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Abstract. The electrical impedance diagnostic methods and instrumentation developed at fisi &l \Warsaw Universities of Technology

are described. On the basis of knowledge of their features, several original approaches to the broad field of electrical impedance applicatior
are discussed. Analysis of electrical field distribution after external excitation, including electrode impedance, is of primary importance for
measurement accuracy and determining the properties of the structures tested.

Firstly, the problem of electrical tissue properties is discussed. Particular cells are specifiedifiow andin vivo measurements and for
impedance spectrometry. Of especial importance are the findings concerning the electrical properties of breast cancer, muscle anisotropy a
the properties of heart tissue and flowing blood. The applications are both important and wide-ranging but, for the present, special attentiol
has been focused on the evaluation of cardiosurgical interventions.

Secondly, methods of instrument construction are presented which use an electrical change in conductance, such as impedance pletysm
raphy and cardiography, for the examination of total systemic blood flow. A new method for the study of right pulmonary artery blood flow
is also introduced. The basic applications cover examination of the mechanical activity of the heart and evaluation of many haemodynamit
parameters related to this. Understanding the features that occur during blood flow is of major importance for the proper interpretation o
measurement data.

Thirdly, the development of electrical impedance tomography (EIT) is traced for the purposes of determining the internal structure of
organs within the broad field of 2-D and 3-D analysis and including modelling of the organs being tested, the development of reconstruction
algorithms and the construction of hardware.

Key words: electrical impedance, tissue characterisation, spectrometry, cardiography, pletysmography, hypoxaemia, tomography.

1. Introduction Since the 1930s basic electrical impedance measurements

Access to up-to-date information on advances in the fielfd Piology have been well known. From the late 1970s on-
of electrical bio-impedance (EBI) research is relatively eas{y@rds electricalimpedance tomography (EIT) has also been re-
thanks to regular conferences such as the International C#rded as a promising technology in medical applications. The
ference of Electrical Bio-Impedance ICEBI, which has beeffchnology is non-invasive and measurements that are based
held since 1969. It is important here to mention conferon current or voltage excitation do not appear to be techni-
ences at which Polish groups have been well representc’,;d‘,"y difficult, maklng. the mstru.me.ntatlon relatively inexpen-
such as that held in Heidelberg in 1995 [1], in Barcelon&!Ve- However, the cI|n|caI. applications of EI rr_1ethods are still
in 1998 [2], in Oslo in 2001 [3] and the recent't2ACEBI not as popular as one might expect, taking into account the

and 5" Electrical Impedance Tomography Conference (EITCY6ars of research behind them. The main reason for this is a
held in Gdask in 2004 [4] —http://icebi.gda.pl ack of confidence in diagnostic data based on indirect mea-

There are also specialised publications such as [5-7] or Sp3.1',1_rements of limited accuracy and with the rather low resolu-
cial issues of journals such as [8]. In addition to thestion of the methods known to date. Today, therefore, research

there is an internet service devoted to EI mailing list memEffOrts are concentrating on methods of increasing accuracy,

bers —http://www.eit.org.uk as well as the home- ©N gaining a proper understanding of existing features and on
page of the International Society of Electrical Bio-ImpedanclnProving the numerical models of the objects tested, which is
(ISEBI) — http://www.isebi.org . A number of other 'MPportantfor data interpretation.

specific original and review publications such as [9-11] deal Applications that are already accepted in clinics include
with recent research in this field. In Poland the researdhe use of electrical impedance (El) measurements in func-
groups in Gdask and Warsaw, which work in close collabora-tional studies of the heart and the cardiovascular system such
tion (http://www.eti.pg.gda.pl/katedry/kib/ ) asimpedance cardiography (ICG), in examination of the diges-
and (ttp://ipib.mech.pw.edu.pl/ ), are the most tive system and in monitoring of the respiratory system. The
active in El. The recent research results of these two groupknical applications of EIT have also been known for several
are discussed in the following text. years [1-8].

*e-mail: antowak@biomed.eti.pg.gda.pl
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Fig. 1. Tetra-polar configuration of electrodes, S boundary of the olfject; electrode surface; b) The ICG electrodes, Kubicek configuration;
c) Equivalent electrical circuit of the tetra-polar electrode configuration; d) Block diagram of the phase-sensitive measuring set

At present much research effort is being concentratdr characterising hypoxaemic, cancerous or ischemic tissues.
on cancer detection (mammography) and brain examinatioBome of the problems associated with EIT development are
However, in these applications the clinical use of EIT has stilllso discussed.
not proved very successful, despite the fact that many research
groups are deeply involved in the development of measurg-
ment instrumentation and appropriate software, including neé/ Background

reconstruction algorithms. In 1999 Siemens marketed Trans@l’ectrical potential distribution in a volumetric conductor is

can, the first com_merc_ially av_ailab_le El breast cancer d_iagno escribed by Maxwell’s equations. This also holds true in the
tic system, providing simple visualisation of 2-D projections o ase of biological tissues, which are, in the main, good con-
breast tissue electrical properties. In the USA the Federal Drug tors Taking into account that the human organism may
Administration apprpved its use for clinical applicgtiong. Reﬁe regarded as an electrical source-free region, that biological
cent developments in EIT concern hardware solutions, inclu ssues are mainly anisotropic and conductive in character and

