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Abstract: Wide and attractive, challenging in many 
aspects, bioimpedance measurements today reveal 
an important interest as one among the methods for 
noninvasive exploration of human body 
physiological properties or events, "in vivo" or on 
the species-"in vitro". Measurements are non-
invasive, instrumentation is relatively simple and 
non-expensive, and require not highly skilled staff 
and medical environment. There is an extremely 
wide range of diagnostic bioimpedance 
measurements applications, such as: tissue or organ 
state and tumours detection, total body composition 
and fluid compartments, cardiovascular system, 
respiratory system, state of skeletal muscles, brain 
impedance, skin impedance, blood and blood flow, 
imaging techniques (EIT), etc., and whole range of 
"in vitro" techniques. In our research, we focused 
interest on measurements on the gymnasts and the 
patients with ischaemic syndromes in lower legs. We 
proved that a good "follow-up" of gymnast's 
training efficiency and an early diagnosis of one leg 
ischaemia can be achieved. However, it should be 
emphasized that the main problems concerning 
bioimpedance measurements are reliability and 
repeatability of results. Discussing these problems, in 
the paper some problems of choice between bipolar 
and tetrapolar techniques, constant current vs. 
constant voltage measurement techniques and 
elimination the effect of electrodes impedance are 
presented. 
 
Introduction 
 
Since the end of the nineteenth century, electrical 
impedance measurements have been used to study 
biologic systems, "in vitro" or "in vivo" [1-2]. It could 
be of interest to reveal that the concept of tetrapolar 
constant current impedance measurement was 
introduced in 1884 [3]. Between 1920 and 1950 an 
important series of fundamental papers was produced 
[4-7]. From this époque till nowadays, bioimpedance 
measurements reveal an important interest as a method 
for noninvasive, simple, and not expensive way of 
exploration of physiological state of human body (such 
as tissue or organ state and tumours detection, total 
body composition and fluid compartments, 
cardiovascular system, respiratory system, state of 

skeletal muscles, brain impedance, skin impedance, 
blood and blood flow, imaging techniques (EIT), etc., 
and wide range of "in vitro" techniques [8-14]. 
We concentrated our interest on measurements on the 
gymnasts and the patients with ischaemic syndromes in 
lower legs. We proved that a good "follow-up" of 
gymnast's training efficiency and an early diagnosis of 
one leg ischaemia can be achieved [15-18]. However, it 
should be emphasized that the main problems 
concerning bioimpedance measurements are reliability 
and repeatability of results. The choice between bipolar 
vs. tetrapolar & constant current vs. constant voltage 
measurement techniques seems to be essential as far as 
reliability, repeatability and reproducibility of results 
are concerned. 
 
Materials and Methods 
 
In this work, we have concentrated our interest on the 
comparison of skeletal muscle bioimpedance properties, 
using two and four electrodes measurement techniques. 

 
Figure 1: Bipolar (two electrodes) and tetrapolar (four 
electrodes) technique 
 
Main problems, when bioimpedance of living subjects is 
concerned, are caused due to the two facts: 
 
ZM = ZE  + ZB    (1) 
 
and 
 
ZM = f1 [A, d] x f2 [ρ (J, ω), εR (J, ω)] (2) 

 
where 

ZM = measured impedance (Ω) 
ZE = electrode impedance (Ω) 
ZB = biological (tissue) impedance (Ω) 
A = cross-sectional area of specimen (cm2) 
ω = radian frequency (s-1) 
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 J = current density (A/cm2) 
d = distance between (voltage, if tetrapolar!)  

   electrodes (cm) 
ρ = specific resistivity of the specimen (Ω cm) 
εR  = relative permittivity of the specimen 
 

