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Abstract: Dielectric properties are validated to be correlated with the changes of food quality during 4°C storage, thus it could 

be used as predictive indicators for the quality parameters of salmon (Salmo salar) during cold storage.  An open-ended 

coaxial detection method was used to determine the dielectric properties (dielectric constant ε' and dielectric loss ε") of salmon 

at the frequency range of 20-2500 MHz, and to explore the relationship between dielectric properties and volatile base nitrogen 

(TVB-N), thiobarbituric acid reactants (TBARS), total viable counts (TVC), pH and K-value in salmon fillets during storage for 

7 d.  Results showed that the TVB-N, TBARS, TVC and K-value of salmon increased linearly with the increase of storage 

time, and the pH decreased firstly and increased subsequently.  Also, the dielectric properties (ε' and ε") decreased with the 

increase of frequency, and increased with the increase of storage time.  During 7 d storage, ε" increased the most at the 

frequency of 27.12 and 40.68 MHz, while at the frequency of 915 MHz and 2450 MHz, the increase of ε" was smaller.  

Results analyzed by Pearson correlation analysis showed that significant correlation (p<0.01) was found between ε" and 

TVB-N and TBARS at the frequency of 27.12, 40.68, 100.00, 300 and 915 MHz.  The results of the partial least square (PLS) 

model showed that all the determination coefficients (R2
pred) were over 0.900. Especially for TBARS, the R2

pred of PLS-ε' and 

PLS-ε" were 0.913 and 0.920, respectively, and the root mean square error of prediction (RMSEP) were 0.041 and 0.039, 

respectively.  However, the highest R2
pred for PLS-ε' and PLS-ε" both occurred in TVB-N.  Also, the predicted values against 

measured values of TVB-N, TBARS and TVC of salmon presented a good linear relationship.  The linear coefficient R2 of 

TVB-N, TBARS and TVC for PLS-ε' were 0.937, 0.910 and 0.917 respectively, and 0.942, 0.917 and 0.933 respectively for 

PLS-ε".  The results demonstrated the dielectric properties combined with PLS analysis can be used as a rapid and 

non-destructive method to predict quality parameters of salmon during 4°C storage and could be further applied to other aquatic 

products. 
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1  Introduction

 

Salmon is rich in nutrition and contains protein (lysine, 

methionine, etc.), fat-soluble vitamins (vitamins A and D, etc.), 

trace elements (iron, zinc, calcium, iodine, etc.) and 

polyunsaturated fatty acids, especially docosahexaenoic acid (DHA) 

and eicosapentaenoic acid (EPA)[1].  Seafood, including salmon, 

are prone to deteriorate so that monitoring and predicting quality 

changes during storage are considered critical.  The quality of 

aquatic products is generally evaluated by the amount of total 

volatile base nitrogen (TVB-N), thiobarbituric acid reactants 

(TBARS), total viable counts (TVC), pH and ATP-related 

compounds.  The TVB-N is used to determine the decomposition 

of protein and fat expressed as nitrogen-containing substances 

existed in food.  The degree of oxidation of food fat can be 

determined by TBARS, the TVC can be used to evaluate the degree 

of food spoilage due to bacteria multiplication, and the pH and 

                                                 
Received date: 2020-11-21    Accepted date: 2020-12-22 

Biographies: Jialing He, Master candidate, research interest: aquatic product 

storage and processing; Email: 13974501128@163.com; Feng Li, MS, Engineer, 

research interest: food engineering; Email: fli@shou.edu.cn. 

*Corresponding author: Yang Jiao, PhD, Associate Professor, research 

interest: novel food processing and preservation technologies. 999 Hucheng Ring 

Rd., Pudong New District, Shanghai 201306, China. Tel: +86-21-61908758, 

Email: yjiao@shou.edu.cn. 

