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A B S T R A C T   

Electrical impedance spectroscopy (EIS) stands as a widely employed characterization technique 
for studying muscular tissue in both physio/pathological conditions. This methodology 
commonly involves modeling tissues through equivalent electrical circuits, facilitating a corre
lation between electrical parameters and physiological properties. Within existing literature, 
diverse equivalent electrical circuits have been proposed, varying in complexity and fitting 
properties. However, to date, none have definitively proven to be the most suiTable for tissue 
impedance measurements. This study aims to outline a systematic methodology for EIS mea
surements and to compare the performances of three widely used electrical circuits in charac
terizing both physiological and pathological muscle tissue conditions. Results highlight that, for 
optimal fitting with electrical parameters relevant to tissue characterization, the choice of the 
circuit to be fitted closely hinges on the specific measurement objectives, including measurement 
parameters and associated physiological features. Naturally, this necessitates a balance between 
simplicity and fitting accuracy.   

1. Introduction 

Electrical impedance spectroscopy (EIS) is an important, widely used, non-destructive, characterization technique employed in 
many applications (i.e., for characterizing corrosion phenomenon, the performances of the fuel cells, or any other electrochemical 
process) [1–4]. The distinctive characteristic of the technique is that it focuses on the analysis of passive characteristics of the material. 
The living tissues also provide some impedance to the passage of electric current so that EIS has been employed on human body as a 
diagnostic tool to be used in different fields. To characterise muscular tissue, EIS has been employed for studying different physio
logical and pathological conditions [5–9], effects of age [10,11], and for characterising muscle changes during a fatigue state [12]. 

In EIS [13], as well as in several others research fields, it is common to model systems by means of equivalent electrical circuits 
which provide a simplified description of the properties of the measured materials or organs [13–16]. In addition, it is widely accepted 
that an appropriate choice of the equivalent circuit and a good compromise between several aspects (i.e., parameters, level of 
complexity) are fundamental for a good fitting [17,18]. This is true also for EIS applications in muscle tissue analysis [7,8]; indeed, 
there are studies concerning changes in the electrical properties of muscular tissue at low levels of contraction or testing health 
condition of muscles in elderly subjects [6,9,19]. 
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As this approach considers a correlation between circuit components and physiological elements, an appropriate choice of the 
model is necessary in order to highlight, by means of the circuit elements, the underlying physical and physiological processes [14]. 
Indeed, in literature, different equivalent electrical circuits have been proposed [5,8,13,16,20] and changes in the values of models’ 
parameters, or some combination of them, are related to biological characteristics. The authors agree with this consideration and 
hypotise a physiological meaning for some electrical parameters, so that they expect a change of their values under different physi
ological conditions (as for each biological parameter). In particular, a significant change is expected for those electrical parameters 
more strictly related to physiological characteristics. 

Nevertheless, it is worth underlying that, until today, none of the most employed electrical circuits has definitely proved to be the 
most effective for muscular tissue characterisation through electrical parameters. 

Besides, a systematic description of the procedure to be employed in EIS muscular measurements is lacking in literature; a 
methodology to follow, with particular emphasis to the circuit choice step, is here proposed and described. 

Encouraged by the scientific literature in this research field [7,8], and by the different significant studies on this topic [1,12–14], 
the aim of this paper is twofold: (i) to describe a systematic procedure of EIS of muscular tissue, (ii) to evaluate the performances of 
three electrical circuits, generally employed for the characterisation of the muscular tissue in different physiological conditions, that 
have been compared with respect to sensitivity of their parameters and to fitting errors. The first objective aims to identify a shared 
procedure in EIS measurements. The second objective faces the problem of assessing the electrical circuits’ effectiveness. 

2. Methods and materials 

2.1. Background 

In bioimpedance measurements, to highlight the correlation between physiological changes of a system under analysis and the 
impedance value of the system itself [13,14], systems’ models (or electrical models) are employed. In particular, from the literature, it 
is known that it is possible to model the bioimpedance behavior through equivalent electrical circuits. Nowadays, this methodology 
has become among the main EIS data analysis methods [13,21,22]. This is due also to the capability of modeling nonlinear phenomena, 

Fig. 1. Scheme of the procedure to be employed for EIS measurements. With dotted contours, non-core steps. In diamonds, the steps for which an 
operator decision is required. 
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related to inhomogeneities in the tissues and to the presence of a distribution of relaxation times, by introducing non real circuit 
elements. Nevertheless, a systematic methodology, shared and accepted, is still lacking. 

