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Background: Bioelectrical impedance analysis and bioelectrical impedance vector analysis (BIVA) have evolved from simple bedside estimates of body
composition into sophisticated biophysical modalities capable of reflecting cellular membrane integrity, fluid distribution, and systemic vitality. In
clinical and oncological nutrition, raw electrical parameters—primarily resistance (R), reactance (X .), impedance (Z), and phase angle—exhibit direct
associations with systemic inflammation, oxidative stress, and disease-related malnutrition. However, the translational utility of these parameters
depends heavily on device hardware architectures, applied alternating current frequencies, measurement standardization, and their systematic
integration with circulating biochemical and pathological biomarkers.

Objective: This narrative review synthesizes the biophysical principles, electronic specifications, and measurement typologies of medical-grade BIA
devices, establishing an integrative framework that couples bioelectrical metrics with humoral biomarkers to improve nutritional stratification and
prognostic modeling in oncology and clinical practice.

Evidence Synthesis: At low alternating current frequencies (1 to 5 kHz), the capacitive barrier of cell membranes restricts current propagation to
extracellular water (ECW), whereas intermediate frequencies (50 kHz) maximize capacitive reactance, making 50 kHz the reference standard for
deriving phase angle. High frequencies (100 to 1000 kHz) overcome membrane capacitance to traverse intracellular water (ICW) and total body water
(TBW). Single-frequency (SF-BIA), multifrequency (MF-BIA), and bioimpedance spectroscopy devices present distinct clinical indications, with BIS and
MEF-BIA offering superior discrimination between true tissue depletion and fluid overload. Vectorial modeling via BIVA circumvents the confounding
errors of regression equations in edematous or cachectic cancer cohorts. Across clinical populations, reduced PhA and lateral or downward BIVA vector
shifts correlate strongly with elevated pro-inflammatory cytokines (interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-a)), C-reactive protein
(CRP), and malondialdehyde (MDA), alongside concurrent declines in serum albumin and the Prognostic Nutritional Index (PNI).

Conclusions and Translational Value: Coupling raw bioelectrical properties (PhA, ECW/TBW, and BIVA vector quadrants) with acute-phase reactants and
protein reserves enables granular identification of cachexia, sarcopenic obesity, and subclinical expansion of the extracellular compartment.
Incorporating standardized PhA and vector trajectory monitoring into clinical pathways refines the Global Leadership Initiative on Malnutrition

(GLIM) framework, facilitating personalized nutritional therapy and survival prediction across oncological care trajectories.

Correspondence: papers@team.qgeios.com — Qeios will forward to the authors

1. Introduction and Clinical Problem Statement

Malnutrition and metabolic derangements are highly prevalent among hospitalized patients and individuals with advanced neoplastic diseases, in whom
progressive weight loss, muscle wasting, and systemic inflammation combine to form the clinical picture of cancer cachexia. Accurate evaluation of body
composition is essential for identifying nutritional risk, establishing metabolic phenotypes, tailoring nutritional therapy, and predicting clinical tolerance
to antineoplastic regimens 2],

Traditional bedside anthropometric measurements, such as body weight and body mass index (BMI), are notoriously unreliable in oncology and critical
illness because they cannot differentiate between skeletal muscle mass, adipose tissue, and pathologic expansions of extracellular fluid. While cross-
sectional imaging modalities, including computed tomography (CT) and magnetic resonance imaging (MRI), represent reference methods for quantifying

skeletal muscle mass, their high cost, radiation burden, and retrospective availability limit their routine use for serial bedside nutritional monitoring 31141151

i,

Bioelectrical impedance analysis 7 and bioelectrical impedance vector analysis (BIVA) have emerged as widely used, non-invasive, cost-effective, and safe

bedside modalities for assessing body composition, hydration status, and cellular membrane vitality. Historically, BIA in clinical practice has relied heavily
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on empirical regression equations designed to predict fat-free mass &, total body water (TBW), and skeletal muscle mass 2191,

However, these mathematical algorithms are fundamentally based on assumptions of constant tissue hydration (typically 73.2% in fat-free tissue) and
stable cylindrical geometric proportions. In patients with cancer, sepsis, systemic inflammation, or organ failure, these assumptions are systematically
violated due to capillary leakage, expansion of extracellular water (ECW), and cellular membrane disruption, leading to substantial prediction errors 31141091
To address these limitations, clinical nutrition has shifted toward interpreting raw electrical parameters: resistance (R), reactance (X ), total impedance (Z),
and phase angle [101, Concurrently, BIVA evaluates raw electrical properties plotted directly on a bivariate graph, providing an objective evaluation of
hydration and cell mass independent of regression formulas El[41111,

Importantly, accumulating clinical evidence demonstrates that alterations in raw bioelectrical variables parallel humoral, inflammatory, and metabolic
abnormalities. This narrative review provides a comprehensive synthesis of the biophysical and electronic principles of medical-grade BIA devices,
evaluates the influence of hardware architectures and alternating current frequencies, and examines the clinical integration of raw bioelectrical metrics

with circulating biomarkers of inflammation, oxidative damage, and visceral protein reserves in clinical and oncological nutrition BIMIIZIN3I14]05]
2. Methods

2.1. Database Retrieval Framework

To ensure methodological rigor compliant with the Scale for the Assessment of Narrative Review Articles (SANRA) guidelines, a structured literature search
was conducted across electronic bibliographic databases—including PubMed/MEDLINE, Scopus, Web of Science, and Cochrane CENTRAL—covering articles
published up to September 2026. The search architecture combined Medical Subject Headings (MeSH) and free-text keywords covering bioelectrical
impedance modalities (BIA, BIVA, BIS, phase angle, resistance, reactance), device metrology and alternating current frequencies, circulating biomarkers (C-
reactive protein (CRP), interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-«), malondialdehyde (MDA), albumin, Prognostic Nutritional Index (PNI)),
and clinical oncology, cachexia, or malnutrition 216117],