ATP-related compounds also are two indicators used to present the 

freshness of aquatic products[2].  Many studies had reported 

quality changes of aquatic products with useful explanations during 

different storage conditions.  Liu et al.[3] reported that the pH of 

grass carp fillets stored at 0°C decreased slightly within the initial  

3 d and then increased significantly during the following storage 

period.  The decreases in pH might be associated with the 

generation of lactic acid by anaerobic glycolysis and the liberation 

of inorganic phosphate by degradation of ATP, while the increases 

might be attributed to the accumulation of ammonia and 

trimethylamine resulting from autolytic and microbial reactions.  

And there were no marked changes in initial values of TVB-N of 

grass carp fillets stored at 0°C, but a rapid increase was observed 

during the later stages of storage, accounting for the increases in 

pH and protein degradation.  Quality changes of Snakehead 

(Channa argus) fillets stored at 4°C were studied.  It was found 

that the total variable counts of snakehead fillets increased rapidly 

and reached 7.2 log CFU/g on day 7, and the initial IMP 

concentration of the control was 0.66 µmol/g, and then increased 

considerably (p<0.05) on the 3rd day, accumulating spontaneously 

at the beginning of storage, and decreased sharply to 0.72 µmol/g 

on day 11.  IMP is sequentially catabolized to HxR by acid 

phosphatase enzymes and further degraded to Hx by acid 

phosphatase[4].  Furthermore, more other similar relative 

researches have been reported[4-7].  Because of these changes in 
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physicochemical quality of seafood during storage, methods and 

technologies are crucial for quality determination and prediction.  

However, the sample preparation process of the traditional 

detection methods is usually tedious and the operation period is 

relatively long, which cannot meet the needs of the market and 

consumers for a fast determination.  

Dielectric properties reflect the response of the bound charge 

in the food molecule to the external electric field.  Dielectric 

constant (ε') and dielectric loss (ε'') are the two components of the 

dielectric properties, which reflect the storage and loss ability of 

food molecules to electrostatic energy, respectively.  The 

dielectric properties of food are affected by many factors, such as 

temperature, frequency, etc., and vary with the food composition[8].  

The correlations between dielectric properties and the food 

physiochemical properties have been studied extensively, e.g., the 

maturity of fruits and vegetables[9,10], the freshness of milk[11], the 

postmortem aging of livestock and poultry meat[12,13] and food 

quality[14].  Thus, the method of using an open-ended coaxial 

probe connected to a network analyzer for determining the 

dielectric properties of food materials[15,16] and correlating with 

food quality to achieve the goal of fast prediction of food quality 

has been used by some researchers[10,14,17,18]. 

Partial least squares (PLS) regression is a multivariate 

statistical data analysis method, which could be used for regression 

modeling and correlation analysis among multiple groups of 

variables[19].  It is often used to correlate multiple dependent 

variables with respect to multiple independent variables[18].  Rossi 

et al.[19] developed a multivariate model based on NIR spectroscopy 

and PLS regression for predicting the moisture, total ashes, caffeine 

content in yerba mate.  The performance of the regression models 

showed an R2>0.90 with an RMSEP<0.17%.  Shrestha et al.[20] 

established prediction models based on the Vis/NIR spectrum 

combined PLS regression to predict the moisture ratio, color, 

shrinkage and rehydration ratio of apple slices.  The PLS 

regression model showed a good prediction for the quality 

attributes, especially for the moisture ratio[20] (R2=0.940, 

RMSEP=0.076).  However, there is little information on the 

correlations between dielectric properties and seafood quality 

parameters during storage, especially salmon. 

Thus, in this work, the physicochemical properties and 

dielectric properties of salmon during cold storage were determined, 

and the correlation between those was analyzed with a Pearson 

correlation analysis.  Also, the prediction model of 

physiochemical quality parameters of chilled salmon based on the 

dielectric properties during storage was established with PLS 

method.  The results assist the development of a methodology for 

fast predicting the quality changes of salmon fillets during storage. 

