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Abstract 
 
This thesis is focused on the development and use of a miniaturized silicon probe for 
electrical impedance measurements of soft living tissues. The purpose of those 
impedance measurements is to monitor the ischemia injury for applications such as 
cardiac surgery or organ transplantation. 
 
Currently, the range of clinically available  methods to detect tissue ischemia is limited 
and there is not any practical method to quantify in an on-line manner the effect of 
such ischemia, that is, the ischemia injury. In this sense, electrical impedance 
monitoring seems very promising and this thesis contributes to the field by developing 
new instruments and methods and by providing novel experimental results and tools 
to understand the relation between pathophysiology and electrical impedance. The 
main contributions of this thesis are summarized below. 
 
In this thesis, it is presented the development of a silicon probe that consists of four 
platinum electrodes (300 µm × 300 µm) on a needle shaped silicon substrate (9 mm 
insertion length, 600 µm × 500 µm cross section). The electrodes are placed at non-
constant separation distance in order to enhance signal-to-noise ratio and spatial 
resolution. An electrochemical deposition of platinum black on the electrodes is 
performed in order to reduce the interface impedance and improve the quality of the 
measurements. For living tissue measurements, the useful measurement band goes 
from 100 Hz to 100 kHz. 
 
A novel measurement method based on five electrodes is described and analyzed. It is 
intended to minimize errors at low frequencies caused by the high electrode-electrolyte 
interface impedances. Unfortunately, although this five-electrode method works, some 
limitations have been found that made almost impossible its implementation for living 
tissue measurements. 
 
It is also presented a custom developed software package to simulate the electrical 
impedance of living tissues at the α and β dispersion regions. It is based on the 
generation of a SPICE netlist from the specification of some numerical parameters 
concerning the tissue and a bi-dimensional map representing a slice of tissue. Some 
examples are provided to demonstrate its feasibility. The most significant result is that 
the simulator is able to obtain Cole compatible behaviours from models based on 
simple resistances and capacitances.   
 
Several experimental studies have been performed by using the silicon probe. In this 
thesis only the experiments carried out on rat kidneys are presented. The results 
confirm the main observations made by previous researchers working with other 
animals, organs and protocols. That is, in general terms, a significant increase of 
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impedance magnitude at low frequencies (<10 kHz) during the course of ischemia that 
is related to cell swelling or gap junctions closure. However, here it is also observed 
that a parameter from impedance spectroscopy characterization according to the Cole 
model, the α parameter, which is often ignored, is able to detect some events that are 
not revealed by other impedance parameters. It is shown that the α value could 
depend on the extracellular space morphology and it is experimentally demonstrated 
that α is modified by an induced alteration of cells cytoskeleton. 
 
This thesis includes an annex that tries to facilitate the understanding of electrical 
bioimpedance monitoring for life-sciences practitioners. 
 
Another annex describes the instrumentation systems that were developed for 
electrical impedance measurements based on the four-electrode method.  
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Codis UNESCO: 240602 (Bioelectricitat), 240600 (Biofísica), 221007 (Espectroscòpia 
electrònica), 220300 (Electrònica), 331110 (Instruments mèdics) 
 
 

Resum 
 
Aquesta tesi es centra en el desenvolupament i l’ús d’una sonda miniaturitzada de 
silici per a la mesura de la impedància elèctrica de teixits vius tous. El propòsit 
d’aquestes mesures d’impedància  és la monitorització en temps real del dany isquèmic 
per a aplicacions com la cirurgia cardíaca o el trasplantament d’òrgans.    
 
Actualment, el rang de mètodes aplicables a nivell clínic per tal de detectar l’isquèmia 
tissular és limitat i no existeix cap mètode pràctic que permeti la quantificació en temps 
real de l’efecte d’aquesta isquèmia, això és, el dany isquèmic. En aquest sentit, la 
monitorització de la impedància elèctrica sembla esperançadora i el treball d’aquesta 
tesi contribueix al camp mitjançant el desenvolupament de nous instruments i mètodes 
i mitjançant l’aportació de noves dades experimentals i eines per a la comprensió de la 
relació entre la patofisiologia i la impedància elèctrica. Les principals contribucions 
d’aquesta tesi es resumeixen a continuació. 
 
