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A B S T R A C T

Magnetic resonance imaging (MRI) and time-domain nuclear magnetic resonance (TD-NMR) have been used as 
tools to monitor the salting process in pork loin. For this purpose, the longitudinal (T1) and transverse (T2) 
relaxation times, as well as the apparent diffusion coefficient (ADC), have been employed. To observe the 
changes occurring in meat pieces during the salting process and to obtain prediction models of the salt (NaCl) 
and water contents, the potential of each of these parameters has been evaluated. Surface models have been 
obtained that allow the observation of variations in T1, T2, and ADC MRI values related to salt diffusion and 
water loss during the salting process. Additionally, simple regression models have been established to determine 
the NaCl and water contents at any time during the process based on T1 and T2 values MRI values. On the other 
hand, to determine the NaCl content of the meat from the TD-NMR study, similar regression models were ob
tained with the mono-exponential analysis of T1 and T2 values. Additionally, the multi-exponential analysis of 
both T1 and T2 has provided insight into the effect of salt intake on the proton populations inside the meat. Thus, 
it is concluded that MRI and TD-NMR are highly suitable non-destructive techniques for the salt content 
determination and the monitoring of the salting process in the meat industry.

1. Introduction

In 2023, world meat production increased by 1.5% up to 371 Mt and, 
for the coming years, an annual 0.1% increase has been estimated in 
global meat consumption (FAO, 2024). Meat consists of long muscle 
fibers surrounded by layers of connective tissue and interspersed with 
adipose tissue, making it one of the most complex food matrices 
(Aguilera, 2019).

Non-destructive or minimally invasive technologies are widely used 
for the characterization and processing monitoring of food matrices. 
Sampling can depreciate the piece value thus making these methods 
essential in food processing plants, especially in the meat industry (Ali & 
Hashim, 2022). Traditional methods are time-consuming, and often 
destructive and subject to human error. Hence, several methodologies in 
meat and meat products (dry-cured ham, meat models …), such as ul
trasound, X-rays, nuclear magnetic resonance (NMR) or infrared spec
troscopy, are still under continuous study (Sánchez et al., 2022).

Recent studies in different food matrices define NMR as an inter
esting technology in the quality control of culinary oils (Castejón et al., 
2017), in the determination of fish composition (Castejón et al., 2010), 
in the evaluation of the effect of irradiation on cheeses (Escudero et al., 
2019) or in the determination of the quality of fruits and vegetables 
(Srivastava et al., 2018). Focusing on meat and meat products, Segura 
et al. (2023) described the application of NMR to game meat, and 
Castejón et al. (2015) and García-García, Herrera, et al. (2019) to the 
metabolomic analysis of meat exudates. The latter suggested the possi
bility that, by modifying the probe and the sampling procedure, the 
analyses could be carried out from the container itself.

“Within NMR, alternatives can be used for food analysis, among 
which are Magnetic Resonance Imaging (MRI) and time domain NMR 
(TD-NMR) relaxometry. Both techniques make it possible to determine 
non-invasively the content, mobility and distribution of water, as well as 
to analyze structural changes (Ezeanaka et al., 2019; Kuijpers et al., 
2024). Both are suitable to study foodstuffs, as sample pretreatment is 
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not required (Sobolev et al., 2022). A great advantage of MRI and 
TD-NMR relaxometry is that they allow repeated measurements of 
several individual samples at consecutive times making it possible to 
monitor both microscopic and macroscopic changes in structure (Musse 
et al., 2009). MRI can be used to acquire morphological 
two-dimensional or three-dimensional images of interior of biological 
samples, providing spatial information of sample tissues, as the MRI 
signal depends on physical characteristics such as proton density, 
relaxation times, temperature, diffusion coefficient, etc. Quantitative 
MRI (qMRI) allows to quantify different morphological characteristics, 
as areas, volumes, etc., and to calculate spatially-resolved several NMR 
parameters, such as longitudinal (T1) and transversal (T2) relaxation 
times, proton density or apparent diffusion coefficient (ADC) (Mariette 
et al., 2012), providing complementary information relating to the 
composition and dynamics of the molecules that form the investigated 
tissues (Sobolev et al., 2022). On the other hand, TD-NMR also allows 
the quantification of relaxation times. Most TD-NMR relaxometers, as 
they are not equipped with gradients in the three spatial directions, get 
the information in a non-spatially-resolved manner, that is, of the whole 
sample. The higher signal to noise ratio and temporal resolution of this 
approach, compare with the great majority of qMRI studies, permit 
multi-exponential fitting of the TD-NMR data, and therefore getting the 
multi-component information of the relaxation curves and obtaining 
more information about sample microstructure. Most TD-NMR equip
ment operates at low magnetic field strength, which increases the ac
curacy of T2 relaxation times because of the lower magnetic 
susceptibility effects. Using higher magnetic field strengths, as those 
used in MRI scanners, reduces the sensitivity of T1 to molecular in
teractions (Musse et al., 2009).

