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A B S T R A C T

Dielectric Spectroscopy (DS) and TimeDomain-Nuclear Magnetic Resonance (TD-NMR) were exploited to 
investigate water and solid dynamics in chicken’s Pectoralis major muscles having macroscopically normal 
appearance (N) and affected by Wooden Breasts (WB) abnormality. 147 PMM were collected and classified as 
macroscopically normal (N) (N=74) or Wooden Breast (WB) (N=73) based on their visual appearance and 
manual palpation. Protons’ T2 (transverse relaxation time), and dielectric properties were carried out. The 
dielectric constant ( εʹ

= 62.0) and the loss factor ( εʹ́
= 19.7) of γ relaxation of WB samples was significantly 

higher than the one of N samples ( εʹ
= 59.8 and εʹ́

= 18.3), while the WB revealed a low relaxation frequency 
(1.5 E+09) compared to N samples (1.7 E+09). WB showed a higher dielectric constant of relaxation and thus 
polarizability mainly due to free water, and lower relaxation frequency imputable to a more complex solid 
structure. This was confirmed by TD-NMR, evidencing a significant increase in the relative intensity of the proton 
population ascribable to the extra-myofibrillar water (32.9 vs. 21.5%; P<0.001) along with a reduction of the one 
occupying the intra-myofibrillar spaces (62.0 vs. 75.4%; P<0.001). These outcomes may be ascribed to the re- 
organization of the skeletal muscle structure associated with the onset and progression of the WB abnormality.

Introduction

Over the past half-century, the selection practices have improved 
broilers’ growth performance and meat yield (Barbut et al., 2024). 
These, however, have led to an increased susceptibility of the birds to 
stressors and, concurrently, resulted in an increased incidence of 
growth-related abnormalities affecting the Pectoralis major muscles 
(PMM) (Barbut et al., 2024; Soglia et al., 2021). Among them, the 
Wooden Breast (WB) defect worsens the main quality traits and tech
nological properties of breast meat, including its water-holding capacity 
(WHC), mechanical properties, and nutritional profile (Pang et al., 2020; 
Wang et al., 2023). These modifications mirror a substantial 
re-organization of the muscular architecture, which can be observed at 
the microscopic level. Indeed, WB-affected muscles usually exhibit his
tological features that profoundly differ from those of the unaffected 
cases (Normal - N), including fiber necrosis along with occasional 
regeneration processes and proliferation of connective tissue (fibrosis) 

both at peri- and endo-mysial level (Soglia et al., 2021). In addition, the 
inflammatory processes associated with WB, as well as the reduced 
protein content in the affected PMM, ultimately result in an impaired 
water-holding ability (Dalgaard et al., 2018; Soglia et al., 2021). 
Studying the dynamics of biological macromolecules, such as 
water-protein interaction, is of utmost importance for understanding the 
physical state changes affecting the protein structures and, thus, their 
related biological function (Schmidt, 2004). Dielectric spectroscopy 
(DS) and time-domain nuclear magnetic resonance (TD-NMR) are two 
leading methods to describe protein-water dynamics. DS and TD-NMR 
are based on different physical principles, but both look at the biolog
ical matrix’s movements related to dipole moments.