2  Materials and methods 

2.1  Materials and treatment 

Fresh salmon fillets, previously deep-frozen and tempered after 

transportation from Norway, were purchased from DaRunFa 

supermarket in Nicheng, Pudong New Area, Shanghai, and the 

quality was tested and found to meet the requirements of GB 

2733-2015[21].  The purchased salmon fillets were transported to 

the laboratory in a cooler and refrigerated at 4.0°C.  The dielectric 

properties and the physicochemical properties including TVB-N, 

TBARS, TVC, pH and ATP-related compounds of the salmon fillet 

samples were tested after 1, 3, 5, 6 and 7 d of storage, respectively.  

2.2  Determination of total volatile basic nitrogen 

The TVB-N value of refrigerated salmon samples was 

determined using the Kjeldahl method with a FOSS KjeltecTM 8400 

fully automatic Kjeldahl apparatus (Kjeltec 8400, FOSS Kjeltec, 

Hilleroed, Denmark).  Two grams (2.0 g) of the minced sample was 

put into a 750.0 mL digestive tube, and 5.0 g light magnesium oxide 

was added into the tube as a catalyst, and then the tube was placed 

on the sample holder to distill.  Meanwhile, 1.0% boric acid 

solution containing a mixed indicator produced from methylene 

blue was used to absorb the distillate.  Afterward, the boric acid 

solution was titrated with 0.01 mol/L hydrochloric acid solution.  

The TVB-N value was expressed as mg/100g, and triplicates were 

conducted for each sample.  

2.3  Determination of thiobarbituric acid reactive substance 

TBARS is a widely used index to evaluate the degree of fat 

oxidation.  The determination method is slightly modified from a 

previously published research[22].  Five grams (5.0 g) of minced 

fish were placed in a conical bottle.  Then, 25.0 mL 7.5% 

trichloroacetic acid (containing 0.1% EDTA) was added, and the 

bottle was shaken for 30.0 min.  Then the solution was filtered 

with three layers of filter paper, 5.0 mL filtrate was transferred into 

a test tube, 5.0 mL 0.02 mol/L thiobarbituric acid was added and 

mixed evenly.  After being heated in a 90.0°C constant 

temperature water bath for 40.0 min, and cooled in cold water for 

30.0 min, the solution was centrifuged at 239 g for 5.0 min.  The 

supernatant was obtained and 5.0 mL chloroform was added into 

the solution to obtain the absorbance values using a UV-Visible 

Spectrophotometer (Evolution 220, Thermo Scientific, Waltham, 

USA) at 600 nm and 532 nm.  Triplicates were conducted in each 

experiment.  The results were expressed in mg MDA/kg, and the 

calculation equation was as follows: 

532 600( ) 72.6 1000
TBARs (mg MDA/kg)

155 10

A A  



    (1) 

where, A532 is the absorbance value at 532 nm; A600 is the 

absorbance value at 600 nm. 

2.4  Determination of total viable counts  

The total viable counts were determined according to the 

national standard GB4789.2-2016[23].  Twenty-five grams (25.0 g) 

of salmon fillet was sampled, minced, and put into a sterile 

homogenization bag and homogenized in 225.0 mL sterile 

physiological saline (0.85%) solution with a homogenizer (Basic 

Panoramic, IUL, S.A., Barcelona, Spain).  The homogenized 

samples were diluted serially (1:10).  According to 

pre-experiment, the appropriate dilution multiple was selected to 

make a series of gradient bacterial suspensions and 1.0 mL of each 

gradient diluent was spread onto the sterile petri dish, covered the 

culture medium and shaken well.  After cooling down, the 

bacterium was incubated at (30±1)°C for 72 h.  Each trial was 

repeated three times, and all counts were expressed in log (CFU/g). 

2.5  Determination of pH 

The changes in pH could also reflect the freshness of salmon 

during cold storage.  Ten grams (10.0 g) minced salmon fillet 

were dispersed in 100.0 mL distilled water, stirred for 30.0 min and 

then filtered.  The pH of the supernatant was measured using a 

digital pH meter (FE20K, METTLER TOLEDO Instrument Co., 

LTD, Shanghai, China).  Each experiment was repeated three 

times.  