Specifically, the potential of MRI to observe the internal structure 
and distribution of diverse types of tissues in meat matrices has also been 
described, thus being able to detect the presence of internal defects in 
hams (Remiro et al., 2024). Furthermore, the incorporation of NMR into 
production lines has also been described through rapid sequences 
(Melado Herreros et al., 2013, pp. 9–12). These results open the possi
bility of developing NMR for use in production lines in the future.

Salting is one of the most relevant stages in the manufacturing pro
cess of some meat products, which consists of using sodium chloride 
(NaCl) to increase the product shelf life by reducing microbial growth 
and providing specific sensory characteristics, such as a salty flavor or an 
appropriate texture (Pinton et al., 2021; Ríos-Mera et al., 2021). How
ever, salt is one of the top dietary health concerns linked with diseases 
such as left ventricular hypertrophy, kidney disease, osteoporosis, 
asthma severity, stomach cancer, and hypertension, among others (He 
et al., 2020; Vinitha et al., 2022). For this reason, reducing salt content 
in products is one of the goals of the meat industry, thus making it 
imperative to know the salt content. In addition, official regulations 
exist on the salt content of cured products. For example, in dry-cured 
ham, salt content cannot exceed 15% on dry and defatted extract 
(European Commission, 1998) and, for pork loin, the average content is 
4.7% (AESAN, 2010).

Salting kinetics of meat products, based on microstructural changes 
in the matrix due to the diffusion of NaCl, has been monitored with 
different non-destructive technologies such as ultrasounds (De Prados 
et al., 2017; Visy et al., 2021), X-ray absorptiometry (Fulladosa et al., 
2015), near-infrared spectroscopy (Campos et al., 2020) or magnetic 
induction (Torres-Baix et al., 2024).

In this context, NMR emerges as a fast and non-invasive technology 
that does not use ionizing radiation. NMR parameters such as T1 and T2, 
and ADC have been used to evaluate the water content decrease or salt 
concentration increase in fish (Andreetta-Gorelkina et al., 2016; Liang 
et al., 2021). For salt diffusion monitoring, one of the alternatives 
offered by MRI is 23Na-MRI. However, to fully assess the effect of salting 
on muscle structure, a relaxometry study is required (Clerjon & Bonny, 
2017).

Generally, NMR has had the disadvantage of being an expensive 

technique and, therefore, difficult to implement in production lines. 
However, the appearance of economical low-field equipment and even 
benchtop relaxometry equipment in recent years enhances the possi
bility of using this technique in production lines. With this study, using 
pork loin as a model, the aim was to expand knowledge about the use of 
high field and low field NMR for the salting process monitoring in meat 
pieces. This comparison could provide information about the possibility 
of using low magnetic field equipment, which has great potential for 
industrial use.