Obviously, if we intend to maintain constant and 
repeatable current density (currents up to 1 mARMS, if 
sinusoidal), we are limited to the two possible methods: 
bipolar or tetrapolar constant current techniques. 
Although a lot of books and papers treat problems of ZE 
influence on the reliability and repeatability of 
bioimpedance measurements results, when bipolar 
technique is used, only a few serious papers discuss 
reliability and repeatability problem, when tetrapolar 
("theoretically" more accurate) technique is used [19]. 
The main problem is that, using tetrapolar technique, we 
can “eliminate” electrode impedance influence, but the 
results of tetrapolar measurements depend on electrode 
shape, positioning, and primarily of the distance 
between voltage-voltage and voltage-current electrodes. 
Using bipolar technique, we have a problem of 
electrode impedance influence, but using 
MultiFrequency BIoimpedance Analysis (MFBIA), or 
some kind of similar techniques, it can be eliminated 
(see Appendix) in rather satisfactory manner [18, 20]. 
Measurements were performed with self-adhesive 
surface electrodes on lower leg (m. gastrocnemius) in 
healthy males, measuring repetitively three times/week, 
during 30 days (student’s population; using constant 
current technique 100 µARMS in the range 0.1-500 kHz, 
with HP LCR Meter 4284A). Measurements were 
performed by changing distances (dEb or dEvv) between 
EB (bipolar) or EV (tetrapolar) electrodes (Fig. 1.) i.e. 
measuring Zm1 and Zm2, bipolarly and tetrapolarly 
(Fig.2), and by simulation on model (Um1 and Um2 - 
Fig.4), respectively. 
 

 
Figure 2: Electrode's position for lower leg 
measurements 
 
Results were compared for student population between 
themselves, and with results obtained by modeling. 
For modeling, we used EMAS™ (ElectroMAgnetic 
Field Simulation) software, using Finite Element 
Analysis (Fig. 3.), and model shown in Figure 4. 
Due to the symmetry of electromagnetic fields, only one 
quadrant of specimen was simulated with interpolation 
of data for specific resistivity and relative permittivity 
following equations, adapted from [9], 
ρ (f) = 590,67 e -0,0012 f  (Ω cm) 
εR (f) = 70,718 e -0,0036 f 

 

 
 
Figure 3: EMAS formal model 
 

 
 

Figure 4: EMAS simulation for bipolar and tetrapolar 
methods of measurements (calculations were performed 
only for one fourth of the simulated object, and results 
were obtained using boundary symmetry) 
 
Results 
 
Sensitivities to electrodes placing (distance&position) 
changes were estimated using relations 

 
sZ = ⎪Zm - Zn⎪ (dm + dn) ⎪ ⁄ ⎪dm - dn⎪ (Zm + Zn)      (3) 
 
sφ =⎪φm - φn⎪ (dm + dn) ⎪ ⁄ ⎪dm - dn⎪ (φm + φn)        (4) 
 
where Zm&n are impedances magnitudes, φm&n phase 
angles, and dm&n (dEb or dEvv - Fig. 1.) distances between 
voltage (voltage & current, when bipolar technique is 
used) electrodes positions, respectively. At the same 
time, interrelation and correlation of student population 
results [768 data = 16 students x 12 (3x4weeks) 
measurements x 4 data (Zm1 & Zm2 x bip. + tet.) 
/measurement] were examined and analyzed. 
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Figure 5: Averaged results (16 students) of 
measurements as shown in Figure 2. 
 
Obtained results can be elucidated in a number of ways. 
Figures 5. and 6. show some results of measurements 
and calculated sensitivities. The frequency dependences 
of a)-⏐Z⏐bipolar; b)-ϕ bipolar; c)-⏐Z⏐tetrapolar; d)-ϕ 
tetrapolar; e)-sZ, and f)-sϕ are shown, respectively. 
Results of bipolar measurements (Figure 5.) are 
obtained and calculated using MFBIA technique (see 
Appendix). An analysis of performed results shows that 
sensitivity, as defined, could be a good measure of 
differences in results due to the unavoidable changes or 
variations in electrode's position and/or spacing in 
repeated measurements. Tetrapolar technique of 
measurements is more sensitive to the electrodes 
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Figure 6: Results using simulation model and EMAS 
software 
 