2.2. Measurement and methodology 

Based on the literature [8] regarding tissue impedance measurements, a specific and more detailed methodology is proposed, 
schematically represented in Fig. 1. 

In the following, each step will be described, and particular attention will be devoted on step C, which is the main focus of this 
paper. 

Before describing the different steps of the procedure shown in Fig. 1, it is important to highlight that some steps (i.e., E: “Error 
analysis” and G: “Statistical analysis”) are introduced in order to improve and complete the comprehension of the phenomenon under 
analysis; as well as usually done in signals processing. At the same time, it is important to underline that the steps “Choice of mea
surement parameters” (B), “Circuit selection” (C), “Fitting procedure” (D) and “Data analysis: choice of data and kind of analysis” (F) 
require specific and very critical decisions by the operator. 

From the methodological point of view, the first step, “Definition of physiological properties to be measured” (step A in Fig. 1), 
often implies the choice of the measurement type. For example, both EMG and EIS methodologies study muscle properties and 
physiological behaviours, but EMG focuses on active neuro-muscular electrical activity whereas EIS analyses muscle passive electrical 
characteristics [20]. 

In EIS measurements, when the physiological properties to be analysed (for example, inherent electrical activity, biochemical or 
bioimpedance changes, tissue relaxation frequencies [5,8,20,21], and hence the kind of measurement have been chosen, it is necessary 
to fix all the related parameters (step “Choice of measurement parameters” - B - in Fig. 1). Some of them (such as the frequency range 
for EIS) have to be chosen considering the physiology of the system under analysis, other depend on its morphology (for example, 
electrodes positioning), others are important since can affect measurement results (for example, current value, number of trials, etc.). 
However, their values have to be always carefully set, based on the nature of the tissue and the physiological phenomena to be 
measured. 

In EIS applications, electrical impedance can be measured as the ratio between voltage and current; to this aim, an alternating 
current is injected via surface electrodes and the resulting voltage drop over a selected tissue or muscle group is measured [8,12,20]. 
The value of the current intensity has to comply with safety levels and the voltage drop has to be kept constant over the portion of tissue 
under study. The impedance is normally measured using a small excitation signal, so that the response is pseudo-linear. The chosen 
frequency range elicits different components and frequency dependent phenomena of muscular tissue [21]. Besides, different regions 
of frequency response can be defined, each of them due to different passive properties such as conductivity and permittivity [21]. 
Furthermore, electrodes layout and protocol can determine incorrect and/or not comparable results [7]. 

Obviously, even if measurement parameters and set-up are fixed, different equivalent electrical circuits can be employed. 
Equivalent electrical circuits allow to physiologically and clinically interpret tissue’s changes. Indeed, the characterization of the 
tissues can be based on the knowledge of their electrical properties in the frequency spectrum [13]. As clearly stated in Ref. [14], “such 
circuits are only models that help in understanding the behaviour of those tissues from an electrical point of view”; indeed, biological 
tissues show a very complex and frequency dependent behaviour, difficult to completely explain by means of relatively simple circuit 
elements. Despite to this difficulty, it has been demonstrated that by observing the variations of some electrical parameters different 
human tissue types can be characterized [21]. This is the reason for that, as mentioned, choosing the most appropriate model is a key 
step in impedance measurements (step “Circuit selection” - C - in Fig. 1) and, here, this issue is dealt with particular attention. 
Elsewhere [6,7], steps “Definition of physiological properties to be measured” (A), “Choice of measurement parameters” (B), “Fitting 
procedure” (D) and “Data analysis: choice of data and kind of analysis” (F) are dealt in detail; so that here we focused on the other steps. 

The choice of the fitting procedure (step “Fitting procedure” - D - of Fig. 1) refers to the known issue of the fitting procedure, on 
which the performances of EIS measurements are largely dependent on. Despite to its importance, the employed procedure is often not 
cited, non-linear fittings based on square error minimization are generally used [1]. 