Dielectric spectroscopy studies a material’s permittivity, the 
response to applying an electromagnetic field. When a biological ma
terial is subjected to an electromagnetic field, different phenomena 
simultaneously occur. Part of the wave energy is stored by the material’s 
components’ polarization, considered by the parameter called dielectric 
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constant. Another phenomenon is the frictional motion of the sample 
constituents leading to heat, the so-called loss factor (Debye, 1934; 
Markx and Davey, 1999). Space charge accumulation on the material’s 
surface, electric dipole orientation, and macrostructural polarization are 
some of the physical mechanisms proposed to explain the induced po
larization (Lawrence et al., 1957). The study of these mechanisms can 
give information about the structures and composition of biological 
materials at the cellular and even molecular levels (Lawrence et al., 
1957; Schwan and Foster, 1977). Dipolar polarization is mainly caused 
by the separation of a pair of opposite charges in either permanent di
poles, like water, or induced dipoles, such as those of non-polar mole
cules (Batyuk and Kizilova, 2018). The tendency of permittivity to 
decrease in steps as a function of frequency increases, giving rise to a 
dispersive behavior, reflects the loss of polarization induced by relaxa
tion events (Debye, 1934; Kuang and Nelson, 1998; Lawrence et al., 
1957). The relaxation events have characteristic times and frequencies, 
affecting the permittivity and causing dispersions (Debye, 1934; Kuang 
and Nelson, 1998; Markx and Davey, 1999). Biological materials show 
characteristics of dispersions, such as α, β, δ, and γ (Schwan and Foster, 
1977). α-dispersion is revealed in the low-frequency range (10 Hz-10 
KHz) and is mainly related to ionic content and mobility along the 
surfaces of the cells (Batyuk and Kizilova, 2018). For this reason, it is 
mainly recognized as conductivity. Accordingly, when the cell structure 
is considered, the α-dispersion allows to study the mechanisms occurring 
across the cell’s membrane (Batyuk and Kizilova, 2018). The β-disper
sion occurs at higher frequencies (10KHz-10 MHz) and is linked to the 
capacitive charging of the cellular membranes, a mechanism known as 
interfacial or Maxwell-Wagner polarization (Schwan and Foster, 1977). 
The β-dispersion is more influenced by water content than the 
α-dispersion. Less water in a biological tissue reduces the strength of the 
β-dispersion because the passage of ions is reduced by air gaps or dry 
elements (Kuang and Nelson, 1998). The γ -dispersion occurs in the 
microwave range, above a couple of hundred MHz. It is mainly attrib
uted to the rotation of dipoles such as those represented by free water, 
small molecules like the intracellular electrolytes (Schwan and Foster, 
1977), and polar proteins immersed in the aqueous medium (Wolf et al., 
2012). The δ -dispersion generally occurs in the 0.1 – 5.0 GHz range, 
between β and γ dispersions’ typical ranges, and is produced by the 
rotation of macromolecular side chains of large molecules, biopolymers, 
such as proteins and proteins bound to water, and cellular organelles 
(Batyuk and Kizilova, 2018). A relaxation frequency of bound water 
lower than the one of free water produces a weak dispersion that can be 
explained by several effects (Wolf et al., 2012). The electrical behavior 
of water in the proximity of other particles is different, depending on the 
kind of particle water interacts with (Batyuk and Kizilova, 2018). The α, 
β, δ and γ dispersions may therefore be described by total dielectric 
decrements Δε α, Δε β, Δε δ and Δε γ, respectively. The traditional 
approach to fit the electromagnetic spectrum to determine the different 
dispersions exploits the Debye or Cole-Cole equation (Cole and Cole, 
1941; Debye, 1934). Debye’s model is only applicable to purely polar 
compounds, so it is inappropriate for biological materials. The Cole-Cole 
equation and many other models previously proposed have been used to 
describe these relaxation mechanisms in natural materials, enabling the 
calculation of relaxation parameters (Asami, 2002; Gabriel et al., 1996; 
Havriliak and Negami, 1967; Hurt, 1985; Kuang and Nelson, 1998; 
Lawrence et al., 1957; Wolf et al., 2012). Still, there are concerns about 
these models, due to the complexity of their application. Accordingly, 
Traffano et al. developed, specifically for chicken meat, a modified 
Gompertz model (Traffano-Schiffo et al., 2017) able to define electro
magnetic dispersions and to calculate the relaxation dielectric constant 
and frequencies of the different dispersions. According to such model, 
the distribution of the different relaxations can be related and used to 
investigate the material’s physically involved processes (Batyuk and 
Kizilova, 2018).

NMR is a low-frequency electromagnetic technique (Hz, MHz re
gion), associated with the spins of atoms’ nuclei. The magnetic field 

exerts a torque force, inducing a spin nuclei-specific orientation with a 
defined energy level (Schmidt, 2004). Therefore, an NMR spectrum 
represents the energy required for energy level transitions to occur, 
allowing the observation of each active nucleus independently from the 
others, because characterized by a specific frequency of resonance 
(Schmidt, 2004). An observation by NMR starts when the oscillating 
magnetic field that induced the excitation of nuclei is interrupted, 
leading to the subsequent so-called relaxation. Relaxation is an energy 
loss process that can be observed both longitudinally or transversally to 
the magnetic field. The longitudinal relaxation time (T1) is affected by 
local fluctuations between antiparallel and parallel spin positions. Many 
physical processes in food result from these local fluctuations induced by 
magnetic fields, such as the liquid dipole-dipole interactions (Kruk et al., 
2020; O’Toole et al., 2023; Schmidt, 2004). The transverse relaxation 
time (T2) is affected by the loss of phase of the spin and by the exchange 
of energy between identical nuclei. Both T1 and T2 relaxations have been 
related to water mobility. Accordingly, NMR T1 and T2 relaxation times 
can be used to investigate the dynamics of water and solids in food 
systems, despite their compositional and structural complexity.