placing and spacing [see e) and f) in Figures 5. and 6.]. 
However, this is correct and factual only at "short" 
distances between electrodes (small dEvv and dEcv ≈ 
dEvv)! Measured values of impedance magnitude are 
more sensitive to the electrode's placement variations 
(differences, in order of 12-85 Ω, not visible due to the 
scale, exist in Figure 6. a), too) than those of phase. This 
could be easily explained due to the fact that phase 
angle is relatively insensitive to A and d (2) changes.  
In the model, we explored also the influence of distance 
between electrodes on the sensitivity. At the frequency 
of 50 kHz, we changed dcc, preserving distance dcc - dvv 
(Iin - +Um1 and Iout - -Um2 in Figure 4.) at 2,5 cm [≈same 
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 conditions as in Figure 6. c) and d)]. Obtained results 
show that, increasing electrode's distance, sensitivity sZ 
[Figure 6. e)] for tetrapolar configuration decrease 
nearly exponentially, approaching to the bipolar 
(difference less than 0.2 at dcc ≈ 65 cm). 
At the same time, results of measurements performed on 
student’s population, as described (3 times/week/30 
days), were treated statistically, in order to estimate 
repeatability and/or reproducibility of repeated 
(“follow-up”) measurements. We will present only 
averaged correlations for Zm1 (see Figure 2.) among 
results for bipolar and tetrapolar measurements at the 
frequencies of 20 kHz and 50 kHz, i.e. ⎪ZBb20⎪, ⎪ZBb50⎪, 
⎪ZT20⎪ and ⎪ZT50⎪, respectively (index Bb20 means: 
bipolar measurement at the frequency of 20 kHz and 
⎪ZB⎪ calculated following procedure explained in 
Appendix). 
Averaged correlations "horizontally", i.e. 
"interrelations" for 1 to 16 students for 12 
measurements 
 
⎪ZBb20⎪ = 0.908 
⎪ZBb50⎪ = 0.912    (5) 
⎪ZT20⎪ = 0.949 
⎪ZT50⎪ = 0.952 
 
Averaged correlations "vertically", i.e. "per" student (1-
16) for 12 measurements 
 
⎪ZBb20⎪ = 0.922 
⎪ZBb50⎪ = 0.931    (6) 
⎪ZT20⎪ = 0.879 
⎪ZT50⎪ = 0.891 
 
As evident, from figures and results of statistical 
analysis, when accuracy and reliability are considered 
(e.g. in physiological measurements: muscle or tissue 
state, body composition, comparison of lower legs in 
ischaemic or compartmental syndrome, etc.) tetrapolar 
technique is more accurate (although requires four, 
instead of two electrodes, but does not require MFBIA 
and calculation of electrode's impedance). But, as far as 
repeatability and/or reproducibility are concerned (in 
repeated measurements; e.g.: "follow-up" of patients 
treated by vascular surgery, "follow-up"of the efficiency 
of sportsman training, etc.), bipolar technique should be 
recommended. Measurements at the frequency of 50 
kHz give slightly superior results than those at the 
frequency of 20 kHz (variance of results is lowest in this 
range). 
 
Conclusion 
 
For bioimpedance measurements, constant current, 
bipolar or tetrapolar measuring techniques, should be 
favored. We have compared accuracy, reliability, 
repeatability and reproducibility of these two 
techniques. As could be expected, tetrapolar technique 
is more accurate and reliable, and sensitivity, as defined, 
could be a good indicator of repeatability and 
reproducibility of measurements. But, as far as 

reliability, in relationship with reproducibility and 
repeatability of results, is concerned (i.e., for repeated 
measurements), bipolar technique should be 
recommended when distance between voltage 
electrodes is smaller than ~ 30 cm, although MFBIA 
calculation is required to eliminate electrode impedance. 
Main reason is that results, at small electrodes distances, 
using tetrapolar technique, depends greatly (among 
other factors) on voltage electrodes placing and spacing. 
 
References 
 
[1] STEWART, G.N., (1894), Researches on the 

circulation time in organs and on the influences 
which affect it, J.Physiol., 15, pp. 1-89 

[2] STEWART, G.N., (1897), The measurement of 
the output of the heart,  Science, 22, pp. 137-142 

[3] BOUTY, E., (1884), Sur la conductibilité de 
solutions salines tres étendues, J. Physiol., 2, pp. 
325-355 

[4] FRICKE, H., (1925), A mathematical treatment of 
the electric conductivity and capacity of disperse 
systems II, Phys. Rev., 26, pp. 678-81 

[5] COLE, K. S., COLE, R. H., (1941), Dispersion and 
absorption in dielectrics. I. Alternating current 
characteristics, J. Chem. Phys., 9, pp. 341-51 

[6] COLE, K. S., CURTIS, H. J., (1939), Electric 
impedance of the squid giant axon during activity, 
J. Gen. Physiol., 22, pp. 649-670 

[7] COLE, K. S., CURTIS, H. J., (1944), Electrical 
physiology: Electrical resistance and impedance of 
cells and tissues, In: Medical Physics, Chicago, 
Yearbook Publishers, pp. 344-348 

[8] SCHWAN, H. P., (1957), Electrical properties of 
tissues and cell suspensions, Adv. Biol. Med. 
Phys., 5, pp. 147-209 

