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Abstract
The aim of this study was to evaluate the ability of ultrasound inspection and quality determinations to characterize two 
commercial categories of dry-cured pork loin, labelled as green (GL) and red (RL). For this objective, ultrasound inspection 
was carried out for two different frequencies (500 and 1000 kHz), considering parameters of ultrasonic pulse velocity (UPV), 
frequency components related to the fast Fourier transform (FFT), and variables related to the attenuation. Physicochemical 
(moisture and fat content, water activity, instrumental color), instrumental texture (TPA) and sensory analyses (QDA) were 
also carried out. Moreover, quality and ultrasonic parameters were subjected to a correlation analysis (Pearson). Several 
physicochemical, instrumental texture and sensory parameters allowed to discriminate the dry-cured loin category. Moreover, 
high significant correlations were found among quality and acoustics parameters. Thus, ultrasound inspection can determine 
quality parameters indirectly without the limitations of traditional methodologies, postulating as a tool for characterizing 
dry-cured loin samples of different category with a promising predictive nature. This work has showed new findings for 
dry-cured meat products that may be of interest to the meat industry.
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Introduction

Meat products from the Iberian pig are highly valued by con-
sumers, being the dry-cured loin one of the most recognized 
ones, due to its appreciated sensory characteristics and its 
lipid composition, with a reasonable amount in monoun-
saturated fatty acids [1]. Labelling of Iberian products have 
been regulated based on genetics and the rearing system 
of the animal [2], being classified in different commercial 
categories. Current and recent Spanish legislation [3] dif-
ferentiates the following labels: white label products (‘Cerdo 

Ibérico’) correspond to animals with at least 50% Iberian 
breed and fed with concentrates; green label products (‘Cebo 
de Campo Ibérico’) require at least 50% Iberian breed and 
fed with natural resources and concentrates; red label prod-
ucts (‘Bellota Ibérico 50%’), with at least 50% Iberian breed 
and fed exclusively on natural resources; and black label 
products (‘Bellota Ibérico 100%), from pure 100% Iberian 
breed and fed only from natural resources. The use of cross-
bred animals, Iberian × Duroc pigs instead of pure breed, and 
the substitution of acorn and pasture by concentrate diet in 
Iberian pigs, mainly influence negatively in the final quality 
of Iberian products [4, 5].

Traditional methods, such as physicochemical analysis, 
instrumental texture or sensory analysis, have been decisive 
to characterize the quality of meat products [6, 7]. Sensory 
evaluation is one of the tools that has given the best results to 
determine and discriminate commercial categories of cured 
pork loin following the previous legislation [8–10]. Among 
the different sensory tests, the Quantitative Descriptive 
Analysis (QDA) [11] is postulated as one of the most applied 
in foods, including cured pork loin [12]. Unfortunately, all 
these types of methodologies are high time-consuming, and 
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require the destruction of the sample and also a trained panel 
to evaluate the samples in the case of the sensory analysis. 
This has led to the evaluation of the capability of different 
technique to analyze quality characteristics of meat products 
[13–15]. Low intensity ultrasound inspection is one of the 
most reliable recent technologies to characterize the quality 
in food [16, 17], and its ability has also been proven in pork 
loins [18–20]. Moreover, non-destructive ultrasonic inspec-
tion has been used for the ultrasound characterization of 
different dry-cured meat products [21], to assess textural 
changes in vacuum packaged sliced Iberian ham [22], and 
to monitor the pork loin and ham dry-salting process [23, 
24]. As other authors have described [17], this methodology 
is faster and more cost-effective than most modern instru-
mental techniques (compared to magnetic resonance imag-
ing-MRI, for example), standing out for its non-destructive 
nature. In addition, ultrasonic tests have the ability to assess 
the whole sample (compared to near infrared spectroscopy-
NIR, for example, which only manages to non-destructively 
test the surface of the part). Ultrasonic inspection allows 
the determination of certain acoustic parameters that work, 
among other functionalities, to discriminate different food 
samples. Generally, the scientific literature tends to consider 
exclusively parameters related to the velocity of the wave, 
as well as the attenuation. Recently, non-common acoustic 
parameters were considered in the literature, such as fre-
quency components related to the fast Fourier transform 
(FFT), and the attenuation (without the presence of echoes) 
quantified in terms of the time taken to receive energy. These 
new parameters have already been applied successfully in 
various foods, such as honey [25], milk [26], cheese [27, 28], 
and cooked pork loins [19]. The main aim of this work was 
to evaluate the ability of acoustic and quality parameters to 
characterize two categories of dry-cured pork loins, and thus 
to correlate these acoustics results with quality parameters. 
In this way, this work provides results of interest to address 
one of the main limitations of ultrasonic inspection, such as 
the fact that it is a little studied technique in process moni-
toring and product quality control in the meat sector.

