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Abstract

:

This study aimed to set up indirect, rapid methods involving near infrared (NIR) spectroscopy analysis, to detect illicit treatments with glucocorticoids in bull. The ethanol fixation method (EtOH) was applied to 7 different tissues obtained from 20 Friesian bulls, 12 of which were experimentally administered with dexamethasone as part of a growth-promoting protocol for 60 days and slaughtered 26 days after the end of the treatment. A perfect discrimination was obtained for the 7 sampled tissues, considering a full UV-Vis-NIR range (350 ÷ 2500 nm), for both false positive and negative animals. The validated true positive and negative errors were zero for the longissimus thoracis muscle, 10% for the skin-dermis, 15% for the fat, 25% for the thymus gland and the semitendinosus muscle, 30% for the sternomandibularis muscle and 35% for the skin-hair. A multiple test on the most accessible tissues, that is, the thymus gland, the sternomandibularis muscle and fat, can be used as an alternative to provide indications about animals that have been subjected to illicit treatments. In the short space of three days from the slaughter, NIR spectroscopy of ETOH fixed tissues, would allow at least cost the detection of a probable illicit which could eventually be reported to health authorities for specific investigation in the frame of official controls.
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1. Introduction


Near-infrared spectroscopy (NIRS) provides complex chemical and physical information linked to the vibration behavior of molecular bonds such as C-H, O-H, and N-H [1]. Since fiber optics instruments have reached an efficient degree of portability, several researchers have applied this technique to either raw or transformed meat products, at-line or on-line [2,3,4,5] for both food safety evaluation and control purposes [1,6,7].



NIRS has been used extensively as a rapid, cost-effective, and eco-friendly method. However, the abundance of water in lean meat species and the low level of energy applied in the measuring process are well-known limitations of the application of NIRS to meat samples. To circumvent these problems, samples are treated and fixed with ethanol (EtOH) solutions, a process that induces partial dehydration and protein coagulation. This kind of sample treatment has been applied successfully to investigate, among others, ontogenic, genetic and/or nutritional effects in cattle [8], buffaloes [9], pigs [10], rabbits [11] and salmon [12].



The illegal use of synthetic glucocorticoids (GC) for growth-promoting purposes is a relatively common practice in meat cattle breeding. Such drugs, administered alone or in combination with other substances (i.e., steroid hormones and β-agonists), can improve the productive performance of animals, with economic benefits for the farmers. However, since GC residues in animal products are potentially dangerous for the consumer, very low maximum residue limits have been set for GC in bovine edible tissues in Europe [13]. The official control for GC abuse is based on the chemical analysis of the drug residues in urines or tissues; however, GC elimination in cattle is very rapid, and complete depletion already occurs few days after treatment cessation.



Only limited applications of NIRS in the field of food safety have been reported [1], including the analysis of meat samples from bovines administered with illegal growth promoters [14]. The present work was aimed at exploring the ability of vibrational spectroscopy to detect permanent changes in muscles and in other EtOH-fixed tissues from cattle treated with dexamethasone, a synthetic GC that is widely used as an illicit growth promoter in beef cattle. Unlike a similar study [14], tissues were sampled well after treatment withdrawal (26 days). Interestingly, changes in meat composition and meat characteristics were reported in a companion study conducted on the same animals from this trial [15].



Our study was thus performed to aid both food safety and food traceability. In view of a possible standardization of the technique, sampling was performed on tissues readily available at slaughtering (referred to as “easy”). For the sake of simplification and rapidity of operation, the sternomandibularis muscle was sampled. Measurements were also conducted on the thymus gland, which is the target organ for the histological screening of GC abuse in bovine species [16], as well as on the external and the internal sides of skin sampled from the head, and on the abdominal fat.



A wide range spectrum UV-Vis-NIR instrument and three radiation intervals were evaluated in this study to define the possibility of using different bench and portable instruments.




