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Featured Application: Meat and meat products from autochthonous pig breeds enjoy a worldwide
prestige because of their organoleptic, health, and sensory features. Nevertheless, these
autochthonous breeds are characterized by a local production mainly derived from small
populations, which make the assurance of traceability and quality control technically and/or
economically feasible. Thus, a collective management would make possible the development
of robust near-infrared calibration models, supporting the application of this technology to
the traceability and quality control of meat derived from these native breeds in an efficient,
practical, and affordable way

Abstract: Autochthonous pig breeds provide products of differentiated quality, among which quality
control is difficult to perform and insufficient for current market requirements. The present research
evaluates the predictive ability of near-infrared (NIR) spectroscopy, combined with chemometric
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methods as a rapid and affordable tool to assure traceability and quality control. Thus, NIR technology
was assessed for intact and minced muscle Longissimus thoracis et lumborum samples collected from 12
European autochthonous pig breeds for the quantification of lipid content and fatty acid composition.
Different tests were performed using different numbers of samples for calibration and validation.
The best predictive ability was found using minced presentation and set with 80% of the samples for
the calibration and the remaining 20% for the external validation test for the following traits: lipid
content and saturated and polyunsaturated fatty acids, which attained both the highest determination
coefficients (0.89, 0.61, and 0.65, respectively) and the lowest root mean square errors in external
validation (0.62, 1.82, and 1.36, respectively). Lower predictive ability was observed for intact muscles.
These results could contribute to improve the management of autochthonous breeds and to ensure
quality of their products by traditional meat industry chains.

Keywords: autochthonous pig breeds; untapped pig breeds; sustainable animal production;
near-infrared (NIR) technology; intact; minced; fresh loin

1. Introduction

The increasing consumer demand for meat products derived from autochthonous breeds reared
in extensive systems may be due to the positive perception of society towards these breeds, regarding
the conservation of the environment and animal welfare [1,2], as well as their high quality products in
terms of organoleptic, health, and sensory features [3].

The quality of meat products from autochthonous pig breeds derives from different production
factors linked to rearing areas, such as outdoor production systems and feeding regimen, mainly
based on natural resources, but also from genetic backgrounds [4]. Even if autochthonous breeds are
characterized by local production, mainly derived from small populations, their commercial projection
should not be. An example of this possibility is the Iberian pig, an autochthonous pig breed from
the southwest of the Iberian Peninsula, which is well renowned in Europe [5]. The case of the Iberian
pig is not unique and other local breeds, such as Bísaro and Alentejano from Portugal, Cinta Senese from
Italy, Krskopolje from Slovenia, and Turopolje from Croatia [6], are well-known for the distinguished
quality of their derived products [5], even if their diffusion rarely goes beyond national borders.

Nevertheless, ensuring quality and control procedures of these products is a difficult task due
to the high degree of variability resulting from all the above-mentioned production factors to which
autochthonous breeds are exposed. Quality control is not only claimed by consumers [7] but is also
one of the objectives of the processing industries in synergy, with the traceability protocols as part of
the quality controls required for a European and international diffusion of these products [8].

Regarding the quality control of the products, the fatty acid (FA) profile has been considered
a key factor, since it affects sensory attributes [9,10] as well as the technological traits of the meat
intended for dry-cured products. Additionally, the prediction of fat content and fatty acid composition
would allow for better control in transformation processes and formulation of pork products, ensuring
technological and sensory quality, as well as an adequate shelf life. For this reason, fatty acid profile
of intramuscular fat (IMF) has been the target of previous studies in Iberian [11], Gascon [12], and
Cinta Senese [13] breeds. Furthermore, given both the marked adipogenic nature of the local breeds
compared to the breeds selected for growth rate and leanness of the carcass and the influence of
the production system on the fatty acid profile of the pig [10], the acidic profile of the IMF was used to
check the traceability according to the different diets in the Iberian breed.

Classical fatty acids analysis is performed through gas chromatography, which is time-consuming
and expensive and generates hazardous waste. Such conditions make the regular use in industrial
plants unsuitable and not fully able to meet the demands of regional, national, and international
markets. In fact, these analyses are not applied to all the processed animals, but only on a small
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proportion of them, as it occurs in the Iberian breed [14], making control and traceability by individual
carcasses and products impossible.

In this sense, near-infrared spectroscopy (NIRS) has proven to be both rapid and effective for
large-scale meat quality control [7,15,16], as well as to possess a high potential for fatty acids prediction
in Iberian [14,17], Krškopolje, and Turopolje [18] breeds. Nevertheless, before using NIRS technology,
a preparatory study based on extensive calibration and chemical composition data is necessary and
thus the large volume of samples required to collect the full range of variability needed could make
the implementation of these protocols technically and/or economically unfeasible in local breeds
characterized by small effective size, and this may explain the lack of NIRS researches in most of
these breeds.

Local pig breeds, being different both in terms of genetics and breeding areas, include a large
degree of variability of the studied traits, which could represent an exploratory study for NIRS
calibration processes [19]. At the same time, such sample variability, when well-managed, could
allow the development of robust calibration methods, also in untapped pig breeds, in a practical and
affordable way. The present study was carried out with this aim in the framework of the EU H2020
project TREASURE.

The industries require the application of rapid and practical technologies that operate on whole
pieces, such as NIRS, for the qualitative characterization of top-quality cuts with high commercial value.

However, recent studies pointed out a lower predictive ability when data from these cuts were
compared with those derived from minced samples [14,15], and, therefore, further research remains to
be done.