Materials and methods

Samples

Iberian dry-cured loins (vacuum packaged) of two commer-
cial category were purchased from Montesano Extremadura 
S.A. (Badajoz, Spain): ‘Bellota 50% Ibérico’ with red label 
(RL), from 50% Iberian × Duroc crossbreed pigs extensively 
reared and exclusively fed on natural resources, and ‘Cebo 
de Campo Ibérico’ with green label (GL), from 50% Ibe-
rian × Duroc crossbreed pigs extensively reared and fed on 
natural resources and concentrate. In addition to the pork 

loin, the following ingredients were also added: salt, paprika, 
sucrose, spices, antioxidant (E 301) and preservative (E 
250). Six pork loins from different production batches of 
each category were acquired. Each loin was divided into 
two parts for the subsequent analyses: one part was used 
for the physicochemical, instrumental texture and sensory 
analysis, and the ultrasonic inspection was carried out on the 
other part. Figure 1 shows the procedure scheme followed 
in this study.

Quality parameter determinations

Physicochemical analyses

Moisture content was analyzed by drying the samples (5 g) 
at 102 °C following the procedure of the official methods 
of Association of Official Agricultural Chemists (AOAC 
International reference method 935.29) [29]. Water activity 
 (aw) was measured by a water activity measuring equipment 
(Lab Master-aw; NOVASINA AG, Lachen, Switzerland). 
Fat content was determined according to the methodology 
described by Folch et al. (1957) with chloroform:methanol 
(2:1). Instrumental color was determined using a Minolta 
CR-300 colorimeter (Konica Minolta, Osaka, Japan) with 
illuminant D65, a 0° standard observer and a 2.5 cm port/
viewing area. The measurements were carried out in the 
transversal section. The analysis was performed accord-
ing to the principles from the Commission International 
d’Eclairage [31] and each sample was measured three times. 
Lightness (L*), redness (a*), and yellowness (b*) were the 
color coordinates measured. All physicochemical determina-
tions were carried out in triplicate.

Instrumental texture analysis

The instrumental texture analysis was carried out using a 
texturometer Texture Analyser TA XT Plus (Stable Micro 
Systems Ltd., UK). Texture Profile Analysis (TPA) was 
applied, using for this method a cylindrical probe with 5 cm 
in diameter. From each sample, five cubes (1  cm3) were pre-
pared and analyzed, being axially compressed to 50% of the 
original height [32]. Following the definitions of previous 
works [25, 32], the instrumental texture parameters calcu-
lated were: hardness (g); adhesiveness (g × s); springiness 
(g); gumminess (g); cohesiveness (dimensionless); chewi-
ness (g); and resilience (J·m − 3).

Sensory evaluation

Iberian dry-cured loins of this study were subjected to a 
QDA [11]. Fourteen trained panelists (5 males and 9 
females, ranging among 24–59 years old) participated in 
this analysis, being all of them staff of the University of 
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Extremadura. Four samples were assessed during three ses-
sions. Therefore, a total of twelve samples (six RL and six 
GL samples) were evaluated by each panelist. Dry-cured 
loins were sliced using a slicer meat machine TGI 300 OMS 
S.r.l. (TGI, Italy), obtaining slices of 3 mm and approxi-
mately 5 g. Samples were served one per plate, with a glass 
of mineral water and a piece of unsalted cracker to follow 
the rinsing protocol among loins. Evaluations were devel-
oped according to the UNE-EN-ISO 8589:2010 regulation, 

in a sensory room with controlled temperature (21–22 ℃), 
and with white fluorescent light. The samples order was 
randomized according to the Williams Latin square design. 
Finally, for collecting the data, FIZZ software 2.20 C ver-
sion (Biosystèmes, Couternon, France, 2002) was used. The 
attributes of this study were selected based on the previ-
ous experience of the authors in sensory evaluation of meat 
products [33, 34]. Selected attributes and definitions are dis-
played in Table 1. A 10 cm unstructured scale was used for 

Green label (GL) 
‘Cebo de Campo 

Ibérico’ n= 6

Red Label (RL) 
‘Bellota 50% 

Ibérico’ n= 6

Physicochemical
analyses

Instrumental 
Texture

Texture Profile 

Analysis (TPA)

Water Activity (aW)

Moisture (%)

Fat content (%)

Instrumental color (L*, a*, b*)

Ultrasound 
inspection

Hardness (g)

Adhesiveness (g*s)

Springness (g)