2. Material and methods

2.1. Meat sampling

In order to obtain representative pieces, four fresh pork loins 
(Longissimus thoracis et lumborum, weight 4 ± 0.5 kg), from Large White 
× Landrace × Duroc gilts slaughtered at 100–120 kg live weight, were 
randomly acquired from a local abattoir of a leading and highly pro
ductive meat industry 48 h post-mortem. A portion of the medial zone 
(0.8–1.2 kg), corresponding to the L. lumborum, of each loin was selected 
for the study.

2.2. Salting

The pork loin portions were wrapped laterally with two layers of 
low-density polyethylene (LDPE) film for food use (Albal, Cofresco 
Ibérica, Madrid, Spain) leaving uncovered both the upper part (corre
sponding to the area closer to the skin) and the lower part (corre
sponding to the area closer to the body cavity). Each wrapped portion 
was placed in a plastic container and completely covered with salt 
(NaCl, 2.80 ± 0.46% moisture) so that the top and bottom surfaces were 
kept in direct contact with the salt (Fig. 1). The containers were kept 
closed and at 8 ± 2 ◦C until analysis.

At each analysis time (0, 1, 3, 5, 7, 24, 48 h), wrapped pieces were 
carefully cleaned of salt and weighed. Then, one slice (1 ± 0.2 cm 
thickness) was cut from each loin for subsequent analysis by MRI, TD- 
NMR, and then this slice was divided into 3 cuts (1.5 cm thickness) 
corresponding to the areas in direct contact with the salt (upper and 
lower external areas) and to the central area (Fig. 1) to determine the 
NaCl content.

After each sampling, and for the studied period (0–48 h), the 
remaining piece was wrapped laterally with the plastic film and covered 
with salt to continue the salting process.

Fig. 1. Salting model: (A) Cutting slices to monitor the salting process at 
different times (0–48 h); (B) Transverse cuts in the slice to determine the NaCl 
content at different levels.
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2.3. Monitoring of the salting process

2.3.1. Physicochemical analysis
In fresh samples, before salting, the following determinations were 

carried out: the ash content gravimetrically after treatment of the sam
ples at 500 ◦C during 12 h (AOAC, 2012), the water holding capacity 
(WHC, %) by compression (Kauffman, Eikelenboom, Van der Wal, 
Engel, & Zaar, 1986), the protein content (%) by the Kjeldahl method 
928.08 (AOAC, 2012), fat content (%) by Soxhlet method 991.36 
(AOAC, 1996), the pH by puncture using a Crison pH25+ (Hash, 
Loveland, USA) pH meter and the water activity (aw) using an AquaLab 
4 TE (Barcelona, Spain) hygrometer at 25 ◦C. In fresh samples and at 
different salting times, the following were determined: the salt content 
(NaCl, %) was measured by AOAC method 971.19 (AOAC, 2000), the 
dry matter (DM, %) and moisture content gravimetrically by drying the 
sample at 110 ◦C to constant weight (AOAC, 2006) and the weight loss 
(WL) by difference of the weight of the piece before and after a salting 
period (Equation (1)). Before weighing, the surface of the meat was 
carefully cleaned to remove the presence of salt. 

WLt(%)=
(Wt− 1 − Wt) × 100

Wt− 1
(Eq. 1) 

where W = weight, t = sampling time.
Every analysis was conducted in triplicate.

2.3.2. Nuclear magnetic resonance

2.3.2.1. Magnetic resonance imaging (MRI). MRI experiments were 
performed on the whole loin slice using a Bruker Biospec 47/40 spec
trometer (Bruker BioSpin, Ettlingen, Germany) operating a 4.7 T, 
equipped with a 12-cm gradient system, using a 7-cm volume radio
frequency (RF) coil and a constant temperature of 18 ◦C.

For the T2 values measurement, a multi-echo Carr-Purcell-Meiboom- 
Gill (CPMG) spin-echo sequence was used. Sixty echoes with echo times 
(TE) varied from 7.8 to 468 ms were acquired. This TE interval was used 
to cover a wide range of T2 and to ensure the complete fall of the echo 
train signal. The repetition time (TR) was maintained at 4464 ms. Other 
imaging parameters were field of view (FOV) = 10 × 5 cm2; slice 
thickness = 1.5 mm; number of slices = 3; and matrix size = 256 × 128.