Important information concerning the reliability of the chosen model can be obtained by the “Error analysis” (step E in Fig. 1); 
however, as mentioned, this analysis is very often not available in literature, even in valuable studies [11,16]. 

After measurements execution, when all impedance data are available, from the methodological point of view, the kind of data 
processing, in case also the statistical analysis, and the kind of results presentation have to be chosen (steps “Data analysis: choice of 
data and kind of analysis” - F - and “; Statistical analysis”; - G - in Fig. 1). 

Finally, for future practice, clinical applications, the physiological interpretation of the obtained results has to be carried out (step 
“Physiological correlation” - H - in Fig. 1), in order to get the correlation between physiological phenomena and electrical components, 
which is a not easy topic, since tissues show a rather complex behavior. 

2.3. Impedance data 

Following the procedure described in the previous section, EIS methodology has been employed for studying physiological changes 
in muscle tissue under different conditions. In particular, a database of impedance measurements was realised and employed for the 
current work. For impedance recordings, sixteen healthy volunteers (11 men and 5 women, age 27.5 ± 7.1), not affected by any 
neurological or musculoskeletal disorder, were involved in the measurements. 

The measurement procedure, instrumentation and measurement set-up are based on the literature [6,23], where all details are 
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reported. Essentially, all they concern the step “Choice of measurement parameters, lay out and protocol” (B) [8] of the scheme shown 
in Fig. 1. Summarizing, EIS measurements were carried out by employing tetrapolar measurements on the forearm flexor muscles; each 
test involved three trials, i.e., impedance measurement of the muscle tissue, corresponding to different conditions: muscle at rest, 
muscle contraction and 4 min after the contraction. The impedance of the tissue under analysis was evaluated as ratio between the 
acquired sinusoidal voltage and the injected current signal; the voltage across the measured tissue was set to 20 mV. The frequency 
range was 1–60 kHz, according to further works [6–8]; so that the EMG surface signal was deleted and part of the β region (103–107 Hz 
[20,21]) was elicited, in this frequency’s region 11 out of 12 human tissue elements are elicited [6–8,20,21,24–26]. The linear fre
quency sweep was of 10 points. For each frequency the impedance was calculated as mean over five measurements. Therefore, each 
trial lasted about 1 min and a whole test about 7 min. The electrodes were posed in line on the forearm, the current electrodes were 
placed on the elbow and the wrist and the voltage ones between them with an inter-distance of 6 cm, starting from 3 cm distance by the 
antecubital fossa. All subjects sat relaxed with the arm on a desk keeping their hand flat on the desk, in line with the forearm and with 
the palm turned upward. As said, each subject underwent to a test protocol consisting of three trials: i) rest condition (steady state); ii) 
sustained isometric contraction (60–70% of the maximum effort); iii) 4 min after contraction. The prototyped proof demonstrator was 
based on a battery powered notebook PC implemented with an AD/DA board and an analog interface; and the software, developed in 
LabVIEW for impedance evaluation, provides average modulus and phase of five measurements executed for each frequency value. 

2.4. Equivalent electrical circuits 

For the characterisation of the muscular tissue, and in particular for the analysis of their physiological properties, an electrical 
modelling is often employed by means of equivalent electrical circuits [13,21]. Indeed, these circuits represent important models, since 
each circuit element has a physiological meaning; for example, resistors represent current flows through intra and extracellular fluids, 
and capacitors represent membrane behavior [5]. 

For this work, the performances of three different electrical circuits, largely used in literature and in clinical applications, are 
compared. The circuits #1, #2, #3 are named according to their main proposer. Let us remember that #1 and #2 [5,16] have been 
successfully used to characterise pathological muscle conditions, whereas #3 introduces non-linear elements resulted very useful in 
EIS modelling [12–14]. For each circuit are here reported the impedance formula and, in case, the equivalent physiological signifi
cance of each component. 

2.4.1. Circuit #1: Rutkove-Ching 
Circuit # 1 is the simplest circuit, which involves three elements corresponding to the main physiological constituents of the cell. It 

has been successfully employed from Rutkove and Ching [11,16] to study age-dependent changes in muscular tissue or patients with 
acute lower back pain and it is shown in Fig. 2. 