2. Materials and Methods


2.1. Animal Treatment, Sample Collection and Preparation


The study was carried out on tissue samples obtained in a previous experiment, as described in detail by Barbera et al. [15]. Briefly, 20 Italian Friesian finishing bulls (average initial weight 440 ± 23 kg) were allotted to 3 groups and were daily administered 0 (group N, n = 8), 0.7 (n = 6), or 1.4 (n = 6) mg of dexamethasone sodium phosphate/head/day for 60 days. Because of the small number of experimental subjects, the animals from the two dexamethasone-treated groups were mixed to form a single group (T) for the spectral elaborations. The used schedule was intended to mimic a growth-promoting protocol [17]. The animals were slaughtered 26 days after the end of the treatment, and carcasses were kept at 0–4 °C for 24 h. Small specimens of five easily accessible tissues were then collected from the thymus gland, sternomandibularis muscle (MSM), and from the fat; skin (hair and dermis) was sampled immediately after slaughtering. Similar specimens were also collected from more representative, but difficult to sample, “noble” muscles, i.e., longissimus thoracis (MLT) and semitendinosus (MST), hereafter referred to as “less accessible”. The muscle, thymus gland and fat specimens were excised using a 1-inch Ø die cutter, for lengths of about 5 cm, and introduced into a 30 mm Ø * 115 mm, 50 mL Falcon tube, which was then filled with 95% ethanol (EtOH) and kept at +4 °C, for 24 h.




2.2. Data Acquisition


The pre-scanning processing consisted of a static aeration of the specimens over filter paper for 2 h. A total of seven different specimens were prepared: three different muscles (MSM, MLT, MST), the fat, the thymus gland, the hair (external part of the skin) and the dermis (internal part of the skin). A portable UV-Vis-NIR spectrometer (Model LSP 350-2500P, LabSpec Pro ASD, Analytical Spectral Devices Inc., Boulder, CO, USA), equipped with fiber optics to collect spectra from 350 to 2500 nm, was used to scan the samples.



The whole procedure (from slaughtering to the acquisition and evaluation of NIRS data) required about three days.




2.3. Statistical Analysis


Each spectrum was taken as the average of 25 scans. The 2151 reflectance points (R), transformed as Log (1/R), were analyzed in principal component analysis (PCA) to shape the objects in a bi-plan, using XLStat 2019.4.1 (Addinsoft). PCA is a means to reduce the high number of vibrational variables to a smaller number of latent variables, thereby limiting the loss of information as much as possible. For the classification purposes, the spectra were then imported into SAS V.9 software to conduct a discriminant analysis, with ONE (leave-one-out) cross-validation.



The whole spectral set of wide UV-Vis-NIR radiation was then divided into three subranges, corresponding to minor classes of vibrational instruments, namely: “cut-off a” (UV-Vis-NIR range, 350–1025 nm), corresponding to a simple Vis-NIR instrument; “cut-off b” (NIR range, 740–1070 nm), corresponding to a low-cost spectrometry system for end-user food analysis NIR-SCiOTM [18]; “cut-off c” (UV-Vis range, 350–681 nm), corresponding to image analyzers.



To show the action of the illicit treatment, the difference between treated and control, expressed as percent of control [(T − N)/N × 100], was calculated to show any treatment-related change in absorbance.



The error rate statistics of the treated (T, false−) and control (N, false+) animals were assessed by means of Medcalc software [19] for testing proportions. The error rates in the calibration and cross-validation modes were considered independently for the seven tissues. However, a chaining of the test, repeated for each animal, can also be applied. Thus, progressive compound probabilities (CP) were considered by joining together the results of the test errors (P) from the classifications of the different tissues of each animal [20]. For example, for a T animal, for which a positive result had been obtained from two tests with p = 0.4 errors, the CP of the chained test was 0.4 × 0.4 = 0.16, which accounted for the probability of that T animal obtaining the same error score in the two tests; a third positive test with p = 0.4 also gave an added CP = 0.16 × 0.4 = 0.064. In general, only one out of 16 T animals (16 = 1/CP) received three false negative scores after three tests with probability 0.4 each.





3. Results


3.1. NIR Spectra


The average spectra of the tissues (T and N together) appeared to be different (Figure 1a). Only samples from the three muscles (MSM, MTL, MST) showed similar shapes over the entire wavelength range, while those from other tissues, and the hair in particular, looked different.



In general, the treatment induced a higher reflectance in the tissues. Consequently, difference between treated and control [(T − N)/N × 100] were on average below 8.2%, with an average and constant gap of −23% for the thymus gland, as shown in Figure 1b.




3.2. Principal Component Projections


The principal component projection on the first two axes on average featured a variability of 91.7% (Figure 2).



As far as the MLT, the thymus gland, fat and hair were concerned, the T and N objects showed distinct patterns with similar shapes for MST and hair. More uniform distributions were instead observed for the MSM and dermis samples




3.3. Discriminant Analysis


Linear discriminant analyses, a statistical function that is useful for determining whether a set of continuous variables is effective in predicting category membership, was applied to all acquired spectra. In calibration mode, the results achieved total discrimination of all the considered tissues over all the spectral ranges.



