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Abstract

Electrical impedance myography (EIM) is a noninvasive bioimpedance technique used to
assess the structural and compositional properties of muscle tissue. It involves passing
a low-intensity probing current between current electrodes and recording the resulting
potential difference across measuring electrodes positioned over the muscle of interest.
The complexity of signal interpretation lies in the mechanisms of its generation, which are
based on dynamic morphofunctional changes in muscle tissue and the skin-fat layer during
contraction, which remain incompletely understood. The aim of this review is to summarize
current knowledge on the application of EIM in assessing morphofunctional changes in
biological tissues for diagnostic, rehabilitation, and biofeedback purposes, taking into
account the EIM signal generation mechanisms. Building upon current knowledge, the
paper outlines promising avenues for future research in this area. This review includes
research papers, review articles published in English from 2016 to 2025, in which EIM was
used for diagnostic, rehabilitation, or biofeedback purposes. The selection criteria were
experimental or clinical design involving humans or animals, the presence of quantitative
data linking impedance parameters to physiological tissue properties, and the use of
standard measurement techniques. The review included 51 papers selected from a search
of the Scopus database covering 2016-2025 and conducted in accordance with the PRISMA-
ScR criteria; a total of 458 records were identified, of which 51 studies were included in the
final analysis after screening and full-text assessment. A small number of publications from
2026 are cited as supplementary background and were not part of the formal screening
count. The conducted scoping review showed that EIM is a promising and informative
tool for non-invasive assessment of the morphofunctional conditions of skeletal muscles,
demonstrates a correlation with the muscle contraction force, and can be used as an
independent or additional method for diagnostic and rehabilitation purposes. Despite the
promise of the method, further detailed research signal generation mechanisms is needed.
This includes the assessment and isolation of the contribution of various biological tissues
to the recorded EIM signal, taking into account the determination of the electrode system
location over the target muscle.

Keywords: electrical impedance myography; muscles; subcutaneous fat; bioimpedance;
biofeedback
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1. Introduction

The growing popularity of bioimpedance methods for monitoring changes in muscle
structure and function, particularly in the upper limbs, is the result of an expanding range
of practical applications and a deeper scientific understanding of the physiological pro-
cesses underlying these methods. An analysis of scientific publications over the past decade
(2016-2025) shows that interest in electrical impedance myography (hereinafter EIM) is
becoming a tool for assessing morphofunctional changes in biological tissues in clinical
practice [1], rehabilitation [2], and the development of biofeedback systems [3,4]. Despite
the significant amount of accumulated data in these areas of EIM application, significant
gaps remain regarding the standardization of measurement protocols and the unification
of signal interpretation under individual anatomy. The aim of this review is not only to
systematize current understanding of the bioimpedance signal formation mechanisms,
but also to identify key methodological gaps that currently limit the implementation of
the method in clinical practice. An analysis of research from the last decade makes it
possible to summarize and identify unresolved issues, including those related to identi-
fying the contribution of various biological tissues to the recorded signal. This review of
the subject area will provide a foundation for future research, thereby accelerating the
development of reliable EIM-based diagnostic criteria and control algorithms for robotic
devices, minimizing the risk of data misinterpretation.

The operating principle of EIM is based on the passage of a high-frequency, low-
amplitude (<10 mA) electric current through the target tissues (in particular, the skin-fat
and muscle layers). In turn, changes in the composition and architecture of tissues [5],
caused by disease or muscle contraction, affect the values of electrical impedance in the
frequency range of the probing current [6]. The body’s tissues actually become components
of an electrical circuit, and the change in current amplitude is associated mainly with
the resistive behavior of the tissues, i.e., with a change in structure. The time delay of
the current is associated with capacitive/reactive components, mainly with myofibril
membranes, which act as circuit capacitors [7]. Thus, measuring electrical properties (e.g.,
the real and imaginary components of impedance, as well as the impedance modulus
and phase angle) relative to the applied current over a wide frequency range can provide
information about the structure and integrity of biological tissues.

The recorded impedance values are influenced not only by the internal electrical
properties of tissues, such as specific electrical resistance and relative permittivity, but also
by factors such as the characteristics and location of electrodes [8], electrode material [9],
interelectrode distance [10], the degree of muscle contraction/fatigue [11], as well as the vol-
ume and geometric parameters of tissues located directly under the electrode system [12].
For this reason, studies of the bioimpedance signal generation mechanisms using finite
element modeling to optimize the electrode system geometry and interpret measurements
of recorded signals are becoming increasingly relevant [13,14]. Computational models
constructed on the basis of magnetic resonance imaging (MRI)/ultrasound /3D scanning
data [15-17] or when modeling a limb with cylindrical inclusions [18] corresponding to
biological tissues on average in thickness and electrical properties, make it possible to pre-
dict how the bioimpedance signal will change in response to physiological processes. In a
small exploratory forearm study, Kapravchuk et al. [19] recorded EIM alongside ultrasound
while controlling electrode-system force and stepwise displacement; pressure- and muscle-
action-dependent impedance changes were accompanied by changes in the thickness of the
skin-subcutaneous-fat and muscle layers. Thus, tissue architecture is demonstrably associ-
ated with EIM, but direct dynamic quantification of muscle displacement beneath a fixed
electrode array in adequately powered active-contraction cohorts remains limited; tissue
deformation and electrode-skin loading should be treated as potential contributors rather
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than as direct EIM outputs [19-21]. This is critically important to consider when designing
proportional biofeedback systems. It is also important to note that skeletal muscle tissue
has a high degree of anisotropy due to its structural features [1], which must also be taken
into account in finite element modeling of current propagation in biological tissues.

Electrical impedance methods allow for non-invasive assessment of muscle tissue’s
internal conditions by linking quantitative changes in bioelectric signals with morphofunc-
tional processes. These processes can be classified based on their duration and physiological
nature and include fast processes, such as changes in contraction force [11] (and in the
case of longer contractions, fatigue [22]), and slow structural changes, including hyper-
trophy [23], atrophy [24], adipose infiltration and recovery after injury [25], adaptation
to the training process [3], etc. Functional changes occurring in muscles during contrac-
tion are the basis for using electrical impedance methods in control interfaces [19]. While
bioimpedance methods were initially considered primarily for diagnostic purposes, they
are now being successfully integrated into a wide variety of fields. In particular, studies
aimed at assessing muscle strength using EIM are gaining popularity [4]. Thus, in [26],
the possibility of using multi-frequency EIM to predict grip strength in adults, including a
significant proportion of elderly people, was examined. EIM data were obtained from the
flexor and extensor muscle groups of the forearm. Since grip strength is a key indicator of
a number of neuromuscular diseases, including sarcopenia, characterized by progressive
and pathological loss of muscle mass and dysfunction of skeletal muscles, the presence of a
simple diagnostic method reflecting not only the external function of muscle strength (for
example, as in the dynamometry method [27]), will make it possible to assess the functional
condition of elderly people and monitor the dynamics of therapy taking into account the
internal properties of biological tissues [28]. This will significantly simplify the early detec-
tion of diseases and improve patient treatment outcomes. Thus, EIM makes it possible to
obtain an assessment of the composition and structure of muscles and surrounding tissues
by measuring their resistive and capacitive properties, as well as to evaluate the muscle
contraction force [11]. This opens up opportunities for wider clinical application of this
method in assessing the condition of tissues, as well as in proportional biofeedback tasks.