The tissue impedance computed by means of the “Circuit #1: Rutkove-Ching” results equal to (Eq. (1) and Eq. (2)): 

Ztissue =
(Ri + XC)∗R0

Ri + R0 + XC
(1)  

where : XC =
1

jωCm
(2)  

2.4.2. Circuit #2: Shiffman 
Then, a circuit with five parameters has been analysed; this circuit, shown in Fig. 3, has been used from Shiffman et al. [5] in order 

to also take into account some intracellular organelles. It has been employed, for example, in characterizing muscle in neuromuscular 
disease or during clinical drug testing. 

In this case, for the tissue impedance estimation, the following formula has to be employed (Eq. (3) and Eq. (4)): 

Ztissue =
(Zi + XC) ∗ R0

Zi + R0 + XC
(3) 

Fig. 2. Electrical circuit here called “Circuit #1: Rutkove-Ching”. In this circuit, R0 is the extracellular resistance [13], Ri is intracellular resistance 
[20] and Cm is the membrane capacitance. 

F. Clemente et al.                                                                                                                                                                                                      



Heliyon 10 (2024) e28723

5

where Zi =
Zor ∗ Ri

Zor + Ri
and Zor = Ror +

1
jωCor

(4)  

2.4.3. Circuit #3: Cole-Cole 
Finally, the performances of the circuit proposed by Cole and Cole, and already employed in literature [8,13,14], for example for 

verifying electrical parameters’ sensitivity in different muscular conditions, has been studied. 
With respect to the others, the main difference of this circuit, shown in Fig. 4, is the introduction of a pseudo-capacitor, the 

‘‘constant phase element’’ (CPE), i.e., a further impedance called Zcpe [13,14] that produces a phase shift nearly constant, useful, and 
accepted elsewhere [13,14,26,27] to fit EIS data, in biological tissues measurements too. 

The CPE has the following analytical expression (Eq. (5)) [14]: 

ZCPE =A(jω)
− δ (5)  

where ω=2πf, (f is the frequency), A is a constant, and represents the amplitude of the impedance pseudo-capacitive, and δ (0 ≤ δ ≤ 1) 
is a dimensionless empirical parameter characteristic of the distribution of the relaxation times of the various structures forming the 
tissue [8]. 

From this circuit, the tissue impedance can be computed as (Eq. (6)): 

Ztissue =R∞ +
R0 − R∞

1 + (jωT)δ (6)  

where T is the circuit time constant and is in the following relationship (Eq. (7)) with the parameter A: 

A=(R0 − R∞)
1
Tδ (7) 

By using the “Circuit #3: Cole-Cole”, the tissue under examination can be characterized through 5 direct parameters (Rω, R0, R0 - 
R∞, δ, T) to be correlated to biological components [8]. 

It is worth highlighting that, at very-high and very-low frequencies, biological tissues are commonly represented as pure resistors so 
that, in all the circuits, the impedances can be replaced by the ideal resistors. Besides, R0 represents the tissue resistance at low 
frequencies. 

In Table 1 the parameters involved in the different electrical circuit models are summarised, and, in case, their equivalent phys
iological significance are reported. 

Fig. 3. Electrical circuit here called “Circuit #2: Shiffman”. In this circuit, R0, Ri and Cm are again extracellular resistance, intracellular resistance, 
and membrane capacitance, respectively. Then, Ror and Cor are resistance and capacitance associated with intracellular organelles [5]. 

Fig. 4. Electrical circuit here called “Circuit #3: Cole-Cole”. In this circuit, R0 is the extracellular resistance, R∞ represents the tissue resistance at 
high frequency and Zcpe is the impedance due to the constant phase element [13]. 
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2.5. Data analysis 

About the step “Fitting procedure” (D), for fitting experimental data to the circuits, among the most common procedures employed 
in literature and in commercial instrumentations, as already done in other literature studies, the LMS using LEVM software [7,8,28] 
has been employed. It is based on the complex nonlinear least squares fit method, since it is simple to use, explained in detail and 
broadly employed both for industrial and scientific application of EIS. 

In this way, the values of all parameters (Cm, R0, Ri, Cor, Ror, R∞, R0 - R∞, δ, T, A) of the three equivalent electrical models 
considered, and the values of R0 (for its link to the extra-cellular resistance [14,16]), for each of the three trials mentioned in section 
2.2, were estimated. 

