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Figure 2. Regression curves between the impedance change index (Q value) and freshness indices including total aerobic count (TAC),
K value, total volatile nitrogen (TVB-N), and sensory assessment score (SA) in grass carp during cold storage (L. Zhang et al., 2011).
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Table 1. Selected studies on the application of electrical impedance spectroscopy in the quality and freshness assessment of fish and aquatic

products
Study Research focus Key Main finding Key Limitations
indicators
Yuan et Freshness K-value, The impedance Weak correlation in two species; inter-
al., 2018  assessment of impedance, C- ratio of C-value was  species variability; measurement through
eight marine fish  value associated with scales/skin may be affected by surface
species during storage time and K- condition; limited to K<40% and >24 h
ice storage value. storage..
Zavadlav  Quality Phase angle, Phase angle was Nonlinear phase in first 3 days; |Z|
et al, assessment of TVB-N, pH, reported as a sensitive to external factors; sample size
2019 chilled European  WHC suitable indicator dependence; anisotropy/electrode
squid (Loligo for estimating orientation; absolute values depend on
vulgaris) storage time and sample size and setup, limiting cross-
quality loss. study comparison.
Z.Sunet  Multi-quality Impedance, The combination of  Need preprocessing/normalization;
al, 2020 detection of TVB-N, EIS and RMSEP =2.94 mg/100g; electrode
Atlantic salmon chemometric chemometrics was configuration dependence; limited to one
features effective for quality  species; no explicit discussion of
discrimination and electrode polarization/contact impedance
TVB-N prediction.  effects.
J.Sunet  Reduction of TVB-N, RODDS improved Non-monotonic bulge requires two-
al, 2020 inter-sample RODDS the prediction frequency RODDS; moderate prediction
variability in fish accuracy of TVB-N. error (R2=0.71, RMSE=3.81); limited to
freshness common carp; room temperature (26°C);
assessment precise electrode placement needed; no
other reference indices..
Teixeira  Preliminary Resistance, Time-dependent Preliminary, one sample, four
etal, quality reactance, impedance changes  measurements; data <100 Hz discarded;
2021 assessment of impedance indicated the linearity uncertain; multiple error
Nile tilapia potential of EIS for  sources; no reference indices; no
(Oreochromis fish shelf-life standardized protocol.
niloticus) quality monitoring.
N. Zhang  Salmon spoilage  Z, phase Four spoilage stages  Invasive needle electrode; THz-TDS
etal, monitoring using  angle, critical ~ were identified limitations (surface/thin sample); number
2022 EIS and THz- frequency using EIS and THz-  of replicates not clearly reported; no
TDS TDS data. reference indices; only 24 h; temperature
conditions not systematically controlled,;
new technique.
X. Zhang Non-invasive Impedance, Impedance sensing  Requires blood sampling for model
etal, health stress indices,  combined with training/calibration, limiting fully non-
2025 assessment of deep learning  data-driven models  invasive implementation; complex deep

live fish

was used for fish
health
classification.

learning (CNN-LSTM, KNN); wearable
sensor stability; only two sizes;
overfitting risk.

Limitations are summarized based on the authors' statements and methodological constraints observed in each