Thus, currently, proportional force control of industrial/medical manipulators, as well
as prostheses, orthoses and exoskeletons using EIM is a developing field [29]. The reason is
that modern robotic devices controlled using the generally accepted and used method of
electromyography (hereinafter EMG) [30] do not allow for precise force regulation [31], and
control strategies implemented in commercially available devices still largely provide only
binary, or all-or-nothing control [32,33]. The integration of EIM and EMG methods, which
is being studied in global practice, makes it possible to create proportional control systems,
where EMG encodes the user’s intention, and EIM isolates the amplitude component of the
action being performed (in the absence of applied force) and the level of force (taking into
account the start of force application) [34]. Furthermore, EIM allows for the evaluation of
muscle parameters in the context of their condition and pathological changes [35], which
is particularly important for personalizing the control of prostheses [31]. In rehabilitation
robotics, particularly for exoskeletons designed to assist in walking or performing strength
tasks, it is critical to accurately determine the intention of a person’s movement and
synchronize the force of the robotic device with muscle activity. Furthermore, EIM can
be used to control the contact of the device with the skin surface, preventing excessive or
insufficient pressure of the electrodes to it, which affects the recorded signal, especially
under dynamic recording conditions [20].

Thus, the increase in the number of publications over the past 10 years is due not only
to the combination of advances in hardware and software for bioimpedance methods, but
also to the expansion of the range of problems that can be solved using this method. EIM
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has proven itself as a method for screening and assessing the condition of muscle tissue [12].
Thus, in the field of rehabilitation and assessment of disease progression, EIM is used to
quantitatively assess the recovery of muscle mass and function after a stroke [36], which
allows physicians to objectively evaluate the effectiveness of therapy and promptly adjust
the rehabilitation program. EIM can also be used to assess the progression of diseases such
as Duchenne muscular dystrophy [37], amyotrophic lateral sclerosis [38], spinal muscular
atrophy [39], etc.

However, EIM, despite the above-mentioned areas of implementation, has its limi-
tations, since measurements obtained using surface electrodes provide generalized infor-
mation about the area of interest and do not allow localization of changes at the level of
individual layers or structures. The measured parameters are not direct physical properties
of the muscle, but represent the integrated response of the entire structure within the
recorded area. Changes in tissue parameters, such as muscle size, the relative position
of the electrodes and muscles, the thickness of the skin-fat layer in the projection of the
electrode systems and its change during contraction, make a significant contribution to the
recorded electrical impedance signal. For the correct interpretation of EIM data, it is critical
to understand which biological tissues contribute to the measured signal. For example,
in [40], it was shown that the percentage of body fat in overweight and obese individuals
significantly affects EIM signal parameters.

The key aspect determining the practical value of EIM is the establishment of a quanti-
tative relationship between the measured impedance parameters and specific physiological
conditions of muscles.

Currently, there are a number of review articles devoted to EIM, which consider the
general principles of the method, its clinical applications and technical aspects of the pro-
cess, in particular, those covered in [1,3,7,41]. In turn, among the most modern review
publications, it is worth noting [42—44]. However, despite the studies devoted to the use
of EIM in diagnostics, rehabilitation and biofeedback interfaces, how the methodological
measurement parameters, individual anatomy, the muscle tissue conditions, the contri-
butions of the skin-fat layer and the force tissue deformation during the generation of
muscle effort affect the EIM signal generation and interpretation remains fragmented across
individual studies and has not yet been systematically mapped. This gap is associated not
only with the lack of individual empirical data, but also with the absence of a consistent
explanation of which tissue and measurement factors determine changes in impedance pa-
rameters during morphofunctional changes in biological tissues. This review systematizes
the existing evidence on the use of EIM to assess morphofunctional changes in muscle
and surrounding tissues, and identifies the methodological and tissue-related factors that
remain insufficiently characterized in diagnostic, rehabilitation, and biofeedback tasks.

Unlike existing reviews, this review focuses on the methodological foundations and
practical aspects of EIM application, with an emphasis on the signal generation mechanisms.
Based on the analysis, current problems and unresolved issues in this field are formulated
and the most promising directions for future research are identified, which will help
overcome existing methodological and technological limitations. Thus, this scoping review
aims to answer the following questions: (1) What are the key methodological factors
affecting EIM signal interpretation? (2) How does EIM correlate with muscle morphology
and function? (3) What are the current limitations and future directions for EIM in clinical
and bioengineering applications? These questions, together with the eligibility criteria, the
search strategy and the data-charting form, were fixed in a review protocol agreed by all
authors before the search was carried out; the protocol is reported in full in Section 2.

To achieve the stated objectives, a comprehensive analysis of scientific literature
published between 2016 and 2025 was conducted using the international Scopus database.
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However, a limitation of the study is that the literature search was conducted only in
Scopus and did not include additional databases such as PubMed and Web of Science.
This approach was chosen given the broad interdisciplinary coverage of Scopus, which
includes publications in the fields of medicine, biomedical engineering, neurosciences,
rehabilitation, and related technical fields, consistent with the complex nature of the topic
under consideration. Although the inclusion of PubMed and Web of Science could have
expanded the pool of potentially relevant publications, the use of the Scopus database
ensured representative coverage of the study area, avoided excessive duplication of records,
and maintained the reproducibility of the search strategy through the use of uniform criteria
for selection, filtering, and analysis of sources.

Key sources included research papers, review articles in English specifically devoted
to EIM theory and practice. Background materials included studies using medical imaging
(ultrasound, MRI, computed tomography (CT)) and functional diagnostics (dynamom-
etry, electromyography) to verify structural and functional changes in skeletal muscles
compared to EIM. Additional sources were consulted as needed to ensure completeness
of presentation, substantiate methodological approaches, and interpret the results in the
context of EIM application.

2. Materials and Methods (Scoping Review Approach)

In conducting this scoping review in order to cover studies aimed at using EIM to
assess morphofunctional changes in biological tissues and biofeedback interfaces, the
authors of this work were guided by the recommendations of The PRISMA extension for
scoping reviews (PRISMA-ScR, 2018) [45].

This scoping review was designed, conducted and reported in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses extension for Scoping
Reviews (PRISMA-ScR) [45]. A completed PRISMA-ScR checklist, mapping each of the
22 reporting items to the corresponding section and page of this manuscript, is provided as
Supplementary Material.