Several authors have previously studied the dielectric properties of 
chicken meat in the radio-frequency range (Kent and Anderson, 1996; 
Nelson et al., 2007; Tanaka et al., 2000; Tran and Stuchly, 1987). 
Despite such interest, only a limited number of works are available on 
dielectric properties conducted on poultry muscle in connection with 
defects or abnormalities. An example is the work by Traffano-Schiffo 
et al., who measured the permittivity in the microwave range (500 
MHz-20 GHz) of the whole chicken carcasses with skin, to study and 
detect white striping myopathy to develop a spectrophotometric-based 
sensor (Traffano-Schiffo et al., 2017). Another example is the work by 
Morey et al., who evaluated WB myopathy by using bioelectrical 
impedance to develop a rapid detection method (Morey et al., 2020).

NMR T2 relaxation times have been used in the recent past to study 
the effect of WB abnormality on water holding capacity and rheological 
and gelling properties of chicken breast meat (Zhang et al., 2020).

Some authors have previously combined NMR relaxometry and 
Dielectric Spectroscopy to explore the interaction of water with single 
proteins, such as bovine elastin, lysozyme of hen egg white, and equine 
heart’s myoglobin (Fukuzaki et al., 1995; Kruk et al., 2020). In these 
circumstances, the relaxation times computed by both techniques 
exhibited a poor correlation. Rather, the two techniques seemed to give 
complementary information about the slow, intermediate, and fast dy
namics of whole proteins (Kruk et al., 2020). Few works can be traced 
combining NMR and DS techniques for the observation of complex 
systems, none of them focusing on WB myopathy.

Given this state of the art, DS relaxation parameters and TD-NMR 
properties will be shown in the present work for the first time, to 
enhance the understanding of water-protein dynamics in the breast of 
WB and N chickens. The outcomes from the two techniques will be 
compared by considering the different physical backgrounds of the two 
techniques. Theoretical dielectric characterization of the relaxation 
processes of the chicken breast could be exploited to develop a rapid 
sensor able to detect WB myopathy online.

Material and methods

Sample collection

A total of 147 PMM were collected 3 h post-mortem in the deboning 
area of a commercial slaughtering and processing plant. Breasts were 
selected from the same flock of fast-growing broilers (males, 42 days old, 
2.8 kg average live weight) and classified based on their visual 
appearance and manual palpation as macroscopically normal (N) 
(N=74) or Wooden Breast (WB) (N=73) cases. To avoid misleading re
sults only severe WB cases were considered and PMM showing any other 
defect (i.e., pale colour, white striations, detachment of the fiber bun
dles) were excluded.
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Samples characterization

Meat quality analyses were performed to ascertain the effect of WB 
abnormality on Water Holding Capacity (WHC) and protein function
ality. In detail, WHC was estimated by measuring the amount of fluid 
lost after i) 48h of refrigerated storage of a parallelepiped meat sample 
(8 × 4 × 2 cm, weighing about 70g) and ii) the subsequent application of 
heat treatment (under vacuum at 75◦C in a water bath until reaching 
72◦C in the inner core of the heaviest sample by using the same sub- 
sample previously addressed to measure the amount of fluid lost dur
ing refrigerated storage).

Protein solubility was measured as an indirect index of their func
tionality, following the procedure described by Mudalal et al. (Mudalal 
et al., 2014) based on the method proposed by Warner et al. (Warner 
et al., 1997). Briefly, two aliquots of meat (weighing 1 g) were respec
tively homogenized (11,000 min-1 by means of a high-speed blender, 
Ultra-Turrax, T25 basic, New Brunswick, NJ) in 10 mL of 25 mM po
tassium phosphate buffer (pH 7.2) and 10 mL of 1.1 M KI, 0.1 M po
tassium phosphate (pH 7.2) buffer. After being stored for 20 h at 4◦C, the 
homogenized samples were centrifuged (2,600 × g for 30 min at 4◦C) 
and the protein concentration in the supernatant was measured by using 
the Bradford assay (Bradford, 1976) with bovine serum albumin as a 
standard.

