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RESUMEN

RESUMEN

El jamdn curado presenta una elevada variabilidad en su calidad final debido a
la heterogeneidad de la materia prima y a los multiples factores que afectan al
procesado. El objetivo general de este trabajo fue evaluar el uso de los
ultrasonidos de sefial para estimar diferentes parametros composicionales del
jamodn curado durante su elaboracion, en particular su contenido en sal y grasa.
Para ello, se llevaron a cabo experiencias de caracterizacidén ultrasonica en tres

de las fases del procesado del jamén curado: producto fresco, salado y curado.

En la primera fase del procesado, se midi6 la velocidad de los ultrasonidos en
jamones frescos a 2°C. Se observd que un incremento del contenido en grasa
conllevd un aumento de la velocidad ultrasonica, siguiendo una relacion lineal.
Mediante un modelo basado en la velocidad se predijo el contenido en grasa
de los jamones frescos con un error (RMSE) del 2.97% y se clasificd
correctamente el 89% de los jamones en tres categorias segun su contenido en
grasa (<14, 14-26 y >26% b.h.). Los resultados obtenidos se compararon con el
uso de rayos-X para la estimacion del contenido en grasa de manera no
destructiva. Los modelos predictivos basados en la técnica de rayos-X
proporcionaron un error en la estimacién de grasa ligeramente superior
(RMSE=4.65%) y un porcentaje de jamones correctamente clasificados menor
(65%). Asimismo, la combinaciéon de ultrasonidos y rayos-X, no mejoré la
precisién del modelo predictivo del contenido en grasa en jamones frescos

obtenido mediante las medidas ultrasénicas.

En la fase de salado, se midi6 la velocidad ultrasdnica, en modo transmision-
recepcion, en muestras modelo formuladas a partir de Biceps femoris (BF) con
contenido en agua y sal predefinidos. Se observd un efecto significativo
(p<0.05) de ambos componentes (sal y agua) sobre la velocidad ultrasénica,
que se cuantifico mediante relaciones lineales. Asi, se puso de manifiesto que
el contenido en sal tuvo un mayor efecto (13m/s por cada 1% b.h. de ganancia

de sal) sobre la velocidad ultrasénica, que el contenido en agua (5m/s por cada

il



RESUMEN

1% b.h. de pérdida de agua). Asimismo, se midi6 la velocidad ultrasonica, en
modo transmisidn-recepcion, en Longissimus dorsi (LD) y BF, asi como en
jamones, antes y después del salado (hasta 16 dias). En todas las muestras, la
velocidad ultrasénica aumenté durante el salado, debido a la pérdida de agua
y a la ganancia de sal, alcanzando variaciones de velocidad de 61.5 y 49.3m/s
en LD y BF salados 168h y de 46.8m/s en jamones salados 16 dias. La
pendiente de la relacion entre la ganancia de sal y la variacion de velocidad fue
similar en LD y BF salados en salmuera (13.3m/s % b.h.), en los jamones salados
en seco (12.7m/s % b.h.) e incluso similar a la mostrada en la bibliografia para
una disolucién salina (13.7m/s % b.h.). El hecho de que las pendientes fuesen
similares indic6 que una misma ganancia de sal da lugar a una misma variacion
de velocidad, independientemente del tipo de salado (formulacion, salado en
salmuera o en seco) y de la estructura del producto (disolucion o carne).
Mediante la relacion entre la ganancia de sal y la variaciéon de velocidad
durante el salado (R’>0.76) fue posible determinar el contenido en sal con un
error de prediccién (RMSE) del 0.48% en LD y BF y del 0.44% en jamones. La
precision alcanzada en estas predicciones pone de manifiesto que la técnica de
ultrasonidos es adecuada como método de clasificacidon de las piezas saladas
en diferentes niveles de sal, pero su uso como método analitico no seria

recomendable.

Dado que las medidas de velocidad antes y después del salado permitirian
clasificar las piezas en diferentes niveles de sal, pero no reducir el nimero de
piezas saladas por defecto o en exceso; se abordd la monitorizacién del salado
en seco de LD y BF mediante la medida on-line de la velocidad ultrasénica. Asi,
la velocidad aument6é de manera progresiva durante el salado de LD y BF, lo
gue demostro la capacidad de los ultrasonidos en modo transmision-recepcion
para monitorizar este proceso. La pendiente de la relacién entre la ganancia de
sal y la variacién de velocidad durante la monitorizacion del salado de LD y BF
(13.9m/s % b.h.) fue similar a las obtenidas previamente cuando la velocidad se

media antes y después del salado en LD y BF y en jamones y a la encontrada en

v
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la bibliografia (13.6£0.8m/s % b.h.). Se desarrolld un modelo predictivo,
basado en la relacién entre la ganancia de sal y la variacion de velocidad, que
proporcion6 un error (RMSE=0.43%) similar en la prediccién del contenido en
sal al obtenido cuando las medidas se habian realizado antes y después del
salado (RMSE=0.48% en LD y BF, RMSE=0.44% en jamones).

Por otro lado, también se considerd el uso del tiempo de vuelo, medido en
modo pulso-eco, para monitorizar el proceso de salado de jamones enteros. En
este caso, las sefiales obtenidas presentaron niveles de energia muy bajos, por
lo que el método empleado hasta el momento para el célculo del tiempo de
vuelo (método del umbral de energia) conllevd errores importantes en su
determinacion. Por ello, se estudiaron otros métodos de andlisis de sefal
(método de la correlacion cruzada y el método del espectro de frecuencias)
para la estimacién del tiempo de vuelo y se concluyd que la energia de la sefal
es determinante a la hora de seleccionar el método mas adecuado para su
determinacion. En este sentido, el método de la correlacién cruzada, entre
seflales capturadas cada hora, resulté el mas apropiado para calcular la
variaciéon de tiempo de vuelo durante el proceso de salado de jamones.
Determinada la metodologia de analisis de sefial mas adecuada, se realizaron
medidas del tiempo de vuelo en LD y jamones durante su salado (hasta 30
dias). La variacién de tiempo de vuelo disminuyd progresivamente durante el
salado, debido a la pérdida de agua y ganancia de sal, pero también a la
reduccion del espesor y a la desnaturalizacidn proteica y compactacion de las
fibras (aumento de dureza) que sufre la muestra. Se alcanz6 una variacién del
tiempo de vuelo total de -7.0us en LD salados 72h y -17.6us en jamones
salados 30 dias. Aunque los modelos predictivos del contenido en sal basados
en el tiempo de vuelo tuvieron un error de prediccion (RMSE=0.73% en LD y
RMSE=0.57% en jamones) superior a los modelos basados en la medida de la
velocidad (RMSE=0.45+0.03% b.h.), éstos permitieron clasificar correctamente
el 85% de los LD y el 90% de los jamones, en tres niveles de contenido en sal
(<2.5,25-40y >4.0% b.h. en LD y <2.0, 2.0-3.0 y >3.0% b.h. en jamones). En
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LD, se logrd una ligera mejora en el porcentaje de muestras correctamente
clasificadas (95%) con la inclusién en el modelo predictivo del peso de la
muestra y el tiempo de salado. Los resultados de este estudio demostraron el
potencial de los ultrasonidos para predecir on-line la ganancia de sal y
monitorizar el proceso de salado, lo que podria ser de utilidad para determinar
el momento preciso en el que las muestras han alcanzado el nivel de sal
deseado. Ademas, el uso del modo pulso-eco, respecto al modo transmisién
recepcion, facilitaria la implementacién a nivel industrial de la tecnologia
ultrasénica para la monitorizaciéon de la etapa de salado en pila, ya que no
necesita de la medida del espesor de la muestra y requiere un Unico

transductor.

En el producto acabado, la velocidad ultrasénica se midi6 en modo
transmisién-recepcion en porciones de jamon curado a 2 y 15°C. El contenido
en grasa y sal influyo significativamente (p<0.05) en la medida de velocidad. Se
desarrollé un modelo predictivo del contenido de sal basado en la medida de
velocidad a 15°C, que proporciono un error (RMSE) del 0.69% en su estimacion.
Mediante la tecnologia basada en rayos-X, se desarrollé un modelo predictivo
(RMSE=0.43%) que permiti6 una mejor caracterizacion del contenido en sal
que la obtenida mediante las medidas de ultrasonidos. No se observd una
mejora de la prediccibn combinando ambas tecnologias. Por otro lado,
mediante un modelo semi-empirico y la medida de la velocidad a 2 y 15°C, se
estimo6 el contenido en grasa (RMSE=6.70%), agua y proteinas+otros. Este
modelo clasificd correctamente el 77% de las porciones en tres categorias en
funcion del contenido en grasa (<25, 25-40 y >40% b.h.), lo que demostr¢ la
capacidad de esta tecnologia no destructiva para determinar el contenido en
grasa, asi como, la composicién global en el jamoén curado. El modelo basado
Unicamente en las variables de rayos-X, mostré un error de prediccion de
grasa, en las porciones curadas, ligeramente superior (RMSE=7.00%). La
combinacion de ambas tecnologias redujo el error de prediccién (RMSE) del

contenido en grasa hasta el 5.60%. Sin embargo, el uso combinado de ambos

vi



RESUMEN

sistemas supondria una elevada inversion inicial, lo que dificultaria su

implementacién en la industria.

En base a los resultados obtenidos en la presente Tesis Doctoral, se puede
concluir que los ultrasonidos de sefial han demostrado ser una técnica viable
para clasificar de forma no destructiva los jamones frescos en diferentes niveles
segun su contenido en grasa. Por otro lado, también han demostrado ser una
técnica no destructiva que permite predecir el contenido en sal y clasificar, en
base a este parametro, la carne de cerdo sometida a un proceso de salado.
Mediante ultrasonidos, también es posible monitorizar el proceso de salado,
con el objetivo de predecir la ganancia de sal y finalizar el proceso cuando se
alcance el contenido en sal deseado. Por ultimo, la tecnologia ultrasénica
puede emplearse para clasificar porciones de jamoén curado en diferentes
niveles de grasa, ast como, para determinar su composiciéon global. Por lo
tanto, los ultrasonidos de sefal son una herramienta no destructiva, rapida,
sencilla y econdmica, capaz de evaluar el contenido en sal y grasa en el jamén
curado durante su procesado y cuyo uso permitiria aumentar la homogeneidad

y calidad del producto acabado.

Vil
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La qualitat final del pernil curat presenta una elevada variabilitat a causa de
U'heterogeneitat de la materia primera i dels diversos factors que afecten el
processament del pernil. L'objectiu general d'aquest treball és avaluar l'Us dels
ultrasons de senyal per a estimar diversos parametres composicionals del
pernil curat durant el procés d’elaboracio; en particular, el contingut de sal i de
greix. Per a fer-ho, es van dur a terme experiments de caracteritzacio
ultrasonica en tres fases del processament del pernil curat: producte fresc, salat

i curat.

En la primera fase del processament es va mesurar la velocitat dels ultrasons en
el pernil fresc a 2°C. Les dades permeteren observar que un increment del
contingut de greix comportava un augment de la velocitat ultrasonica seguint
una relacid lineal. Mitjancant un model basat en la velocitat es va predir el
contingut de greix dels pernils frescos amb un error (RMSE) del 2,97% i es va
classificar correctament el 89% dels pernils en tres categories segons el
contingut de greix (<14, 14-26 i >26% b. h.). Els resultats obtinguts es van
comparar amb l'4s dels raigs X per a l'estimacié del contingut de greix de
manera no destructiva. Els models predictius basats en la tecnica dels raigs X
proporcionaren un error en l'estimacidé de greix lleugerament superior
(RMSE=4,65%) i un percentatge de pernils correctament classificats més baix
(65%). Aixi mateix, la combinacié d'ultrasons i raigs X no millora la precisio del
model predictiu del contingut de greix en el pernil fresc obtingut mitjangant les

dades ultrasoniques.

En la fase de salament es va mesurar la velocitat ultrasonica en mode
transmissio-recepcid, en mostres model formulades a partir de biceps femoris
(BF) amb continguts d'aigua i sal preestablerts. Es va observar un efecte
significatiu (p<0,05) dels dos components (aigua i sal) sobre la velocitat
ultrasonica, que es va quantificar mitjancant relacions lineals. Aixi, es va posar

de manifest que el contingut de sal tenia més efecte (13 m/s per cada 1% b.h.