N9 multi-frequency measurements, new rec_onstrl_Jcnon algﬂiat magnetic fields can be neglected, the resulting relationship
rithms, and new approaches to non-contact inductive or MRE reduced to the equations:

EIT based systems have already been presented [4,8]. Pre-

sented here are selected clinical applications of impedance V-j=0, (1a)
pletysmography and cardiography for the study of systemic
and pulmonary blood circulation and impedance spectrometry j=0E, (1b)

232 Bull. Pol. Ac.: Tech. 53(3) 2005



www.czasopisma.pan.pl P N www.journals.pan.pl

-
-

Advances in electrical impedance methods in medical diagnostics

and change is non-zerdio(z,y, z) # 0. The potential distribu-
E = -V, (1Ic) tiongis calculated after the changes (z, y, z) in the conduc-
tivity. Vip/1y = Ly, andVe/l, = L, are referred to as the

where; — current densityf — electric field,¢ — potential,o lead fields. The superscriptindicates that the lead fieldl’
— conductivity of a medium (in general it may be a complex ¢

number). All quantities are functions of the localisation an evaluated following the change in conductivity. The scalar

frequency of the electrical field. In order to solve equation (1aBroduct of the two lead fields is called the sensitivity function.

- : . The structure tested can be divided into regions of constant
boundary conditions dependent on impedance measuring con- - . .
. . canductivity changé\co(x, y, z), and then equation (4), utilis-
figurations are to be assumed. Tetra-polar measurement sys-

tems are mainly used in El measurements g a property of the integration operator, can be expressed as:
The configuration shown in Fig. 1a is typical for El spec- N

troscopy, cardiography, pletysmography, EIT and other prac- AZ; = ZKiAUia (5)

tical applications. In some applications this configuration re- i

quires a special construction and placement of the electrodedierek; is given as

For example, in El cardiography (ICG) the Kubicek config- ,
uration [12] with extended four-ring electrodes is usually ap- Ki= —/Lw - Loydv, (6)
plied (Fig. 1b). Typical measuring circuits allowing tetra-polar Vi

measurements are shown in Figures 1.c apd 1d. The ”Umbe'(/mereAZt — total impedance changgso; — regional (local)
electrodes used depends on the application and may be Munductivity changeN — number of regions. Relation (5) al-
tiplied, especially in EIT. In order to avoid non-linear effects;qs the separation ok Z; into components Z; arising from

a pair of excitation, usually current, electrodes is employed 19 -hosen region (organ) or phenomenon.

introduce low-intensity alternative current. The resultant po- |, order to make accurate measurements of electrical con-
tential is measured by means of a separate pair of voltage elggrctivity changes in the configurations shown in Figs. 1c and
trodes. In this case boundary conditions state that the currepy the following relation (7) between the current sourées

flux (density) normal to the outer surface is zero everywhergnq the measured impedanégshould be fulfilled:
except for the places where the current electrodes are attached,

as is shown by equation (2a): % % (7)
¢ °
= 0 on S§—Sei. (2a)  Assuming thatAZ/Z,| = 0.01 or less, condition (7) demands

At the surface of the current electrodes a constant potential"jllsSpeCIaI construction of the current source, ensuring very high

assumed, which is described by the following equation: ou_tp_ut impedance an_d Very low s_tray capgcnance. In practice
this is an extremely difficult technical requirement.

V=V, on S, (2b) Generally, there are several problems related to the mea-
surement hardware. The following list includes only the basic
nes:

wherei — number of current electrodeS,— outer surface of a
volumetric conductorS,; — surface of the-th electroden —
vector normal toS. Assuming that the voltage electrode is an 1. Knowledge of electrical field distribution after excita-

equipotential surface, the mutual impedadgés described as: tion. In practice only uniform potential distribution al-
écp lows accurate data interpretation.
Zi = (3) 2. The properties of biological tissues, their characterisa-
¢ tion and their role in determining the technical data of
where ¢cp — potential drop between voltage electrodes,  hardware, especially the use of measurement frequency,
I, — current flowing between current electrodes. When  and also data interpretation for proper EIT reconstruc-
the conductivity distribution changes from(z,y,z) to tion algorithms. Interpretation of diagnostic data is re-
o(z,y,2) + cA(z,y, z), the change of the mutual impedance lated to the models of the tested organs and the measure-
AZ, is given by [13]: ment applicators.
AZy=— | Ao(z,y,2) 3. Development of electronic front-ends operating in a
v broad range of measurement frequencies and the use
Vo(o(z,y,z) + Ao(z,y, 2)) (@) of very fast data acquisition systems allowing multi-
I, electrode measurements.
4. The influence of electrode impedance, usually unknown,