Protocol and registration. A review protocol was prepared and agreed by all authors
before the literature search was executed. The protocol fixed the review questions, the
population—concept—context framework, the eligibility criteria, the Scopus search strategy
and the data-charting form; it is reported in full in Sections 2.1-2.4, so that the review can
be reproduced from this manuscript. The review was not registered in a public registry.
PROSPERO does not accept registrations of scoping reviews, and no equivalent registration
was undertaken in another registry; consequently, no registration number is available.
No amendments were made to the protocol during the conduct of the review. The only
addition was a small number of publications from 2026, which were used as supplementary
background sources during revision and were deliberately kept outside the formal Scopus
screening count (Section 2.3).

Critical appraisal. In accordance with PRISMA-ScR guidance, and consistent with
the purpose of a scoping review, a formal critical appraisal or risk-of-bias assessment of
the individual included sources was not performed. The objective of this review was
to map the extent, range and nature of the available evidence on EIM signal generation
and interpretation, rather than to estimate the effect of an intervention. Accordingly, no
appraisal-based weighting, ranking or exclusion was applied in the synthesis. This is
acknowledged among the limitations of the review in Section 4.2.

Funding of the individual included sources of evidence was not charted, as it was not
relevant to the review questions, which concern measurement methodology and tissue
physiology rather than intervention effects.
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The literature search was conducted in December 2025 and updated in March 2026,
including studies published from 2016 to 2025.

The screening process was primarily performed by one author, while two additional
authors independently reviewed and validated the study selection and methodological
approach; any disagreements were resolved through discussion to reach consensus.

2.1. Inclusion Criteria

For this review, inclusion criteria included research papers, review articles in English
published within the last 10 years (2016-2025). This time period was chosen to analyze the
current stage of EIM development, characterized by significant advances in the hardware
implementation of measurement systems, multi-channel and multi-frequency methods,
and the development of algorithms for processing and interpreting bioimpedance signals.
This work reviewed and analyzed studies that used EIM for diagnostic, rehabilitation,
and biofeedback purposes. Only studies that directly assessed the types of biological
tissues studied, such as skeletal muscle and its conditions, skin, subcutaneous fat, and the
contribution of these tissues to impedance signal generation, were selected for analysis.

Participant types: experimental/clinical studies involving humans (healthy volunteers,
patients with specific diagnoses) or animals.

Data: availability of quantitative data on the relationship between impedance pa-
rameters and physiological (pathophysiological) tissue parameters (description of the
relationship between impedance parameters (impedance modulus amplitude, phase angle,
probing current frequency, active and reactive resistance) and tissue parameters (relative
permittivity, specific electrical resistance, changes in internal geometry, etc.).

Use of standard measurement protocols: frequency ranges of 1 kHz-2 MHz, bipo-
lar/tetrapolar technique.

2.2. Exclusion Criteria

The following were excluded from this review: studies using cell cultures; in vitro
studies (using needle electrodes) with the exception of information for background ref-
erences; studies solely devoted to whole-body bioimpedance analysis; studies without
quantitative results that do not allow for establishing a relationship between EIM parame-
ters and tissue condition; papers in languages other than English; duplicate data (duplicate
publications on the same sample); studies containing measurements through clothing,
bandages, gels with unknown conductivity, and measurements on non-intact skin (e.g.,
wounds, burns).

2.3. Data Sources

For this review, a literature search was conducted in Scopus using the following
search query:

TITLE-ABS-KEY ((“electroimpedance” OR “bioimpedance” OR “electrical impedance”
OR “electrical impedance spectroscopy” OR “electrical impedance tomography”) AND
(“forearm muscles” OR “muscle assessment” OR “muscle function” OR “muscle activ-
ity” OR “muscle performance” OR “muscle contraction” OR “muscle diagnostics” OR
“muscle strength” OR “muscle*”) AND (“morphofunctional changes” OR “muscle re-
habilitation” OR “neuromuscular interface” OR “bioelectrical signals” OR “bioelectrical
impedance” OR “functional assessment” OR “muscle control” OR “prosthetic control”))
AND (PUBYEAR > 2015 AND PUBYEAR < 2026) AND (LIMIT-TO (SUBJAREA, “MEDI”)
OR LIMIT-TO (SUBJAREA, “NURS”) OR LIMIT-TO (SUBJAREA, “HEAL"”) OR LIMIT-TO
(SUBJAREA, “VETE”) OR LIMIT-TO (SUBJAREA, “NEUR”)) AND (LIMIT-TO (DOCTYPE,
“ar”) OR LIMIT-TO (DOCTYPE, “re”)) AND (LIMIT-TO (LANGUAGE, “English”)). Publi-
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cations from 2026 were added as supplementary sources during manuscript revision and
were not included in the formal Scopus screening count.

To check for compliance with the selection criteria, a primary analysis of titles and ab-
stracts was conducted. Each selected paper was analyzed for information on bibliographic
characteristics (publication type, authors, year, and journal); study objectives; study design
and methodology; study areas and tissue types examined; characteristics of EIM technique;
results, conclusions, and stated limitations.

A total of 458 records were identified through the Scopus database search. No du-
plicates were detected in the dataset. After title and abstract screening, 369 records were
excluded, resulting in 89 reports being retrieved for full-text assessment. Of these, 38 papers
were excluded after full-text evaluation due to being review papers, methodological or
background studies, or not directly relevant to the scope of the review. Ultimately, 51 stud-
ies met the inclusion criteria and were included in the final analysis. The identification,
screening and selection process is summarized in Figure 1.

- G - A
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® Records identified through database searching Records identified through
;f—_’ (Scopus) other sources
s (n = 458) (n=0)
[7)
=
- - r~ —
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Figure 1. PRISMA-ScR flow diagram of the identification, screening and selection of sources of

evidence included in the scoping review.

2.4. Research Records

Records were exported from the Scopus database to Zotero 7.0.32, a software for
managing bibliographic data and associated research materials. The publication dataset
was then screened for duplicate references.

Data extraction was performed using a predefined form. For each included paper,
the following parameters were recorded: bibliographic characteristics of the publication,
including paper type, authors, year of publication, and journal; study objective; design
and methodology; field of EIM application, including diagnostics, rehabilitation, muscle
function assessment, or biofeedback; study sample characteristics; tissue type and specific
muscles or muscle groups examined; EIM technique parameters, including impedance
parameters used, frequency or frequency range of the probing current, bipolar or tetrapolar
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electrode configuration, electrode material and placement, interelectrode distance, and
measurement protocol details. Data on control or validation methods used for comparison
with the EIM were also extracted, including dynamometry, electromyography, ultrasound,
MR, CT, and functional testing.