In this framework, the current research aims to evaluate the feasibility of NIRS technology, using
various chemometrical approaches for the quantification of lipid and fatty acid profiles of IMF from
intact and minced loin (muscle Longissimus thoracis et lumborum) from various European autochthonous
pig breeds.

2. Materials and Methods

2.1. Meat Samples

A total of 165 samples of muscle Longissimus thoracis et lumborum (LTL) (from the left side of
the carcasses and freed of the surrounding and intermuscular fat and connective tissue) were collected
from 12 European local pig breeds related to 13 different TREASURE project partners from 8 countries
(Table 1). Regarding the standards for the protection of pigs, animals were in compliance with
the research ethics committee constituted at the General Assembly held in Ljubljana on 9 April 2015
(Treasure H2020, Grant Agreement Nº 634476). Subsequently, slice samples at a minimum 2.5 thickness
were vacuum-packed individually and frozen at −20 ◦C and sent to the University of Florence for NIR
spectra acquisition and fatty acid profile determination.

Table 1. Number of Longissimus thoracis et lumborum samples according to pig breed.

Breed Longissimus thoracis et lumborum Samples

Alentejana 10
Bísara 25

Cinta Senese 20
Crna Slawonska 16

Gascon 5
Iberian 25

Krskopolje 5
Lithuanian Wattle 9

Lithuanian White Old type 24
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Table 1. Cont.

Breed Longissimus thoracis et lumborum Samples

Negre Mallorquí 5
Schwabisch Hãllisches 16

Turopolje 5

2.2. Spectra Acquisition

Two sample presentation modes were evaluated for the analysis of LTL samples: intact and
minced muscles. In intact LTL samples, NIR spectra were collected after thawing at 4 ± 1 C for
24 h. Subsequently, an aliquot of each sample was minced in order to collect NIR spectra data in
both intact and minced modes. For each scan mode (intact and minced), two aliquot samples were
scanned by fourier transformation near-infrared spectroscopy (FT-NIRS). From each muscle, one
minced sub-sample was collected to determine the fatty acid profile through gas chromatography.

NIR spectra were collected using the FT-NIRS Antaris II model (Thermo Scientific, Waltham,
MA, USA). Samples were exposed in a circular quartz cup spinner (60 mm of diameter) for an
electro-magnetic scan in the absorbance mode. Each spectral measurement was obtained from 32 scans
performed at a wave number resolution of 4 cm−1 over the range of 1000 to 2500 nm and corrected
against the background spectra of room environment. Absorbance data were collected as log 1/R (R:
reflectance), as it results in a more linear response according to analytic concentration [20], and 3.112
data points were recorded per sample. Each intact and minced sample final spectra was obtained by
averaging the performed spectra measurements to assess the potential of FT-NIRS prediction.

2.3. Reference Analysis

For each sample, IMF was extracted with chloroform/methanol (2:1, vol/vol), according to [21].
Subsequently, the fatty acid profile of total lipid was determined [22]. Fatty acid methyl esters (FAMEs)
were obtained by esterification and analyzed by gas chromatography using a Varian 430 apparatus
(Varian Inc., Palo Alto, CA, USA) equipped with a flame ionization detector. FA separation occurred in
a Supelco Omegawax TM 320 capillary column (30 m length; 0.32 mm internal diameter; 0.25 µm film
thickness; Supelco, Bellafonte, PA, USA). The chromatographic conditions were an initial temperature
of 160 ◦C, which was then increased by 2 ◦C/min until reaching 220 ◦C. A total of 1 µL of hexane-diluted
sample was injected with the carrier gas (helium) at a constant flow of 1.5 mL/min and at a split ratio of
1:20. The detector temperature was set at 260 ◦C. The chromatograms were recorded using computing
integrator software (Galaxie Chromatography Data System 1.9.302.952; Varian Inc.). The FAs were
identified by comparing the retention time of FAMEs with the standard Supelco 37-component FAME
mix (Supelco) and were quantified through calibration curves using nonadecanoic acid (C19:0) (Supelco)
as an internal standard. The amount of each fatty acid was calculated on the total of fatty acids detected
and expressed as g/100 g of FAMEs, and the different fatty acid groups were obtained: sum of all
saturated fatty acids (SFA) detected (C12:0+ C13:0 + C14:0 + C15:0 + C16:0 + C17:0 + C18:0 + C20:0
+ C22:0); sum of all monounsaturated fatty acids (MUFA) detected (C14:1 n-5 + C16:1 n-9 + C16:1
n-7 + C17:1 + C18:1 n-9 + C18:1 n-7 + C20:1 n-9 + C20:1 n-7 + C22:1 n-9 + C16:4 n-1); sum of all
polyunsaturated fatty acids (PUFA) detected (C18:2 n-6 + C18:3 n-4 + C18:3 n-3 + C20:2 n-6 + C20:3
n-6 + C20:4 n-6 + C20:3 n-3 + C20:5 n-3 + C22:4 n-6 + C22:5 n-3), as well as the quotient of PUFA
n-6/PUFA n-3.

2.4. Chemometric Analysis

All spectra were processed by chemometric analysis using Unscrambler CAMO® software.
Detection of outliers was performed by observing the spectra plot and by principal component analysis
(PCA). Possible outliers were expected to show high residual values and high Hotelling’s T2 statistic
values. T2 was calculated from the sample scores (samples projected in the PCA model) and indicated
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the variation of each sample within the model. During the elaboration of the models, outliers were
identified and removed.