X Mdv, which limits the accuracy of current excitation and that
Iy of measurements.
wherez) indicates the potential distribution resulting from the 5. The construction of electrodes and measurement limita-
currentl,, flowing between the current electrodes ahis the tions in terms of applicable current density and/or volt-
hypothetical potential distribution associated with the current age amplitudes.
flowing between the pair of voltage electrodes. The integra- 6. Multi-electrode configurations and limitation of elec-
tion is performed over the volume, where the conductivity trode number in EIT.
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3. Impedance spectrometry for tissue are discussed briefly here. After tracheotomy the animals were
characterisation respired artificially with air via a tracheal cannula. Heparin,
2500 i.u., was injected into the left ventricle, the ascending
For the characterisation of tissue spectroscopic studies are pggita was cut and the cannula was inserted into the aorta above
formed on the basis of determination of its complex electricahe g0rtic valve.
impedance as a function of frequency. The modulus and the ap impedance spectrometer based on the tetra-polar cur-
phase angle between the excitation current and voltage or thgt method as developed previously by T. Palko et al., [21]
components of resistance and reactance measured over a bigad sed for the measurement of the complex impedance
frequency range should be determined. In order to solve “%F‘nodulus and phase angle) of the isolated rat heart. During
problem of making accurate measurements, special cells #pfe experiment four harpoon-type needle electrodes were ap-
invitro andinvivo measurements are constructed. See, fQfjied. One current electrode was fixed in the upper part of the

example, [14-16]. This method enables tissue to be chardgsart and the other in the lower part ofthe heart. The electrodes
terised in different states, such as cancer and ischemia, and

practically in clinical conditions allows for the examination of vy, A gyy vy
body composition and the evaluation of the extracellular anc Movable complex — L p— ]
intracellular water ratio in the region of the body under study. electrode - .M#
In our laboratories special attention is focused on studies cor L NaCl 1] / 2
cerning the electrical properties of breast cancer, anisotropy ( Vi \ ; / i
the muscles, the properties of flowing blood and evaluation o KK By KPP By KK CRPE L RK 8
cardiosurgical interventions. See, for example, [17-19]. / 7\ SSSR9555E o %
As an gxample, gspe_cigl cgll construction allowing uni- m N
form electngal potenthl dIS.tI’IbutIOI’l proper fonvitro mea- Movable complex electrode RN B it g
surements is shown in Figs. 2a and 2b [14]. A two- RRRRRRARY g}ﬁ:
compartment cell, of internal cylindrical and external ring Thermostat Vv v mg:‘“
shapes is kept at a constant temperature, typicalyC3The (a) o m a

inner part consists of a chamber and four electrodes ready for
tetra-polar measurements. This was applied in making cahid- 2- a)Atwq-compartment cell for El spectroscopy measurements;
cer tissue measurements performed within 5 minutes of tisséie?” — measuring compartmenis & - correction compartment; the

resection. The results are shown in Fig. 3 for healthy an%rield potential equal to the mean value of voltages between current
' : electrodedr,,; (measurement voltage electrodés,,, are in contact

inter-medium tissue samples and tissue affected by breast el e tested tissue usin o i -
. . L. g an electrolytic bridge NaCl; b) electri

Ce': [],'7]' A high phase Sh"ft and good conductivity are Charact\:'al field distribution (owing to the symmetry only half the cell cross-

teristic for the cancerous tissue. section is presented)isoa, Vios, Vais, Voltage potentials of current

Another important application of EI measurements is deslectrodes in the compartmemsP and K K; dV/dn = 0 reflects
termination of the processes taking place in the heart during the zero value of normal current density
cardiosurgical interventions. At the stageiafvivo experi-
ments on animals (performed according to the legal regulations
and with the permission of the local Committee of Ethics in _, |Z|
Medicine) the optimised solutions are analysed during, forex- —~ |
ample, evoked heart stroke, CABG and OP CABG procedures |
[15,18]. The experiments have been performed using ring elec-103 i
trodes attached to the heart in the region of interest. Asanex- [
ample, the change in time in the blood flow arrest region of a
pig heart is envisaged by electrical impedance measurementsp2 |___. . ..., L L TR
(Fig. 4a) while the cross-section of the heart with the region of 102 10° 10% 10° 106 107
affected tissue is clearly visible (Fig. 4b), as a result of clamp- Frequency (Hz)
ing the left descending artery.

Further important conclusions concern the evaluation of ;. ( Cancer tissue j\
blood flow [19,20]. An important change in the electrical prop- 3 \
erties of flowing and still blood is observed. This is of great N
importance from the point of view of measurement data inter- o | Healthy tissue /

pretation. ol

The characterisation of ischaemic tissues performed at the—1 //
Institute of Precision and Biomedical Engineering of Warsaw ¢ ﬂ/
University of Technology comprise experimental studies and () bl e
clinical examination of human limb segments. Some of the re- 10’ 10° 10° 107 10° 107
sults of experiments performed on 10 Wistar rats (200-300 g) Frequency (Hz)
anaesthetised with sodium pentobarbital at a dose of 10 mg/kigig. 3. Breast cancer tissue El spectroscopy — measurement results

/
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Fig. 4. Response to blood flow arrest: a) time course of the measurg
resistance (note that the resistance is referenced teetliéng value

R(0). Broken lines show the trend of the ratio R/R(0) measured i
the affected and reference regions. The trend is calculated usingS
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Fig. 6. The impedance phase angleersus frequency for an iso-
lated rat heart: A —normal coronary perfusion B — perfusion with no
oxygenated Krebs solution (hypoxaemia)

detecting the impedance signal were placed between the cur-
rent electrodes. The frequency was changed from 1.25 to 206
kHz. The results of an individual experiment are shown in
Figs. 5 and 6. It is noticeable that an oxygen deficit in nu-
tritive Krebs solution (hypoxaemia) causes an increase in the
impedance modulus in the entire frequency range (Fig. 5) and
also the maximum of the phase angle (Fig. 6).