X
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de guany de sal) sobre la velocitat ultrasonica, que el contingut d'aigua (5 m/s
per cada 1% b. h. de perdua d'aigua). Aixi mateix, es va mesurar la velocitat
ultrasonica en mode transmissio-recepciod en longissimus dorsi (LD) i BF, com
també en pernils, abans i després de salar-los (fins a 16 dies). En totes les
mostres, la velocitat ultrasonica augmenta durant el salament a causa de la
perdua d'aigua i el guany de sal, i s'assoliren variacions de velocitat de 61,5 i
49,3 m/s en LD i BF salats 168 h, i de 46,8 m/s en pernils salats 16 dies. El
pendent de la relacio entre el guany de sal i la variacié de velocitat fou similar
en LD i BF salats en salmorra (13,3 m/s b. h.), en els pernils salats en sec (12,7
m/s % b. h.) i, fins i tot, similar al que es pot trobar en la bibliografia per a una
dissolucié salina (13,7 m/s % b. h.). El fet que els pendents siguen similars
indica que el mateix guany de sal dona lloc a la mateixa variacié de velocitat,
independentment del tipus de salament (formulacié, salat en salmorra o en
sec) i de l'estructura del producte (dissolucié o carn). Mitjangant la relacié entre
el guany de sal i la variaci6 de velocitat durant el salament (R?<0,76), fou
possible determinar el contingut de sal amb un error de prediccié (RMSE) del
0,48% en LD i BF; i del 0,44% en pernils. La precisié assolida en aquestes
prediccions posa de manifest que la tecnica dels ultrasons és adequada com a
metode de classificacié de les peces salades en diversos nivells de sal; pero l'Us

com a metode analitic no seria recomanable.

Ates que els mesuraments de velocitat abans i després del salament
permetrien classificar les peces en diversos nivells de sal, pero no reduir el
nombre de peces salades per defecte o en excés, es va abordar el monitoratge
del salament en sec de LD i BF mitjangant el mesurament en linia de la velocitat
ultrasonica. Aixi, la velocitat augmenta de manera progressiva durant el
salament de LD i BF, cosa que demostra la capacitat dels ultrasons en mode
transmissio-recepcidé per a monitorar aquest procés. El pendent de la relacié
entre el guany de sal i la variacié de velocitat durant el monitoratge del
salament de LD i BF (13,9 m/s % b. h.) fou similar als obtinguts abans, quan la

velocitat es va mesurar abans i després del salament en LD i BF i en pernils, i
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similar també a la que es pot trobar en la bibliografia (13,6 £ 0,8 m/s % b. h.).
Es va bastir un model predictiu, basat en la relacid entre el guany de sal i la
variacié de velocitat, que proporciona un error similar (RMSE = 0,43%) en la
prediccid del contingut de sal a l'obtingut quan els mesuraments s’havien fet
abans i després del salament (RMSE = 0,48% en LD i BF, RMSE = 0,44% en

pernils).

D'altra banda, també es va considerar l'Us del temps de vol, mesurat en mode
impuls-eco, per a monitorar el procés de salament de pernils sencers. En
aquest cas, els senyals obtinguts presentaren nivells d'energia molt baixos. Aixi,
el métode emprat fins ara per a calcular el temps de vol (metode del llindar
d'energia) comporta errors importants en la determinacié d'aquest valor. | és
per aix0 que es van estudiar altres metodes d'analisi de senyal (metode de la
correlacié encreuada i metode de l'espectre de freqliencies) per a l'estimacio
del temps de vol, i es va concloure que l'energia del senyal és determinant a
l'hora de seleccionar el métode de determinacié més adequat. En aquest sentit,
el meétode de la correlacid encreuada, entre els senyals capturats cada hora,
resulta el metode més apropiat per a calcular la variacid del temps de vol
durant el procés de salament de pernils. Una vegada determinada la
metodologia d’analisi més adequada, es van mesurar temps de vol en LD i en
pernils durant el procés de salament en sec (fins a 30 dies). La variacio del
temps de vol va disminuir progressivament durant el salament, a causa de la
perdua d'aigua i del guany de sal, pero també per la reduccié de l'espessor i
per la desnaturalitzacié proteica i compactacié de les fibres (augment de
duresa) que experimenta la mostra. Es va aconseguir una variacié del temps de
vol total de -7,0 ys en LD salat 72 h; i -17,6 ps en pernils salats 30 dies. Encara
que els models predictius del contingut de sal basats en el temps de vol
tingueren un error de prediccié (RMSE = 0,73% en LD i RMSE = 0,57% en
pernils) superior als models basats en el mesurament de velocitat (RMSE = 0,45
+ 0,03% b. h.). Tot i aixi, aquests models permeteren classificar correctament el
85% dels LD i el 90% dels pernils en tres nivells de sal (<2,5, 2,5-4,0 i >4,0% b.

Xt
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h. en LD; i <2,0, 2,0-3,0 i >3,0% b. h. en pernils). En LD es va aconseguir una
lleugera millora en el percentatge de mostres correctament classificades (95%)
amb la inclusié en el model predictiu del pes de la mostra i del temps de
salament. Els resultats d'aquest estudi demostraren el potencial dels ultrasons
per a predir en linia el guany de sal i monitorar el procés de salament,
potencial que podria ser de gran utilitat per a determinar en quin instant la
mostra assoleix el nivell de sal desitjat. A més a més, l'is del mode impuls-eco,
respecte al mode transmissio-recepcid, facilitaria la implementacié industrial
de la tecnologia ultrasonica per al monitoratge de l'etapa de salament en pila,
ja que no caldria mesurar lespessor de la mostra i només caldria un

transductor.

En el producte acabat, la velocitat ultrasonica es mesura en mode transmissio-
recepcié en porcions de pernil curat a 2 i 15°C. El contingut de greix i sal va
influir de manera significativa (p<0,05) en el valor de la velocitat. Es va
desenvolupar un model predictiu del contingut de sal basat en el mesurament
de velocitat a 15°C que va proporcionar un error (RMSE) del 0,69% en
l'estimacié. Mitjancant la tecnologia basada en raigs X es va desenvolupar un
model predictiu (RMSE = 0,43%) que va permetre una millor caracteritzacio del
contingut de sal que l'obtinguda mitjancant els ultrasons. No es va observar
cap millora de la predicci6 combinant les dues tecnologies. D'altra banda,
mitjancant un model semiempiric i el mesurament de la velocitat a 2 i 15°C, es
va estimar el contingut de greix (RMSE = 6,70%), d'aigua, de proteines i d'altres
elements. Aquest model classifica correctament el 77% de les porcions en tres
categories segons el contingut de greix (<25, 25-40 i >40% b. h.), cosa que
demostra la capacitat d'aquesta tecnologia no destructiva per a determinar el
contingut de greix i, també, per a determinar la composicié global del pernil
curat. El model basat Unicament en les variables de raigs X mostra un error de
prediccid de greix, en les porcions curades, lleugerament superior (RMSE =
7,00%). La combinacié de les dues tecnologies redut U'error de prediccié (RMSE)

del contingut de greix fins al 5,60%. No obstant aixo, l'aplicacié en la indUstria
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de l'Us combinat dels dos sistemes és dificultada per l'elevada inversié inicial

que caldria.

Segons els resultats obtinguts en aquesta tesi doctoral, es pot concloure que
els ultrasons de senyal han demostrat ser una tecnica viable per a classificar de
forma no destructiva els pernils frescos en diferents nivells de greix. D'altra
banda, també han demostrat ser una técnica no destructiva que permet predir
el contingut de sal i classificar la carn de porc sotmesa a un procés de
salament. Mitjangant ultrasons també és possible monitorar el procés de
salament, amb l'objectiu de predir el guany de sal i finalitzar el procés quan
s'haja assolit el contingut de sal desitjat. Per ultim, la tecnologia ultrasonica pot
usar-se per a classificar porcions de pernil curat en diversos nivells de greix,
com també per a determinar la composicié global d'aquestes porcions. Per
tant, l'Us d'ultrasons de senyal, que s6n una eina no destructiva, rapida, senzilla
i economica capag d'avaluar el contingut de sal i greix en el pernil curat durant
el processament, permetria augmentar l'homogeneitat i la qualitat del

producte acabat.
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ABSTRACT

ABSTRACT

The final quality of the dry-cured ham has a great variability due to the
heterogeneity of the raw meat and the multiple operational factors. The main
objective of this Thesis was to evaluate the feasibility of using low-intensity
ultrasound to estimate different compositional parameters of dry-cured ham
during its elaboration, in particular the salt and fat contents. For that purpose,
ultrasonic characterization experiments were carried out in the three main

stages of dry cured ham processing (raw, salted and dry-cured product).

Firstly, the ultrasonic velocity was measured in fresh hams at 2°C. An increase
of the fat content involved an increase in the ultrasonic velocity, which
followed a linear relationship. Using a model based on the ultrasonic velocity,
the fat content in the fresh hams was predicted with an error (RMSE) of 2.97%
and the 89% of the fresh hams were correctly classified into three levels of
fattiness (<14, 14-26 and >26% w.b.). The results obtained were compared with
the fat content estimation by using X-ray technology. The predictive models
based on the X-ray technology provided an error in the fat content estimation
slightly higher (RMSE=4.65%) and a percentage of fresh hams correctly
classified lower (65%) than the ones obtained by using ultrasound. Likewise,
the combination of both, ultrasound and X-ray technologies, did not improve
the accuracy of the fat content prediction in the fresh hams obtained using

only ultrasound.

In the salting stage, the ultrasonic velocity was measured, by the through-
transmission mode, in formulated model samples from minced Biceps femoris
(BF) with pre-set water and salt contents. A significant (p<0.05) effect of both
components (salt and water) on the ultrasonic velocity was observed. Thus, the
salt content had a more marked effect on the ultrasonic velocity (13m/s per 1%
w.b. of salt gain) than the water content (5m/s per 1% w.b. of water loss).
Furthermore, the ultrasonic velocity was measured, by the through-

transmission mode, in Longissimus dorsi (LD) and BF, as well as, in hams,
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before and after salting (up to 16 days). In all the cases, the ultrasonic velocity
increased during salting, due to the water loss and the salt gain, obtaining
ultrasonic velocity variations of 61.5 and 49.3m/s in LD and BF salted for 168h
and of 46.8m/s in hams salted for 16 days. The slope of the relationship
between the salt gain and the ultrasonic velocity variation was similar in LD and
BF salted in brine (13.3m/s % w.b.) and in hams dry salted (12.7m/s % w.b.), and
even, similar to the one reported in the bibliography for an aqueous solution
(13.7m/s % w.b.). The fact that the slopes were similar indicate that a given salt
gain causes a similar ultrasonic velocity variation, regardless of the salting type
(formulation, brining and dry salting) and of the sample structure (water
solution, minced meat or muscle). Using the relationship between the salt gain
and the velocity variation during salting (R*>0.76), the salt gain was computed
with an error of 0.48% in LD and BF and of 0.44% in hams. These results
confirm that the ultrasonic technique is a suitable classification method of
salted pieces into different levels of salt, but its use as an analytic method is

not recommendable.

Since the measurement of the ultrasonic velocity before and after salting could
classify the pieces into different levels of salt content, but not reduce the
number of over-salted or insufficiently salted pieces; the monitoring of the dry
salting of LD and BF muscles was addressed by measuring the ultrasonic
velocity using the through-transmission mode. Thus, the ultrasonic velocity
progressively increased during LD and BF dry salting, which showed the ability
of this technique to monitor the salting process. The slope of the relationship
between the salt gain and the ultrasonic velocity variation obtained during the
monitoring of the LD and BF salting process (13.9m/s % w.b.) was similar to the
ones obtained previously in formulated samples, LD and BF and hams (avg.
13.6£0.8m/s % w.b.). The predictive model based on the relationship between
the salt gain and the velocity variation provided an error in the salt content

prediction (RMSE=0.43%) similar to the ones obtained when the velocity was
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measured before and after salting (RMSE=0.48% in LD and BF, RMSE=0.44% in

hams).