Cohesiveness

Gumminess (g)

Chewiness (g)

Resilence

V318 (500 kHz)

A114 (1000 kHz)

Transducers
UPV

FFT25 –FFT99

AT10– AT50

Sensory
Evaluation

Red color Hardness Saltiness

Brigthness Chewiness Flavor intensity

Marbling Fibrousness Cured flavor

Odor intenity Juiciness Papripka flavor

Paprika odor

Fig. 1  Scheme of the procedure and data analysis. Footnote: UPV ultrasound pulse velocity, FFT25/ FFT99 fast Fourier transform correspond-
ing to the 25th and 99th percentiles, AT10/ AT50 attenuation corresponding to reaching 10, and 50% of the energy

Table 1  Attributes and 
descriptions for the quantitative-
descriptive sensory analysis

Attribute Description

Red color Refers to the redness of the sample
Brightness Refers to the reflection of light
Marbling Refers to the visible intramuscular fat
Odor intensity Refers to the overall odor intensity
Paprika odor Refers to the aroma perception characteristic of paprika
Hardness Refers to the big effort required to convert the sample in a swallowable state
Chewiness Refers to the number of chews until to reach a state ready for swallowing
Fibrousness Refers to the fiber perception during chewing
Juiciness Refers to the impression of lubricated food during chewing
Saltiness Refers to the primary salty taste
Flavor intensity Refers to the overall flavor intensity
Cured flavor Refers to the flavor perception characteristic of cured meat products
Paprika flavor Refers to the aroma perception characteristic of paprika
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attributes scoring, and verbal anchors were fixed as ‘little’ 
to ‘very much’ for all evaluated attributes.

Ultrasound testing

Set up of ultrasound inspection

The ultrasonic inspection equipment and procedures coin-
cide with those described in previous works by the authors 
[18, 35]. For this reason, we will limit ourselves here to 
briefly describe them, emphasizing those most interesting 
and novel aspects.

Ultrasound measurements were carried out inside tem-
perature-controlled chamber (RIVACOLD RC325-45ED, 
Italy), with a constant temperature of 7.0 ± 0.2 ℃. Dry-cured 
loins were inspected using a contact technique in through-
transmission (T–T) mode. Two Olympus Panametrics-
NDT Model V318-SU piezoelectric transducers were used 
to transmit 500 kHz signals. In the same way, 1000 kHz 
signals were transmitted by two Olympus Panametrics-
NDT Model A114S transducers. The characteristics of 
these pairs of transducers are shown in Table 2. The use 
of other higher frequency transducers was discouraged due 
to the high attenuation experienced by the transmitted sig-
nal, particularly noticeable at higher frequencies. The tests 
were carried out in triplicate in the axial direction, facing 
the transducers in the center of both sides of each piece, 
with a distance between transducers of 20.0 ± 0.3 cm. Emit-
ter transducer was positioned on the cranial face, and the 
receiver transducer on the caudal one. Due to the irregulari-
ties of the lateral surface of the pieces and the fact that their 
diameter was similar (if not less) than the near-field length 
N (Table 2), the possibility of conducting inspections in the 
radial direction was rejected. In addition, a water-soluble 
coupling gel from Olympus was applied to the samples sur-
faces to facilitate the transmission of the waves. Panamet-
rics-NDT Model 5077PR Pulse-Receiver from Olympus was 
used to emit and receive the ultrasound signals. All the tests 
were carried out establishing the following parameters of 
the pulser-receiver: Pulser Voltage 100 V; Transducer Freq 
0.5 MHz for V318 and 1 MHz for A114; Gain + 10 dB for 

V318 and + 20 dB for A114; High pass filter OUT; and Low 
pass filter 10 MHz. This pulser-receiver was connected to an 
InfiniiVision DSO-X 3032A oscilloscope from KEYSIGHT 
for the acquisition and digitalization of the signals. The files 
were saved in 10 000 points record length (in ‘.csv’ format) 
for the subsequent processing and analysis of the data. Two 
A-scans were recorded from each inspection: the first, in 
which the trigger pulse and the arrival of the signal at the 
receiver were collected, with a time interval of 20 µs, and the 
second, including the entire transmitted signal, with 60 µs.