In this study, in order to establish which electrical circuit can be the most suiTable, the error analysis becomes a key step; indeed, as 
mentioned, this error represents the reliability of the model in fitting the experimental data. Therefore, the changes in electrical 
parameters’ values and the error obtained in matching experimental data have been studied. To this aim, the fitting error (step “Error 
analysis” – E) has been computed. It is provided by the software, as an output parameter, in order to estimate the best correspondence 
between experimental data and theoretical model. 

After outliers deleting, according a procedure reported in literature [8], the steady state was considered as a reference and for the 
other conditions (contraction and 4 min after) the relative variations of all electrical parameters were evaluated. 

A t-test was adopted to verify the statistical significance of the obtained results. The test was considered significant if it was p ≤ 0.05 
and was carried out also considering the comparison between the state of muscle contraction and that 4 min after contraction. 

3. Results 

As mentioned in section 2.3. “Impedance data”, and published in Ref. [8], the capability of the different electrical elements to 
characterise some muscle physiological conditions has been tested. In particular, rest, contraction and muscular state some minutes 
after contraction were considered for the study. 

The step “Data analysis: choice of data and kind of presentation” (F) of the scheme of Fig. 1 can be very important to simplify the 
following data physiological interpretation (step “Physiological correlation” – H). It is known that a high variability affects biomedical 
measurements, so that, according to Refs. [7,8], relative measurements have been employed, rather than absolute measurements, to 
reduce this variability. The initial rest state (let us call RS) of the muscle under analysis was chosen as reference steady state, and values 
of the electrical parameters obtained during the muscle contraction (here named CN) and 4 min (simply 4 in the following) after 
contraction were computed as relative variations; hence, obtained results were labelled as CN\RS, relative variations of the different 
parameters concerning the contraction state with respect to the reference steady state and 4\RS, relative variations of the values 
obtained 4 min after the contraction with respect to the steady state; RS\RS refers to the reference steady state, i.e. null values. 

In Table 2 above shown, the results of the statistical analysis concerning all the parameters of the three analysed circuits are 
reported. 

From data shown in Tables 2 and it is possible to observe that, globally, as expected, R0 is the electrical parameter most sensible to 
muscle status variations (due to its strict correlation with the extra-cellular fluid). Its changes, indeed, are statistically significant if 
circuits #2: Shiffman and # 3: Cole-Cole are employed, whereas, with the circuit #1, only in the state 4 min after contraction it is 
significant. 

Ri shows a different behavior in the different schemes. With respect to the RS, it decreases significantly in the CN, and slightly 
increases in the state 4 min after contraction, if the “Circuit #1: Rutkove-Ching” is used; but the decrease is lesser in the contraction 
state, and the increase is significant 4 min later, if the “Circuit # 2: Shiffman” is used. 

Other parameters show statistically significant variations only in specific cases (for example, Cor, “Circuit #2: Shiffman”, in con
dition 4/RS; R∞, “Circuit #3: Cole-Cole”, in the condition CN/RS); and some of them have no direct and simple physiological inter
pretation (like T, circuit time constant). 

Summarizing, 2/9 values, i.e., just over 20%, are statistically significant when “Circuit #1: Rutkove-Ching” is employed; just over 
30%, 5/15 values, are statistically significant when “Circuit #2: Shiffman” is employed; and almost 50%, indeed 7/15, when “Circuit 
#3: Cole-Cole” is employed. Therefore, by considering all the parameters, it is possible to observe a higher sensitivity of this circuit. 

In Fig. 5 results of the mean fitting errors are reported. The error is a software output which represents the average of the absolute 

Table 1 
circuit models and involved electrical parameters [5,13,20]. Let us remember that Circuit #1 is Rutkove-Ching, Circuit #2 is Shiffman and Circuit #3 is 
Cole.  

Electrical parameter Circuit in which it is present Meaning 

R0 #1, #2, #3 Extracellular resistance 
Ri #1, #2 Intracellular resistance 
Cm #1, #2 Membrane capacitance 
Ror #2 Resistance of intracellular organelles 
Cor #2 Capacitance of intracellular organelles 
R∞ #3 Parallel between internal and external resistance 
T #3 Circuit time constant 
δ #3 Distribution of relaxation times  
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values of the standard deviations, provided in order to make easier the comparison among different fittings. It is very important to 
highlight that the fitting errors are different for all the muscle states here considered: relaxation, high contraction, 4 min after 
contraction. 