Inclusion criteria prioritized peer-reviewed, highly cited, and methodologically sound prospective cohorts, randomized trials, international clinical
consensus guidelines, and systematic reviews published in prestigious biomedical journals. Eligible studies evaluated medical-grade instrumentation
reporting raw bioelectrical parameters or vector distributions alongside objective biochemical, inflammatory, or clinical endpoints in adult oncology,
critical illness, or malnutrition cohorts. Non-peer-reviewed commentaries, studies relying exclusively on proprietary regression equations without
reporting raw electrical metrics, uncalibrated consumer fitness devices, animal models, and investigations lacking concurrent biochemical or pathological

biomarker verification were excluded [2/(11],
3. Biophysical Fundamentals of Bioelectrical Tissue Conduction

3.1. Tissue Conductivity and Equivalent Circuit Modeling

Bioelectrical impedance analysis is based on the application of a weak, imperceptible alternating electrical current (typically 200 to 800 pA) to biological
tissues, accompanied by the precise measurement of the resulting voltage drop to determine electrical impedance. The human body represents a complex,
heterogeneous volume conductor composed of biological compartments with markedly divergent conducting properties B1911111

Hydrated tissues rich in water and dissolved electrolytes—such as skeletal muscle, vascular blood volume, and parenchymal viscera—act as highly effective
conductors that offer low resistance to alternating electrical current. Conversely, anhydrous tissues, including adipose tissue, dense cortical bone, and
calcified structures, contain minimal freely mobile ions and exhibit high electrical resistance [o101],

Intracellular water (ICW) also acts as an ionic resistor (R;), but current entering this compartment must cross the surrounding cell membrane. The cellular
membrane consists of a hydrophobic lipid bilayer (approximately 7 to 10 nm thick) bordered by hydrophilic protein-rich polar head groups, functioning
physically as a biological dielectric capacitor (C,,, ) B,

Consequently, biological tissue is electrically modeled as an extracellular resistance (R,) in parallel with an intracellular branch containing intracellular

resistance (R;) connected in series with cell membrane capacitance (Cy,) JEIICIIEY

Total complex electrical impedance (Z) represents the vector sum of two orthogonal electrical components21]:
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Z = R+ jX.

Where j = /=1, R is resistance, representing the pure opposition of intra- and extracellular electrolytes to current flow, and X, is capacitive reactance,
representing the opposition to current flow produced by the capacitive properties of intact cell membranes. The phase angle 01 guantifies the angular

phase shift by which alternating voltage lags current due to membrane capacitance, expressed mathematically as BL21(111:

T 180°
PhA = arctan <E> X (T)
Physiologically, PhA serves as a biophysical index of cell membrane integrity, active body cell mass (BCM), and the distribution of body fluids between

intra- and extracellular spaces. High PhA values reflect large quantities of intact, polarized cellular membranes and dense body cell mass 2111,

In contrast, low PhA values indicate structural membrane breakdown, loss of selective permeability, intracellular fluid depletion, or expanded extracellular

water volumes, characteristics typical of systemic inflammation, malnutrition, and cachexia BIPIILIN8I19]

3.2. Frequency-Dependent Dispersion and Fluid Compartments

The electrical conduction pathway through biological tissue depends directly on the frequency of the applied alternating current, a phenomenon described
as electrical dispersion. Across radiofrequency spectra, biological tissues exhibit distinct dispersion zones: a-dispersion occurs at low frequencies (< 1 kHz)
due to ionic diffusion and counter-ion polarization around cell surfaces; p-dispersion spans intermediate and radio frequencies (1 kHz to several hundred
MHz) dominated by the polarization of cellular membranes and structural interfaces; and y-dispersion emerges at gigahertz frequencies governed by water
dipole relaxation B19111

In clinical bioimpedance, the working frequency spectrum operates within the g-dispersion range. At very low frequencies (1 to 5 kHz), the capacitive
reactance of the lipid bilayer is highﬁul—ll:

1
To= ———
27;Cr

As a result, cell membranes function as electrical insulators. The alternating current cannot penetrate the lipid bilayer and is confined entirely to
extracellular fluid channels. Measurements taken at low frequencies therefore reflect the resistance and volume of extracellular water (ECW) Bl

At intermediate frequencies (approximately 50 kHz), the applied frequency closely matches the dielectric properties of human cell membranes, maximizing
capacitive reactance (X.). At 50 kHz, the current passes through both extracellular fluid and a substantial fraction of healthy cell membranes, providing an
integrated assessment of total body water, cellular membrane integrity, and BCM. This biophysical property makes 50 kHz the standard reference
frequency for deriving PhA in single-frequency and vector analyses 4191111

At high and ultra-high frequencies (100 to 200 kHz, extending up to 1000 kHz in spectroscopy systems), the capacitive reactance of the lipid bilayer drops

toward zero (X, - 0). The alternating current easily bridges the membrane capacitor and conducts through both intracellular and extracellular fluids 2191
(1),
High-frequency resistance measurements reflect total body water (TBW). By mathematically resolving low-frequency resistance (Ry=R.) and high-

frequency resistance (R_~ (Rex R;) / (Rg+R;)), multifrequency systems calculate intracellular water as [&)m].
ICW = TBW-ECW

This enables the calculation of the extracellular-to-total body water ratio (ECW/TBW), a metric for evaluating cellular hydration and fluid redistribution o]

11][20

Mathematically, tissue impedance across continuous frequencies is characterized by the semi-empirical Cole-Cole model (o201,

Ry — Ry

2(w) = Roo + m

Where w = 27 is angular frequency, t is the characteristic relaxation time constant of the cellular system, R, is theoretical resistance at zero frequency,
R is resistance at infinite frequency, and o (0 < o« < 1) describes the distribution of relaxation times and non-ideal capacitive properties across
heterogeneous cell populations 11,

In disease states, systemic inflammation, oxidative stress, and structural tissue catabolism alter these Cole-Cole parameters. This leads to a flattened

impedance locus, lowered characteristic frequency ( f.), and a depression of the Cole arc, reflecting cellular degradation and extracellular fluid expansion [El}
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4. Hardware Typology, Frequency Spectra, and Metrological Standardization: Single-frequency

versus multifrequency and spectroscopy devices

4.1. Single-Frequency, Multi-Frequency, and Spectroscopy Modalities

Medical-grade bioelectrical impedance instruments are classified into three primary categories based on frequency generation, signal acquisition, and

analytical processing B141];