2.6  Determination of the concentration of ATP-related 

compounds and K-value  

ATP-related compounds include adenosine triphosphate 

(ATP), adenosine diphosphate (ADP), adenosine monophosphate 

(AMP), inosine 5′-monophosphate (IMP), hypoxanthine riboside 

(HxR), and hypoxanthine (Hx).  During postmortem and 
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subsequent storage, ATP in fish muscle undergoes the following 

degradation process: ATP → ADP → AMP → IMP → HxR → 

Hx[24].  The K-value is commonly used to evaluate the freshness 

of aquatic products during storage and the value correlates with the 

degradation and accumulation of ATP-related compounds[25].  

Generally, the K-value of fresh fish was lower than 20%, while 

moderately fresh fish was between 20%-50%, and a K-value higher 

than 70% indicated the spoilage of fish[26].  

ATP-related compounds extraction was carried out according 

to the method described by Huang et al.[27] with some 

modifications.  Two grams (2.0 g) of the fish sample was 

homogenized (FJ200-SH, Shanghai Specimen and Model Factory, 

Shanghai, China) for 1.0 min with 20.0 mL of 10% (w/v) cold 

perchloric acid (PCA) solution in an ice bath.  After centrifuging 

at 10 621 g for 15.0 min at 4°C, the supernatant was collected, 

while the sediment was mixed with 10.0 mL of 5% cold PCA and 

centrifuged at 10 621 g for 15.0 min at 4°C.  The supernatant was 

collected and the above procedure was repeated.  The supernatants 

obtained were combined, and the pH was adjusted to 5.8-6.0 with 

10.0 mol/L and 1.0 mol/L sodium hydroxide solutions, and the 

volume was made up to 50.0 mL with 4°C ultrapure water, and 

stored at below −20°C for later HPLC analysis. 

K-value was measured by a reverse-phase high-performance 

liquid chromatograph (HPLC) (Agilent 1260 Infinity, Agilent 

Technologies Inc., Palo Alto, USA)[24].  The Ultimate® AQ-C18 

column (4.6 mm×250.0 mm×5.0 µm) was installed inside a 

thermostatic compartment for use at a temperature of 35 ̊C.  The 

mobile phase were 0.02 mol/L phosphate buffer (pH=6.0) (A) and 

methanol (HPLC>98%) (B), and the flow rate was 1.0 mL/min 

under gradient elution conditions: 0.00 min: 100% A+0% B;   

8.00 min: 100% A+0% B; 8.01 min: 97% A+3% B; 10 min: 97% 

A+3% B; 10.01 min: 94% A+6% B; 15 min: 94% A+6% B;    

23.01 min: 70% A+30% B; 24.0 min: 100% A+0% B; 25 min: 

100% A+0% B.  The samples were filtered through a 0.22 µm 

membrane and analysis was carried out by injecting 20.0 µL of 

sample and detection was monitored at 254 nm.  The K-value was 

calculated according to the following equation: 

K (%) 100%
HxR Hx

ATP ADP AMP IMP Hxr Hx


 

    
  (2) 

2.7  Determination of dielectric properties 

The dielectric properties of refrigerated salmon fillet samples 

were measured with an open coaxial probe (Agilent N1501A, 

Agilent Technologies Inc., Palo Alto, USA) connected to a vector 

network analyzer (Agilent E5071C, Agilent Technologies Inc., 

Palo Alto, USA).  Also, a self-built sample holder (d = 2.5 cm, h = 

10.0 cm) was used to hold the sample for dielectric property 

measurement.  Before measurements, the vector network analyzer 

was turned on for 1 h for warming up.  Then the scanning type of 

the software was set to linear scanning.  The scanning frequency 

range was set as 20-2500 MHz (1241 data points) in the software.  

The analyzing systems were calibrated before each independent 

measurement to avoid experimental errors.  The calibration 

process was divided into three steps, which are air, short circuit and 

(25.0±0.5)°C deionized water[28].  Salmon fillets were then cut 

into cylindrical shapes (d = 2.0 cm, h = 10.0 cm) and fitted into the 

self-built sample holder.  The open-ended measuring probe was 

installed to contact the sample surface and started measuring.  The 

dielectric properties of refrigerated salmon were measured within a 

frequency range of 20-2500 MHz.  Each experiment was repeated 

three times.  Detailed equipment information could be found in 

the literature[29]. 