When classifying a “new” animal (Table 1) as treated (T) or untreated (N), an average misclassification rate of 0.20 (total error) over the entire spectral range was seen, although tissue-related different error rates were observed. While no total error was observed for MLT (p < 0.0001), the error rate was 0.10 for the dermis (p = 0.0003), 0.15 for the fat (p = 0.0017), and 0.25 for the thymus gland and MST (p = 0.0253), respectively. For MSM was detected a 0.30 error rate, while 0.35 was observed for the hair (not significant). Converting the error rate into specificity (ability to correctly identify the untreated samples) and sensitivity (ability to correctly identify the treated samples) percentages, the sum of the seven scores averaged 0.75 for the specificity and 0.83 for the sensitivity, two highly significant, but not statistically different values (p = 0.2498).



To establish the discriminatory ability of the method, the vibrational range was divided into three cut-off segments (Table 2), each corresponding to a different class of commercial instruments.



The seven different tissues and two different assessments (specificity f+, sensitivity f−) were considered.



As regards the overall false rate (negative for the treated group and positive for the control one), minimum errors were observed as mean rates for MST (0.05) and for the thymus gland (0.06), although statistical significance was reached for all the considered ranges. MLT ranked first for “cut-off a” but did not rank so well for “cut-off b” or “cut-off c”. The hair and the MSM excelled in the UV-Vis range, where, overall, the lowest average misclassification rates (0.25 and 0.14) were observed, with 8 significant rates (out of the fourteen considered ones). The least efficient range was that of the short NIR (740–1070 nm), with only 3 significant rates when applied to the 3 most easily accessible tissues (fat, MSM, thymus) (Table 3).



As far as the total errors (combined sum) are concerned, after combining the fat (f− = 0.42, Table 2 b. NIR), MSM (f− = 0.58) and thymus (f− = 0.08) values, for the 12 treated animals, error rates of 0.08, 0.25 and 0.33 were observed for the triple, double, and single f− test, respectively.



It should be noted that the observed 0.08 triple error rate f− was higher than the expected compound probability p = 0.019 derived from Π P (0.42 × 0.58 × 0.08). Conversely, the triple f+ error in 8 control animals was 0.00, a lower value than the expected 0.078.





4. Discussion


In our study, the application of NIRS to EtOH-fixed tissues from finishing bulls proved effective in detecting a treatment with dexamethasone that was used to mimic an illegal growth-promoting schedule that is widely applied under field conditions.



Interestingly, the detection capability of NIRS in discriminating treated from untreated tissues was also confirmed when using a different statistical approach (numeric regression, data not shown) from the discriminant analysis presented here [21]. NIRS techniques are used extensively, although mainly for meat quality control purposes [2,3], but very few applications have been reported so far for safety purposes involving animals exposed to illicit drug treatments or contaminants [1].



Berzaghi et al. [14] investigated the ability of spectroscopy to identify illegal treatments in beef cattle that had been administered dexamethasone following a similar protocol to that adopted in this study, but NIRS was applied to minced or sliced, non-EtOH-treated, longissimus thoracis samples. When the meat samples were subjected to discriminant analysis, followed by cross validation, about 63% of the controls and only 39% of the samples from the treated animals were correctly classified, that is, poorer results than the zero errors found for the same muscle in the present work. In addition, good discrimination ability was found in our study for a much longer time after treatment withdrawal and also for non-muscle samples.



In our opinion, sample preparation with EtOH could play a significant role in the successful discrimination between treated and untreated animals when using NIRS techniques. As a general consideration, it is possible to state that this procedure can be considered the basic process to obtain partially dehydrated specimens.