Finally, for sake of completeness, in Fig. 6 the boxplots which shows the errors values obtained across all the participants are 
reported for each analysed electrical circuit. 

Let us briefly remember that box plots are useful since they provide a quick visual summary of the distribution of values in a dataset. 
From the top to the bottom, the horizontal lines represent maximum value, upper quartile, median value, lower quartile, and minimum 
value, so that in the box there is the most amount of data. Circles identify outliers, which can reveal mistakes or unusual occurrences in 
data. It is important to underline that it is not an error to also show outliers; in fact, in an in-depth phase, they can help in the detection 
of errors’ causes. 

4. Discussion and conclusion 

EIS measurements are gaining increasing interest in the analysis of biological tissues, since they represent a painless, low-cost 
methodology for tissue characterization. Recently, this technique has been employed even to study the effect on potato tissue of 
some treatments [29,30]. Many applications concern human tissue, and, in particular, muscle analysis, nowadays an important topic 
for the scientific community [30–33]. 

Very often, electrical models, which implement equivalent electrical circuits, are employed for this kind of studies. Indeed, through 
the changes obtained for the circuit elements’ values, when measuring impedance data, it is possible to know some physiological 
changes of the tissue. However, there exist multiple proposed electrical circuits, with a different number of electrical components, or 
involving the same electrical components but in different configurations [5,13,16,29,30]. 

Furthermore, the results reported in literature are not always in agreement; the reasons can be different. For example, the changes 
in impedance values reflect a series of different effects, such as the modifications in muscle geometry and/or in metabolic processes; 
then, the effects of skin, subcutaneous adipose tissue, and bone, as well as the electrodes’ arrangement, can affect the surface mea
surements [12,34]. Considering this scenario, it is crucial to establish the basic steps of a measurement procedure to be followed and 
shared. Indeed, a common procedure would allow the comparison of the results obtained from different research groups and the 
decrease of some variability sources. 

With this in mind, the choice of the most suiTable model is a key point in EIS applications. In fact, it is important reminding that the 

Table 2 
p-values of the t-test. In bold statistically significant results. Let us remember that Circuit #1 is Rutkove-Ching, Circuit #2 is Shiffman and Circuit #3 is 
Cole-Cole. Moreover, X/RS labels the relative variation of the parameter computed in the state X with respect to the state RS; 4/CN: 4 min after 
contraction with respect to contraction.    

CN/RS 4/RS 4/CN 

Circuit #1 R0 0.3245 0.0004 0.3245 
Ri 0.0462 0.5391 0.0831 
Cm 0.3245 0.3246 0.3246 

Circuit #2 R0 0.0000 0.0060 0.0000 
Ri 0.3452 0.0404 0.0916 
Cm 0.4656 0.4803 0.1559 
Ror 0.4656 0.4803 0.1559 
Cor 0.4718 0.0364 0.2237 

Circuit #3 R0 0.0000 0.0008 0.0000 
R∞ 0.0098 0.6334 0.1172 
R0 - R∞ 0.5929 0.0555 0.0298 
T 0.0002 0.1306 0.0020 
δ 0.4067 0.1006 0.5031  

Fig. 5. Mean values and dispersions of the fitting errors obtained with the three electrical circuits here analysed.  
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choice of the circuit depends on different conditions, such as, for example, the measurement layout and, in particular, the frequency 
range. The study in Ref. [21] affirms that, in different frequency ranges, different tissue elements are elicited; so, if the stimulus has a 
frequency that does not determine a “bioelement” response, the corresponding electrical component is useless and can be eliminated 
from the electrical scheme. 

Hence, in this work, after the presentation of a methodological procedure, proposed for EIS measurements, in order to determine 
the most suiTable circuit, the performances of the more largely used equivalent electrical circuits have been compared. In particular: 
the “Circuit #1: Rutkove-Ching”, the simplest one with only three elements; the “Circuit #2: Shiffman”, with five elements, since also 
involves the analysis of intracellular organelle and the “Circuit #3: Cole-Cole”, with four direct parameters and the fifth indirect were 
considered for the study. 