2.8  Regression models 

The partial least square (PLS) method was used to establish a 

regression prediction model in the measured frequency range with 

the dielectric properties (PLS-ε′, PLS-ε") at the selected frequency 

as independent variables and the physiochemical quality (TVB-N, 

TBARS, TVC) as dependent variables.  The prediction accuracy 

of the models was evaluated in terms of coefficient of 

determination (R2
pred) and root mean square error of prediction 

(RMSEP) in an external prediction set.  A R2
pred was used to 

represent the correlations between the predicted and experimental 

values[30].  A R2
pred value closer to 1 indicated a perfect fitting, and 

the RMSEP is used to evaluate the prediction ability of the model 

to external samples.  A larger R2
pred and a smaller RMSEP 

indicated a higher fitting and prediction accuracy of the model.  

The R2
pred and RMSEP were calculated as follows[30,31]: 

            (3) 

          (4) 

where, m is the sample size of prediction (j) sets;  is the 

model-predicted value of the sample; yj is reference (measured) 

value of the sample;  is reference mean value of the sample. 

2.9  Data processing and analysis 

The results were expressed as means±standard deviation and 

analyzed with SPSS 25.0 software (SPSS Inc., Chicago, USA).  A 

Pearson’s correlation analysis was carried out to obtain the 

correlation between dielectric properties and various quality 

indexes, and values of p<0.05 (*) were considered as significant 

correlation, while p<0.01 (**) were considered as very significant 

correlation.  The Origin 9.1 software was used for graphic 

drawing and PLS prediction model establishment. 

3  Results and discussion  

3.1  Effect of storage time on the physicochemical quality of 

salmon 

Figure 1 showed the changing trend of TVB-N, TBARS and 

TVC of salmon with refrigerated storage time.  Results showed 

that the TVB-N, TBARS and TVC of refrigerated salmon increased 

linearly within the storage period.  It could be seen from the figure 

that after 7 d of 4°C storage, the TBARS value of salmon increased 

to 0.80 mg MDA/kg, TVB-N increased from 7.42 to 17.48 mg/100 g, 

which did not exceed the limit of secondary freshness 

(TVB-N<20.00 mg/100 g).  During the storage process, as time 

extended, nitrogen-containing macromolecules like protein and 

peptides would covert to volatile compounds chemicals under the 

action of microbes[3,24].  Researchers also studied the quality 

changes of silver carp and white shrimp during storage.  They 

reported that the values of TVB-N and TBARS of silver carp 

increased from (11.4±2.9) mg/100 g to nearly 50 mg/100 g and 

(0.51±0.11) mg MDA/kg to over 1.00 mg MDA/kg after 6 d 

storage at 4°C, respectively[32,33].  During storage, the value of 

TVB-N of white shrimp increased to 33.54 mg/100 g on the 8th 

day, which exceeded the spoilage limit of shrimp[32,33].  The 

oxidation of lipids is attributed to the microbial growth and the 

activity of oxidase, and also the protein degradation.  However, 

the TVC value of salmon after 7 d of cold storage exceeded the 

limit value of 5.70 log (CFU/g) on the 6th day, so it could be 

considered that the shelf life of 4°C refrigerated salmon was less 

than 6 d.  This is because the surface of salmon fillet is 

contaminated by microbes during storage from the environment. 
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Figure 1  Changes in physiochemical properties of salmon during 

refrigeration storage 
 

3.2  Changes of pH and K-value of salmon  

The pH of fish flesh was influenced by various biochemical 

factors during storage, such as glycolysis, the degradation of 

ATP-related compounds, and the metabolites produced by spoilage 

bacteria[34].  The pH values decreased at the first 3 d and then 

increased continuously as the storage time increased (Figure 2a).  