Vibrational spectroscopy can be used to appreciate several traits in EtOH preparations that do not appear in ordinary raw or minced tissues, mainly because of the strong absorption of radiation from H-OH but also because of some denaturation mechanisms in the tissue matrix. As can be seen in Figure 1b, the loss of absorption of the samples from the T animals is remarkable. This pattern points to a general paucity of substances that can capture radiation. However, it could also simply be the result of a relative abundance of water in the T animals. In the companion paper performed on the same animals examined in this study [15], no significant variations in the moisture content of the raw MLT were observed in treated bulls; on the other hand, the red index and chroma color parameters increased by 5%, and dramatic changes were observed for the rheological properties, with a 54% increase in cooking loss and 25% in meat tenderness, which would seem to indicate a different pattern of water distribution and mobility in the muscles [16,22]. With the exception of β-agonists, illegal growth-promoting treatments of meat-producing species are generally associated with: (i) an increase in lean meat; (ii) some retention of water in the carcass; (iii) an increase in meat tenderness [23]. The spectroscopy of EtOH-fixed tissues is depending on the latter two effects, possibly resulting in a treatment-related fingerprint of the muscles. However, in our study, the dexamethasone-related changes also involved the thymus gland and the skin and were apparent in the fat. In this respect, it should be noted that the prolonged administration of dexamethasone at growth-promoting dosages has been reported to cause thymus atrophy, due to a progressive replacement with adipose tissue [16], and an increase in the thickness of the external fat [24].



The color parameters of the EtOH-fixed tissues are thus concerned to a great extent, and a general pale shade distinguished the samples taken from the treated (“bloated”) animals from the control ones.



The administration of dexamethasone according to a growth-promoting schedule resulted in changes in both the transcriptomic [25] and proteomic [26] profiles of the muscle as well as in the meat quality traits [15,23,27].



Transcriptional biomarkers and immunohistochemistry have been found to be highly effective in the detection of illicit dexamethasone administration in veal calves (although not in bulls as in the present work) and to provide a cross validated error rate of about 12–14% [28].



As far as vibrational instruments are concerned, the main relationships are mostly concentrated in the UV-Vis region. In fact, over the seven examined tissues, the full 350–2500 nm range (Table 1) expressed three T false- values and one N false+ significant value; when NIR radiation was excluded, the significant results increased to five T false− and three N false+ values, respectively (Table 2).



In consideration of the above results, UV-Vis spectrometer instruments may be preferable to smart NIRS instruments (e.g., SCiOTM) for use in off-line tests on highly reputed EtOH-fixed noble meat samples, such as MST samples. However, based on the results shown in Table 1, it would be possible to “a priori” calculate what the compound probability of obtaining multiple responses would be, according to the used instrument. For instance, a T animal that was found positive with a “cut-off b” instrument for the thymus (p = 0.08, Table 3), the fat (p = 0.42) and the MSM (p = 0.58), would have a compound misclassification probability of 0.019 of being false, and, in fact, the observed error rate was 0.028 (Table 3).



The results of these studies also support the possible use of vibrational spectroscopy to disclose drug-induced changes in edible and non-edible tissues from illegally treated finishing bulls, thereby acting as a useful complement to chemical analysis. In this re-spect, “omics” techniques have been proposed [25,26,28,29] and multiresidue analytical methods are currently being implemented to detect anabolic substances, not only in tissues but also in biological fluids (e.g., bovine bile and urine) [30]. However, such methods are time consuming and expensive and are unlikely to be used as large-scale screening methods. In addition, all GCs are characterized by a rapid urinary elimination making their chemical detection unfeasible as early as few days after slaughtering [13].




5. Conclusions


As reported by Kademi, Ulusoy, and Hecer [31], spectroscopic devices may be used as a promising alternative to large, expensive, and complex types of devices for food analysis, inspection, and control purposes.



In the present work, we have used an indirect method (UV-Vis-NIR) to identify dexamethasone-induced changes in muscles and other organs in an authenticity test of a “legal-standard” product. The detection could be eventually reported to health authorities for specific investigations in the frame of official controls [27].



Based on our results, the spectroscopic examination of the ethanolic preparations of muscles taken from the first retail cuts, which are particularly difficult to collect, but also from secondary retail cuts or other organs and tissues that are instead easily available at slaughtering can be considered as an effective and efficient methodology. Even after a considerable time from treatment withdrawal, this method was able to identify animals illicitly treated with dexamethasone at growth-promoting dosages. To extend the method applicability, it would be necessary to establish a database that could be managed by a company’s self-control systems oriented to both food safety and traceability.







Author Contributions


G.M.: Conceptualization, Methodology, Data curation, Formal analysis, Resources, Validation, Writing-original draft. S.B.: Conceptualization, Methodology, Visualization. Writing-review and editing. C.N.: Conceptualization, Writing-review and editing, Funding acquisition, Project administration. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the following grants: (1) Regione Piemonte—CIPE grant number 16192/27 ‘Individuazione di biomarcatori dei trattamenti illeciti nei bovini da carne con indagini di proteomica e genomica’; (2) Regione Piemonte—‘Progetti di ricerca sanitaria finalizzata’ grant number 2472/DA2001 ‘Impiego di colture primarie e linee cellulari per la messa in evidenza in vivo dell’esposizione a glucocorticoidi nella specie bovina’.