Ultrasound parameters

Different ultrasound parameters were obtained from the 
A-scan. The ultrasound inspection study was done in six 
replications per sample. Thus, the ultrasonic parameters 
obtained in each inspection corresponded to the mean value 
of those obtained in the six replicates. Figure 2 shows a 
typical A-scan obtained with the A114 transducers. The 
ultrasound pulse velocity (UPV) is based on the ‘time of 
flight’ (TOF), i.e., the time lapsed from the signal’ emission 
until its reception. This method had already been applied to 

Table 2  Main characteristics of 
the transducers model used

The UPV value for A114S and V318-SU were 1750 m/s, taking for the calculation of λ, N, and φ
λ wavelength
N near-field length
φ beam angle

Model Diameter (cm) Frequency (kHz) − 6 dB 
bandwidth 
(%)

λ (mm) N (mm) φ (°)

Panametrics A114S 1.9 1000 64.59 1.75 51.57 6.45
Panametrics V318-SU 1.9 500 61.93 3.50 25.79 12.99

Fig. 2  A-scan obtained with the Panametrics A114 transducers for a 
RL pork loin
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determine the ultrasonic velocity in pork loins [18]. Since 
the distance d between both transducers is known, the veloc-
ity is calculated with the following equation:

Regarding frequency parameters, these are calculated 
using the fast Fourier transform presented by Cooley and 
Tukey (1965) [36]. Figure 3 shows the FFT of the signals 
received in the inspection displayed in Fig. 2. The frequency 
distributions (Fig. 3) are not close to Gaussian at all, so the 
highest amplitude frequency of the FFT (FFTCentral) is not 
a priori a meaningful value to characterize the inspected 
samples. In order to facilitate the subsequent analysis, the 
cumulative frequency periodograms are constructed to show 
the FFT frequencies corresponding to the 25t and 99th per-
centiles of the received signals [18, 19], i.e., if the cumula-
tive frequency corresponding to the 25th percentile is at f 
Hz for an specific inspection, this means that 25% of the 
received signals had a frequency of less than f Hz. Thus, 
for each A-scan and subsequent FFT and frequency peri-
odogram, the parameters of the different percentiles of the 
signals received were denoted as FFT25 and FFT99.

Finally, and as far as attenuation is concerned, the 
absence of clearly visible echoes in the A-scan obtained 
(Fig. 2), makes it unfeasible to determine it with the tradi-
tional calculation [25, 26]. Then, given that the nature of 
dry-cured loins makes it impossible to distinguish echoes, 
the attenuation was evaluated from the signal’s progressive 
energy loss, obtaining the parameters as a function of time 
taken to receive determined energy percentages [18, 19, 35], 
particularly, 10, and 50%, (AT10 and AT50, respectively), 
expressed as a multiple of the TOF (n·TOF). Thus defined, 
a value of AT50 equal to 1.063, for example, would indicate 

UPV =

d

TOF
.

that 50% of the energy that reaches the receiver transducer 
does so once 1.063 times the TOF have elapsed. Following 
this argument, the higher the ATxx value, the less attenuat-
ing the sample.

Data analysis

Differences between GL and RL dry-cured loins were statis-
tically evaluated. The normality of physicochemical, TPA, 
sensory, and ultrasound parameters were evaluated using 
Shapiro–Wilk test. Depending on the obtaining results of 
normality test, Student T test (p > 0.05) or U Mann–Whitney 
test (P < 0.05) were applied. IBM SPSS v.22 (IBM Co., New 
York, U.S.A) statistic software package was used to carry 
out the former analysis. Pearson's correlation coefficient (R) 
between physicochemical, TPA, sensory characteristics and 
ultrasound parameters was calculated using the XLSTAT 
software package (Addinsoft Pearson Edition, Paris, France).

Results and discussion

Quality parameters of dry‑cured loins

Table 3 displays GL and RL significant differences of phys-
icochemical, TPA, and sensory data. Several similarities 
were found among the obtained results and those found in 
the scientist literature for dry-cured loins. Moisture and a* 
parameter presented significant differences among samples. 
RL provided higher mean values for both parameters, being 
these samples redder and having higher moisture values. 
This significant difference in the amount of water will also 

Fig. 3  FFT of the A-scan from Fig. 1

Table 3  Physicochemical (triplicate), and instrumental texture (quin-
tuplicate) results (mean values ± SE), and p values obtained in the sta-
tistical analysis between pork loin categories