[9] SCHWAN, H. P., (1963), Determination of 
biological impedances, In: Nastuk, W.L., Ed., 
Physical Techniques in Biological Research, Vol. 
6, New York: Academy Press, pp. 323-417 

[10] NYBOER, J., (1959), Electrical Impedance 
Plethysmography, Charles Thomas, Springfield  

[11] BOURNE, J. R., (1996), Critical Reviews in 
Biomedical Engineering, Volume 24, Issues 4-6, 
Begell House, Inc. Publ., NY, USA  

[12] RIU, P.J., ROSELL, J., BRAGOS, R., CASAS, O., 
(1999) Electrical bioimpedance methods: 
applications to medicine and biotechnology, Ann. 
of the NY Acad. of Sciences, 873, NY, USA  

[13] PALKO, T., GALWAS, B, (1999), Electrical 
properties of biological tissues, their 
measurements and biomedical applications, 
Automedica, 18, pp. 343-365 

[14] GRIMNES, S., MARTINSEN, O.G., (2000), 
Bioimpedance & bioelectricity basics, Academic 
Press, San Diego, USA 

[15] TONKOVIĆ, S., VOLODER, D., PETRUNIĆ, M., 
TONKOVIĆ, I., (1998), Compartmental syndrome 
assessment using bioimpedance measurements, 
Proc. of the 8th Int. IMEKO Conf. on Meas. in 
Clinical Medicine, Dubrovnik, pp. 53-56 



The 3rd European Medical and Biological Engineering Conference November 20 – 25, 2005 
EMBEC'05  Prague, Czech Republic 

IFMBE Proc. 2005 11(1)  ISSN: 1727-1983 © 2005 IFMBE  

 [16] TONKOVIĆ, S., VOLODER, D., PETRUNIĆ, M., 
TONKOVIĆ, I., (1999), Analysis of compartmental 
syndrome diagnostics efficiency using 
bioimpedance measurement, Proc. of XV. IMEKO 
World Congress, Osaka, VIII, pp. 135-142 

[17] TONKOVIĆ, S., TONKOVIĆ, I., KOVAČIĆ, D., 
(2000), Bioelectric impedance analysis of lower 
leg ischaemic muscles, on CD ROM, World 
Congress on Medical Physics and Biomedical 
Engineering, July, Chicago, USA 

[18] TONKOVIĆ, S., (2001), Diagnostic efficiency of 
bioimpedance measurements, Proc. of MEDICON 
2001, Part I, Pula, Croatia, 66-69 

[19] WEBSTER, J. G., WOO, E. J., HUA, P.,. TOMPKINS, 
W. J, ARENY, R. P., (1992), Skin impedance 
measurements using simple and compound 
electrodes, Med. & Biol. Eng. & Comput., 30, pp. 
97-102 

[20] ILIĆ, M., (2001), Diagnostic efficiency of 
multifrequency bioimpedance measurements, 
Diploma thesis (in Croatian), Faculty of Electrical 
Engineering and Computing, Zagreb, Croatia 

 
APPENDIX: 
 
The idea of MultiFrequency BIoimpedance Analysis 
(MFBIA) is to measure bioimpedance in larger 
frequency range than needed (100 Hz – 500 kHz), using 
"low" frequency range (100 Hz-1000 Hz) for calculation 
of eR  and eC [15, 16, 20]. The inter-electrode 
impedance, ZM, can be generally represented as serial 
connection of two parallel RC impedances, ZE and 
“true” ZB (Figure A.1.). 

 
Cp

RE Rb

CE Cb

ZE ZB

E 1 E 2

 
Figure A.1.: Simplified inter-electrode impedance, ZM, 

represented as serial connection of two parallel RC 
impedances, ZE and “true” ZB 

 
Neglecting the influence of inter-electrode parasitic 
capacitance (reason to avoid frequencies higher than 
500 kHz), we tried to calculate, using an iterative 
procedure, ZE and “true” Z B. 
Starting (using MFBIA), with presumption that a value 
of bioimpedance magnitude at the frequency of 100 Hz  
( |Zb-100Hz| )  is 5 kΩ, and, the phase angle has initial 
value ( ϕb-100Hz  ) of  -40 °. The influence of parasitic 
capacitance Cp will be neglected. With this neglect, total 
measured impedance, referring Fig. A.1., is:  
 

bem ZZZ +=  (A1) 
 