The cleaned data set was then randomly split into four different test sets as follows: (i) Test 1
(80–20%); (ii) Test 2 (60–40%); (iii) Test 3 (40–60%), and (iv) Test 4 (20–80%), where the first number
was the percentage of samples used in the calibration tests and the second was the percentage used
in the external validation tests. The external validation sets were randomly selected but guaranteed
the presence of samples from all breeds.

Calibration models were built using partial least square regression (PLSR). To optimize the accuracy
of calibration, several mathematical pre-treatments were applied, namely multiplicative scatter
correction (MSC) and standard normal variate (SNV), with or without the de-trending (DT) option,
for the correction of scatter effects in the spectra [23]. Furthermore, two derivative mathematical
treatments of the log 1/R were tested in order to optimize the extraction of useful information from
the spectra: Savitzky-Golay (2, 10, 9), second order derivative, 10 smoothing left side points, and 9
smoothing right side points; and Savitzky-Golay (1, 11, 15), first order derivative, 11 smoothing left
side points, and 15 smoothing right side points [24]. All calibrations were evaluated in both the full
NIR spectra and those reduced into specific regions for each test (1, 2, 3, and 4). Cross-validation
with the leave-one-out method was performed to determine the number of factors or latent variables
(LVs) in the regression models, avoiding the overfitting, and to validate the calibration model. In this
cross-validation process, uncertainty (SECV) and certainty estimators or the determination coefficient
(1-VR) were calculated. The predictive ability of the model was analyzed based on the highest value of
the determination coefficient (1-VR) and the root mean square error of cross validation (RMSECV).
The ratio between the standard deviation (SD) of the set of samples and the SECV (SD/SECV, known as
the residual prediction deviation (RPD) index) and the relationship between the interval of composition
of the reference data for the collective calibration (Ymax − Ymin) and the SECV, known as the range error
ratio (RER) index, were calculated since they are considered as statistics indicators with the greatest
weight in the precision of a NIRS calibration model [25].

For each parameter, the external validation was performed with the best fitting calibration model,
and the coefficient of determination of external validation (R2

v) and root mean square error of external
validation (RMSEV) were reported.

3. Results

3.1. NIRS Spectral Features

Figure 1 shows the absorbance (log 1/R) mean spectra for both presentation modes for intact and
minced LTL muscle. As depicted in the graph, the absorbance of intact samples is higher than that of
minced samples which is in concordance with previous studies carried out in LTL muscle samples
from Iberian pigs [15]. This could be explained by the loss of the meat structure, because muscle
grinding can interfere with light absorbance [26]. Although NIR meat spectra determined broader
peaks when compared to other agri-food products, the fat (1190 nm), protein (1500 nm), and water
(1900 nm) absorptions could also be noteworthy [15,26].

Figures 2 and 3 display the absorbance (log 1/R) mean spectra of intact and minced LTL samples,
respectively, from the 12 autochthonous pig breeds used in this study. Most of the average spectra
from both presentation modes followed similar patterns for all breeds, showing the absorbance peaks
associated with the main constituents mentioned above, but also showing broader peaks in intact
spectra samples. It should be highlighted that the main spectral discrepancy between intact and
minced mode spectra was observed for Alentejana and, additionally, although to a lesser extent, in
the Negre Mallorquí breed, for which a lower absorbance value in 1640 nm was detected (Figures 2
and 3). The absorbance values of the different spectra covered a wide range, which is required to
develop robust NIRS models. This variability is also reflected in the descriptive statistics of the chemical
composition for intact (Table 2) and minced (Table 3) LTL samples.
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Figure 1. Absorbance mean spectra of minced (blue) and intact (red) Longissimus thoracis et lumborum
samples from the 12 breeds studied. The Y-axis values correspond to the absorbance (1/R) of the samples
along the different wavelengths (from 1000 to 2500 nm) (X-axis).

Figure 2. Absorbance mean spectra of the 12 breeds studied from intact Longissimus thoracis et lumborum
muscle. The Y-axis values correspond to the absorbance (1/R) of the samples along the different
wavelengths (from 1000 to 2500 nm) (X-axis).
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Figure 3. Absorbance mean spectra of the 12 breeds studied from minced Longissimus thoracis et
lumborum. The Y-axis values correspond to the absorbance (1/R) of the samples along the different
wavelengths (from 1000 to 2500 nm) (X-axis).

Table 2. Descriptive statistics of intramuscular fat (IMF) content and fatty acid composition from intact
Longissimus thoracis et lumborum samples (calibration and validation sample sets).

Parameters Test
Calibration External Validation

N Mean Min Max SD N Mean Min Max SD

IMF (g/100 g) 1 100 4.14 0.56 12.42 2.33 41 4.41 1.29 10.43 2.06
fatty acid composition (g/100 g FAMEs)

C16:0 1 100 25.49 20.10 31.53 1.27 41 25.56 23.03 29.33 1.50
C18:0 1 100 11.59 8.24 14.10 1.27 41 11.62 8.99 14.21 1.00

C18:1 n-9 3 56 41.58 37.67 46.65 2.21 85 42.33 37.27 48.19 2.28
C18:2 n-6 1 85 6.33 3.15 10.98 1.77 56 6.74 2.66 10.23 6.74
C18:3 n-3 1 100 0.33 0.11 0.78 0.13 41 0.30 0.15 0.68 0.13