1. Single-Frequency BIA (SF-BIA) devices operate at a fixed alternating current frequency, universally standardized at 50 kHz. SF-BIA instruments
directly measure resistance (R), capacitive reactance (X.), impedance (Z), and phase angle [19], Because 50 kHz maximizes capacitive reactance while
maintaining high signal stability, SF-BIA represents the historical and validated standard for classical bioelectrical impedance vector analysis (BIVA) i
(3141911,

In clinically stable patients, SF-BIA provides reliable estimates of fat-free mass and body cell mass. However, because it operates at a single frequency,

it cannot directly measure fluid distribution between intracellular and extracellular compartments during acute hydration shifts 24121],

N

. Multi-Frequency BIA (MF-BIA) devices apply several discrete alternating current frequencies, typically including 5 kHz, 50 kHz, 100 kHz, 200 kHz, and
500 kHz. By measuring tissue resistance across this spectrum, MF-BIA models low-frequency extracellular conduction alongside high-frequency total
body conduction (3],

This enables direct calculation of ECW, ICW, TBW, and the ECW/TBW ratio, making MF-BIA valuable for identifying fluid retention, overhydration, and

sarcopenic fluid accumulation in surgical, oncological, and critically ill cohorts [2103114),

w

. Bioimpedance Spectroscopy 19! devices scan a continuous spectrum of alternating frequencies, typically between 1 kHz and 1000 kHz, acquiring
dozens to hundreds of discrete impedance data points. Using nonlinear complex curve fitting, BIS plots the data on the Cole-Cole plane to calculate

theoretical resistances at zero frequency (R, ) and infinite frequency (R) alongside the characteristic membrane frequency (f.) [3lezol,

BIS provides the most accurate biophysical separation of intracellular and extracellular fluid volumes without relying on population-based empirical
regression equations. It is the reference method for diagnosing lymphedema, monitoring dialysis ultrafiltration, and evaluating advanced cachexia

accompanied by severe fluid third-spacing e,

4.2. Electrode Geometry, Positioning, and Patient Postural Dynamics

The physical interface between the device and biological tissue strongly influences measurement precision and clinical reproducibility. Most medical-grade

devices employ a tetrapolar electrode montage [2/41(2120],

In this configuration, two outer drive electrodes inject a constant alternating current into the body, while two inner sense electrodes measure the resulting

voltage drop. This tetrapolar arrangement eliminates the influence of electrode contact impedance and skin-electrode polarization resistance from the

voltage measurement circuit, which would otherwise introduce major artifacts into measured resistance and reactance [3)90m],

Tetrapolar configurations place adhesive electrodes on the dorsal surfaces of the wrist and ankle on the same side of the body [2/2/11);

The hand injector electrode is positioned over the third metacarpophalangeal joint, while the sensing electrode is placed across the dorsal wrist crease

between the styloid processes of the radius and ulna 12(1),

The foot injector electrode is positioned over the third metatarsophalangeal joint, with the sensing electrode placed across the anterior surface of the

ankle between the medial and lateral malleoli (212)(11],

A minimum inter-electrode distance of 5 cm between injecting and sensing terminals is required to avoid current density distribution artifacts Z12)(1],

Octopolar or segmental devices employ eight contact points (four on the hands, four on the feet), incorporating both palm grips and footplates. This
configuration switches current injection and sensing pathways across different anatomical pairs, enabling isolated impedance measurements of the right

arm, left arm, trunk, right leg, and left leg (18],
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Segmental analysis is helpful for identifying localized muscle atrophy or asymmetric edema. However, because the trunk contributes only 10% to 15% of
whole-body resistance despite accounting for roughly 50% of total body mass, segmental trunk impedance measurements have a lower signal-to-noise
ratio than whole-body limb-to-limb configurations 31111

Patient posture during measurement introduces significant physiological variability. Supine (clinostatic) measurements, conducted after 5 to 10 minutes of
horizontal rest, allow gravity-dependent fluid shifts to equilibrate between interstitial and intravascular spaces, while relaxing postural muscles. This
makes supine positioning the standard for hospitalized, frail, or bedridden oncological patients [21319)

Standing platforms are common in outpatient nutrition clinics and fitness centers due to operational convenience. However, standing upright induces rapid
downward fluid redistribution into the lower extremities, increases hydrostatic microvascular filtration, and elevates postural muscle tone in the lower
limbs and trunk. These changes can alter lower-limb resistance and reactance by 5% to 8% within minutes, requiring strict operational standardization

when monitoring patients over time ZI111201,

4.3. Electronic Shielding, Power Isolation, and Signal Metrology

From an electronic engineering perspective, the stability and fidelity of the measured impedance signal depend directly on device power isolation, circuit

design, and electrode interface stability 2/[1121);

Power line interference presents a major challenge in clinical settings. Instruments powered directly from alternating current mains lines (110230 V at
50/60 Hz) can pick up common-mode line noise that distorts micro-ampere bioimpedance signals. This interference disproportionately affects low-

frequency measurements and capacitive reactance (X,), introducing significant errors into derived phase angles 311120,

Medical-grade systems resolve this using high-isolation internal power supplies, battery-powered architectures, and optical isolation barriers that separate
patient-facing analog measurement circuitry from digital processing units 3,

Electrical safety compliance requires adherence to the IEC 60601-1 standard for medical electrical equipment. BIA devices are classified as Type BF or Type
CF applied parts, with strict limits on patient leakage currents (under normal conditions <100 pA, and under single-fault conditions <500 pA). These safety
features prevent microshock hazards, enabling safe monitoring in high-risk patients, including those with indwelling vascular catheters 3116121
However, external electrical fields and high-frequency surgical units can disrupt impedance circuitry, and the safe use of BIA in patients with cardiac
pacemakers or implantable cardioverter-defibrillators (ICDs) requires prior clinical clearance, as high-frequency alternating test currents could theoretically
interfere with cardiac sensing algorithms [3ll6)221,