The results obtained from the aforementioned analyses (WHC and 
protein solubility) have been analyzed by Student’s t-test and considered 
significant at a p level < 0.05.

TD-NMR measurement

The T2 proton relaxation times and intensities of all samples were 
measured by means of a Minispec MQ-20 spectrometer (Bruker Corpo
ration, Karlsruhe, Germany) operating at 20 MHz. The 
Carr–Purcell–Meiboom–Gill (CPMG) pulse sequence was applied, with 
180◦ pulses administered every 0.16 ms. Cylindrical samples with a 
diameter of 8 mm were obtained from both N and WB chicken breasts 
and placed in NMR tubes with an internal diameter of 10 mm (Petracci 
et al., 2012).

Dielectric properties measurement and fitting

Dielectric properties, such as dielectric constant (έ ) and loss factor 
(εʹ́ ), were assessed by means of the instrumental chain shown in Fig. 1.

The measurements were conducted using an open-ended coaxial 
probe (DAKS-3.5 probe, Speag) and Vector Network Analyser (VNA), 
Copper Mountain R-140 interfaced via USB to a personal computer. A 
dedicated software (DAK Software Installer 2.6.1.7) acquires and 
transforms the reflected electrical signal in dielectric parameters. Cali
bration was performed with the DAK calibration kit (Speag DAK-3.5/1.2 
Shorting Block, Metallic Strip Sets, and Tissue Simulating Liquid char

acterized by the value of dielectric permittivity of mid-range) account
ing for open, short, and load assessment. The acquisitions were assessed 
in the frequency range from 200 MHz to 14 GHz. In the microwave 
range, cable movements must be avoided. Therefore, the coaxial probe 
was fixed with a stainless-steel support, and a moveable platform was 
used to keep samples in contact with the probe. Measurements were 
conducted in triplicate at 5(±1)◦C. The real and imaginary components 
or complex relative permittivity can be expressed as: 

ε∗ = έ − iεʹ́ (1) 

where real part έ  is the dielectric constant and imaginary part εʹ́  is the 
loss factor, and i is 

̅̅̅̅̅̅̅
− 1

√
.

Dielectric constant and loss factor were used to calculate relaxation 
parameters derived from the dispersion regions of the electromagnetic 
spectrum. The Gompertz modified equation is reported in Eq. (2). 

lέ = lέ ∞ +
∑3

n=1

Δĺ εn

1 + e(lω2 − lω2
τ )∗αn

(2) 

where lέ ∞ is the decimal logarithm of the dielectric constant at high 
frequencies, Δĺ εn is the magnitude of dispersion, lω logarithm of the 
angular velocity (rad/s), lωτ is the decimal logarithm of the angular 
velocity for each dispersion n, and αn are the dispersion slopes. The 
angular velocity (rad/s) is calculated as 2π * f (frequency).

Afterward, the dielectric constant of n-relaxation (εʹ
n) was calculated 

by Eqs. (3)–(5) (Traffano-Schiffo et al., 2017) by using Statgraphics 
software (Stagraphics 19-x64, Statgraphics Technologies, Inc). 

έ α = 10

(

lεʹ∞+Δlεʹγ+Δlέβ+
Δlέα

2

)

(3) 

έ β = 10

(

lέ∞+Δlέγ+
Δlεʹβ

2

)

(4) 

έ γ = 10

(

lέ∞+
Δlέγ

2

)

(5) 

The relaxation time (τ) was calculated as the reciprocal of the 
relaxation frequency (ωc, rad/s).

Significant differences between the means of dielectric relaxation 
parameters for N and WB were evaluated by the Welsch’s t-test (p-level 
< 0.05) for samples with non-homogeneous variance. The homogeneity 
of the variance was checked by means of Leven’s test.

Fig. 1. Layout of the instrumental chain and spectral signal acquired.

Table 1 
Means ± standard deviations of the parameters describing the Water Holding 
Capacity (drip and cooking loss) as well as the functionality of the protein 
fractions (sarcoplasmic and total protein solubility) in chickens Pectoralis major 
muscles exhibiting macroscopically normal appearance (N) and showing evident 
signs ascribable to the Wooden Breast (WB) defect.