The initial pH value of salmon fillet was 6.43 (1 d), decreased to 

6.38 on day 3, and reached 6.52 on day 7.  The initial decrease in 

pH might be due to the lactic acid produced by anaerobic 

glycolysis of glucose, and the liberation of inorganic phosphate by 

the degradation of ATP[35,36].  The subsequent increase might be 

attributed to the accumulation of nitrogen-containing compounds 

like ammonia and biogenic amines produced by the degradation of 

protein.  Thus, the increase in pH agreed with the increase of 

TVB-N value.  

Results showed that the K-value of salmon fillets increased 

continuously with storage time (Figure 2b), indicating the decline 

in quality of salmon fillets, which could be expressed as the 

degradation of ATP and accumulation of HxR and Hx.  The initial 

K-value of salmon fillets was 14.15% on day 1, and increased to 

50.04% on day 5, which indicated the acceptability of fish.  After 

7 d of cold storage, its K-value reached 88.89% which was higher 

than 70%, indicating the spoilage of salmon fillets.  This result is 

in agreement with many other findings[26,37,38]. 

 
a. pH value  b. K-value 

 

Figure 2  Changes in pH and K-value of salmon fillets during storage at 4°C 
 

3.3  Changes in the concentration of ATP-related compounds 

At the ATP degradation process, IMP was regarded as the 

major intermediate nucleotides, which was a flavor enhancer.  

While HxR and Hx attributed to bitterness and off-odor.  The 

accumulation of HxR and Hx in seafood correlates well with the 

degradation of fish quality and freshness.  The nucleotide’s 

catabolism was caused by the autolysis of muscle, resulted in the 

transformation of ATP towards IMP, while the endogenous enzyme 

and microorganisms were the major factors contributing to 

hydrolyzing HxR to Hx[39,40]. 

As shown in Figure 3, the changes in concentration of ATP, 

ADP and AMP gradually decreased throughout the whole storage 

period at 4°C.  The concentration of IMP had no significant 

change in the first 3 d (1 d: 1.80 µmol/g, 3 d: 1.79 µmol/g), but 

then decreased sharply during the subsequent storage.  This was 

because IMP degraded to HxR and then converted to Hx due to 

both autolytic and bacterial enzymes[41].  Meanwhile, an 

increasing and then decreasing change trend was observed in HxR.  

On the first day, the concentration of HxR was 0.83 µmol/g, and 

reached the maximum (1.03 µmol/g) on day 3.  The increase of 

HxR is due to the conversion of IMP, while the sharp decrease is 

the consumption of IMP and accumulation of Hx with the 

extension of storage time, resulting in a constant increase in the 

concentration of Hx at the later storage.  

Some methods and novel technologies were developed to 

inhibit the enzymatic activities and metabolites of seafood and 

protect them from deterioration[25,40].  The effects of vacuum 

impregnated fish gelation and grape seed extract on metabolite 

profiles of tilapia fillets during storage were studied, and the results 

showed the content of IMP in the control group (0.55 mg/100 g) on 

day 6 was significantly (p<0.05) lower than that of the coated 

samples (1.27-1.69 mg/100 g).  Also, coating treatments reduced 

the formation of HxR[40,42]. 

3.4  Effect of storage time on dielectric properties 

As the storage time increased, the composition of salmon 

muscle changed, which resulted in a variation in its dielectric 

properties.  Figure 4 and Figure 5 showed the dielectric properties 

of refrigerated salmon during cold storage time at the measured 

frequency of 20-2500 MHz.  It could be found from Figures 4 and 

5 that within the measured frequency, ε' and ε" had a similar trend 

that they both decreased with the increase of frequency, and 

increased with the storage time.  Also, the increase at 

low-frequency range (<300 MHz) was significantly higher than 

that at high-frequency range (300-2500 MHz).  With the increase 

of frequency, the molecule dipole rotation becomes a dominant 

mechanism in food materials, which leads to the decrease of ε′  

with the increase of frequency.   In the radio frequency band 

(<300 MHz), ion conduction is dominant, and as the frequency 

increased (>300 MHz), dielectric loss is mainly affected by dipole 

polarization.  It was also found that along with the storage time, 

both the dielectric constant and loss factor of salmon flesh 

increased.  This might be the combined effect of the protein 

degradation, lipids oxidation and microbial growth within the fish, 

since the accelerated metabolism and protein degradation of salmon 
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meats produced an increase in metabolites and free ions, causing a 

