferred when feasible. The drawback of tetrapolar
measurements is their sensitivity to movement errors if present.

Another important feature of electrode configurations is the induced sensitivity
field that differ in bi- and tetrapolar systems, as is further discussed in section 2.7.
Although tetrapolar systems are often preferred, both systems have been widely
used. For example, impedance pneumography has been implemented both in bipolar
(Luo et al., 1992) and tetrapolar (Seppi et al., 2010) schemes.

As mentioned in the previous section, impedance measurements depend on the
setup geometry and electrode configuration. Therefore, impedance values are
typically compared with reference data obtained with the same setup. This is
especially important when measuring inhomogeneous specimens such as biological
material. Reference data can be obtained, for example, from the same specimen

measured at different time points or from blank saline or biomaterial.
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2.5  Electrical bioimpedance

Electrical bioimpedance refers to impedance measurement of biological materials,
such as tissues, either iz vivo or in vitro. In contrast to electric circuits, the charge
carriers inside biological specimens are ions instead of electrons. The measured
bioimpedance produces information of the state and functionality of the specimen,
such as cell viability.

Impedance spectroscopy is the most frequent method used to measure
bioimpedance. At low excitation frequencies, conductivity is dominant feature in
biological specimens. As frequencies increase, ions become restricted to move and
dielectric properties (i.e., capacitance) become dominant. In other words,
conductivity increases and permittivity decreases along increasing frequency, and this
typically leads to a decrease in the measured impedance as excitation frequencies
increase. (Grimnes & Martinsen, 2015)

The frequency dependence of biological specimen’s impedance has been
described with three main dispersion mechanisms: «, 3, and y (Schwan, 1994). In
principle, at each dispersion range specimen’s permittivity decreases and
conductivity increases. The a-dispersion is difficult to measure since it arises below
kHz frequencies where electrode polarization effects often corrupt the
measurements. However, a-dispersion has been shown to soon disappear as tissue
dies. Commonly used frequency range in bioimpedance spectroscopy is from kHz
to couple MHz, where the 3-dispersion is dominating. At this range, the conductivity
and permittivity changes are due to mechanisms of passive cell membrane
capacitances, intracellular organelle membranes, and protein molecule responses.
The y-dispersion appears at GHz range and is associated with polarization of water
molecules. (Grimnes & Martinsen, 2015)

Bioimpedance measurements can be modeled with various electrical equivalent
circuits; one example is shown in Fig. 2 where a simplified schematic of cell
suspension in alternating current electric field is shown. There are three main
constituents that affect the measured bioimpedance in this case: cell membranes and
intracellular (cytoplasm) and extracellular medium (ECM in case of tissues). The
equivalent circuit forms two parallel current paths: one through the extracellular
space, and another through the cells. Since capacitors conduct current pootly at low
frequencies and the cell membrane resistance (R,) is typically high (in the range of
MQ), the low frequency current paths depend greatly on the extracellular resistance
(R). The value of resistance R, depends on the ionic composition of extracellular
medium and packing density of the cells. As discussed in section 2.1.1, ECM has
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different compositions in different tissues, inducing distinct impedance values at low
frequencies. At high frequencies, cell membrane capacitors (C,) start to conduct
current, and intracellular resistance (R;) becomes involved in the current path. This
leads to a decrease in impedance as current can flow through relatively well-
conducting cytoplasm. (Klosgen et al., 2011; Pethig & Kell, 1987)

Figure 2. Simplified schematic of cell suspension in induced alternating current field between two
electrodes. Arrows indicate the high and low frequency current paths and equivalent
electrical circuit models the electrical properties of cells and extracellular medium:
extracellular resistance (Re), cell membrane resistance (Rm), cell membrane capacitance
(Cm), and intracellular resistance (R).

—— high frequencies

....... > low frequencies

In practice, biological specimens are not as simple as is shown in Fig. 2 since
varying cellular morphologies, cell-cell junctions, and cells intracellular organelles
make the model more complex. In addition, tissues are not homogeneous and can
be anisotropic with different conductivity in different directions, such as in muscle
cells (Grimnes & Martinsen, 2015).

2.6 Impedance spectroscopy in vitro applications

The efficacy of impedance spectroscopy in cell and tissue culture studies has been
established for many applications. The changes in cell morphology due to cell
attachment, movement, proliferation and growth on a planar 2D electrode
configuration have been well reported, for example in (Jaatinen et al., 2009; Keese
& Giaever, 1994). The amount of biomass in a bioreactor has been monitored
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(Justice et al., 2011), as well as proliferation of stem cells in 3D hydrogel scaffold
(Canali, Heiskanen, et al., 2015). Stem cell differentiation (Bagnaninchi et al., 2018;
Hildebrandt et al., 2010) and the maturation and integrity of stem cell derived
epithelia (Onnela et al., 2012; Savolainen et al., 2011) produce significant changes in
impedance. In addition, impedance spectroscopy of zz vivo measurements have
shown that tissue type can be identified (Halonen et al., 2019), and healthy liver tissue
distinguished from tumor (Halonen et al., 2022) using a needle with embedded
electrodes.

Cell and tissue viability is one of the most studied features in impedance
spectroscopy applications, and it is often used as an indicator in drug testing and
toxicity assays (L. Gong et al., 2021; Lei et al., 2014, 2018; Pan et al., 2020). Cell death
— either necrosis or apoptosis — has a clear effect to cell membrane properties, which
can be measured with impedance spectroscopy. In necrotic cell death, the cell
membrane breaks and cytoplasm spreads uncontrollably to the surroundings. This
decreases membrane resistance so that electrical current flows through the cytoplasm
decreasing the measured impedance (Halonen et al., 2022). Necrosis is induced by
external physical or chemical events, such as low/high temperature or lack of
oxygen. Apoptotic cell death is a controlled process where the cell membrane
remains intact, but cell size decreases, and cell-cell junctions disintegrate. This leads
to changes in the measured impedance (Lei et al., 2014; Pan et al., 2020). Apoptosis
is induced by the cell itself or by the signals from surrounding cells, for example due
to DNA damage. (Alberts et al., 2014)

A single impedance spectroscopy measurement produces an average impedance
of the measured volume. Spatial information of local differences in the specimen
conductivity requires many measurements from different view angles. Couple of
studies have used impedance spectroscopy to spatially map impedance values
without image reconstruction and inversion methods: cardiac cells and brain tissue
grown on a microelectrode array (Viswam et al., 2018), and human hepatoblastoma
cells in 3D hydrogel scaffold with eight stick electrodes (Canali, Mazzoni, et al.,
2015). To map the conductivities more accurately also from 3D specimens, EIT is
an efficient method that is described in the next sections.

2.7  Lead field theory and impedance measurement patterns

Electrical current flows diffusively through the specimen volume. This makes the

modeling of impedance measurements more complex than, for example, in X-ray
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imaging where it is justified to assume that the detected photons traveled along a
straight line. Lead field theory provides tools for modeling and assessing the effect
of electrode locations and conductivity variations on the measured impedances.
Originally, it was developed for electrocardiography (McFee & Johnston, 1953) and,
further, for assessment of bioimpedance lead sensitivities (Geselowitz, 1971;
Malmivuo & Plonsey, 1995). Applying the lead field theory in a finite element model
(Hyttinen et al., 1993) offered tools for simulating the sensitivity of, for example,
various EIT measurement patterns (Kauppinen et al., 2006). EIT patterns are a
collection of current injection and voltage sensing electrode pairs used in the
measurements. Sensitivity simulations have been further used to design electrode
configurations and measurement patterns, for example, for impedance spectroscopy
setup applied to 3D tissue engineered specimens (Canali, Heiskanen, et al., 2015),
single-cell microelectrode array measurements (Bottrich et al., 2017), and impedance
measurements of epithelial tissues (Tervonen & Hyttinen, 2018).

Injected current in impedance measurements forms a current density field in the
specimen — called a lead field — that can be visualized with a vector field. According
to the principle of reciprocity, the measured impedance value is the same if voltage
sensing electrode pair and current injection electrode pair were interchanged.
Possible deviations are due to nonidealities of the instrumentation that may lead to
a reciprocity error. Also, the voltage sensing electrodes form a lead field that can be
visualized with a vector field. The sensitivity § of a bioimpedance measurement can
be calculated as a dot product of the current lead field Ji; and voltage lead field Jir
as

S=JuJig o)

The direction and magnitude of the current density fields Ji; and Jir depend on the
electrode configuration and the specimen’s shape and conductivity distribution, as is
illustrated in Fig. 3 (a) and (c). It can be seen that current density fields are strong in
well conducting regions and weak in poorly conducting regions. (Malmivuo &
Plonsey, 1995)

The measured impedance Z depends on the conductivities ¢ in the volume I
and the sensitivity distribution § as follows

S 12 !
Z = fV, s av’ = fv,iju Jog dV'. (6)

Sensitivity is a scalar field, and its value can be positive, negative, or zero depending

on the angle and magnitude of the measurement and current feeding lead fields. In
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the areas of positive sensitivity, a decrease of local conductivity leads to an increase
in the measured impedance. In the areas of zero or close to zero sensitivity,
conductivity changes are not detected. In the areas of negative sensitivity, a decrease
of local conductivity leads to a decrease in the detected impedance. These are valid
when the changes of the local conductivities are relatively small so that the lead fields
are not drastically changed due to the change of conductivity. As an example, the
lead fields and associated sensitivity distributions of two different tetrapolar
measurement patterns are shown in Fig. 3 (b) and (d). (Kauppinen et al., 2000;
Malmivuo & Plonsey, 1995)

The areas of negative or zero sensitivity complicate the analysis of the impedance
results if sensitivity field is unknown. In bipolar configurations the Ji; and Jix are
parallel, thus, negative sensitivities are not present. However, in tetrapolar
configurations the sensitivity field is more complex due to separate excitation and
sensing electrode pairs. Despite this complexity, tetrapolar measurements enable to
optimize the measurement pattern by focusing high sensitivity areas to the regions
of interest.

EIT patterns typically consist of couple hundred impedance measurements that
are used to reconstruct the conductivity image. Especially the areas of zero sensitivity
should be considered when designing an EIT measurement pattern because
conductivity variations in those regions would be undetected. Having different
configurations of tetrapolar measurements in the pattern may be beneficial. For
example, the opposite and edges pattern presented in Fig. 3 would complement each
other.
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Figure 3. Simulated lead fields and sensitivity distributions of two different tetrapolar measurement
patterns applied to a phantom (conductivity 0.22 S/m) with a resistive inclusion
(conductivity 0.02 S/m). Magenta arrows denote current lead field induced between
electrodes I+ and |-, and blue arrows denote voltage sensing lead field induced between
electrodes V+ and V-. Opposite pattern (a) lead fields and (b) sensitivity; edges pattem (c)
lead fields and (d) sensitivity. The value of sensitivity (unit 1/m#) depends on the
magnitudes and directions of the lead fields.
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2.8 Electrical impedance tomography (EIT)

EIT is an imaging modality where several impedance measurements are obtained
around the specimen and used to reconstruct a conductivity image. The main
principles are the same as in impedance spectroscopy, but in addition, the
measurement pattern needs to be designed for many electrodes and computational
methods are applied to reconstruct the image. Also, most EIT setups apply only one
frequency instead of a spectrum. A schematic in Fig. 4 represents a typical EIT
scheme where one possible current injection pattern is illustrated with corresponding

sequential or simultaneous voltage measurements.
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Figure 4. Schematic of EIT measurement illustrating a 16-electrode scheme with an inclusion (o2)
and background (o+) with differing conductivities. One possible current pattern (1) with
sequential voltage measurements (V) is represented. The pattern needs to be repeated in
other locations around the object.

EIT can be roughly divided into two modes: absolute (static) and difference
imaging. In absolute mode, the conductivity of the specimen is reconstructed based
on one measured data set, whereas in difference mode the conductivity change is
reconstructed based on two measured data sets. The advantage of absolute imaging
is that absolute conductivity values are obtained that enable quantitative analysis.
The drawback is that absolute mode reconstruction is very sensitive to systematic
and modeling errors. If these errors are not considered in the reconstruction, the
resulting image quality is often poor (Nissinen et al., 2008, 2009, 2011). Difference
mode EIT is more tolerant to such errors since the reconstructions are based on the
difference between two data sets. Therefore, difference mode reconstructions
typically represent the change in conductivity between two states: either as
frequency-difference or time-difference images. Frequency-difference data are
collected at the same time point from the same specimen, but the images are
reconstructed using a certain frequency data as a reference. Thus, the frequency-
difference images represent the conductivity change compared to conductivity at the
reference frequency. Time-difference data are collected at different time points but
with the same frequency, for example, reference data can be measured from blank
saline without the inclusion. Therefore, time-difference images represent the
conductivity change due to a change in the specimen over time. The drawback in
difference images is that they are often qualitative in nature due to the linearization

of the non-linear EIT model and cannot be used for quantitative analysis. (Brown,
2003; Hallaji et al., 2014; P. J. Vauhkonen et al., 1999)
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The division of EIT to absolute and difference modes is somewhat flexible, as
was shown, for example, in (Hallaji et al, 2014) where absolute images were
reconstructed applying two data sets: reference data of a homogeneous specimen
were used for estimating measurement noise and modeling errors. This method
yielded high spatial resolution (in the context of EIT) and visualization of absolute
conductivity values.

The contrast in EIT images is caused by the varying ability of local areas to
conduct electrical current. There exist various applications where this property is
inherent. For example, in geophysics sub-surface structures and water content can
be detected with the direct current version of EIT — electrical resistance tomography
(Daily et al., 2005). As an example in medical imaging, the conductivity of thorax
changes according to the amount of air in the lungs, and EIT has been shown to be
an efficient tool to monitor lung ventilation in intensive care (Tomicic & Cornejo,
2019). In microscopic scale, EI'T has recently been reported as a tool for monitoring

in vifro specimens, as is discussed in section 2.14.

2.9  EIT image reconstruction

Reconstructing the unknown conductivity inside a specimen based on measured
electrode potentials on the surface is an inverse problem. The associated forward
problem is to solve electrode potentials I when the conductivity distribution ¢ and
injected currents are known, as follows

V =U(o) +n, ()

where 7 is noise due to unideal instrumentation and U is the forward operator that
includes the measurement pattern, dimensions of the specimen and electrode
modeling. The forward operator U is nonlinear because electrical current flows
diffusively in the specimen, depending on the conductivity distribution. Part of the
inverse problem solution is to numerically solve the forward problem that links the
boundary voltages with the injected currents and the conductivity of the specimen.
(Holder, 2005; P. Vauhkonen, 2004)

To solve the forward problem, the electrical measurements need to be modeled.
This is often implemented with the complete electrode model that maps the injected
currents to electrode potentials (Cheng et al., 1989; Somersalo et al., 1992). The
complete electrode model accounts for the effect of the conductivity and the so-
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called shunt effect on electrodes, as well as the contact impedances between the
electrodes and the object's surface. Another option is, for example, the point
electrode model that is useful if electrode sizes are very small compared to the whole
specimen surface (Hanke et al., 2011). The forward problem is numerically solved
with, for example, finite element method (P. Vauhkonen, 2004).

Inverse problem in EIT is ill-posed which renders the inverse solution to be
sensitive to noise and modeling errors. In ill-posed inverse problems, a unique
solution may not exist and small errors in the measured data may lead to large errors
in the solution. Therefore, accurate modeling of the measurements, that is, the
forward solution, as well as customized inversion methods are needed to solve the
inverse problem. The solution is often implemented with generalized Tikhonov
regularization, and that can be expressed in absolute mode as a minimization
problem

o = argmin{|lL,(V ~U(o)I* + p, (o)}, ®

where L,is a Cholesky factor of the noise precision matrix, thus, L,/T, = I !, where
I'; is the covariance of the Gaussian distributed noise. The regularization functional
Po(0) 1s used to penalize improbable features of g, according to the prior information
of the specimen’s conductivity. (Hallaji et al., 2014; Seppanen et al., 2007; M.
Vauhkonen et al., 1998)

In the case of difference EIT, the conductivity change Ao is estimated based on
the difference of voltage measurements A1 between the two states. Based on Eq.

(7), the approximate observation model becomes
AV =~ JAo + An, )

where | is a Jacobian matrix of U(g) and An represents the change in noise. The
inverse solution in difference EIT becomes of the form

Ao = arg min{[|Ly, (AV ~JADI" + pay (40)} (10)

where I, is a Cholesky factor of the noise precision matrix regarding the change in
noise, and p,(do) is the regularization functional or prior potential. These inverse
solutions can be computed with deterministic or Bayesian (statistical) approaches.
Deterministic approaches assume the variables to have exact values, while in

Bayesian inversion approach, both the measurements and the model unknowns are
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modeled as random variables, and the solutions for equations (8) and (10) are the
maximum a posteriori estimates for the conductivity. In both absolute and difference
modes, the inverse problem is a minimization problem that is solved with, for
example, finite element modeling and Gauss—Newton based line search methods.
(Hallaji et al., 2014; P. Vauhkonen, 2004)

As the inverse problem in EIT is ill-posed, prior information is needed for good
reconstruction accuracy. It is included in the functional p in equations (8) and (10)
and can have various forms depending on what kind of information is available from
the specimen. This can include, for example, the knowledge if the conductivity
distribution has high or low values, is changing slowly, or has smooth or sharp edges.
(M. Vauhkonen et al., 1998)

Structural priors have been studied especially for multimodal imaging approaches
where the prior information would be available for EIT from another imaging
modality, such as magnetic resonance imaging. This kind of spatial prior can be an
efficient way to decrease the number of unknown parameters and possible solutions
of the inverse problem and, thus, stabilize the EIT image reconstruction. (Kaipio et
al., 1999; Kolehmainen et al., 2019)

210  Multimodal EIT

Multimodal imaging in medical scope typically aims to combine morphological and
functional information to obtain more accurate diagnostic tools (Marti-Bonmatf et
al., 2010). Multimodal EIT applications shares this aim and, in addition, aims to
enhance the poor spatial resolution of EIT via embedding (structural) prior obtained
from another imaging modality into EIT reconstruction (Crabb et al., 2014; Li et al.,
2020; Soleimani, 2006). On the other hand, the advantages of EIT can be used to
complement other imaging methods. No known harmful effects, high temporal
resolution and compact or even portable instrumentation of EIT provide monitoring
possibilities that are not easily available with, for example, magnetic resonance
imaging or X-ray computed tomography.

Multimodality can be based on data fusion or coupled physics techniques. Data
fusion techniques combine data acquired with separate modalities. In coupled
physics systems, one modality alters the response of the other modality, such as in
ultrasound-modulated EIT where focused ultrasound waves are used to change the
conductivity of a certain region (H. Zhang & Wang, 2004). This thesis work focused
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on fusing optical imaging data into EIT reconstruction, therefore, only data fusion
techniques are considered further in this chapter.

Multimodal techniques can be roughly divided into asynchronous and
synchronous systems according to the implementation of data acquisition and
analysis. In asynchronous systems, image data from both modalities are acquired at
different time points and combined afterwards. Synchronous systems again acquire
data simultaneously and process data automatically. (Marti-Bonmati et al., 2010) In
practice, multimodal systems can be combinations of the asynchronous and
synchronous systems: data can be acquired simultaneously but data processing can
be done offline afterwards. The implementation depends on the feasibility of
connecting all the sensors simultaneously, how fast changes in the specimen are

expected, and how fast the results should be available.

2.11  Multimodal EIT applications

Many techniques have been presented on the integration of structural prior into EIT
reconstruction to improve image quality via stabilizing the solution of the ill-posed
inverse problem. The structural prior can be obtained from different modalities such
as ultrasound, magnetic resonance imaging, or X-ray computed tomography. Kaipio
et al. (1999) presented how prior information on the smoothness of the solution can
be considered. They studied cases with exact data and approximate assumptions of
the object as prior information (Kaipio et al., 1999). An approach where structural
prior was used to build the finite element mesh in the forward solution, and divide
it into clusters was presented in (B. Gong et al., 20106). They proposed structure-
based regularization to eliminate image artifacts. A soft-regularization approach was
proposed to distinguish breast tumors from healthy tissue according to its
conductivity when the location of the possible tumor was known based on prior
images (E. K. Murphy, Mahara, Wu, et al., 2017). EIT reconstruction accuracy was
shown to improve when structural prior of internal edges was applied in the
reconstruction, even in cases where the edge information was only partially known
(Kolehmainen et al., 2019).

EIT has been combined with ultrasound imaging for various medical
applications. One of the first systems was presented by Soleimani (2006) with the
alm to obtain tissue monitoring during cryosurgery (Soleimani, 2006). The EIT
results were more accurate when boundary information from ultrasound was used

as a priori. To obtain enhanced methods for prostate cancer diagnostics, EIT
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electrodes were incorporated on transrectal ultrasound probes (E. K. Murphy et al.,
2018; Wan et al., 2010). This was an open-domain EIT system with limited sensitivity
deep in the tissue. Therefore, they presented a data fusion approach to combine EIT
measurements from various probe locations for enhanced image quality. Although
data fusion with ultrasound was not applied, the multimodal probe could be used to
image prostate with EIT and guide normal biopsy procedure if real time EIT
reconstructions were developed. Another study presented EIT combined with
ultrasound probe to develop noninvasive and accurate assessment of muscle health;
ultrasound image was segmented and used to constrain EIT image reconstruction
for enhanced image accuracy (E. K. Murphy et al., 2019).

Magnetic resonance imaging and X-ray computed tomography are commonly
used in medicine as they produce anatomically accurate images. Using these images
as prior information can be essential for medical EIT applications. For example,
Paldanius et al. (2021) demonstrated the importance of anatomically accurate
forward models based on structural prior images in the case of intracerebral
hemorrhagic stroke EIT (Paldanius et al., 2022). Similar conclusion was presented in
(Xu et al,, 2011) where boundary information was extracted from computed
tomography images and applied in EIT mesh generation. In lung imaging, EIT
reconstructions were improved when shape correction was included according to
prior images (Crabb et al., 2014; Schullcke et al., 2016). They also assessed EIT image
quality by coregistering (geometrically aligning and integrating images) the results on
the structural prior images.

Multimodal EIT systems for 7z vitro cell culture studies are currently emerging.
Optical microscopy techniques are commonly used to image 7 vitro specimens, and
they can be suitable for extracting prior information for EIT reconstruction. Liu et
al. (2020) introduced impedance-optical dual-modal sensor where optical images
were used to create a binary mask for prior information of the locations and
morphology of the cell spheroids (Z. Liu et al., 2020). They presented high quality
2D difference EIT images of human breast cancer cell spheroids. Liu et al. (2022)
have continued this work with embedded deep learning model for fusing dual
modality information and image reconstruction (Z. Liu et al., 2022). These works
have aimed to improve EIT image quality so that they could be used for quantitative

analysis of 3D cell cultures.
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2.12 Rotational EIT

In typical EIT systems the electrodes and the specimen are stationary, thus, the
number of electrodes determines the maximum number of independent
measurements. In stationary systems, the total number of independent current

injection pairs N is

Ne(ne—1
N =ee) (11)
where 7, is the number of electrodes (Darnajou et al., 2019). Rotational EIT can be
implemented either by turning the electrodes or the specimen and collecting data at
several rotational positions. This enables a large number of independent
measurements that are not limited by the number of electrodes as the measurement
angle can be adjusted. Data collection at small increments can potentially enhance
EIT image quality (Malmivuo, 2010).

Rotating either the specimen or the electrodes affect the setup design and image
reconstruction. Instrumentation, specimen placement, and measurement pattern
need to be suitable for rotational data collection. In the image reconstruction, the
forward problem should be solved to all measured angles and the rotational scheme
is modeled by the forward operator U in equation (7). Several approaches have been
presented on how to create the mesh and map the rotational conductivity estimates
into it (E. K. Murphy, Mahara, & Halter, 2017). If only few rotational positions were
used, it is possible to embed virtual (‘extra’) electrodes in the mesh and choose which
ones are used at each rotational position. Another option is to rotate the values inside
the mesh that enables the use of multiple rotational positions, as it is discussed in
section 4.7.

Rotational EIT has been experimentally shown to be effective. One of the first
rotational EIT studies applied electrodes on a rotating impeller in the center of a
saline-filled tank (S. C. Murphy & York, 2006). The results showed that rotational
EIT could be useful tool in mixing process applications. Process monitoring with
EIT was also shown to work even with rapidly changing specimens during rotational
mixing (Seppinen et al., 2007). Huang et al. (2007, 2008) developed a device where
electrodes were rotated near the boundary of saline-filled tanks to enhance image
quality (C. N. Huang et al., 2007, 2008). To develop methods for medical imaging,
rotational EIT was proven to produce better image contrast and inclusion
distinguishability than stationary EIT for a breast shaped tank due to added number
of measurements (E. K. Murphy, Mahara, & Halter, 2017).
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2.13  EIT in vitro hardware

2.13.1  Electrode configurations

Electrode configurations are determined by the number, location, and size of the
electrodes. The number of electrodes affect how many measurement combinations
are available (see Eq. (11)), and their locations affect what measurement sensitivities
are achievable (see section 2.7). The spacing between adjacent electrodes is also
important; having many electrodes in a small 7z vitro chamber can enhance the spatial
resolution, but SNR also decreases due to a decreased measured signal when
electrode distance is small (Lee et al., 2014). Stray capacitances and the shunting
effect also increase when many electrodes are near to each other (Canali et al., 20106;
Q. Liu et al,, 2011). In addition, electrode size affects the contact impedance: the
smaller the electrodes the higher the contact impedances. In practice, electrode
configuration design is limited by, for example, the available channels in the EIT
device, and space available for electrodes in the imaging chamber.

Most present 7z vitro EIT systems consist of 8-32 equidistantly distributed
electrodes often in a coplanar configuration at the bottom of the imaging chamber.
The first 7z vitro EIT studies proposed that microelectrode arrays could be used to
detect changes in cell cultures close to the electrodes (Chai et al., 2007; Daidi et al.,
2007; Linderholm et al., 2008). Coplanar electrodes evenly distributed throughout
the bottom of the chamber have shown to be effective in several other cell culture
studies: 3D reconstructions were obtained from cancer cell aggregates (Yin et al.,
2018) and cancer cells embedded in a 3D scaffold (Yang et al., 2019), as well as yeast
growth monitoring (Farnham et al., 2019).

Another commonly used configuration applies electrodes at the edges of the
chamber bottom. This configuration has been used to analyze the location and size
of cells growing in hydrogel (Sun et al., 2010), image breast cancer cell spheroids and
pellets (Yang et al., 2017), and the proliferation of yeast cells (Lemmens et al., 2018).
Although coplanar electrodes have shown to be effective in many studies, their
sensitivity is highest close to the electrodes and decreases in the vertical direction
that limits the imaging of 3D cultures (Yang et al., 2017; Yin et al., 2018).

Other than coplanar electrode layouts have been developed for in wvitro
applications. A chamber containing hundreds of voltage sensing and few pairs for
current injection electrodes in a cuboid chamber was built and demonstrated for 3D
culture imaging (Ahn et al., 2014; Lee et al., 2014; Q. Liu et al., 2011). For microscopy
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scale single cell EIT, electrodes were fabricated on the inner tube wall of a rolled-up
thin film system (Weiz et al., 2017).

In multimodal EIT, the electrodes need to be positioned so that auxiliary sensors
can be used preferably simultaneously and non-destructively. Liu et al. (2020)
embedded 16 electrodes on the wall of a 1.6 mm high circular sensing chamber, thus
allowing optical microscopy to be performed through the glass bottom (Z. Liu et al.,
2020).