Before discussing the results obtained, it is important to highlight some important aspects of this work. To the best of our 
knowledge, this is the first time that a procedure to be followed in EIS measurements has been explicitly and accurately defined. 
Furthermore, in the literature, there are not many works that rigorously compare the most used electrical circuits. Finally, the fitting 
error is very rarely considered, it, vice versa, is very important for establishing the reliability of a circuit and its use. Concerning the 
results, values obtained for the electrical parameters firstly confirm that results can be in disagreement; for example, the behavior of R0 
seems not to be the same, in dependence on the employed circuit. 

Fig. 6. Boxplots of the errors for each experimental condition (Rest, Contraction, 4-min after contraction) for the three different models: (a) 
Shiffman circuital model; (b) Rutkove-Ching circuital model; (c) Cole-Cole circuital model. 

F. Clemente et al.                                                                                                                                                                                                      



Heliyon 10 (2024) e28723

9

It is important to put in evidence that aim of this work is not to explain these differences, which will be deepened, rather to evaluate 
if it is possible to reach a trade-off between the capability to react to physiological changes and the circuit complexity, identified as 
number of electrical parameters and their connections, which, in turn, determine the circuit impedance. Furthermore, despite the 
recognized and assessed usefulness of certain models, shared and absolute findings have not been gotten yet. Indeed, above mentioned 
studies propose the use of another electrical circuit, even in different versions [29,30]. Finally, at the best of the authors’ knowledge, in 
this study the performances of different models under the same experimental conditions have been compared for the first time. 

Comparing the sensitivity of the parameters in the three circuits, i.e., their capability to distinguish the different states (see the 
results of the t-test reported in Table 2) and the fitting errors, it is possible to observe that the “Circuit #2: Shiffman” shows the worst 
performances in terms of errors, in opposition to literature’s results. Very probably, this is since this circuit is not adequate to ex
periments carried out in Refs. [7,8], in which there is no interest in organelles reactions; this is a proof of the necessity of properly 
choosing the adequate model. Indeed, “Circuit #1: Rutkove-Ching”, which is very simple, has performed very well in describing 
macroscopic clinical phenomena [16]; whereas “Circuit #3: Cole-Cole”, which, in terms of error, did not perform very well, provided 
very good results in situations which involve also intracellular structures [5,6]. 

The future work will consist in enlarging the dataset, and in the definition of a procedure/formula for obtaining a correlation 
between circuit’s complexity and error’s value. Now, in fact, the relatively small number of measures and the lack of this formula 
represent the limitations of the study. 

However, in order to get a conclusion, we can say that, this study provides a methodology to choice the best fitting of EIS mea
surements on living tissues with the electrical parameters. The practical application is limited to the analysis of muscle tissue to 
monitor fatigue. Studies of other tissues, and/or including other organs (i.e. organelles), or other phisiological conditions require an 
appropriate definition of the better circuit to be applied to monitor target phisiological or pathological phenomena. 

Focusing on the current study, we can conclude that within the specified frequency range, for characterizing various muscle 
physiological conditions such as rest, contraction, the state post-contraction, and subsequent changes in muscle perfusion (Clemente 
et al., 2014b, 2014a), a favorable balance between model complexity, performance (number of significantly changing parameters), 
and acceptable error (considered to be less than 10%) is achieved with "Circuit #3: Cole-Cole". It is noteworthy that a high number of 
parameters can impede the direct interpretation of circuit output in terms of tissue physiological states. Building on previous research 
(Clemente et al., 2014b, 2014a), the Cole-Cole model, despite its lower complexity compared to others, has exhibited a satisfactory 
response regarding changes in electrical parameter values and, under specific conditions, has proven to be as accurate as more intricate 
circuits. The trade-off between complexity and accuracy is contingent upon factors such as tissue type, targeted physiological char
acteristics for analysis, and other parameters, which, within the realm of physiology, heavily rely on empirical settings, hindering the 
establishment of a standardized procedure for exploring the relationship between circuit complexity and error value. These consid
erations pave the path for future endeavors aimed at devising optimal systems, balancing computational complexity with specific 
requirements, thereby fostering the development of intelligent instruments suitable for clinical application [10,31,34–36]. 
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