Quantitative results reflecting the relationship of EIM parameters with morphological
and functional tissue characteristics, including correlation coefficients, regression model
indicators, and the method’s sensitivity to changes in contractile force, fatigue, subcuta-
neous fat thickness, muscle cross-sectional area, adipose infiltration, atrophy, hypertrophy,
and other morphofunctional changes, were separately recorded. This approach was chosen
given that the interpretation of the EIM signal significantly depends on the configuration
and placement of the electrodes, frequency range, anatomical features, and the measure-
ment protocol.

For each paper, the authors” main conclusions, stated study limitations, consider-
ation/absence of consideration of the influence of skin and subcutaneous fat, and the
presence of external validation or comparison with reference methods were also noted.
This made it possible to systematize data not only by areas of EIM application, but also
by methodological factors that determine the reproducibility and comparability of results
between studies.

3. Results
3.1. Electroimpedance Techniques for Muscle Assessment

The choice of electrode system configuration is one of the fundamental aspects of
EIM measurements, as it directly determines the sensitivity of the method to changes in
specific tissue structures. The most common standard in modern practice remains the
tetrapolar signal recording technique (4-electrode system), which minimizes the influence
of resistance at the electrode-skin interface [46]. In contrast, the bipolar (2-electrode) system
records the total resistance of the entire circuit, making the results sensitive to changes in
the electrode-skin contact [44].

A key limitation of measurements using surface electrodes is that the impedance is a
weighted average of all tissue layers through which the current passes, from the epidermis
and subcutaneous fat to muscle fibers. Studies show that the contribution of the target
muscle to the total signal when using standard surface electrodes can be less than 30% [8].
This makes data interpretation vulnerable to changes in the thickness of adipose tissue [47]
or changes in the contact of the electrodes with the skin surface, which can significantly
affect the result, masking or distorting true changes in the muscle [48]. Thus, for example,
for the forearm muscles, for the purpose of recording signals in biofeedback systems, where
the volume of muscle tissue is smaller and the anatomical complexity is higher, it is critical
to consider the location of the electrode systems relative to the muscle active during the
action, taking into account the myotendinous junction and the zones of greatest change in
subcutaneous fat during contraction.

Also, the electrode shape and material significantly affect the current distribution and,
consequently, the sensitivity of measurements to changes in tissue. The study [49] compared
the effectiveness of round and rectangular electrodes in assessing forearm muscles. It
was shown that rectangular electrodes, with a larger contact area, demonstrate a more
pronounced dependence of the recorded signal on the thickness of subcutaneous fat. This
means that in patients with variable body composition (e.g., with sarcopenic obesity or
after injury), impedance changes measured with rectangular electrodes may be erroneously
interpreted as muscle pathology, whereas in fact they reflect the characteristics of the
subcutaneous fat. To minimize such artifacts, it is necessary to use calibration protocols that
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take into account the electrode configuration or apply multi-frequency analysis to isolate
the contributions of different tissue structures [50].

The electrode material used also plays an important role in recording the EIM signal.
Ag/AgCl provide a stable signal, but require the use of conductive gels [51], which can
dry out or leak out and form a single conductive layer during contraction, and also cause
impedance drift during long-term measurements. In the context of wearable devices, loss
of contact or change in electrode-skin contact [52] can be mistakenly interpreted as a change
in the user’s muscular conditions. A solution may be “dry” [53] or disposable electrodes;
however, an actively developing direction in EIM electrode system configurations are flexi-
ble electrode matrices, which easily adapt to complex anatomical shapes [54,55], ensuring
reliable contact with the skin during long-term wear. The geometry and interelectrode
spacing of flexible electrode systems should be selected according to the user’s anatomy
and the required probing depth [56].

In turn, the availability of a frequency range for the probing current during research is
increasingly becoming a modern requirement for EIM systems. Different tissue structures
and components exhibit different behavior at different frequencies of the alternating prob-
ing current, which allows for obtaining an impedance spectrum characteristic of a given
tissue. EIM systems should allow measurements in the range from kilohertz to megahertz.
For example, some modern interfaces are specifically designed to operate in the range from
1 kHz to 2 MHz (and higher), and the choice of a specific range depends on the research
or diagnostic task. As noted in [57], insufficient range width or an incorrect choice of
operating frequencies can lead to specific pathological changes being masked by general
tissue impedance fluctuations. Therefore, it is critically important to validate the frequency
protocol for a specific nosology or research task [58].

Thus, the selection of electrode configuration, material, geometry, and frequency pro-
tocol in EIM represents a comprehensive approach that determines the method’s sensitivity
to the recorded morphofunctional changes in biological tissues. For accurate data interpre-
tation, it is necessary to consider the influence of subcutaneous fat and, consequently, the
location of electrode systems in the projection of target muscles, select the electrode config-
uration for a specific task, and use multi-frequency analysis to isolate the contributions of
biological tissues.

3.2. Detection of Morphological and Functional Muscle Changes

For clarity, two distinct EIM measurement paradigms are considered throughout
this review. In dynamic or time-resolved EIM, impedance is measured continuously or
repeatedly during an ongoing muscle contraction or movement. The resulting within-trial
changes reflect rapid alterations in tissue geometry, muscle fiber orientation, fluid distri-
bution, and the relative positions of the tissues and electrodes. These measurements may
be synchronized with dynamometry or EMG and used to investigate contraction-related
changes or to develop force-estimation and biofeedback systems. In biofeedback appli-
cations, time-resolved EIM signals may serve as continuously updated control inputs for
identifying movement phases, estimating relative changes in contraction force, adapting
the assistance provided by a robotic device, and delivering immediate feedback to the
user. However, such applications require appropriate individual calibration and control
of measurement-related confounding factors. In contrast, a single-point or snapshot EIM
assessment is obtained at a defined time point, typically under standardized resting condi-
tions, and is used to characterize tissue composition and architecture or to compare muscles
across individuals, clinical groups, or longitudinal visits.

Research conducted since 2016 demonstrates the high sensitivity of EIM to processes
occurring in the muscle directly during contraction and recovery. These processes include
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changes in contractile force, as well as metabolic and structural changes in tissues, which
are reflected in impedance characteristics.

