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Abstract. Bioimpedance is a non-invasive technique
that measures the electrical properties of biological
tissues to assess composition and functional states,
such as water content and hydration status. Widely
applied in clinical settings (e.g., dialysis, heart failure
monitoring) and research (e.g., tissue engineering,
tumor characterization), it is valued for its simplicity, low
cost, and repeatability. However, traditional models like
the Cole model and RC circuits assume tissue
homogeneity and isotropy, leading to errors in
heterogeneous, anisotropic tissues. Recent
advancements in electrical modeling, including
multilayer, anisotropic, and image-based approaches,
address these limitations. Multilayer models improve
heterogeneity representation in muscles and tumors,
while anisotropic models using conductivity tensors
enhance accuracy in electrical impedance tomography
(EIT). Imaging technigues like X-ray microtomography
provide 3D structural data, aiding diagnostics in skin
tumors, and tools like singular perturbation theory and
stereology model small inclusions and quantify tissue
properties. These advances reduce extracellular fluid
volume estimation errors by up to 15% and
measurement errors in heterogeneous tissues by 20—
30%, improving applications like lung ventilation
mapping and early pathology detection (e.g., 88%
sensitivity in breast cancer). Al integration further
enhances precision, achieving over 90% accuracy in
heart failure fluid predictions. Clinical applications
include optimized dialysis protocols and sports training,
while portable EIT wearables enable real-time
monitoring. Challenges persist, including
standardization issues causing 10% result variability and
limited Al datasets. Future efforts should focus on
international standards, Al-driven diagnostics, and EIT-

ultrasound integration to strengthen bioimpedance’s role
in personalized medicine. These advancements
revolutionize bioimpedance interpretation, enhancing
diagnostic accuracy and clinical accessibility.
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1 Introduction

Bioimpedance is a non-invasive technique that
evaluates the electrical properties of biological
tissues, providing insights into their composition
and functional state. It measures the opposition to
the flow of a low-intensity alternating electrical
current, enabling the estimation of physiological
parameters such as water content, lean mass, and
hydration status [1]. Its applications span clinical
settings (e.g., monitoring dialysis or heart failure
patients) and research (e.g., tissue engineering,
tumor characterization) [2]. Bioimpedance is
valued for its simplicity, low cost, and ability to
perform repeated measurements without adverse
effects. However, traditional electrical models,
such as the Cole model and RC equivalent circuits,
assume tissue homogeneity and isotropy, which do
not reflect the complex, heterogeneous, and
anisotropic nature of biological tissues, leading to
errors in parameter estimation [3]. Recent
advances, including multilayer, anisotropic, and
image-based models, aim to address these
limitations.  This review analyzes these
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advancements, their impact on bioimpedance
interpretation, and their implications for clinical and
technological applications.

2 Fundamentals of Electrical
Modeling of Biological Tissues

Electrical modeling of biological tissues seeks to
represent their electrical properties (conductivity,
permittivity, anisotropy) using mathematical
models and equivalent circuits to interpret
bioimpedance data [4]. Conductivity reflects a
tissue’s ability to conduct current, influenced by
intra- and extracellular fluid content, while
permittivity indicates the capacity to store charge,
related to cell membrane polarization [5].
Anisotropy, arising from the preferential orientation
of cells or fibers (e.g., higher conductivity along
muscle fibers), complicates modeling, as tissues
are not isotropic [6]. Additionally, electrical
properties vary with frequency due to dielectric
dispersion, reflecting different conduction and
polarization mechanisms [7].

The Cole model, a widely used empirical model,
describes tissue impedance as a combination of
resistances (modeling intra- and extracellular

fluids) and capacitance (representing cell
membrane polarization) [8]. Its equation is:
Zwota=Rinf+(RO-Rinf)/(1+j(Tw)), Q)

where RO is low-frequency resistance, Rinf is high-
frequency resistance, T is the time constant, and a
describes dielectric dispersion [9]. RC circuits,
another common approach, model tissues with
resistances and capacitances but are limited in
capturing multi-frequency dynamics or tissue
heterogeneity [3]. These traditional models fail to
account for anisotropy and structural complexity,
leading to inaccuracies in applications like tumor
detection or edema assessment. Advanced

models integrating imaging data and

computational methods are addressing

these challenges.