study.
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Introduction
Seafood products are highly nutritious, rich in proteins and omega-3 fatty acids, and play a vital role in a balanced
diet. However, they are extremely perishable and undergo rapid biochemical and microbial deterioration post-
mortem, leading to undesirable changes in odor, flavor, and texture. Therefore, accurate and timely assessment of
quality and freshness is a critical need throughout the supply chain and quality control systems. Traditional chemical
and microbiological methods, such as K-value and total volatile basic nitrogen (TVB-N) measurements, are often
time-consuming, destructive, and unsuitable for online industrial applications. These limitations have driven the
search for rapid, nondestructive, and cost-effective alternatives. Electrical impedance spectroscopy (EIS) has
emerged as a promising technique that measures the electrical response of biological tissues over a range of
frequencies, providing valuable information about cellular membrane integrity, water and ion distribution, and
structural degradation. EIS offers advantages including speed, non-destructiveness, low cost, and portability.
Numerous studies have demonstrated its capability to differentiate fresh from spoiled samples and to predict
reference quality indices using chemometric models. Despite these potentials, challenges such as temperature
sensitivity, electrode contact quality, tissue heterogeneity, and lack of standardized protocols hinder its widespread
industrial adoption. This review aims to systematically examine recent advances in EIS applications for fish and
seafood freshness evaluation, discuss the underlying principles, measurement techniques, data processing strategies,
and compare EIS with other non-destructive methods, while identifying current gaps and future research directions.
Materials and Methods
A comprehensive literature search was conducted using the ScienceDirect and Google Scholar databases. The search
strategy employed the keywords electrical impedance spectroscopy, fish freshness, fish spoilage, and seafood
quality. The initial search using combinations of these keywords yielded 165 English-language scientific articles.
After applying thematic filters and limiting the search to studies directly addressing the application of EIS in
assessing spoilage and freshness of aquatic products and seafood, 39 articles were identified; following detailed
content review, 38 articles fully met the inclusion criteria. To cover the theoretical foundations, including biological
impedance principles, cell membrane behavior, mechanistic models, and comparative non-destructive methods the
search scope was expanded, resulting in a total of 89 relevant articles entering the screening process. Finally, after
applying relevance criteria and alignment with the review objectives, 57 articles were selected as the final references
for this review. Recent comprehensive reviews in the field emphasize that the integration of novel sensing
technologies including EIS, artificial intelligence, and real-time data analysis will shape the future of aquatic product
quality assessment. Accordingly, this study examines EIS applications in the quality and freshness evaluation of fish
and aquatic products and reviews recent advances in this method.

Results and Discussion

The reviewed studies consistently demonstrate that EIS is sensitive to post-mortem structural and biochemical
changes in fish muscle. The impedance response is governed by the frequency-dependent current pathways through
extracellular and intracellular fluids, with cell membranes acting as capacitive barriers at low frequencies. As
freshness declines, membrane integrity deteriorates, leading to decreased impedance magnitude and altered phase
angle. Several mechanistic models, including the Fricke model, three-component equivalent circuit, and Cole-Cole
model, have been employed to translate impedance spectra into interpretable parameters reflecting tissue state.
Measurement systems typically employ either full frequency sweep (e.g., 0.1 Hz to 100 kHz) or selected multi-
frequency approaches to reduce measurement time. Electrode configurations range from two-electrode (simple but
prone to polarization artifacts) to four-electrode (tetrapolar) setups that minimize contact impedance. Temperature
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control during measurement is crucial, as impedance is highly temperature-dependent. Studies on various species,
including Atlantic salmon, Nile tilapia, European squid, grass carp, and seabream have shown that impedance
parameters correlate well with storage time and quality indices. For instance, the ratio of impedance at different
frequencies (C-value or Q-index) has been used to predict K-value and TVB-N with good accuracy using partial
least squares (PLS) regression.

Advanced data processing strategies have been developed to address inter-sample variability, a major challenge.
Morphological features extracted from impedance spectra (e.g., peak characteristics) have shown greater stability
across samples of different origins compared to raw impedance or phase angle values, with relative standard
deviations as low as 4.6% versus 7.8 - 20.1%. Classification models based on morphological parameters achieved up
to 78% accuracy, whereas raw parameters yielded 52 - 55%. Fusion approaches combining impedance magnitude,
phase angle, and morphological features improved classification accuracy to 94.2%. Preprocessing techniques have
also been shown to enhance prediction robustness under varying temperature conditions, increasing accuracy from
54% to 84%.