2.13.2 Measurement patterns

In EIT, impedance measurements are repeated a couple hundred times using various
electrode combinations to gather enough spatial information of the specimen.
Tetrapolar measurement configurations are often used due to the simplicity
regarding hardware. In addition, tetrapolar configurations minimize the effect of
contact impedances because voltage sensing electrodes are separate from current
injection electrodes. Other configurations can also be used, such as adaptive
methods where current or voltage sensing is done with several electrodes
simultaneously (Cook et al., 1994; Kauppinen et al., 2006). Adaptive methods would
require several channels in the hardware.

Commonly used tetrapolar patterns are adjacent (neighboring), opposite, and
various cross (skip) patterns. The name of the pattern describes the current injection
configuration and voltage measurements are obtained sequentially with the rest of
the electrodes. In the adjacent pattern, both current injections and voltage
measurements are obtained with adjacent electrode pairs sequentially around the
specimen. In general, the sensitivity is high close to electrodes, but the center regions
of the specimen are poorly detected if only adjacent pattern was used. This is due to
zero or close to zero sensitivity areas in the center regions as is discussed in section
2.7. In the opposite pattern, current is injected with opposing electrodes and voltages
are measured with the rest of the electrodes. This pattern creates high sensitivity to
the center regions of the specimen. In the cross patterns, current is injected with
more distant electrodes than in adjacent but not as distant as in opposite pattern.
One possible cross pattern is illustrated in Fig. 4. Another possible tetrapolar pattern
would be to include all current injection combinations and related voltage
measurements. This all pattern could be beneficial since it produces maximum
amount of data, but it also requires long data acquisition time and computing time
in the reconstruction. (Kauppinen et al., 2006; Morcelles & Bertemes-Filho, 2021)
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2.13.3 Devices and mfEIT

The main parts of EIT devices are current excitation, signal sensing, and switching
(multiplexing) modules. Current excitation module can be implemented either with
voltage or current source. In principle, if voltage excitation is used then currents
should be measured or vice versa. Voltage sources are often used in commercial
impedance analyzers and also in some EIT systems (Linderholm et al., 2008; Sun et
al., 2010). The benefit of voltage sources is their straightforward design and higher
bandwidth at frequencies above 1 MHz (in terms of accuracy and SNR) than in
current sources (Mohamadou et al., 2012). However, current sources can precisely
control the amplitudes of injected currents that is not feasible with voltage sources.
The excitation signal amplitude should be low enough when 77 vitro specimens are
measured not to cause damage to the living cells.

Signal sensing is implemented either as voltage or current measurements,
depending on the used source type. The main tasks of the voltage sensing circuit are
detection and amplification of the potential differences, filtering noise and direct
current components, and digitizing the measurements. If voltage excitation was used,
currents need to be measured either (1) from the sensing electrodes or (2) measure
voltages from the sensing electrodes and currents from the voltage excitation circuit.
In contrast to, for example, 7z vivo lung ventilation EIT, the changes in the detected
signals can be very small when 7 vitro specimens are measured. This poses a challenge
for zn vitro EIT devices. (Morcelles & Bertemes-Filho, 2021)

Electrode switching is needed to conduct all the needed EIT measurements with
several electrodes. Other option would be to use separate channels for each electrode
pair, but that is often not a practical solution. Features of the switching circuit affect
the frame rate of the EIT system, thus data acquisition time, and what measurement
patterns are feasible. Switching circuits may also induce cross-talk noise and errors
at high frequencies via stray capacitances. (Morcelles & Bertemes-Filho, 2021)

Commercial impedance analyzers are not usually optimized for EIT — especially
regarding switching. Therefore, eatly i vitro EIT systems consisted of custom-built
systems with an impedance analyzer, a multiplexer, and a control software, and they
operated at single frequency (Linderholm et al., 2008; Sun et al., 2010). New systems
have been introduced that have high temporal resolution, user friendly control
software, and ability to use multiple frequencies. A device called Visual tomography
is an example of a such device (Yang & Jia, 2017).

Multifrequency excitation can be implemented simply by successively applying
one excitation frequency at a time. However, this approach is time consuming and

48



significantly increases the frame rate. Another approach is to combine two sine
waves with differing frequencies in the same excitation signal (Yang & Jia, 2017).
This approach is feasible with two frequencies, but to obtain many frequencies with
a decent accuracy and frame rate, optimized broadband signals such as chirp or
binary sequences, may be more effective (Morcelles & Bertemes-Filho, 2021;
Sanchez et al., 2012).

The development of mfEIT devices could induce advancements in the cell
culture applications via adding more specificity to the conductivity results based on
the theory presented in section 2.5. For example, an EIT result indicating an increase
in specimen’s conductivity could have resulted from cell death or changes in the
surrounding medium, and these effects might not be distinguishable with a single
frequency measurement. Multifrequency data would enable more detailed analysis
because cell membranes affect the measured impedance according to the applied
frequency at the 3-dispersion range, whereas the impedance of cell culture medium
would be constant. (Morcelles & Bertemes-Filho, 2021)

Temporal resolution of EIT can be high but it depends on the measurement
pattern, and signal excitation and sensing strategies. One solution to decrease data
acquisition time and still obtain multifrequency data is to apply binary excitation, as
presented in (Land et al., 2011; Min et al., 2012), or for example, split the voltage
sensing into separate channels as was done in (Yang & Jia, 2017).

2.14  EIT in vitro applications

One of the first cell culture EIT studies monitored the growth of keratinocyte stem
cells and evaluated cell membrane integrity using a microelectrode array with 16
planar line electrodes (Linderholm et al., 2008). They reported an increase of
resistivity along cell culture growth and a decreased resistivity after permeabilizing
substance (Triton-X) was added. The size and location of a single cellular organism
(slime mold Physarum Polycephalum) growing on hydrogel was correctly detected
with a 16-electrode circular chip (Sun et al, 2010). They reconstructed time-
difference images showing that cellular organism was more conductive than agar gel.

EIT has been shown to be effective detecting an induced cell membrane
breakage. Yin et al. (2018) used a planar 17-electrode chip to 3D reconstruct breast
cancer cell aggregates and their response to permeabilizing substance (Triton X-100)
at 10 kHz (Yin et al,, 2018). The resulting time-difference images showed that cell

aggregates were less conductive than cell culture medium and aggregates’
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conductivity decreased after inserting the dissolving substance. Wu et al. (2018)
examined the viability of breast cancer cell aggregates on a 17-electrode planar chip
(Wu, Yang, et al., 2018). Their time-difference images at 10 kHz showed that the
spheroids’ conductivity increased after exposure to Triton X-100 solution.

Emerging mfEIT devices have enabled to visualize the frequency dependent
conductivity of 7 vitro specimens. Breast cancer cells were embedded in 3D scaffolds
and measured with a 16-electrode circular chip (Wu, Zhou, et al., 2018). The results
showed that cell-loaded scaffolds were less conducting than blank scaffolds in time-
difference mode at 10 kHz. In addition, frequency-difference images showed that
the conductivity of the cell-loaded scaffolds increased along increasing frequencies
from 10 kHz to 100 kHz, whereas blank scaffolds’ conductivity remained
unchanged. Similar setup and the frequency-difference mode were used in (Ogawa
et al., 2021) to evaluate different cell concentrations embedded into 3D printed
scaffolds. Both simulation and experimental results demonstrated that conductivity
of the cell-loaded scaffolds decreased along increasing live cell concentration.

Recent study presented an 8-electrode setup with the aim for osteogenic
differentiation monitoring (Cortesi et al., 2021). The experimental results showed
that EIT could detect different calcium concentrations in hydrogel scaffolds and 7
silico simulations demonstrated the process of cell-induced mineralization. In
addition, deep learning has been embedded with 7z vitro EIT to enhance image quality
and computational efficiency (Chen et al., 2021; Chen & Yang, 2021; Z. Liu et al.,
2022).

50



3 AIMS OF THE STUDY

The aim of this doctoral thesis work was to develop a novel multimodal imaging
technique and demonstrate its functionality. The goal was to create a tool for
assessing 3D n vitro specimens such as spheroids that are challenging to image with
traditional microscopes. The approach was to combine mfEIT with OPT,
abbreviated as OPT-mfEIT. This combination can reveal both specimens’
morphology and conductivity spectra.

The specific aims of the work and the corresponding publications as described in
section ORIGINAL PUBLICATIONS were:

1. To develop a novel limited angle rotational EIT method suitable for
multimodal imaging setups and a corresponding mathematical rotational
image reconstruction algorithm (I). The limited angle EIT approach was
needed to integrate EIT and OPT so that they would not block each other’s

field of view.

2. To develop a multimodal 7z vitro imaging system: design and produce imaging
chambers with suitable electrode configurations and impedance
measurement patterns (III, IV). In addition, data fusion techniques were

developed in (IV).

3. To demonstrate the basic functionality of a fast mfEIT device called
Spectro-EIT (II), and the feasibility of the 2D 7z vitro OPT-mfEIT setup (III)

using plant phantoms.
4. To validate the technical functionality of the developed 3D i vitro OPT-

mfEIT imaging technique in its intended use; first using a plant phantom and
then with hiPS cell spheroids and ex vivo tissues (IV).
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4  METHODS

4.1 Overview of the multimodal system development

The development process of the novel multimodal OPT-mfEIT system consisted of
different parts that are depicted in Fig. 5. The first part consisted of developing a
general rotational EIT method that would enable the use of auxiliary sensors via
placing the electrodes on a limited angle configuration. This part included algorithm
and electrode configuration development that were validated numerically and
experimentally (I, (Koskela et al., 2019; Winkler et al., 2021)). In the second part, a
novel fast mfEIT device called Spectro-EIT was developed based on Quadra
technology (QUADRA technology, trademark of Tallinn University of Technology,
Estonia). The feasibility of the Spectro-EIT device was experimentally demonstrated
using plant phantoms in (IL, ITI). The third part included designing, fabricating, and
testing multimodal imaging chambers into which electrode arrays were embedded in
a limited angle configuration to image 7z vitro specimens (IIL, IV). The fourth part of
the work focused on rotational iz vitro data acquisition implementation; a control
program was coded to automate the data acquisition (Yuan, 2020), and a novel
measurement protocol was designed in (IV). The measurement protocol included
data acquisition scheme for simultaneous OPT and mfEIT, and an EIT
measurement pattern suitable for a limited angle 3D electrode layout. The final part
of the thesis work was to acquire multimodal data of z vitro specimens and fuse the
morphological information from OPT into mfEIT reconstruction (IV).
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Figure 5. Parts of the OPT-mfEIT system development and the related publications. a: (Koskela et
al., 2019), b: (Winkler et al., 2021),c: (Yuan, 2020).
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4.2  The developed OPT-mfEIT system

This section presents the final OPT-mfEIT system, and the related intermediate
stages of the development are presented in the following sections. A flowchart
representing the final OPT-mfEIT image acquisition and image reconstruction is
presented in Fig. 6. The automated data acquisition allowed simultaneous data
collection of both OPT and mfEIT data. Brightfield OPT data was acquired and
reconstructed to obtain morphological 3D images. These images were further
segmented, and to enhance mfEIT image quality, the segmentation results were
embedded in the mfEIT image reconstruction. The resulting OPT-mfEIT images
revealed the 3D morphology and conductivity spectra of the segments. The
specimen size of the final OPT-mfEIT system was approximately from 1 mm to 5
mm in diameter, which is suitable, for example, for small tissue pieces or large
spheroids and organoids.
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Figure 6. Flowchart of the final developed OPT-mfEIT system.

Automated data
acquisition

~ N

OPT data mfEIT data

l l

mfEIT reconstruction
using segmentation

l l

3D visualization and
conductivity spectra of
segments

OPT reconstruction

Segmentation

A simplified schematic of the final version of the integrated OPT-mfEIT system
is shown in Fig. 7. MfEIT consists of the Spectro-EIT device, wires, electrodes, and
the saline-filled chamber. The Spectro-EIT device was placed as close to the rotated
specimen as possible but out of the way of OPT illumination. To connect the device
with the electrodes, thin wires were soldered to zero insertion force connectors that
were attached to electrode sheets. The limited angle rotational approach enabled to
use relatively small number of electrodes because EIT data was collected from
several angles from the rotated specimen. Electrodes were fabricated on flexible
sheets and embedded on the two opposing walls of the imaging chamber.

The in-house-built OPT setup (Belay et al., 2021; Figueiras et al., 2014) consisted
of three main parts: illumination, specimen rotation stage and light detection.
Illumination was implemented with a white LED and a telecentric lens. The rotation
stage included motorized x-y-z and rotational movements for specimen alignment.
Main components in the light detection were a 2Xobjective lens, an iris diaphragm,
a tube lens, and 2 sSCMOS camera.

Imaging chamber was filled with saline to enable both electrical contact with the
specimen in mfEIT and a refractive index matching path in OPT. Hydrogel based
specimens were prepared into 5 mm inner diameter fluorinated ethylene propylene
(FEP) tubes. The tubes were attached to a rotation stage and about 3 mm of the
specimen containing the inclusion(s) was pushed out of the insulating tube to enable

electrical contact with the electrodes.
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Figure 7. Schematic of the OPT-mfEIT system. MfEIT consisted of electrodes embedded on the
opposing walls of the imaging chamber, wires, and the Spectro-EIT device. OPT consisted
of LED illumination, rotation stage, optics, and a camera. The specimens were rotated in
saline to enable electrical contact with the electrodes and refractive index matching path
for OPT illumination. Adapted from (V).
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4.3  Electrode configurations

The electrode systems used in this thesis work can be roughly divided into large tanks
for initial EIT testing phase and the developed multimodal % vitro chambers. Two
slightly different 16-electrode circular tanks were used. For the limited angle
rotational EIT method development (I), a 16-clectrode tank (diameter 28 cm) was
modified so that eight electrodes were insulated and eight were in use. This electrode
layout allowed to experimentally analyze an opposite 4+4 configuration where four
electrodes were on two sides of the tank/chamber. The same EIT tank has
previously been used for example in (D. Liu et al., 2015). The other large tank
(diameter 22 cm) had equidistantly distributed 16-electrodes and it was built and used
for Spectro-EIT device testing (II, III).

In addition to opposite 4+4 configuration, other limited angle electrode
configurations were numerically studied in (I). The configurations included 4-8
electrodes placed either opposing to each other or next to each other. Their efficacy
was evaluated based on the quality of the reconstructed images.

To design an iz vitro imaging chamber for OPT-mfEIT, certain conditions had to
be considered: (1) electrodes should be as close to the rotated specimen as possible
to obtain high sensitivity impedance measurements (Lehti-Polojirvi, 2014), and (2)
refractive index must be close to that of water throughout the field of view of OPT.
To avoid optical scattering and reflections, the electrodes were placed out of the field
of view of OPT. Based on the simulation results in (I) and the requirements for

simultaneous OPT imaging, further 7z vitro chamber designs were based on the
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opposite 4+4 configuration. The 7z vitro chamber development work consisted of

four electrode fabrication trials.

Trial 1: FEP has refractive index that is close to that of water, thus first trial was based

Figure 8.

on attaching electrodes on the inner surface of an etched FEP tube, as is shown
in Fig. 8. Thin gold lines (50 nm thick) were metallized on a plastic (Polyethylene
terephthalate) sheet (Associate professor Sampo Tuukkanen, Tampere
University). These electrodes were then cut and glued on the FEP tube (inner
diameter 13 mm), and a specimen could be rotated inside the tube when filled
with saline. However, this configuration did not provide information of the
impedance changes in the vertical direction and only enabled 2D mfEIT imaging.
Also, the measured volume was relatively large, and the electrical measurements
would not have been effective for small 7z vitro specimens.

Trial 1 electrodes attached on the inner wall of a FEP tube to enable simultaneous OPT
and mfEIT imaging.

Trial 2: The second trial was an attempt to place 16 electrodes at two vertical layers close

to the specimen to obtain 3D mfEIT. The electrode layout was designed for
specimen size of 5 mm in diameter that would be covered by the field of view of
the OPT when a 2Xobjective was in use. Electrodes (5 nm chrome for primer and
135 nm gold on top) were metallized on a FEP sheet (Adtech Polymer
Engineering Ltd, UK) and the conducting wires were insulated with InkOrmo
(micro resist technology GmbH, Germany) coating (PhD student Riikka
Mikkonen, Tampere University), as is shown in Fig. 9 (a). The electrode sheets
were rolled and placed on a 3D printed imaging chamber as is shown in Fig. 9 (b),
and a specimen could be rotated inside this construct. However, the gold layer
was cracked due to the mechanical bending of the FEP sheet which corrupted the
electrical properties of the electrodes. An example of these cracks can be seen in
a microscope image in Fig 9 (c).
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Figure 9. Trial 2 electrodes. (a) Array with 16 electrodes and insulated conducting wires. (b)
Electrodes rolled and placed into an OPT-mfEIT chamber. (c) Microscope image
visualizing the cracking of the gold layer due to mechanical bending of the FEP sheet with
electrodes.

Trial 3: The chamber shape was evolved from circular to rectangular to achieve robust
electrical measurements with the multimodal setup. The rectangular design was
built with opposite 4+4 electrode configuration as is shown in Fig. 10. Electrodes
(1 um copper with 50 nm gold coating) were fabricated on flexible Kapton-based
sheets (PhD Marek Rist, Tallinn University of Technology, Estonia). Kapton was
used as the substrate and insulation material due to its good electrical, thermal,
and mechanical properties. The sheets were glued on two walls of a 3D printed
chamber. Trial 3 configuration was used in (IIT). Nevertheless, the electrodes were
in one vertical layer that would not be effective for 3D imaging.

Figure 10. Trial 3 electrode sheets (left) and their configuration in the imaging chamber (right) for 2D
OPT-mfEIT imaging. Only the bottom layer of the electrodes was used in the
measurements.

2D
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Trial 4: The electrode layout was slightly different in trial 4 compared to trial 3 but
otherwise the electrodes were similarly fabricated. The main difference was the
smaller size of the electrodes (1 mm in diameter), and that two vertical electrode
layers were used to enable 3D mfEIT. The electrode sheets and the electrode
locations in the OPT-mfEIT chamber ate illustrated in Fig. 11. Trial 4
configuration was used in (IV).

Figure 11. Trial 4 electrode sheets (left) and their configuration in the imaging chamber (right) for 3D
OPT-mfEIT imaging.

SRS 75 & 15263748

3D

All the chosen electrode materials in the trials 1-4 were either gold or had gold
coating on another metal due its inertness. Gold is commonly used in cell culture
impedance studies since it is a non-toxic and stable material (Grimnes & Martinsen,
2015; Keese & Giaever, 1986). These properties are needed in the demanding cell
culture conditions including various saline solutions and, for example, hydrogel
compositions can be in contact or close to the electrodes for long periods of time.

The used experimental electrode layouts and the measurement patterns are
collected in Table 2.
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Table 2. Electrode systems, measurement patterns, and data collection schemes used in
the experiments of each publication.

Publication  Electrode system EIT pattern Data collection
| Iargg tank.W|th opposite 4+4 all rotational
configuration
large tank with equidistant 16- . .

Il opposite non-rotational
electrodes
large tank with equidistant 16-

m electrodes and trial 3 in vitro adjacent, opposite, cross, non-rotational and
chamber with opposite 4+4 and all rotational
configuration

v trial 4 in vitro chamber with opposite  designed pattern with 390 rotational
8+8 configuration measurements

4.4  EIT patterns, OPT integration, and data acquisition

Various EIT measurement patterns were used in the experiments as are presented
in Table 2. In (II), the opposite pattern was applied to demonstrate the basic
functionality of the Spectro-EIT device. To further study the effect of different
measurement patterns on EIT image quality, four different patterns were compared
in (ITI): adjacent, opposite, cross, and all. The all pattern was further applied to
investigate the mfEIT with plant phantoms in (ITI).

In the rotational experiments, the measurement pattern was repeated at several
rotational positions. This significantly increased the total acquisition time compared
to non-rotational cases. With the 8 electrode cases, in (I) and (III), all current
injection pattern was feasible, but with 16 electrodes in (IV), the amount of all
possible current injection combinations would have induced long acquisition times
that could cause errors when imaging time-variant live specimens.

The commonly used patterns, such as opposite or adjacent, would not have been
optimal for the trial 4 configuration where electrodes were in a limited angle layout
and in two vertical layers, as is illustrated in Fig. 12. For example, the adjacent pattern
has poor sensitivity in the center of the volume. Therefore, novel measurement
pattern was designed that gathered high sensitivity measurements especially at the
location of the rotated specimen. The designed pattern consisted of 15 current
injections sequentially applied between electrode 2 and all other electrodes, and 15
current injections between electrode 14 and all other electrodes. At each current
injection, pairwise voltages were sequentially measured with the remaining
electrodes. This pattern yielded 30 (injections) X 13 (measurements) = 390 tetrapolar
measurements in total, as was presented in (IV).

59



Figure 12. Numbering of the electrodes in the trial 4 chamber. Novel EIT pattern was developed to
obtain high sensitivity measurements of the whole volume with this configuration.
Cylindrical shape represents the hydrogel-based rotated specimen. Adapted from (IV).

Integrating mfEIT measurements with OPT imaging required a protocol for the
rotational data saving. Therefore, a LabVIEW program was implemented that
controlled the Spectro-EIT device, OPT camera, and the rotation stage (Yuan,
2020). As OPT was acquired every 0.9°, the measurement angles for mfEIT were
defined to be a multiple of the OPT angle. In addition, as one full rotation is 360° it
should be divisible by both OPT and mfEIT angles. Data was saved at each
rotational position either by saving only OPT image or both the OPT image and one
mfEIT pattern. This protocol was used in (III) and (IV) for data collection.

4.5 EIT devices

Two different EIT devices were used in the experiments of this thesis work. First, a
well-established device KIT4 (Kourunen, 2014) was used for the limited angle
rotational EIT method development with large tank experiments in (I). The device
operated at one alternating current frequency at a time and was connected to the
circular tank where half of the equally distributed 16 electrodes were insulated to
create an opposite 4+4 configuration.

To obtain mfEIT of /n vitro specimens, we initiated novel design of the Spectro-
EIT device (II). It was equipped with a multiplexer that contained 16 bi-directional
input/output channels. The Spectro-EIT device generated binaty multifrequency
excitations that enabled fast data acquisition at multiple frequencies. The duration of
one tetrapolar measurement was minimum 5 ms that included the average of three
repeated measurements. In this work, the average of seven repeated measurements
was used leading to 10 ms duration for each tetrapolar measurement. For example,
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if a pattern consisting of 390 measurements was used, the duration of one cycle was
3,9 seconds. The operation range was from 1 kHz to 349 kHz and data was extracted
with Fourier transform at 15 frequencies within this range. The resulting Spectro-
EIT feasibility was first tested experimentally with a large 16-elctrode tank and plant
phantoms (II, ITI). Then it was connected to OPT-mfEIT chambers to measure 7
vitro specimens (I1I, IV).

To prevent damage to cells, the excitation signal of the Spectro-EIT device was
adjusted as small as possible so that SNR remained adequate (approximately 40 dB
as was calculated in (IV)). All OPT-mfEIT measurements of tissue or cell spheroid
specimens were obtained with 600 mVpp excitation voltage that led to maximum 100
mApp current. Current density field is strongest close to current feeding electrodes,
as is demonstrated in Fig. 3 (a) and (c). In the developed OPT-mfEIT system, the
inclusions were in the center parts of the imaging chamber and not close to the EIT
electrodes that prevents possible damage to cells.

46  OPT image reconstruction and segmentation

OPT reconstructions in (III, IV) were computed using filtered back-projection
algorithm (Natterer, 2001). Typically, the center-of-rotation needs to be corrected
prior to reconstruction because perfect alignment of the specimen would be very
difficult before image acquisition. Here, the center-of-rotation correction was made
manually by choosing the visually best offset value from a set of reconstructions of
the top and bottom parts of the specimen, as in (Koskela et al., 2021). These offset
values were interpolated for the rest of the volume as in (Figueiras et al., 2014).
OPT reconstructions were segmented to obtain structural prior information for
mfEIT reconstruction (IV). The OPT volume was segmented into 4 regions:
inclusion(s), tube, marker, and the rest of the volume was assigned as background.
The inclusion(s) was the main region of interest, and the aim was to obtain its 3D
morphology and conductivity spectrum. The background conductivity was known
beforehand, thus its reconstructed spectrum served as an indicator of data quality.
The tube was electrically insulating hence it was cut out from the mfEIT mesh.
Similarly, the marker was cut out from the finite element mesh after it was used as a
tool for verifying correct orientation of the segmentation in the mesh. The use of
OPT segmentation as a structural prior in mfEIT image reconstruction was expected

to enhance image quality as is discussed in sections 2.9 and 2.10.
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OPT reconstructions were computed in MATLAB (R2019a, The MathWorks,
Inc., Natick, Massachusetts, USA) and segmentations were performed in Avizo
(Thermo Scientific, v.2019.4).

4.7 EIT reconstruction methods

Rotational reconstruction approaches were used in (I, III, IV), and nonrotational
approaches in (IL, III). In the tank experiments, structural prior from OPT was not
used, thus commonly used smoothness priors were applied in (I-IIT). Studies in (I-
ITI) were measured and reconstructed in 2D using deterministic reconstruction
approach, and the reconstruction codes were based on EIDORS software package
(Adler & Lionheart, 2006). In (IV), Bayesian approach and structural prior from
OPT were applied and the reconstructions were in 3D. Complete electrode model
and finite element method were used in all reconstructions. EIT reconstructions
were computed in MATLAB (The MathWorks, Inc., Natick, Massachusetts, USA)
and 3D visualizations were done in Avizo (Thermo Scientific, v.2019.4) or open-
source software Fiji.

To enable the use of multiple rotational positions, two different methods were
developed for creating the rotational mesh and mapping the rotational conductivity
estimates into it. The methods rotate the conductivity estimates inside the mesh in
different ways: (1) rotating element values with a geometrically weighted mapping
inside a fixed finite element mesh, called the weighted method (I), or (2) by creating
a set of nodes that are distributed to match the desired measurement angles on a
boundary in the finite element mesh that divides the domain into a rotational and a
static part, called the click method (Koskela et al., 2019). In the click method, the
elements are mapped to new positions inside the rotational part and outside elements
are static near the electrodes. Both methods enable the use of multiple rotational
positions because electrodes are fixed and independent of the rotational
measurement positions.

Rotational 3D EIT reconstruction is computationally demanding because of the
large number of elements in the mesh, even more so in a 3D mesh compared to a
2D case. The click method provides a solution to this issue since the computationally
heavy weighted mapping matrix is not needed as in the weighted method. Instead,
the rotational mapping is computed during the reconstruction process only by
translating the element indices according to desired rotational positions of the nodes.
(Koskela et al., 2019)
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The used reconstruction methods are listed below according to each publication.

I1

III

Iv

4.8

The novel weighted method was presented to achieve flexibility regarding
the electrode configuration and number of rotational measurement
positions in rotational EIT applications. Time-difference images were
reconstructed with the regularized Tikhonov approach with smoothness
promoting regularization matrix (Laplacian prior) and empirically chosen
regularization parameter. One-step Gauss-Newton solver was used to
compute the inverse problem.

To test the Spectro-EIT device, time-difference and frequency-difference
images were reconstructed with a non-rotational mesh. Laplacian
smoothness prior with empirically chosen regularization parameter were
used, and the inverse problem was computed with One-step Gauss-
Newton solver.

Time-difference EIT and mfEIT reconstructions were presented in
rotational and non-rotational schemes. Rotational 7z vitro chamber was
developed to a rectangular shape (trial 3 in Fig. 10) and the mesh updated
accordingly using the click method. OPT and mfEIT were acquired from
the same specimen, but the reconstructions were applied to both
techniques independently. EIT images were reconstructed using
Laplacian smoothness prior, empirically chosen regularization parameter,
and One-step Gauss-Newton solver.