The key parameters of EIM include: muscle active resistance (R), which reflects the
resistance to current flow in extracellular and intracellular fluids; muscle reactance (X),
which shows how cell membranes and fascia affect current flow; the phase angle, which is
defined as follows:

0 = arctan (

ﬁ)/ )

and the impedance modulus, which is defined as follows:
|Z| = VR2+ X2 (2)

The authors of the paper [42] confirm that bioimpedance methods are sensitive to
changes occurring after physical activity and may become a potential method for non-
invasive quantitative assessment of changes in tissues caused by physical activity, fatigue,
injury, and recovery. The use of EIM for assessing muscle strength is increasingly finding
application, since changes in signal parameters may be associated with the superposition
of myofibril excitation effects, displacement of intercellular fluid, an increase in the cross-
sectional area of myofibrils (and the cross-sections of active muscles in general), and
morphological changes (e.g., changes in skin-fat layer thickness, its displacement relative
to electrode systems located on the skin surface). In turn, the authors of biological tissue
study [28] showed that EIM parameters systematically change in response to isometric
muscle contraction, both when maintaining the joint angle (in this case, changes in EIM
parameters are mainly due to overcoming the force of gravity), and when actively pressing
on a fixed lever (in this case, changes in EIM parameters are more pronounced and are
directly related to the intensity of active contraction). With increasing force, an increase
in active resistance and impedance modulus is observed, as well as a decrease in reactive
resistance and phase angle. Thus, this study confirms that EIM is not just a marker of
muscle structure, but also a sensitive tool for quantitatively assessing dynamic muscle
activity and strength, provided that such factors as the type of contraction, joint angle and
probing current frequency are taken into account.

In turn, in patients with stroke and hemiparesis, after a 40 min workout on a bicycle
ergometer with functional electrical stimulation, statistically significant changes in EIM
parameters were recorded, including those correlating with the results of clinical tests [2].
This study proves that EIM can objectively and non-invasively assess rapid intramuscular
changes caused by the rehabilitation process.

Other studies confirm that EIM is sensitive to changes associated with muscle fatigue.
Thus, in [22], it was shown that fatigue, assessed through the maximum voluntary contrac-
tion, correlated with changes in impedance (a trend towards a decrease in resistance R in
the volunteer’s muscles from a condition of complete relaxation to the extreme degree of
fatigue was shown, and also that at different load levels of 20%, 40%, 60% of maximum
contraction). In turn, since continuous monitoring during the training process is extremely
important for the prevention of muscle damage, this emphasizes the relevance of the po-
tential EIM application in the detection of sports injuries [42,59], including in monitoring
muscle fatigue conditions.

One of the most reliable and well-studied properties of EIM is its ability to reflect
macroscopic changes in muscle tissue, such as changes in its cross-sectional area and com-
position, including atrophy, hypertrophy, adipose infiltration, and fibrosis. The authors [24]
demonstrate that EIM can successfully monitor these processes. For example, an increase
in the proportion of fat within the muscle should lead to an increase in the total impedance,
which is supported by data [25] showing that EIM can effectively measure local fat con-
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tent in muscles. Thus, another important systemic factor reflected in EIM parameters are
morphofunctional changes caused by aging. In the context of age-related changes, EIM is a
useful tool for screening sarcopenia [60], a syndrome characterized by a progressive loss of
muscle mass and strength [61]. Phase angle values obtained using EIM have been shown
to be a good marker in the assessment of sarcopenia, demonstrating a positive correlation
with muscle mass and grip strength indices [62]. Below is a comparative Table 1 for some
studies on EIM parameters and muscle strength indices (where the following abbreviations
are used: R is active resistance; X is reactance; PhA is phase angle; MQ is muscle quality;
hEIM is handheld electrical impedance myography; QMT is quantitative myometry; 6MWT
is 6 min walk test; FSHD is facioscapulohumeral muscular dystrophy; FES is functional

electrical stimulation.

Table 1. Correlation of EIM parameters with recorded force parameters.

. Strength Assessment Correlation .
Functional Parameter EIM Parameter Method Coefficient (r) p-Value Population
Biodex, normalized peak Older adults,
Knee extensor strength R, 200 kHz ’ P —0.57 p=0.01 anterior thigh
torque (knee extension)
muscle group [63]
Biodex, normalized peak Older adults,
Knee extensor strength PhA, 200 kHz ’ P —0.54 p=0.01 anterior thigh
torque (knee extension)
muscle group [63]
Biodex, normalized peak Older adults,
Knee extensor strength R, 200 kHz / P —0.53 p=0.01 anterior thigh
torque (knee extension)
muscle group [63]
Biodex, normalized peak Older adults,
Knee extensor strength PhA, 200 kHz ’ P —0.51 p=0.02 anterior thigh
torque (knee extension)
muscle group [63]
. Older adults,
Knee extensor strength ~ Muscle fat %, hEIM REIM vs. normalized —0.49 p =0.009 anterior thigh
peak torque
muscle group [63]
. . . Late-onset
Functional mobility MQ, deltoid 6MWT 0.62 p =0.0047 Pompe-disease [64]
Functional activity of . . _ Late-onset
lower extremitios MQ, deltoid 30 s chair stand test 0.78 p =0.0015 Pompe-disease [64]
. Body fat % above . _ Late-onset
Grip strength forearm flexors Handgrip dynamometry —0.59 p=0.0217 Pompe-disease [64]
Walking distance Reactance, 50 kHz, 6MWT 0.74 p <0.0001 FSHD [35]
leg summary score
QMT, right knee
Knee extensor strength Reactance, 20 kHZ.’ extensor percent 0.49 p =0.003 FSHD [35]
right vastus lateralis .
predicted
Elbow flexor strength ~ eactance, 50 kHz, — QMT, right elbow flexor 0.57 p=0.001 FSHD [35]
arm summary score percent predicted

The most significant biomarkers extracted from electrical impedance measurements
are parameters that directly correlate with the morphology and physiological conditions of
the muscle. A key such marker is the phase angle, which serves as a quantitative indicator
of the ratio of reactive and active resistance. Its value directly depends on the structural
and functional characteristics of the tissue under study. For example, in [62], volunteers
with sarcopenia had significantly lower phase angle values compared to healthy volunteers;
however, phase angle values have been shown to correlate with muscle strength and
ultrasound-derived measures of muscle structure, supporting their potential use in the
assessment of muscle condition [65]. Furthermore, since changes in muscle cells caused
by contractions also lead to changes in muscle capacitance, monitoring changes in phase
angle can become an additional reliable way to detect movement intention and record the
strength of muscle contraction for proportional biofeedback tasks [66]. Below is Table 2,
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which summarizes some information from the sources found on the dependence of the
key EIM parameters on various physiological and pathological conditions of muscle tissue
(where the following abbreviations are used: R is active resistance; X is reactance; PhA is
phase angle; MVC is maximum voluntary contraction; AR is anisotropy ratio).

Table 2. Dependence of EIM parameters on muscle tissue conditions and morphofunctional changes.