In cold chain monitoring, EIS has effectively tracked freshness deterioration during ice or refrigerated storage.
Studies on Atlantic salmon demonstrated that EIS combined with chemometrics could discriminate quality levels
and predict TVB-N. In European squid, phase angle changes during 11 days of chilled storage correlated with TVB-
N, pH, and water holding capacity. For authentication applications, EIS has successfully distinguished fresh from
frozen-thawed seabream, though it showed limitations in detecting freeze-thaw cycle numbers.

Compared to other non-destructive techniques such as near-infrared spectroscopy, Raman, fluorescence,
hyperspectral imaging, and multispectral imaging EIS offers simpler hardware, lower cost, and easier portability,
making it more suitable for rapid on-site screening. However, optical and imaging methods provide richer spatial
and spectral information and are non-contact, albeit at higher costs and with greater operational complexity. Thus,
EIS is best positioned as a complementary tool rather than a complete replacement for other methods.

Key challenges identified include a lack of standardized measurement protocols (electrode type, contact pressure,
measurement site, temperature control), high sensitivity to experimental conditions,inter-sample biological
variability, limited generalizability of models across species and storage conditions, and (5) electrode polarization
effects. Addressing these requires the development of normalized indices, robust preprocessing methods, and
advanced machine learning models.

Conclusions

Electrical impedance spectroscopy is a promising non-destructive, rapid, and cost-effective technique for assessing
fish and seafood freshness, with demonstrated capability to track quality changes during cold storage and predict
reference biochemical indices. Its sensitivity to cellular membrane integrity and tissue structure provides meaningful
insights into spoilage progression. However, widespread industrial adoption is currently hindered by the absence of
standardized protocols, susceptibility to measurement conditions, and inter-sample variability. Future research
should focus on developing robust measurement standards, integrating EIS with advanced feature extraction and
machine learning algorithms, designing portable and user-friendly devices, and validating models across diverse
species and supply chain scenarios. With these advancements, EIS holds substantial potential to become a practical
and reliable tool for rapid quality monitoring in the seafood industry.

Keywords: Cold chain monitoring; Electrical impedance spectroscopy; Spoilage indices; Quality assessment of
Seafood.
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Abstract
Seafood products, despite their high nutritional value, are highly perishable, and rapid, non-destructive assessment
of quality and freshness has become a critical requirement throughout the supply chain. Conventional chemical and
microbiological methods are often time-consuming, destructive, and difficult to implement in industrial production
lines. Electrical impedance spectroscopy (EIS), as a rapid, lowcost, and non-destructive technique, enables the

evaluation of structural and biochemical changes in fish tissues by measuring their electrical response over a range
of frequencies. This review aims to investigate and analyze the applications of EIS in the assessment of freshness,
spoilage, and quality of aquatic products, while also examining the factors affecting its potential for industrial
implementation. In this context, previous studies focusing on measurement principles, frequency effects, electrode
configurations, mechanistic models, feature extraction approaches, and impedance data modeling were reviewed and
analyzed.

The findings indicate that impedance parameters, including impedance magnitude, phase angle, spectral features,
and their integration with chemometric approaches and machine learning algorithms, demonstrate considerable
potential for establishing relationships with reference quality indicators such as TVB-N, K-value, microbial counts,
and sensory evaluation. Furthermore, EIS has shown promising performance in monitoring quality changes during
cold storage and differentiating various stages of spoilage. However, despite these advantages, several challenges,
including strong dependence on measurement conditions, electrode type and contact configuration, temperature
variations, tissue heterogeneity, and the lack of standardized protocols, remain major barriers to the widespread
industrial application of this technology. Based on the reviewed studies, the future development of EIS in the
seafood industry will largely depend on the advancement of portable sensing systems and the standardization of
measurement procedures. Therefore, EIS can be considered a promising complementary technology for rapid and
non-destructive quality monitoring of seafood products alongside existing assessment methods.

Keywords: Cold chain monitoring; Electrical impedance spectroscopy; Spoilage indices; Quality assessment of
Seafood.
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