4. Impedance cardiography (ICG)

and pletysmography (IPG)
Impedance cardiography, introduced by Kubicek at al [12] for
the measurement of cardiac stroke volume, is based on a tetra-
polar current method and a simplified model of the thorax. The
traditional measurement of the electrical impedance modulus
fla body segment, usually for a single frequency in the range
20-100 kHz, is widely used for the detection of respiration
ignals and for the evaluation of basic haemodynamic param-

three-point moving average method with unequal weights, which Bters, such as stroke volume, cardiac output, intervals of the
equivalent to low pass filtering, b) changes in the epicardium ~cardiac cycle and limb blood flow. Selected clinical applica-
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Fig. 5. The impedance moduly&| versus frequency for an iso-

104
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tions of impedance cardiography for systemic and pulmonary
blood circulation are presented here. An application of partic-
ular note is the use of impedance pletysmography and cardiog-
raphy for the examination of total systemic blood flow (SBF).
Several types of tetra-polar impedance rheographs, car-
diographs and impedance spectrometers have been designed
and applied in research work at the Institute of Precision and
Biomedical Engineering of Warsaw University of Technology.
The rheograph was designed for the measurement and anal-
ysis of the impedance modulu&() and its changesX~7) in
a chosen body segment or tissue area on the basis of the tetra-
polar current method with simultaneous recording of the ECG
signal. The instrument is equipped with a serial port RS232
and with a general purpose PC computer to control the sys-
tem operation. The analogue part contains a current oscilla-
tor and impedance detection system. The voltage from the
sinusoidal oscillator is fed at a frequency of 95 kHz to the
current source, which provides high output impedance (over
100 K?). This construction practically eliminates the influence

lated rat heart: A — normal coronary perfusion B — perfusion with n®f the electrode-tissue impedance and ensures constant ampli-
oxygenated Krebs solution (hypoxaemia)

Bull. Pol. Ac.: Tech. 53(3) 2005
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of high input impedance (over 20@X receives a signal from (Fig. 1b). The impedance signals are detected by two band

the detection electrodes. The signal from the selective ampb# disc electrodes, one located around the neck base and the

fier, in amplitude proportional to the modulus of the measureather around the thorax at the level of the xiphoid. This elec-

impedance, is fed to a peak detector, which gives the voltagg@de set-up was used to determine stroke volume (SV) and

as the measure df; in the range (4—409). This signal, after total systemic blood flow (SBF).

selective amplification within the frequency bandwidth 0.2—40 The SV is calculated from the Kubicek formula as [12]:

Hz, gives the component of an impedance change si§#al I\ |dz

in the range 40-400 M. A dedicated controller can control SV =p <Z> T T, (8)

the amplitude of theA Z signal digitally. For patient safety, 0 max

an isolation barrier was developed to isolate the circuits in diwhere p — blood resistivity inQcm, calculated on the basis

rect contact with the patients from the circuits co-operated withf haematocrit (Ht)p = 52.3 x exp(0.022 x (Ht); L — dis-

the computer or other peripheral devices. The digital part ¢dnce between the detecting electrodgs— base impedance

the impedance rheograph is based on a micro-controller typeodulus;|dZ/dt|max— maximum value of the first derivative

80C552 (Philips) that converts the analogue voltage signatd the impedance change during the heart systole pefiod,;

(Zo, AZ, ECG) into digital data. left ventricular ejection time. The SBF is determined by multi-
The impedance rheographs was applied to clinical studplication of an averaged value 8% taken from several cycles

particularly for systemic and pulmonary blood flow assessnd the heart rate (HR).

ment. The instrument, described more precisely in [21], was The experimental and clinical findings show that the abso-

applied for the study of impedance spectral features of tHate value of the SV as determined by the impedance method

tissues during their different states (for example during ids not accurate and in abnormal conditions, such as those cre-

chaemia). ated by certain cardiac defects or blood vessel abnormalities,

the error in SV can exceed 20%. Nevertheless, the impedance

4.1. Study of systemic blood circulation. For systemic method is very sensitive and fairly accurate for the observation

blood flow (SBF) investigation an alternating current with arof SV changes. In addition, the morphological changes in the

amplitude level of 1 mA and a frequency of about 100 kHimpedance signal provide very important diagnostic informa-

is injected longitudinally to the chest using two band election for monitoring the mechanical activity of the heart from

trodes around the upper part of neck or forehead and the waigat to beat (Figs. 7 and 8).