SFA 1 100 43.12 30.15 45.63 2.64 41 39.15 34.22 44.86 2.45
MUFA 1 100 52.02 45.89 58.76 2.76 41 51.91 46.15 59.45 2.87
PUFA 1 100 9.07 3.46 14.00 2.40 41 8.90 4.32 15.46 2.54

PUFA n-6 1 100 8.27 3.24 13.02 2.18 41 8.19 3.99 13.75 2.33
PUFA n-3 1 100 0.58 0.25 1.11 0.21 41 0.52 0.25 1.10 0.22

Test 1: Calibration test composed of 80% of samples and 20% external validation test; Test 2: Calibration test
composed of 60% of samples and 40% external validation test; Test 3: Calibration test composed of 40% of samples
and 60% external validation test. Values are expressed as the means ± standard error. Number of samples (N).
Standard deviation (SD). Fatty acid methyl esters (FAMEs). Sum of all saturated fatty acids (SFA) detected (C12:0 +
C13:0 + C14:0 + C15:0 + C16:0 + C17:0 + C18:0 + C20:0 + C22:0). Sum of all monounsaturated fatty acids (MUFA)
detected (C14:1 n-5 + C16:1 n-9 + C16:1 n-7 + C17:1 + C18:1 n-9 + C18:1 n-7 + C20:1 n-9 + C20:1 n-7 + C22:1 n-9 +
C16:4 n-1). Sum of all polyunsaturated fatty acids (PUFA) detected (C18:2 n-6 + C18:3 n-4 + C18:3 n-3 + C20:2 n-6 +
C20:3 n-6 + C20:4 n-6 + C20:3 n-3 + C20:5 n-3 + C22:4 n-6 + C22:5 n-3).
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Table 3. Descriptive statistics of intramuscular fat (IMF) content and fatty acid composition from
minced Longissimus thoracis et lumborum samples (calibration and validation sample sets).

Parameters Test
Calibration External Validation

N Mean Min Max SD n Mean Min Max SD

IMF (g/100 g) 1 119 4.26 1.30 12.42 2.24 34 4.10 1.63 6.22 1.17
fatty acid composition (g/100 g FAMEs)

C16:0 1 120 25.49 21.36 29.34 1.37 32 25.45 23.60 29.84 1.31
C18:0 3 62 11.24 8.55 13.98 1.23 92 11.45 8.99 14.21 1.28

C18:1 n-9 1 114 42.31 37.71 47.08 2.09 29 42.49 37.27 45.78 2.51
C18:2 n-6 2 92 6.37 2.66 10.87 1.80 62 6.39 3.60 10.98 1.85
C18:3 n-3 2 92 0.32 0.11 0.78 0.32 62 0.30 0.15 0.68 0.12

SFA 1 117 38.84 31.90 44.30 2.17 34 38.78 35.68 45.53 2.35
MUFA 1 117 52.38 44.56 58.45 2.88 34 52.53 46.15 57.99 3.19
PUFA 1 117 8.62 3.46 16.18 2.55 32 8.79 5.23 14.77 2.48

PUFA n-6 1 116 7.87 3.24 14.44 2.32 31 8.18 4.57 13.65 2.28
PUFA n-3 1 120 0.55 0.17 1.11 0.22 31 0.67 0.27 0.52 0.17

Test 1: Calibration test composed of 80% of samples and 20% external validation test; Test 2: Calibration test
composed of 60% of samples and 40% external validation test; Test 3: Calibration test composed of 40% of samples
and 60% external validation test. Values are expressed as the mean ± standard error. Number of samples (N).
Standard deviation (SD). Fatty acid methyl esters (FAMEs). Sum of all saturated fatty acids (SFA) detected (C12:0 +
C13:0 + C14:0 + C15:0 + C16:0 + C17:0 + C18:0 + C20:0 + C22:0). Sum of all monounsaturated fatty acids (MUFA)
detected (C14:1 n-5 + C16:1 n-9 + C16:1 n-7 + C17:1 + C18:1 n-9 + C18:1 n-7 + C20:1 n-9 + C20:1 n-7 + C22:1 n-9 +
C16:4 n-1). Sum of all polyunsaturated fatty acids (PUFA) detected (C18:2 n-6 + C18:3 n-4 + C18:3 n-3 + C20:2 n-6 +
C20:3 n-6 + C20:4 n-6 + C20:3 n-3 + C20:5 n-3 + C22:4 n-6 + C22:5 n-3).

3.2. Descriptive Statistics by Conventional Analysis

The lipids content and main fatty acid profile from the IMF of the 12 autochthonous breeds
for intact and minced LTL muscle samples, from the test with the best fitting prediction equations
(calibration and external validation statistics), are shown in Tables 2 and 3, respectively.

The first evaluation of the descriptive statistics indicated a wide range of values in all parameters
studied, probably derived from the diverse production systems and conditions of the breeds under
study [5]. This variability could lead to the development of reliable and reproducible predictive models
by NIRS technology.

On the other hand, both calibration and external validation sets had similar mean and standard
deviation values for intact and minced samples (Tables 2 and 3), which indicate an appropriate
representation of the variability in both sets. This could lead to an increase in the effective calibration
range and consequently could obtain adequate calibration statistics [17].

The major fatty acids were oleic acid (C18:1 n-9), whose values ranged from 37.67 to 47.08 g/100g
FAMEs, together with palmitic acid (C16:0), whose values ranged between 20.10 and 29.34 g/100g
FAMEs (Tables 2 and 3).