Electrode interface quality also plays an important role in measurement accuracy. Low-grade or dried adhesive electrodes increase contact impedance,
while polarization at the metal-electrolyte interface causes phase shifts and artificially inflates measured resistance. Medical protocols require high-
conductivity Ag/AgCl adhesive electrodes containing conductive hydrogel, paired with standard skin preparation (cleansing with 70% isopropyl alcohol to

remove surface sebum and dead epidermal layers) 211,

Hardware calibration must be verified daily using precision resistor-capacitor (RC) calibration test circuits with known electrical values (such as R = 380 Q

and X, = 45 Q) to confirm circuit linearity and measurement precision across working frequency bands (223,

4.4, Low-Frequency Limitations and High-Frequency Advantages

Selecting the appropriate alternating current frequency requires balancing metrological signal quality with biological compartment sensitivity. Very low
frequencies (around 1 kHz) are theoretically ideal for isolating extracellular water (ECW) because cell membranes prevent intracellular current

penetration [2121(11),

However, below 2 to 3 kHz, skin-electrode interface impedance and polarization effects increase exponentially, which introduces noise and lowers
measurement reproducibility. To avoid these polarization artifacts while maintaining sensitivity to extracellular fluid, modern clinical devices typically

operate their lowest discrete frequency at 5 kHz 1(212114]1[20)[21](24](25]

Conversely, intermediate and high frequencies (50 kHz to 500 kHz) overcome skin-contact impedance, providing high signal-to-noise ratios and consistent
biological measurements. Because 50 kHz coincides with the peak of capacitive reactance (X.) in healthy skeletal muscle, it produces clear phase-shift

signals that correlate strongly with cell membrane mass and integrity 2211],
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Frequencies above 100 kHz bridge the cell membrane capacitor, allowing the current to pass freely through intracellular fluid and providing accurate

measurements of total body water (TBW) [IBIOII31[19][201[251[26]

5. Vectorial Bioimpedance: The R-X. Graph and Hydration Independence

Bioelectrical impedance vector analysis (BIVA), introduced by Piccoli and colleagues, is a reference-free methodology that avoids the assumptions of
conventional regression equations. BIVA plots raw resistance and reactance, normalized to patient height (R/H and X./H, in Q/m), as a planar vector on an

R-X, Cartesian coordinate system [LIIL161191271(28]

Individual vectors are evaluated against population-specific bivariate reference tolerance ellipses (50%, 75%, and 95% confidence intervals) derived from

healthy reference cohorts matched for sex, age, and race [11]{29)(30].

The position of an individual impedance vector on the R- X, Cartesian plane provides an objective, two-dimensional assessment of tissue hydration and

cellular mass independent of empirical prediction equations (Figure 1) 1),

REACTANCE (Xc / H)

Upper-Left Quadrant: Upper-Right Quadrant:
*High Body Cell Mass (BCM) *Dehydration

*Preserved Membrane Integrity *Preserved/ Normal BCM
*Athletic/ Robust Nutrition *High Resistance

*High Phase Angle

» RESISTANCE (R / H)

Lower-Left Quadrant: Lower-Right Quadrant:
*Extracellular Fluid Overload *Cachexia & Malnutrition
*Peripheral/ Interstitial Edema *Reduced Cell Mass
*Low Resistance (High Conductivity) *Low Capacitance/ PhA
*Sarcopenia Obesity with Edema *Systemic Inflammation

Figure 1. The Bioelectrical Impedance Vector Analysis (R- X, ) Nomogram: Reference Tolerance Ellipses and Clinical Quadrant Phenotypes

Vector displacement along the minor axis reflects differences in cellular mass, membrane integrity, and soft-tissue structure. Lateral and downward
displacement toward the right indicates reduced capacitive reactance and low phase angle, reflecting loss of body cell mass, structural membrane

degradation, and expansion of extracellular water relative to intracellular volume e,

Displacement toward the left reflects preserved or increased cell mass with high membrane capacitance, typical of muscular, well-nourished individuals !

[,
The four quadrants of the BIVA Cartesian plane correspond to distinct clinical phenotypes HI2);

o Upper-Left Quadrant (Low R/H, High X ./H): Athletic, well-nourished individuals characterized by high body cell mass, intact cellular membranes, and
normal or slightly elevated total body water.

¢ Upper-Right Quadrant (High R/H, High X ./H): True tissue dehydration, characterized by reduced fluid volume alongside preserved cell mass and intact
membranes.

o Lower-Left Quadrant (Low R/H, Low X./H): Fluid overload and edema, characterized by expanded extracellular fluid, low systemic resistance, and
preserved or mildly diminished cell mass.

o Lower-Right Quadrant (High R/H or Intermediate R/H, Low X./H): Disease-associated cachexia, advanced malnutrition, and systemic inflammation.
These vectors fall outside the 75% or 95% tolerance ellipses, reflecting severe depletion of metabolically active cell mass, membrane breakdown, and an

elevated ECW/ICW ratio.
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In cancer care, intensive care, and nephrology, BIVA provides a practical alternative to regression equations, which tend to overestimate muscle mass in the
presence of subclinical edema. Plotting sequential measurements on the BIVA plane allows clinicians to track dynamic trajectory vectors over time, helping

distinguish true anabolic tissue recovery from fluid accumulation during nutritional therapy [MAEoN27]

6. Convergence of Bioelectrical Properties with Pathological Biomarkers

The biological continuum connecting circulating pro-inflammatory mediators, free-radical membrane injury, and visceral protein wasting to quantifiable

biophysical impedance alterations is outlined in Table 1 [

PATHOPHYSIOLOGICAL AXIS: MOLECULAR TO ELECTRICAL
Humoral & Inflammatory State Cellular & Membrane Impact Bioelectrical Signature
. High IL-6, TNF-o, CRP . Capillary hyperpermeability . Decreased Reactance (X,)
. High Malondialdehyde (MDA) . Lipid peroxidation of bilayer . Depressed Phase Angle
. Low Albumin & PNI . Loss of selective permeability . Elevated ECW/TBW ratio
. Depleted Visceral Proteins . Intracellular fluid leakage . BIVA vector down-right