Atrial fibrilation After electroversion

Il mV

ECGEL [T e ECG ;-

bt /»\1501119 .‘
B AZ \/f’

7] 50 m$2
AZ "

dZ/dt

SV 50,5 35,7 53,5 38,6 62,5 SV =62 CO =62 HR =100
SV = 50 CO =52 HR =104

Fig. 7. ECG and ICG -AZ anddZ/dt for a patient with atrial fibrillation (left) and after electroversion (right)

Atrial flutter After electroversion
1mV 1 mV
BCG M\/\/\M Jim [
A7
Az I 50 m$)
I 50 mQ
dzZ/dt
[1ays [1as
dZ/dt
SV 31 35 31 35 31 ml SV=7ml HR=801/min CO =6.11/min

SV =33ml HR=1801/min CO = 5.9 1/min

Fig. 8. ECG and ICG -AZ anddZ/dt for a patient with atrial flutter (left) and directly after electroversion (right)
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The investigations into SBF described in this study were
carried out on 15 patients with cardiac arrhythmia, car-
dioverted electrically, including 14 patients with atrial fibril-
lation and one with atrial flutter. The results show that during
atrial fibrillation the SV and HR fluctuated very distinctly from
beat to beat but the CO averaged over 1 min was almost cot
stant. The CO for different patients with atrial fibrillation var-
ied from 3.2 I/min to 6.6 I/min and the mean CO for this group
equalled abous.3 + 0.75 I/min. After electroversion, all of
these parameters (SV, HR and CO) appeared relatively sta
and the CO was usually significantly higher than that during
atrial fibrillation and fluctuated among the patients from 4.4
[/min to 7.0 I/min. The meaf@O = 5.9 +0.68 was about 12% ar b/

) . - . EKG
greater than before cardioversion. Surprisingly, atrial qutter‘A/L/\_‘_AvJ\/ M
even with a heart rate as high as 180 beats per minute, do
not cause any distinct change in the CO in comparison witt
normal sinus rhythm after electroversion.

The investigation confirmed that atrial fibrillation causes i \/\/
different degrees of haemodynamic disorder. Restoration ¢ Z=820 AETBEr

the sinus rhythm from atrial fibrillation increases the CO sig-

nificantly, in the range from about 5% to 30%, depending on dZ ]‘9/5 N

the patient, usually higher than the value for a fast ventricle o .

contraction rate, on average about 12%. This result is in agres

ment with [22], reporting that the absence of sinus rhythm

causes a decrease in the CO from 7% to 25% Fig. 10. Impedance cardiogramsZ and dZ/dt with ECG for

RPABF study: a) healthy subject, b) patient with Fallot Syndrome
with pulmonary artery stenosis

—o ECG

Amplifiers

Current —

generator Detectors f——o0 AZ

—o0 d7/dt

E|'8 9. The principle of right pulmonary artery blood flow (RPABF)
examination

4.2. Study of pulmonary blood circulation. Our method

[23,24], proposed for right pulmonary artery blood flow4.3. Clinical examination of human limb segments.The
(RPABF) assessment is based on injection of an alternatiimgyestigations were performed on 6 patients with circulation
current in the transversal direction to the thorax, on the rightisturbances (stenosis of theteria femoralis and varicose
pulmonary artery level. This relates to the second intercostegins) in a pelvic limb and 30 healthy persons as a reference
space (2 ics) and a two-point detection of the voltage signgrtoup. The 2-minute arterial occlusion test in the pelvic limbs
from the surface of the thorax in the same transversal directiovas additionally applied in healthy persons during impedance
and on the same level. Two band application electrodes of Breasurement. Two studies were performed with 10-minute
10 cm in length are fixed around the hand or in the auxiliargrterial occlusion. For patients with circulation disturbances
middle line. Two typical disc electrodes for detection of arin one leg the impedance characteristics of the normal and
impedance signal are located along the right pulmonary arteapnormal limb (without occlusion) were compared. For the
on the 2 ics. One electrode is placed near the sternum and 8tady of the spectral impedance characteristics of limb seg-
second electrode is fixed in the right axillary line, on the samments the commercial bioimpedance spectrometer type SEAC
level. Thus, the direction of the current injection is the sammodel SFB3 with a frequency range from 4 kHz to 1012 MHz
as the direction of the blood flow through the right pulmonaryas used. Examination of human limbs shows that spectral
artery and so is also the direction of signal detection (Fig. 9dmpedance characteristics in a patient with one normal and one
Multiplication of the heart rate and part of the stroke volum@&bnormal leg (affected by circulation disturbances) are differ-
determine the RPABF, which is calculated according to the Kient (Figs. 11 and 12). In normal limbs no marked changes were
bicek formula. The shape of the impedance signals (impedanakserved during either the 2 or the 10-minute arterial occlusion
changeAZ and the first derivativédZ/dt) is also very impor- in the limb. Thus, it can be concluded that the limb tissues are
tant for diagnostic purposes (Fig. 10). The RPABF was studigésistant and protected against disturbances of blood perfusion
on 20 healthy persons and 18 patients with Fallot Syndromend the state of hypoxaemia. The extracellular to intracellular
The parameters examined differ significantly between healthwater ratio and membrane capacitance are also stable during
subjects and these patients. The RPABF calculated per squtite 10-minute arterial occlusion.

metre of body surface (RPABFi) appeared to be significant for To conclude, the experiments on human limbs showed that
recognition of pulmonary circulation abnormality. For healthythe impedance equivalent scheme of the isolated rat heart and
subjectsRPABFI = 1.94 £ 0.72 I/min/m?, while for the pa- human limb segments, as for other biological tissues [10],
tientsSBFI = 1.12 + 0.41 I/min/m?. The shape of impedance could be presented as a parallel connection of extracellular
cardiographic curves also differs between healthy persons afhgid resistance and intracellular fluid resistance, serially con-
the patients (Fig. 10). nected with membrane capacitance.
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It should be underlined, that the interpretation of ICG ob. Electrical impedance tomography (EIT)