In general terms, mean values of C16:0, C18:0 (stearic acid) and the saturated fatty acid (SFA)
group (Tables 2 and 3) were slightly higher than those found in the same muscle in the Iberian pig
breed [10], were similar to those found in IMF from different Iberian dry-cured sausages [17], and
were slightly lower than values found in fresh and seasoned fat from the Cinta Senese pig breed [27].
Additionally, similar SFA values were observed in Krškopolje and Turopolje [18] breeds.

Regarding C18:1 n-9, mean values observed (Tables 2 and 3) were lower than those found in IMF
from Iberian dry-cured sausages [17], in LTL muscle from Iberian pigs [10,28], in LTL muscle from
Gascon [29], and in subcutaneous fat from Cinta Senese pigs [27]. Nevertheless, MUFA content was
quite similar to the ones reported by the above-mentioned studies and also to those reported in [18].

Regarding C18:2 n-6 (linoleic acid) and C18:3 n-3 (linolenic acid), values observed in the present
study were lower than those found in Iberian [17] and Cinta Senese breeds [27]. Additionally, PUFA
values were lower than those reported in [18], but similar to those found in [17] and higher than values
reported in [29].
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However, to our knowledge, there is no scientific literature that considers such diversity of pig
breeds in the development of calibration models together with different feeding regimes, interacting
with factors such as genetics or age at slaughter. Only [18] evaluated some proximate composition and
fatty acid groups but considered only two of the native breeds from the present study: Krškopolje
and Turopolje. Subsequently, it is difficult to compare these results with those from other studies, as
the former are derived from the average values of all the breeds studied.

3.3. NIRS Prediction Equations (Calibration and External Validation)

The statistics for the best calibration models for both presentation modes (intact and minced
samples), obtained after testing several pre-treatment signals and spectral regions, together with
different tests involving different numbers of samples for calibration and validation sets, were used for
predicting the lipids content and fatty acid profile in LTL muscles from European autochthonous pig
breeds and are shown in Tables 4 and 5.

3.3.1. Lipid Content

As can be observed in Table 4 (intact) and Table 5 (minced), as it was expected, calibration and
cross-validation statistics revealed a better prediction model for lipids in the minced presentation
mode in comparison to the intact mode. For both intact and minced LTL, Test 1 provided better results.
In fact, the coefficient of determination for cross-validation (1-VR) and root mean square error of
cross validation (RMSECV) in minced samples were 0.89 and 0.66 (considering 1111–1400; 1620–1780;
2200–2400 nm wavelength regions; Table 5) whilst in the intact presentation mode, 1-VR decreased to
0.56 and RMSECV was 1.55, in this case considering the full spectral range (Table 4).

NIRS prediction models with 1-VR values higher than 0.70 indicated a good predictive ability,
whilst values between 0.30 and 0.69 could only be used to separate samples with higher and lower
analytical values [30]. Therefore, the model developed with minced LTL could be used to predict
the total content of lipids of LTL muscle, regardless of the autochthonous breed they belong to.

On the other hand, RPDcvvalues (widely used for assessing the prediction efficiency of NIRS
equations [25]) and RERcv(used to assess accuracy [31]) achieved values of 3.41 and 16.95, respectively,
in minced LTL, thus indicating a reliable prediction power for the equations, according to [31,32].
The intact presentation mode, by contrast, would only allow us to classify the lipid meat content
into high, low, and medium values. The lower predictive ability of intact samples, when compared
to minced samples, was in agreement with scientific literature. For example, [14] obtained better
calibration models after sample preparation of subcutaneous fat from Iberian breed pigs, compared to
direct measurements in the carcass. The same influence of sample preparation was observed in LTL
muscle from commercial pig breeds [33,34], as well as in the Iberian breed [15]. Mean values of 1-VR
and RMSEC in lipids content from intact and minced LTL observed in the present study were slightly
lower than those reported by [15] in LTL muscle from Iberian pigs. Again, [18] reported higher values
than those reported in the present study for these parameters using the same muscle but employing
only Krškopolje and Turopolje pig breeds.
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Table 4. Near-infrared spectroscopy (NIRS) predictive equations (calibration and external validation) for intramuscular fat (IMF) and fatty acid profile in intact
Longissimus thoracis et lumborum muscle.

Parameter Test Math Treatment Range (nm) LVs
Calibration Cross Validation External Validation

R2
c RMSEC 1-VR RMSECV RPDcv RERcv R2

v RMSEV RPDv RERv

IMF (g/100 g) 1 SNV+DT 1000–2500 2 0.60 1.47 0.56 1.55 1.50 7.72 0.23 1.79 1.14 5.08
fatty acid composition (g/100 g FAMEs)

C16:0 1 SNV+DT + 1,11,15 1000–2500 7 0.60 1.05 0.35 1.34 0.95 0.82 0.26 1.28 1.17 4.91
C18:0 1 - 1000–2500 <0.20 - <0.20 - - - <0.20 - - -

C18:1 n-9 3 MSC+2,10,9 1000–2500 4 0.63 1.32 0.41 1.78 1.25 5.09 0.17 2.07 1.15 5.52
C18:2 n-6 1 SNV+DT 1000–2500 5 0.43 1.26 0.30 1.41 1.69 5.80 0.44 1.32 1.33 5.72
C18:3 n-3 1 SNV+DT 1000–2500 5 0.34 0.10 0.20 0.14 1.12 5.78 <0.25 0.12 1.11 4.53