En aquesta tesi, es descriu el desenvolupament d’una sonda que formada per quatre 
elèctrodes de platí (300 µm × 300 µm) a sobre d’un substrat de silici en forma d’agulla ( 
longitud d’inserció = 9 mm i secció de 600 µm × 500 µm). Els elèctrodes estan situats a 
una distància de separació no constant per tal de millorar la relació senyal-soroll i la 
resolució espacial. Es realitza una deposició electroquímica de platí negre sobre els 
elèctrodes per tal de reduir la impedància de la interfície i millorar la qualitat de les 
mesures. En el cas dels teixits vius, la banda freqüencial de mesura va dels 100 Hz fins 
als 100 kHz.   
 
Un mètode nou per a la mesura d’impedància a cinc elèctrodes es presenta i s’analitza. 
Amb aquest mètode, es pretén minimitzar l’error a baixes freqüències degut a l’elevada 
impedància de la interfície elèctrode-electròlit. Malauradament, encara que aquest 
mètode a cinc elèctrodes funciona, s’han trobat algunes limitacions que el fan quasi 
impracticable en el cas dels teixits vius. 
 
També es presenta el desenvolupament i l’ús d’un paquet de programari per a simular 
la impedància elèctrica dels teixits vius en les regions de dispersió α i β. Aquest 
programari es basa en la generació d’arxius SPICE a partir de l’especificació d’alguns 
paràmetres numèrics relacionats amb el teixit i el dibuix d’un mapa bi-dimensional que 
representa un tall de teixit. El resultat més significatiu d’aquest simulador és que és 
capaç d’obtenir respostes compatibles amb l’equació de Cole a partir d’un model basat 
únicament en resistències i capacitats. 
 
S’han realitzat diversos estudis experimental fent servir la sonda de silici. En  aquesta 
tesi únicament es presenten els estudis amb ronyons de rata. Els resultats confirmen les 
principals observacions fetes anteriorment per altres investigadors que han treballat 
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amb diferents animals, òrgans i protocols. Això vol dir, en termes generals, un 
increment significatiu de la magnitud de la impedància elèctrica a baixes freqüències (< 
10 kHz) durant el desenvolupament del procés isquèmic que s’associa a l’inflament 
cel·lular o al tancament de les unions inter-cel·lulars (gap junctions). Malgrat això, aquí 
també s’observa que un paràmetre derivat de la caracterització espectroscòpica de la 
impedància segons el model Cole, el paràmetre α, normalment ignorat per molts 
autors, és capaç de detectar alguns fets que no són detectats per la resta de paràmetres 
derivats de l’estudi de la impedància. Concretament es mostra que el valor de α podria 
estar relacionat amb la morfologia de l’espai extracel·lular i es demostra 
experimentalment que α pot ser modificat per una alteració induïda del citosquelet 
cel·lular. 
 
Addicionalment, aquesta tesi inclou un annex que tracta de facilitar la comprensió de 
la monitorització de la bioimpedància elèctrica a aquells amb formació en ciències de la 
vida. 
 
També s’inclou un altre annex en el que es descriuen els diferents sistemes 
desenvolupats per a la mesura de la impedància elèctrica segons el mètode dels quatre 
elèctrodes.  
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Foreword 
 
It was during my undergraduate courses that I first heard about the use of electrical 
impedance measurements for medical applications. At the time I already knew of  
more advanced techniques for the same kind of applications that were being proposed 
for electrical impedance. In the imaging field, for instance, the expensive nuclear 
magnetic resonance or the low cost echography offered an incredible level of resolution 
when compared to the fuzzy images of electrical impedance tomography. Therefore, it 
was quite shocking to me to discover that there were some research groups still 
working on the bioimpedance field. I believed that bioimpedance methods might had 
been useful in the past but they clearly were not nowadays, and much less in the  
future1. Thus, I would have never imagined that I would be working on bioimpedance 
just some years later. In those days, I was really interested on microelectronics [1] and 
that is what drove me to knock on the  Centre Nacional de Microelectrònica (CNM) 
door. 
 