Absolute mfEIT images were reconstructed in 3D using structural prior
from OPT. For comparison, one specimen was reconstructed using
conventional Gaussian smoothness prior instead of the structural prior.
Rotational 3D meshes were created based on the click method and
segmentations. Images were reconstructed with Bayesian approaches
using model error correction based on reference measurements, as is
mentioned in section 2.8 (Hallaji et al., 2014). Iterative Gauss-Newton

method was used to solve the inverse problem.

Statistical analysis

Normality of data was tested with one-sample Kolmogorov-Smirnov test before any
further statistical tests. Mean and standard deviations were computed to evaluate the

reconstructed conductivities of parallel segments. The similarity of median
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conductivities of fresh and treated liver tissue segments was evaluated with Wilcoxon
rank sum test. Cronbach’s alpha test was used to evaluate the repeatability of the
developed OPT-mfEIT technique using the reconstructed conductivities of the
background segments. All statistical tests were carried out in MATLAB (R2019a,
The MathWorks, Inc., Natick, Massachusetts, USA).
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5 MATERIALS

Various specimens were used to test, demonstrate, and validate all the development
phases of the OPT-mfEIT technique. Studies (I-III) focused on the development
of the rotational method and device testing, thus simple inorganic objects or plant
phantoms were used. In (IV), the aim was to validate the applicability of the
integrated OPT-mfEIT technique for 7z vitro studies. Therefore, fresh tissues and
hiPS cell spheroids were imaged in addition to a plant phantom. All specimens were
immersed in saline to allow electrical contact with the electrodes. Most of the 7 vitro
inclusions were embedded also in hydrogel scaffolds to allow proper placement
during rotation. The imaged specimens according to each publication are listed

below.

I To test the feasibility of the limited angle rotational EIT approach, a
rotation platform was 3D printed and hydrogel-based specimens were
prepared on it. Cylindrical gelatin scaffolds were used, and plastic tubes
of various sizes were inserted in the gelatin. These specimens were
immersed in saline and manually rotated in the large 8-electrode EIT
tank. The plastic inclusions were expected to be electrical insulators that
should be seen as a decrease in conductivity in time-difference EIT
images, as is shown in Fig. 13.

II To evaluate the performance of the Spectro-EIT device, fresh plants
were embedded in saline in the middle of the large 16-electrode tank. As
the plants were fresh with intact cell walls, they were expected to express
dielectric properties in the mfEIT images, as is shown in Figs. 14 and 15.

ITI To evaluate the effect of different EIT patterns, a glass bottle was
embedded in saline and measured in the 16-electrode tank with different
tetrapolar patterns. The bottle was electrically insulating thus it was
expected to show as a low conductivity region in the results. Another
experiment with the 16-electrode tank was conducted using a fresh
potato that was cut to a rectangular shape and embedded in saline. The
potato was expected to show dielectric properties as is shown in Fig. 15.
To demonstrate the feasibility of OPT-mfEIT integration, a rectangular
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Iv

carrot was rotated in saline in the 2D 7z vitro chamber (trial 3). The fresh
carrot was expected to show dielectric properties and its shape and
location could be detected with OPT, as is shown in Fig. 20 (a).

Four different specimen types were imaged to validate the technical
functionality of the integrated OPT-mfEIT in 3D. All inclusions were
embedded in agarose hydrogel scaffold and imaged in saline-filled 3D
chamber (trial 4). Before hydrogel gelation, agarose solution was
measured to be 37 °C before embedding the tissue pieces or spheroids in
it to prevent damage due to high temperatures. (1) A tetrahedral piece of
fresh potato was used to compare smoothness prior and structural prior
mfEIT reconstructions, as is shown in Figs. 20 (b) and 21. (2) To evaluate
the feasibility to image 3D cell cultures, hiPS cells were embedded into
biomaterial spheroids of approximately 1 mm diameter. For comparison,
blank biomaterial spheroids were also imaged. All spheroids were imaged
within 7 h after spheroid formation. The presence of hiPS cells was
expected to decrease the conductivity of the biomaterial spheroid. These
results are shown in Figs. 22 and 23. (3) Experiment on ex vivo tissue
viability was implemented with porcine liver tissue. Part of the pieces of
the porcine liver was treated by Triton X-100 and part was imaged fresh.
All measurements were acquired within 14 h of liver extraction. The
treatment was expected to break the cell membranes, and this should
increase the tissue conductivity, as is shown in Figs. 24 and 25. (4) The
viability of ex vive tissues were evaluated with human adipose tissue. A
piece of human adipose tissue was killed by freezing and another piece
was preserved as viable as possible. The conductivity was expected to

increase due to tissue death.
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6 SUMMARY OF THE RESULTS

6.1 Developing rotational mfEIT technique for multimodal
setup(s)

6.1.1  Numerical studies of electrode configurations

To build a novel limited angle EIT setup, various electrode configurations that would
allow embedding of additional sensors on the specimen surface were numerically
evaluated (I). Symmetrical and asymmetrical configurations consisting of 4, 6, or 8
electrodes were studied (Fig. 8 in (I)) and compared with a rotating 16-electrode ring
(Fig. 9 in (I)). Numerical results indicated that increasing the number of electrodes
from 4 to 8 electrodes enhances the quality of reconstructions in both symmetrical
and asymmetrical configurations. Image quality with both symmetrical and
asymmetrical limited angle 8-electrode configurations were comparable with the
rotating full coverage 16-electrode case.

Due to the layout of OPT and the promising numerical and experimental (see
Fig. 13) results of the opposite 4+4 configuration, further i# vitro OPT-mfEIT

development was based on that configuration.

6.1.2  Effect of measurement patterns

Various measurement patterns were experimentally studied in Fig. 5 in (ITI). These
results demonstrated that the reconstruction quality may be compromised if only
one type of current injection is used. For example, the opposite pattern lacks
latitudinal information that leads to slightly distorted inclusion shape. On the other
hand, it is known that the adjacent pattern has poor sensitivity in the center of the
volume (Kauppinen et al., 2000). The experimental results were in line with the lead
field theory and the sensitivity simulations shown in Fig. 3 and Fig. 3 in (I).
Therefore, patterns that contain both through-the-specimen injections and close-to-
edge injections were used in (I), (ITI), and (IV).
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The opposite pattern was used in (II) since the aim of the study was to
demonstrate the functionality of the Spectro-EIT device instead of optimizing the
image quality. Part of these results are shown in the two top rows of Fig. 15. The
effect of the opposite pattern can be compared with the potato results at the bottom
row of Fig. 15 that are obtained with the all pattern. The edges of the top row results
are noisier than at the bottom row, suggesting the opposite pattern provided good
measurements in the center parts of the specimen but not as effectively at the edges.

6.1.3  Number of rotational measurement positions

The effect of increasing the number of rotational measurement positions was studied
both numerically (I) and experimentally (I, IV). Numerical studies (Fig. 6 in (I))
showed that increasing the number of rotational positions did enhance
reconstruction quality until the studied 256 measurement positions in 180° rotation
(measurements every 0.7°). 32 positions in 180° rotation produced adequate image
quality and increments after 64 positions did not produce significant improvements.
These numerical results were in line with the experimental results obtained with tank
measurements as is shown in Fig. 13. Three different phantoms with insulating
plastic inclusion(s) (1)—(3) were measured and images were reconstructed with 1, 4,
16, and 32 rotational measurement positions in 180° rotation. The image quality was
enhanced as the number of measurement positions was increased.

Number of rotational positions was studied experimentally with the z vitro
chamber in Fig. 5 in (IV). The results demonstrated that increasing the number of
rotational positions enhanced image quality until the studied 40 measurement
positions in 180° (measurements every 4.5°). In addition, all these studies showed
that several rotational measurement positions are needed when a limited angle
electrode configuration is used. This can be seen, for example, in the second column

in Fig. 13 where one rotational measurement position yielded very poor image

quality.
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Figure 13. The opposite 4+4 electrode configuration was used in the experimental demonstration of
the limited angle rotational EIT method. Plastic inclusions in different sizes and locations
(cases (1)—(3)) were embedded in gelatin scaffold and rotated in the tank using 1-32
rotational measurement positions in 180° rotation. Conductivity changes along the dashed
line of each reconstruction are shown in the graphs. The EIT domain was 28 cm in
diameter. Reproduced from (1).
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6.1.4  Spectro-EIT device

The feasibility of the Quadra-based Spectro-EIT device was demonstrated in (II)
and (IIT) and part of the results are shown in Figs. 14 and 15. Fig. 14 (a) illustrates
raw measurement data of a plant in saline (corresponds to top rows in Fig. 15) and
blank saline in the equidistant 16-electrode tank when the opposite pattern was used.
The resistance values differed at 11 kHz and 349 kHz frequencies and the maximum
values were higher if plant inclusion was present. Fig. 14 (b) shows data collected
when a potato inclusion was present in the tank (corresponds to bottom row in Fig.
15) compared to blank saline acquired with the all pattern. Slight differences can be
seen in the resistances at 1 kHz frequency.
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Figure 14. Examples of raw impedance data collected with the Spectro-EIT device and 16-electrode
tank. (a) Measurements of a triangular yellow beetroot (plant) and reference data (saline)
conducted with the opposite pattern. (b) Measurements of rectangular potato and
reference data (saline) conducted with the all pattern.
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Frequency-difference and time-difference reconstructions from plant
measurements are shown in Fig. 15. Difference mode reconstructions show the
conductivity change relative to the used reference data. The frequency-difference
reconstructions (top row in Fig. 15) applied reference data measured from the same

specimen at 1 kHz. Thus, the images represent the change in conductivity due to
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applying higher excitation frequency. Time-difference reconstructions applied
reference data that is measured from blank saline at the same frequency (middle and
bottom rows in Fig. 15). Therefore, the resulting images indicate the change in
conductivity due to inserting the plant in the saline. Both the frequency-difference
and the time-difference reconstructions showed clear conductivity changes
according to applied frequency. Dielectric properties of the yellow beetroot and
potato were clearly seen in the reconstructions as the conductivities increased with
the increased frequency. This effect is presented in more detail in the graphs that
visualize conductivity change along the vertical line of each reconstruction. The
experimental results indicated that the Spectro-EIT device provided a fast mfEIT
tool that could detect the -dispersion of biological specimens. The Spectro-EIT
device was further used in (IV).

Figure 15. Spectro-EIT device verification. Frequency-difference (top row) and time-difference EIT
images (second and third row) of plant phantoms in saline. Triangular yellow beetroot
measurements were conducted with the opposite pattern and the rectangular potato with
the all pattern. The tank diameter was 22 cm. Conductivity changes along the dashed
vertical line of each reconstruction are shown in the graphs. Top rows adapted from (ll)
and bottom row from (lll).
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6.2  Multimodal imaging of in vitro specimens

OPT-mfEIT technique was demonstrated with the trial 1, 3, and 4 electrodes and
applying both smoothness (III, IV) and structural priors (IV) in the mfEIT
reconstruction. In the smoothness prior cases, OPT and mfEIT were reconstructed
separately. In the structural prior cases, OPT reconstruction was embedded in the

mfEIT reconstruction.

6.2.1  Developed imaging chambers

Incorporating the trial 1—4 electrode configurations into the OPT-mfEIT chambers

are presented below.

Trial 1: The preliminary results with the first combined OPT-mfEIT chamber were
obtained with trial 1 electrode configuration as are shown in Fig. 16. The
electrode-FEP tube construct was placed in a saline-filled chamber and a rotated
semitransparent plastic tube was measured. OPT reconstruction of the plastic
tube shows the cylindrical shape of the specimen. In the EIT reconstruction the
plastic tube can be seen as a region of low conductivity in the center of the
electrode-FEP tube construct. Trial 1 electrode configuration was feasible for the
combined OPT-mfEIT but this configuration did not produce information of
conductivity changes in the vertical direction. Therefore, further electrode
configurations were developed to obtain 3D measurements for mfEIT.

Figure 16. First results of a combined OPT-mfEIT using the trial 1 electrodes. (a) Imaging chamber
with a rotated plastic tube in saline. (b) OPT reconstruction of the tube (diameter 3.6 mm).
(c) Time-difference EIT reconstruction of the same tube inside the 13 mm wide EIT
domain.
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Trial 2: Due to issues explained in section 4.3, trial 2 electrode arrays could not be used
to obtain OPT-mfEIT results.

Trial 3: To attain robust electrodes and to have good sensitivity for small specimens
(approximately diameter of 1 mm), a rectangular OPT-mfEIT chamber was
developed using the electrodes as are shown in Fig. 17. The placement of the
chamber in the imaging system is shown in Fig. 19. The feasibility of this
configuration was proven with a plant phantom in (III), and the results are also
shown in Fig. 20 (a). Trial 3 chamber contained eight electrodes in one vertical
layer, thus it was suitable for 2D i/ vitro imaging.

Figure 17. Trial 3 OPT-mfEIT chamber with a carrot rotated in saline.
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Trial 4: To attain 3D OPT-mfEIT results, trial 4 electrodes were attached to a chamber
as is shown in Fig. 18. The placement of the chamber in the imaging system is
shown in Fig. 19. Results using this chamber are shown in (IV) and in Figs. 20 (b)
and 21-26.

Figure 18. Trial 4 electrodes built into the rectangular OPT-mfEIT chamber. Two pieces of tissues
embedded in agarose hydrogel are rotated in saline.

specimen rotated in saline § OPT objective
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6.2.2 Integrated OPT-mfEIT system

The system presented in the Fig. 7 schematic is shown as a photograph in Fig. 19
with the trial 4 chamber. Specimens were attached to a long rotation stick and aligned
in the saline-filled chamber. The upper part of the stick connected the specimen to
the motorized rotational stage. After aligning the specimen in the center of the
chamber, OPT and mfEIT were simultaneously acquired.

Figure 19. Photograph of the OPT-mfEIT setup. 1: Spectro-EIT device, 2: LED and telecentric lens
for OPT illumination, 3: electrode chamber, 4: stage for specimen placement, alignment,
and rotation, 5: OPT camera.

6.2.3  OPT-mfEIT results using smoothness priors

After the preliminary results with the trial 1 chamber, OPT-mfEIT was further used
with the trial 3 (III) and trial 4 (IV) chambers. Smoothness promoting regularization
functionals were used to test and demonstrate the novel technique. The smoothness
assumption results in the smooth edges as is seen in the reconstructed images in
Figs. 13, 15, 16 (c), and 20.

The main results with the trial 3 chamber are shown in Fig. 20 (a), where OPT
reconstruction of the rectangular fresh carrot is visualized in the first column. Time-

74



difference mfEIT of the carrot is visualized with three different frequencies in the
following columns. The mfEIT images show that the conductivity increased along
increasing frequencies. This is in line with the theory of dielectric properties of
biological specimens and experimental conductivity spectrum of a carrot in saline
(Ahn et al., 2010).

Smoothness prior results with the trial 4 chamber are shown in Fig. 20 (b). A
tetrahedral fresh potato was embedded in agarose hydrogel and rotated in saline. The
tetrahedral shape of the potato can be seen in the OPT reconstruction. One plane
of the absolute 3D mfEIT reconstruction is visualized at three different frequencies
from 7 kHz to 349 kHz. The mfEIT results show that conductivity of the potato
increased along increasing frequencies that is in line with the theory and experimental
potato spectrum in (Ahn et al., 2010).

These 2D and 3D results indicated that rotational mfEIT method produces
useful information of the conductivity distribution of the specimen. These results
were promising since it can be assumed that the use of structural priors would further
enhance the mfEIT image quality.
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Figure 20. OPT-mfEIT smoothness prior results. (a) OPT reconstruction and 2D time-difference
mfEIT reconstructions of a rectangular carrot. The EIT domain was 6 mm x 9 mm in the
xy-plane. Adapted from (lll). (b) OPT reconstruction and absolute 3D mfEIT
reconstructions of a potato. A plane at height 1.3 mm from the chamber bottom is
visualized at each frequency. The dimensions of the EIT domain were (x,y,z) = (6, 9, 4)
mm. Adapted from (IV).
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6.2.4  MfEIT results using structural priors from OPT

Validation experiments of the functionality of the 3D OPT-mfEIT were performed
with the trial 4 chamber and various specimen types in (IV). 3D segmentations from
OPT reconstructions were used as structural priors, thus, regularization was not
needed in the mfEIT reconstruction. MfEIT results were reconstructed in the
absolute mode that reveals absolute conductivity values of the specimen. The
conductivities were reconstructed segmentally constant so that each segment, that is,
the inclusion(s) and background, was assigned to have a homogenous conductivity
at each frequency. Thus, OPT was used to detect segment shapes and locations and
mfEIT was used to reconstruct segments conductivity spectra.

First validation experiment was made with a tetrahedral piece of fresh potato to
demonstrate the difference of smoothness prior (Fig. 20 (b)) and structural prior
results (Fig. 21) when the same data was used. OPT reconstruction shown in Fig. 20



(b) was segmented and used as a structural prior. The results show that the potato
was less conductive than the background, and the potato conductivity increased as
the frequencies increased, as was expected (Ahn et al, 2010). In contrast, the
background conductivity was rather constant along frequencies. This was expected
since the background contained saline and agarose hydrogel that were not expected
to show dielectric properties.

Second validation experiment was done with biomaterial spheroids: either blank
or containing hiPS cells. OPT-mfEIT reconstructions of the spheroids and
backgrounds are visualized in Fig. 22 at 7 kHz frequency. Three spheroids contained
cells and two spheroids were blank. Rest of the measured volume was background
containing saline and agarose hydrogel as in the previous potato experiment. The
conductivity spectra derived from the OPT-mfEIT reconstructions are shown in
Fig. 23. The hiPS cells -containing spheroids have lower conductivity than the blank
biomaterial spheroids. This was expected due to the isolating intact cell membranes,
as is explained in section 2.5. In addition, the background conductivities remained at
approximately 19 mS/cm at all frequencies, as was expected.

Figure 21. OPT-mfEIT reconstructions of a tetrahedral piece of fresh potato. Left: OPT-mfEIT
reconstruction at 7 kHz. Right: conductivity spectra derived from OPT-mfEIT
reconstructions at 15 frequencies from 1 kHz to 349 kHz. Background consisted of saline
and agarose hydrogel and is indicated as yellow color in both images. Adapted from (IV).
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Figure 22. OPT-mfEIT reconstructions at 7 kHz of four specimens: (a) cells in biomaterial 1, (b) cells
in biomaterial 2, (c) blank biomaterial 1, and (d) blank biomaterial 2. The conductivity of
each segment is marked below each image and the rest of the volume is background.
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Figure 23. Conductivity spectra derived from the OPT-mfEIT reconstructions of the spheroid
specimens at 15 frequencies. Left: conductivity spectrum of each spheroid or specimen’s
background. Right: mean + standard deviation of parallel segments. Adapted from (IV).
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Third validation experiment was obtained with porcine liver tissues as are shown
in Figs. 24 and 25. Fresh porcine liver tissue was cut to small pieces and half of them
were dissolved in Triton X-100. Three tissue inclusions were fresh and three were
treated. Two of the specimens contained one tissue piece and two specimens
contained two tissue pieces. Background contained agarose hydrogel and saline as in
the previous experiments.

The results in Fig. 25 show that the treated tissues were more conductive than
the fresh ones. This is due to the breakage of the cell membranes that leads the
current to flow through the well conducting cytoplasm. These results were in line
with previously reported results on breast cancer spheroids (Wu, Yang, et al., 2018).
The conductivities of fresh and treated tissues were proven to have different medians
with Wilcoxon rank sum test (p-value 3.2X10-19). The means and standard deviations
shown in Fig. 25 support the conductivity difference of the fresh and treated liver
tissues. In addition, the background conductivities were close to 19 mS/cm in all
specimens and all frequencies, as was expected.

Distinguishability of OPT-mfEIT technique is high based on the results of the
specimens: cells in biomaterial 2 (Fig. 22 (b)), liver 3 (Fig. 24 (c)), and liver 4 (Fig. 24
(d)). All the inclusions in these specimens resulted in separate conductivity spectra
despite the short distance between them. Shortest distance between individual
inclusions was 0.5 mm in liver 4 specimen.

Further validation results were obtained with viable and killed human adipose
tissues (Fig. 7 in (IV)). The results on adipose tissue imply that the induced necrotic
cell death could be detected using OPT-mfEIT. This is in line with the results
reported in (Davalos & Rubinsky, 2004).
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Figure 24. OPT-mfEIT reconstructions at 7 kHz of four specimens: (a) liver 1 (fresh), (b) liver 2
(treated), (c) liver 3 (fresh and treated), and (d) liver 4 (fresh and treated). The conductivity
of each segment is marked below each image and the rest of the volume is background.

(a) B 7.1 mS/cm (fresh tissue) (b) 11.0 mS/cm (treated tissue)
18.7 mS/cm (rest of the volume) 18.4 mS/cm (rest of the volume)

g i
- 1000 pm — 1000 pm

(c) B 7.6 mS/cm (fresh tissue) (d) B 6.5 mS/cm (fresh tissue)
8.6 mS/cm (treated tissue) 10.2 mS/cm (treated tissue)
19.3 mS/cm (rest of the volume) 18.9 mS/cm (rest of the volume)

Figure 25. Conductivity spectra derived from the OPT-mfEIT reconstructions of the liver specimens at
15 frequencies. Left: conductivity spectrum of each liver tissue or specimen’s background.
Right: mean + standard deviation of parallel segments. Adapted from (IV).
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6.2.5  Repeatability of OPT-mfEIT

In all the specimens presented in the section 6.2.4, the background segment
consisted of the same materials: agarose hydrogel and saline (phosphate buffered
saline). All measurements were acquired with the trial 4 chamber and in room
temperature. In addition, background materials were independent of biological
variance that occurs in cell cultures and tissues. Therefore, the reconstructed
conductivities of the background segments should be similar in each experiment
presented in Figs. 21, 23, and 25.

Background data were tested to be normally distributed with one-sample
Kolmogorov-Smirnov test. The mean and standard deviation of all nine
backgrounds are shown in Fig. 26 where the average conductivity ranges between
[18.61 18.85] mS/cm and standard deviation between [0.71 0.74] mS/cm at the
studied frequency range.

The background materials were measured with conductivity meter (Hanna
Instruments, HI-8733): saline solution was 12 mS/cm and agarose hydrogel 13
mS/cm at room temperature. As was stated in (IV), all resulting conductivity values
reconstructed with OPT-mfEIT were slightly higher than comparable literature
values due to approximate current injection value used in the image reconstruction.

This is the case for background values too as they are close to 19 mS/cm.

Figure 26. Mean and standard deviation of the background conductivities from nine specimens
presented in the validation experiments in Figs. 21, 23, and 25.
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To further demonstrate the repeatability of the OPT-mfEIT technique,
Cronbach’s alpha statistical test was applied to the nine background values with a
result of 0.85 (Leontitsis, 2023). Cronbach’s alpha test is used to evaluate the
reliability of measurement instruments. Values from 0.70 to 0.95 are typically
considered acceptable, and high values indicate high repeatability whereas low values
low repeatability (Tavakol & Dennick, 2011). Both the low standard deviation and
high value from the Cronbach’s alpha test indicate high repeatability of the OPT-
mfEIT technique.

Overall, the validation results of the OPT-mfEIT technique were in line with
previous studies and the general theory. The results present that this technique
provides a new label-free tool for the challenging mesoscopic scale imaging of 3D 7

vitro specimens.
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7 DISCUSSION

Novel imaging methods are needed as cell culture research is evolving from 2D
cultures to 3D constructs — and further to organ-/body-on-chip systems. Thickness
of the constructs hinders the use of conventional imaging systems, especially if the
specimen is wished to maintain viable during and after the imaging. EI'T has emerged
as one solution due to its ability to image optically opaque specimens in a label-free
way. It has been shown to be efficient tool for cell viability detection for example in
toxicity assays (Linderholm et al., 2008; Wu, Yang, et al., 2018; Yin et al., 2018).

Multimodal EIT applications have been presented in the field of medical imaging
to obtain multiphysical information and to enhance the spatial resolution of EIT via
structural priors (Crabb et al., 2014; Li et al., 2020; Soleimani, 2006). Multimodal
vitro systems have also emerged to improve EIT image quality and to enable
quantitative analysis of 3D cell cultures (Z. Liu et al., 2020, 2022). This thesis work
was the first to present 3D and rotational mfEIT that was combined with optical 3D
imaging. The work focused on developing integrated OPT-mfEIT method to gain
high spatial resolution combined with electrical conductivity images in a label-free
way. In (I-III), the limited angle mfEIT technique was developed and demonstrated.
In (ITI, IV), the use of OPT-mfEIT was validated with various 3D 7 vitro cases:
plant phantoms, hiPS cell spheroids, and ex vivo tissues.

7.1 Development of the multimodal system

In the scope of OPT, the problem of acquiring full 3D data from 7z vitro specimens
has been solved by rotating the specimen (Sharpe et al., 2002). Rotational EIT
technique has also been shown to be feasible in different applications and provide
many independent measurements (C. N. Huang et al., 2007; E. K. Murphy, Mahara,
& Halter, 2017; S. C. Murphy & York, 2006). The approach in this work was to
integrate EIT into already existing OPT system where the specimen was rotated
during imaging. This setup enabled to gain plenty of independent EIT measurements
and obtain structural prior from the OPT image. In (I), we showed that limited angle
EIT is feasible if the specimen is rotated during data acquisition. Previously
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presented rotational EIT applications have used full-coverage equidistantly placed
electrodes where the benefit of rotation has been limited to few rotational angles. In
the developed limited angle EIT, multiple rotational positions are beneficial. In (IIT)
and (IV), rotational EIT was demonstrated for the first time in the scope of 7 vitro
imaging.

Previously presented 7z vitro EIT electrode configurations have been typically
coplanar or in one vertical plane that are most suitable for 2D imaging (Farnham et
al., 2019; Wu, 2020; Yang et al, 2017; Yin et al, 2018). Novel electrode
configurations were needed to attain effective measurements in the OPT-mfEIT
system. Therefore, numerical simulations were used to analyze the potential
electrode configurations for the limited angle EIT (I). Configurations that covered
roughly half of the specimen boundary performed best. In (IV), the opposite 4+4
electrode layout was modified into two vertical layers (opposite 8+8) to gain spatial
3D information. These configurations were demonstrated to be effective in the
OPT-mfEIT imaging but are not limited to the developed system and could be
potentially applied in other multimodal approaches.

There are couple of commonly used EIT measurement patterns, such as the
adjacent or the cross pattern (Morcelles & Bertemes-Filho, 2021; E. K. Murphy,
Mahara, & Halter, 2017, Wu, Zhou, et al,, 2018). To obtain high sensitivity
measurements with the new limited angle electrode configuration, various
measurement patterns were designed and experimentally demonstrated (I-IV). In
(AV), the in vitro OPT-mfEIT results were collected with a designed pattern that
contained adjacent, cross, and opposite current injections to acquire high sensitivity
data over the whole volume within a tolerable measurement time. The designs were
based on the lead field theory that partly explains why EIT image quality is not
linearly dependent solely on the amount of collected data; measurements with close
to zero sensitivity do not provide useful information. This work has presented
insight to the design of EIT measurement patterns in general.

It has been suggested that increasing the number of electrodes so that their
distance would be extremely small would improve EIT accuracy as high as in X-ray
tomography (Malmivuo, 2010). However, there are factors that limit the
enhancement of EIT image quality via increasing the number of electrodes, or in the
rotational case, the number of rotational measurement positions. One factor
originates from the instrumentation noise. When the distance between adjacent
voltage measurements is decreased, there will be a limit when no difference would
be detected between adjacent measurements due to instrumentation noise (E. K.
Murphy, Mahara, & Halter, 2017). Another limiting factor is the finite size of
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elements in the inversion model. In case the element size is bigger that the shift
between sequential rotational positions, one would create an overdetermined
problem where the image quality would not enhance or could even deteriorate. In
addition, increasing the number of electrodes or rotational measurement positions
increases data acquisition and processing times. The numerical and experimental
analysis presented in this thesis work showed that image quality was improved when
rotational positions were increased that is in line with previous knowledge (J. Liu et
al., 2015; E. K. Murphy, Mahara, & Halter, 2017; X. Zhang et al., 2015). However,
the limit where the image quality improvement would stop was not published in the
scope of this thesis work.