Condition/Change EIM Parameter Nature of Change
Isometric biceps brachii contraction, 60% MVC R Increase [11]
Isometric biceps brachii contraction, MVC R Increase [11]
Sustained fatigue at 60% MVC to failure R Decrease [22]
Dynamic contraction to exhaustion R Decrease [22]

Chronic stroke, paretic biceps brachii X, PhA, AR(R), AR(X)

Difference between groups; decrease
on paretic side [36]

Chronic stroke, immediate effect of
FES-assisted cycling in tibialis anterior and X, PhA Increase [2]
medial gastrocnemius

Chronic stroke, immediate effect of
FES-assisted cycling

R Increase [2]

3.3. Comparison of EIM with Control Methods

MR, ultrasound, and CT have long been considered the reference method for assess-
ing skeletal muscle morphology. However, the main limitation of these methods is their
static nature, as they only allow for recording muscle and surrounding tissue conditions at
a specific point in time but do not allow for observing its functional changes over time, for
example, during contraction or fatigue. When recorded continuously or repeatedly during
contraction, EIM can track time-resolved changes in the biophysical properties and geome-
try of the tissues within the measured region [42]. For example, to adjust the rehabilitation
process after a stroke, it is important to also assess biomechanical changes unrelated to the
nervous system [67]. Common morphological features found in stroke patients include
decreased muscle cross-sectional area, mass, volume, increased intramuscular fat, changes
in flexion angle and muscle bundle length, changes in which will ultimately lead to loss of
muscle strength.

However, a comparison of EIM with the above-mentioned imaging methods shows
that they do not so much compete as complement each other, creating the opportunity for a
more complete picture of the muscle and surrounding tissue conditions. Thus, the findings
of [68] indicate that EIM should not be used in isolation. Combining EIM with morpho-
logical (e.g., ultrasound /MRI/CT), mechanical (e.g., myotonometry, dynamometry) and
functional methods for assessing muscle contractile properties, including the EMG method,
increases the accuracy and informativeness of tissue parameter assessment [69]. In turn,
the authors [63] showed that EIM correlates with both dual-energy X-ray absorptiometry
data and with functional tissue parameters.

Due to the errors and operator dependence in measurements using ultrasound, par-
ticularly when using the free-hand method, where the key contribution is the operator’s
influence, which can be eliminated by robotic ultrasound scanning in order to avoid
compression of structures by the pressure of the ultrasound transducer exerted by the oper-
ator [70], MRI still remains the reference method for determining muscle morphology [71].
Thus, the addition of EIM to traditional methods of assessing tissue parameters (MRI,
ultrasound) will provide unique information on the properties of target muscles at the
micro level, inaccessible by visualization. At the same time, EIM demonstrates significant
correlations with both morphological parameters according to MRI and with functional
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strength indicators, which ensures the validity of the method and makes it a cost-effective
tool for non-invasive monitoring for diagnostic and proportional biofeedback tasks.

The authors [72] showed a significant reduction in the active resistance, reactance and
phase angle in the region of the greater and lesser trochanter of the femur, recorded by the
EIM method, which can be used in conjunction with imaging methods such as MRI and
ultrasound. This is a valuable biomarker for non-invasive monitoring of skeletal muscle
changes [73]. In study [64], ultrasound and EIM were evaluated as quantitative biomarkers
in patients with Pompe disease, and the results demonstrated significant associations
between EIM parameters, ultrasound-derived tissue characteristics, and measures of muscle
strength. Pompe disease is a metabolic myopathy characterized by progressive skeletal
muscle weakness [74].

The study [75], aimed at assessing muscle quality and percentage of fat, showed
a weak correlation with other quantitative parameters used to assess muscle mass and
adipose infiltration. However, an important fact is the consideration of the electrode system
pressure (in this case, a portable EIM device) to the skin surface [21], which may not have
been taken into account during the experiments. In turn, the study [76] demonstrated a
relationship between EIM indicators and muscle structure measured using MRI. Below in
Table 3, some parameters measured by EIM are presented and compared with MRI as a
control method (where the following abbreviations are used: BF% is body fat percentage;
MQ is muscle quality; FSHD is facioscapulohumeral muscular dystrophy).

Table 3. Comparative analysis of EIM and MRI data.

Correlation Coefficient

Measured Parameter EIM Parameter MRI Parameter

(p/1)
Structural severity of muscle Reactance, 50 kHz MRI T1 muscle score =—0.71[76]
damage in FSHD ’ p=-"
Adipose infiltration in FSHD Reactance, 50 kHz MRI Dixon fat fraction p=—0.74[76]

Adipose replacement in muscle

Phase angle at multiple MRI fat fraction/fat
frequencies replacement
MRI subcutaneous fat

p = —0.53-0.73 [69]

Subcutaneous fat layer thickness Resistance p =0.65-0.88 [69]

Adipose infiltration of

width

BF% (Skulpt hEIM) Goutallier score r=0.26 [75]
lumbar muscles
Lumbar muscle quality MQ (Skulpt hEIM) Goutallier score r=—022[75]
Adipose infiltration of lumbar o . _
muscles in patients 18-40 years old BF% (Skulpt hEIM) Goutallier score r=0.485 [75]
Lumbar muscle quality in patients MQ (Skulpt hEIM) Goutallier score r = —0.401 [75]

18-40 years old

Table 4 shows a comparison of EIM and ultrasound parameters in assessing the
structural and functional characteristics of tissues (where the following abbreviations are
used: SKfat is a local fat index output by the hEIM device; MQ is muscle quality; SUBfat
is subcutaneous fat thickness; Elus is ultrasound echo intensity; ACSAQF is anatomical
cross-sectional area of quadriceps femoris). The p-value for all parameters considered was
p < 0.001; the authors’ study examined healthy young adults.

Thus, the EIM method does not compete with the reference methods of MRI, ultra-
sound (including CT, although this method is distinguished by the presence of radiation
exposure), but complements them, providing a quantitative assessment of the biophysical
properties of muscle tissue in real time. While imaging methods record static morphology,
EIM allows for tracking functional changes in tissue directly during contraction (taking
into account the force-torque parameters of the actions performed), while being distin-
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guished by its speed and economic availability. The key limitations of the method remain
its sensitivity to measurement conditions, which requires strict standardization of data
collection protocols, including control of the pressure of the electrode systems, their ge-
ometry, interelectrode distance, and the number of measurement channels [19]. Thus, the
strategy for the development of methods and research today involves the integration of
imaging methods (MRI/ultrasound) for assessing anatomy and structure, as well as the
EIM method for quantitatively assessing the functional conditions of muscle tissue in the
same anatomical region. It is also necessary to take into account the dynamometry method
for direct measurement of muscle strength and assessment of the functional result. This
integrated approach will overcome the shortcomings of each individual method and create
a holistic model of muscle and surrounding tissue conditions in real settings.

Table 4. Comparative analysis of EIM and ultrasound data [25].