IPG depends on several factors, which may be evidenced b o
careful analysis based on appropriate models of a tested oi€ development of electrical impedance tomography (EIT)

gan. The basic factors which limit measurement accuracy afi§Pends on advances in the modelling of the organs tested, on
discussed elsewhere [7,25-27]. the development of reconstruction algorithms and on the con-

struction of instrumentation allowing 2-D and 3-D measure-

180.0 L T ments and analysis. The main advantages of this technology
128-8 = are the relatively low cost of instrumentation and its safety in
. 120:() T operation, while the main disadvantages are the limited spatial
< 1000 Ten and temporal resolutions of the method, depending on the lim-
N 50.0 ited number of electrodes applied and the limited resolution of
60.0 the reconstruction algorithms.
40.0 The recognition of solid organs in EIT is not very diffi-
20.0 cult and measurement conditions present no great difficulty ei-
0'01_() 10.0 100.0 1000.0  10000.0 ther. This is the reason why functional EIT systems based on
f (kHz) & Before occlusion 16/32 electrodes are already available. The situation is much
(a) After 2 min. occlusion more complicated in the case of organ visualisation if the tis-
12.0 sue properties are not differentiated by orders of magnitude.
10.0 This is typically the case in the recognition of tumours as in
3.0 H .f‘* - j mammography. Here speeq of ope_ra_tion is not so essential but
6.0 | LI "‘\.‘ i spatial resolution and the differentiation of tissues at the very
: oL “‘ f beginning of a malignant state is of the highest importance.
4.0 - = 1
2.0 b 5.1. Hardware. On the basis of tissue spectroscopic mea-
0.0 | W surements a suitable frequency or several frequencies of mea-
1.0 10.0 fl(?((l){-g) 1000.010000.0  syrement signal may be proposed, allowing optimisation of

(b) the EIT instrumentation. The most evident is the great dif-
ference in permittivity between healthy and cancerous tissues,

Fig. 11. The lower limb segment impedance modultis (a) and the  at higher frequencies of more than 1 MHz. However, the most

phase angle (b) versus frequency for a healthy person before and jmportant information for the use of EIT in mammography is

after the 2-minute occlusion that the region of changed electrical tissue properties is much
more extensive than the region detected by any of the acces-
80 sible visualisation techniques, including USG, MRI or X-ray
70 I Ny mammography. This leads to the conclusion that EIT mam-
L T I 1 e Sy e A ' mography is very promising for the early detection of breast
= Zg | | cancer and for screening procedures. Several of our construc-
N tions and research on EIT are presented here [7,28—-34].
20 In EIT the following problems of electrode construction
10 i are of the highest importance:
’1 10 100 1000 10000 — accuracy of measurements; the material for the
£ (kH2) o Left lower extremity - abnormal electrodes is important in avoiding high electrode
19 (2) Right lower extremity —normal impedance; separate tetra-polar electrodes should be ap-
0 LI plied;
3 o N — the size of the electrodes in terms of the density of the
o0 6 “"‘\ ‘ current applied to the object is limited and depends on
= 0 frequency; the applied current density must be safe for a
o 4 RN patient;
2 "’s\ : — the number of electrodes applied is directly responsible
0 N for the spatial resolution of an EIT system.
)
! 10 f(i?{oz) 1000 10000 Assuming that, as is advisable, a set of combined elec-
(b) trodes of separate current and voltage elements allowing tetra-

polar measurements are used, for a given numbef applied

Fig. 12. The lower limb segment impedance modutug) and the electrodes the number of independent measurenieits

phase angle (b) in versus frequency for a patient with limb circu-
lation disturbances (ischaemia and varicose veins) N(N —1)

P = 2 ) (9)
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giving only 120 independent measurements for 16, 2016 for 64 Kocikowski proposed a 3-D reconstruction algorithm for
and 8128 for 128 electrodes. Theoretically the use of 16 eleelectrical impedance tomography [32] referred to as Regulated
trodes should allow determination of around 1% of a testedorrection Frequency Algebraic Reconstruction Tomography
2-D surface, while in the case of 3-D the resolution for 128RCFART) applied in GUT electrical impedance mammog-
electrodes should be around 0.01% of the space volume. naphy [28,31]. The algorithm is a generalised form of the
practice these values are at least one order of magnitude lowadbsolute reconstruction perturbation method with previously
because of the limited accuracy of individual measuremenkmown algorithms, the SIRT (Simultaneous Iterative Recon-
and the noise and quality of the reconstruction algorithms [29truction Technique) and the ART (Algebraic Reconstruction
The locations of the electrodes and the applied measurgechnique), as limiting solutions methods [37,38]. It has a
ment strategy are of great importance. For 2-D reconstrugeneric character and brings together the positive features of
tion this is usually a circular array of electrodes positioned ithe previously known methods of ART and SIRT:
a plane around an object; for 3-D examples a cylinder or a