Multifrequency data acquisition has been an increasing trend in EIT applications
because it opens new possibilities for biological research due to the dielectric
properties of living cell and tissue cultures (Ogawa et al., 2021; Wu, Zhou, et al.,
2018). However, the collection of mfEIT data increases the data acquisition time
that can be problematic when imaging living 7# vitro specimens that are more or less
time variant. This work presented and demonstrated the use of a fast Spectro-EIT
device (II-IV). The applied binary multifrequency excitation offered fast data
acquisition and simple instrumentation. The Spectro-EIT device enabled to collect

a large amount of mfEIT data within reasonable imaging time even in the rotational
3D scheme.

7.2 Multimodal imaging of in vitro specimens

To obtain high quality 3D EIT reconstructions, a cuboid 7z vifro chamber with many
electrodes on the walls has previously been presented (Ahn et al., 2014; Lee et al.,
2014; Q. Liu et al., 2011). The cuboid chamber enabled extensive 3D data collection
but was not effective for multimodal imaging. A multimodal 7z vitro system has been
presented where the electrodes were in one vertical layer at the edges of the cell
culture chamber to allow simultaneous optical imaging (Z. Liu et al., 2020, 2022).
However, the used electrode and optical imaging layouts were optimal for 2D
imaging. This thesis work introduced a novel iz vitro imaging chamber (trial 4) that
enabled both 3D and multimodal imaging. In addition, the imaging domain was
relatively small and could be used to image inclusions of approximately 1 mm in
diameter (IV).

MIEIT has been shown to detect cell density variations in scaffolds and it has the

potential to indicate cell viability due to the frequency dependence of the specimen
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conductivity (Ogawa et al., 2021; Wu, Zhou, et al., 2018). Plant phantoms are often
used to develop and test novel EIT methods (Malone et al., 2015; Wi et al., 2014).
The OPT-mfEIT smoothness prior results in (III) and (IV) (also in Fig. 20)
presented mfEIT reconstructions of plant phantoms. The plants’ conductivities
increased along increasing frequencies that is in line with previous knowledge (Ahn
et al., 2010). These smoothness prior results verified the functionality of the OPT-
mfEIT system.

Quantitative analysis of the conductivity values is difficult from difference images
and would be unreliable also from smoothness prior absolute images due to
smoothness and image artifacts. Structural priors can be used in many ways in
multimodal imaging. One of the most straightforward approach is to coregister the
images to verify EIT results (Crabb et al., 2014). Another approach is to embed the
structural info into the modelling of EIT, for example, in finite element mesh (B.
Gong et al., 20106). The latter approach was applied in this thesis work for the first
time in an 7 vitro application with detailed 3D segmentations embedded in the
absolute mode mfEIT reconstructions (IV). The resulting morphological images
together with inclusions’ conductivity spectra provide a novel tool for quantitative
analysis in the field of i vitro mfEIT.

The presence of living stem cells in biomaterial spheroids decreased the
spheroids’ conductivity when compared to blank biomaterial spheroids (IV). This is
in agreement with previous studies where living cells and their growth and
proliferation decreases the construct’s conductivity (Canali, Heiskanen, et al., 2015;
Linderholm et al., 2008).

The viability of cell cultures and tissues has been extensively studied with
impedance methods (L. Gong et al., 2021; Lei et al., 2014; Pan et al., 2020; Wu, Yang,
et al,, 2018). The absolute mode OPT-mfEIT with structural priors was effective in
detecting the tissue viability and cell membrane integrity in ex vivo tissues (IV). The
human adipose tissue, that had been killed by freezing, expressed higher conductivity
than the living one. Similar results have previously been presented with rat liver
(Davalos & Rubinsky, 2004). The porcine liver tissue pieces that were treated with
the permeabilizing substance were more conductive than the fresh ones. These
results were in agreement with previous studies that have shown an increase of
conductivity after adding permeabilizing substance (Linderholm et al., 2008; Wu,
Yang, et al., 2018). However, Yin et al. (2018) reported a decrease of cell aggregate
conductivity after exposing it to permeabilizing substance (Yin et al., 2018). These
conflicting results suggest there is a need for further validation studies on the
biological phenomena in 7 vitro specimens and (mf)EIT results.
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Repeatability of the developed OPT-mfEIT was proofed to be high based on
Cronbach’s alpha statistical test on the reconstructed conductivities of the

background segments of nine different specimens.

7.3  Strengths and limitations of the developed system

The main strengths of the developed OPT-mfEIT technique are based on the (1)
data fusion with OPT, (2) limited angle rotational data acquisition, and (3) fast
Spectro-EIT device. The obvious benefit of data fusion was to obtain multiphysical
information of the specimen: morphology and conductivity. OPT is inherently a 3D
imaging technique that enabled the mfEIT to be developed into 3D mode as well.
Absolute mode EIT is typically sensitive to noise and modeling errors that causes
the resulting images to be noisy. However, the use of reference data to correct
modeling errors and the OPT prior stabilized the inverse solution so well that the
absolute mode OPT-mfEIT images were of high quality (IV). This thesis work is the
first to present multimodal 3D mfEIT images.

The limited angle rotational EIT scheme and specifically designed measurement
patterns allowed to collect large amount of data with high sensitivity measurements.
For these reasons and the OPT data fusion, even 0.5% volume fraction inclusions
were detected, and inclusions that were close to each other were distinguished (IV).
In addition, the limited angle scheme allowed to use relatively small number of
electrodes that decreased the complexity of the EIT instrument.

Important strength of this work was the developed fast Spectro-EIT device that
enabled multifrequency data collection and, thus, the reconstruction of conductivity
spectra of the inclusions. MfEIT is an emerging trend in the field of biological
applications of EIT since it produces information of the dielectric properties of the
specimen, thus, more detailed knowledge of, for example, cell concentration and
viability (Ogawa et al., 2021; Wu, Zhou, et al., 2018). In addition, mfEIT increases
the specificity of conductivity results since changes induced by cells and tissues can
be distinguished from changes in the cell culture medium, which typically does not
express capacitance.

The limitations of the developed technique are related to the novel rotational
setup and the Spectro-EIT device. Typically, the temporal resolution is high in EIT
systems but in OPT-mfEIT this feature was slightly compromised. Specimen
alignment and rotational data acquisition induced longer specimen preparation and

imaging time (10-15 min) than in typical non-rotational EIT setups. This duration
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can be regarded suitable for many 7 vitro measurements such as viability assessment.
Postprocessing of the data with the present system included manual work such as
the segmentations and the 3D reconstructions that were computationally time-
consuming: roughly 30 mins in OPT and 4-5 hours in mfEIT, depending on
computer. However, this work focused on development and validation of the novel
system with relatively small sample size, thus automatization of the specimen
alignhment and data postprocessing was not relevant.

The Spectro-EIT device used in this work did not provide the accurate excitation
current values which led to inaccuracies in the absolute mfEIT images and in the
derived conductivity spectra (IV). As was stated in (IV), the reconstructed
conductivity values were systematically couple mS/cm higher than experimental or
literature reference values. This was likely because the reconstructions used a current
value that was approximately the maximum value of all tetrapolar measurements in
the mfEIT pattern.

The frequency range of the used Spectro-EIT device was from 1 kHz to 349 kHz.
This range is in the B-dispersion range for many biological specimens, and it was
seen in the plant specimen results as an increase in conductivity along increasing
frequency. Wider frequency range could provide better frequency difference contrast
or more information of, for example, a-dispersion. In future, the operating
frequencies of the Spectro-EIT device could be better targeted for a specific
specimen type.

The developed reconstruction algorithm in (IV) computed inclusion-wise
constant conductivity. In future, computational methods could be developed to
account for conductivity variations inside the inclusion.

All reconstructions in this thesis describe the conductivity change or conductivity
that were computed from real part of the data and imaginary part was not applied.
In future, imaginary part of the measured data could be applied in image
reconstruction.

There are other challenges that are common in many zz vitro EIT applications.
One of them is how to control the factors affecting the specimen conductivity, such
as temperature or changes in the ionic composition of the cell culture medium. For
example, evaporation or cell metabolism may change the ionic composition of the
culture medium. This should be considered especially in long-term EIT applications.
The same issue applies for chemical manipulation studies where the concentration
of the chemicals should be the same in the reference measurement/control
specimens as in the actual specimen. Another challenge has to do with the electrode

arrays material stability in moist and chemically complex environments. For example,
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Kapton-based electrode insulation and substrate material would not be optimal for
long-term studies since Kapton properties are affected in the presence of water.

The novelty of this dissertation was to integrate two independent 3D imaging
methods for 7z vitro imaging. This offers new possibilities in the mesoscopic scale
imaging. The developed technique can be used to image various 3D specimens such
as spheroids and organoids that are increasingly in use in 7z vitro research but also in
clinical work such as in cancer treatment. In addition, OPT-mfEIT provides a tool
for validation studies of biological phenomena and their effect on the conductivity
that are needed in the field of 7z vitro EIT.
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8 SUMMARY AND CONCLUSIONS

The aim of this doctoral thesis work was to develop and validate a novel multimodal
imaging technique for 3D 7 vitro studies. MEEIT was designed, built, and integrated
with already existing OPT imaging system. Various plant phantoms were imaged
during the development process and the final OPT-mfEIT was validated with hiPS
cell constructs and ex vzvo tissues. The results of this work can be summarized as

follows:

1. The developed limited angle rotational EIT method was shown to be
effective in the circular and rectangular electrode setups used in this
work. Numerical and experimental studies showed that different
electrode configurations are applicable in rotational limited angle systems
in general, and they enable the attachment of additional sensors
simultaneously with EIT. Two different mathematical algorithms were
developed to model the specimen rotation in the EIT reconstruction.
The weighted method was proven to produce high quality 2D results, but
due to its computational load, the click method was developed for
rotational 3D reconstructions. The developed limited angle electrode
configurations and the click and weighted algorithms are scalable and
independent of OPT, thus, applicable for other multimodal EIT
approaches as well.

2. 'The developed #n witro chambers enabled simultaneous optical and
electrical 3D imaging. The chambers were based on the rectangular
limited angle layout where electrodes were attached on two opposing
straight chamber walls. Electrode fabrication on a cylindrical and
optically transparent material (FEP) was not successful. Rotational EIT
measurement patterns were designed so that high sensitivity
measurements were collected within suitable data acquisition time.
Automated and simultaneous OPT-mfEIT acquisition minimized errors
during rotational data acquisition and enabled smooth data fusion of the

two imaging modalities. Reconstructions of the brightfield OPT were
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successfully segmented and the segments were integrated into the finite
element mesh generation in the mfEIT reconstruction.

The Spectro-EIT device enabled fast multifrequency data acquisition and
its functionality was demonstrated by imaging plant phantoms. The B-
dispersion of the plant phantoms was well visible in the reconstructed
mfEIT images in bothlarge tank and z» vitro chamber experiments. The
fast data acquisition enabled the collection of a large number of mfEIT
measurements also with the rotational scheme, which improved the
quality of the mfEIT images.

Validation experiments showed that multimodal imaging of hiPS cell
spheroids and ex vivo tissue pieces was feasible and repeatable with the
developed OPT-mfEIT technique. Biomaterial spheroids —with
embedded living hiPS cells were distinguished from biomaterial
spheroids without cells. The cell membrane integrity and viability were
well detected as was shown by imaging porcine liver tissue and human
adipose tissue. Even low volume fraction inclusions were successfully
imaged when structural prior from OPT was used, as well as inclusions

that were close to each other.
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Abstract

Electrical impedance tomography (EIT) is an imaging method that could become a valuable
tool in multimodal applications. One challenge in simultaneous multimodal imaging is

that typically the EIT electrodes cover a large portion of the object surface. This paper
investigates the feasibility of rotational EIT (rEIT) in applications where electrodes cover
only a limited angle of the surface of the object. In the studied rEIT, the object is rotated

a full 360° during a set of measurements to increase the information content of the data.

We call this approach limited angle full revolution rEIT (LAFR-rEIT). We test LAFR-rEIT
setups in two-dimensional geometries with computational and experimental data. We use up
to 256 rotational measurement positions, which requires a new way to solve the forward and
inverse problem of rEIT. For this, we provide a modification, available for EIDORS, in the
supplementary material. The computational results demonstrate that LAFR-rEIT with eight
electrodes produce the same image quality as conventional 16-electrode rEIT, when data from
an adequate number of rotational measurement positions are used. Both computational and
experimental results indicate that the novel LAFR-rEIT provides good EIT with setups with
limited surface coverage and a small number of electrodes.

Keywords: electrical impedance tomography, limited angle surface detection,
rotational finite element method, multimodal imaging
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1. Introduction

Electrical impedance tomography (EIT) is a high-speed,
non-destructive and non-invasive imaging technique that has
applications in several fields that include medical imaging,
industrial process tomography and geophysical surveying.
Traditionally in EIT, current stimulations and voltage mea-
surements are carried out using equally spaced electrodes
on the surface of the object (i.e. sample with inclusions of
interest) [1, 2]. Based on these measurements, an image is
reconstructed that represents the conductivity distribution of
the object. The major advantages of EIT are high temporal
resolution and that no ionizing radiation is applied as, for
example, in x-ray computed tomography. The main drawback
of EIT is its relatively poor spatial resolution. One approach
to enhance spatial resolution is to use rotational EIT (rEIT),
a method that increases the number of independent measure-
ments [3-7].

EIT is a functional imaging method that could become a
valuable tool in multimodal applications [8—11]. The combi-
nation of EIT and a structural imaging method, such as ultra-
sonic imaging, could provide robust diagnostic or research
tools. One challenge in simultaneous multimodal imaging is
that in typical settings the EIT electrodes cover a large portion
of the object surface, and therefore the area left for other sen-
sors is very limited.

To attain new applications for multimodal EIT with good
spatial resolution, we propose a rEIT setup where stationary
electrodes span a limited angle near to the object surface and
measurements are acquired along 360° (asymmetric electrode
configurations) or 180° (symmetric electrode configurations)
rotation of the object. We call this approach limited angle full
revolution rotational EIT (LAFR-rEIT).

Figure 1 illustrates one scheme of a LAFR-rEIT setup,
where electrodes cover less than half of the object surface and
additional measurements are possible at the sides that are free
from EIT electrodes. This particular configuration will allow
multimodal measurements as, for example, the combination
of other tomographic methods with rEIT.

Previously presented rEIT setups have applied electrode
arrays that are evenly distributed around the circumference of
the object. Rotating this kind of electrode array only increases
the acquired independent data within rotation angles smaller
than the distance between the centres of the neighbouring
electrodes. For example, in a conventional 16-electrode
setup, rEIT measurements are obtained within 22.5° rotation.
LAFR-rEIT, on the other hand, is expected to benefit from
measurements within full 360° or 180° rotation. In addition,
LAFR-rEIT enables relatively simple instrumentation due to
the small number of electrodes.

LAFR-rEIT could be used to image objects that can be
rotated while the electrodes remain at rest, or vice versa.
We present a case where the object is rotated in conductive
aqueous solution, as is shown in figure 1. Such setups are rele-
vant in applications where EIT is used for imaging specimens
of materials and/or structures, e.g. for non-destructive testing
of concrete [12] and biological samples [13].

EIT electrodes

window window
for other for other
sensors Sensors

EIT electrodes

Figure 1. Schematic of the rotational measurement setup
comprising a rotating object (dark grey) with inclusions (white
circles), aqueous solution (light grey) and electrodes used for EIT.
Additional modality can be measuring either backscattering or
transmission and has possible contact sites on the left and right
sides of the object.

The purpose of this paper is to introduce LAFR-rEIT
approach and to study whether it could provide image quality
comparable with 16-electrode rEIT. The efficacy of LAFR-
rEIT is evaluated in both computational models (sections 2.3
and 3) and experimental measurements on two-dimensional
(2D) phantoms (sections 2.4 and 4). We anticipate this work
will open new possibilities for high-quality multimodal
imaging of material specimens.

2. Methods

2.1. Image reconstruction

This section presents the mathematical model for a rEIT setup.
Using the model, the number and placement of the electrodes
and the number of rotational measurement positions can be
chosen arbitrarily.

Let o € Q mark the conductivity distribution inside a
given object ). For each measurement position k and rotated
object €, we have a conductivity distribution o} € € in
the rotated coordinates. The model used for measurement V;
using the complete electrode model is given in [14] and is
of the form:

Vi = U(o) + m, D

where U is the forward model and #; is a noise term.

We modelled the rotation of the coordinates in kth posi-
tion using a linear mapping M; so that for conductivity dis-
tribution o € € in initial position, the rotated coordinates are
given by = M;Q and oy = Myo. We assume that o does
not change during the rotation. For a finite element approx-
imation Q = (e¢;), mapping My = (w;;) is a weight matrix.
Each weight w;; is the area of intersection of ¢; and e;, where ¢;
is rotated for the measurement angle «. Rotation is illustrated
in figure 2.

For a set of m measurements V. (k € [1,m] C N) with rota-
tional measurement positions within oy € [0, 2], the forward
EIT model was written in stacked form as follows:
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Figure 2. (a) For each element and each rotational position,
weights of the mapping M are computed by (1) first rotating
element coordinates around the centre of the mesh in the opposite
direction and then calculating the areas of intersection w; with
underlying elements. (2) The element data value oy of the rotational
position is assigned using these weights. (b) Phantom and (c) its
rotation for 90 degrees.

V1 U(M[O’) ni
Vv, U(Mzo‘) n
- * @
Vm U(Mmo') N
or
V, = U,(0) + n,. (3)

We adapted the rEIT to the framework of linearised difference
imaging. In difference imaging, EIT measurements (here,
corresponding to m rotational measurement positions) of a
temporally varying object are performed before and after the
change in two stages. It should be noted that here this change
is expected to be slow. Therefore the above assumption/
approximation of the conductivity being non-varying during
each set of tEIT measurements is valid. The conductivity dis-
tribution of the object is denoted before and after the change
by oV and ¢(®), respectively, and the corresponding EIT mea-
surements by V,(l) and V,(Q).

To reconstruct the change of the conductivity Ao =
@ — () on the basis of difference data AV, = V,gz — V,m,
the mapping U, (o) was linearized by writing the first order
Taylor approximation:

U,(0) = U(09) + Jr(0 — 09). 4)

Here, oy is a linearization point and J, denotes the Jacobian
matrix of U, (o) at 0.

JM,
L= &)
IM,,
where J, and J, respectively, denote the Jacobian matrices of
U,(c) and U(o) at 0y.
Using the approximation (4) for both measurement sets

V,< 1) and Vr(z), the observation model (3) can be expressed in
terms of differences as in the following:

AV, = J,Ac + An,, )

where An, = nEz) — nEl)

realisations ngl) and n$2>.
Due to the ill-posedness of the EIT inverse problem, the
reconstruction of Ao requires regularisation. Here, we used

the Tikhonov regularised solution:

is the difference between the noise

Ao = arg min{||AV, — Ao |® +allLAc|P}  (7)

= (N, +aL'L) " TAY,, ®)

where L is a smoothness promoting regularisation matrix
defined as a discrete second order differential operator, and «
is a regularisation parameter [15].

2.2. Stimulation and measurement patterns

In EIT, it is preferable to have measurements both through the
object (opposite electrodes) and near the surface of the object
(adjacent electrodes). Based on the lead field theory [16], the
sensitivity of a tetrapolar measurement can be calculated as a
dot product of two current density vector fields. These fields
are formed by feeding current to the current feeding electrodes,
and reciprocally to the voltage measurement electrodes. This
theory has been applied to design novel impedance measure-
ment patterns for whole body EIT, tissue engineered systems
and single cell measurements [17-20].

Figure 3 illustrates the sensitivity fields calculated for two
different tetrapolar measurements in a LAFR-rEIT setup.
These finite element simulations were carried out in Comsol
Multiphysics v5.2a. The object was assumed to be homoge-
neous with conductivity of 0.22 S m~! and relative permit-
tivity of 80. A current of 3 mA was consecutively applied
between electrode pairs. The pattern using opposing elec-
trodes had high sensitivity close to the electrodes and in the
centre of the object. The pattern using four adjacent electrodes
had high sensitivity close to the electrodes, but low sensitivity
elsewhere.

To maximise the information obtained by the limited
number of electrodes in LAFR-rEIT, we chose to use all the
available tetrapolar combinations for each electrode configu-
ration. In this way, we were able to obtain patterns that were
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Figure 3. Sensitivity field distributions (1/ m~*) of two different measurement patterns. Current is injected between electrodes 2 and 7 (left)
or 1 and 4 (right). Voltage is measured with electrodes 3 and 6 (left) or 2 and 3 (right).
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Figure 4. (a) The standard 16-electrode configuration and ((b), (c)) two possible LAFR-rEIT configurations along with the phantom used
in the numerical analysis. (b) Configuration HALFS includes electrodes 1 to 8 and (c) OPP4 electrodes 1-4 and 9—12. Low conductivity

inclusions are shown in grey.

both sensitive in the centre of the object and also sensitive at
the edges. The rotation of the object allowed it to be meas-
ured from different angles, and thus the whole object was
covered.

2.3. Numerical analysis

A numerical comparison of LAFR-rEIT using electrodes with
limited angular coverage but full rotation, and a rotational
16-electrode model with full angular coverage electrodes
but limited rotation was carried out. Full rotation is consid-
ered here to be 180° for LAFR-rEIT electrode configura-
tions that are symmetrical to rotation after 180° and 360° for
non-symmetrical electrode configurations. The 16-electrode
model followed previous publications, for example [4], and
shown in figure 4(a).

LAFR-1EIT electrode configurations followed two dif-
ferent approaches: the electrodes were placed either in two
sets on opposite halves of the object, or in one set covering
about half of the object surface. Both approaches allow meas-
urements that are sensitive close to surface and through the
object. Figures 4(b) and (c) shows the configurations with
eight electrodes called HALF8 and OPP4, respectively. The
angular difference between the centres of the stationary
electrodes was 22.5° in all cases, and hence eight electrodes
were distributed in the range of [0°,157.5°] (HALFS), or
[—33.75°,33.75°] U [146.25°,213.85°] (OPP4).

LAFR-rEIT was additionally tested with four and six elec-
trode configurations called OPP2, OPP3, OPP4 + 2, HALF4
and HALF6, shown in figure 8. In HALF4, four electrodes

were positioned in an angular span of [0°, 135°] and in HALF6
six electrodes were positioned in a span of [0°, 150°]

The phantom used in the simulations was circular with
radius of 1 units and had 0.14 units size electrodes in all con-
figurations. The electrode size equalled 18% object surface
coverage with 16 electrodes. All inclusions in the phantoms
had conductivity of 0.1 S while the background and aqueous
solution had conductivity of 1 S. The inclusion diameters were
0.4 units and 0.2 units. The phantom is shown in figure 4. Input
current in simulations is 1 ‘Amps’ (EIDORS unit in 2D).

For the 16-electrode model, data were simulated by

. : LI o o 22.5°
rotating the object in an angular range of [0°,22.5° — NaT b

where N is the number of rotational measurement positions.
Outside this range the measurements become repeated due to
symmetry. We studied the conventional single measurement
position without rotation, and then rotational cases with 2, 3
and 6 measurement positions equally distributed within the
mentioned range.

With the electrode configuration OPP4, data was simu-
lated up to 256 measurement positions within 180° rotation.
The other symmetric configurations, OPP2 and OPP3, were
simulated with 32 rotational measurement positions in the
same range. For asymmetric electrode configurations HALF4,
HALF6, HALF8 and OPP4 + 2, data was simulated with 64
measurement positions in 360° rotation.

In all of the simulated data points V € R", the additive
noise of two components was included yielding noisy data
Vnoisy cR"

Vioisy = V + prmax(|V]) - 1074 4 |V|pl - 1072,
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insulated

in use
insulated

Figure 5. Measurement tank where eight of the 16 electrodes were
insulated and eight electrodes were in use. A transparent cylindrical
shaped gelatine phantom was placed on top of a rotation platform
(white). A thin aqueous layer was between the object and the
electrodes.

The first component is proportional to the maximum mea-
sured amplitude and the second component is proportional to
each measurement. The vectors py,p; € [—1, 1]” were random
numbers with uniform distribution.

2.4. Experimental analysis

An experimental setup was used to test the feasibility of the
LAFR-rEIT approach. The setup included a rotated object
and OPP4 electrode configuration that was also numerically
simulated as described above. An overview of the exper-
imental setup is shown in figure 5. We used cylindrical shaped
phantoms made of gelatine as a scaffold into which resistive
inclusions were inserted. The phantoms were placed on a 3D
printed platform (Polylactic acid) that was manually rotated.
The phantoms and the platform were surrounded by an
aqueous solution to preserve the structure of the object during
its rotation and to ensure good electrical contact.

The gelatine scaffold for the phantoms was prepared from
uncoloured 9.1% w/w Gelatine Powder (Dr.Oetker), 90.8%
w/w tap water and 0.1% w/w sodium chloride (Maldon Sea
Salt Flakes, Maldon Crystal Salt Co.). First, the gelatine
powder was hydrated in cold tap water for 10 min. The mix-
ture was then heated up to 74 °C and sodium chloride was
added. The solution was then poured into a silicon mould
(25cm in diameter) and cooled in a refrigerator for 7h for
gelation. Prior to the measurements, the gelatine was stabi-
lised at room temperature for about 9h.

The tank was first filled with an aqueous solution
(0.1% w/w sodium chloride and tap water) with a conduc-
tivity of 2.2 mS cm~!. The gelatine, with a conductivity of
2.4 mS cm™!, was placed on the rotation platform. The gela-
tine and platform were positioned in the middle of the tank
(28cm in diameter) and the height of the aqueous solution
was adjusted to a height of 1 mm above the electrodes. After
30min of stabilising the gelatine in the aqueous solution, the
measurements were started.

Eight thin rectangular electrodes (25mm x 45mm) were
attached to the inner surface of the tank. The measurements
were conducted with the well-established KIT4 device pre-
sented in [21]. A sinusoidal 10kHz 3.2 mA electrical current
was used.

Three experimental phantoms were studied. In the first
experimental case, we inserted a 50 mm diameter plastic tube
into the gelatine. In the second case, we added a 29 mm diam-
eter tube next to the tube in the case (1). In the third case,
we replaced gelatine with one of the same composition and
inserted two inclusions (50 mm and 29 mm in diameter) into
opposite sides of it. The three cases are shown in photographs
in figure 10. Prior to adding any tubes, both gelatine scaffolds
(as in figure 5) were measured to obtain reference data for dif-
ference reconstruction.

The outer part of the measurement tank was marked with
32 equal length sectors over 180°. The sectors were used in
combination with the stick in the rotation platform to allow
correct rotation angles during the measurements. The data for
all cases were acquired every 5.625° throughout the 180° rota-
tion, leading to a total of 32 rotational measurement positions.
The data were used to reconstruct the images with 1, 4, 16 and
32 positions by choosing only the first, every eighth, every
second or all rotational measurement positions, respectively.
In the reconstructions, we assumed the electrodes to be so thin
that they can be modelled to be on the circumference of the
region.

2.5. EIDORS implementation of forward and inverse solver

We implemented the required modifications into EIDORS
[22] functions to solve the forward and inverse problem of the
rotational setting. These functions are provided in the supple-
mentary material (stacks.iop.org/MST/29/025401/mmedia).
All computations were performed using MATLAB R2014a or
newer (The MathWorks, Inc.).