On the other hand, the use of the time of flight, measured by the pulse-echo
mode, was also considered to monitor the ham dry-salting process. In this case,
the ultrasonic signals presented a low energy level, so the general method
used to calculate the time of flight (energy threshold method) provided
significant errors in its determination. Thus, other methods of signal analysis
were studied (the cross-correlation method and the phase spectrum method)
to calculate the time of flight. This study revealed that the signal energy
determines the most appropriated method for computing the time of flight. In
this context, the cross-correlation method between signals captured in a time
interval of 1 hour resulted the most appropriated method to calculate the time
of flight variation during the ham salting process. Thereby, the measurement of
the time of flight was carried out in LD and in hams during their dry salting (up
to 30 days). The time of flight decreased progressively during dry salting due to
the salt gain and the water loss, but also to the thickness reduction, and the
protein denaturalization and compaction of the myofibrillar structure (increase
in hardness). The total time of flight variation achieved was -7.0us in LD salted
72h and -17.6ps in hams salted 30 days. Predictive models of the salt gain,
based on the time of flight, had errors (RMSE=0.73% in LD and RMSE=0.57% in
hams) higher than those based on the ultrasonic velocity (avg.
RMSE=0.45+0.03%). However, the models based on the time of flight classified
correctly the 85% of LD and 90% of hams into three groups of salt content
(<2.5, 2.5-4.0 and >4.0% w.b. in LD and <2.0, 2.0-3.0 and >3.0% w.b. in hams).
A slight improvement in the percentage of correctly classified (95%) LD
muscles was found when the model incorporated the sample weight and the
salting time. The results obtained confirm that the use of the ultrasonic pulse-
echo technique is of great potential in the prediction of the salt gain,
particularly for classification purposes. In addition, it could be useful for non-

destructive monitoring of the LD and hams dry salting, and thus, determining
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the optimal salting time in each piece. Furthermore, the use of the pulse-echo
mode, compared to the use of the through-transmission mode, facilitates the
industrial implementation of the ultrasonic technique due to a single

transducer is used and the sample thickness measurement is not required.

In the finished product, the ultrasonic velocity was measured, by the through-
transmission mode, in dry-cured ham portions at 2 and 15°C. The salt and fat
contents affected significantly (p<0.05) the velocity measurement. A predictive
model for the salt content based on the ultrasonic velocity measured at 15°C
was developed and provided an error (RMSE) of 0.69%. Using the X-ray
technology, a predictive model was also developed (RMSE=0.43%) and
provided a better salt content prediction than the one obtained with the
ultrasonic measurements. No improvement in the prediction was observed by
combining both technologies. On the other hand, using a semi-empirical
model and the velocity measurements at 2 and 15°C, the fat (RMSE=6.70%),
water and protein+others contents were estimated. This model classified
correctly the 77% of the portions into three fat content categories (<25, 25-40
and >40% w.b.), which showed the ability of this non-destructive technology
for determining the fat content, as well as, the global composition in the dry-
cured ham. The model based on the X-ray variables showed an error of the
prediction for the fat content slightly higher (RMSE=7.00%) than the ultrasonic
model. The combination of both technologies reduced the prediction error
(RMSE) up to 5.60%. However, it should be taken into account that, the use of
both technologies would result in a high initial investment which would hinder

its industrial implementation.

According to the results obtained in this Thesis, it could be concluded that the
low-intensity ultrasound is a non-destructive, fast, simple and low-cost tool
that could classify the fresh hams into different levels of fat content. On the
other hand, this non-destructive technique could predict the salt content and
classify, according to this parameter, the salted pork meat. In addition,

ultrasound could monitor the salting process and determine the ending time of
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this stage when the targeted salt content was achieved. Finally, the ultrasonic
technology could classify the dry-cured ham portions into different levels of fat
content, as well as, to determine their overall composition. Therefore, the use
of low-intensity ultrasound could evaluate the salt and fat contents in the dry-
cured ham during its processing, and therefore, contribute to raise the

homogeneity and quality in the final product.
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1. INTRODUCCION

1.1 PRODUCTOS CARNICOS CURADOS

La gran variedad de productos carnicos procedentes del cerdo, junto con su
alto valor nutritivo y sensorial, explica la importancia de estos productos en la
dieta mediterranea. La clasificacién de los productos elaborados a partir del
cerdo se puede realizar segun si el producto es fresco o procesado. Los
productos procesados pueden clasificarse a su vez segun si son tratados con
calor o no. Los productos curados entran dentro de la categoria de productos
carnicos de cerdo procesados no tratados con calor (MAGRAMA, 2015). Estos
productos se pueden dividir en dos grupos: los productos con integridad
anatémica, que se presentan en forma de piezas curadas enteras (jamén y
paleta curada y lomo embuchado) y los productos sin integridad anatdmica,
que se presentan en forma de embutidos curados (chorizo, salchichén,
sobrasada, fuet, chistorra, salami, etc.). A pesar de la gran variedad de materias
primas y modos de elaboracion, el objetivo principal en la produccién de los
productos curados se centra en la estabilizacién de la materia prima, es decir,
obtener un producto estable a nivel microbiolégico a temperatura ambiente, a
partir de un producto perecedero como es la carne fresca (Ventanas, 2001;
Ruiz, 2005). Este primer objetivo se consigue gracias al efecto bacteriostatico
de la sal comun y las sales curantes (nitratos y nitritos), asi como al descenso
del contenido en agua en la materia fresca. Asimismo, se persigue desarrollar
las caracteristicas sensoriales propias de los productos curados, es decir, la
formacion de compuestos con sabor y aroma que conferirdn al producto sus
caracteristicas finales de calidad. Para ello, tienen lugar transformaciones
guimicas y bioquimicas de los componentes de la carne, principalmente lipidos
y proteinas (Toldra et al., 1998; Gilles, 2009).

1.1.1 JAMON CURADO

Dentro de los productos curados, el jamén es un producto tradicional espafiol

gue destaca por su importancia econdmica. De hecho, Espafia es el principal
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productor mundial de jamon y paleta curada con una produccién de 254.000
toneladas en 2013 (Jimenez-Colmenero et al,, 2010; ANICE, 2015). En Espafia, el
proceso de elaboracion del jamdn curado sigue un sistema tradicional que ha
sido utilizado durante muchos afios y que comprende las etapas mostradas en
la Figura 1.1. En primer lugar, los jamones frescos pasan por un proceso de
acondicionamiento (sangrado, perfilado, etc.). A continuacién, las piezas son
sometidas a un proceso de seleccion que consiste en la clasificacién de las
mismas segun su aspecto externo, peso, pH, y raza y edad del animal
(Ventanas, 2001). Posteriormente, son sometidas a una fase de salado en la que
se incorpora sal comun (NaCl) y sales nitrificantes (nitratos y nitritos). Entre los
procedimientos de salado, se puede distinguir entre el salado en seco y el
salado en humedo. El sistema tradicionalmente utilizado es el salado en seco
en pila, que consiste en cubrir la superficie de las piezas con sal humectada y
hacer capas alternas de sal/jamones (Zumalacarregui, 1997; Ventanas, 2003). En
este tipo de salado, es imprescindible controlar la temperatura (T?<5°C) y la
humedad relativa (75-95%) de la cdmara para facilitar la solubilizacion de la sal
alrededor de la superficie de la pieza, y favorecer asi, su difusién al interior,
limitando también el crecimiento microbiano. Las piezas se mantienen en estas
condiciones por un tiempo que depende de su peso (0.65-1 dias/kg producto).
El salado en humedo puede realizarse por inmersién de los jamones en
salmuera o mediante su inyeccion en el producto. En el salado himedo, es
fundamental la concentracion de la salmuera, ya que la corteza de la pieza
puede quedar quemada con salmueras saturadas (Armenteros, 2010).
Independientemente del tipo de salado empleado, en esta fase se producen
fendbmenos osmdticos de interés que contribuyen a estabilizar el producto. Por
un lado, tiene lugar el transporte de agua desde el producto hasta la solucién
concentrada o sal humectada que lo rodea. Por otro lado, se produce la
difusion de solutos que migran desde la salmuera/sal humectada que rodea la
pieza hacia su interior. Ambos fendmenos contribuyen a la disminucién de la
actividad de agua del producto, mejorando su estabilidad. Tras el salado, las

piezas se lavan para eliminar el exceso de sal y pasan a un periodo de
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asentamiento o post-salado durante mas de 40 dias a temperaturas entre 3-
4°C y humedad relativa del 75-80%. En esta etapa, la pieza continla perdiendo
agua y la sal se difunde homogéneamente por su interior. Posteriormente,
comienza la etapa de secado-maduracion con el fin de potenciar la difusion de
la sal y la deshidratacion, ast como, el desarrollo del sabor, olor y aroma. Las
piezas permanecen en los secaderos durante 110-121 dias incrementado la
temperatura de 5 hasta 34°C y reduciendo la humedad relativa del 80 al 60%.
Finalmente, y segun las tendencias actuales, se concluye con una fase de
envejecimiento de minimo 210 dias (contando desde que comienza la etapa de
salado) con temperatura de 12-20°C y humedad relativa de 50-80%. En esta
ultima fase, prosiguen las reacciones bioquimicas que permiten mejorar las

caracteristicas de sabor, olor y aroma del producto final (Bello, 2008).

JAMON CURADO

Acondicionamiento .
. . Sangrado/perfilado
materia prima

Selecclén Segun aspecto externo,
. . peso, pH, edad y raza del
materia prima animal

0.65-2dias/kg producto
Salado seco <5°C
75-95%

>40 dias
Post-Salado 3-4°C
75-80%
., 110-121 dias
Secado-Maduracion 5-34°C
80-60%
.. >210 dias (desde el salado)

Envejecimiento 12-20°C
50-80%

Figura 1.1 Diagrama del proceso de elaboracién del jamén curado.
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1.1.2 INFLUENCIA DE LA SAL Y LA GRASA EN LOS FACTORES DE CALIDAD
DEL JAMON CURADO

El jamdn curado es un producto muy apreciado por los consumidores como
consecuencia de su elevada calidad. Esa calidad viene definida por parametros
como el sabor, aroma, color, composicion y textura del producto (Ventanas,
2001). La sal y la grasa son dos componentes que destacan por determinar la
calidad del jamdn. Ambos componentes desempefian funciones importantes
en este producto, estando presentes en concentraciones significativas en el

mismo.

El jamoén curado destaca por ser fuente de sal y grasa en la dieta (BEDCA,
2015). Asi, en jamones curados de diferente origen (Serranos, Ibéricos, Parma,
San Danielle, etc.) el contenido en sal varia entre 3.7 y 10.3% b.h. (Ventanas
2001) y la grasa total entre 17.2 y 29.5% b.h. (Jinénez-Colmenero et al,, 2010;
Fulladosa et al,, 2013). Dado que una ingesta excesiva de sal y grasa en la dieta
puede dar lugar a problemas para la salud, como hipertension o enfermedades
cardiovasculares (Matthews et al., 2005; Fernandez et al,, 2007; He et al,, 2012),
las tendencias de consumo actuales se orientan hacia la reduccién de la
ingesta alimentaria de estos dos compuestos. En este contexto, la organizacion
mundial de la salud (OMS) recomienda una ingesta de sal de <2g/dia y de
grasa que represente entre el 15 y el 30% de la ingesta calérica diaria total
(OMS, 2015). Ademas, el Reglamento (CE) n° 1924/2006 aprobd que en el
etiquetado de un producto podria aparecer la denominacién “bajo en sal” o
“bajo en grasa” cuando se reduzca, respecto al producto estandar del mercado,
el contenido en sal un 25% y en grasa un 30%. Teniendo en cuenta lo
anteriormente comentado, se han realizado numerosos esfuerzos para la
reduccion del contenido en sal y grasa en el jamén (Jiménez-Colmenero, 2000;
Ruusunen et al, 2005; Aaslyng et al.,, 2014), asi como, para la sustitucién de la
sal comun (NacCl) por otro tipo de sales (KCl, CaCl,, MaCl,, etc.) (Costa-Corredor

et al, 2009). Sin embargo, la reduccién o sustitucidon del NaCl puede producir
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la aparicidon de defectos sensoriales y dar lugar a riesgos microbioldgicos
(Costa-Corredor et al,, 2009; Santos-Garcés, 2012).

La sal y la grasa son dos componentes que desempefian un papel relevante en
la elaboracion del jamén curado. Por una parte, la incorporacidon de sal (NaCl)
en el jamon durante la etapa de salado tiene una funcidén conservante, ya que
permite estabilizar microbiolégicamente el producto gracias al descenso de la
actividad de agua (Matthews et al., 2005; Costa, 2010). ElL NaCl también
contribuye a modificar la textura del producto gracias a su efecto sobre el
aumento de la solubilidad de las proteinas e inhibicion enzimatica (Bello,
2008). Asimismo, este componente modifica aspectos organolépticos, como el
sabor, proporcionando el gusto a salado caracteristico de los productos

carnicos curados (Costa, 2010).