SFA 1 - 1000–2500 1 <0.20 - <0.20 - - - <0.20 - - -
MUFA 1 SNV+DT + 1,11,15 1000–2500 6 0.43 2.08 0.29 2.61 1.05 4.92 0.55 1.91 1.49 6.89
PUFA 1 SNV+DT + 1,11,15 1000–2500 5 0.50 1.68 0.36 1.94 1.23 5.41 0.54 1.71 1.47 6.47

PUFA n-6 1 SNV+DT + 1,11,15 1000–2500 4 0.56 1.49 0.33 1.80 1.20 5.40 0.55 1.55 1.49 6.24
PUFA n-3 1 SNV + DT 1000–2500 10 0.47 0.16 0.41 0.17 1.28 5.00 0.22 0.19 1.16 4.91

Test 1: Calibration test composed of 80% of samples and 20% external validation test; Test 3: calibration test composed of 40% of samples and 60 and external validation test. Standard
normal variate (SNV); de-trending (DT); multiplicative scatter correction (MSC). Latent variables (LVs) or number of partial least square (PLS) terms; coefficient of determination in
calibration (R2c);, root mean square error of calibration (RMSEC); coefficient of determination in cross-validation (1-VR); root mean square error of cross validation (RMSECV); residual
prediction deviation in cross validation (RPDcv); range error ratio in cross validation (RERcv); coefficient of determination of external validation (R2

v); root mean square error of external
validation ( RMSEV); residual prediction deviation in external validation (RPDv); range error ratio in external validation (RERv). Fatty acid methyl esters (FAMEs). Sum of all saturated
fatty acids (SFA) detected (C12:0 + C13:0 + C14:0 + C15:0 + C16:0 + C17:0 + C18:0 + C20:0 + C22:0). Sum of all monounsaturated fatty acids (MUFA) detected (C14:1 n-5 + C16:1 n-9 +
C16:1 n-7 + C17:1 + C18:1 n-9 + C18:1 n-7 + C20:1 n-9 + C20:1 n-7 + C22:1 n-9 + C16:4 n-1). Sum of all polyunsaturated fatty acids (PUFA) detected (C18:2 n-6 + C18:3 n-4 + C18:3 n-3 +
C20:2 n-6 + C20:3 n-6 + C20:4 n-6 + C20:3 n-3 + C20:5 n-3 + C22:4 n-6 + C22:5 n-3).
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Table 5. NIRS predictive equations (calibration and external validation) for intramuscular fat (IMF) and fatty acid profile in minced Longissimus thoracis et
lumborum muscle.

Parameter Test Math Treatment Range (nm) LVs
Calibration Cross Validation External Validation

R2
c RMSEC 1-VR RMSECV RPDcv RERcv R2

v RMSEV RPDv RERv

IMF (g/100 g) 1 SNV, DT
1111–1400/
1620–1780/
2200–2400

4 0.89 0.76 0.89 0.66 3.41 16.95 0.71 0.62 1.91 7.50

fatty acid composition (g/100 g FAMEs)
C16:0 1 SNV, DT + 2,10,9 1000–2500 7 0.72 0.73 0.58 0.90 1.52 8.86 0.66 0.75 1.74 8.29
C18:0 3 SNV, DT + 2,10,9 1000–2500 6 0.71 0.66 0.50 0.89 1.37 6.04 0.71 0.69 1.84 7.52

C18:1 n-9 1 MSC + 2,10,9 1000–2500 7 0.64 1.25 0.59 1.34 1.67 6.95 0.46 1.81 1.37 4.64

C18:2 n-6 2 SNV, DT 1176–1333/
1638–1835 6 0.78 0.83 0.83 0.87 0.63 1.10 0.66 1.07 1.71 6.80

C18:3 n-3 2 MSC 1000–2500 6 0.82 0.05 0.73 0.06 1.90 10.63 0.33 0.10 1.26 5.58
SFA 1 MSC + 2,10,9 1000–2500 9 0.79 1.00 0.61 1.24 1.75 10.43 0.39 1.82 1.28 5.36