GL green label, RL red label

GL (n = 6) RL (n = 6) P value

aW 0.908 ± 0.003 0.914 ± 0.004 0.20
L* 35.09 ± 0.53 34.86 ± 0.03 0.70
a* 9.73 ± 0.36 11.08 ± 0.34 0.01
b* 5.41 ± 0.21 5.27 ± 0.13 0.58
Moisture (%) 39.51 ± 0.52 42.14 ± 1.02 0.03
Lipid g/100 (%) 11.75 ± 0.96 12.85 ± 0.74 0.37
Hardness (g) 152.5 ± 13.25 112.5 ± 6.56 0.02
Adhesiveness (g × s) 68.42 ± 10.33 87.33 ± 14.65 0.22
Springiness (g) 0.41 ± 0.01 0.42 ± 0.01 0.55
Cohesiveness 0.38 ± 0.01 0.38 ± 0.01 0.82
Gumminess (g) 5786 ± 705 4445 ± 328 0.20
Chewiness (g) 2600 ± 327 1850 ± 132 0.58
Resilience (J·m − 3) 0.15 ± 0.01 0.12 ± 0.01 0.04
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lead to significance in the properties of instrumental and 
sensory texture between the samples, since humidity exerts 
an important influence on parameters such as hardness or 
juiciness in dry-cured loins [12, 37]. Mean values of a* 
parameter are possibly a result derived from some physico-
chemical process, probably related to the amount of water 
and/or fat that defines the difference in redness (a*) between 
samples [38]. The mean values obtained for instrumental 
color were consistent with those obtained in other previous 
works for these products [39–41]. Moisture values were also 
found in concordance with literature, ranged from 38.42 to 
41.39% [42, 43]. Regarding the lipid content, similar results 
were also obtained in the present work in comparison with 
other works [12, 44]. Finally, the aW did not present signifi-
cant differences among the categories. The mean values of 
aW were consistent with the literature that showed a range 
of values between 0.88 and 0.91 depending on the drying 
process and the type of sample [45, 46]. On the other hand, 
the pH values of this kind of products are pointed among 
5.61–5.63 [47, 48]. To the best of our knowledge, there are 
no studies focusing on the category dry-cured loin charac-
terization by physicochemical parameters.

TPA results are shown in Table 3. Only the hardness and 
resilience parameters showed significant differences between 
GL and RL. The aforementioned significant difference in the 
amount of water may be the origin of the significance in the 
properties of instrumental and sensory texture between the 
samples, since humidity exerts an important influence on 
parameters such as hardness or juiciness in dry-cured loins 
[12, 37]. Thus, as observed in the moisture determination, 
RL samples have a higher amount of water, and, therefore, 
their hardness is reduced due to its influence, hence the 
result provided by the instrumental hardness is consistent. 
Moreover, these results are coherent with the literature, since 
previous studies showed that the dry-cured loins of pigs fed 
exclusively with natural resources had lower hardness val-
ues than those fed with natural resources and concentrates 
[1]. On the other hand, the resilience, which is the effort 
exerted by the sample to recover its original state, was higher 
for GL samples, which a priori, also seems coherent due to 
loins with higher moisture values would require less effort 
to recover their original height. The obtained TPA results 
are very similar to other works following the previous leg-
islation [1].

Figure 4 shows QDA attributes results of GL and RL 
dry-cured loins. Several attributes displayed differences 
according to the category. GL dry-cured loins were harder, 
chewer, and with higher paprika flavor values. Meanwhile, 
RL samples presented higher red color intensity, marbling, 
juiciness, and saltiness mean values. These differences 
mostly agree with physicochemical, instrumental color and 
texture results, and they may be closely linked to the differ-
ences in the water content between batches, as previously 

explained. Both hardness and red color intensity coincided 
with the results of the instrumental and physicochemical 
texture, respectively. RL loin was considered the reddest, 
following the same behavior shown in instrumental color 
results. Once again, and probably due to the influence of 
the water, sensory hardness showed significant differences 
between the samples, being GL sample it should be noted 
that hardness is one of the most prominent sensory param-
eters in dry-cured loins [12], being perceived mainly at the 
beginning of the intake of these products. GL presented 
higher mean values of paprika flavor, probably to improve 
its organoleptic qualities. On the contrary RL sample is 
well accepted by consumers, and, therefore, it is not neces-
sary higher values of paprika flavor to improve its organo-
leptic profile [2]. RL samples were perceived juicier than 
GL ones, being this fact consistent since RL samples had 
higher moisture values. Fat content can also influence this 
parameter; however, the results were not significantly dif-
ferent between both categories. Finally, the RL samples 
were perceived as saltier probably related to its higher 
moisture content, which increases the perception of salt.

Considering these results, it is necessary to stand out 
that the sensory evaluation is more effective than the phys-
icochemical and textural determinations studied to dis-
criminate between the commercial categories of dry-cured 
pork loin, as the application of novel sensory techniques 
pointed out [49]. Moreover, it is important to know that 
in fresh loins, physicochemical and textural parameters 
showed a samples distribution similar to sensory attributes 
in dry-cured loins [20]. Therefore, the scope of sensory 
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analysis is of utmost importance to characterize these 
kinds of products and their categories.