Por otra parte, la grasa del jamén curado, que se presenta como grasa
subcutanea (depositada bajo la piel del animal), intermuscular (entre los
musculos) e intramuscular (infiltrada en los musculos), influye en la penetracion
de NaCl y otras sales curantes en la etapa de salado (Cierach et al, 2011) y
afecta a la pérdida de agua durante el proceso de salado, secado/maduracién y
envejecimiento (Garcia-Gil et al, 2012; Candek-Potokar et al, 2012). De la
misma manera, la grasa afecta a las caracteristicas texturales, ya que su
composicién y estructura determinan su estado (ratio grasa solida/liquida) y
por lo tanto, la apariencia y dureza del producto (Corona, 2013). Asimismo, la
grasa es un componente fundamental en el desarrollo de aromas y sabores
(Larrea, 2003), a través de procesos de degradacién que comienzan con la
lipolisis y contindan con la oxidacidén. En la lipdlisis, diferentes procesos
enzimaticos actuan sobre los lipidos dando lugar a la liberacién de &cidos
grasos, y en la oxidacion, dichos acidos grasos sufren una serie de reacciones
oxidativas que daran lugar a compuestos con sabor y aroma (Gilles, 2009). Por
tanto, la sal y la grasa son dos componentes de gran importancia, tanto a nivel
tecnoldgico en la elaboracion del jamén curado, como a nivel sensorial en la

calidad final del mismo.
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No obstante, uno de los principales problemas en la elaboracion del jamoén
curado es la elevada variabilidad en el contenido en sal y grasa en el producto
final, tanto entre lotes como entre jamones de un mismo lote. En el caso del
contenido en grasa, esta variabilidad es consecuencia de las caracteristicas de
la materia prima utilizada, es decir, de la edad, sexo, raza y sistema de
alimentacion y crianza del animal (Zumalacarregui, 1997; Ventanas, 2001;
Nifoles, 2007) (Figura 1.2). Pese a que los jamones frescos se pueden clasificar
previamente a la entrada del proceso segun esos criterios (edad, raza y sistema
de alimentacion y crianza del animal), las piezas no presentan el mismo
contenido en grasa dentro de un lote de jamones. Esto conlleva que los
fendmenos de transferencia de materia durante el salado (ganancia de sal y
pérdida de agua) y en las fases de secado-maduracién y envejecimiento
(pérdida de agua) difieran en cada pieza. Por ello, disponer de técnicas de
caracterizacion que permitan obtener lotes de jamones frescos con contenido
en grasa homogéneo es interesante para la industria carnica, ya que permitiria
un comportamiento mas uniforme de las piezas durante las distintas etapas y,
por tanto, optimizaria el proceso de elaboracién. Asimismo, obtener lotes de
jamones frescos con contenido en grasa uniforme resulta relevante para la
fabricacién de jamon cocido, debido a que el contenido en grasa afecta a la
adherencia entre partes magras de la pieza entera y a la aceptabilidad por

parte del consumidor.

En el caso de la sal, la variabilidad es consecuencia del comportamiento no
uniforme de los jamones durante el proceso de salado. Esto se debe a la
heterogeneidad de la materia prima utilizada, en cuanto a peso, conformacién,
composicion y estructura del jamon fresco, asi como a los pretratamientos que
se pueden llevar a cabo sobre las piezas (congelacién-descongelacién, grado
de perfilado de la corteza, etc.) (Gou et al, 2004; Ramirez et al,, 2007; Castro-
Giraldez et al,, 2010; Candek-Potokar et al.,, 2012; Reig et al.,, 2013) (Figura 1.2).
Por otro lado, la variabilidad en el contenido final en sal puede ser también

debida al propio proceso de salado, en cuanto a condiciones de procesado no
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homogéneas (temperatura y humedad relativa), uso de un mismo tiempo de
salado para todos los jamones (independientemente de sus caracteristicas),
tamafio de los cristales de sal, grado de humedad de la sal, formacién de
salmuera entre la superficie del jamon y la sal, posicion del jamon en las pilas
de sal, etc. (Barat et al, 2004; Van Nguyen et al,, 2010; Albarracin et al, 2011)
(Figura 1.2). Todo ello conlleva que los fendmenos de transferencia de materia
durante el salado (ganancia de sal y pérdida de agua) difieran en cada jamén,
lo que a su vez afecta al comportamiento individual de cada pieza en las
siguientes etapas del proceso, dando lugar a caracteristicas nutricionales y
organolépticas muy variables en el lote final. Hasta el momento, los esfuerzos
han ido encaminados a predecir el contenido en sal en las piezas tras el salado,
con el propdsito de clasificarlas en diferentes lotes de contenido en sal y
asignar a cada lote las condiciones mas adecuadas en las etapas posteriores
(Manzocco et al, 2013; Fulladosa et al, 2015). Sin embargo, la determinacién
del contenido en sal en el producto tras el salado no permite eliminar la
existencia de jamones defectuosos (con alto o bajo contenido en sal), ya que
no es posible modificar la ganancia de sal que ha alcanzado el producto. Por
ello, el poder monitorizar la ganancia de sal en el jamon durante su salado, con
el propdsito de finalizar esta etapa cuando se haya alcanzado el contenido en

sal establecido para cada pieza, seria de gran interés para la industria carnica.
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VARIABILIDAD DEL CONTENIDO
EN GRASA

MATERIA PRIMA
-RAZA
-SEXO
-EDAD
-SISTEMA ALIMENTACION Y CRIANZA

VARIABILIDAD DEL CONTENIDO

MATERIA PRIMA EN SAL

-PESO

-CONFORMACION

-ESTRUCTURA

-COMPOSICION

-PRETRATAMIENTOS (CONGELACION-DESCONGELACION
GRADO DE PERFILADO DE LA CORTERZA, ETC))

ETAPA DE SALADO
-CONDICIONES DE PROCESADO (TEMPERATURA Y HR)
-TIEMPO DE SALADO FIJO
-TAMARNO DE LOS CRISTALES DE SAL
-GRADO DE HUMEDAD DE LA SAL
-FORMACION DE SALMUERA
_POSICION DEL JAMON EN LAS PILAS

Figura 1.2 Factores que influyen sobre la variabilidad del contenido en sal y grasa en

el jamon curado.

Por tanto, teniendo en cuenta la elevada variabilidad del contenido en grasa y
sal en el jamoén curado, y que ademas, estos dos componentes (sal y grasa)
estdn presentes en elevadas concentraciones y desempefian funciones
relevantes en el mismo, el objetivo de las empresas productoras es caracterizar
el jamon curado en cuanto a su contenido en sal y grasa, para conseguir, de
esta manera, productos con calidad final homogénea que satisfagan los

requerimientos de los consumidores.

1.2 METODOS DE CARACTERIZACION DE LOS PRODUCTOS CARNICOS:
DETERMINACION DEL CONTENIDO EN SAL Y GRASA

Para determinar el contenido en sal y grasa en productos carnicos existen

diferentes técnicas destructivas de analisis. Sin embargo, actualmente también
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han aparecido nuevas técnicas no destructivas que intentan sustituir a las

anteriores. A continuacion se describen cada una de ellas.
1.2.1 TECNICAS DESTRUCTIVAS DE ANALISIS

Tradicionalmente se han empleado métodos sensoriales, quimicos y fisico-
guimicos para determinar el contenido en sal y grasa en productos carnicos.
Los métodos sensoriales estan basados en la evaluacidn del producto por
parte de un panel de catadores debidamente seleccionados y entrenados.
Dentro de los métodos quimicos y fisico-quimicos, destacan los métodos
oficiales de analisis. En este sentido, los métodos para determinar el contenido
en sal en carne son: método Volhard (ISO 1841-1-1996), método
potenciométrico (ISO, 1841-2-1996; NMKL 178, 2004) y método volumétrico
(AOAC 935.47-1987). En el caso de la grasa, se emplea el método gravimétrico
para la determinacién de grasa total (ISO 1443-1973; NMKL 131, 1989) y de
grasa libre (ISO 1444-1996) y los métodos de extraccién con solvente (AOAC
985.15-1991; AOAC 991.36-1996) para la determinacion de grasa cruda en
productos carnicos. Asimismo, la cromatografia de gases se utiliza para
determinar la composicidon en acidos grasos de la grasa y la calorimetria
diferencial de barrido (DSC) para estudiar las transiciones de fase

(cristalizacion, fusion, transicidn vitrea, etc.).

No obstante, estas técnicas de analisis son destructivas, lentas, laboriosas y
presentan un alto coste. Todo ello implica que su utilizacion como técnicas de
control en las lineas de produccion no sea viable. Por ello, la industria carnica
estd interesada en remplazar estos métodos de analisis por técnicas que sean
rapidas, fiables, precisas, que no afecten a la integridad del producto (no
destructivas ni invasivas). De esta manera, seria posible su utilizacion en las
lineas de produccion y en el analisis de todas las piezas de un lote. Todo ello,
permitiria obtener lotes con un contenido en grasa y sal homogéneo,
permitiendo optimizar los procesos productivos, y por tanto, mejorando la

calidad final del producto.
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1.2.2 NUEVAS TECNICAS NO DESTRUCTIVAS

Las nuevas tecnologias no destructivas empleadas para la caracterizacion de
productos carnicos siguen, en la mayoria de los casos, en fase de investigacion,
y hasta el momento, se basan en el uso de equipos de alto nivel tecnolégico
capaces de determinar de forma rapida una o varias caracteristicas de los
alimentos. Como ejemplo de estas técnicas cabria citar: la Resonancia
Magnética Nuclear (RMN), la Resonancia Magnética de Imagen (RMI), la
Espectroscopia de Infrarrojo Cercano (NIR), los Rayos X y los Ultrasonidos de
Sefal (US). Estas tecnologias estan basadas en las relaciones obtenidas entre
los pardmetros propios de la técnica y las caracteristicas fisico-quimicas del
alimento. En el presente apartado se detallan las aplicaciones mas recientes de
estas tecnologias en productos carnicos. Dado que en la presente Tesis
Doctoral se utilizaron los US como técnica de caracterizacion de los productos
carnicos, esta tecnologia se describira con mayor profundidad en los apartados
13y14

RESONANCIA MAGNETICA NUCLEAR (RMN) Y RESONANCIA MAGNETICA DE
IMAGEN (RMI)

La Resonancia Magnética Nuclear (RMN) se basa en el hecho de que la mayoria
de los nucleos atomicos absorben energia en el rango de radiofrecuencias del
espectro electromagnético (Damez et al, 2013). Esta técnica puede utilizarse
para estudiar ndcleos atémicos con un nimero impar de protones o neutrones,
como ocurre en los dtomos 'H, °C, *°F y *'P. El mas utilizado es el *H debido a
que esta presente en la mayoria de compuestos. La técnica se basa en que los
'H en diferentes moléculas exhiben diferentes frecuencias de absorcién. Esto
da lugar a que cada molécula tiene un patrén caracteristico en el espectro de
RMN lo que proporciona informacién sobre el tipo de molécula (Vazquez,
2015). La Resonancia Magnética de Imagen (RMI) es una aplicacibn mas
compleja de RMN y proporciona una imagen de la estructura interna del

alimento. Esta tecnologia se basa en que cuando el nicleo 'H se somete a un
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campo magnético intenso se excita y cuando cesa el pulso de radiacién sobre
el nucleo éste retorna a su estado inicial emitiendo ondas de radiofrecuencia.
La intensidad de esas ondas emitidas disminuye con el tiempo a medida que
los nucleos vuelven a su posicidn inicial y se relajan. El proceso de relajacién
dura un tiempo que es caracteristico para cada tejido. Convirtiendo el valor de
tiempo de relajacion en tonalidades de grises, se obtiene la imagen de los

diferentes tejidos.

Estas técnicas han permitido la caracterizacién de la carne, en cuanto a su
contenido en grasa, agua y sal. Asi, Davenel et al. (2012) estimaron el
contenido en grasa en carne de cerdo; y Maria et al. (2010) y Siciliano et al.
(2013) determinaron la composicidn de acidos grasos en carne de vacuno y de
cerdo, respectivamente. La RMN y RMI también se han utilizado para describir
la difusion y distribucidn de agua y sal en carne de cerdo durante su salado en
salmuera (Vestergaard et al, 2005b). Otra aplicacidon importante de esta
tecnologia se basa en diferenciar productos carnicos de animales con distinto
régimen de alimentacién. Asi, Pérez-Palacios et al. (2010 y 2011) diferenciaron
jamones frescos y curados provenientes de cerdos Ibéricos con distintos
sistemas de alimentacion (montanera y montanera pero cebados con
concentrado alto oleico). Hasta el momento, la aplicacién de la RMN y RMI en
la industria alimentaria, esta limitada por el alto coste del equipo, la necesidad
de importantes medidas de seguridad, la dificultad de adaptacion de la
tecnologia a las lineas de produccion y la exigencia de operarios con elevada
cualificacidn. Asimismo, en el caso de la RMN se requieren tamafios de muestra

pequenos.