3 Recent Advances in Electrical
Modeling

Recent developments in electrical modeling have
overcome the limitations of traditional models by
introducing multilayer and anisotropic approaches,
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ray microtomography), and applying sophisticated
mathematical tools like singular perturbation theory
and stereology. Multilayer models divide tissues
into regions with distinct electrical properties,
improving the representation of heterogeneity, as
seen in muscle or tumor tissues [10]. Anisotropic
models incorporate conductivity tensors to account
for directional variations, enhancing accuracy in
applications like electrical impedance
tomography (EIT) [11].

Imaging techniques provide detailed structural
data, enabling finite element models to simulate
tissue electrical responses accurately. For
instance, microtomography reveals the 3D
geometry of bone or tumor tissues, improving
osteoporosis or cancer diagnostics [12]. Singular
perturbation theory models the impact of small
inclusions (e.g., malignant cells) on impedance,
while stereology quantifies 3D tissue properties
from 2D images, enhancing the interpretation of
impedance spectra [13]. These advances have
improved the characterization of complex tissues,
enabling applications in neurology, oncology, and
tissue engineering.

4 Implications for Bioimpedance
Interpretation

Advanced models have transformed
bioimpedance interpretation by improving the
precision of physiological parameter estimation,
reducing errors in heterogeneous tissue
measurements, and enhancing early pathology
detection. Multilayer and anisotropic models
reduce errors in estimating extracellular fluid
volume (FEC) by up to 15% compared to the Cole
model, benefiting conditions like renal failure [14].
Integration with artificial intelligence (Al) and
machine learning further enhances accuracy, with
deep learning models predicting FEC in heart
failure patients [15]. These improvements facilitate
timely treatment adjustments in clinical settings
and optimize training programs in sports.

For heterogeneous tissues, advanced models
reduce measurement errors by 20-30%, improving
applications like EIT for mapping lung ventilation or
detecting edema. In pathology detection,
bioimpedance with advanced models achieves
88% sensitivity in identifying breast cancer lesions,
compared to 75% with traditional models, and 90%
specificity in detecting pulmonary fibrosis. These
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advancements support non-invasive diagnostics,
particularly in resource-limited settings.

5 Clinical and
Applications

Technological

Bioimpedance’s clinical applications include
monitoring body composition and hydration status
in renal failure, heart failure, and sports. Advanced
models improve FEC estimation accuracy by 12-
15%, optimizing dialysis protocols and athlete
training [14]. In tissue engineering, bioimpedance
assesses tissue viability, detecting cellular density
changes in cardiac or bone constructs with up to
88% accuracy. The development of portable and
wearable bioimpedance devices, enhanced by Al
and multilayer models, enables real-time
monitoring in telemedicine and sports, achieving
90% accuracy in detecting hydration changes or
muscle fatigue. EIT-based wearables show
promise for ambulatory lung monitoring, reducing
hospital admissions for respiratory conditions [16].
Additionally, different contrast media are
investigated to improve discrimination between
tissue types [17,18].

6 Challenges and Future Perspectives

Despite progress, challenges remain, including the
lack of standardization in  models and
measurement protocols, which introduces up to
10% variability in results [19]. Standardizing
electrode placement, frequency ranges (10 kHz-1
MHz), and model parameters is critical for
reproducibility. Al integration faces challenges due
to limited labeled datasets and potential biases,
necessitating diverse, global databases. EIT’s
clinical adoption is hindered by complex
computational models and bulky systems, though
portable EIT patches show promise for ambulatory
use [20].

Future perspectives include developing
international standards through organizations like
the International Society for  Electrical
Bioimpedance, enhancing Al-driven predictive
diagnostics, and integrating EIT with modalities like
ultrasound for improved cancer detection. These
advancements may position bioimpedance as an
important part of personalized medicine and
biomedical research.

7 Conclusions

Advances in  electrical modeling have
revolutionized bioimpedance, improving precision,
reducing errors, and enabling early pathology
detection. Future research should focus on
standardizing protocols, expanding Al
applications, and developing portable EIT systems
to enhance clinical accessibility  and
diagnostic accuracy.
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