Ultrasound inspection results

Table 4 displays the ultrasound parameters results for V318 
transducers. The acoustics parameters had not the ability to 
discriminate significantly the studied commercial categories 
of dry-cured loin. The results of the 1000 kHz transduc-
ers, the A114, are also shown in Table 4. As occurred with 
V318, the pair of A114 transducers also did not present any 
significant difference for the dry-cured loin categories. The 
UPV obtained with both transducers (V318 and A114) oscil-
lates in a range of 1726–1746 m/s. These results are similar 
to those obtained in previous studies on dry-cured products 
[22], with a velocity range between 1700 and 1720 m/s 
obtained at lower temperatures. Unfortunately, there are no 
comparable works in the scientific literature based on the 
frequency components or the attenuation determined without 
visible echoes for these meat products.

Furthermore, it should be noted two relevant facts. First, 
the fact that the mean values obtained for FFT25 and FFT99 
with the A114 transducers are clearly higher than those of 
the V318. This fact is consistent, since the resonant fre-
quency of A114 is higher than V318. In this sense, it is also 
noteworthy that the FFT99 values for both pairs of trans-
ducers are lower than their respective nominal frequencies, 
which indicates that the attenuation is greater at higher fre-
quencies. Second, we highlight the fact that the ATxx values 
are lower in the parameters corresponding to the A114 trans-
ducers. It is also a coherent result since the A114 transducers 
work at a higher resonant frequency than the V318 ones, 
therefore, the energy will be more quickly attenuated, and 
consequently, their ATxx values will be lower.

Correlation study

Table 5 shows linear correlation coefficients among ultra-
sound parameters of both pair of transducers, and physico-
chemical and TPA results. Several significance correlations 
were found. L*, b*, and moisture showed significant cor-
relations with the acoustics parameters. Instrumental color 
parameters, L* and b*, correlated significantly and inversely 
with UPV of the A114 transducers, a trend that is main-
tained in the case of the V318 but with less significance. The 
instrumental color parameters are derived from chemical 
changes during the dry-cured process of these meat matrices, 
reflected in physical changes produced on the surface of the 
food. The fact of the correlation among these parameters 
with the acoustic ones does not mean a direct correlation, 
but an indirect one of the chemical changes aforementioned. 
Probably both correlations, L* and b*, are resulted from the 
differences in fat, and especially from the moisture of the 
samples.

On the other hand, moisture is also inversely related to 
UPV (R = − 0.89), particularly significant in the case of 
V318 transducer (Fig. 5). Thus, this fact would indicate that 
the ultrasonic signal would pass slower through the samples 
with higher moisture values, i.e., the less hard samples. This 
correlation is extremely important, since it suggests the sen-
sitivity of the ultrasonic propagation velocity in the assess-
ment of the water content, which was observed in other meat 
products [18], however, it has not been studied in dry-cured 
pork loins of different categories.

Regarding the correlations of the acoustic determinations 
with the instrumental texture parameters, the frequency and 
attenuation parameters, and not the velocity parameters, 
are now the ones that seem to be related with higher sig-
nificance. Thus, first of all, we highlight the negative cor-
relation of springiness and FFT25 with V318 transducers. 
This result would indicate that the samples that recover a 
lower height in the time elapsed between the end of the first 
compression and the beginning of the second in the texture 
evaluation, favor the transmission of higher ultrasonic fre-
quencies in percentage terms. From the point of view of 
physics, the fact that these samples recover less height is 
equivalent to that their elastic constant is lower, i.e., their 
inverse, the elastic modulus is higher, and, therefore, these 
samples are more elastic. In principle, a higher elasticity 
allows the transmission of higher frequencies [50], hence 
these results are consistent. Although this same correlation 
is not significant for the FFT25 with A114 transducers. In 
the same sense, it should be noted the positive correlation 
of the FFT25 obtained with the A114 transducers with the 
resilience, indicating the effort of the sample to recover the 
original height in the texture determination.

Likewise, the samples with higher elasticity are also 
those that show lower attenuation when acoustic waves 

Table 4  Ultrasound parameters of V318 and A114 transducers (tripli-
cate) results (mean values ± SE) and p values obtained in the statisti-
cal analysis between pork loin categories