ESPECTROSCOPIA DE INFRARROJOS CERCANO (NIR)

Esta técnica se basa en la absorcion de energia por parte de un alimento como
consecuencia de la vibracion de sus moléculas cuando interaccionan con
radiacion electromagnética con una longitud de onda entre 780 y 2500nm. El

valor de absorbancia de una muestra que contenga una sustancia con
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capacidad de absorber radiacién NIR, es directamente proporcional a la
concentracion de la sustancia que absorbe esta radiacion. De esta forma, los
valores de absorbancia obtenidos en una muestra se pueden relacionar con la
concentracion del compuesto existente, siempre que éste absorba radiacion
NIR. La NIR ha sido util en la prediccion del contenido en grasa y su
composicidon en acidos grasos en carne de vacuno (Wold et al, 2011), de
cordero (Pullanagari et al,, 2015) y de cerdo (Barlocco et al,, 2006; Prevolnik et
al, 2011; Gou et al, 2013). La NIR también se ha utilizado para estimar el
contenido en agua y sal en salchichas de cerdo fermentadas (Collell et al,
2010), en Biceps Femoris de jamones curados (Prevolnik et al, 2011) y en
lonchas de jamon curado envasadas a vacio (Gou et al, 2013). Los mismos
componentes se han determinado durante el proceso de secado de jamdn
(Collell et al, 2011) y de salchichas (Collell et al, 2012). Otros parametros
tecnoldgicos (color, pH, capacidad de retencién de agua, actividad de agua,
etc.) y atributos sensoriales (textura, olor, sabor, jugosidad, terneza, etc.) en una
amplia variedad de productos carnicos, también han sido predichos con esta
tecnologia (Prieto et al.,, 2009). Sin embargo, la tecnologia NIR tiene una serie
de inconvenientes como son: la alta inversion inicial para la adquisicion del
equipo y su compleja calibracion, ast como, su limitada capacidad de
penetracion, lo que permite solamente un analisis superficial de la muestra

analizada.
RAYOS X

Las aplicaciones de Rayos X se basan en la diferente atenuacion de los Rayos X
(radiaciéon electromagnética con una longitud de onda de 0.01-10nm) que
producen tejidos de diferentes densidades, permitiendo de esta manera
diferenciar estructuras bioldgicas. Varias tecnologias de Rayos X se basan en
este principio: radiografia de Rayos X, inspectores de Rayos X, absorciometria
de Rayos X de doble energia (DEXA o DXA), tomografia computerizada (CT) y
tomografia microcomputerizada. Inicialmente estas tecnologias fueron

empleadas para la diagnosis médica, sin embargo, su aplicacion se ha
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extendido en los ultimos afios en la tecnologia alimentaria. Asi, las tecnologias
de Rayos X se han utilizado para determinar la composicion (grasa y magro) de
animales vivos, canales y piezas de carne fresca en vacuno (Brienne et al., 2001;
Frisullo et al,, 2010), cordero (Hunter et al, 2011) y cerdo (Brienne et al., 2001,
Marcoux et al, 2003; Vester-Christensen et al,, 2009; Picouet et al,, 2010). En
este sentido, se han desarrollado equipos de Rayos X para medir online la
relacion grasa/magro en recortes de carne de vacuno y cerdo (Damez et al,
2013). Asimismo, los Rayos X han demostrado ser una herramienta util para
estimar el contenido en agua y sal en el musculo Longissimus dorsi de cerdo
(Vestergaard et al,, 2004) y en jamones curados en las etapas iniciales de su
procesado (Fulladosa et al, 2010) y en la etapa de secado (Santos-Garcés et al.,
2010). Numerosos estudios de Rayos-X han profundizado en el estudio del
proceso de salado en productos carnicos. Asi, la difusion de la sal en el
musculo Semimembranosus de cerdo (Picouet et al,, 2013) y su distribucion en
jamones curados durante su salado (Vestergaard et al, 2005a; Haseth et al,
2012) también ha sido investigada con Rayos X. Ademas, recientemente,
Fulladosa et al. (2015) evaluaron la capacidad de esta tecnologia para
monitorizar la ganancia de sal durante el salado en jamones curados. Como las
tecnologias anteriormente mencionadas, los Rayos X presentan algunas
desventajas como son la necesidad de la calibracion del equipo para cada
componente (grasa, sal,...) y matriz carnica a analizar, una inversion inicial
elevada y las medidas de seguridad necesarias para evitar riesgos para la salud

de los operarios.

OTRAS TECNOLOGIAS

También se han utilizado otras tecnologias no invasivas, tales como imagen
hiperespectral para predecir el contenido en humedad de la carne de cerdo
durante su salado (Liu et al,, 2014), imagen por fluorescencia para estudiar la
distribucion de la grasa en carne de pollo o la imagen térmica para monitorizar

el grado de coccién deseado del pollo (Chen et al,, 2013).
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Todas las técnicas no destructivas anteriormente comentadas (RMN, RMI, NIR,
Rayos-X, etc.) se han aplicado a nivel de laboratorio. En algunos casos, como la
tecnologia de Rayos-X, su aplicacidn a nivel industrial ya existe, sin embargo,
se centra en sistemas online de analisis de canales en mataderos. Por ello, en
base a las demandas del sector, se deberia trabajar en el desarrollo de equipos
que permitan la caracterizacién de productos carnicos y la monitorizacion
online de sus procesos a nivel industrial. Ademas, estas técnicas deben de ser
eficientes, simples de utilizar, faciles de adaptar a las lineas de produccién y

tener un bajo consumo energético.
1.3 ULTRASONIDOS

El uso de ultrasonidos como técnica de caracterizacion presenta una serie de
ventajas respecto al empleo de otras nuevas tecnologias no destructivas, como
son: la facilidad de implementacién en entornos industriales, el bajo consumo
de energia, el bajo coste del equipamiento, la nula peligrosidad y no requerir
operarios con alto grado de formacién. Las aplicaciones de ultrasonidos se han
extendido en el campo de la medicina (ecografias), asi como, en la industria
guimica, cosmética, textil y petroquimica (Turantas et al, 2015). En el campo de
la industria alimentaria, la aplicacion de esta tecnologia ha llegado con
posterioridad, sin embargo, ha suscitado un gran interés por sus multiples
aplicaciones en la mejora de la calidad y seguridad de los alimentos (Awad et
al, 2012).

1.3.1 GENERALIDADES

Los ultrasonidos son ondas elasticas con frecuencias que exceden el limite
audible por el ser humano (=20kHz). Al igual que cualquier onda elastica,
necesitan un medio sélido, liquido o gaseoso para propagarse. El medio por el
cual viajan ha de poseer masa y elasticidad, lo que implica que estas ondas no
pueden viajar a través del vacio (Pascual et al., 1997). La fuente de produccion
de los ultrasonidos suele ser un cuerpo vibrante. El movimiento de dicho

cuerpo genera una vibracidon que se comunica a las moléculas del medio, que a
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su vez transmiten el movimiento a las moléculas adyacentes, y retornan a su
posicién original (Ortuiio, 2014). Las ondas acusticas estan definidas por su
frecuencia (Hz), velocidad (m s, longitud de onda (m), presiéon (N m™),
intensidad (W m™) y potencia (W) acustica, densidad de energia (J m3) y

atenuacion (neper m™).
Las ondas acusticas pueden clasificarse en base a diferentes criterios:

En funcion de la frecuencia, las ondas acusticas se pueden dividir en cinco
grupos: infrasonidos (frecuencia <20Hz), espectro audible (20Hz-18kHz),
ultrasonidos de alta intensidad (20-100kHz), de baja intensidad (100kHz-1MHz)
y de diagnostico (>1MHz). Otra clasificacion viene dada por la direccion de
desplazamiento de las particulas del medio respecto a la direccion de
propagacién de la onda. Asi, se pueden distinguir tres tipos, ondas
longitudinales, transversales y de superficie o de Rayleigh. Las ondas
longitudinales son aquellas en las que las particulas se mueven en la direccién
de desplazamiento de la onda. En cambio, en las ondas transversales las
particulas se mueven perpendicularmente al movimiento de la onda. Y, por
ultimo, las ondas de superficie, son ondas transversales que se propagan

solamente en la superficie de cuerpos elasticos (Mulet et al,, 1999).

En el caso de los ultrasonidos, estos también se pueden clasificar en funcién de
su aplicacién. Por un lado, los ultrasonidos de potencia o alta intensidad,
con frecuencias entre 20kHz y 100kHz e intensidades por encima de 1W cm?,
se caracterizan por su baja frecuencia y son empleados para mejorar etapas del
procesado, fundamentalmente mejoran procesos de transferencia de materia.
Asi, se han utilizado para mejorar procesos de extraccién de compuestos
naturales (Ahmad-Qasem et al, 2013) o para facilitar los fendmenos de
transporte en el secado de productos carnicos (Ozuna et al, 2014) o vegetales
(Santacatalina et al., 2014). Actualmente, se ha extendido su uso como método

de inactivacion de microorganismos (Ortufio et al.,, 2014) y para la inhibicion de
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la actividad enzimatica (Povey et al., 1998). Asimismo, se han utilizado para

mejorar la estabilidad de emulsiones (Ramisetty et al.,, 2015).

Por otro lado, los ultrasonidos de seial o baja intensidad, que presentan
frecuencias desde 100kHz hasta IMHz y menores intensidades (<1W cm™), se
han empleado para caracterizar diversos parametros fisico-quimicos de los
medios donde se propagan, sin provocar cambios en los mismos (Mulet et al,
1999; Scanlon, 2004). En el apartado 1.3.5 y 1.4 se hace una revisidn detallada

de la aplicacidon de los ultrasonidos de sefial en la industria alimentaria.
1.3.2 ULTRASONIDOS DE SENAL O DE BAJA INTENSIDAD

Los ultrasonidos de sefial (US) se caracterizan por ser una técnica de analisis
que permite obtener informacidn del medio donde se propagan,
fundamentalmente a partir de cuatro parametros: la velocidad, la atenuacién, la
impedancia acustica y el espectro de frecuencias (McClements, 1995; Nifoles,
2007; Awad et al, 2012). Estos pardmetros estadn relacionados con las
propiedades fisico-quimicas del medio, y por tanto, pueden proporcionar

informacion de la composicion, la estructura y el estado fisico del mismo.

La velocidad (V) a la que viaja una onda ultrasénica a través de un material es
constante para un medio homogéneo y depende Unicamente de sus
propiedades fisicas, en particular del médulo de deformacién o médulo de
Young (E) y de la densidad (p) (Ec. 1.1) (Mulet et al.,, 1999). Dado que el mddulo
de Young y la densidad de un material dependen de su estructura,
composicion y estado fisico, las medidas de velocidad ultrasdnica pueden

proporcionar informacién sobre esas propiedades (McClements, 1995).

V= |- (Ec. 1.1)
\p

La velocidad ultrasénica (V) de un material se puede determinar a partir del

producto entre la longitud de onda (A) y la frecuencia (f) (Ec. 1.2) o a partir del
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cociente entre la distancia recorrida (e) y el tiempo que necesita la onda en
recorrerla (Tv) (Ec. 1.3) (Toozandehjani et al., 2015).

V = \f (Ec.1.2)
v= & (Ec. 1.3)
Tv

El coeficiente de atenuacién (a) se define como la pérdida de energia
(amplitud de la onda) que sufre una onda, por unidad de distancia recorrida en
el medio que atraviesa. Esta pérdida de energia puede ser debida a la
conversion de la onda en calor (absorcidon) o a la dispersién o difraccion de la
misma (Toozandehjani et al, 2015). La atenuacion de las ondas ultrasonicas es
caracteristica del material y proporciona informacién sobre sus propiedades
fisicas (Mulet et al, 1999). Su estimacidén puede llevarse a cabo a partir de la

ecuacion 1.4.

o= 1ln(A1j (Ec. 1.4)
e (A2

Donde A; y A; son las amplitudes de la sefial antes y después de atravesar el

espesor de la muestra, respectivamente y e es la distancia recorrida.