A Laplacian prior was used in the regularisation with
a hyperparameter value of 0.08. The hyperparameter was
empirically chosen. In the simulation studies, the reconstruc-
tions were computed using meshes that were coarser than
those used for simulating the data to avoid inverse crime. In
all simulations and experimental reconstructions, we used the
EIDORS complete electrode model with an electrode imped-
ance of z = 0.01.

3. Results of the numerical analysis

The LAFR-rEIT electrode configurations (presented in sec-
tion 2.3) were numerically analysed with the phantom with
two inclusions. To show the performance of LAFR-rEIT as a
function of number of rotational measurement positions, we
present reconstructions using OPP4 configuration from single
(no rotation) up to 256 rotational measurement positions in
180° rotation, presented in figure 6. As was expected, when
the object was not rotated, the quality of the reconstruction
was very poor: only the larger inclusion was seen and the
reconstruction resolution was inadequate. However, when the
number of rotational measurement positions was increased,
the shape and location of the larger inclusion was improved.
Moreover, when the number of measurement positions was
increased to 32, the smaller inclusion was also detected by
LAFR-rEIT. Increasing the number of positions from 32
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horizontal line through inclusions

Figure 6. Development of reconstructions with respect to number
of measurement positions 1-256 with electrode configuration
OPP4. Conductivity profiles along a horizontal line through both
inclusions are shown in the lower graph. The location of the
horizontal lines is shown on top of the reconstuction with 256
measurement positions.

further improved the reconstruction. Although, this improve-
ment was rather small after 64 positions, as seen in the recon-
struction conductivity profiles along the inclusions in figure 6.

A 16-electrode configuration was analysed from 1 to 6
rotational measurement positions, as is shown in figure 7, for
comparison to previous rEIT approaches. Small improvements
in accuracy were also achieved in the 16-electrode model by
increasing the amount of data through rotation.

The feasibility of additional LAFR-rEIT electrode configu-
rations OPP2, OPP3, OPP4 + 2, HALF4, HALF6 and HALF8
are shown in figure 8. Symmetrical configurations OPP2 and
OPP3 were reconstructed from simulated data with 32 rota-
tional measurement positions in 180° rotation and asymmet-
rical OPP4 + 2, HALF4, HALF6 and HALFS from data with
64 rotational measurement positions in 360° rotation. Thus,
angular difference between rotational measurement positions

SEOT

Ao (S) -1.5 -1 0.5 0
offa :
N S P 2
af ~
2 N =] o
L2 “f 02 o 02 true

horizontal line through inclusions

Figure 7. Reconstructions of the phantom using FULL16 electrode
stepping model with 1, 2, 3, and 6 rotational measurement positions
and respective conductivity profiles along a horizontal line passing
through the centres of the inclusions, as shown in figure 6.

was the same in all cases. It is obvious from the reconstruc-
tions that accuracy was increased as the number of electrodes
was increased. Configurations OPP4 + 2 and HALFS found
both inclusions, whereas in others the smaller is totally or
almost invisible.

Visually, reconstructions with the 16-electrode model in
figure 7 compared with the eight electrode LAFR-rEIT setups
OPP4 (figure 6) and HALFS (figure 8(f)) are very close to
each other, when at least 32 (OPP4) or 64 (HALFS8) rotational
measurement positions were used. The plotted conductivity
profiles through both inclusions in figure 9 support this obser-
vation, as the profiles differed only slightly in the conduc-
tivity of the larger inclusion and followed each other closely
elsewhere.

4. Results of the experimental analysis

We studied LAFR-1EIT experimentally using the OPP4 elec-
trode configuration and three phantoms. The reconstructions
were obtained using data from 1, 4, 16 and 32 rotational mea-
surement positions in 180° rotation. The pictures and corre-
sponding reconstructions in difference mode are shown in
figure 10. In addition, the conductivity profiles along a line
through the centres of the inclusions are shown for each case.

As was expected, and already seen in the simulated studies,
a single measurement (without rotation) with OPP4 configu-
ration did not provide enough information for good quality
reconstruction. Then inclusions were only visible if they were
close to the electrodes, as in case (3). By increasing the amount
of data through rotation, most of the inclusions were detected
by LAFR-rEIT already with 4 rotational measurement posi-
tions. Image accuracy and contrast were further improved as
rotational measurement positions were increased, as can be
seen visually and in the conductivity profiles.
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Figure 8. Reconstructions of additional LAFR-rEIT electrode
configurations using (a), (b) 32 rotational measurement positions
in 180° rotation and (c)—(f) 64 rotational measurement positions in

360° rotation.
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Figure 9. Comparison between 16- and 8-electrode models, the
former with 1 and 6 rotational measurement positions (denoted
FULLI16 x 1 and FULL16 x 6) and the latter with the models
OPP4 and HALFS with 32 or 64 rotational measurement positions,
respectively (denoted OPP4 x 32 and HALF8 x 64). The location
of the horizontal lines is represented in figure 6.

5. Discussion

In this work, we have presented a new approach to rEIT where
the angular span of the electrodes over the surface of the
object is limited. The main motivation for the development of
limited angle full revolution rotational EIT (LAFR-rEIT) was
to enable multimodal imaging. Traditionally electrodes span
over the object surface completely, and therefore the attach-
ment of other measurement devices simultaneously is diffi-
cult. The simulated and experimental analysis results prove
the potential of the approach in solving this problem.

In addition to demonstrating the LAFR-rEIT, we have
developed functionality for the open source EIDORS package
that solves the forward and inverse problems of EIT in the
presented rotational setting. The developed functions are
applicable to any feasible electrode configuration. In previous
approaches on rEIT [4], additional electrodes have been added
to model the rotation of the object. Another option is to rotate
the nodes of the finite element mesh and change the nodes of
the electrodes to correspond with the rotation. This approach
has been noted to work well [7]. However, in the worst case
when using several rotational measurement positions, amount

of boundary nodes explodes if each electrode requires sepa-
rate nodes for each rotational coordinate. In this study, rotation
was taken into account using a mapping matrix that describes
rotation in a more realistic manner and models only the actual
electrodes with controlled amount of boundary nodes. Also,
rotation inside an already constructed finite element mesh
preserves the electrode structure. Our EIDORS codes are pro-
vided in the supplementary material.

According to 2D numerical analysis, the eight electrode
configurations OPP4 and HALFS8 are the most promising
ones in LAFR-rEIT. However, we note that the optimal setup
depends on a variety of factors, including the geometry of
the measured specimen. With the presented inversion model,
using measurement data from 32 (OPP4) or 64 (HALFS) rota-
tional measurement positions, reconstructions of conductivity
change distributions are very similar compared to the recon-
structions based on the 16-electrode rEIT with full surface
coverage.

We found that rotational data from 32 to 64 measurement
positions is a ‘sweet spot’ in terms of accuracy and com-
puting time for eight electrode LAFR-rEIT using configura-
tions OPP4 and HALFS8. Reconstruction quality still benefits
significantly from the additional data and computing time is
in the order of minutes. LAFR-rEIT reconstruction from 128
and 256 rotational measurement positions was impossible to
compute using a § Gb RAM computer. If memory is available,
computing times are in the order of one to a few hours and the
increase in accuracy achieved is relatively small. The issue
with memory is due to full matrix operations in current imple-
mentation of the rotation. The eventual saturation of recon-
struction quality is in accordance with previous 16-electrode
rEIT studies [4, 7].

The feasibility of LAFR-rEIT was also verified with exper-
imental measurements using OPP4 configuration. Resistive
inclusions in the gelatine phantoms were detected using only
4 rotational measurement positions, but accuracy and contrast
were significantly enhanced when measurement positions
were increased up to 32 that was a feasible amount of rota-
tions when done manually.

The amount of data acquired depends on the used stimu-
lation and measurement pattern, the number of electrodes
and the rotational measurement positions used. Using all
tetrapolar combinations possible with eight electrodes and
64 measurement positions, results in 642815 = 26880
independent measurements (28 different current injections
and 15 measuring electrode pairs). Using all tetrapolar com-
binations possible with 16 electrodes and 6 measurement
positions, results in 6 - 120 - 91 = 65 520 independent meas-
urements (120 injections and 91 measuring pairs). However,
many of the tetrapolar measurements have low sensitivity. For
example, in a conventional 16-electrode configuration, when
current is injected between electrodes 1 and 2, most of the
pairwise voltage measurements have low sensitivity. Hence,
the amount of significant data is of the same order between
8-electrode LAFR-rEIT and 16-electrode rEIT, which justifies
the comparable quality of the reconstructions in line with the
lead field theory.
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Figure 10. Experimental cases (1)—(3) and corresponding reconstructions using 1-32 rotational measurement positions in 180° rotation.
Resistive inclusions are highlighted with white circles in the photographs. Conductivity profiles along a line passing through the centres of
the inclusions are shown on the right. The locations of the lines are shown on top of the reconstuctions with 32 measurement positions.

Rotational mapping M produces small local variations
between neighbouring elements of the finite element mesh, as
can be seen in figure 2. This is one limiting factor on the reso-
lution of our method with a high number of rotational meas-
urement positions. The advantage of the method is, however,
the flexibility in accepting any configuration of electrodes and
number of rotational measurement positions. By restricting
these flexibilities, optimisation of the mapping may be pos-
sible for that specific application.

Other than numerical improvements, further interesting
research includes whether other limited angle electrode con-
figurations are feasible. This choice depends heavily on the
needs of the multimodal instrumentation. Configurations can
be studied in terms of the number and placement of the elec-
trodes [23] as well as in terms of their size compared with the
object size.

6. Conclusion

In this paper we introduced a novel approach to rEIT, where
eight electrodes were distributed unevenly covering only half
the surface of the object. In LAFR-rEIT, the object is rotated
for 180° or 360°, depending on the electrode configuration,
in aqueous solution, and several measurements are taken in
different rotational positions to acquire information from all

parts the object. The conductivity change distribution is then
reconstructed using novel finite element mesh modification
that is available for EIDORS package.

We show here that LAFR-rEIT works using both simu-
lated and experimental measurements and that LAFR-rEIT
reconstructions are of the same quality as in previously pub-
lished results of 16-electrode rEIT. The LAFR-rEIT approach
offers new possibilities for multimodal imaging as it enables
attaching other sensors simultaneously with EIT. The method
is promising for biomedical imaging but also in other fields,
such as non-destructive industrial process imaging.
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Introduction

While both, the impedance spectroscopy and the
impedance tomography, have already become well-
established methods for exploring biological objects, their
combination - bioimpedance spectro-tomography - offers a
number of unresolved problems [1]. An important problem
is ensuring the required measurement speed in the wide-
band spectrometry of dynamic (time-varying) objects [2].

In this paper, we propose a way to adapt the fast impedance
spectroscopy method [2, 3] (proprietary Quadra
technology) for the tomography of time-varying
bioimpedances. First, we present the instrumentation of the
new spectro-tomography device. Then, we evaluate its
function in experimental measurements with complex
impedance phantom. We reconstruct spectro-tomographic
images both in time-difference and frequency-difference
mode. The method is also known as electrical impedance
tomography.

Materials and Methods

Development of the Spectroscopy system

The Quadra main spectroscopy unit in fig.1 is built-up on
the bases of digital signal processor (DSP) type
TMS320F28069 from Texas Instruments, USA [4].
Besides the standard digital computing part, it contains a
dual 16x16 bit multiply-and-accumulate (MAC)
processing unit for performing the discrete Fourier
transform (DFT). Especially important is the inclusion of a
high-resolution (200 ps) pulse width modulator (PWM) for

QUADRA Main Unit (A)

generating the binary excitation voltage Vexc at 80 MHz
clock (fig. 2). As a result, real time spectral analysis
becomes available after every 1 ms time interval at 15
frequencies: 1, 2, 3,7, 11, 17, 23, 31, 43, 61, 89, 127, 179,
251, and 349 kHz, (fig. 3).
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Figure 2: A full 1ms cycle of the binary excitation
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Figure 3: Spectrum of the binary excitation signal

To operate also as a tomography device, a versatile
multiplexer (unit B in fig.1) was developed on the bases of
a cross-point switch CD22M3494 from Intersil [4]. The
cross-point switch allows switch over analog signals from
any of its input pins to any of its output pins. All the 16
inputs/output pins are bi-directional for passing through
both excitation and response signals. The order of

Front-end MUX (B)

PGA 2 V-to-f Toxc*
D S P —)D > X Cross- [ -
Binary po_lnt
200p-s PWM excitation switch || .
USB | | 16-bit MAC || Micro - ) 16 infout
P e ———
) 1| controller analog Vs Z
80 MHz Clk Analog terminals
response
12-bit ADC 1 7 Vs | «—
PGA 1 Diff. Amp Texc”

Figure 1: Structure of the spectro-tomography device — the base unit (A),
and the developed multiplexing front-end (B)



switching goes on under control of the microcontroller in
the front-end unit B, see fig.1. A photo in fig. 4 shows the
spectro-tomography device developed in accordance with
the structure in fig.1.

Commutation Procedure

Switching of excitation and response pick-up nodes is
synchronized with applied excitation signal cycles after
every 1 ms. Both, the excitation current /exc and response
voltage Vres are switched over hundreds of times during
one tomography round, according to the used excitation
and measurement pattern and the number of electrodes. See
different patterns for example in [5, 6]. The total
measurement time may reach several seconds or minutes.
Therefore, minimizing of the switch over time is
exceptionally important in the tomography of time-variant
impedances.
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Figure 4: A photo of the prototyped spectro-tomography
device containing the main digital processing unit (A),
and a multiplexing front-end (B)

Shortening of the switching time is limited by at least two
instrumentation factors: 1) ability of electronics to
accomplish the switching process fast, and 2) capability to
process the response signals at the highest possible speed.
More important is the dependence on the inertia of
bioimpedance to analyze. When switching over the
excitation current, we cannot measure before the settling of
voltage response. The main time constant of tissues can
vary greatly. Our primary interest are cell suspensions that
expresses characteristic a- and [-dispersions. The
characteristic frequency of cell suspensions in a-region lies
between 150 Hz to 1.5 kHz [7]. At this region, the time
constant can reach 1 ms, at which the transient response
takes 5 to 10 ms for the detecting of tiny changes

The electronics and signal processing algorithms of the
developed spectroscopy device Quadra enables the signal
processing in real time during the 1 ms excitation cycle.
Because the switching moment corrupts the response
during only a very short interval (takes a single or pair of
microseconds), acquisition of the new response voltage
takes 2 ms instead of 1 ms, ideally. Let us repeat here that
the time interval, which is required for voltage acquisition
after subsequent sampling of response can be short and is

not dependent on inertia of the bioimpedance. On the other
hand, the time for settling of voltage after the switching of
excitation current depends directly on the inertia of
bioimpedance and takes significantly more time than the
sampling of voltage response. By our practice, the transfer
processes can take more than 1 ms and one current
commutation step can last several milliseconds, for
example, even 4 ms in our experiments.

Analog Circuitry for Measurement Signals

Fig. 5 depicts the analog part of the developed device [4].
The digital signal processor DSP (fig. 1) generates the
binary sequence of pulses Vexc (fig. 2) with the
predetermined spectrum of 15 spectral lines (fig. 3) at the
required frequencies. A voltage-to-current converter
(V-to-I) converts the voltage to excitation current /zyc with
1 mA amplitude (fig. 1) using a resistor Rrgri in the current
feedback chain of operational amplifier (OpAmp), see
fig. 5. Every single spectral component of the synthesized
ones (fig. 3) has the RMS value of 0.25 mA.

Voltage
response
N

i/fes

lexc = Vexc/Rrer1
V'exc = lexc*Rrer2

Vexc Z = (Vres/V’exc)*Rrer2
* Binary
excitation

]
AVexc
Measured
excitation

Figure 5: Analog part with a voltage to current
converter (V-to-I), a circuit for pick-up the response
voltage Vres, and an excitation measurement circuit

Although the current converter operates with high quality
at lower frequencies, its output impedance goes down to
10kQ at 1 MHz. The degradation takes place due to
parasitic capacitances, mostly, but also from the lowering
of amplification of the feed backed operational amplifier
(OpAmp) in the V-to-1.

Due to this degradation, the excitation current /zxc through
the impedance Z is measured by the aid of current-to-
voltage converter, containing an inverting operational
amplifier (OpAmp) with feedback resistor Rgrer2 (fig. 5).
The Ipxc measurement results in voltage V’gxc. The
response voltage Vzes comes from the impedance Z as a
voltage drop caused by the excitation current /gyc. The
response Vres is picked up by the aid of a unity gain
differential amplifier with guarded inputs.

Bioimpedance spectro-tomographic measurements

In order to evaluate the performance of the new spectro-
tomography device, we used 16 equally distributed
electrodes in a tank to image a phantom (schematic in
fig. 6). Each of the 16 pins of the multiplexer was



connected to one of the 16 electrodes in the tank and
several tetrapolar impedance measurements were
conducted through them. For the tetrapolar measurements,
we applied an opposite excitation pattern and measured
voltages serially between other electrodes. For example,
when excitation was applied between electrodes 1-9,
voltages were measured between electrodes 2-3, 2-4, ...
2-16. In total, we obtained 16 excitation patterns and 13
voltage measurements for each, leading to 208 tetrapolar
impedance measurements.

Figure 6: Connections of the measurement tank
with impedance Z to multiplexing front-end

The tank (220 mm in diameter) was filled with saline
solution with a concentration of 1ppt (a part per thousand).
A vegetable (yellow beetroot) was cut into a triangular
shape and placed in the middle of the tank (fig. 7(a)). The
electrodes were bolt heads made of stainless steel and
6.6 mm in diameter. Before adding the vegetable into the
saline solution, the tank was measured with only saline
solution in it to obtain reference data for time-difference
images.

Reconstruction of spectro-tomographic images

Images representing the conductivity change were
reconstructed using an open source software EIDORS v3.9
(Electrical Impedance Tomography and Diffuse Optical
Tomography Reconstruction Software) [8] in MATLAB
R2016a (The MathWorks, Inc.). In addition to the
measured impedance values, the minimum information one
needs in the image reconstruction are the dimensions of the
measured setup and the excitation and measurement
pattern used. For computing the conductivity values in a
finite element mesh approach, we applied a one step Gauss-
Newton solver and a Laplacian smoothness prior with
hyperparameter value of 0.005. A complete electrode
model with contact impedance value 0.01 Q was used.

In difference mode electrical impedance tomography, the
conductivity values are computed from two sets of data.
Thus, they represent the change of the conductivities rather
than the absolute conductivity values. In this paper, the
images were reconstructed both in time-difference and
frequency-difference mode. In time-difference, the data at
certain frequency is compared to a reference data from a
different time point but equal frequency. In frequency-

349 kHz

251 kHz - 1 kHz

179 kHz - 1 kHz 179 kHz

11 kHz - 1 kHz 11 kHz

Figure 7: Reconstructed images of an experimental
phantom measurement in a 16-electrode tank; a
photograph of the measured tank with triangular

vegetable in saline solution (a), frequency-difference (b)
and time-difference (c) reconstructions. The
conductivity change depends on the applied frequency.



difference, the data at certain frequency is compared with
the same time point but with different frequency.

Results

The frequency-difference and time-difference
reconstructions of the triangular vegetable are shown in
fig. 7 (b, ¢). The frequency of the data ranged from 11 kHz
to 349 kHz in both reconstruction modes. The reference
data was chosen to be 1 kHz in the frequency-difference
images. Thus, these images represent the change of
conductivity compared to the conductivity at 1kHz
(fig. 7 (b)). On the other hand, time-difference images
represent the change of conductivity due to inserting the
vegetable into saline solution.

Both reconstruction modes indicate that the conductivity of
the vegetable increased as the applied frequency increased.
This change becomes visible at 43 kHz and above in the
frequency-difference images. According to time-difference
images, the vegetable was more resistive than the saline
solution until 89 kHz. At 179 kHz, the vegetable was as
conductive as saline solution (no change was detected), but
above this, the vegetable became more conductive than the
saline solution. These results are in accordance with [9],
for example.

Discussion

The new bioimpedance spectro-tomography device has
been presented and demonstrated to work at frequencies
from 1 kHz to 349 kHz. Reconstructed images met
expectations: conductivity of the vegetable increased as the
applied frequency increased, and both the shape and
location of the phantom were correct. The excitation
pattern and the relatively small number of electrodes used
limit the resolution of the results. For enhanced image
resolution, excitation patterns including, for example, skip-
3 pattern could provide more accuracy to the results. For
including the 3D spectro-tomography of time varying
impedances, different methods for further minimization of
measuring time will become actual.

Conclusions

The presented spectro-tomography device provides a fast
and effective tool for bioimpedance applications. Binary
excitation enables to make instrumentation part simple and
power efficient. In perspective, both, battery based power
supply and wireless communication make possible to
isolate the device electrically and minimize accompanying
interference.
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1 Impedance tomography in biology

In tomographic imaging, task is to see the inside of an object and
visualize it through noninvasive means. In electrical impedance
tomography (EIT), current excitations are applied, and voltage is
measured on electrodes around the sample. This arrangement

p and Sp py. https://doi.org/10.1016/B978-0-12-818614-5.00005-9
Copyright © 2021 Elsevier Inc. All rights reserved. 1 57
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allows to estimate (i.e., to reconstruct) the conductivity distribution
within the target or sample (Cheney et al., 1999).

EIT has been used in various fields of science, such as geology,
civil engineering, medical imaging, and biotechnology. Recently,
several studies have reported the use of EIT for in vitro cell and
tissue culture imaging due to its nonharmfulness to living organ-
isms, flexibility in sample requirements (in principle, applicable
to any electrically conducting sample), and label-free properties
(Linderholm et al., 2008; Sun et al., 2010; Wu et al., 2018a). Tech-
nologies including cells and tissues cultured in biomaterials or
scaffolds, that is, tissue-engineered samples, are fast emerging
and provide novel solutions for disease models, toxicology stud-
ies, drug development, and precision medicine (Gomes et al.,
2017). A growing trend in cell culture research is to transit from
two-dimensional (2D) cultures to three-dimensional (3D) con-
structs that offer more realistic in vivo mimicking environment
for cells to grow and differentiate. In particular, stem cell-derived
cells combined with biomaterials in a 3D construct are a potential
source for new therapies and innovations (Fang and Eglen, 2017).
Because the electric impedance of the cultures changes with cell
proliferation, cell death (Lei et al., 2012; Lei et al., 2014; Canali
et al., 2015), and differentiation (Hildebrandt et al., 2010), EIT
can provide a novel monitoring tool for such samples.

This chapter reviews rationale and current solutions for monitor-
ing cell and tissue cultures by EIT. We focus especially on
multifrequency EIT (mfEIT), also known as electrical impedance
spectro-tomography, technologies and present a novel rotational
multimodal solution based on limited angle full revolution rota-
tional EIT (LAFR-rEIT). We go through the computational principles
and models of rotational mfEIT and later show examples of its use.

1.1 Multifrequency EIT

Biological tissues, composed of cells in complex arrangements,
behave differently when different frequencies of alternating elec-
tric current (AC) is applied to them. This difference depends on the
composition of the tissue, its structure and health, functional sta-
tus, and, most importantly, the frequency of the applied signal.
This phenomenon is described in Fig. 1, where the electrical prop-
erties of biological cell cultures are depicted. Simplifying, cells
consist of a nucleus, well-conducting cytoplasm (R;), and thin
insulating cell membrane (R,,, C,,) surrounding them. The cell
membrane electric properties can be modeled as an equivalent
resistor-capacitor circuit of cell membrane resistance and
a capacitor that mimics the cell membrane property to keep
ionic charges separated. This prevents the direct current and
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Fig. 1 (A) A schematic of electrical current paths at high- and low-excitation
frequencies in a cell culture. (B) Example of an equivalent circuit of a cell in
extracellular medium with resistance (R,) based on the study by Kldsgen et al.
(2011). Main electrical components of the cell are intracellular resistance (R,
membrane resistance (R,,), and membrane capacitance (Cy). (C) Typical
impedance spectrum of a cell culture. Cell culture-specific capacitance (C,,)
causes the impedance | Z| to decrease at a specific frequency range described by
cutoff frequency (f;). Cell membrane properties are essential in cell culture
analysis.

low-frequency currents of AC electric field to enter the cell but passes
high-frequency currents. Extracellular space is typically fluidic cell
culture medium or, for example, hydrogel scaffold. This space can
typically be modeled with a simple resistor (R,). At low frequencies,
the shape and number of cells and the resistance of extracellular
space have the most effect on the impedance measurements, as
can be seen in Fig. 1. As again, at high frequencies, also the internal
properties, as cytoplasmic resistance R;, can be probed.

Both EIT and electrical impedance spectroscopy (EIS) apply AC
impedance measurements and, thus, share the same physical
rationale. Main difference is that EIT uses several impedance mea-
surements around the sample, in contrast to EIS, which typically
only uses one bi- or tetrapolar measurement. Hence, EIT con-
siders the conductivity distribution spatially, whereas EIS pro-
vides an impedance spectrum graph of the sample average.

EIS has proven to be an effective method for cell and tissue cul-
ture studies. Intact cell membrane expresses both resistive and
capacitive effects. However, cell death opens the cell membrane,
and thus these properties are changed, suggesting that the imped-
ance can be an effective tool for viability monitoring. EIS has been
proven to provide meaningful results in various applications such
as sorting of dead cells from living cells and counting them
(Mernier et al., 2011), tissue and cell type determination
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(Gabriel et al., 1996; Halonen et al., 2019; Cheung et al., 2005),
stem cell differentiation detection (Hildebrandt et al., 2010), epi-
thelial maturity and integrity monitoring (Savolainen et al., 2011;
Onnela et al.,, 2012), and drug testing and toxicity assays (Zhou
et al., 2019; Jahnke et al., 2013). Furthermore, several proofs of
case studies have been published regarding cell cultures in hydro-
gel or other 3D scaffold material, providing information about the
cell amount, proliferation, and viability (Lei et al., 2012; Lei et al.,
2014; Canali et al., 2015; Wu et al., 2018b). However, mfEIT has not
yet been widely used in biological research; even these results
promise good capabilities of EIT in 3D cell culture monitoring.

First publications on spatial sensing and monitoring of cell
cultures using EIT were done with planar microelectrode arrays
(MEAs) that are also commercially available by many commercial
vendors to study cellular electric signaling. Daidi et al. (2007)
showed in a simulation study that the planar EIT can detect
changes on cell culture close to the well bottom. Later, the same
principle was applied in the first experimental cell studies
(Linderholm et al., 2008; Sun et al., 2010). Linderholm et al.
(2008) was able to localize and monitor cell growth and detect cell
membrane changes due to permeabilizing substance. Sun et al.
(2010) showed that the location and size of the cells can be visu-
alized with EIT. Planar electrode arrays have been successfully
used further, for example, cell-drug response analysis and 3D
reconstruction of breast cancer cell aggregates (Yin et al., 2018),
multifrequency analysis of breast cancer cells in 3D scaffolds
(Wu et al., 2018a), viability assessment of breast cancer cell spher-
oids (Wu et al., 2018b), and real-time detection of cancer cells in a
3D scaffold (Yang et al., 2019).

Other than planar EIT, sensors have been proposed for cell and
tissue culture studies. To image 3D cultures, a system with 360
voltage-sensing electrodes on the walls of a rectangular tank
has been built (Liu et al., 2011; Lee et al., 2014; Ahn et al., 2014).
In addition, flexible nanomaterials rolled to a cylindrical shape
with electrodes fabricated into the material have been developed
toward microscopy scale EIT of single cells (Weiz et al., 2017a, b).
A third sensor type has been designed for LAFR-rEIT setups. Lehti-
Polojarvi et al. (2019) attached flexible electrode sheets on two
opposing walls of a rectangular EIT chamber to enable multi-
modal imaging. Overall, the present mfEIT results in the field of
biological studies are mainly at proof of concept stage and inten-
sive analyses of biological cell cultures are still needed. Studies of
EIT in multimodal imaging setups could provide novel tools for
this development. It would be especially feasible to integrate
EIT into optical microscopy, which in most cases is also available
in the culture setups.
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1.2 EIT modes and mathematical rationale

In EIT reconstruction, task is to solve the internal conductivity
distribution based on boundary measurements. This reconstruc-
tion task is called an inverse problem, and the corresponding for-
ward, or direct problem, would be to estimate the measurement
data with the given measurement model and internal structure.
Computing EIT reconstruction is highly ill-posed: the solution is
very sensitive to noise and modeling errors. In this section, we will
shortly describe the mathematical principles behind EIT and pre-
sent some recent works on the inverse problem.