GL green label, RL red label

GL (n = 6) RL (n = 6) P value

UPV V318 (m/s) 1746 ± 8 1726 ± 19 0.20
FFT25 V318 (Hz) 171,521 ± 32,693 139,705 ± 27,106 0.63
FFT99 V318 (Hz) 505,601 ± 6428 500,285 ± 15,119 0.75
AT10 V318 1.036 ± 0.001 1.032 ± 0.001 0.12
AT50 V318 1.063 ± 0.01 1.061 ± 0.01 0.75
UPV A114 (m/s) 1732 ± 9 1734 ± 7 0.86
FFT25 A114 (Hz) 465,390 ± 21,137 457,149 ± 32,601 0.84
FFT99 A114 (Hz) 843,530 ± 16,765 849,088 ± 18,392 0.83
AT10 A114 1.026 ± 0.01 1.028 ± 0.01 0.35
AT50 A114 1.033 ± 0.01 1.037 ± 0.01 0.17
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passing through them [50]. The positive correlations found 
between AT50 with V318, and the gumminess, resilience, 
and chewiness parameters would respond, therefore, to this 
trend. Once again when ATxx value is higher the samples 
are less attenuating.

When this same correlation analysis is carried out with 
the A114 transducers, this trend is not appreciated, prob-
ably due to the shorter wavelength of the waves generated 
by these transducers, which makes their attenuation higher. 
In fact, no attenuation parameter obtained with A114 trans-
ducers correlates significantly with any physicochemical or 
texture parameter.

Table 6 shows linear correlation coefficients among ultra-
sound parameters of both pair of transducers, and sensory 
results. No significant correlations were observed between 
acoustic parameters and the sensory attributes of appear-
ance, odor, and flavor. These correlations are difficult to 
discuss from the point of view of mechanic properties, and, 
therefore, these correlations would have been difficult to 
interpret. As has been provided in previous works, the ultra-
sonic parameters are highly sensitive to the physical changes 
produced in meat products [51], and as expected, several 
significant correlation coefficients were found between the 
acoustic parameters and the sensory attributes of texture. 
The hardness parameter obtained a positive significant cor-
relation with the UPV for the A114 transducers and slightly 
less significant with the V318 transducers. These results are 
consistent with those observed in the scientific literature, 
since UPV is very sensitive to the instrumental hardness of 
the inspected sample [52]. Moreover, hardness has also been 
detected instrumentally and, therefore, has been a discrimi-
nating element for both categories of dry-cured loin, thus 
being highly relevant correlations, which would allow an 
indirect characterization with ultrasound inspection.Ta

bl
e 

5 
 L

in
ea

r c
or

re
la

tio
n 

co
effi

ci
en

ts
 b

et
w

ee
n 

th
e 

ul
tra

so
un

d 
pa

ra
m

et
er

s 
of

 A
11

4 
an

d 
A

11
4 

tra
ns

du
ce

rs
 w

ith
 p

hy
si

co
ch

em
ic

al
 a

nd
 T

PA
 p

ar
am

et
er

s 
(U

PV
 =

 ul
tra

so
un

d 
pu

ls
e 

ve
lo

ci
ty

; F
FT

25
/

FF
T9

9 =
 fa

st 
Fo

ur
ie

r t
ra

ns
fo

rm
 c

or
re

sp
on

di
ng

 to
 th

e 
25

t, 
an

d 
99

th
 p

er
ce

nt
ile

s o
f t

he
 re

ce
iv

ed
 si

gn
al

; A
T1

0/
 A

T5
0 =

 at
te

nu
at

io
n 

co
rr

es
po

nd
in

g 
to

 re
ac

hi
ng

 1
0%

, 5
0%

, o
f t

he
 e

ne
rg

y)

Ph
ys

ic
oc

he
m

ic
al

 p
ar

am
et

er
s

TP
A

 p
ar

am
et

er
s

aW
L*

a*
b*

M
oi

stu
re

Li
pi

ds
 c

on
te

nt
H

ar
dn

es
s

A
dh

es
iv

en
es

s
Sp

rin
gi

ne
ss

C
oh

es
iv

en
es

s
G

um
m

in
es

s
C

he
w

in
es

s
Re

si
lie

nc
e

U
PV

 A
11

4
−

 0
.4

69
8

−
 0

.2
84

2
−

 0
.4

25
2

−
 0

.2
03

6
−

 0
.8

94
9

0.
01

02
0.

18
89

−
 0

.0
64

9
−

 0
.0

46
0

−
 0

.0
15

0
0.

11
99

0.
19

28
−

 0
.2

27
7

FF
T2

5 
A

11
4

−
 0

.1
68

6
0.

19
12

0.
14

66
0.

18
37

−
 0

.2
56

2
−

 0
.1

07
8

−
 0

.1
59

0
−

 0
.0

89
0

−
 0

.5
86

8
−

 0
.0

15
9

−
 0

.2
12

2
−

 0
.2

40
8

−
 0

.2
37

0
FF

T9
9 

A
11

4
−

 0
.1

56
0

0.
13

81
−

 0
.2

21
7

−
 0

.1
46

6
−

 0
.1

83
0

0.
09

14
0.