Experimental group P-value

Normal (N) Wooden Breast 
(WB)

Samples (n.) 62 62 ​
Water Holding Capacity ​ ​ ​
Drip loss (%) 2.53 ±

0.98
2.99 ± 0.96 0.0043

Cooking loss (%) 23.8 ± 5.1 31.0 ± 6.3 <0.0001
Protein solubility (g/100 g of 
meat)

​ ​ ​

Sarcoplasmic proteins 24.9 ± 9.3 23.3 ± 8.1 0.4141
Total proteins 83.2 ±

21.9
81.2 ± 20.5 0.8505
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Results and discussion

The findings concerning the effect of WB abnormality on the main 
quality traits of breast meat are shown in Table 1.

The occurrence of WB defect exerted a remarkable effect on the 
amount of fluid lost during refrigerated storage and after the application 
of a heat treatment, as depicted by the significantly higher drip (P<0.01) 
and cooking losses (P<0.001) observed in comparison with those 
measured for N muscles. These findings are in overall agreement with 
those obtained in previous studies aimed at investigating the impact of 
WB abnormality on the main quality traits and technological properties 
of chicken breast meat (Pang et al., 2021; Soglia et al., 2016; Wang et al., 
2023). However, the absence of significant differences in proteins’ sol
ubility allows us to hypothesize that the impaired WHC observed in 
WB-affected muscles may not be directly related to differences in the 
functionality of the proteins themselves. Protein solubility has been 
widely used as an indirect indicator for protein denaturation (Joo et al., 
1999). Therefore, it might be hypothesized that both the sarcoplasmic 
and the total proteins underwent similar denaturation processes that 
were not dependent on the onset and progression of the WB defect. A 
possible role of post-mortem proteolysis (i.e., cytoskeletal protein 
degradation) in the development of drip loss may be hypothesized 
(Huff-Lonergan and Lonergan, 2005). In detail, the impaired WHC 
observed in WB may likely be ascribed to an overall reorganization of 
the skeletal muscle structure occurring in these PMM that, in its turn, 
will surely affect the post-mortem water movements across the different 
muscle compartments and, hence, drip and cooking loss.

As for water properties (Table 2), the occurrence of WB defect is 
associated with a significant increase in the relative intensity of the 
proton population ascribable to the water molecules located outside the 
myofibrillar lattice (32.9 vs. 21.5%; P<0.001) to the detriment of those 
trapped in the myofibrillar matrix (62.0 vs. 75.4%; P<0.001).

In addition, if compared to N, significantly longer transverse relax
ation times were observed for the protons ascribable to all the water 
populations (i.e., bound, intra- and extra-myofibrillar water) in WB. 
Overall, these findings agree with those obtained in previous studies 
depicting a substantial re-distribution of the water molecules in WB as a 
consequence of the microscopic features observed in these PMM (i.e., 
myodegeneration with occasional regenerative processes, edema, and 
accumulation of connective tissue) (Choi et al., 2024; Cônsolo et al., 
2022; Pang et al., 2020; Soglia et al., 2016). These, in their turn, may 
also contribute to explain the longer NMR relaxation times observed in 
WB evidencing a weaker interaction with the different muscular 
components.

The occurrence of WB abnormality also affects the dielectric prop
erties. Averaged spectra of dielectric constant (εʹ

) and loss factor (εʹ́ )
for N and WB samples at 5◦C, and related p-level are shown in Fig. 2.

As expected, the dielectric constant and loss factor decrease as a 
function of frequencies due to the dispersive behavior, which is mainly 
attributed to the restriction of polarization movements. Similar behavior 

has been previously observed in poultry meat (Traffano-Schiffo et al., 
2017, 2021). A significative difference between averaged N and WB 
spectra (all p-level ≤ 0.05) can be observed and likely ascribed to the 
higher water content and availability in WB compared to the N ones. If 
compared to N, a higher moisture content in WB has been observed in 
different studies (Dalle Zotte et al., 2017; Soglia et al., 2016; Zhang 
et al., 2020). Based on the evidence available in the literature, the 
increased moisture content in WB may likely be attributed to different 
phenomena taking place within these muscles, including i) an increased 
deposition of complex carbohydrates (such as glycosaminoglycans) in 
the extracellular matrix (Velleman and Clark, 2015) and the occurrence 
of inflammatory processes recalling water by proximal tissues (Petracci 
et al., 2019; Sihvo et al., 2014; Soglia et al., 2021). The dependence of 
dielectric properties on water content is widely recognized (Bogale 
Teseme and Weldemichael Weldeselassie, 2020; Nelson, 2010, 2015; 
Venkatesh and Raghavan, 2005). As previously reported, a more sig
nificant amount of free water contributes to dielectric properties 
behavior strongly due to the vast availability for polarization move
ments (Wang et al., 2003, 2008). On the contrary, water interacting with 
solid structures involve a decrease of real permittivity, due to hydrogen 
bonds restricting movement (Ryynänen, 1995).