Table 1. Pathophysiological Axis Linking Humoral Inflammatory Cascades and Oxidative Stress to Cellular Membrane Breakdown and Bioelectrical Impedance

Signatures

6.1. Phase Angle and Systemic Meta-Inflammation

Systemic inflammation is a primary driver of cancer cachexia, muscle wasting, and disease-related malnutrition. Pro-inflammatory cytokines, including
interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-a), and interleukin-lbeta (IL-1g), stimulate hepatic synthesis of positive acute-phase reactants—

most notably C-reactive protein (CRP)—while downregulating the synthesis of constitutive hepatic proteins such as albumin and transferrin [22{111(23](32],

At the cellular level, these cytokines alter vascular endothelium and cell membrane properties. They increase endothelial and cellular membrane
permeability, cause intracellular potassium leakage, disrupt active sodium-potassium adenosine triphosphatase (Na*/K*-ATPase) ion pumps, and diminish
resting transmembrane electrical potential (23111,

This loss of membrane polarization decreases the capacitance of the lipid bilayer, reducing capacitive reactance (X.). At the same time, increased
microvascular permeability promotes the shift of albumin and plasma water into the interstitial space, expanding extracellular water (ECW) and lowering
low-frequency electrical resistance (R)4/21L,

Because phase angle is derived from the arctangent ratio of reactance to resistance (PhA = arctan( %)X( % )), this combined drop in reactance and shift in

fluid balance significantly lowers the measured phase angle (EllN

Clinical studies across diverse patient populations consistently demonstrate an inverse relationship between PhA and inflammatory biomarkers (214)(11];

o Barrea and colleagues demonstrated in cohorts with obesity and meta-inflammation that reduced PhA correlates strongly with elevated high-sensitivity
CRP (hs-CRP), TNF-q, and IL-6. Receiver operating characteristic curves identified sex-specific PhA cut-offs (< 5.5° for men and < 5.4° for women) that
independently predicted elevated hs-CRP, even after adjusting for age, waist circumference, and dietary patterns 4],

 Stobdus and colleagues analyzed 777 hospitalized patients and found that serum CRP and nutritional risk were the strongest independent determinants

of both raw PhA and standardized phase angle (SPhA), accounting for more variance than the primary disease diagnosis 3,

« In gastrointestinal oncological surgery and critical illness, Lee and Kim reported that PhA measured on postoperative day 1 was inversely correlated with
serum CRP, procalcitonin, and presepsin. Patients with low PhA experienced significantly higher rates of postoperative surgical site infections, sepsis,
and delayed recovery (2],

 In systemic inflammatory response syndrome (SIRS) and septic shock, Swaraj and colleagues observed that a PhA < 4.0° strongly predicted 28-day

mortality, reflecting the combined impact of systemic inflammation, loss of membrane potential, and diffuse capillary leakage 133,
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¢ A systematic review in cardiovascular diseases found that PhA was inversely associated with CRP and TNF-« in most included studies, supporting its
potential use as an indirect marker of inflammation and a tool for therapeutic planning. In gastrointestinal surgery, PhA measured on postoperative day
1 was strongly negatively correlated with CRP, procalcitonin, and presepsin, and lower PhA predicted postoperative infections, emphasizing the role of

PhA as a biomarker of inflammatory complications 121321,

6.2. Phase Angle, Lipid Peroxidation, and Oxidative Stress

Oxidative stress, characterized by an imbalance between the production of reactive oxygen and nitrogen species (RONS) and endogenous antioxidant
defenses, plays a key role in membrane degradation and muscle wasting. Biological cell membranes are particularly susceptible to free radical damage

because their phospholipid bilayers are rich in polyunsaturated fatty acids (PUFAs)LI(15],

When exposed to excessive superoxide radicals, hydrogen peroxide, and hydroxyl ions, PUFAs undergo lipid peroxidation, producing toxic breakdown
products such as malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE)2124],

Lipid peroxidation degrades the hydrophobic membrane core, forms cross-linked protein adducts, reduces membrane fluidity, and creates hydrophilic pores
that collapse the transmembrane potential. This structural degradation reduces the electrical capacitance (C,) of the membrane, leading to a decline in

bioelectrical reactance (X ) and a corresponding decrease in PhA (9134,

In a prospective study of breast cancer patients undergoing anthracycline- and taxane-based chemotherapy, da Silva and colleagues directly linked
bioelectrical variables with oxidative stress and antioxidant biomarkers. Phase angle correlated positively with total antioxidant capacity (assayed by 2,2-

diphenyl-1-picrylhydrazyl, DPPH) and serum albumin, while correlating inversely with serum MDA levels and CRP (o,

Multivariate regression analysis revealed that circulating MDA, DPPH, CRP, fat mass, and the TBW/ECW ratio together accounted for over 50% of the
variance in PhA during chemotherapy. Because chemotherapy regimens generate significant oxidative damage, these findings indicate that serial PhA

measurements can serve as a non-invasive bedside tool to identify oxidative and inflammatory membrane injury 2I21(15],

6.3. Visceral Protein Depletion, Hypoalbuminemia, and Composite Indices

Serum albumin has traditionally served as a biochemical marker of nutritional status, but in clinical illness, circulating concentrations are predominantly
governed by systemic inflammation, hepatic reprioritization, and transcapillary escape. Pro-inflammatory states accelerate the transcapillary escape rate

of albumin into the interstitial space, expanding extracellular water while depressing circulating albumin levels [210151(271(33),

Consequently, hypoalbuminemia is frequently accompanied by lower tissue resistance (R) and decreased reactance (X.), leading to a downward and
rightward vector shift on the BIVA graph and a marked drop in PhA #11€1(191(36],