For T1 calculation, a spin-echo sequence with variable TR was 
considered. A series of six spin-echo images was acquired with loga
rithmically spaced TR (105.6–5105.5 ms) and constant TE (9 ms). The 
geometrical imaging parameters used were the same as those for the T2 
calculation.

A series of spin-echo images was acquired at four diffusion weight
ings for the ADC values calculation. The diffusion gradient duration (δ) 
was 10 ms and the time between gradients (Δ) was 25 ms. The gradient 
strengths varied from 5 to 190 mT/m, so the b-factor varied from 20.92 
to 5943.34 s/mm2. The geometrical imaging parameters used were the 
same as those used for the T2 calculation, except for the matrix size, 
which was set to 128x64.

T1, T2, and ADC values were calculated using ParaVision 3.1 (Bruker 
Biospin, Ettlingen, Germany). On the central slice of the three slices 
acquired, one region of interest (ROI) in each area of the sample (upper 
external area, central area, and lower external area) was defined 
(Fig. S1). The values of the MRI parameters, T1, T2, and ADC, were 
obtained for every ROI fitting the mean signal of the ROI according to 
the equations described by Herrero et al. (2009).

2.3.2.2. Time domain nuclear magnetic resonance (TD-NMR). TD-NMR 
experiments were performed using a Bruker minispec LF90II TD-NMR 
analyzer (Bruker BioSpin, Ettlingen, Germany) operating at 0.146 T 
(6.2336 MHz), using a 9-cm RF probehead and at a constant temperature 
of 36 ◦C. T1 and T2 measurements were acquired for the whole loin slice.

For the T1 calculation, an inversion-recovery sequence with variable 

inversion time (TI) was selected. TI values varied from 5 ms to 2000 ms 
and 12 different TI values were acquired. The TR was set to 2 s and four 
scans were averaged for each TI.

For the T2 measurements, a multi-echo CPMG sequence was used. 
The TE was set to 403.52 ms and 4096 echoes were acquired. The TR 
was set to 2 s and 16 scans were averaged.

Relaxation times calculations were performed using a software 
developed by our research team using Matlab R2022b (The Mathworks 
Inc., Natick (MA), USA). First, an averaged T1 and T2 values for each 
sample were obtained fitting the signal curves to monoexponential 
functions (Herrero et al., 2009). Then, T1 and T2 continuous distribu
tions were obtained by deconvolution with an inverse Laplace transform 
(Bjarnason & Mitchell, 2010).

2.4. Statistical analysis

Statistical analysis was conducted with Statgraphics 19-X64 for 
Windows (Statistical Graphics Corporation, Rockville, MD, USA). The 
data were presented as mean ± standard deviation. Different simple 
regression models were obtained between different parameters (salting 
time, NaCl content, water content, weight loss, T2 and T1). These re
gressions were evaluated using Durbin-Watson statistical tests, at a 95% 
confidence level. The R2, standard error (SE), root mean squared error 
(RMSE), F-value and p-value were considered. Surface models between 
NaCl content, salting time and MRI parameters were obtained by a 
regression analysis to estimate the response function as: Y = B0 +

B1X1 + B2X2 + B11X2
1 + B22X2

2 + B12X1X2, where Y is the NaCl content 
value, β0 is a constant and β1, β2, β11, β22 and β12 are the coefficients 
estimated from regression. They represent the linear, quadratic and 
cross-product effects of X1 (salting time) and X2 (MRI parameter) on the 
response. The backward stepwise procedure was used to select variables 
in the multivariate model (Chatterjee & Hadi, 2015, pp. 299–334). F-test 
was used to assess the significance of the equation parameters for each 
response variable.