La impedancia acustica (z) es un parametro caracteristico de cada material y
determina la fraccion de la onda ultrasénica que es reflejada por la superficie
del material sobre el que incide. La impedancia acustica de un determinado
medio depende de sus propiedades fisicas, siendo el producto de su densidad
por la velocidad de propagacion del sonido en el mismo (Kuttruff, 1991).
Cuando una onda ultrasonica, que viaja por un medio, incide sobre un segundo
medio, la proporcién de energia reflejada depende de las impedancias
acusticas de los dos materiales, como se expresa en la Ec. 1.5. La reflexién sera
pequeia cuando las impedancias acusticas de los dos materiales sean similares

y serd mayor cuando sean diferentes (Pascual et al., 1997; Awad et al., 2012).
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AT 71-22
At z1+2z2

R (Ec. 1.5)
Donde, R es el cociente entre la amplitud de la onda reflejada (Ar) y la

incidente (Ay). Y z1 y z; son las impedancias acusticas de los materiales 1y 2.

Cuando los transductores de ultrasonidos son excitados mediante un pulso
eléctrico, emiten una onda con una composicién en frecuencias especifica para
cada transductor. La distribucién de energia para cada frecuencia es lo que se
denomina el espectro de frecuencias y se obtiene a partir de la sefal
temporal, aplicando la transformada de Fourier. Cuando una onda de
ultrasonidos atraviesa un material, éste modifica de forma caracteristica la
amplitud de cada frecuencia del espectro, por tanto, el estudio del espectro de
frecuencias de la onda antes y después de atravesar la muestra, aporta

informacién sobre sus propiedades (Corona, 2013).
1.3.3 VENTAJAS E INCONVENIENTES DE LOS ULTRASONIDOS DE SENAL

Los ultrasonidos de seflal presentan mdltiples ventajas. Asi, los US son una
técnica rapida, versatil, precisa, no invasiva y no destructiva. Comparado con
otras técnicas no destructivas, la adquisicion de un equipo de US es una
inversion inicial relativamente baja. Asimismo, los costes de operacidon son
reducidos debido a que la preparacion de la muestra es rapida y sencilla y se
realiza con poca manipulacién. Ademas, su aplicacion tampoco genera ningln
residuo. Asimismo, permite estimar parametros quimicos (composicion, acidez,
etc.) y fisicos (textura, densidad, viscosidad, temperatura, etc.) en diferentes
medios, incluso en los dpticamente opacos. Otra ventaja de los US, es que su
portabilidad y facil adaptacién a las lineas de produccion permite que esta
tecnologia sea util para la monitorizacién online de procesos industriales. Al
contrario que otras técnicas de analisis no destructivo que sélo analizan la
superficie (p.e. NIR), los US permiten estudiar el interior de los productos

evaluados.
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Sin embargo, los US también presentan una serie de inconvenientes. Las
medidas son dependientes de la temperatura, por lo que es necesario su
control. Ademas, la presencia de gas entre la muestra y el transductor puede
atenuar la sefial ultrasénica, evitando su propagacion a través de la misma.
Esto implica, en muchos casos, el uso de un material de acople (agua, aceite,
etc.) entre el transductor y la muestra para eliminar el aire. De forma similar, la
presencia de gas en materiales porosos (como las frutas) atenta la sefal,
dificultando el empleo de esta tecnologia en estos productos. Asimismo, las
medidas proporcionan informacién de una pequefa area, por lo que se
requieren multiples medidas para cubrir toda la superficie de la muestra. Otro
inconveniente, es que la técnica ultrasonica es poco sensible a componentes

minoritarios tales como vitaminas, minerales, etc.
1.3.4 MODOS DE MEDIDA ULTRASONICOS

Las medidas ultrasdnicas pueden llevarse a cabo mediante dos modos: el
modo transmision-recepciéon y el modo pulso-eco (McClements, 1995; Povey et
al,, 1998; Mulet et al,, 1999; Mohammadi et al., 2014).

MODO TRANSMISION-RECEPCION

En este modo, los transductores (emisor y receptor) son colocados sobre las
caras opuestas del material analizado (Figura 1.3). El transductor emisor genera
la onda ultrasonica que atraviesa la muestra y es detectada por el transductor
receptor (Povey et al, 1998). En principio, las medidas ultrasénicas en modo
transmisidn-recepcion son simples de realizar. Sin embargo, hay una serie de
factores que deben ser considerados, como son un buen acople entre
transductor y muestra y una buena alineacion entre los dos transductores, de
forma que las caras de ambos transductores se mantengan paralelas durante la

medida.
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Dispositivo
digitalizador

-

Muestra
Transductor «———» Transductor
emisor e receptor

Figura 1.3 Diagrama de medida ultrasénica en modo transmisidon-recepcién. Donde: e

indica el espesor de la muestra.

MODO PULSO-ECO

El modo pulso-eco se caracteriza porque los transductores se localizan en la
misma cara de la muestra. En este caso, se puede utilizar dos transductores,
uno que funcione como emisor y el otro como receptor; o puede utilizarse un
Unico transductor que actuarad tanto de emisor como de receptor de la sefial
(Awad et al, 2012). En este ultimo caso, el transductor genera la onda
ultrasénica que viaja a través de la muestra, se refleja en la interfase muestra-
medio y retorna atravesando de nuevo la muestra al mismo transductor (Figura
1.4). En este caso, la vibracién del transductor durante la emisién puede
enmascarar la sefial recibida de las reflexiones producidas en el interior del
alimento (p.e. defectos internos) e incluso la reflexidn muestra-medio. Con el
objeto de evitar este problema, se puede utilizar una linea de retardo para
separar la sefal recibida de la emitida (Benedito, 1998). En este modo, la onda
atraviesa en dos ocasiones el espesor (e) de la muestra, lo que da lugar a una

mayor atenuacion de la misma.
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-
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e

Figura 1.4 Diagrama de medida ultrasonica en modo pulso-eco. Donde: e indica el

espesor de la muestra.

1.3.5 APLICACIONES DE LOS ULTRASONIDOS DE SENAL EN TECNOLOGIA
DE ALIMENTOS

El uso de los ultrasonidos de sefal es relativamente reciente en la industria
alimentaria. Sin embargo, cada vez son mas numerosas en este sector sus
aplicaciones, tanto para evaluar las propiedades de un producto, como para
supervisar las variables de un proceso. En la mayoria de los casos, las
aplicaciones se centran en la determinacion de la composicidn, estructura y
estado fisico del alimento o en la deteccion de defectos internos en el mismo.
Asimismo, existen aplicaciones basadas en la monitorizacion online de las
propiedades de los alimentos durante diferentes etapas del procesado. A
continuacion, se describen las aplicaciones mas recientes de los US para

diferentes grupos de alimentos:
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ACEITES Y GRASAS VEGETALES

Los aceites y grasas son productos alimentarios importantes, ya que el tipo y la
proporcién en que se utilicen para la fabricacion de alimentos (margarina,
helados, chocolate, etc.) influyen en sus propiedades reoldgicas (densidad,
viscosidad, temperatura de fusidn, etc.) y organolépticas (sabor, color, etc.)
(Martini et al,, 2006). Por tanto, la caracterizacion de las propiedades fisico-
quimicas de grasas y aceites vegetales es esencial para asegurar la calidad de
sus productos derivados. Por ello, caracteristicas como el contenido, la
densidad, la viscosidad, las transiciones de fase y el polimorfismo de las grasas,
han sido evaluadas con US (Awad et al, 2012). Asi, Sankarappa et al. (2005)
estudiaron la relacion entre la densidad y la medida de la velocidad ultrasénica
en diferentes tipos de aceites comestibles (coco, girasol, cartamo, ricino y
cacahuete). Izbaim et al. (2009) determinaron que las medidas de velocidad
pueden ser un indicador de la calidad del aceite de soja durante la fritura. Para
ello, compararon los valores de los indicadores convencionales de la calidad
del aceite de soja (porcentaje de acidos grasos libres y de compuestos polares)
con las medidas de velocidad. De forma similar, Benedito et al. (2002b)
relacionaron las medidas ultrasonicas (velocidad y atenuacién) y las
propiedades fisico-quimicas (viscosidad y compuestos polares) del aceite de
oliva virgen calentado a 200°C durante diferentes tiempos, para determinar
mediante US la calidad del mismo durante la fritura. Otra de las aplicaciones
mas relevante de los US, es la monitorizacidén de la cristalizacién de la grasa
(Awad, 2004; Gan et al,, 2006; Povey et al, 2009). En este sentido, Awad (2004)
midié la velocidad de los ultrasonidos durante la cristalizacion de emulsiones
de aceite de palma comestible (con y sin aditivo emulsionante hidrofébico)
para monitorizar las transiciones de fase, nucleacion y crecimiento de los
cristales. De forma similar, Povey et al. (2009) utilizaron la velocidad ultrasénica
para medir el ratio de nucleacién y las cinéticas de cristalizacion en emulsiones

de mantequilla de cacahuete durante su cristalizacién.
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PRODUCTOS LACTEOS

Los productos lacteos suelen ser sistemas complejos, que ademas sufren
complejos cambios durante su procesado. En este contexto, los US se han
empleado principalmente en la monitorizacion y control de calidad de los
productos lacteos (leche, queso, yogur, etc), relacionando los pardmetros
ultrasénicos con las variaciones de sus propiedades fisico-quimicas durante el
procesado y almacenamiento (Mohammadi et al., 2014). Asi, Koc et al. (2008)
utilizaron los US para monitorizar el proceso de cuajado de la leche entera, que
posteriormente se utilizaba para la fabricacidén de quesos; y Gan et al. (2006)
monitorizaron el proceso de coagulacion de productos a base de leche (bebida
lactea con sabor a fresa y a platano) mediante medidas ultrasdnicas sin
contacto, concluyendo que dicha técnica podia sustituir a las técnicas
ultrasénicas por contacto. Los ultrasonidos de sefial también se han utilizado
para estimar la composicion de helados (Bahram-Parvar, 2015) y de quesos
frescos y curados (Benedito et al., 2002a; Telis-Romero et al., 2011). Por ultimo,
algunas de las aplicaciones se han enfocado a la deteccion de defectos en
queso (agujeros, grietas etc.) (Benedito et al, 2001b y 2002a; Leemans et al.,
2009) y de cuerpos extrafios (plasticos, cristal, madera, piedras o metal) en

leche y yogur (Chandrapala et al., 2012).

PRODUCTOS PANARIOS

Los US también han sido empleados para evaluar caracteristicas de calidad de
los productos panarios. Asi, Alava et al. (2007) demostraron que los pardmetros
ultrasénicos (velocidad y atenuacién) permiten diferenciar tipos de harina. Por
su parte, Gbmez et al. (2008) y Elfawakhry et al. (2013) mostraron el potencial
de los US para caracterizar las propiedades fisicas (densidad, reoldgicas, etc.)
de masas de bizcocho y masas panarias, respectivamente. Ademas, Elmehdi et
al. (2003) emplearon los US para evaluar la estructura de la miga del pan. La
caracterizacion online del proceso de fermentacién de masas panarias también

se ha abordado mediante el uso de técnicas ultrasonicas (Skaf et al., 2009). Por
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ultimo, los US también han sido utilizados como sensores para detectar el nivel

crujiente de galletas (Chen et al., 2005).

PRODUCTOS VEGETALES

Hay un elevado numero de aplicaciones para evaluar la calidad de productos
vegetales mediante ultrasonidos. Asi, la mayor parte de los estudios se han
centrado en buscar relaciones entre los parametros ultrasénicos (velocidad,
atenuacién e impedancia acustica) y la firmeza/textura/madurez de frutas
como el aguacate, mango, tomate, ciruela, manzana, pera y naranja (Mizrach et
al, 1996; Mizrach, 2000; Mizrach, 2004; Camarena et al, 2006; Mizrach, 2007;
Kim et al, 2009; Morrison et al,, 2014). Los US también se han utilizado para
evaluar cambios bioquimicos en zumos. Asi, los parametros ultrasénicos se han
utilizado para determinar el contenido en diferentes azucares (fructosa,
glucosa, sacarosa...) en zumo de mango (Valente et al, 2013) y el contenido de
azucar y la viscosidad en zumo de naranja reconstituido (Kuo et al., 2008). Por
ultimo, Cheng et al. (1994) utilizaron el espectro de frecuencias para detectar
agujeros en patatas. Sin embargo, hay que tener en cuenta que la mayoria de
productos vegetales tienen grandes coeficientes de atenuacidén debido a la
presencia de aire en los espacios intercelulares. Esto da lugar a una baja
capacidad de penetracidon de las ondas ultrasénicas lo que resulta en un

importante problema para analizar la sefial (Chandrapala, 2015).