Measured Parameter EIM Parameter Ultrasound Parameter  Correlation Coefficient (r)
Localized fat content SKfat SUBfat 0.88
Localized fat content SKfat Elus 0.64

Muscle quality MQ Elus —0.66
Muscle size MQ ACSAQF 0.37
Combined muscle

quality /subcutaneous fat index MQ Elus/SUBfat 0.37
Combined muscle MQ ACSAQF/SUBfat 0.81

area/subcutaneous fat index

4. Discussion

The discussion of this review focuses on the gaps stated in the Introduction, namely, the
lack of a clear understanding of how methodological measurement parameters, individual
anatomy, muscle tissue condition, and the contribution of the skin-fat layer and tissue
force deformation determine the generation and interpretation of the EIM signal. In this
regard, the results of this review are discussed not only in terms of EIM application areas,
but also in terms of factors limiting the reproducibility, comparability, and physiological
interpretation of impedance parameters. It is important to note that additional sources
not included in the main analysis, but relevant for the discussion of the mechanisms, are
used to interpret the obtained results. EIM is a relatively new but rapidly developing
non-invasive method for assessing muscle tissue condition. Unlike EMG, which records
electrical potentials arising from muscle fiber activation, EIM focuses on measuring the
physical properties of the tissue itself, i.e., its composition and architecture.

Unlike EMG, which records endogenous electrical potentials generated during muscle-
fiber activation, EIM applies a weak, high-frequency current without inducing myofiber or
neuronal action potentials and characterizes passive volume-conduction properties related
to tissue composition and architecture [1,41]. Thus, EMG and EIM provide complementary
information about muscle activation and tissue state.

In recent years, a number of review articles have been published on EIM, covering
both the fundamental principles of the method and its clinical and engineering applications.
Thus, the studies [1,7,41] present the key principles of EIM and its application in neuromus-
cular diseases, while [3] summarize the use of the method in conditions of physical activity
and in healthy subjects. More recent reviews such as [42,43] focus on technological develop-
ments, wearable systems and the integration of EIM with other bioimpedance approaches.
In [44], the authors consider bioimpedance in the context of physical activity monitoring.
In contrast to these studies, the review we present focuses on an in-depth interpretation of
EIM as a method for assessing the morphofunctional parameters of tissues for rehabilitation
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problems, diagnostics and the potential application of the method for solving problems of
anthropomorphic biofeedback, taking into account the force-moment characteristics of the
actions performed, changes in the architecture of soft tissues during contraction, as well
as the integration of EIM data with the results of other imaging and functional diagnostic
methods, thereby expanding the existing understanding of the capabilities of this approach.

4.1. Integrating EIM with Other Modalities

One of the key findings of modern bionic control research is the fundamental lim-
itations of single sensory modalities. Surface EMG, a traditional biofeedback method,
suffers from recorded signal crosstalk and non-stationarity, which reduces the reliability
of control signal strength prediction models, especially with prolonged use or changes in
muscle condition [77]. Unlike EMG, EIM is a method sensitive to tissue morphological
changes. Integrating EIM and EMG data helps overcome the shortcomings of each method.
A key advantage of this approach is the system’s ability to distinguish between movement
phases and force levels. For example, the study [78] demonstrated that a multimodal
system integrating EMG and EIM outperforms unimodal analogs in predicting the force of
a performed action. The authors showed that EIM is more sensitive to changes in static
force than surface EMG, especially at low levels of muscle activation. The approach of
integrating the EIM and EMG methods makes it possible to obtain, for example, data on the
stages of the performed action (e.g., extension/flexion of the wrist to an angle in the absence
of applied force) using EIM with the placement of electrode systems in the projection of the
muscles active during the performance of the action, as well as on the increase in contractile
force using surface EMG. This, in turn, opens up new possibilities for the comprehensive
assessment of muscle function, particularly for proportional biofeedback tasks.

It is important to note that a promising strategy for creating reliable, adaptive, and
durable control and condition assessment systems is not the replacement of one technology
with another, but their integration. For example, a system built on multimodal sensors,
such as bioimpedance, EMG, and myotonography, will allow for the extraction of the most
comprehensive information about the user’s motor intention [79], as well as the real-time
assessment of the neuromuscular system conditions, since the key advantage of hybrid
systems lies in their ability to compensate for the shortcomings of each individual modality.
For example, EIM data can be used to assess muscle condition and calibrate the entire
control system. This approach not only improves accuracy but also makes the system more
fault-tolerant.

Currently, research is being conducted aimed at integrating electrical impedance,
electromyography, and force myography methods for biofeedback tasks [80]. Another
approach proposes using impedance changes in a specific part of the body to assess
kinematics (e.g., the flexion-extension angle at the wrist), which opens up the possibility
of creating new types of bionic prostheses [81]. It is important to note that, in addition to
EMG, other sensory modalities can also serve as additional methods to EIM, such as optical
myography [82] and inertial sensors [83]. They are also independent methods for recording
neuromuscular activity, which in themselves can complement or replace EMG. EIM can also
provide information necessary for calibrating these systems or for adjusting the operation
of biosensor systems, for example, for assessing displacements caused by movement.

The role of ultrasound and MRI in the context of biofeedback systems is to validate
and calibrate the EIM systems. To trust the data obtained from a portable EIM device, it is
necessary to establish its correlation with reference methods, which remains a challenge
for researchers today. By comparing changes in impedance biomarkers with changes in
morphological parameters measured using ultrasound /MR, it is possible to create a math-
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ematical model that will translate real-time available EIM parameters into interpretable
clinical units or biofeedback system parameters.

Thus, the most promising strategy for creating reliable and adaptive systems for
assessing tissue morphofunctional parameters and biofeedback systems is not the mutual
replacement of biosignal recording methods, but their integration. Combining electrical
impedance data with methods from other modalities allows for the creation of a control
interface capable of not only determining the user’s intention to perform a movement [84],
but also assessing the neuromuscular system conditions and determining the muscle
contractile force [28].

4.2. Limited Data Availability and Methodological Gaps

Despite the enormous potential of EIM, its widespread adoption in clinical practice
and in commercial biofeedback systems is still hindered by a number of limitations in
the fundamental aspects of the signal measurement process itself and the mechanisms
by which it is generated, as well as the technical features of the hardware and software
of existing commercially available systems. One of the key issues remains the quality of
the electrode-skin contact [85], as well as the dependence of measurements on individual
anatomical and physiological characteristics of a person [3,41]. Processes associated with
muscle fatigue are also reflected in impedance signals, but their interpretation remains
ambiguous and requires additional validation.

A significant limitation remains the insufficient understanding of EIM signal gen-
eration mechanisms. Specifically, muscle contraction alters the geometry and relative
positions of the tissues within the measurement region. Ultrasound observations have
shown that, under low electrode-system pressure, contraction may also be accompanied by
local thinning or displacement of the subcutaneous fat layer, which can affect the recorded
impedance signal [20]. However, the contribution of individual components (muscle tissue,
subcutaneous fat) to the generation of the final signal remains insufficiently quantified,
complicating data interpretation, especially under dynamic conditions.