When I joined the Biomedical Applications Group at the CNM, the MicroCard project 
was ongoing and it was obvious that the most pursued parameters for tissue 
monitoring were the extracellular pH and potassium, not to mention lactate and other 
biomolecules. There were, and there still are, some important and evident reasons for 
that tendency. For one, physicians are mostly used to deal with ions and molecular 
concentration levels, not with currents and electrical impedances,  and the metabolite 
changes due to physiological events are indeed well described for some cases such as 
ischemia. Thus, I had the feeling that electrical bioimpedance was a marginal 
parameter in the whole biomonitoring setup; the Ugly Duckling. I, and others, though 
that bioimpedance measurement had been included in the project mainly because its 
practical implementation was ‘straightforward’. On the other hand, its efficiency had 
been demonstrated before and, in fact, when I started to work in the project, the team 
leaded by Dr. Cinca had already obtained promising results with the first prototype of 
the needle probe developed in the MicroCard project [2]. 
 
After some months working on the project, I realized that measuring tissue 
bioimpedance was not as straightforward as it may seem, and that the use of chemical 
sensors to quantify the levels of ions or organic molecules in tissues was far from being 
clinically applicable. Hence, I became aware that it was worthy to put some effort into 
the goal of making practical the measurement of tissue electrical bioimpedance. At the 
beginning I was mainly involved in technical issues, such as impedance probe 
characterization, instrumentation development, impedance probe improvement, 
experimental assistance... but I gradually became involved in more scientific issues, 
such as experimental design, results interpretation and dissemination. Then I really 
started to enjoy the bioimpedance field. The experimental results proved that we were 

                                                      
1 Afterwards, I have found out that this is a common feeling about bioimpedance. As a proof of that it may 
be remarked that the average age of the researchers working on this field seems to be astonishingly high 
compared to other bioengineering fields such as  signal processing, medical imaging, bio-sensors, micro-
fuidics...  
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in the right track and that bioimpedance characterization might prove a much more 
useful technique than previously thought. 
 
In principle, and especially to a newcomer, the challenge of obtaining original results 
working in the electrical bioimpedance field does not seem an easy task at all. 
Bioimpedance studies have been carried out for almost a century and several research 
groups are well versed in the field. Of course, new technologies have increased to some 
extent the number of applications of electrical impedance measurement in the 
biological and medical fields2 but there are still too many basic questions awaiting for 
an answer and the pool of experimental studies to perform is really large. In essence: 
there is a lot of work to be done. And I think that work wont be accomplished unless a 
strong cooperation between the life sciences people and engineers or physicists is 
achieved. 
 
Now, from the results of the projects I have been involved in, it seems plausible that 
the development of a commercial instrument to monitor bioimpedance changes during 
transplantation may be achieved in the near future. If such a device becomes a clinical 
reality, it will worth all the effort I and others have invested. Nevertheless, the simple 
fact of having introduced some physicians and biologists to the electrical bioimpedance 
field, and of having set up a fruitful collaboration with them, is probably the most 
valuable result I shall get from this work and the one I would choose again if given the 
occasion.  
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Organ Preservation’ project 
MM Mechanical Machining 
Na+ Sodium ion 
NaCl Sodium chloride 
NHBD Non-Heart Beating Donor 
O2 Oxygen 
OA Operational Amplifier 
PCB Printed Circuit Board 
Pt Platinum 
PVC Poly Vinyl Chloride 
R Resistance  
Re{X} Real part of the complex number X 
RIE Reactive Ion Etching 
RMS Root Mean Square value (=amplitude/21/2) 
ROM Read Only Memory 
SEM Standard Error of the Mean 
Si Silicon 
Si3N4 Silicon nitride 
SiO2 Silicon dioxide 
T Period 
TTL Transistor-transistor logic 
UART Universal Asynchronous Receiver and Transmitter 
UPC Universitat Politècnica de Catalunya 
USB Universal Serial Bus 
V Voltage or voltage units (Volts) 
VF Ventricular fibrillation 
X Reactance 
Z Impedance (complex number) 
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