Institutional Review Board Statement


The study was conducted in the 2007 according to the guidelines of the Declaration of Helsinki and approved by the Bioethical Committee of the University of Turin on 20 September 2006 (prot. 343796). It was also sent for approval to the Italian Ministry of Health (24 July 2006), at that time, the silent-assent procedure was in force so that, after a due time, the experimental treatments were started.




Data Availability Statement


Data is contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


CP: compound probabilities; EtOH: ethanol fixation method; GC: glucocorticoids; MLT: longissimus thoracis muscle; MSM: sternomandibularis muscle; MST: semitendinosus muscle; N: control; NIR: Near Infrared; NIRS: Near Infrared Spectroscopy; PCA: Principal Component: Analysis; T: treated.




References


	



Qu, J.H.; Liu, D.; Cheng, J.H.; Sun, D.W.; Ma, J.; Pu, H.; Zeng, X.A. Applications of near-infrared spectroscopy in food safety evaluation and control: A review of recent research advances. Crit. Rev. Food Sci. Nutr. 2015, 55, 1939–1954. [Google Scholar] [CrossRef] [PubMed]

	



Zamora-Rojas, E.; Pérez-Marín, D.; De Pedro-Sanz, E.; Guerrero-Ginel, J.E.; Garrido-Varo, A. Handheld NIRS analysis for routine meat quality control: Database transfer from at-line instruments. Chemometr. Intell. Lab. Syst. 2012, 114, 30–35. [Google Scholar] [CrossRef]

	



Teixeira, C.A.; Lopo, M.; Páscoa, R.; Lopes, J.A. A review on the applications of portable Near-Infrared Spectrometers in the agro-food industry. Appl. Spectrosc. 2013, 67, 1215–1233. [Google Scholar]

	



Prieto, N.; Pawluczyk, O.; Dugan, M.E.R.; Aalhus, J.L. A review of the principles and applications of Near-Infrared Spectroscopy to characterize meat, fat, and meat products. Appl. Spectrosc. 2017, 71, 1403–1426. [Google Scholar] [CrossRef]

	



Kartakoullisa, A.; Comaposada, J.; Cruz-Carrióna, A.; Serra, X.; Gou, P. Feasibility study of smartphone-based Near Infrared Spectroscopy (NIRS) for T salted minced meat composition diagnostics at different temperatures. Food Chem. 2019, 278, 314–321. [Google Scholar] [CrossRef] [PubMed]

	



Tassone, S.; Masoero, G.; Peiretti, P.G. Vibrational spectroscopy to predict in vitro digestibility and the maturity index of different forage crops during the growing cycle and after freeze- or oven-drying treatment. Anim. Feed Sci. Technol. 2014, 194, 12–15. [Google Scholar] [CrossRef]

	



Pasquini, C. Near infrared spectroscopy: A mature analytical technique with new perspectives—A review. Anal. Chim. Acta 2018, 1026, 8–36. [Google Scholar] [CrossRef]

	



Masoero, G.; Iacurto, M.; Sala, G. Ethanol specimen of beef muscle samples for NIRS is rapid but as efficient as the freeze-dried sample preparations. In New Developments in Evaluation of Carcass and Meat Quality in Cattle and Sheep; EAAP Scientific Series 123; Lazzaroni, C., Ed.; Wageningen Academic Publishers: Wageningen, The Netherlands, 2007; pp. 281–304. [Google Scholar]

	



Masoero, G.; Bergoglio, G.; Vincenti, F.; Destefanis, G.; Brugiapaglia, A. A rapid new ethanol preparation for early muscle sampling submitted to NIR analysis: Preliminary results for cattle and buffalo. Ital. J. Anim. Sci. 2005, 4, 297. [Google Scholar]

	



Masoero, G.; Rotolo, L.; Zoccarato, I.; Gasco, L.; Schiavone, A.; De Marco, V.; Meineri, G.; Borreani, G.; Tabacco, E.; Della Casa, G.; et al. Mycorrhizal corn can improve yield, reduce mycotoxins and preserve nutritive value. Agric. Res. Updates 2018, 24, 117–140. [Google Scholar]

	



Peiretti, P.G.; Meineri, G.; Masoero, G. NIRS of body and tissues in growing rabbits fed diets with different fat sources and supplemented with Curcuma longa. World Rabbit Sci. 2013, 21, 85–90. [Google Scholar] [CrossRef]