3. Results and discussion

3.1. Physicochemical characterization

pH values of the pork loins ranged between 5.54 and 5.70, which is 
the common range in these pieces (Jo et al., 2023), and aw values were 
characteristic of fresh pork (0.992–0.994) (Aliño et al., 2009). In order 
to guarantee an optimal salting process and the homogeneity of the 
samples, the basic composition of the pork loins was determined 
(Table S1). Chemical composition was typical of lean portions, with a 
percentage of DM between 25.3% and 26.5%, which is similar to pre
vious studies carried out on pork loin (Karamucki et al., 2013), protein 
ranged from 92.6% to 93.6% (Jo et al., 2023), ash from 4.15% to 4.80% 
(Jo et al., 2022), and fat ranged from 2.22% to 3.14% (Lee et al., 2016) 
(Table S1). Protein, fat and ash values were obtained in DM. The value of 
the WHC ranged between 42.4 and 43.0%, similar to that described in 
the literature (Alvarado et al., 2011). NaCl content in the fresh pieces 
ranged between 0.08 and 0.23% (de Prados et al., 2017). The results of 
the physicochemical analysis of the studied matrices are shown in 
Table S1.

3.2. Salting kinetics and weight loss

Different salting kinetics were detected for different areas (Fig. 1) of 
the loins (Fig. 2 and Table S2). The salting kinetics of the upper and 
lower external areas fitted logarithmic models, but the central area 
showed two different stages (Fig. S2). In the external areas (upper and 
lower), a rapid salt gain was observed during the first 7 h, after which 
the salt uptake slowed down and stabilized in these external areas. 
Several authors also described a logarithmic model, with a maximum 
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speed in a first stage, for pork salting using ultrasounds to force salt 
penetration (de Prados et al., 2017; Visy et al., 2021). This rapid salt 
uptake in the first hours of salting in the external areas was due to 
concentration differences and osmotic pressure. Furthermore, the higher 
salt concentration in the external areas subsequently hindered the salt 
uptake, explaining the reduction in the rate of salt uptake in the 
following hours (Sanches et al., 2023). In contrast to the external areas, 
the salting kinetics of the central area of the piece had two distinct 
stages. From 0 to 7 h of salting, the salt penetration rate was 0.06 g h− 1 

per 100 g for product, coinciding with the maximum rate of salt uptake 
in external areas. In this first period, the maximum salt content reached 
0.44%. From 7 h up to 48 h, the penetration rate of the salt increased to 
0.14 g h− 1 per 100 g product, reaching a total salt content of 6.25%, 

compared to 8.89% in the lower external area and 10.09% in the upper 
external area (Fig. S2).

During the first hours of the salting process, there was a greater 
diffusion of water from the interior of the piece to the exterior, as well as 
a diffusion of salt from the exterior of the piece to the interior. This is 
because salt diffusion directly depends on water diffusion (Toldrá, 2004, 
pp. 27–62). Therefore, until the water content on the surface increases, 
the diffusion of salt into the interior is very slow. This is because it is 
necessary for the salt to dissolve in the water in order for it to diffuse 
(García-Gil et al., 2014). The osmotic gradient generated between the 
surface and the interior of the tissue during salting causes muscle 
contraction accompanied by water loss from the cells. Therefore, it can 
be stated that the direction of water flow during the salting process 

Fig. 2. Surface plots of regression models representing magnetic resonance imaging (MRI) parameters obtained at 4.7 T against salting time (h) and NaCl content 
(%). (A) Longitudinal relaxation time (T1) upper external area; (B) T1 central area; (C) T1 lower external area; (D) Transversal relaxation time (T2) upper external 
area; (E) T2 central area; (F) T2 lower external area. Regression model equations are shown in Table S2.

Fig. 3. Weight loss (WL) kinetic of pork loins during salting time. Mean and standard deviation (SD) of WL were considered. The equations and the R2 are indicated.
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directly depends on the salt concentration in the solution 
(Castro-Giraldez, Fito, & Fito, 2010; Yang et al., 2025). The main water 
population flowing during the salting stage is the freest water (Pearce 
et al., 2011).