Across solid tumors—including lung, gastrointestinal, pancreatic, and colorectal cancers—studies demonstrate consistent positive correlations between
PhA and serum albumin, prealbumin, transferrin, total cholesterol, and absolute lymphocyte counts. In non-small cell lung cancer, Prete and colleagues
showed that lower PhA was associated with poor functional status, rapid weight loss, and hypoalbuminemia, serving as an independent predictor of shorter
progression-free and overall survival [BIE18I06221(37),

These relationships extend to validated composite prognostic scores, such as the Prognostic Nutritional Index (PNI)[38):
PNI = 10 x Albumin (g/dL) + 0.005 x Total Lymphocyte Count (/uL)

PNI integrates hepatic protein reserve with host immunologic competence. When evaluated alongside BIA, PhA and PNI show strong positive

correlations [,

Combining both modalities provides complementary prognostic insight: while PNI captures circulating protein reserves and immunological status, PhA
and BIVA reflect peripheral cellular architecture, membrane integrity, and tissue fluid distribution. Patients presenting with both low PNI and depressed

PhA experience the highest rates of chemotherapy toxicity, hospital readmissions, and early mortality [41(16](22)(231(39]

7. Integrated Multi-Marker Matrix

The following matrix shown in Table 2 integrates raw bioelectrical properties, physical mechanisms, associated humoral biomarkers, and clinical

interpretations across oncological and critical care settings (121(2113](38],
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Bioelectrical

Parameter

Biophysical and Physiological

Mechanism

Associated Circulating Biomarkers

Clinical and Oncological Interpretation

PhA = arctan( X—H") x(

180°
=)

Reflects the capacitive charge storage
of cell membranes and the proportion
of metabolically active body cell mass

relative to total fluid volume.

Inversely correlated: hs-CRP, IL-6, TNF- o, MDA,
Procalcitonin. Positively correlated: Serum Albumin,

Prealbumin, Transferrin, Total Lymphocyte Count.

Low PhA (<4.5 to 5.0 degrees) or SPhA < -1.65
reflects membrane degradation, systemic
catabolism, persistent inflammation, and elevated

mortality across advanced neoplasms.

Extracellular-to-
Total Body Water

Ratio (ECW/TBW)

Low-frequency resistance (Re) reflects
interstitial and intravascular fluid
expansion relative to high-frequency

whole-body conduction.

Positively correlated: CRP, Interleukin-1, Cortisol,
Natriuretic Peptides (BNP/NT-proBNP). Inversely

correlated: Serum Albumin, Hemoglobin.

Elevated ECW/TBW (>0.390 to 0.400) indicates
subclinical extracellular fluid expansion, increased
capillary permeability, third-spacing, and systemic

inflammation in cachectic patients.

Capacitive Reactance
(Xc) Normalized to

Height (Xc/H)

Directly measures the total electrical
capacitance and structural integrity of
cellular membranes across skeletal

muscle and visceral organs.

Positively correlated: Insulin-like Growth Factor 1
(IGF-1), Skeletal Troponin, Serum Creatinine.
Inversely correlated: Malondialdehyde (MDA),

Protein Carbonyls.

Depressed Xc/H indicates marked depletion of
active body cell mass, extensive myocyte membrane
degradation, and severe muscle wasting (sarcopenia

and cachexia).

BIVA Vector
Trajectory (R/H vs.

Xc/H bivariate plane)

Simultaneously tracks shifts in tissue
hydration (displacement along the
major axis) and cellular
mass/membrane integrity

(displacement along the minor axis).

Downward/Right Shift: Correlates with elevated
CRP, high systemic immune-inflammation index
(SI1), hypoalbuminemia. Upward/Left Shift:
Correlates with preserved visceral protein synthesis

and normal inflammatory markers.

Characterizes four distinct clinical hydration-
nutrition phenotypes: athletic/eutrophic (upper-
left), dehydration (upper-right), fluid
overload/edema (lower-left), and edematous
cachexia with severe systemic inflammation

(lower-right).

Prognostic
Nutritional Index
Integration (PhA +

PNI Coupling)

Integrates biophysical cellular
health 12 with systemic immune
competence and hepatic visceral

protein synthetic capacity.

Direct Components: Serum Albumin (g/L) and Total
Lymphocyte Count (x 10A9/L): PNI = 10 x Albumin +

0.005 x Lymphocytes.

Identifies discordant clinical profiles (e.g., preserved
albumin alongside depressed PhA due to acute
inflammatory fluid shifts); dual impairment
identifies patients at high risk for dose-limiting

toxicities and poor survival.

Table 2. Integrated Multi-Marker Matrix: Biophysical Conduction Mechanisms, Circulating Biomarker Correlates, and Oncological Clinical Interpretations of

Bioelectrical Parameters

8. Translational Clinical Applications in Oncology and Critical Illness

8.1. Phenotyping Cancer Cachexia, Sarcopenic Obesity, and Fluid Overload

The clinical phenotype of the oncological patient is rarely static; metabolic derangements can cause rapid shifts between tissue wasting, fluid overload, and

altered fat distribution. Standard anthropometric parameters regularly miss these transitions [4[11(20]

For example, in sarcopenic obesity, patients retain large quantities of adipose tissue while experiencing progressive skeletal muscle atrophy. Similarly,

patients receiving intravenous fluids, corticosteroids, or platinum-based chemotherapy may maintain stable body weight while secretly accumulating

several liters of extracellular fluid, masking skeletal muscle loss 41(11](22],

BIA and BIVA resolve these diagnostic challenges by separating tissue mass from fluid volumeJ10;

¢ In simple dehydration, tissue resistance (R/H) increases while reactance (X./H) remains relatively preserved, shifting the vector upward and to the right

along the major axis 1],

« In fluid overload and expanding edema, whole-body resistance drops, shifting the vector downward and to the left [,

« In refractory cancer cachexia, the vector moves into the lower-right quadrant, reflecting depleted cell mass, membrane breakdown, and an expanded