	



Concollato, A.; Parisi, G.; Masoero, G.; Romvàri, R.; Olsen, R.E.; Dalle Zotte, A. Carbon monoxide stunning of Atlantic salmon (Salmo salar L.) modifies rigor mortis and sensory traits which are revealed by instrumental analysis. J. Sci. Food Agric. 2016, 96, 3524–3535. [Google Scholar] [CrossRef]

	



Girolami, F.; Donalisio, C.; Tagliante, M.; Gatto, S.; Bertarelli, D.; Balbo, A.; Nebbia, C. Illicit use of dexamethasone in meat cattle: Rationale, effects on treated animals, and traditional and innovative diagnostic techniques. Large Anim. Rev. 2010, 16, 113–124. [Google Scholar]

	



Berzaghi, P.; Segato, S.; Cozzi, G.; Andrighetto, I. Mid and Near Infrared Spectroscopy to identify illegal treatments in beef cattle. Vet. Res. Commun. 2006, 30, 109–112. [Google Scholar] [CrossRef]

	



Barbera, S.; Tarantola, M.; Sala, G.; Nebbia, C. Canonical discriminant analysis and meat quality analysis as complementary tools to detect the illicit use of dexamethasone as a growth promoter in Friesian bulls. Vet. J. 2018, 235, 54–59. [Google Scholar] [CrossRef]

	



Richelmi, G.B.; Maurella, C.; Pezzolato, M.; Botta, M.; Varello, K.; Pitardi, D.; Baioni, E.; Bellino, C.; D’Angelo, A.; Caramelli, M.; et al. Thymus atrophy is an efficient marker of illicit treatment with dexamethasone in veal calves: Results from a triennial experimental study. Res. Vet. Sci. 2017, 113, 67–72. [Google Scholar] [CrossRef]

	



Nebbia, C.; Urbani, A.; Carletti, M.; Gardini, G.; Balbo, A.; Bertarelli, D.; Girolami, F. Novel strategies for tracing the exposure of meat cattle to illegal growth-promoters. Vet. J. 2011, 189, 34–42. [Google Scholar] [CrossRef]

	



Goldring, D.; Sharon, D. Low-Cost Spectrometry System for End-User Food Analysis. U.S. Patent US009377396 B2, 28 June 2016. [Google Scholar]

	



MedCalc®. Available online: https://www.medcalc.org/calc/index.php (accessed on 1 June 2022).

	



Tijms, H. Understanding Probability, 3rd ed.; Cambridge University Press: Amsterdam, The Netherlands, 2012. [Google Scholar]

	



Masoero, G.; Sala, G.; Gardini, G.; Carletti, M.; Balbo, A.; Girolami, F.; Nebbia, C.; Barbera, S.; Tarantola, M. Impiego della spettroscopia NIR per l’individuazione di trattamenti illeciti con corticosteroidi nel bovino da carne. In Proceedings of the 3rd Simposio Italiano di Spettroscopia nel Vicino Infrarosso, Lazise, Italy, 21–23 May 2008; Available online: https://docs.google.com/document/d/1gkzDlD-KWE6Pp7StWpWxUBSC2m4JN7HmUpM_eMO8MJw/edit?usp=sharing (accessed on 25 January 2022).

	



Pearce, K.L.; Rosenvold, K.; Andersen, H.J.; Hopkins, D.L. Water distribution and mobility in meat during the conversion of muscle to meat and ageing and the impacts on fresh meat quality attributes. A review. Meat Sci. 2011, 89, 111–124. [Google Scholar] [CrossRef]

	



Barbera, S.; Biolatti, B.; Divari, S.; Cannizzo, F.T. Meat quality traits and canonical discriminant analysis to identify the use of illicit growth promoters in Charolais bulls. Food Chem. 2019, 300, 125173. [Google Scholar] [CrossRef]

	



Corah, T.I.; Tatum, J.D.; Morgan, J.B.; Mortimer, R.G.; Smith, G.C. Effects of a dexamethasone implant on deposition of intramuscular fat in genetically identical cattle. J. Anim. Sci. 1995, 73, 3310–3316. [Google Scholar] [CrossRef]

	