On the other hand, the WL kinetics showed an inverse behavior to 
that of the salting kinetics in the external areas (Fig. 3). During the first 
hour of salting, the greatest drop in weight occurred, which was more 
than 1%. After 5 h of salting, WL ranged between 0.35 and 0.45%. This 
WL trend during the first hours of salting agrees with the results of Aliño 
et al. (2009) and de Prados et al. (2017) in pork loin. After this time, WL 
was reduced to below 0.25%, stabilizing the weight after 48 h. This 
greater WL during the first hours of salting may be caused by mass 
transfer mechanisms other than diffusion, such as the denaturation of 
surface proteins or the capillary forces of the salt in which the sample is 
placed (Aliño et al., 2009).

This stabilisation of WL and salt gain in the last hours of the salting 
process are closely related. Initially, the high salt concentration gradient 
between the outside and inside of the loins causes rapid salt diffusion 
and water loss. However, the rate of diffusion gradually decreases to 
equilibrium, at which point the net mass transfer flux is zero 
(Gómez-Salazar et al., 2015).

3.3. MRI relaxometry

T1 and T2 values decreased during the salting time at a higher rate in 
the external areas (upper and lower areas) than in the center of the piece 
(Fig. 2 and Table S2). This decrease in these values during the salting 
process was shown by other authors in dry-cured hams (Fantazzini et al., 
2009; García-García, Fernández-Valle, et al., 2019). This slower 
decrease in the central area was due to the lower salt uptake and reduced 
dehydration, caused by the anaerobic conditions that occur in the 
interior of the piece. (García-García, Fernández-Valle, et al., 2019). One 
of the factors that affect to the decrease in the MRI parameters was the 
setting up of a water gradient from the inside to the surface of the loin 
pieces and from the surface to the environment, as a consequence of the 
flow of water that occurs by evaporation, osmotic dehydration and 
diffusion (García-García, Fernández-Valle, et al., 2019; Jurado et al., 
2007). Related, it could also be associated with the compaction of the 
structure and physicochemical changes produced during the salting 
process (Richardson & Jones, 1987). These factors could explain the 
interaction (Table S2) between the salting time and T1 and T2 relaxation 
times (p < 0.05)

In addition to its decrease as salting time progresses, and directly 
related to it, Fig. 4 and Table S3 show the regression models between 
parameters T1 and T2 and the salt content. In both cases, the models 
fitted linear equations that are statistically significant (R2 = 0.89 for T1 
and R2 = 0.90 for T2). Lower NaCl values corresponded to higher MRI 
parameter values.

In contrast to the evolution over time and salt content, Fig. 5 and 
Table S4 show the regression models between the moisture content of 
the loin pieces and the T1 and T2 parameters. Although the regressions 
fitted linear models that are statistically significant (R2 = 0.92 for T1 and 
R2 = 0.90 for T2), in this case, higher values of T1 and T2 corresponded to 
higher moisture content. As mentioned above, the T1 and T2 parameters 
were closely related to both salt and moisture content. Thus, the 
decrease in these values as salt uptake increases and water loss occurs is 
explained (García-García, Fernández-Valle, et al., 2019).

These results have great potential for the implementation of MRI in 
production lines of the meat industry. Through models similar to those 
obtained in this work, and adapted to the working conditions of each 
plant, the salt content, and also the water content, of a lean meat piece 
could be predicted at any time using only the T1 and T2 parameters. 
Thus, optimal quality can be ensured, meeting the desired requirements 
of the final product.

In the same way as with T1 and T2, the evolution of ADC values has 
also been monitored through regression models as salting time 

progresses, and thus, with salt uptake (Fig. 6 and Table S5). In the upper 
and lower external areas, the decrease in ADC values was faster than in 
the central area, since it was associated, among other factors, with the 
evolution of osmotic pressure gradients (Sanches et al., 2023). However, 
in the centre of the piece, the water movement and salt penetration 
depends on changes in the upper and lower external areas (García-Gil 
et al., 2014). The regression models obtained for the three areas studied 
were statistically significant (R2 = 0.92 for upper external area, R2 =

0.96 for central area and R2 = 0.89 for lower external area). In the same 
way as occurred with T1 and T2 relaxation times, and for the reasons 
previously mentioned, a significant interaction (p < 0.05) was obtained 
between the ADC parameter and the salting time (Table S5).