15
89

0.
03

83
−

 0
.2

32
3

0.
48

84
0.

19
14

0.
17

82
0.

21
15

A
T1

0 
A

11
4

−
 0

.4
59

0
−

 0
.2

94
9

−
 0

.2
42

9
−

0.
11

66
−

 0
.4

95
9

−
 0

.3
17

7
0.

45
95

0.
32

41
−

 0
.2

17
9

−
 0

.2
54

1
0.

38
26

0.
34

96
0.

11
55

A
T5

0 
A

11
4

−
 0

.0
47

7
−

 0
.3

48
2

−
 0

.2
97

9
−

 0
.5

06
4

0.
06

33
0.

41
53

0.
55

78
0.

37
06

0.
14

03
0.

47
43

0.
61

91
0.

64
26

0.
61

37
U

PV
 A

11
4

−
 0

.3
73

8
−

 0
.8

22
9

−
 0

.4
98

8
−

 0
.7

01
9

−
 0

.5
59

8
0.

30
88

−
 0

.1
32

8
−

 0
.0

11
8

−
 0

.2
92

6
0.

01
49

−
 0

.1
25

3
−

 0
.0

99
2

−
 0

.3
80

1
FF

T2
5 

A
11

4
0.

35
68

0.
09

05
−

 0
.1

32
6

0.
00

04
0.

43
29

0.
03

27
0.

34
42

0.
28

93
0.

18
25

0.
31

50
0.

40
29

0.
37

68
0.

58
68

FF
T9

9 
A

11
4

0.
16

67
-0

.0
62

0
−

 0
.2

08
5

0.
01

82
0.

17
27

−
 0

.1
53

2
0.

00
34

−
 0

.2
04

8
0.

10
29

0.
03

68
0.

03
90

0.
05

40
0.

30
04

A
T1

0 
A

11
4

−
 0

.0
93

0
0.

26
25

0.
53

52
0.

29
09

0.
23

40
−

 0
.4

51
4

−
 0

.2
09

9
−

 0
.1

56
6

−
 0

.4
38

6
−

 0
.2

99
9

−
 0

.2
27

8
−

 0
.3

55
2

−
 0

.1
51

2
A

T5
0 

A
11

4
−

 0
.0

76
1

0.
11

23
0.

51
76

0.
07

37
0.

28
00

−
 0

.1
87

2
−

 0
.2

41
6

−
 0

.0
90

6
−

 0
.4

57
7

−
 0

.1
64

1
−

 0
.2

32
2

−
 0

.3
49

9
−

 0
.1

87
3

Fig. 5  Linear regression of Moisture with UPV measured with V318 
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AT10 of A114 transducers showed a significant positive 
correlation with juiciness, probably due to the significance 
of moisture and fat content of the samples. Thus, it is pre-
sumable to assume a lower attenuation of the ultrasonic 
energy in samples with higher water and fat contact that 
act as a coupling between the meat fibers. Fibrousness and 
UPV with 1000 kHz transducers (A114) significantly cor-
related (R = 0.82), as can be observed in Fig. 6. The fibrous-
ness already showed several significant correlations with the 
acoustic parameters in cooked pork loins [18]. This param-
eter determines the perception of the fibers during chewing. 
It is important to note that the orientation of the fibers is 
parallel to wave propagation, hence these fibers favoring the 
transmission velocity of the wave. In this sense, it should 
be noted the significant correlation found between chewi-
ness and UPV, since the chewiness of a loin sample should 
increase when its fibrousness increases, being this fact 
coherent. Furthermore, these high correlations are showed 
for both pairs of transducers.

Conclusions

The results of low-intensity ultrasound inspection, despite 
not directly discriminating the samples, obtained signifi-
cant correlations, hence discriminatory parameters could 
be determined indirectly without the limitations of tradi-
tional methodologies. Thus, the study of different ultrasonic 
parameters, several of them not frequently considered by the 
scientific literature, provides the possibility to correlate and 
probably predict quality parameters.

This study has presented new contributions of ultrasonic 
inspection for dry-cured meat products that could be of inter-
est to the meat industry, either to assess quality rapidly and Ta
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non-destructively by determining the properties of these 
meat matrices or to avoid possible cases of fraud. It would be 
interesting to consider other categories of the dry-cured loin 
that may show differences through ultrasound inspection, 
and thus can discriminate these kinds of samples directly. In 
addition, it would be necessary for future works to consider 
prediction equations, and thus study the scope of ultrasound 
inspection as discriminating tool.
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