To be able to consider the inverse problem, the forward model
has to be formulated and is in basic form

V=U(o)+n, 1)

where ¢ is the conductivity distribution of the sample; V is the
voltage measurements on the sample boundary; n is additive
noise term due to unideal instrumentation; and U is the forward
operator, including the electrode modeling and information of
measurement pattern and spatial domain dimensions
(Somersalo et al., 1992). EIT operator U is nonlinear because the
measurement is diffusive in nature. Electrical current applied in
EIT propagates in the material depending on the conductivity
distribution.

Two questions can be asked of the conductivity distribution
depending on the measurements available. First, what is the con-
ductivity distribution that explains the measurement. This is
called absolute (static) EIT and requires only one measurement
from the sample. The second question is what change in conduc-
tivity distribution between two samples or states explains the dif-
ference between two measurements. This is called difference EIT
and it can be used to detect change between two different sam-
ples, frequency response difference within the same sample, or
the change over time of a sample.

The nonlinear forward operator U'is often linearized by writing
its first-order Taylor approximation

U(o) =~ U(op) +J(c—00) 2)

to compute the inverse solution, that is, the conductivity distribu-
tion ¢ with known measurement V. Here, the o is the linearization
point, and J is the Jacobian matrix of U(s,). Now, given two mea-
surements V; and V, of background object and the varied object,
respectively, the difference model can be defined as follows:

AV =V, -V, =]Ac+An, (3)
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that is, the difference in the measurements is due to difference in
the conductivity distributions.

In practice, the ill-posedness of EIT inverse problems requires
to use regularization to compute the conductivity distribution
change Aos. Regularization enforces the solution toward known
a priori information of the sample. For example, with widely used
Tikhonov regularization, a solution with smaller norms or
smoothness is preferred and Tikhonov regularization allows the
solution to be computed as a minimization problem
(Vauhkonen, 1997; Mueller and Siltanen, 2012)

Ao =arg n}in{”AV—]AaHz +(x|\LAoH2} = (T +al’L) T AV,
o

4)

which is balancing with weight a between data fidelity (first term)
and regularization (latter term with, where L is a suitable regular-
izer). Often, the computation is performed in finite element mesh
(FEM) model, which includes the information about the sample
and measurement domain, as well as the placements of the elec-
trodes (Dehghani and Soleimani, 2007).

Recently, several other approaches to compute the inverse
problem have been reported, including deterministic (e.g.,
Vauhkonen, 1997) and statistical (e.g., Calvetti et al., 2012; Ren
et al., 2019; Kaipio et al., 2000), genetic optimization (e.g., Olmi
et al., 2000; Leskinen et al., 2009), level set methods (Liu et al.,
2018), deep learning and artificial intelligence (e.g., Khan and
Ling, 2019; Wei et al., 2019; Fan and Ying, 2020), nonlinear Fourier
transform (e.g., Knudsen et al., 2009; Alsaker et al., 2017; Hamilton
and Hauptmann, 2018), and Graz consensus reconstruction (e.g.,
Grychtol et al., 2016).

Difference EIT is commonly used if reference data are avail-
able, because of its robustness to modeling errors; small inaccu-
racies in modeling of electrode locations, boundary shape, and
electrode contact impedances may lead to drastic differences
when using absolute reconstruction methods. In addition, differ-
ence EIT is typically computationally fast to reconstruct. However,
in difference imaging, the nonlinear observation model of EIT is
linearized, which causes the results to be only qualitative in
nature. Thus the results only indicate the trend of conductivity
change and not the actual conductivity value. In absolute imag-
ing, the conductivity distribution is estimated from a single mea-
surement data. It does not require linearization of the nonlinear
EIT model. However, its sensitivity to modeling errors may cause
poor image resolution (Liu et al., 2016).

In recent years, some research studies have introduced
methods that combine the benefits of absolute and difference
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imaging modes. Hallaji et al. (2014) incorporated a discrepancy
term to the nonlinear observation model of EIT to eliminate the
modeling errors but solving the conductivity distribution in abso-
lute, quantitative sense. This discrepancy term was based on esti-
mating the background conductivity of a homogenous sample.
The approach provided both high spatial resolution and quantita-
tive information, that is, absolute conductivity values were visual-
ized. The resolution was further improved by refining the
discretization level, resulting in probably the highest spatial reso-
lution seen in EIT thus far (Seppanen et al., 2014). Another slightly
more advanced approach for using reference measurements in
EIT is using the so-called nonlinear difference imaging (Liu
etal., 2015a), where a nonhomogeneous background conductivity
is reconstructed simultaneously with the conductivity change
based on measurements before and after the change. This
approach was shown to be particularly tolerant to modeling errors
(Liu et al., 2015b) and has also been applied to high-resolution
crack detection (Smyl et al., 2018). The success of these methods
in the cited works is based on two factors: (1) the availability of
reference data and (2) application-specific earlier information
encoded in the reconstruction. These computational methods
could potentially help improving the resolution also in cell and
tissue culture studies, where reference data can usually be mea-
sured and which may also enable acquiring application-specific
(structural) earlier information, for example, by using an addi-
tional imaging modality.

A well-established software package to solve EIT problems is
EIDORS (Adler and Lionheart, 2006), which has been developed
since 1999. More recent alternatives include works such as a fast
parallel forward solver ( Jehl et al., 2014), zedhat (Boyle, 2019) and
Zeffiro (He et al., 2019). MATLAB code package for D-bar method
is available through (FIPS Computational Blog, n.d.).

1.3 Rotational EIT reconstruction

To reconstruct difference mode conductivity distribution from
rotational EIT data Vi, V,, ..., V,, acquired in m measurement
positions, we formulated the EIT forward model in Eq. (1) into
stacked format

V1 U (M 10 ) n
Vol _ | UlMo) | Az ) 5)

Vil |UMpo)| | 1m
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where M; is a mapping function of the FEM model from initial
position to rotated measurement position, and n; are the individ-
ual noise realizations of respective measurement positions. In
short, we use subscript r for this rotational mapping and denote

V, = Uy()+n, ©)

for the rotational forward model.
Now, the linearization is similar to that of the static case in

Eq. (2):
U, (o) = U(00) +Jr(c — 00) @
with linearization point ¢y and Jacobian
JM,
Jo=|"M ], ®)
My

where J is the Jacobian matrix of U(sy). The inverse solution is
computed just as in the nonrotational case in Eq. (4):

Ao =arg n&in{HAVr —JiAsl? +aHLAaH2} = (), +al’L) " JTAV.
9)

Several approaches exist to the rotational mapping M, that is, the
mapping of the FEM element positions to correspond to rotated
position of electrodes or sample. Different approaches are illus-
trated in Fig. 2. For a small number of rotated positions, a com-
mon approach has been to include “virtual” electrodes into the
model so that the rotated positions can be estimated by choosing
a suitable combination of these. An excellent review of the recon-
struction approaches in rotational EIT has been included into the
study by Murphy et al. (2017), where they also considered the
poorer performing option of computing inverse solution from
each rotated position individually and then postprocessing the
final reconstruction from these. Another approach is to rotate
the values inside the FEM model, which provides flexibility due
to the electrode positioning being detached from the rotational
measurement position design. Two such methods of rotational
mapping M have been implemented: first, with fixed FEM, where
the element values are rotated through weighted geometric map-
ping (Lehti-Polojarvi et al., 2018); and second, with FEM model,
including rotationally invariant node design within the domain,
such that the elements can be mapped rotational positions with-
out blurring due to the mapping (Koskela et al., 2019).
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Fig. 2 Different types of rotations are illustrated. Rotation of an eight-electrode
setup can be modeled through computing reconstructions with virtual electrodes
in rotated positions, depicted with actual electrodes numbered from one to eight
and their rotated virtual electrodes in parenthesis. Another option is to use only the
actual electrodes in the computations but rotate the values of the FEM model
inside the domain, either by interpolating the rotated values or by constructing a
boundary that is invariant to rotation (marked with the dashed line), and elements
are mapped to new positions inside this rotational boundary while keeping the
exterior domain static.

1.4 Rotational EIT applications

In rotational EIT, either the electrodes or the sample is rotated.
Even if this may cause challenges in instrumentation, sample
placement, and image reconstruction, in some cases, it is worth
the effort. The main idea behind rotational EIT is to enhance spa-
tial resolution by increasing the amount of independent measure-
ments because the same electrodes are used to measure the
targets from various angles. The first work on rotational EIT was
presented by Murphy and York (2006) who applied electrodes
on a rotating impeller inside an EIT chamber to enhance image
resolution for industrial mixing applications. Huang et al. (2007,
2008) continued rotational EIT method development with rotat-
ing 16-electrode and 8-electrode rings in EIT chamber filled with
saline solution. Regarding medical applications, rotational EIT
has been studied for breast cancer detection systems applying
movable planar electrode array (Zhang et al., 2015) and rotated
16-electrode cylindrical and breast-shaped chambers (Murphy
et al., 2017). First rotational EIT setup for cell and tissue culture
studies was presented by Lehti-Polojarvi et al. (2019). In this setup,
the sample was rotated, and electrodes were fixed on two oppos-
ing EIT chamber walls. In general, rotational EIT may be especially
useful in systems where electrodes can only cover part of the
sample surface area, that is, limited angle (LAFR-rEIT) cases
(Lehti-Polojarvi et al., 2018).
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1.5 Multimodal applications of EIT

Relevant to multimodal setting, the structural a priori
information incorporated into EIT reconstruction has been stud-
ied in several works, for example, the works done by Kaipio et al.
(1999) and Kang et al. (2016), and applied in the scope of medical
imaging. Ultrasonic imaging used as a priori with EIT was sug-
gested by Soleimani (2006) and Steiner et al. (2008) for enhanced
image accuracy and resolution. EIT combined with ultrasonic
imaging has been further studied for prostate cancer detection
(Wan et al., 2010; Murphy et al., 2018) and muscle health inspec-
tion (Murphy et al., 2019). Ultrasound reflection tomography has
been considered alongside impedance measurements (Steiner
et al., 2008; Liang et al., 2020). Furthermore, ultrasound can be
used to induce conductivity changes within the sample and is
used in the context of frequency difference imaging (Harrach
et al., 2015; Jensen et al., 2019). Anatomical information obtained
from CT has been merged with EIT for accurate diagnosis of hem-
orrhage location (Canhua et al., 2011). Combining EIT with MRI
imaging has been shown to be effective in phantoms (Davidson
et al., 2012) and in lung imaging (Crabb et al., 2014). However,
there are still very few effective solutions for multimodal
in vitro cell culture studies. Such applications could provide
methods for validating the EIT results regarding cellular phenom-
ena through coregistration of the microscopy images. In addition,
a priori information could improve the typically poor spatial
resolution of EIT images.

2 Instrumentation and data acquisition

2.1 Electrode placement

Electrode placement depends on the application and the
desired simplicity of the instrumentation. Main aspect regarding
EIT is to collect sufficient data from the whole sample. Another
aspect to consider is whether 2D or 3D images are desired. The
further the region of interest is from the current excitation elec-
trodes, the weaker the current density field is, as can be seen,
for example, in Fig. 6 (black arrows on the rightmost image). Here,
we review EIT electrode configurations designed for cell and tissue
culture studies.

Most EIT setups in cell culture applications consist of 8-32
equidistantly distributed electrodes at the bottom of the chamber
(Sun et al., 2010, Yin et al., 2018, Yang et al., 2017, York et al., 2004,
Lemmens et al., 2018, Farnham et al.,, 2019). In addition,
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commercial MEAs, which are commonly used for in vitro neuro-
nal activity monitoring, have been proposed to be used in EIT
(Daidi et al., 2007). Linderholm et al. (2008) used a custom-built
MEA with electrodes placed according to the needs of the planar
EIT for human epithelial stem cell imaging. One example of a pla-
nar electrode configuration for EIT is shown in Fig. 9 where
16 working electrodes are distributed at the bottom of the
chamber.

Microscale rolled-up EIT sensor made of strain-engineered
thin films has been proposed for single-cell studies (Weiz et al.,
2017a). Eight electrodes were fabricated on the inner tube circum-
ference of a 35-pm diameter tube, and SiO, particles were success-
fully imaged (Weiz et al., 2017a). In addition, necrotic cell death of
a single HeLa cell was detected with 12 electrodes on a 30-pm
diameter tube (Weiz et al., 2017b). Another approach is to use
hundreds of electrodes in a rectangular cuboid chamber, as has
been presented for tissue engineering studies (Liu et al., 2011;
Ahn et al., 2014; Lee et al., 2014). Two pairs of current injection
and 360 voltage-measurement electrodes were fabricated on the
chamber walls, and the setup was shown to provide reasonable
3D reconstructions of phantom data.

For applications where the number or space available for the
electrodes is limited, LAFR-rEIT method could be a solution. It
is based on placing the electrodes at a suitable angle around
the sample, and either the electrodes or the sample is rotated to
obtain enough data (Lehti-Polojarvi et al., 2018). This method is
especially useful if there is another modality that needs a sensor
space or optical window into the sample, as is illustrated in Fig.
10. Several electrode configurations have been studied for this
setup (Lehti-Polojarvi et al., 2018), and part of the results is shown
in Fig. 3. Designing suitable electrode configuration is important
for sensor and hardware design to avoid using excessive amount
or ineffective placement of electrodes. It is also especially useful
before extending a LAFR-rEIT setup to 3D imaging that requires
more electrodes and measurements around the sample than 2D
setup.

Results in Fig. 3 show EIT images reconstructed from simulated
data of a two-inclusion phantom (phantom as in Fig. 10). The used
configurations can be divided into symmetrical and asymmetrical
according to the electrode placement. In symmetrical configura-
tion, the same numbers of electrodes are placed opposite each
other (here, OPP2 and OPP3). Asymmetrical configuration
(OPP4 + 2, HALF4, HALF6, and HALF8) include both opposite
and so-called half configuration electrodes. The term HALF refers
to electrodes that are left if half of the equidistantly placed
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Fig. 3 LAFR-rEIT reconstructions visualizing conductivity change of a two-inclusion phantom with different electrode
positions. (A-B) 32 rotational measurement positions in 180 degrees rotation and (C—F) 64 rotational measurement

positions in 360 degrees rotation. Two inclusions are well visible only with HALF8 configuration. Source: Lehti-Polojarvi,
M., Koskela 0., Seppanen A., Figueiras E., Hyttinen J., 2018. Rotational electrical impedance tomography using electrodes with limited
surface coverage provides window for multimodal sensing. Meas. Sci. Technol. 29, 025401. https://doi.org/10.1088/1361-6501/aa97f1.

electrodes, often used in traditional EIT systems, were removed. For
example, HALF8 configuration results from electrodes 1-8 of the
conventional 16 equidistantly placed electrodes, shown, for exam-
ple, in Fig. 4.

To obtain comparable results, the same angular difference
between rotational measurement positions was used for all cases,
as shown in Fig. 3, so that symmetrical configurations were recon-
structed with 32 rotational measurement positions in 180 degrees
rotation and asymmetrical with 64 rotational measurement posi-
tions in 360 degrees rotation. Results show that both the number
of electrodes and the electrode configuration affects the image
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accuracy. HALF configurations were more effective in image accu-
racy compared with OPP configurations with the same number of
electrodes. However, increasing the number of electrodes
enhances image accuracy in both configurations. Both inclusions
were found only with OPP4+2 and HALF8 configurations,
whereas in others, the smaller inclusion is totally or almost invis-
ible. In addition, a symmetrical electrode configuration with four
electrodes on opposing sides (OPP4 + 4), shown in Fig. 10, has
been experimentally studied both in a circular setup (Fig. 11)
and in a rectangular setup (Fig. 12).

Electrode configuration is crucial for the resulting image qual-
ity because it specifies the amount of collectible data, but it is not
the only factor affecting the results. Furthermore, electrode con-
figuration is often determined by various needs and limitations of
the application, for example, possible probes of other modalities
or device limitation for the number of electrodes. Other important
factors for the resulting image quality are the chosen excitation
and measurement patterns, electrode contact impedances,
instrumentation parasitics, and image artifacts due to computa-
tional deficiencies.

2.2 Excitation and measurement pattern design

It is important to apply EIT measurements that obtain infor-
mation from the regions of interest. Lead field theory was origi-
nally introduced for electrocardiographic measurements
(McFee and Johnston, 1953) and later modified for bioimpedance
lead sensitivity assessment (Geselowitz, 1971; Malmivuo and
Plonsey, 1995). It offers a useful tool for designing optimal excita-
tion and measurement patterns for EIT applications and enables a
way to visualize impedance measurement sensitivity. The theory
was first applied in an FEM model (Hyttinen et al., 1993) and fur-
ther developed for simulations of impedance measurements and
impedance tomography (Kauppinen et al., 1996; Kauppinen et al.,
2005). This method has been used, for example, to design elec-
trode configuration and excitation and measurement patterns
for LAFR-rEIT approach (Lehti-Polojarvi et al., 2018), EIS of
tissue-engineered systems (Canali et al., 2015), impedance mea-
surements of epithelial tissues (Tervonen and Hyttinen, 2018),
and single-cell MEA measurements (Bottrich et al., 2017).

Measured impedance Z, or its change, depends on the conduc-
tivities o, or conductivity change, of all objects located in the
generated current field in the volume Vand the sensitivity distri-
bution S associated with the excitation and measurement pattern
as follows:
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S
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According to the lead field theory, the sensitivity of an impedance
measurement can be determined as a dot product of two current
density fields as follows:

S=Jie-Ju, (11D

where the vector field J ¢ is formed by feeding current to the
measurement electrodes and the other vector field J;; recipro-
cally to the excitation electrodes. The sensitivity distribution
describes the effect of each region to the measured impedance
value. Sensitivity values can be positive, negative, or zero
depending on the angle of the two vector fields (examples shown
in Figs. 4 and 6). In the regions of positive sensitivity, an increase
of local conductivity leads to a decrease in the measured imped-
ance. If sensitivity is negative, an increase in conductivity causes
increase in measured impedance. Regarding EIT, most problem-
atic regions are those that have zero or close to zero sensitivity
because the measured impedance value is then unaffected by
the conductivity in that region. This causes instability to the
reconstruction because even high conductivity values in these
regions are not detected in the measurements or in the forward
solution.

Excitation and measurement pattern for EIT consists of several
impedance measurements to obtain enough spatial information
from the object. It is preferable to have measurement pattern that
contains high local sensitivity measurements from all areas in the
object, for example, center and edges. Here, we consider mainly
tetrapolar measurement schemes, but the lead field concept
can be applied to design and analyze various types of impedance
measurements patterns (Kauppinen et al., 2006).

In traditional EIT systems, where electrodes are placed equi-
distantly around the object, commonly used patterns include
neighboring (adjacent), opposite, and skip patterns. The name
of the pattern describes the current excitation pattern, and voltage
measurements are typically done sequentially with all remaining
electrodes. In neighboring pattern, current is excited through two
neighboring electrodes and voltage measured successively from
all other neighboring electrode pairs. Generally, not using the
current-driving electrodes in voltage measurements makes the
measurement less sensitive to the electrode contact impedances.
A comparison of four different patterns is shown in Fig. 4 where
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Fig. 4 Comparison of excitation and measurement patterns sensitivity. The most sensitive tetrapolar pattern to detect
the center of the sample is visualized for each pattern. Black electrodes are used for current excitation and red for
voltage measurement. Source: Kauppinen P., Hyttinen J., Malmivuo J., 2006. Sensitivity distribution visualizations of impedance
tomography measurement strategies. Int. J. Bioelectromagn. 8 (1), 63-71.

one measurement that is most sensitive in the center region is
visualized for each pattern (Kauppinen et al., 2006). Animations
of these patterns are available in the online version of the publi-
cation (Kauppinen et al., 2006).

Fig. 4 shows significant differences in sensitivity to central
regions of the object. Opposite, cross, and adaptive patterns
include measurements with high sensitivity in the center, but
neighboring patternis clearly limited to the surface regions. Recon-
structed examples applying neighboring, opposite, cross, and all
combinations patterns using experimental data can be seen in
Fig. 5. Differences in image quality can be seen, although in each
method there are measurements with high sensitivity at the region
of the inclusion, that s, close to the electrodes. The shape and con-
trast of the inclusion is most clear if all current excitations pattern
(Al]) is used. If current is only applied on opposing electrodes
(opposite), the shape of the resistive inclusion becomes distorted.

A suitable pattern for each application depends mainly on the
required temporal and spatial resolutions and possibly on setup

s Neighboring Opposite Cross All

) (O (OO Ck

Fig. 5 Effect of measurement pattern to reconstructions using excitation patterns: neighboring, opposite, cross, and
all. Resistive inclusion in saline is shown as a decrease in conductivity. Images reconstructed at 11 kHz excitation
frequency.
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Fig. 6 Sensitivity field distributions (1/m4) and current density arrows visualized for two tetrapolar measurements used
in a LAFR-rEIT setup. Black arrows show the current density field induced by current excitation electrodes 27 (left)
and 1-4 (right). Green arrows show the current density field induced by voltage measurement electrodes 3-6 (left) and
2-3 (right). Source: Modified from Lehti-Polojérvi, M., Koskela 0., Seppanen A, Figueiras E., Hyttinen J., 2018. Rotational electrical
impedance tomography using electrodes with limited surface coverage provides window for multimodal sensing. Meas. Sci. Technol.
29, 025401. https://doi.org/10.1088/1361-6501/aa97f1.

specific features, such as rotating object. Careful measurement
pattern design is especially needed for applications where the
electrode surface coverage is limited, as in the LAFR-rEIT case.
Two tetrapolar examples included in a pattern designed for
eight-electrode LAFR-1EIT case are shown in Fig. 6. The one using
opposing electrodes (on the left) has high sensitivity in a large
region, including the center of the object. The other on the right
has high sensitivity at the edge of the object. These measurements
complement well the excitation and measurement pattern used in
this case. The sensitivity distribution, shown as background col-
our in Fig. 6, is computed as a dot product of the green and black
current density field arrows that visualize the direction and mag-
nitude of the reciprocal fields, respectively.

In a LAFR-rEIT setup, the object is rotated that allows it to
be measured from different angles. Rotation combined with
well-designed tetrapolar measurement pattern provides high
sensitivity measurements covering the whole object. Example
reconstructions are shown in Figs. 11 and 12.

2.3 MfEIT devices available for cell and tissue
cultures

There are plenty of developed EIT systems for process tomog-
raphy and medical EIT. Multifrequency systems developed to
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identify biological tissues in medical applications are, for exam-
ple, the UCLH Mark 1b (Yerworth et al., 2002) and the KHU
Mark 1 (Oh et al., 2007). However, these are not optimal for cell
and tissue culture studies that need to operate in suitable fre-
quency range, that is, typically, p-dispersion range where con-
ductivity changes are associated with cell membrane integrity
and also work with sufficiently low-excitation amplitudes not
to cause damage to the small living samples. Early systems for
cell studies were mainly custom-built from an impedance ana-
lyzer, a multiplexing board, and a custom control software
applying single frequency (Linderholm et al., 2008; Sun et al.,
2010). Recently introduced systems have significantly better
temporal resolution, programs for data acquisition, and easy
use of multiple frequencies. These systems are tabulated in
Table 1.

Spectro-EIT device (Min et al., 2018) was developed in collab-
oration of Eliko (Estonia), Technical University of Tallinn
(Estonia), and Tampere University (Finland). It is based on fast
impedance spectroscopy platform using chirp multifrequency
pulse excitation (QUADRA technology, trademark of Tallinn Uni-
versity of Technology, Estonia) with embedded multiplexer. Cur-
rently, there are 16 input/output pins to enable maximum of
16 electrodes to be connected. The system applies binary excita-
tion voltage and performs discrete Fourier transform to extract

Table 1 MfEIT systems for cell and tissue cultures.

Pattern Operating

System Electrodes Excitation switching  frequencies
Spectro-EIT 16 Binary, voltage-controlled Flexible 1 kHz—349 kHz,

current source 15 simultaneously
Visual tomography 32 Sinusoidal, voltage-controlled  Flexible 10 kHz=1 MHz, 2

cur- rent source simultaneously
Sciospec EIT 128 Sinusoidal current excitation  Flexible 100 Hz—1 MHz
MUSEIC V2.0 16 differential square wave Flexible 1 kHz—1 MHz

current excitation
Dartmouth EIT tissue 64 sinusoidal current excitation Flexible 100 Hz—1 MHz

growth monitor
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frequency domain data from the measured voltages generated by
the pulsed current feed. The device provides impedance data
simultaneously at 15 frequencies: 1, 2, 3, 7, 11, 17, 23, 31, 43, 61,
89, 127, 179, 251, and 349 kHz. Excitation and measurement pat-
terns switching is flexible and easily changed by the user. Tempo-
ral resolution is very high with this device because one tetrapolar
measurement, including data with 15 frequencies, could be
obtained in 1 ms. Owing to time constant of the sample and need
for averaging, manufacturer recommends using 5 ms for each tet-
rapolar measurement. This includes average from three repeated
measurements. Averaging can be easily increased by the user in
the LabVIEW-based user interface. The great strength of this
device is its temporal resolution in gathering multiple frequencies
simultaneously. Example results using this device are shown in
Figs. 5, 7, and 12.

Another suitable mfEIT system (Yang and Jia, 2017), named as
Visual Tomography, has been developed by Agile Tomography
Group (University of Edinburgh, Scotland). The system has inter-
face for 32 electrodes, and adjustable multifrequency current
source applies sinusoidal current excitation at one or two fre-
quencies simultaneously. The frequency selection ranges from
10 kHz to 1 MHz. This system has high-speed data acquisition,
and the frame rate depends on the applied frequency and data
acquisition mode. For example, the system can record 1014
frames per second at 625kHz and 89 frames per second at
10 kHz in semiparallel mode, where each frame includes 104 mea-
surements. Excitation and measurement patterns are flexible, and
system incorporates Visual Tomography software for real-time 2D
and 3D image reconstruction. Example results using this device
are shown in Fig. 9.

Sciospec EIT system (Sciospec Scientific Instruments
GmbH, n.d.) offers up to 128 channels for electrode connections.
It operates from 100 Hz to 1 MHz with a sinusoidal current exci-
tation. Image reconstruction for difference EIT is embedded in the
control software. Sciospec EIT device has been used, for example,
for single-cell studies in microtubular fluidic channels (Weiz et al.,
2017a).

MUSEIC V2.0 system was presented in the study by Ha et al.
(2017) and applied in yeast cell studies by Lemmens et al.
(2018). The system can be used with 16 electrodes, and excitation
frequency ranges from 1 kHz to 1 MHz. Temporal resolution is
somewhat limited because it takes 0.5 s both for switching and
each measurement, for example, 56 s in total for 56 potential
measurements.
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A 64-channel Dartmouth EIT Tissue Growth Monitor based on
HP impedance analyzer has been developed for tissue culture
studies (Farnham et al., 2019). The system allows flexible design
of tetrapolar measurements and operates from 100 Hz to
1 MHz. Farnham et al. (2019) connected the device with a flexible
planar printed circuit board-based electrode array at the bottom
of a 6-well cell culture dish. Studies with yeast cells have been per-
formed to verify the tissue growth monitoring tool.