Elgendy, R.; Giantin, M.; Montesissa, C.; Dacasto, M. Transcriptomic analysis of skeletal muscle from beef cattle exposed to illicit schedules containing dexamethasone: Identification of new candidate biomarkers and their validation using samples from a field monitoring trial. Food Addit. Contam. Part A Chem. Anal. Control Expo. Risk Assess. 2015, 32, 1448–1463. [Google Scholar] [CrossRef]

	



Stella, R.; Biancotto, G.; Arrigoni, G.; Barrucci, F.; Angeletti, R.; James, P. Proteomics for the detection of indirect markers of steroids treatment in bovine muscle. Proteomics 2015, 15, 2332–2341. [Google Scholar] [CrossRef] [PubMed]

	



Biasibetti, E.; Pezzolato, M.; Brugiapaglia, A.; Biagini, D.; Lazzaroni, C.; Bellino, C.; D’angelo, A.; Bozzetta, E. Thymus and meat physicochemical measurements to discriminate calves treated with anabolic and therapeutic doses of dexamethasone. Animals 2021, 15, 100271. [Google Scholar] [CrossRef] [PubMed]

	



Benedetto, A.; Biasibetti, E.; Robotti, E.; Marengo, E.; Audino, V.; Bozzetta, E.; Pezzolato, M. Transcriptional Biomarkers and Immunohistochemistry for Detection of Illicit Dexamethasone Administration in Veal Calves. Foods 2022, 11, 1810. [Google Scholar] [CrossRef] [PubMed]

	



Benedetto, A.; Pezzolato, M.; Biasibetti, E.; Bozzetta, E. Omics applications in the fight against abuse of anabolic substances in cattle: Challenges, perspectives, and opportunities. Curr. Opin. Food Sci. 2021, 40, 112–120. [Google Scholar] [CrossRef]

	



Moretti, S.; Lega, F.; Rigoni, L.; Saluti, G.; Giusepponi, D.; Gioiello, A.; Manuali, E.; Rossi, R.; Galarini, R. Multiclass screening method to detect more than fifty banned substances in bovine bile and urine. Anal. Chim. Acta 2018, 1032, 56–67. [Google Scholar] [CrossRef]

	



Kademi, H.I.; Ulusoy, B.H.; Hecer, C. Applications of miniaturized and portable near infrared spectroscopy (NIRS) for inspection and control of meat and meat products. Food Rev. Int. 2018, 35, 201–220. [Google Scholar] [CrossRef]








[image: Foods 11 03001 g001 550] 





Figure 1. (a) Average of the full UV-Vis-NIR spectra of the seven tissues; (b) % of relative deviation in log(1/R) of the treated samples (T) with respect to the control ones (0% line) for the UV-Vis-NIR spectra of the seven tissues; MLT = longissimus thoracis muscle; MST = semitendinosus muscle; MSM = sternomandibularis muscle; Fat; Thymus gland; Hair; Dermis. 
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Figure 2. Principal component analyses of the full spectra for the seven tissues (N = Control; T = Treated). 
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Table 1. Validated misclassification (as rate) in the control (N, false+, f+) and treated (T, false−, f−) animals for the seven tissues over the full spectral range (350 ÷ 2500 nm).






Table 1. Validated misclassification (as rate) in the control (N, false+, f+) and treated (T, false−, f−) animals for the seven tissues over the full spectral range (350 ÷ 2500 nm).












	EtOH Tissue
	N f+
	T f−
	Error Rate
	Prob.

Total





	Longissimus thoracis muscle-MLT
	0.00 **
	0.00 **
	0.00
	0.0001



	Skin-Dermis
	0.25
	0.00 **
	0.10
	0.0003



	Fat
	0.25
	0.08 **
	0.15
	0.0017



	Thymus
	0.25
	0.25+
	0.25
	0.0253



	Semitendinosus muscle-MST
	0.25
	0.25+
	0.25
	0.0253



	Sternomandibularis muscle-MSM
	0.38
	0.25+
	0.30
	0.0736



	Skin-hair
	0.38
	0.33
	0.35
	0.1797



	Total error
	
	
	0.20
	<0.0001



	Specificity (1-false+)
	0.75
	
	
	0.0001



	Sensitivity (1-false−)
	
	0.83
	
	<0.0001



	Specificity vs. Sensitivity
	0.75
	0.83
	
	0.2498







Significance vs. 50% threshold: + (p < 0.10); ** (p < 0.01).
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Table 2. Validated misclassification (as the rate) of the control (N, false+, f+) and treated (T, false−, f−) animals considering the seven tissues in three spectrum subranges of the “cut-off spectra”.