ECW/ICW ratio (1],
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Identifying this lower-right vector shift alerts the clinical team that an apparent stability in body weight may actually reflect subclinical fluid retention

masking progressive muscle wasting 1111161

8.2. Standardized Phase Angle (SPhA) as a Prognostic Risk-Adjusted Metric

A practical challenge when applying raw PhA in clinical settings is its physiological variation with age, sex, and BMI. Biological males display higher
baseline PhA values than females due to greater muscle cell mass and higher membrane capacitance, whereas advancing age leads to a natural decline in
PhA from gradual myocyte loss and subclinical expansion of the extracellular compartment (20,

BMI also influences raw PhA: values increase from low weight up to a BMI of approximately 30 to 35 kg/m?, after which severe obesity leads to a decline in
PhA driven by chronic meta-inflammation and expanded extracellular fluid volumes (3121},

To eliminate these physiological confounders, clinicians should standardize raw PhA against healthy, reference population databases matched for sex, age,
and BmI (111401,

PhAncasured — PhAreference

SPhA =
SDreference

Expressed as a standard deviation score (z-score), PhA provides a risk-adjusted metric that is comparable across diverse clinical cohorts Z1(2],
Multiple clinical investigations show that an SPhA < -1.65 (falling below the 5th percentile) independently predicts impaired functional status, reduced
quality of life, increased susceptibility to dose-limiting chemotherapy toxicities, and significantly shorter overall survival across varied neoplastic

malignancies. Incorporating SPhA into oncological evaluation provides an objective, risk-adjusted threshold for early supportive and nutritional

interventions IS

8.3. Diagnostic Integration with the GLIM Framework and Bedside Muscle Ultrasound

To achieve diagnostic consensus across clinical settings, the Global Leadership Initiative on Malnutrition (GLIM) established a two-step framework for
diagnosing malnutrition: initial screening using validated tools (such as NRS-2002 or MUST), followed by formal assessment requiring at least one
phenotypic criterion (involuntary weight loss, low BMI, or reduced muscle mass) and at least one etiologic criterion (reduced food intake/assimilation or

disease-related systemic inflammation) [6}[22](41],

Bioelectrical impedance directly supports this diagnostic framework:

1. Phenotypic Assessment: BIA estimates fat-free mass and appendicular skeletal muscle mass, which are indexed to height squared (FFMI or ASMI) to
satisfy the GLIM reduced muscle mass criterion using established diagnostic cut-offs (FFMI < 17 kg/m? for men and < 15 kg/m? for women; ASMI < 7.0
kg/m? for men and < 5.5 kg/m? for women) ),

2. Etiologic Assessment: While acute inflammation is traditionally confirmed via laboratory CRP or cytokine assays, an abnormal bioelectrical signature
—specifically a low PhA or elevated ECW/TBW ratio—serves as an objective bedside surrogate of chronic systemic inflammation, identifying cellular

injury even before laboratory results are finalized BII20],

The clinical utility of BIA can be further enhanced by pairing it with point-of-care nutritional ultrasound of the rectus femoris muscle. While BIA and BIVA
evaluate whole-body fluid distribution and cellular membrane capacitance, bedside muscle ultrasound provides direct anatomical visualization of muscle

architecture [231140142](43],

Using high-frequency linear probes (10 to 12 MHz), clinicians can measure the rectus femoris cross-sectional area (RF-CSA) and muscle layer thickness,

while assessing muscle echogenicity. Hyperechogenicity reflects intramuscular adipose tissue infiltration and fibrous degeneration (D(23140],

Combining bioimpedance with ultrasound creates an objective morphofunctional assessment: BIVA detects fluid retention and cellular membrane

compromise, while ultrasound confirms physical myocyte wasting and structural tissue quality [310101023),

84. Four-Tiered Decision Framework for Clinical Nutrition Practice

To integrate these biophysical principles into routine clinical practice, nutritionists and oncology teams can implement a four-tiered decision model:

1. Tier 1: Standardized Baseline Assessment. Perform measurements using a calibrated medical-grade device with direct access to raw R, X_, Z, and

PhA. Follow standardized clinical protocols: patient in a supine position after 5 to 10 minutes of rest, clean skin interfaces, and tetrapolar Ag/AgCl
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adhesive electrodes. Obtain concurrent laboratory panels, including serum albumin, hs-CRP, and complete blood counts to calculate PN BlS19111I[13]
23],

2. Tier 2: Phenotypic Classification. Plot height-normalized vectors (R/H versus X./H) on reference tolerance ellipses to classify the patient into one of
the four BIVA quadrants (eutrophic, dehydrated, edematous, or cachectic-inflammatory). Calculate SPhA to control for age, sex, and BMIL Integrate
these metrics into the GLIM framework to verify whether phenotypic muscle loss and etiologic inflammation criteria are satisfied [mpo27){40],

3. Tier 3: Dynamic Serial Monitoring. Track bioimpedance trajectories across cycles of chemotherapy, radiation, or nutritional therapy. An upward-left
vector movement indicates cellular preservation and a positive response to nutritional support. A downward-right vector shift or an acute drop in PhA
> 090° signals active tissue catabolism, loss of membrane integrity, or subclinical capillary leak, alerting clinicians to impending clinical decline
before overt functional impairment occurs 4112115116]

4. Tier 4: Targeted Risk Stratification. Combine bioelectrical and humoral metrics to stratify patients into risk tiers. Patients presenting with both low
SPhA (< -1.65) and low PNI have a significantly elevated risk of severe chemotherapy toxicity, postoperative infections, and early mortality. These

high-risk individuals should be prioritized for multimodal supportive care, including targeted medical nutrition, anti-inflammatory therapies, tailored

exercise protocols, and potential chemotherapy dose adaptations 1311419 11[33],

This structured use of BIA/BIVA transforms devices from simple body composition tools into integrative instruments for assessing cellular health,

malnutrition, and inflammation.
9. Novelty Appraisal and Literature Benchmarking

9.1. Core Conceptual Novelty

The primary scientific merit of this review lies in establishing an integrative biophysical-biochemical framework that connects electrical circuit mechanics,
hardware engineering, cellular physiology, and circulating clinical biomarkers. Existing literature in the field has largely remained divided into two isolated

disciplines BI1;