From the presented mfEIT devices in Table 1, Spectro-EIT
and Visual tomography can measure different frequencies
simultaneously. Other devices record multifrequency data
sequentially one frequency at a time. Most of these devices
are novel and currently under development. There is a great
variance in measurement duration provided by different sys-
tems, which can be crucial for time-variant samples. In general,
temporal resolution is dependent on the instrumentation
switching time, measurement pattern, data acquisition soft-
ware, and acceptable noise level. In addition, the time constant
of tissues at the used frequencies should be considered (Min
et al., 2018).

3 Examples of mfEIT of biological samples
3.1 Traditional mfEIT

To demonstrate the features of mfEIT of a biological specimen,
reconstructed images of a potato inclusion in saline solution are
shown in Fig. 7. Measurements were obtained with Spectro-EIT
device (Table 1), and the applied pattern contained all current
excitation combinations and 1560 sequential voltage measure-
ments (“All” in Fig. 5). The device provides 15 frequencies in the
range from 1 kHz to 349 kHz at a single measurement. The exci-
tation voltage was 2.0 V, and each measured value was an average
of seven measurements. A rectangular potato was placed in the
center of a 16-electrode 22-cm diameter chamber filled with
saline solution. Reference data were measured from blank saline
solution applying the same settings. According to the analysis in
Section 2.2, the sensitivity of these measurements is expected to
be high also in the center of the chamber. Difference mfEIT
images were reconstructed in EIDORS visualizing the effect of
the potato compared with blank saline at the same frequency, that
is, time difference EIT.
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Fig. 7 MfEIT of potato in saline solution. Conductivity of the potato increases as the applied frequency increases.

Each reconstruction in Fig. 7 visualizes the conductivity
change caused by the potato inclusion compared with blank
saline at each frequency in question. The results demonstrate
how effectively mfEIT detects and localizes the frequency-
dependent properties of biological samples. At low frequencies
until 89 kHz, the potato is less conductive than the saline solution.
At 127 kHz, their conductivity is similar, and above 179 kHz,
potato becomes more conductive than saline solution. This phe-
nomenon is in accordance with the theory (Fig. 1) and spectral
impedance measurements presented by Ahn et al. (2010) in Fig. 8.

MIEIT of blank hydrogel and cells in hydrogel are shown in Fig. 9
(Wu et al., 2018a). The chamber diameter was 15 mm and height
10 mm. Sixteen working electrodes were at the edge of the chamber
bottom. Measurements were conducted with the Visual Tomogra-
phy multifrequency EIT system (Yang and Jia, 2017) described in
Section 2.3 by applying the neighboring (adjacent) excitation
and measurement patterns. They applied 1 mA excitation current
with frequencies from 10 kHzto 100 kHz. Breast cancer cells (MCF-
7) were seeded in HyStem-HP hydrogel scaffold, and the cell-
loaded hydrogel and blank hydrogel were measured in cell culture
medium. The electrodes were located at the bottom of the cham-
ber, causing the sensitivity to be highest near the bottom. Accord-
ing to Fig. 4, the sensitivity of neighboring pattern is low in the
center of the chamber. Thus the inclusions were located at the
highest possible sensitivity field in this case. The reconstructed dif-
ference mfEIT images visualize the effect of the applied frequency
on the same sample, that is, frequency difference EIT.
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Fig. 8 Conductivity spectra of blood, ischemic and normal brain tissue, various plants, and gel. The steep conductivity
increase of potato between 1 kHz and 400 kHz is visualized with mfEIT in Fig. 7. Source: Ahn, S., Jun, S.C., Seo, J.K,, Lee, J.,
Woo, E.J., Holder, D., 2010. Frequency-difference electrical impedance tomography: phantom imaging experiments. J. Phys. Conf. Ser.
224, 012152. https://doi.org/10.1088/1742-6596/224/1/012152.
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Fig. 9 MfEIT reconstructions of blank hydrogel (bottom row) and cell-loaded hydrogel (top row). (A) 20 kHz, (B) 40 kHz,
(C) 60 kHz, (D) 80 kHz, and (E) 100 kHz with 10 kHz reference. Source: Wu, H., Zhou, W., Yang, Y., Jia, J., Bagnaninchi, P., 2018a.
Exploring the potential of electrical impedance tomography for tissue engineering applications. Materials (Basel) 11 (6), 930. https:/
doi.org/10.3390/ma11060930.
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The results in Fig. 9 show frequency difference reconstructions
with cell-loaded hydrogel and blank hydrogel at 20, 40, 60, 80, and
100 kHz using data from the same sample but at different fre-
quency (10 kHz) as a reference. These images demonstrate the
feasibility of mfEIT to monitor the frequency-dependent proper-
ties, f-dispersion in this case, of cell samples. The conductivity of
cell-loaded samples increased as the applied frequency increased,
which is an indication of the capacitive effects at the intact cell
membranes, as is presented in Fig. 1. As a comparison, the blank
hydrogel did not show significant conductivity changes depend-
ing on the frequency. Wu et al. (2018a) obtained similar results
with blank and cell-loaded AlgiMatrix scaffold.

3.2 LAFR-rEIT imaging

To obtain novel and unique solution for multimodal imaging of
cell and tissue cultures, the LAFR-rEIT approach has been studied
both in a circular (Lehti-Polojarvi et al., 2018; Koskela et al., 2019)
and arectangular (Lehti-Polojarvi et al., 2019) EIT setup. The sche-
matic in Fig. 10 shows the top view of an OPP4 + 4 electrode con-
figuration. There are eight fixed electrodes placed around a
rotated sample that is embedded in saline solution.

Time difference EIT was used to study the circular configura-
tion with OPP4 + 4 electrodes, as is shown in Fig. 11 (Lehti-
Polojarvi et al., 2018). This proof of concept study of the rotational
EIT method was conducted in a 28-cm diameter EIT chamber
with one excitation frequency (10 kHz) to demonstrate the feasi-
bility of the LAFR-rEIT method. Measurements were conducted
with KIT4 EIT device (Kourunen, 2014) applying all tetrapolar
measurement combinations that included 28 excitations and
15 voltage measurements (420 in total) at each rotational position.

EIT electrodes

window
for other
Sensors

window
for other
Sensors

EIT electrodes

Fig. 10 Rotational EIT built for multimodal systems; LAFR-rEIT schematic. Source:
Lehti-Polojarvi, M., Koskela 0., Seppanen A., Figueiras E., Hyttinen J., 2018. Rotational
electrical impedance tomography using electrodes with limited surface coverage provides
window for multimodal sensing. Meas. Sci. Technol. 29, 025401. https://doi.org/10.1088/1361-
6501/aa97f1.
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Four different amounts of rotational positions were evaluated
with experimental data, as is shown in Fig. 11. According to Fig.
6, these measurements include high-sensitivity measurements
both from the center and the edges of the sample. The imaged
inclusions were insulating plastic tubes of different sizes that were
pushed in the gelatin hydrogel. This gelatin phantom was manu-
ally rotated in saline solution for rotational EIT.

Fig. 11 shows experimental LAFR-rEIT results using data from
1, 4, 16, and 32 rotational measurement positions in 180 degrees
rotation. Thus measurements were obtained with 0 degrees,
45 degrees, 11.25 degrees, and 5.625 degrees angular increments,
respectively. The conductivity profiles along a line through the
inclusion centers are shown for each experimental case. These
evaluations show how beneficial the increment of rotational posi-
tions is when LAFR-rEIT setup is used. Most of the inclusions were
already detected with four rotational measurement positions, but
the image accuracy and contrast are enhanced as more rotational
data are acquired. It can also be seen that rotations are needed in a
limited angle setup because single-measurement position did not
provide reasonable image quality.

LAFR-1EIT approach has been further integrated with optical
projection tomography (OPT) (Sharpe et al, 2002; Figueiras
et al., 2014), as is shown in Fig. 12 (Lehti-Polojarvi et al., 2019).
OPT is commonly referred to as the optical version of X-ray com-
puted tomography, and its working principle is indeed close. In
OPT, several shadowgrams of light transmitted through the sam-
ple are recorded while rotating the sample. The attenuation coef-
ficient distribution is then reconstructed similar to the
conductivity distribution reconstruction in EIT. The attenuation
coefficients are physically closely related to the mass of the sam-
ple, and, thus, the reconstruction can be interpreted as mass dis-
tribution of the sample. The golden standard of reconstruction
methods in both X-ray computed tomography and OPT is filtered
back-projection (Kak et al., 2002). OPT provides high spatial res-
olution in reconstruction of mesoscopic samples whose diame-
ters are from 1 to 10 mm, and it has low impact on living
tissues during image acquisition.

Integrating LAFR-rEIT with OPT is feasible with, for example,
OPP4 + 4 electrode configuration (see Fig. 10). In practice, this
was built to a rectangular chamber that was 6 x 9mm in
XY-plane. The chamber had four electrodes on two opposing
walls, and the other two walls were optically transparent glass
walls, as is shown in Fig. 12A. This setup enables simultaneous
electrical and optical imaging of a rotated sample. EIT measure-
ments were acquired with Spectro-EIT device (Table 1), which
obtained 15 frequencies simultaneously from each tetrapolar
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Fig. 12 Multifrequency LAFR-rEIT method integrated with optical imaging. (A) A rectangular carrot phantom rotated in
saline solution in the center of a multimodal chamber (6 mm in x-direction and 9 mm in y-direction). OPT illumination is
done through the glass walls and EIT measurements with electrodes on the other two chamber walls. (B) 3D OPT

reconstruction and (C) time difference mfEIT reconstruction with 15 frequencies. Source: Lehti-Polojarvi, M., Koskela, 0.,
Seppanen, A, Rist, M., Land, R., Annus, P., Min, M., Figueiras, E., Hyttinen, J., 2019. EIT in hybrid imaging setup for tissue engineering
applications. In: Boyle, A., Aristovich, K., Witkowska-Wrobel, A., Holder, D. (Eds.), Proceedings of the 20th International Conference on
Biomedical Applications of Electrical Impedance Tomography. EIT2019, 1-3 July 2019, London, UK. https://doi.org/10.5281/zenodo.

2691705.

measurement. The excitation and measurement patterns were
similar as the one with circular LAFR-1EIT results, including 420
measurements at each rotational position. Measurements were
acquired every 10 degrees in full 360 degrees rotation; thus 36 rota-
tional measurement positions were used in total. Optical bright-
field transmission image was acquired every 0.9 degrees in 360
degrees rotation providing 400 projection images in total. Filtered
back-projection algorithm was used to reconstruct the 3D vol-
ume. This simultaneous multimodal data acquisition was con-
trolled by a modular Labview program (Yuan, 2020). The
program synchronizes the data capture of OPT and EIT modalities
according to a motorized rotation stage where the sample is
attached to. A rectangular carrot (1.8 x 1.6 mm in XY-plane)
was rotated in saline solution, and 3D OPT (Fig. 12B) and 2D time
difference EIT (Fig. 12C) were reconstructed.

Spectral time difference EIT images in Fig. 12 visualized the
conductivity spectrum of the carrot phantom and localized it cor-
rectly. OPT reconstruction provides structural information, such
as size and shape of the phantom. The conductivity changes of
the carrot phantom are in accordance with the spectrum in
Fig. 8 (saline + carrot). This novel multimodal mfEIT-OPT
approach is expected to be useful in cell and tissue culture studies,
but it could be applied to various fields of science.
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4 Conclusions

In this chapter, we have reviewed the mfEIT with application
for in vitro cell and tissue culture applications that include the
growing field of tissue engineering and organ-on-chip as well as
body-on-chip studies. Its applications include monitoring of the
cell proliferation or tissue growth, monitoring the well-being or
contamination of the culture, cell movements, or migration and
cell differentiation. We have also presented a novel solution for
multimodal mfEIT for such samples. MfEIT and its use, especially
for tissue-engineered 3D grafts or organ-on-chip systems is rela-
tively new research field. Owing to this, there remain several tech-
nical challenges to be solved. In addition, cell biology and scaffold
material research evolve rapidly causing new requirements for, for
instance, sensor design.

The great advantages of EIT are its nonharmfulness to living
organisms and flexibility regarding sample properties and elec-
trode designs, although not all these benefits have yet been effi-
ciently employed. Nonharmful property of EIT would make it a
perfect tool for long-term in vitro assay monitoring, and few
studies have reported monitoring of the samples for several
days or weeks. EIT would be optimal for 3D monitoring solu-
tions because of its diffusive nature and, as discussed in this
chapter, the applied current density field can be optimized with
electrode and lead selection to contain the whole volume. This
is essential because commonly used planar electrode arrays
have rather shallow detection areas and do not provide optimal
measurements for 3D reconstruction. As demonstrated using
the LAFR-rEIT method, EIT could be easily integrated with
other measurement modalities to complement the obtained
information of a sample.

In addition to complementing multimodal imaging, long-term
monitoring of samples with EIT requires development of embed-
ded incubation systems and sophisticated sensor fabrication.
Open questions in development of such setups include the cyto-
compatibility and material corrosion requirements, which are
high for along-term cell and tissue culture EIT. Furthermore, elec-
trodes and insulation materials need to be made nontoxic and sta-
ble with biomaterials and various mediums and chemicals for a
long period of time. In addition, the application-specific needs
may limit the range of suitable materials. For example, flexible
sensors or optical transparency might be required. In addition
to instrumentation development, computational methods, for
example, the ones presented in Section 1.2, could be more effi-
ciently applied for better image quality.
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Overall, promising solutions have emerged for cell and tissue
culture EIT that enable both conductivity imaging and fast imag-
ing of frequency spectrum. Current research studies have shown
that mfEIT is able to detect and localize cellular effects, such as
viability. Nevertheless, most studies are still in proof of concept
stage, and rigorous studies showing the true benefits in monitor-
ing cellular phenomena or long-term culture monitoring are lack-
ing. This would require more validation studies involving other
modalities, for example, optical imaging, for result verification.
We expect the presented LAFR-rEIT method will provide novel
tools for combining other imaging or measurement methods with
the EIT. On the grounds of current research studies, we can state
that mfEIT shows great potential as a monitoring tool for toxicity
and disease model studies and even for viability monitoring
before tissue implantation.
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Abstract

Objective: Imaging of tissue engineered three-dimensional (3D) specimens is challenging due to their
thickness. We propose a novel multimodal imaging technique to obtain multi-physical 3D images and
the electrical conductivity spectrum of tissue engineered specimens in vitro. Approach: We combine
simultaneous recording of rotational multifrequency electrical impedance tomography (R-mfEIT)
with optical projection tomography (OPT). Structural details of the specimen provided by OPT are
used here as geometrical priors for R-mfEIT. Main results: This data fusion enables accurate retrieval
of the conductivity spectrum of the specimen. We demonstrate experimentally the feasibility of the
proposed technique using a potato phantom, adipose and liver tissues, and stem cells in biomaterial
spheroids. The results indicate that the proposed technique can distinguish between viable and dead
tissues and detect the presence of stem cells. Significance: This technique is expected to become a
valuable tool for monitoring tissue engineered specimens’ growth and viability in vitro.

1. Introduction

Multifrequency electrical impedance tomography (mfEIT) is an imaging technique that reconstructs electrical
conductivity images based on surface current excitations and voltage measurements acquired at several
frequencies. This imaging technique could find significant applications in the field of tissue engineering, where
three-dimensional (3D) biomaterial constructs are combined with stem cell-derived cells. These constructs
show great potential in in vitro disease models, toxicology studies, drug development, and precision medicine
(Fangand Eglen 2017, Gomes et al 2017). The imaging of mesoscopic scale (1 mm to 10 mm) 3D specimens is
challenging using conventional optical microscopy techniques due to limited penetration depth. Additionally,
many of these techniques require staining or clearing the specimens, which eventually kills the cells and renders
the biological specimens unusable for further study. For example, an x-ray microtomography method to image
the subcellular structures of 3D specimens has been proposed, but the method is only available for fixed
specimens (Tamminen ef al 2020). In order to create novel technologies for non-harmful live 3D imaging, we
propose a multimodal tool in which mfEIT is integrated with optical projection tomography (OPT).

In OPT (Sharpe et al 2002), multiple projection images are acquired from a rotating specimen to enable full
3D image reconstruction. OPT has been applied to, for example, the characterization of hydrogels (Figueiras et al
2014) and the imaging of cells in 3D hydrogels (Belay et al 2021). OPT operates in either brightfield or
fluorescence mode. Since fluorescence imaging requires autofluorescent or stained specimens, we focus on
applying brightfield, i.e. transmission OPT.

© 2021 Institute of Physics and Engineering in Medicine
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Electrical impedance measurements, either spectroscopic or tomographic, do not require staining to obtain
information on, for example, cell membrane integrity (Klosgen et al 2011), cell—cell contact maturation
(Savolainen et al 2011), or cell aggregate localization (Wu et al 2018). EIT, or in case several frequencies are
applied, mfEIT, images the electrical conductivity distribution (absolute mode) or its temporal changes
(difference mode). EIT is a non-harmful and fast 3D imaging technique that has been used for the viability
detection of cell cultures (Wu et al 2018).

The limitation of EIT is typically poor spatial resolution due to its diffusive nature and the associated
mathematical ill-posedness of the image reconstruction problem. To tackle this, multimodal imaging
techniques have been proposed, where a priori information provided by another imaging modality is
incorporated into the EIT image reconstruction (Kaipio et al 1999). In medical imaging, ultrasound images have
been successfully used as a structural prior, for example in Borsic et al (2010), Soleimani (2006). A dual-modal
sensor that combines EIT and optical microscopy has been presented for in vitro applications (Liu et al 2020).

We aim to provide multi-physical images and enhanced mfEIT image quality via prior information provided
by OPT. We are unaware of previous studies that would have attempted to combine microscopy-scale, optical-
based 3D imaging, such as OPT, with mfEIT to perform in vitro specimen conductivity analysis. In our system,
mfEIT and OPT data are collected simultaneously. The electrode array used for mfEIT covers only a limited
portion of the imaging chamber’s surface to allow access for OPT acquisition. The problem associated with
having only limited angle access to the boundary—both in OPT and mfEIT—is resolved by rotating the
specimen step-wise and carrying out the measurements sequentially at multiple rotational positions.

The feasibility of the rotational EIT setup with limited electrode coverage has previously been demonstrated
in a two-dimensional (2D) circular setup (Lehti-Polojérvi et al 2018) and a 2D rectangular setup (Lehti-Polojarvi
etal 2019, Winkler et al 2020, Lehti-Polojirvi et al 2021) using phantoms. In these studies, however, the
structural information provided by OPT had not been fused into the mfEIT reconstruction. Further, mfEIT was
based on 2D modeling and linearized difference imaging and yielded only qualitative reconstructions of the
conductivity. Nevertheless, these studies have demonstrated that the rotational limited angle data acquisition
scheme enables the EIT/mfEIT reconstruction while also providing space for OPT. In addition to
multimodality, the benefits of this EIT scheme are that it enables a large number of independent measurements
and reduces the complexity of the electronics, as a relatively small number of electrodes are needed.

In this study, we extend the rotational mfEIT (R-mfEIT) impedance measurement setup and image
reconstruction methods to 3D and, above all, combine data from two imaging modalities by utilizing the
structural information from OPT to enhance the conductivity reconstruction in R-mfEIT. This data fusion is
achieved by extracting 3D segmentation from OPT reconstructions and incorporating this information into 3D
R-mfEIT image reconstruction using rotational meshing and Bayesian inversion methods, finally yielding
estimates for the electrical conductivity spectra of the segments.

We test the feasibility of the proposed multimodal technique experimentally. First, the imaging technique is
evaluated with a potato inclusion with a controlled shape and known frequency response. Next, the ability of
OPT-mfEIT to differentiate the conditions of tissues (especially their viability) is tested by imaging specimens of
adipose and liver tissues before and after chemical or thermal treatment. Finally, we carry out a preliminary
experiment on human induced pluripotent stem cells (iPSCs) in biomaterial spheroids—an application that will
in future be the main target of the developed multimodal imaging system.

2. Methods and materials

2.1. Overview of the multimodal imaging

Figure 1 summarizes the steps used in multimodal OPT-mfEIT imaging. The raw R-mfEIT data consist of
electrical impedance values and OPT data consist of 2D projection images acquired from several rotational
positions. The R-mfEIT data was used both for conventional R-mfEIT reconstruction and for multimodal OPT-
mfEIT reconstruction. The conventional R-mfEIT reconstruction served as a comparison to the integrated
OPT-mfEIT reconstruction approach, and as a check of the quality of the measured R-mfEIT data.

OPT data were used for reconstructing the light absorption distribution within the imaging domain. The 3D
OPT reconstruction was segmented to extract the morphology and location of the specimen. The segmentation
was then integrated into the R-mfEIT reconstruction process in order to directly estimate the conductivity
spectra of the segmented regions from the R-mfEIT data.

2.2. Multimodal system design
Our R-mfEIT technique was designed to be combined with an in-house-built OPT system (Figueiras et al 2014,
Belay et al 2021). A schematic of the OPT-mfEIT system is shown in figure 2.
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Figure 1. Flowchart presents the steps involved in using OPT and R-mfEIT data for the multimodal imaging of in vitro specimens.
Orange denotes R-mfEIT and blue OPT.
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Figure 2. Simplified schematic of the multimodal OPT-mfEIT imaging system. Top: LED is used for OPT illumination, the specimen
is rotated in a chamber filled with saline solution, OPT images are captured via optics and camera. Wires from the mfEIT device are
connected to the electrodes on two sides of the imaging chamber. Bottom: close-up view of the imaging chamber with 16 electrodes
and cylindrical rotating specimen.

The main parts of OPT are illumination, specimen rotation stage, and light detection. We used a white LED
(irradiance maximum 2.8 mW cm %) for brightfield parallel beam illumination. The specimens were attached
from the top to a motorized stage (Standa Ltd, Lithuania) with rotational and x—y—z movements for proper
specimen alignment. The imaging chamber had two transparent glass walls for OPT, and it was filled with saline
solution. Saline was used to enable both a refractive index matching path for illumination and suitable electrical
conductivity between the electrodes and the specimen. The optical detection system consisted mainly of a 2 x
objective lens (Edmund Optics, USA), an iris diaphragm (Thorlabs, USA), a tube lens (Mitutoyo, USA), and an
sCMOS camera (ORCA-Flash 4.0, Hamamatsu, Japan).

Fluorinated ethylene propylene (FEP) tubes (5 mm inner diameter, 6 mm outer diameter, Adtech Polymer
Engineering Ltd, UK) were used to attach the hydrogel-based specimen to the rotational stage. To allow electrical
contact, approximately 3 mm of the hydrogel with the embedded inclusion(s) was pushed out of the insulating
tube during imaging.
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An mfEIT device that generates binary multifrequency excitation (Min et al 2018) was used for impedance
measurements. The current excitations were carried out using 15 frequencies ranging from 1 to 349 kHz, which
is typically in the 3-dispersion region of biological samples (Klosgen et al 2011). The device had a multiplexer
with 16 bi-directional input/output channels for tetrapolar impedance measurements.

MIEIT electrodes were fabricated on two flexible Kapton-based sheets and attached to two opposing walls of
the rectangular imaging chamber. These 16 electrodes (1 ;zm copper coated with 50 nm gold layer), shown in
figure 2, were connected to the mfEIT device via zero insertion force connectors (Wiirth Elektronik, Germany)
and wires that were as short as possible to reduce noise.

2.3. Rotational data acquisition

Simultaneous OPT-mfEIT data acquisitions were performed with a custom-made LabVIEW program
(Yuan 2020). OPT images were acquired every 0.9° over 360° rotation, and the R-mfEIT measurements were
saved at 4.5° intervals.

The measurement pattern applied at every R-mfEIT rotational position was designed for our limited angle
electrode layout (see figure 2). The pattern contained 30 pairwise current excitation configurations and 13
pairwise voltage measurements for each excitation, providing 390 tetrapolar measurements. The first 15
excitations were applied sequentially between electrode 2 and each of the other 15 electrodes. Correspondingly,
in the second set of excitations, currents were injected between electrode 14 and the other 15 electrodes. Voltage
measurements were obtained sequentially between the electrode adjacent to the current excitation electrode and
the rest of the electrodes. Current excitation electrodes were not included in the voltage sensing. The
measurement pattern is visualized in supplementary materials (available online at stacks.iop.org/PMB/66/
205016/ mmedia). The design of the current excitation and voltage measurement configurations was based on
the lead field theory (Geselowitz 1971) to obtain measurement patterns with high sensitivity in the entire volume
of the specimen.

Total data acquisition time depended on several factors, such as camera exposure time, the number of
measurement angles, and the number of repeated impedance measurements for averaging. We used an exposure
time of approximately 1.2 ms, and the number of projection images taken for OPT was 400. For R-mfEIT,
measurements were collected from 80 rotational positions, resultingin 80 x 390 = 31 200 measurements.
Each tetrapolar measurement was taken as the average of seven repeated measurements, resulting in a measuring
time of 10 ms for each measurement. With these settings, the total imaging time was approximately 15 min We
note, however, that the amount of data acquired here was excessive and was only measured to ensure that no
relevant information was lost in the experiment. Only the R-mfEIT data corresponding to the latter half of the
full rotation were used in the image reconstruction.

For each R-mfEIT data acquisition, a reference measurement with only saline present in the imaging
chamber was taken. The OPT projections and measured R-mfEIT data are visualized for each specimen type in
supplementary materials. The real part of the measured impedance values Z was converted to voltages U with 1
mA current],as U = Re(Z)I. The videos show the difference between the angular data and the initial position
data to clarify the changes due to rotation.

2.4. Estimation of noise statistics

An estimate for the level of the overall noise introduced by the electrodes, wiring, and the mfEIT device was
obtained from 1000 repeated blank saline solution measurements in the imaging chamber. The signal-to-noise
ratio (SNR) of the R-mfEIT imaging system was calculated as follows:

N
> ymP

SNR = 10log———"—"————,
SN b - P

(€]

where N = 1000 is the number of repeated measurements, y(1) the nth measured voltage value, and j the
average of N repeated voltage data. The SNR value depends on the measurement configuration, that is, the
relative positions of the excitation and measurement electrodes and the applied frequency. For a low sensitivity
configuration, the minimum SNR was (5 & 2) dB, and for a high sensitivity configuration, the maximum SNR
was (55 £ 3) dB. According to the applied frequency, the minimum SNR was (32 4 9) dBat 1 kHzand the
maximum was (40 £ 9)dB at 251 kHz.

The reciprocity error is another commonly used metric to evaluate the accuracy of EIT systems. It was
calculated from two tetrapolar measurements that applied the same electrodes but interchanged current
excitation and voltage measurement pairs. The repeated measurements’ percentage error was between 0.1% and
0.7%, depending on the applied frequency.

The covariance of the measurement noise was also estimated for each frequency based on the same repeated
measurements. The sample covariance for measurements at given frequency fwas the following:
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Figure 3. Processing of OPT images illustrated with cells 2 specimen in Experiment 4. (a) Original cropped projection images and a
thin slice of the reconstructed volume. (b) 3D OPT reconstruction. (c) Segmented regions: two iPSC spheroids, FEP tube at the top, a
small marker and the rest of the volume is background.
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where the superscript frefers to the frequency, vector V/' s the ith realization of the complete set of voltage
measurements corresponding to all injected currents at frequency f; and vector VJ is the mean of the repeated
voltage measurements. The noise covariance matrix was used when computing the R-mfEIT reconstructions.