higher ionic loss.  Also, as the protein degraded, the water holding 

capacity of the muscle decreased, resulting in the loss of free water 

and further affecting the dielectric properties of salmon.  These 

phenomena affect ionic conductivity and also the dipolar relaxation, 

as well dielectric properties[14]. 

 
a.   b.  

 
c.   d.  

 

Figure 3  Changes in concentration of ATP-related compounds of salmon fillets during storage at 4°C 

 
a. ε′ measured at the frequency of 20-100 MHz  b. ε′ measured at the frequency of 100-2 500 MHz 

 

Figure 4  Effect of the storage time on the dielectric constant (ε′) of salmon fillets stored at 4°C at the frequency of 20-2 500 MHz. 

 
a. ε" measured at the frequency of 20-100 MHz  b.ε" measured at the frequency of 100-2 500 MHz 

 

Figure 5  Effect of storage time on the electric loss (ε") of salmon stored at 4°C at the frequency of 20-2 500 MHz 
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Within the measured frequency range, the dielectric properties 

of salmon fillet at four frequencies (27.12, 40.68, 915, 2450 MHz) 

were selected and analyzed with the cold storage time (Figure 6).  

At 27.12 and 40.68 MHz, the ε' increased from 116.78±2.05, 

91.53±1.82 to 149.72±2.43, 115.90±2.21, while the ε" increased 

from 221.79±10.81 and 133.03±3.45 to 568.39±7.14 and 

303.53±2.30, respectively.  Under the same conditions, the ε' at 

915 and 2 450 MHz increased from 52.57±0.66 and 47.51±0.66 to 

60.36±1.45 and 55.70±1.44 while the dielectric loss ε" increased 

from 14.29±1.06 and 13.18±1.10 to 22.40±1.52 and 20.63±1.49, 

respectively.  The cell metabolism continued after the death of 

fish, but the cells cannot decompose and consume themselves 

during the storage, thus, the accumulation of products and free ions 

increased.  Most of the metabolites are charged, resulting in more 

ion loss and dipole polarization, which is characterized by the 

increase of dielectric properties[11,14].  In addition, since the 

dielectric properties are related to the food composition[8,43], the 

changes in the chemical composition of fish muscle and the 

destruction of cell structure will affect the dielectric properties to a 

certain extent during the storage of salmon. 

 
a. 

 
b. 

Figure 6  Dielectric properties of salmon at the frequency of 27.12, 

40.68, 915 and 2450 MHz during different refrigerated storage 
 

3.5  Correlation analysis between dielectric properties and 

physiochemical parameters 

The dielectric properties and quality changes of salmon fillets 

both changed with storage time.  Thus, a Pearson’s correlation 

was established at six selected frequencies (27.12, 40.68, 100, 300, 

915 and 2450 MHz) to analyze the correlation.  It could be seen 

from Table 1 that the correlations between ε" and TVB-N, TBARS, 

TVC, and K-value were mostly higher than that of ε′, except for pH.  

At six selected frequencies, there was a significant correlation 

(p<0.05) between ε" and quality indexes (except for pH), 

especially between ε" and TVB-N and TBARS which showed a 

very significant correlation (p<0.01), except for the frequency of  

2450 MHz.  As a result, it was inferred that ε" was more suitable 

to be used for predicting the quality changes of salmon fillets 

during storage at 4°C. 
 

Table 1  Pearson’s correlations analysis and levels of 

significance for correlation between dielectric properties (ε′, ε") 

and quality of salmon during refrigeration storage at the 

frequency of 27.12, 40.68, 100, 300, 915 and 2450 MHz. 