L/H
hemisphere, with several rings of electrodes are usually ap- é f c,(cli)S;’t),c_l)e
plied. Application to the breast of two parallel plane electrode AalhH13) = ~ ki) J=1 k=1 . (10)
arrays seems to be an attractive solution for mammography, ¢ ¢ L/H K (i)
as it follows the practice of clinical X-ray mammography. As > 2 Sp(k,l)e

. A l=h+(j—1)H j=1 k=1
the measurement strategy, adjacent current excitation and volt-

age measurements on all other electrodes is possible. Another
typical solution is polar excitation. The worst signal-to-nois&or a given iterationi, in the following correctionsh =
ratio is in the first case and the best is for the polar excita-. .. /, the admittivitiese, of model elements are modified
tion. Another possibility is excitation by a set of current patfor sub-seriesl/ H of regularly dispersed excitatioris For
terns, which would maximise the signal-to-noise ratio (Adapgrrent distribution of conductivity,™ the corrections are

tive Current Tomography proposed by Gisser in 1988 [35]). proportional to normalised relative covariance deviatiohﬁ"%

The last hardware problem is related to the constructio& I-the measured and calculated currentsiftre excitation

of front-ends, the sources of excitation — the current or volt- )
tand senS|t|V|tySp(M)E of these measurements to the change

age generators and fast acquisition systems. Recent work I?) %lemente parameters. Current sensitivities are calculated

concentrated on the inroduction of the idea of multl-frequen%r each of the iterations. Reconstruction process convergence

measurements and direct readings of the characteristic diﬁ%fépends on a value of the over-relaxation co-efficienCor-

ences that exist at different frequencies. Data acquisition sy, “ction frequencyd should be a divisor of the number of ex-

tems (DAS) based on modern computer technology and usi Hations’,

modern DSP systems are being developed. Measurement ataSIRT and ART are specific singular cases of the RCFART
are obtained from a number of versatile active electrodes (Figr orithm for the extreme valuesi — I for ART andH — 1
13)’. Wh'Ch may be used either as a source of voltage or currefBE SIRT. For intermediate values one may expect the advan-
excitation and as a current-voltage measurement device. T(%

QLI+ = o (H+L),

. . . ﬁes of both methods — good stability and minor errors, as in
is a compact device as a result of the SMD technology appli RT, and fast convergence, as in ART

[36]. Another approach is based on the application of different
potential to the electrodes (in the simplest case potential is ap-
Input circuit Demodulators = Qutput plied only to one selected electrode, while the other electrodes

integrator are connected to a common potential) and measuring the re-
’ 5 }”E sulting current. An error function can be defined [7]:

(o) =) @,

=
=

! (11)
Excitation Micro-controller g—— 1& .0 T /.0 m
Control circuit | PIC 16C84 D i— = 9 Z (lj (o) - j ) (lj (o) - j ) )
j=1

Fig. 13. Block diagram of an active compound electrode where® (o) is the global function of errop; — error for the

jth projection,i?(a) vector of the calculated currents resulting

=1

5.2. Image reconstruction. In EIT the reconstruction of the from j-th potential patterns;® (o) — vector of measured cur-
absolute (AR) or relative (RR) properties of a tested structuf€nts,L — number of projections (potential patterns).

is possible. RR algorithms are generally fast and of low com- k T nT Lor

purt)ational cost butgthe results arge notprgcise and therefore they Aot = - {J J+IT e r]} Jor, (12)
are applied to solve qualitative problems, such as the functiofhere Ao — conductivity correction fortf iteration, @ —
ing of organs. AR methods are based on iterative procedurggonecker product] — Jacobian with entries defined &s =
and are much more precise but the computational cost is mug? /9o ;, J’ — the derivative of Jacobian with respect to con-
higher than in the case of RR. ductivity, I — unit matrix, and residuum = °(o*) — ™.
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Table 1
Algorithm Memory cost Approximate calculation cost Quality
back projection! 1.4P'/?E 2.8PY2E 4+ 0.285P/2E5/3 poor
SIRT? 2PFE 40EP + 0.285PY/2F5/3 4+ 0.015E7/3 good
sensitivity method 2F? 13E3 good
Gauss-Newton methdg4 2172 2E%P + 8E° /2 good
Wexler double-constraint algorithim 6EP + 0.57PY/2E5/3 unstable
optimal control algorithrif:” 2F? + 2PFE 4FE% + SEP medium

1Barber [40];2Yorkey [37]; 3Murai [41]; “Cheney [42];°Wexler [43]; *Marsili [44]; "Kozuoglu [45]; there are numerous other
methods but these are less relevant to 3-D reconstrudiiehnumber of model element®, — number of independent measurements;

N — number of electrodes. Only multiplication and division are considered. It should be emphasised that different implementations
have different calculation costs. There are also possible optimisations. The methods also differ in the number of iterations needed to
obtain satisfactory results from reconstruction