The limitations of this review should also be noted. Differences in the configuration of
electrode systems, frequency ranges, and measurement protocols in the reviewed studies
complicate direct correlation of the results of various studies and limit the possibility of
a rigorous comparison. Furthermore, some modern studies focus on the use of signal
processing methods (in particular, using machine learning), but do not consider the signal
generation mechanisms or the relationship with morphofunctional tissue parameters.
Thus, taking into account the identified gaps, it is possible to formulate a number of
practical recommendations for future research. Standardization of EIM measurement
protocols for each specific research or diagnostic task is necessary. An important area is the
development of models describing the contribution of various tissues to the impedance
signal generation, especially under conditions of changing muscle load. A relevant area
of research is conducting studies with the simultaneous use of EIM and imaging methods
(MRI, ultrasound) for a more accurate interpretation of impedance parameters with an
assessment of the contribution of changing biological tissue parameters to the recorded EIM
signal. Finally, there is a need for expanded clinical and applied research involving various
groups of subjects, as well as validation of approaches on large samples to improve the
method’s reliability and reproducibility, and accelerate EIM implementation into practice.

Moreover, the suitability of EIM for frequent at-home self-assessment may facilitate
the detection of gradual disease- or treatment-related changes that could be missed by
infrequent MRI or CT examinations [86]. A recent cross-sectional study demonstrated
that machine learning applied to multifrequency EIM data can improve the screening
of neuromuscular disorders. Using measurements from nine muscles in 119 adults and
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111 children, the authors reported participant-level accuracies of up to 84.0% in adults
and 92.8% in children, while regression models also showed potential for predicting
muscle strength. Although the study primarily evaluated diagnostic screening, its findings
also support the broader use of EIM for repeated assessment of disease progression and
treatment response, including measurements performed in the clinic or potentially at
home. However, these longitudinal applications require further validation in prospective
studies [87].

One of the limitations of this scoping review is that the literature search was conducted
exclusively in the Scopus database, without additional inclusion of PubMed, Web of
Science, and other databases. This could have resulted in incomplete coverage of individual
publications indexed exclusively in other bibliographic databases and, consequently, the
potential exclusion of some relevant studies. However, the choice of the Scopus database
was due to its broad interdisciplinary coverage, which is particularly important for the topic
of EIM, which lies at the intersection of medicine, biomedical engineering, neuroscience,
physiology, rehabilitation, and biofeedback technologies. Furthermore, the use of a single
database ensured uniformity of the search strategy, reproducibility of selection, and a
reduced risk of uncontrolled duplication of records. Thus, despite this limitation, the
Scopus abstract database provided a representative array of publications sufficient to
identify the main directions, methodological features, and gaps in the study area.

Animal models remain important for the validation of EIM. Preclinical studies allow
impedance measurements to be combined with controlled disease or aging models, direct
assessment of muscle contractile function, and subsequent histological analysis. This
approach helps clarify how specific tissue changes affect EIM parameters. However, a
comprehensive analysis of animal-model studies is beyond the scope of the present review
and warrants a separate dedicated review.

The results of this review help expand understanding the relationship between method-
ological and morphofunctional factors, on the one hand, and the EIM signal parameters, on
the other. Thus, the review advances the current understanding of the EIM signal genera-
tion mechanisms outlined in the Introduction, demonstrating that the interpretation of this
signal must take into account not only the target muscle conditions, but also the electrode
system configuration, the frequency range, the skin-fat layer thickness and displacement,
and changes in tissue geometry, particularly those of the muscles active during contraction.
At the same time, there remains a need for further research aimed at quantitatively isolating
the contributions of individual biological tissues to the recorded signal.

5. Conclusions

An analysis of studies conducted from 2016 to 2025 demonstrates that EIM is a rapidly
developing, promising method for the comprehensive assessment of both rapid and slow
morphofunctional changes in muscles. However, widespread clinical implementation and
use in biofeedback and diagnostic systems are hampered by the complexity of EIM signal
interpretation, due to its multicomponent nature and dependence on the internal geometry
of tissues. A key limitation remains the insufficient understanding of the signal generation
mechanisms, specifically the lack of reliable methods for isolating the contribution of the
target muscle and subcutaneous fat to the recorded signal. This review demonstrates that
EIM signal interpretation significantly depends on a number of methodological factors,
including electrode configuration and placement, frequency range selection, anatomical
features, and the measurement protocol, which directly impacts the reproducibility and
comparability of results. The review demonstrated a relationship between EIM parameters
and the morphological and morphofunctional characteristics of muscle tissue, including
the ability to reflect tissue changes caused by changes in muscle contraction intensity.
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This confirms the potential of EIM as a noninvasive diagnostic tool and a method of
proportional biofeedback.

To overcome the existing limitations of the method, the integration of experimental
data with finite element modeling of current propagation in multilayer biological media,
taking into account the real geometry, is a necessary vector of future research. A priority
area is also conducting additional studies, including a comparison of EIM with reference
imaging methods (e.g., MRI, ultrasound) to quantitatively assess the contribution of various
biological tissues in order to determine the location and configuration of electrode systems.
Further development of EIM is impossible without the creation of hybrid multimodal
systems combining EIM with electromyography and dynamometry to improve the accuracy
of decoding the user’s motor intentions. In turn, the development of adaptive signal
processing algorithms and flexible wearable sensor matrices will minimize the influence
of external artifacts and ensure the stability of measurements in real conditions. Active
implementation of machine learning methods in the evaluation of EIM signals [88] will help
overcome a number of existing limitations; however, this step should not be taken without a
thorough study of the signal generation mechanisms, which can entail serious consequences,
from the misinterpretation of clinical data to errors in biofeedback commands. Only a
deeper understanding of the biophysical basis of signal generation and the transition to
personalized tissue models will ensure the transformation of EIM from a research tool into
a reliable clinical tool for rehabilitation and biofeedback tasks.
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The following abbreviations are used in this manuscript:

EIM electrical impedance myography

EMG electromyography

MRI magnetic resonance imaging

CT computed tomography

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
PRISMA-ScR  PRISMA extension for Scoping Reviews

BIA bioimpedance analysis

BIVA bioelectrical impedance vector analysis
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EIT electrical impedance tomography
EI electrical impedance

FMG force myography

R active resistance

X reactance

PhA phase angle

MQ muscle quality

MVC maximum voluntary contraction
AR anisotropy ratio

QMT quantitative myometry

6MWT 6 min walk test

FES functional electrical stimulation
FSHD facioscapulohumeral muscular dystrophy
BF% body fat percentage

SKfat local fat index

SUBfat subcutaneous fat thickness

Elus ultrasound echo intensity
ACSAQF anatomical cross-sectional area of quadriceps femoris
ALS amyotrophic lateral sclerosis
DMD Duchenne muscular dystrophy
SMA spinal muscular atrophy
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