PRODUCTOS PESQUEROS

Actualmente, los estudios de la aplicacion de US en productos pesqueros son
escasos, centrdndose en la determinacidon composicional en diferentes tipos de
pescado (salmon, caballa, bacalao, etc.) (Ghaedian et al, 1998, Suvanich et al,
1998, Sigfusson et al., 2001). Asimismo, el potencial de los US para monitorizar
el contenido en hielo en porciones de merluza durante su congelacién,

también ha sido evaluado por Aparicio et al. (2008).
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OTROS PRODUCTOS

Los US han sido utilizados para detectar miel adulterada (Singh et al, 1995,
Chandrapala, 2015) asi como, para evaluar la calidad de huevos de gallina en
diferentes condiciones de almacenamiento (Aboonajmi et al, 2010) o
determinar el contenido en alcohol y azlcar en bebidas alcohdlicas (Krause et
al,, 2011). En bebidas alcohélicas también se ha monitorizado su proceso de
fermentacion mediante medidas ultrasénicas (Resa et al., 2009). Por ultimo, las
medidas ultrasonicas se han aplicado para monitorizar el proceso de

maduracion del tofu (Ting et al,, 2009).

1.4 APLICACION DE ULTRASONIDOS DE SENAL EN PRODUCTOS
CARNICOS

Las aplicaciones de los US en el sector carnico son multiples y variadas. Dado
que la composicidn y estructura son los principales factores que determinan la
calidad de la carne, la mayoria de los estudios se han centrado en estimar estos
dos factores mediante la medida de los parametros ultrasdnicos. No obstante,
también se han desarrollado otras aplicaciones ultrasdnicas para monitorizar
los procesos que sufren los productos carnicos o sus componentes,

principalmente la grasa.

ANIMALES VIVOS, CANALES Y MUSCULOS

Las aplicaciones de los US en la industria carnica comenzaron a desarrollarse
en las granjas y mataderos. Asi, los ultrasonidos se han empleado para predecir
el porcentaje de grasa intramuscular y tejido magro, el espesor de la grasa
dorsal y de los musculos, entre otros aspectos de calidad, en animales vivos,
canales y musculos de cerdo (Newcom et al, 2002; Moérlein et al,, 2005; Koch et
al, 2011a; Koch et al, 2011b; Lakshmanan et al, 2012; Ayuso et al, 2013),
cordero (Ribeiro et al., 2008; Thériault et al., 2009; Emenheiser et al., 2010), vaca
(Miles et al,, 1987; Whittaker et al., 1992; Faulkner et al,, 1990; Pefa et al., 2014;
Emenheiser et al,, 2014, Scholz et al,, 2015), cabrito (Delfa et al.,, 1999) y pollo
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(Kleczek et al., 2009). Concretamente, la aplicacion ultrasdnica para predecir
grasa y magro en canales es la mas extendida en las ultimas décadas. Otra
aplicacion diferente, se baso en la estimacion del peso de la pechuga de pollo
a partir de comparar las medidas ultrasénicas con la forma y tamafio de la
pechuga del animal vivo (Lariviere et al, 2009). De forma similar, Ayuso et al.
(2013) realizaron medidas ultrasénicas en cerdos ibéricos vivos para evaluar el
peso del jamén y la paleta. Como muestra el alto nimero de referencias
bibliograficas, el desarrollo de la tecnologia ultrasénica para la caracterizacion
de parametros de calidad en canales es extenso y ha evolucionado
notablemente con el tiempo, existiendo en la actualidad equipos ultrasénicos
comerciales capaces de clasificar automaticamente las canales para establecer

asi su valor de mercado (Llull, 2001).

CARNE Y GRASA

El avance de la tecnologia ultrasonica en el sector carnico se ha extendido a la
caracterizacion de productos carnicos frescos. En este sentido, los US se han
empleado para caracterizar la composicién de productos carnicos de pollo
(Chanamai et al., 1999). En este estudio, la velocidad ultrasonica se relacioné
con el contenido en grasa y con el contenido en sélidos no grasos de muestras
de pollo con composicién conocida. De forma similar, Miles et al. (1977)
obtuvieron una buena correlacién entre la velocidad ultrasénica y el contenido
en grasa en musculos, tejido adiposo y mezclas carnicas (grasa y magro) de
carne de vacuno, tanto fresca como congelada. Por otra parte, Dwyer et al.
(2001) y Swatland (2001) emplearon los US para detectar cambios de textura en
carne de vacuno en animales viejos y sometidos a estrés, respectivamente.
Ambos autores concluyeron que las medidas ultrasénicas pueden servir como
indicadores de calidad de la carne de vacuno. A pesar de que, como se ha
comentado anteriormente, las técnicas de ultrasonidos se han empleado en la
caracterizacion de productos carnicos de pollo y vacuno; donde se han
desarrollado mas aplicaciones es para la caracterizacidn de productos carnicos

de cerdo. Asi, Benedito et al. (2001a) estimaron la composicién (grasa, agua y
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proteinas+otros) en mezclas carnicas frescas de cerdo (tejido magro y graso)
con medidas de velocidad ultrasénica a dos temperaturas diferentes. De igual
forma, se ha determinado el contenido en grasa y agua a través de la medida
de la velocidad ultrasénica en Biceps femoris fresco de cerdo ibérico (Nifoles
et al,, 2011).

Otra aplicacién relevante de los US en carne de cerdo, consiste en utilizar la
medida de velocidad a diferentes temperaturas para caracterizar y clasificar
grasa subcutanea fresca y musculos Biceps Femoris frescos, segun la raza
(ibérico puro y cruces) y el sistema de alimentacion (bellota o montanera y
cebo con concentrados alto y bajo oleico) de los cerdos ibéricos de los que
proceden (Nifoles et al., 2007; Nifoles et al, 2011). En estos estudios también
se emplearon otras técnicas destructivas (analisis de acidos grasos, Calorimetria
Diferencial de Barrido (DSC) y ensayos de puncion) para caracterizar y clasificar
estos productos. En general, la tecnologia ultrasdnica mostré6 mayor capacidad
que las técnicas destructivas empleadas para diferenciar de manera rapida los
diferentes productos carnicos. Por ello, los US demostraron ser una alternativa
a los métodos convencionales para caracterizar y clasificar productos ibéricos
en funcién de la raza y alimentaciéon. Los US también permiten evaluar el
comportamiento de cristalizacion de la grasa, lo que resulta de gran interés por
la influencia que el estado de la misma tiene sobre la calidad de los productos
carnicos (aroma y textura), en especial en los productos ibéricos. En este
sentido, Corona et al. (2014a) analizaron los patrones de cristalizacién de grasa
ibérica fresca. De estos estudios se desprende que los US también se presentan
como una alternativa a los métodos tradicionales (DSC y textura) para
caracterizar las propiedades de cristalizacién de grasas ibéricas de manera

fiable y no destructiva.

PRODUCTOS CRUDO-CURADQOS

En los productos carnicos de cerdo, el desarrollo de la tecnologia US ha

permitido abordar el estudio de sus productos curados. En este sentido, Simal
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et al. (2003) y Llull et al. (2002) estimaron la composicidn (grasa, agua y
proteinas+otros) y la textura de la sobrasada mediante medidas de velocidad a
diferentes temperaturas. De forma similar, se ha determinado el contenido en
grasa y agua a través de la medida de la velocidad ultrasonica en productos
formulados crudo-curados (Corona et al, 2014b) y en lonchas de jamon curado
ibérico (Corona et al, 2013a). En el dltimo estudio, también se evalud la
viabilidad de esta tecnologia no destructiva para estimar los cambios de
textura que sufren las lonchas de jamdn curado ibérico envasadas a vacio,
como consecuencia de los procesos de conservacidn a baja temperatura y del
tratamiento de altas presiones (Corona et al,, 2013a). Al igual que en el caso de
productos frescos de cerdo, mediante las medidas de US se caracterizd y
clasificd grasa subcutédnea curada y productos formulados crudo-curados
procedente de carnes de cerdo ibérico, segun el origen genético (ibérico puro
y cruces) y sistema de alimentacion (bellota o montanera y cebo con
concentrados alto y bajo oleico) de los animales (Nifoles et al,, 2008; Corona et
al,, 2014b). Igual que en el caso de los productos frescos de cerdo, se concluyd,
que los US se presentan como una alternativa rapida, no destructiva y fiable
para clasificar los diferentes productos curados en funcion del origen genético
y de la alimentacidon de los animales. Por otra parte, los US también permiten
evaluar el comportamiento de fusién de la grasa ibérica curada (Nifoles et al.,
2010). Recientemente, Nowak et al. (2015) compararon propiedades mecanicas
estimadas con medidas de US y determinadas con medidas convencionales
(test compresion) en salchichas curadas, concluyendo que no existian
diferencias significativas entre los dos métodos (US y método convencional)

utilizados.

En los trabajos comentados anteriormente, las medidas ultrasonicas fueron
llevadas a cabo por contacto. Es decir, el transductor y el alimento se
encuentran en contacto directo, siendo necesario en la mayoria de los casos un
material de acople (agua, grasa, etc.) que elimine el aire entre transductor-

muestra, y que permita, por tanto, la transmision de la sefal ultrasénica a
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través de la muestra. Una alternativa frente a las medidas por contacto es la
técnica de ultrasonidos sin contacto (aire-acoplado), donde los transductores
no tocan la muestra. En este campo, Corona et al. (2013b) compar6 el uso de
ultrasonidos con y sin contacto para caracterizar lonchas de jamén curado
envasadas a vacio, obteniendo resultados similares con ambas técnicas. Hasta
el momento, no existen mas aplicaciones de esta técnica en el sector carnico.
Sin embargo, su aplicacién tiene gran interés para reemplazar las técnicas
ultrasdnicas por contacto, ya que se minimiza la posibilidad de contaminacién

cruzada y se aumenta la velocidad de analisis.

MONITORIZACION DE PROCESOS

Una de las aplicaciones ultrasonicas mas prometedoras en la industria carnica
es la monitorizacion online de propiedades fisico-quimicas de alimentos
carnicos durante su procesado. Asi, Sigfusson et al. (2004) monitorizaron el
proceso de congelacion de carne congelada de pollo y vacuno mediante US,
estimando el porcentaje de carne congelada. En productos carnicos de cerdo,
Santacatalina et al. (2011) y Corona et al. (2014a) usaron los US para
monitorizar el proceso de cristalizacion de la manteca de cerdo ibérico y grasa
fresca ibérica durante su almacenamiento a baja temperatura. Como se
desprende del anadlisis bibliografico realizado, las aplicaciones para la
monitorizacion de procesos carnicos mediante ultrasonidos es aun escasa, por
lo que resulta de gran interés el desarrollo de la tecnologia en este campo,
fundamentalmente en la monitorizacion de etapas complejas del procesado de

productos carnicos curados, como es el caso del salado y curado del jamén.
1.5 JUSTIFICACION E INTERES DEL TRABAJO

Tal y como se ha comentado, el jamén curado es un producto carnico muy
apreciado por los consumidores. Sin embargo, los parametros de calidad de los
jamones de un mismo lote presentan una elevada variabilidad debido a la
heterogeneidad de la materia prima y a los multiples factores que afectan al

procesado. Entre los parametros de calidad que difieren en el producto

31



INTRODUCCION

acabado destacan el contenido en grasa y sal. Estos dos componentes
desempefian funciones importantes en el jamoén, y ademas, estan presentes en
elevadas concentraciones en el mismo, lo que tiene implicaciones para la salud
de los consumidores, especialmente en la poblacién hipertensa o con
enfermedades cardiovasculares. Asi, las empresas productoras de jamoén estan
interesadas tanto en caracterizar de forma no destructiva el contenido en sal y
grasa del jamon, con el objetivo de obtener productos con calidad homogénea,
como en reducir el contenido en estos componentes para satisfacer los
requerimientos actuales de la poblacién, pero sin afectar a la calidad del

producto final.