MUFA 1 SNV, DT + 1,11,15 4596–9400 5 0.60 1.83 0.53 1.97 1.45 7.01 0.39 2.45 1.29 4.77

PUFA 1 SNV, DT + 1,11,15 1176–1333/
1638–1835 9 0.77 1.21 0.65 1.50 1.69 8.43 0.69 1.36 1.79 6.89

PUFA n-6 1 SNV, DT + 1,11,15 1176–1333/
1638–1835 11 0.79 1.06 0.64 1.42 1.43 7.87 0.67 1.29 1.74 6.93

PUFA n-3 1 SNV, DT + 1,11,15 1000–2500 10 0.80 0.10 0.72 0.12 1.86 7.97 0.67 0.10 1.75 6.29

Test 1: Calibration test composed of 80% of samples and 20% external validation test; Test 2: Calibration test composed of 60% of samples and 40% external validation test; Test 3:
Calibration test composed of 40% of samples and 60% external validation test. Standard normal variate (SNV); de-trending (DT); multiplicative scatter correction (MSC). Latent variables
(LVs) or number of partial least square (PLS) terms; coefficient of determination in calibration (R2c);, root mean square error of calibration (RMSEC); coefficient of determination in
cross-validation (1-VR); root mean square error of cross validation (RMSECV); residual prediction deviation in cross validation (RPDcv); range error ratio in cross validation (RERcv);
coefficient of determination of external validation (R2v); root mean square error of external validation ( RMSEV); residual prediction deviation in external validation (RPDv); range error
ratio in external validation (RERv). Fatty acid methyl esters (FAMEs). Sum of all saturated fatty acids (SFA) detected (C12:0 + C13:0 + C14:0 + C15:0 + C16:0 + C17:0 + C18:0 + C20:0 +
C22:0). Sum of all monounsaturated fatty acids (MUFA) detected (C14:1 n-5 + C16:1 n-9 + C16:1 n-7 + C17:1 + C18:1 n-9 + C18:1 n-7 + C20:1 n-9 + C20:1 n-7 + C22:1 n-9 + C16:4 n-1). Sum
of all polyunsaturated fatty acids (PUFA) detected (C18:2 n-6 + C18:3 n-4 + C18:3 n-3 + C20:2 n-6 + C20:3 n-6 + C20:4 n-6 + C20:3 n-3 + C20:5 n-3 + C22:4 n-6 + C22:5 n-3).
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After the calibration process, equations were validated with an external set of samples, as
explained before, and the validation statistics for intact samples (Table 4) did not overcome the values
described by [30] in terms of coefficient of determination for validation (R2

v), which decreased to 0.23.
Additionally, RPDvdecreased to 1.14 without achieving the minimum values suggested by [32] for
a reliable quantitative model. In the minced presentation mode, Rv

2 remained above 0.7 and RMSEV
achieved a value of 0.62 (Table 5). RPDvreached the value of 1.91, thus showing the predictive ability
of the model for the minced presentation mode. The present results are in agreement with those
of [15], which reported a similar trend for the same muscle, although they obtained better statistics
for the quantification in the minced presentation mode in comparison with the values observed in
our study, whilst [18] did not consider an external validation. To our knowledge, there is no scientific
literature on NIRS technology in other autochthonous pig breeds regarding this parameter.

3.3.2. Major Constituents

NIRS prediction equations for the main fatty acids (C16:0, C18:0, C18:1 n-9, C18:2 n-6, and C18:3
n-3) of IMF were developed using the full spectra range both in the intact and minced presentation
modes (Table 4), except for C18:2 n-6 in minced meat, in which models were developed in a specific
wavelength range, 1176-1333/1638-1835 nm, where the model showed the best accuracy (Table 5).

Regarding the test used to perform the calibration models, in the intact presentation mode (Table 4),
Test 1 was selected for all parameters, with the exception of C18:1 n-9, where the best results were
obtained in Test 3 (calibration test composed of 40% of samples and external validation test with 60%).
Different tests were selected in the minced presentation mode. For C16:0, C18:1 n-9, and all fatty
acid groups (SFA, MUFA, and PUFA), the best calibration was obtained using Test 1, whilst C18:2 n-6
and C18:3 n-3 were attained with Test 2 (calibration test composed of 60% of samples and external
validation test with 40%). Test 3 was used for C18:0.

As previously observed in the total lipids parameter, in general, the mean values of 1-VR were
lower in the intact presentation mode, reaching the lowest values for C18:0 (<0.20) and the maximum
values for C18:1 n-9 (0.41) (Table 4). According to the 1-VR statistic, calibration models for C16:0, C18:1
n-9, and C18:2 n-6 could only be used to discriminate samples with high and low analytical value
in the intact presentation mode (Table 4). For the other fatty acids considered (C18:0 and C18:3 n-3),
the low 1-VR value makes it impossible to use the model, even for classification as high and low values
in intact muscles. The lower predictive ability in intact samples has been previously described [14,15].

Contrarily, medium-high values of 1-VR were observed in the minced presentation mode, with
values ranging from 0.50 to 0.83. More specifically, the equations developed for C18:2 n-6 and C18:3 n-3
exceeded the values of 0.7 for this statistic, being 0.83 and 0.73, respectively. Henceforth, the quantitative
prediction of these fatty acids in the minced samples of LTL muscle could be possible. Regarding
the RMSECV statistic, lower values were observed in the minced presentation mode compared to
the intact mode (Tables 4 and 5), C18:2 n-6 and C18:3 n-3 being the best performing models, since they
showed an RMSECV of 0.87 and 0.06 in minced samples (Table 5), as compared to an average of 6.37
and 0.32 g/100 g FAMEs, respectively (Table 3). Regarding RPDcv and RERcv statistics in the latest
parameters, although satisfactory values were observed in the minced presentation mode for C18:3 n-3,
with 1.90 and 10.63, respectively, the situation was not the same for C18:2 n-6, where lower values
of both statistics were observed (Table 5). For the rest of the fatty acids considered in the minced
presentation mode, values of RPDcvranged from 1.37 (C18:0) to 1.67 (C18:1 n-9), whilst RERcv values
ranged from 6.04 (C18:0) to 8.86 (C16:0). Therefore, with the exception of C18:3 n-3, the predictive
ability of the models should be improved to overcome the limits of reliability in terms of RPD and
RER [31,32].

Regarding the scientific literature, previous studies reported determination coefficients greater
than 0.7 for C16:0, C18:0, C18:1 n-9, C18:2 n-6, and C18:3 n-3 in calibration models developed in
LTL muscle [28] and subcutaneous backfat [35], although considering only one breed (Iberian pig).
Additionally, [17] obtained higher determination coefficients for C16:0 and C18:0 in different sausages
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from Iberian breed pigs, although reported lower values for C18:1 n-9, C18:2 n-6, and C18:3 n-3
than those observed in the present study. Nevertheless, to the best of our knowledge, there are no
studies concerning the development of quantitative NIRS calibration models in the rest of the breeds
considered in this study or for different breeds considered together.