 Real and imaginary parts of measured impedance 
can be calculated as 

{ } ϕcosRe ⋅= ZZ  (A2) 

{ } ϕsinIm ⋅= ZZ  (A3) 
Than, presumed bioimpedance at 100 Hz is : 
 

HzbHzbHzbHzbHzb ZjZZ 100100100100100 sincos −−−−− ⋅⋅+⋅= ϕϕ  (A4) 
 
Impedance of electrodes can be calculated as follows : 

HzbHzmHze ZZZ 100100100 −−− −=  
{ } { } { } { }( )HzbHzmHzbHzm ZZjZZ 100100100100 ImImReRe −−−− −⋅+−= (A5) 

eR  and eC  can be calculated, using known values at the 
frequency of 100 Hz - HzeZ 100− , from the formulas for 
parallel connection of capacitance and resistance : 
 

{ }
2222

2

Re
CRR

RZ
ω+

=  (A6) 

{ }
2222

2

Im
CRR

CRZ
ω

ω
+

=  (A7) 

 
Solving equations (6) and (7), one can calculate 
electrode resistance, eR  as follows : 

 

{ } { }
{ }2

100

2
100

100 Re
ImRe

Hze

Hze
Hzee Z

ZZR
−

−
− +=  (A8) 

 
and then calculate electrode capacitance, eC : 
 

{ }
{ } eHze

Hze
e RZ

ZC
⋅

⋅=
−

−

1100

100 1
Re
Im

ω
 (A9) 

 
1ω  is radial frequency at 100 Hz. 

Knowing eR , eC , and using (A6) and (A7), electrode 
impedance value at 200 Hz - HzbZ 200− , can be 
calculated: 

HzeHzmHzb ZZZ 200200200 −−− −=  

{ } { } { } { }( )HzeHzmHzeHzm ZZjZZ 200200200200 ImImReRe −−−− −⋅+−= (A10) 
 

Also, using (8) and (9), one can calculate values of bR  
and bC . Knowing bR  and bC , new value of 
bioimpedance, HzbZ 100−′  , using (6) and (7), can be 
calculated. 
Now, one must compare calculated value of 
bioimpedance with the presumed one. Among several 
methods at the disposal, we choused a comparison of 
impedance real parts: 

 
{ }
{ }

N
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Z
Z −
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 where N is real positive number, determining a number 
of iterations and accuracy of fitting ( following our 
experience, N = 5 can be recommended giving 
acceptable accuracy without large number of 
iterations ). If calculated bioimpedance, using (A11) is 
not acceptable, than iterative procedure can be repeated 
starting with the value of calculated biompedance 
instead of presumed one. 
One example of results (one subject/eight measurements 
during one month) in figures A.2., A.3., and A.4., 
evidently show reliability of measurements and iterative 
procedure calculations [20]. 
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Figure A.2.: ZM as a function of frequency 
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Figure A.3.: ZB as a function of frequency  
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Figure A.4.: ZE as a function of frequency 

 

MFBIA allowed us to prove that the diagnostically 
useful frequency range, when measuring using 
cutaneous electrodes, is between 5 kHz and 200 kHz. 
Other measured values were used for iterative procedure 
and calculation of “true biological impedance”, ZB. The 
results, shown in Table I., reveal typical findings for one 
“normal” subject with calculated values of electrode 
resistance and capacitance, respectively. 

 

 

 

 

 

 

RE (kΩ) CE (nF)
80.97 80.64

f (Hz) ZM (Ω) ϕM (deg) ZE (Ω) ϕE (deg) ZB (Ω) ϕB (deg)
5000 981.84 -52.13 394.74 -89.72 711.10 -32.33
8000 756.66 -44.89 246.71 -89.83 607.53 -28.23

10000 679.86 -41.42 197.37 -89.86 568.46 -26.36
15000 574.99 -35.32 131.58 -89.91 510.15 -23.18
20000 520.08 -31.26 98.69 -89.93 476.28 -21.07
50000 411.98 -20.26 39.47 -89.97 400.01 -14.95
80000 379.96 -15.80 24.67 -89.98 373.99 -12.16

100000 368.35 -13.81 19.74 -89.99 364.14 -10.79
150000 351.40 -10.86 13.16 -89.99 349.16 -8.73
200000 342.28 -9.00 9.87 -89.99 340.88 -7.36

ZB=ZM-ZE

 
Table I.: Typical measured and calculated values for one “normal” subject 
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