To better understand water solid behavior in chicken breast, 
dielectric spectra were exploited to calculate relaxation dielectric con
stant, frequency, and time using Eqs. (2)–(5). Fig. 3 plots the dielectric 
constant versus the angular velocity (rad/s) to elucidate the dispersive 
behavior of chicken breasts in the investigated frequency range.

The dielectric constant (Log10 εʹ) shows two different zones both in 
N and WB samples, one imputable to β or δ dispersions and one, 
appearing right after, imputable to γ-relaxation.

Unfortunately, the β or δ dispersion are not entirely visible; thus, the 
relaxation parameters cannot be calculated. Conversely, the γ-relaxation 
dielectric constant, frequency, and time are reported in Table 3.

The dielectric constant ( εʹ
) of γ relaxation of WB samples (62.0) was 

significantly higher than the one of N samples (59.8). This means that 
the WB samples could be polarized more effectively. This was also 
confirmed by the loss factor ( εʹ́

) of γ relaxation of WB samples (19.7), 
that was significantly higher than the one of N samples (18.3). With an 
apparent opposite trend, the γ relaxation frequency of WB was at fre
quencies (1.5 E+09) lower than that of N samples (1.7 E+09). Consid
ering that the relaxation time is directly derived from the WB γ 
relaxation time, this means that τWB (1.1E-10) was higher than τN (9.6E- 
11). Since the relaxation event is due to the mobility of molecules, water 
interacting with solids has a lower relaxation frequency than free water. 
Debye found the relaxation frequency of pure free liquid water to be 
around 22 GHz (20◦C), and the relaxation of solid water is in the KHz 
region (Debye, 1934). However, the dielectric properties do not depend 
only on water but are also significantly influenced by solid macromol
ecules (Tsoubeli et al., 1995). In addition, the electrical behavior of 
water depends on the type of particle water interacts with (Batyuk and 
Kizilova, 2018). As an example, a biopolymers’ structure has an influ
ence on dielectric response different from a lipidic structure (Bergo 
et al., 2012; Iaccheri et al., 2015, 2019, 2023; Kaatze, 1997; Schmidt, 
2004; Schwan and Foster, 1977). These premises corroborate the hy
pothesis of a higher free water content in WB, confirmed by higher 
values of εʹ, where the existence of a more complex solid structure can 
be hypothesized, as underlined by the lower relaxation frequency and 
the related higher relaxation time. Water in the WB samples could be 
quantitatively higher but not completely free, because mechanically 
entrapped by big molecules such as biopolymers. This means that water 
is not strictly bound to the matrix, because this would lead to a decrease 
of εʹ, neither totally free, because this would lead to a relaxation fre
quency higher in the WB samples than in the N samples. In agreement 
with this hypothesis, a previous study observed a denser matrix struc
ture in WB (Sanden et al., 2021).

This outcome, together with the not significant difference in 

Table 2 
Means ± standard deviations of relative intensity (%) and the T2 (ms) of the 
proton populations ascribable to the bound, intra- and extra-myofibrillar water 
in chickens Pectoralis major muscles exhibiting macroscopically normal 
appearance (N) and showing evident signs ascribable to the Wooden Breast (WB) 
defect.