Validation using an external set of samples, as expected, showed lower values for R2
v, and higher

values in RMSEV were reported in intact versus minced presentation modes (Tables 4 and 5). C16:0
and C18:0 attained the highest Rv

2, with 0.66 and 0.71, and the lowest RMSEV, with 0.75 and 0.69,
respectively, as well as the best RPDv (1.74 and 1.84) and RERv (8.29 and 7.52) values, respectively
(Table 5). Therefore, the limits fixed by [32] and [31] to ensure the reliability of the models were
exceeded. This means that the calibration model developed could be used for quantitative prediction of
C16:0 and C18:0 contents. The rest of the fatty acids reached values of R2

v ranging from 0.33 for C18:3
n-3 to 0.66 for C18:2 n-6 and values of RMSEV that ranged from 0.33 for C18:3 n-3 to 0.66 for C18:2
n-6 in the minced presentation mode (Table 5); therefore, they could be suitable for discriminating
between high, medium, and low values, though not for their quantification.

3.3.3. Fatty Acids Groups

Regarding the models developed for the main groups of fatty acids, Test 1 was used for all groups
and for both-intact and minced-presentation modes (Tables 4 and 5). Regarding the spectrum range,
the full spectrum, from 1000 to 2500 nm, was used in intact models (Table 4), whereas different ranges
were used in the minced presentation mode (Table 5).

Generally, better coefficients of determination for cross-validation (1-VR) were observed in
the minced presentation mode (Table 5) when compared to intact (Table 4) SFA, MUFA, and PUFA
fatty acids groups. Values lower than 0.36 were observed for all fatty acids groups in intact samples,
excluding PUFA n-3, which obtained a slightly higher result (0.41). In the minced presentation mode
(Table 5), 1-VR coefficients were medium to high, reaching values of 0.61, 0.53, and 0.65 for SFA, MUFA,
and PUFA, respectively, and values of 0.64 and 0.72 for n-6 and n-3 PUFA. These 1-VR values could
have been influenced by those of their major individual fatty acids (C16:0 and C18:0 for SFA; C18:1 n-9
for MUFA and C18:2 n-6 and C18:3 n-3 for PUFA), according to data showed in Table 5. The average
1-VR values observed in the minced presentation mode were similar to those reported for sausages
from Iberian breed pigs [17], but lower than those reported in the LTL muscle, also from Iberian breed
pigs [28]. Better 1-VR values compared to our study were reported by [18] for the SFA, PUFA, and n-6
PUFA fatty acid groups, whereas they obtained lower accuracy for MUFA and PUFA n-3, in the same
muscle but considering only Krškopolje and Turopolje breeds.

Regarding RMSECV, values in the minced presentation mode ranged from 1.24 to 1.97 for SFA
and MUFA (Table 5), respectively, which were slightly higher than those reported previously [17,28].
Additionally, [18] found a lower RMSECV value for SFA, although the value observed for MUFA
was higher.

In the minced presentation mode, RPDcv values ranged from 1.45 (MUFA) to 1.75 (SFA) (Table 5),
the latter being the only fatty acid group that exceeded the reliable limit described by [32]. The RERcv

value for SFA was quite high, at 10.43, thus pointing out the ability of the model for quantitative
prediction in the minced presentation model (Table 5), whereas PUFA attained 1.69 for RPDcv and
8.43 for RERcv, which are acceptable values. RPDcv values reported in the present study were in line
for SFA and slightly higher for MUFA than those reported by [18]. Although these models could
allow us to discriminate between high, medium, and low values for SFA, MUFA, and PUFA [30],
further studies increasing the number of samples are required to increase the data set and thereby
improve the accuracy of the prediction models obtained for SFA, MUFA, and PUFA. The moderate
discriminating ability of the present models is probably due to the complexity of sample types when
considering different breeds, with different production and feeding systems.

When the calibration models were validated with an external set of samples, different patterns were
noticed regarding the presentation mode of the samples. Surprisingly, in the intact presentation mode,
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there was an improvement in the determination coefficients (R2
v) for MUFA and PUFA, a reduction in

the RMSEV for both, and therefore an increase in the RPDv and RERv statistics (Table 4). The opposite
trend was observed for SFA and MUFA in the minced presentation mode; however, PUFA obtained
a higher R2

v, a lower RMSEV, and a higher RPDv and RERvwhen compared to the calibration set
(Table 5). In fact, the RPDv for the latter was 1.79, showing a suitable predictive reliability, according
to [32].

4. Conclusions

The present research represents an exploratory study that contributes towards shedding light
on the NIRS potential of the autochthonous breed sector for rapid meat quality evaluation. Greater
predictive abilities for lipids and fatty acid profiles were observed for the minced LTL presentation
mode when compared with those obtained on intact muscle samples. Nevertheless, the equation
developed for lipids content was able to classify intact pieces into high, low, and medium values, which
would allow a reliable model to make real-time decisions and would make it available for a wide variety
of autochthonous breeds. Good prediction ability was obtained for some groups of fatty acids, such as
SFA and PUFA, and particularly for C18:3 n-3 in minced LTL muscle. Henceforth, these prediction
models could be used to assess the fatty acid profile, easing the management of autochthonous pig
breeds and, therefore, allowing us to differentiate the quality of the derived products.

It is noteworthy to point out that the best prediction equations were carried out on Test 1 for most
of the parameters studied, which suggests that a large set of samples is needed to perform calibration
models, especially when considering different breeds with different production and feeding systems.
Future efforts should focus on expanding the number of samples of each breed and assess whether
the improvement of the NIRS calibration models is possible.
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