Table 2. Validated misclassification (as the rate) of the control (N, false+, f+) and treated (T, false−, f−) animals considering the seven tissues in three spectrum subranges of the “cut-off spectra”.





	
EtOH Tissue

	
Mean Rate

	
a. UV-Vis-NIR

350–1025 nm

	
b. NIR

740–1070 nm

	
c. UV-Vis

350–681 nm




	
N f+

	
T f−

	
N f+

	
T f−

	
N f+

	
T f−






	
Semitendinosus muscle-MST

	
0.05

	
0.25

	
0.00 **

	
0.00 **

	
0.00 **

	
0.13 *

	
0.00 **




	
Thymus

	
0.06

	
0.00 **

	
0.08 **

	
0.25

	
0.08 **

	
0.00 **

	
0.00 **




	
Longissimus thoracis muscle-MLT

	
0.24

	
0.00 **

	
0.00 **

	
0.50

	
0.25+

	
0.38

	
0.17 **




	
Skin–Hair

	
0.39

	
0.25

	
0.50

	
0.38

	
0.42

	
0.00 **

	
0.08 **




	
Sternomandibularis muscle-MSM

	
0.42

	
0.38

	
0.33

	
0.63

	
0.58

	
0.38

	
0.17 **




	
Skin-Dermis

	
0.46

	
0.50

	
0.50

	
0.25

	
0.25+

	
0.50

	
0.33




	
Fat

	
0.48

	
0.63

	
0.33

	
0.50

	
0.42

	
0.38

	
0.25+




	
Validated misclassification

	
Rate

	
0.29 **

	
0.25 **

	
0.36 *

	
0.29 **

	
0.25 **

	
0.14 **




	
False+ vs. False−

	
Prob.

	
0.6011

	
0.3863

	
0.1011




	
Validated misclassification of the “cut-off spectra”

	
0.26 **

	
0.31 **

	
0.19 **




	
Probability of contrasts

	
“Cut-off a”

	
1.000

	
0.3549

	
0.1615




	
“Cut-off b”

	

	
1.000

	
0.0206








Significance vs. 50% threshold: + (p < 0.10); * (p < 0.05); ** (p < 0.01).
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Table 3. List of the validated classifications, with misclassifications indicated with *, of the twelve treated animals (T false−) and eight control animals (N false+) based on the three most accessible tissues in the “cut-off b” (740–1070 nm) spectrum subrange of the cut-off spectra, with the error rate of the combined tissues.






Table 3. List of the validated classifications, with misclassifications indicated with *, of the twelve treated animals (T false−) and eight control animals (N false+) based on the three most accessible tissues in the “cut-off b” (740–1070 nm) spectrum subrange of the cut-off spectra, with the error rate of the combined tissues.





	
Animal

	
Treatment

	
Tissues




	
Fat (1)

	
MSM (2)

	
Thymus (3)

	
Combined Sum

(1 & 2 & 3 *)






	
1

	
T

	
*

	
*

	
*

	
3




	
2

	
T

	

	

	

	
0




	
3

	
T

	
*

	
*

	

	
2




	
4

	
T

	

	

	

	
0




	
5

	
T

	

	

	

	
0




	
6

	
T

	
*

	
*

	

	
2




	
7

	
T

	

	
*

	

	
1




	
8

	
T

	

	

	

	
0




	
9

	
T

	
*

	
*

	

	
2




	
10

	
T

	

	
*

	

	
1




	
11

	
T

	
*

	

	

	
1




	
12

	
T

	

	
*

	

	
1




	
Error rate T False−

	
0.42

	
0.58

	
0.08

	




	
* Misclassification in repeated tissues from 12 treated animals




	
1 False−/12 = 0.33; 2 False−/12 = 0.25; 3 False−/12 = 0.08

0.11




	
13

	
N

	
*

	

	
*

	
2




	
14

	
N

	
*

	

	

	
1




	
15

	
N

	

	

	
*

	
1




	
16

	
N

	

	
*

	

	
1




	
17

	
N

	

	
*

	

	
1




	
18

	
N

	
*

	
*

	

	
2




	
19

	
N

	

	
*

	

	
1




	
20

	
N

	
*

	
*

	

	
2




	
Error rate N False+

	
0.50

	
0.63

	
0.25

	




	
* Misclassification in repeated tissues from 8 control animals




	
1 False+/8 = 0.63; 2 False+/8 = 0.38; 3 False+/8 = 0.00








* Misclassified case; MSM muscle Sternomandibularis.
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