Calculation of the Hessian is time-consuming and difficult.  Only AR methods may be precise enough for evaluation of
However, a close inspection of the relation reveals that the sdtssue properties for EIT mammography (EIM). For 3-D cases
ond part of the Hessian contains multiplication of the unit mathe most important factor is the computational cost, as models
trix and residuum. In the event of the residuum containingre somewhat complex with a large humber of components.
small values, this product can be omitted. Thus the startifable 2 shows the cost of one iteration for three AR methods,
value of conductivity and the resulting value of the residuurfor P = 2016, N = 64, £ = 3824 andW = 857 (W —
are the most important factors. The final form of the relatiomumber of nodes), applicable to 3-D EIM mammography at

used in the reconstruction is Gdanhsk University of Technology [28].
-1
o =00 [JTJ +\- diag (JTJ)] JTr,  (13) Table 2
] o o Calculation cost

where A is a regularisation co-efficient, calculated for an  aigorithm Memory cost (in kilo
ill-conditioned problem. It can be evaluated using appro- (in kilo cells) operations)
p.rlate pTrocedures. In our study by using diagonal matrleIRT 15418 323,764
diag (J J) a constant value of was assumed. Sensitivity method 29.246 726,937,000

Up to this point the above approach is similar to that pro-Gauss-Newton method 29,246 66,194,000

posed by Yorkey [39], although instead of potential, the cur-

D . ; . . Practically all experiments are studied, before practical
rent excitation pattern is here applied. An essential problem is ; : . )
. ; o - implementation, using simulation methods. By these means
the mode of Jacobian calculation. This is calculated using

B " tﬁe features of the RCFART algorithm have been extensively
so-called “complete electrode model” [7]. To solve the prob:; . . . ’
) ) o tested. An example of a hemispherical measuring head is
lem under discussion, the finite element method (FE) was used. . o . :
own in Fig. 14. In this kind of configuration the measur-

The resulting equation is in the forin= YV, whereY is the >

. : . . ing head is unchangeable. To obtain a better resolution it is
admittance matrix and vectoisand V' contain node currents . : ) o

: . . . orth decreasing the volume inspected, as in traditional mam-

and potentials. The Jacobian entries are calculated using the

mography, where two plates compress the breast.

relationship: Figure 15 presents an example of potential distribution in-
Qi 1 ,_,0Y; side a circular object containing four regions of conductivity
doj - / gyi doj Vd§ (14) different from the background and the result of reconstruction.
Ser Two FE models containing a different number of elements are
whereY; — the admittance matrix foi-th projection; S, — used in the reconstruction process. The dense one i; used in
electrode surfaces; — conductivity of;j-th element of the ob- the so-called “forward problem™ while the coarse one is used
ject, z.; — characteristic impedance of th¢h electrode. in the “inverse problem”. This allows more precise calcula-

tions to be made of the potential distribution inside the object

53 R Its. In EIT th lied tf ) and thus the current distribution. The initial value of conduc-
.3. Results. In e applied current flows in an unpre-,[ivity o is calculated from:

dictable way and this is a serious problem resulting, for 2-D,

in practical resolution of al6-electrode system of about 12% Lo,k 1
of the image diameter. For full 3-D measurement and recon- Zk,:zl:” w()
struction using a 65-electrode system we have obtained around g0 = L L (15)
0.5% volumetric resolution, which is far from the theoretical Zk: Xl: [iy (1)]

limit [28]. Table 1 shows the approximate cost of one iteration
for the most important reconstruction methods applied in EIWhereif — measured currentf(1) current calculated for a
[40-45]. uniform object of conductivity equal to 1.
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Fig. 14. Reconstruction of 3-D EIT measurements (left) and a filtered
picture of higher conductivity components in the phantom (right)
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Fig. 15. a) Potential distribution inside the uniform object for th
trigonometric (cosine) excitation pattern applied to the boundary;
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This case is especially difficult to reconstruct as three re-
gions of higher conductivity surround the region of lower con-
ductivity. The difference between the actual and reconstructed
values is clearly visible. However, only a few iterations are
sufficient to achieve a sharp reduction in this discrepancy [46].

6. Conclusions

The methods presented are relatively inexpensive and easy to
use in a number of medical applications, which constitute the
ain arguments for employing El in clinical practice.

Impedance spectrometry is useful for the characterisation
of tissues, allowing discrimination between normal and af-
fected structures. Impedance spectral characteristics change
during tissue hypoxaemia and blood flow arrest and many other
cases may be effectively diagnosed.

Impedance cardiography methods for systemic and pul-
monary blood circulation studies are extremely helpful, giving
important diagnostic information. Cardiac output and the mor-
phology of impedance signals differ significantly for healthy
persons and patients with pathological circulation. There are
other important applications too, such as IPG, recommended
for the evaluation of peripheral blood flow and vascularisation.

EIT is still in the research phase, especially for the 3-D
presentation of organs. Some applications are very useful and
enable functional studies of organs to be performed, applica-
ble, for example, to respiratory problems. Our results, with the
discrimination of changed tissues at the relative volume of 1%,
are still not sufficient for clinical applications in mammogra-
phy. For 3-D EIT the sensitivity and resolution of absolute EIT
needs to be improved. The fact that the technology seems to
have properly matured for functional visualisation, as in cardi-
ology or pulmonology for example, is a positive sign.

Rapid advances in electronic technology will probably en-
sure that future El instrumentation will meet the requirements
of such clinical applications as tissue discrimination for can-
cer detection or a more accurate study of the brain. Impor-
tant improvements may be expected using differential multi-
frequency measurements.
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