Dielectric 

properties 

TVB-N TBARS TVC K-value pH 

Pearson's r 

ε′27.12 0.933* 0.929* 0.935* 0.969** 0.861 

ε′40.68 0.949* 0.946* 0.914* 0.916* 0.650 

ε′100 0.892* 0.890* 0.889* 0.931* 0.842 

ε′300 0.981** 0.982** 0.976** 0.973** 0.845 

ε′915 0.874 0.874 0.822 0.768 0.396 

ε′2450 0.872 0.874 0.811 0.754 0.387 

ε"27.12 0.973** 0.975** 0.938* 0.910* 0.669 

ε"40.68 0.975** 0.977** 0.941* 0.917* 0.687 

ε"100 0.977** 0.979** 0.948* 0.929* 0.722 

ε"300 0.979** 0.981** 0.952* 0.930* 0.728 

ε"915 0.981** 0.984** 0.963** 0.923* 0.716 

ε"2450 0.924* 0.927* 0.949* 0.910* 0.822 

Note: Levels of significance for correlation are defined as * p<0.05, ** p<0.01, 

respectively. 
 

3.6  PLS prediction model 

The PLS-ε' and PLS-ε" regression models were established 

for the ε' and ε" of salmon fillets during cold storage to predict the 

TVB-N, TBARS and TVC.  Table 2 listed the results of 

modeling with PLS.  Also, the predicted values against 

experimental values plots for TVB-N, TBARS and TVC of 

salmon samples were shown in Figure 7.  From Table 2, it could 

be found that the highest R2
pred and the lowest RMSEP were 

obtained respectively when using ε' and ε" to predict the TVB-N 

and TBARS, which were 0.940, 0.944 and 0.041, 0.039, 

respectively, thus showing a more accurate prediction of TVB-N 

due to the highest R2
pred.  To illustrate the fitness of the PLS 

model, Figure 7 presented good correlations between the three 

predicted values of quality parameters with measured values.  

The correlation coefficients for the models PLS-ε' and PLS-ε" to 

predict TVB-N, TBARS and TVC were 0.937, 0.910, 0.917 and 

0.942, 0.917 and 0.933, respectively. 
 

Table 2  Predicted determination coefficient (R2
pred) and root 

mean square deviation (RMSEP) obtained from PLS model 

based on dielectric properties 

Independent variable Dependent variable R
2
pred  RMSEP 

ε′ TVB-N/mg100 g
−1

 0.940 0.897 

ε′ TBARS/mg MDAkg
−1

 0.913 0.041 

ε′ TVC/log(CFUg
−1

) 0.920 0.292 

ε" TVB-N/mg100 g
−1

 0.944 0.859 

ε" TBARS/mg MDAkg
−1

 0.920 0.039 

ε" TVC/log(CFUg
-1

) 0.935 0.262 
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d. e. f. 

 

Figure 7  PLS prediction model of quality variables (TVB-N, TBARS and TVC) based on the dielectric properties (ε′ and ε") of salmon 

during storage ((a), (b), (c) are quality predictions based on ε′; (d), (e), (f) are quality predictions based on ε") 
 

 

4  Conclusions 

In this study, a reliable method using dielectric properties (ε' 

and ε") of salmon at 4°C to predict the quality parameters (TVB-N, 

TBARS and TVC) was developed based on the PLS method.  The 

highest R2
pred and lowest RMSEP were found in TVB-N and 

TBARS.  The R2
pred for TVB-N were 0.940 (PLS-ε') and 0.944 

(PLS-ε"), and RMSEP for TBARS were 0.041 (PLS-ε') and 0.039 

(PLS-ε"), respectively.  The R2 of TVB-N, TBARS and TVC of 

salmon obtained from the predicted versus reference plots were all 

above 0.910.  Thus, it was concluded that the proposed 

methodology was proved to be accurate for evaluating the quality 

and freshness of salmon fillets during cold storage at 4°C.  Future 

studies could focus on temperature variation influence on the 

dielectric properties and the quality attributes of salmon. 
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