Thus, ADC is a parameter that can also be used to monitor the salting 
process in pork loin, due to the close relationship between salt uptake 
and water movement within the piece.

3.4. Analysis by low field TD-NMR

As previously described, low-field NMR equipment is more 
economical and offers more possibilities for integration into production 
lines in the food industry. Therefore, after carrying out the study by high 
magnetic field MRI, the analysis was conducted on the same samples 
using TD-NMR at low field, to justify that this same analysis can be 
carried out at low field, in equipment much more adaptable to pro
duction lines.

Similar results to those obtained by MRI were obtained when the 
monoexponential adjustment of the TD-NMR T1 and T2 was made (Fig. 7
and Table S6). Once again, higher NaCl values were associated with 
lower T1 and T2 values. The linear regressions obtained, once more, 
were statistically significant (R2 = 0.90 for T1 and R2 = 0.82 for T2), 
indicating that low-field magnetic relaxometry equipment could also be 
used to determine the NaCl content of meat pieces through T1 and T2 
values.

In addition to corroborating the results obtained previously with the 
monoexponential analysis of T1 and T2, a multiexponential study of both 
parameters was also carried out to observe the evolution of different 
proton populations in meat pieces during the salting process (Fig. 8). 
Regarding T1, two populations were detected during the entire process. 
T1b (with relaxation times of 35–45 ms), which could be associated with 
protons from water strongly bound to the myofibrils and T11 (with 
relaxation times ranging between 300 and 400 ms) which was associated 
with free water protons. These signals were also seen by Fantazzini et al. 
(2009) in their study of monitoring the salting process of Parma 
dry-cured ham, although the values were different due to the difference 
in the magnetic field of the spectrometer. The signal corresponding to 
T1b remained stable throughout the salting time, which indicates that 
this population was not modified by the salt uptake and the loss of water 
from the sample throughout the process. For its part, signal T11 showed a 
displacement towards lower relaxation times in the last hours of salting 
than the beginning of the process. This displacement was associated, 
among other factors, with the loss of the water with lower degree of 
binding. The salt uptake in the piece caused a change in the charge of the 
myofibrillar protein, leading to increased contraction of the piece and 
greater WHC. (Richardson & Jones, 1987).

As for the T2 multiexponential analysis, several populations were 
observed (Fig. 8). During the 48 h of salting, three populations were 
always present, which indicated that the relaxation behaviour in meat 
samples of these characteristics cannot be explained by intra/extracel
lular compartmentalisation of water (Bertram et al., 2001). T2b1 appears 
at 0–5 ms relaxation times, as Wu et al. (2006) shows in a study of pork. 
This population, which remained constant until 24 h salting but dis
appearing afterwards, would be a signal derived from what other au
thors have explained as T2b, which corresponded to protons that are 
strongly bound to macromolecules, with a high degree of association 
with the matrix (García-García, Cambero, et al., 2019; Mcdonnell et al., 
2013). In our case, this T2b signal appeared divided into the 
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Fig. 4. Regression models between NaCl content (%) and magnetic resonance imaging (MRI) parameters obtained at 4.7 T. (A) Longitudinal relaxation time (T1); (B) 
Transversal relaxation time (T2). Regression model equations are shown in Table S3.
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Fig. 5. Regression models between water content (%) and magnetic resonance imaging (MRI) parameters obtained at 4.7 T. (A) Longitudinal relaxation time (T1); (B) 
Transversal relaxation time (T2). Regression model equations are shown in Table S4.