2.5. OPT image reconstruction and segmentation

Before computing OPT reconstructions, the R-mfEIT chamber walls were cropped from the sides and bottom of
the projection images to save memory. Possible offsets in the specimen’s center-of-rotation were manually
corrected. This was achieved by reconstructing the top and bottom slices of the specimen with different offset
values and visually choosing the best values for each specimen, as in Koskela et al (2021). The center-of-rotation
was corrected for the rest of the volume by interpolating the top and bottom offsets, as is explained in Figueiras
etal (2014). OPT reconstructions were computed using a filtered back-projection algorithm (Natterer 2001)
implemented in the built-in function iradon of MATLAB R2019a (The MathWorks, Inc.). The principle of
back-projection from projection images is visualized in figure 3(a). The applicable codes are available at
[https://github.com/llkskl/fbp-cor]. OPT reconstructions were visualized with the open-source software Fiji.

The grayscale 3D OPT reconstructions, as the one shown in figure 3(b), were segmented into four regions
shown in figure 3(c): inclusion(s), background, FEP tube, and a manually applied marker. The inclusions were
the main regions of interest, namely, pieces of tissue or iPSC spheroids. The background was composed of the
cylindrical hydrogel scaffold and saline solution. The tube, from which the hydrogel was emerging, is seen as an
annular-shaped piece on top of the 3D images in figures 3, 4 and 6. A small cut was made in the tube before
specimen preparation to verify the correct orientation of the segmentation during R-mfEIT mesh creation. The
marker was added below this cut in the segmentation. After the mesh creation, the marker was removed from
further computations.

Segmentations were performed and visualized in Avizo (Thermo Scientific, v.2019.4). First, the OPT
reconstructions were resampled from the original 3.25 um voxel size to 13 ym voxel size to lighten the image
processing. Then, the image stacks were 3D median filtered with a neighborhood of six voxels to slightly smooth
the image volume while preserving the edge information. Many of the image stacks were slightly challenging to
segment, as some of the inclusion(s) grayscale values were close to the background values. Thus, we mainly used
manual thresholding (Magic Wand tool) for the inclusion segments and made corrections with morphological
operations and the Lasso tool. The tube and the marker were segmented by generating two ellipses and
interpolating a cylinder between them. The rest of the volume was labeled as background. Finally, the segments
were 3D smoothed and exported to Matlab to include them in the R-mfEIT finite element (FE) model.

2.6. R-mfEIT modeling and image reconstruction

This section discusses the mathematical models and computational methods used in the R-mfEIT and OPT-
mfEIT image reconstruction. We start by briefly reviewing the complete electrode model (CEM), which
mathematically describes the dependence of the electrode potentials on the injected currents and electrical
conductivity within the volume. This model (or its numerical approximation) is referred to as the forward model
of EIT. Next, we review an image reconstruction method that combines the R-mfEIT measurements, CEM, and
asmoothness promoting prior model for the electrical conductivity. This method, which does not utilize the
structural information given by OPT, is referred to as the conventional reconstruction method. In this study, the
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Figure 4. (a) An example of an FE mesh with additional nodes and elements placed in the tissue segment. Nodes in the tissue segment
are marked in red. The cylindrical rotational part of the mesh has an outer radius of 3.2 mm. (b) Tetrahedral elements of an example
mesh plotted up to a height of 1.2 mm from the chamber bottom. The mesh has been refined inside the tissue segment at the center of
the mesh.

conventional reconstruction method is only used in the first experimental study (1) as a reference for the
multimodal OPT-mfEIT reconstruction, and (2) to investigate the effect of the number of rotation angles on the
3D R-mfEIT reconstruction. Finally, we describe the multimodal OPT-mfEIT reconstruction, where the
structural information provided by OPT is included in R-mfEIT.

Both the conventional and the multimodal reconstructions are in principle absolute image reconstructions.
This means that the data, from which the reconstructions are computed, are measured at a single time instant
instead of using the difference of two data sets measured at different times or using different frequencies.
Additionally, our reconstruction methods include an approximative correction for errors in the modelling of the
EIT measurements, which is explained below.

The FE model and reconstruction algorithm were written for Matlab, with modifications to account for
rotational data acquisition (Koskela et al 2018). For mesh creation, the open-source software Netgen v.4.9.11
was used. R-mfEIT and OPT-mfEIT 3D visualizations were done in Avizo.

2.6.1. Modeling of Rotational EIT Measurements
EIT measurements are modeled by the CEM, which consists of a partial differential equation (3) and three
boundary conditions (4)—(6):

V- -(Vu) =0, 7€Q, 3)
81,4 _ - {L}
O‘ﬁ =0, 7 € 00\ U”:” ey, (4)
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where o is the electric conductivity, u is the electric potential inside the target © with boundary 92, # is the
outward unit normal of the boundary, I; is the current through electrode ey, z; is the contact impedance between
electrode e; and the target, U is the potential on electrode e;, and L is the number of electrodes. EIT
measurements are modeled by approximating the CEM with the finite element method (FEM) for given values
of 0, z, and given current excitation (Vauhkonen et al 1999). In this study, tetrahedral elements are used, and
both o and u are represented by linear basis functions. In addition to (3)—(6), the reference level of electric
potential is set, and charge conservation is fulfilled by requiring that

S Ui=0, %)
S h=o. ®

Approximating the CEM with FEM leads to a matrix equation A = I, where A is the system matrix, fisa
vector containing nodal values of u and electrode potentials U, and vector I depends on the current excitation.

In rotational EIT, the overriding idea is to improve EIT measurements’ information content by rotating the
specimen and carrying out the current excitations and potential measurements sequentially for various rotation
angles. This approach significantly improves the EIT reconstructions compared to stationary limited angle EIT.
In technical terms, the temporal changes of the conductivity distribution due to rotation are modeled by
constructing mappings that deform the electrical conductivity of the initial state to each of the rotational
positions and incorporating these mappings into the forward solver of EIT. Lehti-Polojérvi et al (2018)

We adopted a previously presented approach to constructing the rotation mappings (Koskela et al 2018) but
extended it to 3D. In this so-called click method, a rotationally invariant inner boundary in the mesh limits the
rotational domain. In the FE mesh, a rotating cylindrical body with a radius of 3.2 mm was modeled in the
middle of the rectangular imaging chamber, as shown in figure 4. This radius was selected to be wider than the
rotating tube in the experimental setup.

Nodes were placed on the modeled cylinder boundary with an angular spacing of 4.5°, corresponding to the
measurements’ angular spacing. Rotational measurements were modeled by rotating the cylinder 4.5° in the
direction of rotation, thus rotating the conductivity distribution inside the cylinder without deforming the
mesh. Performing the rotation in this way only requires re-indexing of the element connectivity table to connect
elements inside the rotating cylinder to elements outside it. This index mapping is pre-computed for each
rotation angle when the mesh is created. This click method was shown to be faster and resulted in more accurate
reconstructions (Koskela et a1 2018) than simpler approaches based on multiplying the nodal conductivity
vector o by a matrix that approximately computes the rotated conductivity distribution (Lehti-Polojérvi et al
2018).

Computing EIT reconstructions iteratively requires computing the Jacobian matrix, that is, derivatives of
the electrode potentials with respect to nodal values of o (Vilhunen ef al 2002). In rotational EIT image
reconstruction, the Jacobian is needed for each rotational position. This computation can be sped up by pre-
computing and storing the derivatives dA/do, which appear in the Jacobian formula, for each rotational position
when the mesh is created.

2.6.2. Conventional R-mfEIT reconstruction

The inverse problem of EIT is to reconstruct the electrical conductivity o of the target based on the injected
current and measured voltage data. Solving the inverse problem requires inverting the forward model of EIT
described above. However, in conventional (R-mf)EIT, where structural constraints are not available, the
inverse problem is mathematically ill-posed and its solution requires regularization or use of prior information
about the conductivity. In this study, the inverse problem is formulated in the Bayesian framework. EIT
measurements are modeled as V = U(o,z) + e, where U(o, z) is a FE approximation of the CEM in (3)—(8), and
eis anoise vector assumed to be additive. In the Bayesian approach, the electric conductivity o and measurement
noise e are modeled as random variables (Kaipio and Somersalo 2006). The noise vector eis assumed to be
Gaussian with zero mean. The covariance I', (2) is estimated based on repeated measurements. Contact
impedances are fixed to z = 1 {2 for each electrode.

In the Bayesian framework, prior information about the unknown conductivity distribution o is encoded
into the prior probability density, which in this study is a multivariate Gaussian smoothness prior characterized
by the mean o*and covariance matrix I',. The mean is chosen as the best homogeneous fit to reference data at a
given frequency, namely
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of = argmin L/ (V] — U(o, 2))F, ©)
where L/ is the Cholesky factor of the noise precision matrix (I)~1, that s, (L/)'L/ = (IY)~. The prior
covariance I, used in this work has the form

TG, j) = aexp ,M , (10)
202
. iy e\ . e _ . .
where 77 is the position vector of the node i, a = (?) b= e and ¢ = 1 mm s called the correlation

length, which controls the degree of spatial smoothness. Correlation length was chosen based on the
approximate expected sizes of the inclusion(s). Details of the smoothness prior, including the interpretation and
the choice of parameters, have been previously presented, where a similar prior model was used (Lipponen et al
2013).
Using the best-fit homogeneous conductivity oy, we also computed a model discrepancy term
e = Ul(oy, 2) — Véf, which is used for approximative model error correction in the image reconstruction
(Hallaji et al 2014). In the present study, such modeling errors may result from the saline level’s uncertainty in
the imaging chamber, the saline surface’s curvature, and possible uncertainty in the excitation current values.
With the above choices for the noise model and prior, the EIT reconstruction for each frequency was
obtained as

of =argmin [IL/(V/ = U(o, 2) + NP + [ILo(e — 0| (an
o
where L, is the Cholesky factor of the inverse prior covariance T'; .
For R-mfEIT image reconstruction, we applied an iterative Gauss—Newton method (Heikkinen et al 2002).
The Gauss—Newton iteration has the form

of,, = ol +dgT@H Y+ LIL) ' g @)V — Uo, 2) + &) — T, ok — aw)), (12)

where the step length d was chosen by a line search method at each iteration (Karhunen et al 2010). As an initial
point of iteration, a7, we use the best-fit homogeneous conductivity oZ.

2.6.3. OPT-mfEIT reconstruction

In the OPT-informed mfEIT, the model for the electrical measurements is the same as in the conventional
single-modality case: the dependence between electric conductivity and electrode potentials is described by
CEM (3)—(8), and the model is approximated numerically using FEM. Also, the rotational setup is modeled as
described above. The difference between the conventional R-mfEIT and the proposed OPT-mfEIT is that in the
latter reconstruction, the segmentation obtained from OPT is used as a geometrical constraint for the electrical
conductivity distribution . More specifically, the conductivity inside each segment is assumed to be
homogeneous at any given frequency.

The benefit of utilizing the assumption of segmentally constant conductivity is that it dramatically decreases
the number of unknown parameters in EIT imaging. In this study’s experiments, the number of conductivity
parameters at each frequency in OPT-mfEIT varies between 2 and 3. In contrast, in the conventional R-mfEIT,
thousands of unknown conductivity parameters were reconstructed based on the electrode potential data at each
frequency. This low order parameterization decreases the computational complexity and computation time
from the conventional R-mfEIT case and—above all—stabilizes the originally ill-posed inverse problem of EIT
and potentially leads to more reliable estimates of the tissue’s conductivity spectrum. For this reason, a prior
function is not required to compute the reconstructions, unlike in the conventional mfEIT reconstruction.

In the experiments performed in this study, the OPT reconstructions provided the following main segments:
one or two inclusions, the FEP tube, and the background. The inclusion(s) and the background were considered
as subvolumes, each having constant unknown conductivity at a given frequency. The FEP tube was modeled as
aperfect insulator. Consequently, the tube segment’s surface was modeled as a boundary of the computational
domain in R-mfEIT; on this boundary, the zero-flux boundary condition (4) was assigned equivalently to all
other electrode-free boundaries of the computational domain.

The segment conductivities at each frequency were computed by solving a minimization problem of the
form

‘ol = arg min LS (V/ — UFE(), 2) + D, (13)

T

where 0; = [0y,...,05]" N;is the number of segments, and F maps the conductivity values o, to the nodal
conductivity values in the mesh.
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The Gauss—Newton method was also used for the segmentation-based OPT-mfEIT reconstruction with
slight modifications. In this case, the iteration has the form

ol = o] +dgI @) Ul @H UV~ Ulo, 2) + &), (14)

where 0 now denotes the conductivities of the segments, thatis, ¢ = [0y,...,0, 17, where N, is the number of
segments. Moreover, J; is the Jacobian matrix of the measurements with respect to the segment conductivities,
defined as J; = JP, where Pisa N, x N, matrix, which maps the segment conductivity values to the N, nodes in
the mesh.

2.6.4. Meshing

The imaging volume, excluding the tube segment, was first meshed with Netgen. The segmentation was then
used to refine the mesh by increasing the mesh density at the tissue’s location, as shown in figure 4. Since the FEP
tube is a good electrical insulator, the boundary condition of zero normal current density (4) was imposed on the
tube boundary, and the tube volume was not meshed. Each mesh used in this study had approximately 11 000
nodes. The center-of-rotation correction performed in the OPT reconstructions was not considered in the
R-mfEIT reconstructions. The offset values were typically close to zero and a maximum of 44 pixels, which
corresponded to 143 pum. These offsets were not considered a significant source of error in the R-mfEIT
reconstructions.

2.7.Materials and specimens

We performed four experiments with different specimen types to demonstrate the feasibility of the proposed
technique. The imaging chamber was filled with phosphate buffered saline (PBS, Sigma-Aldrich PBS tablet in
purified Milli-Q water, concentration 0.01 M phosphate buffer, 0.0027 M KCl and 0.137 M NaCl). All specimens
were prepared into 5 mm inner diameter FEP tubes. Agarose gel 1.5% (w/w) (low gelling powder, Sigma Life
Science) was prepared in PBS. Phantom and tissue inclusions were manually cut to approximately 1 mm x 1
mm X 1.5mm sized pieces. One or two inclusions were placed at the bottom of the tube, and 200 pl of agarose
was pipetted on top. All specimens were left to gelate and stabilize at room temperature for at least 15 min before
imaging. All measurements were acquired at room temperature.

In Experiment 1, a tetrahedral piece of fresh potato was embedded in agarose. The potato phantom was
chosen due to its well-known electrical properties.

Experiment 2 was performed with fresh human subcutaneous adipose tissue (female donor with normal
Body Mass Index) with written informed consent in accordance with the Regional Ethics Committee of the
Expert Responsibility area of Tampere University Hospital, Tampere, Finland (ethical approval R15161). The
aim was to investigate the OPT-mfEIT capability to differentiate viable and thermally killed tissues. The first
specimen contained a viable piece of adipose tissue that was imaged within 24 h of cutting. To induce necrotic
cell death, another specimen was prepared by placing a tissue piece on aluminum foil and kept on top of dry ice
(approximately —79 °C) for 55 min before embedding it in agarose.

To investigate the ability of OPT-mfEIT to distinguish between intact and broken cell membranes, we used
fresh and chemically treated porcine liver tissue in Experiment 3. Porcine liver tissue was purchased from a local
abattoir, and all measurements were performed within 14 h of extraction. Triton X-100 is commonly used to
lyse cells in biological research. We prepared 2% (v/v) solution by diluting Triton X-100 (Sigma-Aldrich, Inc.
USA) with PBS. Before embedding the inclusions in agarose, the treated tissue pieces were incubated in the
solution for 1 h and then washed with PBS for 15 min to rinse the Triton X-100 residues from the tissue. We
studied four specimens: liver 1 (one piece of fresh liver), liver 2 (one piece of treated liver), liver 3 and 4 (one piece
of fresh and one piece of treated liver in each specimen).

In Experiment 4, iPSCs embedded in biomaterial spheroids were imaged to investigate the ability of OPT-
mfEIT to detect tissue engineered inclusions. The iPSCs (cell line UTA.10211.EURCCs, ethical approval
R12123) were cultured on Geltrex-coated plates in mTesR1 medium (Stemcell) at 37 °C in 5% CO,. The cells
were collected from the cell culture plates by incubating them with Versene at 37 °C for 4 min and collecting
them into mTesR1 medium. Cell suspension was centrifuged with 150 x g for 5 min, washed with 10% sucrose
twice, and finally resuspended in 10% sucrose. Then, the cell suspension was mixed with biomaterial
(Puramatrix, Corning, USA) and Collagen I (Gibco) solution. iPSC spheroids were created by pipetting 5 y:l
droplets of the cell-biomaterial mix into cell culture medium on a 48 well plate, and thereby creating spheroids
with a diameter of approximately 1 mm. The spheroids were then immediately embedded in agarose and imaged
within 7 h. To clarify the effect of the cells on specimen conductivity, we also imaged two biomaterial spheroids
without cells. We studied four specimens: cells 1 (one biomaterial spheroid with cells), cells 2 (two biomaterial
spheroids with cells), biomaterial 1 and 2 (one blank biomaterial spheroid).

9
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Figure 5. Conventional R-mfEIT reconstructions of the tetrahedral potato in Experiment 1 without the use of OPT priors. (a) 2D
slices of the 3D R-mfEIT reconstructions with different numbers of rotational positions distributed uniformly over 180 degrees and
different frequencies. The slices are at the height of 1.3 mm from the chamber bottom. (b) 3D visualization based on thresholding of
the lower left corner in (a).

3. Results

The results of Experiment 1 are presented in figures 5 and 6. These figures illustrate the reconstruction of
conventional R-mfEIT (figure 5) and the OPT-mfEIT (figure 6), according to the steps described in the flowchart
in figure 1. For Experiments 2—4, only the main results are shown in the figures: the tissue conductivity spectrum
and one 3D visualization at 7 kHz, as in figures 6(c) and (d).

The 2D slices of the conventional 3D R-mfEIT reconstructions in figure 5(a) clearly show that the potato is
less conductive than the background. The estimated conductivity of the potato increases with increasing AC
frequency from 7 to 349 kHz. The background conductivity is not, however, affected by the frequency change.

Increasing the number of measurement angles enhances image quality, as the shape of the inclusion is
detected more accurately with 40 angles than with 10 angles in 180° rotation in figure 5(a). One angle— one
measurement set with the 16-electrode setup—is not enough to provide reasonable images in our limited angle
R-mfEIT setup. We therefore chose to use 40 angles to compute all further results.

Figure 5(b) shows a 3D illustration of the conventional R-mfEIT at 7 kHz (thresholding 8.5 mS cm ™ h.
Although some imaging artifacts are present, the R-mfEIT captures the shape of the potato relatively well. This
result implies that R-mfEIT can provide valuable information on the spatially distributed conductivity within
the imaging domain. This result is an encouraging observation, as in the multimodal OPT-mfEIT, the
reconstruction quality is further enhanced.

The OPT-mfEIT results for the potato are shown in figure 6. The OPT reconstruction (figure 6(a)) was used
to segment electrically relevant regions (figure 6(b)), where the potato specimen and the FEP tube are depicted
with different colors, whereas the background is transparent. The OPT-mfEIT reconstruction at 7 kHz is

10
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Figure 6. Retrieval of conductivity spectrum of a tetrahedral piece of potato using OPT-mfEIT reconstructions in Experiment 1. (a)
OPT reconstruction showing the potato, agarose, and FEP tube in transparent saline. (b) Potato (blue), tube (magenta), and a marker
(yellow) segmented from (a). (c) Example of one OPT-mfEIT reconstruction at 7 kHz illustrating potato (blue) and background
(yellow). (d) Estimated conductivity spectra of the potato segment (blue) and background segment (BG, yellow) in the range of 1-349
kHz. Each conductivity value is obtained from a reconstructed 3D OPT-mfEIT image as shown in (c).
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Figure 7. (a) Conductivity spectra of the viable and thermally killed human adipose tissues and their backgrounds (BG) obtained from
OPT-mfEIT reconstructions in Experiment 2. (b) 3D visualization of the OPT-mfEIT reconstruction of the dead adipose tissue

visualized in figure 6(c), and the conductivity spectra of the potato and the background in figure 6(d). As in
conventional R-mfEIT, the background is more conductive than the potato inclusion. Also, the potato’s
conductivity increases as the applied frequency increases, whereas the background remains nearly constant.
The OPT-mfEIT results of Experiment 2 on human adipose tissue are shown in figure 7. The dead tissue is
more resistive than the background, and the viable tissue is more resistive than the dead tissue. The background

conductivities are approximately the same as in Experiment 1.

The porcine liver tissues conductivity spectra of Experiment 3 are shown in figure 8. Regardless of the
specimen containing one or two inclusions, the estimated conductivities of all Triton X-100-treated inclusions
are higher than the conductivities of the fresh liver inclusions. All background conductivity values are close to

those in Experiments 1 and 2.

The estimated conductivity spectra for iPSCs and the biomaterial spheroids in Experiment 4 are shown in
figure 9. The blank biomaterial appears more conductive than the background and the iPSC-containing
biomaterial spheroids. The background spectra are close to those in Experiments 1-3.

4. Discussion and conclusions

The results of the experimental studies clearly show the power of multimodal tomography and the use of OPT as
prior for R-mfEIT. The conventional, single-modality R-mfEIT reconstructions in Experiment 1 are of typical
absolute EIT image quality, representing the shape, location, and conductivity of the inclusion relatively well
(figure 5). The spatial resolution of OPT-mfEIT, however, is superior to the R-mfEIT reconstruction seen in
figures 6-9. Furthermore, although the potato conductivity provided by the conventional R-mfEIT was in the
same range as that provided by OPT-mfEIT (compare figures 5 and 6), the smoothness and image artifacts in
conventional R-mfEIT make the quantitative analysis of conductivity spectra difficult from these EIT images. In
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Figure 8. (a) Conductivity spectra of porcine liver tissue segments and background segments (BG) obtained from the OPT-mfEIT
reconstructions in Experiment 3. Solid markers correspond to fresh and empty markers correspond to Triton X-100-treated liver.
Liver 3 and 4 both contained two inclusions, one fresh and one treated. (b) 3D visualization of the OPT-mfEIT reconstruction of the
liver 3 specimen at 7 kHz.

OPT-mfEIT, the conductivity spectra can be directly extracted from the reconstructed frequency-dependent
(but inclusion-wise constant) conductivities.

Increasing the number of rotational positions in figure 5 (a) enhanced the image quality. This effect is due to
the rotational measurement protocol increasing the number of independent measurements compared to
stationary EIT. Similar results have been shown in 2D (Lehti-Polojdrvi et al 2018).

The background segments’ conductivity was assumed to be homogenous in all OPT-mfEIT reconstructions.
This segment consisted of the PBS solution and the agarose gel in all experiments. Since agarose was prepared in
PBS, the assumption of background homogeneity was justified. The reconstructed background conductivities
were close to 18 mS cm ™! in all experiments indicating stability of OPT-mfEIT. This value is somewhat higher
than our directly measured values of 12 mS cm ™' for PBSand 13 mS cm ™' for agarose (conductivity meter,
Hanna Instruments, HI-8733) at room temperature.

The potato results in Experiment 1 show a clear increase in conductivity at high frequencies (from 6 mS
cm™ ' to 11 mSem ™ "), suggesting that the potato cell walls were intact, acting resistively at low frequencies and
passing more current at higher frequencies. These results are in accordance with a previous study that show an
increase of potato conductivity from 0.25 to 4.5 mS cm ™' at the same frequency range (Ahn et al 2010).

The adipose tissues in Experiment 2 (figure 7) showed relatively flat conductivity spectra at the used
frequency range as was expected (Gabriel et al 1996). Killing the adipose tissue by freezing is expected to cause
necrotic cell death that includes the breakdown of cell membranes, allowing the current to flow through the well
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Figure 9. (a) Conductivity spectra of biomaterial spheroids with and without iPSCs and corresponding backgrounds (BG) obtained
from OPT-mfEIT reconstructions in Experiment 4. (b) 3D visualization of the OPT-mfEIT reconstruction of the cells 2 specimen at 7
kHz.

conducting cytoplasm. This effect caused the conductivity to increase after freezing, which is in accordance with
aprevious study on rat liver (Davalos and Rubinsky 2004).

The porcine liver inclusions in Experiment 3 (figure 8) show a modest but consistent increase of conductivity
along with increasing frequency as was expected (Gabriel et al 1996). After treatment by Triton X-100 solution,
liver tissues indicate an increase in conductivity due to the breakdown of cell membranes, allowing current to
pass the well conducting cytoplasm. These results are in line with previous studies on, for example, the Triton
X-100 treatment of breast cancer spheroids (Wu et al 2018).

The iPSCs and biomaterial spheroids were challenging specimens, as they only covered approximately 0.5%
of the whole measured volume. Also, inside the spheroids, there was biomaterial between the iPSCs with no
developed cell-cell junctions. However, our results show that we can detect the presence of iPSCs in the
spheroids, as they decreased the conductivity compared to the blank biomaterial in Experiment 4 (figure 9). This
was expected since the iPSCs can be assumed viable and thus resistive at the used frequency range. Also, iPSC
spheroids showed flat conductivity spectra that were expected at the used frequency range and tetrapolar
measurement scheme (Canali et al 2015).

The mfEIT device used in this study did not provide the accurate excitation current values, and thus a
nominal value of 1 mA was used in the forward model for each excitation. This approximation may be one
reason for the estimated conductivities of potato, tissues, and background to be higher than reference values in
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the literature (Gabriel et al 1996, Ahn et al 2010) and direct measurements. In general, EIT measurements and
obtained conductivity values are dependent on the measurement system and the temperature and condition of
the specimen. Thus, direct comparison of the conductivity values between different studies is difficult.
Moreover, it is more meaningful to compare the changes occurring in the same specimen type and measurement
conditions.

Overall, the conductivity values and the frequency responses obtained were in good agreement with previous
knowledge considering the general difficulty of measuring the conductivity of very small soft objects. Typically,
tissue conductivity would have to be estimated based on impedances measured within a chamber with known
dimensions. In future studies, one interesting possibility is to compare the OPT-mfEIT conductivity spectra
with impedance spectra obtained, for example, by bioimpedance-based needle providing a defined and known
measurement volume (Halonen et al 2019).

The volume of the inclusions in our experiments only covered from 0.5% to 5.6% of the total measured
volume, being highest for adipose tissues and smallest for the iPSC spheroids. Thus, OPT-mfEIT proved to be an
effective technique even for low volume fraction specimens.

The data acquisition time induces a possible error source in our measurements because some of the saline
typically evaporated during imaging. Also, due to the small size of the imaging chamber and the surface tension
of the PBS, the saline surface had a significant curvature (seen in the OPT raw data videos in supplementary
materials). These factors can cause geometric modeling errors in our R-mfEIT model, affecting the
reconstructions’ accuracy. An approximative method was used to correct for modeling errors using a reference
R-mfEIT measurement. In future, the imaging system could be improved to reduce these uncertainties, or the
reconstruction methods could be modified to take these modeling errors into account more accurately.

Our 3D reconstruction algorithms were relatively time-efficient since the conventional R-mfEIT took
approximately 37 min and the OPT-mfEIT approximately 21 min for each frequency with 40 angles.
Computations were performed on a desktop PC with 15-7500 3.4 GHz CPU and 16 GB RAM.

In the future, the image processing could be automatized to enable faster troughput. This would be feasible
with, for example, cell spheroids that were straightforward to segment with simple thresholding operations. We
also note that concave or hollow opaque samples are not optimal for OPT because some parts might be
undetected in the OPT reconstruction.

As shown in this study, OPT-mfEIT imaging can be used to extract qualitative information about 3D cell and
tissue cultures, such as the breakdown of cell membranes and cell death or the presence of stem cells in
biomaterial scaffold. To achieve these results, we have built a novel imaging system and enhanced the rotational
EIT image reconstruction via segmented OPT data, FEM rotational meshing and modeling, and a nonlinear
Bayesian image reconstruction algorithm. Our tool provides a new avenue to study live cells in in vitro culturing
for various specimen types and applications, ranging from following cell culture growth to cellcell junctional
development or disintegration. This tool will be of interest, for example, in drug development and disease
modeling.
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