 Biophysical and biomedical engineering publications focus heavily on Cole-Cole modeling, electrical dispersion, instrumentation circuitry, and electrode

skin impedance, but typically evaluate these concepts in healthy volunteers or bench models without addressing clinical oncology or cachexia ],

¢ Clinical nutrition publications frequently utilize BIA as a simple bedside tool, relying on empirical regression formulas to estimate kilograms of skeletal
muscle mass while treating the instrument as a black box. In doing so, they often ignore how fluid shifts and membrane disruption in advanced disease

distort these regression calculations &L,

This review bridges these domains by examining the biophysical mechanisms that explain why empirical regression formulas fail in unstable clinical
conditions, while explaining how raw electrical properties (R, X, PhA) directly reflect cellular pathology 3],

By connecting the physics of membrane capacitance (Cy,) to cytokine-mediated endothelial leakage, lipid peroxidation of phospholipid bilayers, and

9]

visceral protein synthesis, this review provides a mechanistic rationale for using raw bioimpedance metrics alongside humoral biomarkers [EY

A detailed comparison highlighting the conceptual and methodological divergence between conventional clinical BIA literature, biophysical engineering

publications, and the integrative framework established in this review is detailed in Table (3) [21]726],
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CONCEPTUAL ARCHITECTURE: BRIDGING THE GAP
Conventional BIA Literature Biomedical Engineering Integrative Framework
(Clinical Nutrition) (Biophysical Domain) (Present Review)
*Black-box empirical equations *Cole-Cole impedance modeling
*Predicts FFM / TBW / Muscle kg *Alternating frequency circuits *Explains equation breakdown
*Fails during fluid shifts *Dielectric dispersion (alpha, beta, gamma) *Links raw R, Xc, and PhA directly to cell membrane integrity and
*Limited consideration of underlying electronics | *Tested primarily in bench or healthy human fluid shifts
*0ften overlooks direct link to circulating cohorts *Integrates circuit physics with cytokines, MDA, albumin, and PNI
biomarkers *Lacks translational oncology

Table 3. Conceptual Architecture: Methodological Comparison Between Conventional Clinical BIA Literature, Biophysical Engineering Modalities, and the Integrative

Framework of the Present Review

9.2. Benchmarking Against Recent High-Impact Literature (2022-2026)

A comparative evaluation against literature published between 2022 and 2026 underscores the timeliness and unique focus of this synthesis:
The foundational review by da Silva et al. (2023) detailed the physiological determinants of phase angle, emphasizing its links with systemic inflammation
and oxidative stress. Concurrently, their prospective clinical trial in breast cancer patients receiving anthracycline chemotherapy demonstrated that PhA

correlates with circulating MDA, total antioxidant capacity (DPPH), and albumin oy

The present review builds upon these findings by analyzing how hardware engineering, frequency selection (low vs. intermediate vs. spectroscopy), and
electrode interface polarization influence the fidelity of these biomarker correlations 2l

Systematic reviews by Branco et al. (2023) and Prete et al. (2024) surveyed BIA applications in oncology, documenting that lower PhA predicts poorer
survival and longer hospitalizations. This review complements their clinical findings by detailing the underlying equivalent circuit physics, illustrating

how inflammatory capillary leakage and lipid membrane degradation directly decrease capacitive reactance and induce vector shifts on the BIVA plane 4]

9l[16][25]

Large-scale clinical evaluations, including the multicenter analysis by Diniz et al. (2025) involving over 19,000 cancer patients, as well as recent
methodological papers by Dupertuis et al. (2025) and Dal Bello et al. (2025), have highlighted significant measurement discrepancies across commercial BIA

instruments, advocating for reference-free vector analysis I111161(261(27]

The present review synthesizes these modern developments into an actionable, four-tiered clinical roadmap that aligns raw bioimpedance parameters with

the GLIM diagnostic framework and bedside muscle ultrasound 51231

10. Conclusions and Translational Research Horizons

Medical-grade bioelectrical impedance analysis and bioelectrical impedance vector analysis provide an objective, non-invasive methodology for evaluating
body composition, fluid distribution, and cellular vitality in clinical and oncological nutrition 31111,

Moving away from population-based empirical regression equations—which carry high error rates in acute illness and cancer cachexia—focusing on raw
bioelectrical parameters (R, X., PhA, and ECW/TBW) provides direct information regarding cell membrane capacitance, fluid balance, and tissue viability m

31[91[11][13][26]

To support the continued translation of bioelectrical impedance from an adjunctive bedside assessment into precision oncology and metabolic medicine,

future clinical investigations should focus on four key priorities:

1. Establishing Multi-Ethnic, Population-Specific Normative Percentiles. Multicenter consortia must develop comprehensive reference percentiles for
standardized phase angle (SPhA) and BIVA tolerance ellipses, stratified by age, sex, BMI, and ethnicity, establishing universally accepted diagnostic

cut-offs for clinical malnutrition and cachexia [LBIILN91221(27](32]
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2. Conducting Interventional Clinical Trials Guided by Bioelectrical Endpoints. Prospective, randomized trials are needed to determine whether
bioimpedance-guided nutritional support, targeted antioxidant therapy, and anti-inflammatory interventions can restore membrane capacitance,
normalize phase angle trajectories, reduce chemotherapy-induced toxicities, and improve overall survival in oncology cohorts [MI1310141[22]

3. Enforcing Hardware Standardization and Metrological Transparency. Device manufacturers should provide open access to raw electrical values (R, X,
and frequency-dependent impedance data), publish circuit validation procedures using precision test networks, and comply with clinical safety
standards (IEC 60601-1), ensuring comparability across commercial platforms JElIEY

4. Implementing Multimodal Morphofunctional Diagnostic Protocols. Clinical nutrition pathways should combine multi-frequency bioelectrical
impedance analysis, bedside muscle ultrasound of the rectus femoris, and circulating biomarker panels (CRP, albumin, PNI, cytokine profiles) to form a

robust morphofunctional assessment protocol at the point of care 1612311401
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