Fig. 6. Surface plots of regression models representing apparent diffusion coefficient (ADC) magnetic resonance imaging (MRI) parameter obtained at 4.7 T against 
salting time (h) and NaCl content (%). (A) ADC upper external area; (B) ADC central area; (C) ADC lower external area. Regression model equations are shown 
in Table S5.
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aforementioned T2b1 and a second T2b2 signal that appeared close to 10 
ms relaxation times. In the same way that occurs with T2b1, this signal 
moved to lower relaxation times in the last hours of the salting process. 
The other population that appeared throughout the study was T21, 
which was the predominant signal with a relaxation time close to 40 ms. 

This population was related to the protons that are located within highly 
organized structures and corresponded to the water retained by the 
three-dimensional network of myofibrillar proteins in the space between 
the thick and thin filaments (Cônsolo et al., 2024; García-García, Cam
bero, et al., 2019; Mcdonnell et al., 2013). After 24 h of salting, a signal 

Fig. 7. Regression models between NaCl content (%) and time domain nuclear magnetic resonance (TD-NMR) monoexponential parameters obtained at 0.15 T. (A) 
Longitudinal relaxation time (T1); (B) Transversal relaxation time (T2). Regression model equations are shown in Table S6.
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Fig. 8. Multiexponential spectra of time domain nuclear magnetic resonance (TD-NMR) parameters obtained at 0.15 T during the salting process of pork loins. (A) 
Longitudinal relaxation time (T1); (B) Transversal relaxation time (T2).
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shift to lower relaxation times was detected. However, during the first 7 
h of salting, a fourth population (T22) appeared, with a relaxation time of 
100 ms, which corresponded to extra-myofibrillar water containing the 
sarcoplasmic protein fraction and weakly retained between fibers 
(Bertram et al., 2001; Cônsolo et al., 2024; García-García, Cambero, 
et al., 2019; Mcdonnell et al., 2013). This water was the most labile and 
therefore the first to be lost when the salt began to enter, which would 
explain the displacement of this signal at lower relaxation times and its 
disappearance after 24 h of salting.

At very high salt concentrations, the elevated surface tension of 
water intensifies the competition between proteins and salt ions for 
hydration. This process causes the salt ions to remove the critical layer of 
water molecules from the protein surface, eventually resulting in the 
denaturation of the protein (Sinha & Khare, 2014). This protein dena
turation causes a restriction of water mobility, resulting in shorter 
relaxation times (Gudjónsdóttir, Arason, & Rustad, 2011).

After the multiexponential T2 analysis, it can be stated that during 
the salting of loin pieces, the signal from the free water disappeared, and 
the predominant water signal decreased. Meanwhile, the signals corre
sponding to more tightly bound water remained constant throughout the 
entire process.

With this study, an effort was made to provide the meat industry with 
a non-destructive and non-invasive alternative to the official method for 
determining the salt content of pork loin easily and quickly. This work is 
a first step for the future implementation of NMR in production lines. For 
this reason, more studies are needed to complete all the information 
necessary to be able to develop and implement this methodology in the 
industry.

4. Conclusions

The salting process of meat pieces can be monitored through MRI 
and TD-NMR as non-destructive and non-invasive techniques.

Salting kinetics of the pork loins fitted a logarithmic model in the 
external areas, while two distinct stages were observed in the centre of 
the piece, with the highest salt gain in the last hours of the process.

A decrease in NMR parameter values (relaxation times T1 and T2, and 
apparent diffusion coefficient) was observed throughout the salting 
process as a consequence of salt gain and water loss.

Prediction models can be used in the meat industry for the estimation 
of NaCl and water content at any point during the salting process of meat 
products, using NMR parameters (T1, T2, ADC).

Salt uptake and water movement during the salting process can be 
monitored through multiexponential analysis of NMR relaxation times 
(T1 and T2).

Finally, the results obtained in this work could permit us to conclude 
that the use of low magnetic field and low cost equipment allows the 
implementation of NMR relaxometry in the meat industry for moni
toring and controlling the salting process, as well as for the rapid esti
mation of salt content.
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