N WB P-value

Relative intensity (%) ​ ​ ​
Bound water 3.2 ± 0.5 2.9 ± 1.1 0.0667
Intra-myofibrillar water 75.4 ± 7.7 62.0 ± 25.2 <0.0001
Extra-myofibrillar water 21.5 ± 8.1 32.9 ± 13.3 <0.0001
T2 transverse relaxation time (ms) ​ ​ ​
Bound water 2.7 ± 1.6 4.4 ± 2.6 <0.0001
Intra-myofibrillar water 41.9 ± 3.0 44.3 ± 6.3 <0.0001
Extra-myofibrillar water 136.4 ± 18.9 150.8 ± 26.4 <0.0001
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sarcoplasmic and total proteins between N and WB samples described 
above, allow the attribution of higher WHC in WB samples to the reor
ganization of skeletal muscle’s structure. This also confirms a relevant 
contribution of the solid structure in the water’s behavior, that can be 
inferred from the relative intensities of the proton populations and from 

the transverse relaxation times assessed by TD-NMR.
To investigate the relation between DS and NMR, a simple linear 

regression model relating the loss factor of γ relaxation and NMR raw 
signal from the samples collected on the first two days was proposed 
(N= 33, WB=32) (Fig. 4).

The loss factor is a measure of the conversion of kinetic energy into 
heat, so it was selected to be related to the NMR raw data as an index of 
biological matrix movement. It can be observed that a poor relationship, 
even if the estimation is significant (p-level = 6.63 E-06), can be ob
tained between the data belonging from the two techniques. It can be 
observed that a decrease in the loss factor corresponds to an NMR signal 
increase. The amount of water means higher or lower polarization under 
the DS analysis and could influence NMR measurement, both evidence 
of modification of physical properties. Further investigations are needed 
to establish a possible relation between the two techniques, that can be 
performed on T2 transverse relaxation time and relaxation time of the 
different dielectric dispersion, both measures of water-solid dynamics. 
At the time, a poor direct relation between the two techniques was 
verified, according to previous work (Kruk et al., 2020), in which only 
complementary results of DS and TD-NMR on the theoretical relaxation 

Fig. 2. Mean spectra of dielectric constant ( εʹ) and loss factor (εʹ́ ) for breasts macroscopically classified as normal (N, grey continuous line) or wooden breast (WB, 
dark grey dashed line), and related p-level (p-level ≤ 0.05).

Fig. 3. Dielectric constant (Log10 έ ) versus angular velocity (Log10 rad/s) 
shows dispersions (as example purpose only one spectra of N sample 
was shown).

Table 3 
Means ± standard deviations of the γ -relaxation dielectric constant ( εʹ

), loss 
factor ( εʹ́

), frequency (GHz) and time (ps) in chickens Pectoralis major muscles 
exhibiting macroscopically normal appearance (N) and showing evident signs 
ascribable to the Wooden Breast (WB) defect.

N WB P-value

γ-relaxation ​ ​ ​
Dielectric constant 59.8 ± 2.1 62.0 ± 3.8 <0.0001
Loss factor 18.3 ± 1.8 19.7 ± 2.1 0.0003
Frequency (GHz) 1.7 ± 0.3 1.5 ± 0.3 0.0003
Time (ps) 96 ± 15 110 ± 31 0.0009

Fig. 4. Loss factor versus NMR signal including chickens Pectoralis major 
muscles exhibiting macroscopically normal appearance and showing evident 
signs ascribable to the Wooden Breast defect.
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processes based on the molecular dynamics and spin interaction links 
were established.

Conclusions

Chicken breasts affected by WB myopathy were compared to unaf
fected counterparts using DS and TD-NMR to investigate the interactions 
between water and solids. Water holding capacity and protein solubility 
suggest that WB abnormality confers a complex solid structure to breasts 
muscles, likely imputable to an overall reorganization of the skeletal 
muscle’s structure that, post-mortem, can affect the movements of water 
across the different muscle compartments, thus justifying the differences 
in drip and cooking losses. In agreement with this picture, WB led to a 
significant increase in the relative intensity of the proton population due 
to the water molecules located outside the myofibrillar lattice and 
trapped in the myofibrillar matrix.

Dielectric properties further confirm the so hypothesized in
teractions between solid structure and water. The γ relaxation dielectric 
constant, loss factor, frequency, and time were significantly different 
between N and WB samples, showing that chicken breast affected by WB 
abnormality was characterized by higher free water, inducing higher 
relaxation dielectric constant and thus polarizability and lower fre
quency of relaxation imputable to a more complex solid structure.

Future observation could focus on the possibility to further investi
gate the physical modification of the structures by registering spectra in 
a wide range of frequencies, to calculate α, β, or δ relaxation. In parallel, 
the present results could serve as a base for future development of an 
online DS based technique designed to automatically classify N and WB 
chicken breasts.
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