Las metodologias tradicionalmente empleadas para determinar el contenido en
sal y grasa en los productos carnicos son destructivas, lentas, laboriosas y
presentan un alto coste en la adquisiciéon de reactivos. Asimismo, se han
desarrollado nuevas técnicas no-destructivas (Rayos-X, RMI, RMN, etc.) para la
caracterizacion de alimentos, pero su uso presenta una serie de inconvenientes
como son: el alto coste del equipo, elevadas medidas de seguridad, necesidad
de operarios con elevada cualificacion, etc. Todo ello implica que, actualmente,
su utilizacidn no sea viable como técnicas de control en las lineas de

produccion.

Una alternativa a estas técnicas no destructivas, son los ultrasonidos de sefal
gue se caracterizan por ser una técnica rapida, versatil, fiable y econémica, y
cuya portabilidad y adaptacion a las lineas de produccion la habilita para
monitorizar procesos alimentarios. Como se ha mostrado en la revisidon
bibliografica, los ultrasonidos de sefal presentan un gran interés para la
industria alimentaria como consecuencia de su potencial para determinar de
manera no destructiva la composicién y textura de una amplia variedad de
alimentos (productos lacteos, vegetales, panarios, etc.). Su uso como técnica de
analisis no destructiva esta basado en la relacidn existente entre los parametros
ultrasonicos (velocidad, atenuacién y espectro de frecuencias) y las

propiedades fisico-quimicas del alimento. En productos carnicos, se puede
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encontrar un ndmero importe de estudios de investigacién que emplean los
ultrasonidos como técnica de analisis no destructivo, lo que se explica por la
importancia econémica de la carne y sus productos derivados. Ademas en los
ultimos afnos se ha profundizado en el desarrollo de la aplicacidn ultrasonica
en productos carnicos curados, lo cual ha permitido avanzar en la
caracterizacion composicional y estructural, asi como en la clasificacion de
estos productos. Sin embargo, no existe en la bibliografia trabajos que aborden
la caracterizacion del jamén curado en cuanto a contenido en sal y grasa
durante su procesado mediante ultrasonidos de sefial. Asi, teniendo en cuenta
lo anteriormente comentado, parece interesante utilizar esta tecnologia no
destructiva para caracterizar el jamoén fresco en cuanto a contenido en grasa.
Esto permitiria obtener lotes de jamones frescos con contenido en grasa
homogéneo, lo que daria lugar a un comportamiento similar de las piezas
durante el proceso de elaboracion. Asimismo, la caracterizacidn del contenido
en sal del jamén tras el salado, permitiria clasificar las piezas saladas en
diferentes niveles de sal, posibilitando un comportamiento mas homogéneo de
las piezas en las siguientes etapas de elaboracion, y por tanto, mejorando la
calidad del producto final. En este sentido, alin mas interesante seria
caracterizar el jamén durante su salado, es decir, monitorizar on-line la
ganancia de sal en el producto, con el objetivo de alcanzar un contenido de sal
previamente establecido en cada pieza. Finalmente, la caracterizacién del
contenido en grasa y sal del producto final, permitiria proporcionar
informacién al consumidor sobre la composicion del jamoén curado que va a

adquirir.

Por tanto, la aplicacidon de los ultrasonidos de sefial para caracterizar el jamén
curado durante diferentes etapas de su elaboracion, permitiria optimizar el
proceso, y por tanto, obtener jamones curados con parametros de calidad mas
homogéneos. Asimismo, permitiria reducir el contenido en sal en este

producto y proporcionar informacién al consumidor de su composicion final.
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2. OBJETIVOS

El desarrollo de nuevas tecnologias fiables, rapidas y no destructivas, que
permitan la caracterizacién del jamén curado durante su procesado, tiene un
gran interés para la industria carnica. La aplicacion de estas tecnologias
permitiria obtener lotes de productos curados con caracteristicas mas
homogéneas. En este contexto, el objetivo principal de esta Tesis doctoral
consistid en evaluar la viabilidad del uso de los ultrasonidos de sefal para
estimar diferentes parametros composicionales del jamén  curado,
fundamentalmente su contenido en sal y grasa, durante diferentes etapas de su
procesado. Para alcanzar este objetivo general se establecieron los siguientes

objetivos parciales:

-Predecir el contenido graso en jamones frescos, y asi caracterizar la
materia prima del proceso, a partir de la velocidad ultrasénica.
Determinar la viabilidad de la tecnologia ultrasonica para clasificar los

jamones en diferentes categorias en funcién de su contenido en grasa.

-Determinar el efecto del contenido en sal y agua en muestras carnicas
formuladas (Biceps femoris) con composicidon predefinida, sobre la

medida de la velocidad ultrasonica.

-Analizar la capacidad de los ultrasonidos de sefial, en modo
transmisién-recepcion, para estimar el contenido en sal en carne de
cerdo (musculos Biceps femoris y Longissimus dors) salada en

salmuera.

-Evaluar la viabilidad del uso de los ultrasonidos de sefial, en modo
transmisién-recepcion, para monitorizar online el proceso de salado en
seco de Biceps femorisy Longissimus dorsi Analizar la aplicabilidad de
modelos matematicos, basados en la velocidad ultrasonica, para

predecir el contenido en sal en musculos y jamones enteros.
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-Determinar si los ultrasonidos, en modo pulso-eco, pueden ser
empleados para monitorizar online el salado en seco de Longissimus

dorsiy jamones a partir del tiempo de vuelo.

-Desarrollar una metodologia de andlisis de la sefal ultrasonica,
obtenida en modo pulso-eco, que sea adecuada para calcular el tiempo

de vuelo durante el salado en seco de jamones.

-Clasificar Longissimus dorsi y jamones segun la ganancia de sal, a
partir de un modelo basado en el tiempo de vuelo obtenido en las

medidas ultrasénicas en modo pulso-eco.

-Abordar el uso de los ultrasonidos de sefal, para estimar el contenido
en grasa y sal en porciones de jamon curado y asi, clasificarlas segun su

nivel de estos componentes.
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3. METODOLOGIA

3.1 PLAN DE TRABAJO

En base a los objetivos planteados en la presente Tesis Doctoral, se desarrolld
el plan de trabajo general que se muestra en la Figura 3.1. El plan experimental
se estructurd en tres bloques que coinciden con los capitulos en los que ha
sido dividida la seccion de resultados de esta Tesis Doctoral. Los tres capitulos
principales se corresponden con los ensayos de caracterizacion ultrasdnica
llevados a cabo en tres de las fases de procesado del jamén curado: producto

fresco (capitulo 4.1), salado (capitulo 4.2) y curado (capitulo 4.3).

En el procesado del jamén curado, el contenido graso afecta tanto a la
ganancia de sal durante la etapa de salado como a la pérdida de agua durante
la etapa de secado. La correcta clasificacion de los jamones frescos en lotes con
un contenido en grasa homogéneo, permitiria reducir la variabilidad durante el
resto del procesado, y por lo tanto, la heterogeneidad del producto final. En
este contexto, el capitulo 4.1 se centra en la aplicacién de ultrasonidos de
seflal (US) para caracterizar el contenido en grasa en jamones frescos (Figura
3.1). Para ello, se realizaron medidas de velocidad ultrasénica (V) en modo
transmisién-recepcion (MTR) en jamones frescos provenientes de cerdos de
diferentes razas (Large White, Duroc-Large White e Ibérico-Duroc) a 2°C y se
determind el contenido en grasa en todas las piezas de jamoén. En el mismo
capitulo, se desarrolldé un modelo simple basado en la V para clasificar los
jamones en diferentes niveles de contenido graso (articulo publicado en Meat

Science).

La ganancia de sal durante el salado de piezas de jamén de un mismo lote es
variable. Las variaciones del contenido de sal tras el salado pueden dar lugar a
un exceso o deficit en el contenido en sal en los jamones curados. Un exceso
de sal resulta en productos que pueden ser perjudiciales para la salud de la
poblacién hipertensa o con enfermedades cardiacas. Una insuficiente cantidad

de sal puede causar defectos sensoriales, asi como problemas microbiolégicos
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en los jamones. Asi, el capitulo 4.2 de esta Tesis Doctoral engloba la
caracterizacion del contenido en sal, mediante la medicion ultrasdnica antes y
después del salado, de muestras de carne de cerdo con diferente grado de
complejidad estructural (desde cilindros de carne triturada hasta jamones), asi
como la monitorizacién online del salado mediante ultrasonidos (Figura 3.1).
Este capitulo se divide en dos partes, atendiendo al proceso de salado
ensayado: salado en salmuera (apartado 4.2.1) y salado en seco (apartados
422,423y 424). Asi, en el apartado 4.2.1 se utilizaron medidas ultrasdnicas
en MTR para determinar el contenido en sal en cilindros de carne salados en
salmuera (Figura 3.1). Para ello, se realizaron medidas de composiciéon y V en
cilindros de carne de musculos Longissimus dorsi (LD) y Biceps femoris (BF).
Previamente, se prepararon muestras modelo con concentracién de agua y sal
conocidas a partir de BF triturado, con el objetivo de separar y cuantificar el
efecto individual de estos parametros sobre la V. En el caso de los cilindros de
LD y BF, se salaron en salmuera a diferentes tiempos (24, 48, 96 y 168h) a 2°C, y
se midio6 la V antes y después del salado para estudiar la influencia conjunta de
la ganancia de sal y la pérdida de agua en la medida ultrasénica. Ademas, se
desarrolld un modelo matematico para estimar el contenido en sal en las
muestras carnicas de cerdo a partir de la variacién de velocidad (AV), calculada
como la diferencia de V antes y después del proceso de salado (articulo

publicado en Journal of Food Engineering).

En los apartados 4.2.2, 4.2.3 y 4.2.4 se estudio la aplicacion de ultrasonidos
para la monitorizacién del proceso de salado en seco y para la predicciéon del

contenido en sal en musculos LD y BF y jamones salados. Para ello, se utilizaron

dos modos ultrasonicos diferentes (Figura 3.1), con el MTR (apartado 4.2.2) se
midi6 online la V cada 5 minutos en una zona de los musculos LD y BF durante
su salado a diferentes tiempos (6, 12, 24, 36 y 48h) y 2°C, para monitorizar el
proceso de salado en seco. Asimismo, el MTR se utilizd para medir la V antes y
después del salado de jamones Large White a diferentes tiempos (2, 4, 7, 11y

16 dias). En todos los productos frescos y salados se determind
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experimentalmente el contenido en sal y agua. Ademas, se obtuvieron modelos
simples que relacionaron el parametro ultrasénico AV con el contenido en sal,
con el propodsito de predecir la ganancia de sal en los musculos LD y BF y

jamones durante su salado en seco (articulo publicado en Food Control).

Por otro lado, para facilitar la aplicacion industrial de la tecnologia ultrasoénica,

se empled el modo pulso-eco (MPE) (apartados 4.2.3 y 4.2.4) para monitorizar
online el proceso de salado en seco de musculos LD y jamones y para predecir
la ganancia de sal en estos productos. Para ello, se midi6 el tiempo de vuelo
(Tv) cada 5 minutos en jamdn entero Large White (durante 4, 7, 11 y 16 dias)
mientras las muestras eran saladas (apartado 4.2.3). Se utilizaron tres métodos
diferentes para calcular el Tv a partir de la sefial (método del umbral de
energia, método de la correlacion cruzada y método del espectro de fase),
seleccionandose el que permitia un calculo mas preciso del Tv (correlacidn
cruzada) (apartado 4.2.3). Asimismo, se midi6 el Tv cada hora en 4 zonas del
musculo LD (durante 6, 12, 24, 48 y 72h) y del jamoén entero Large White
(durante 4, 7, 10, 11, 12, 14, 15, 16, 20 y 30 dias), mientras las muestras eran
saladas (apartado 4.2.4). En este apartado se presentaron modelos basados en
parametros ultrasonicos (variacion del tiempo de vuelo (ATv) y tiempo de vuelo
inicial (Tvp)) y operaciones (peso de la muestra y tiempo de salado) para
clasificar segun diferentes niveles de contenido en sal los musculos LD y los

jamones tras el salado (apartado 4.2.4) (articulo enviado Meat Science).

Finalmente, la industria carnica tiene interés por la caracterizacion no
destructiva del contenido en grasa y sal de los jamones curados antes de su
envasado. Esto permitiria definir en el etiquetado la cantidad aproximada de
estos componentes (grasa y sal), y por tanto, proporcionar a los consumidores
informacion nutricional del producto final. Por ello, el ultimo capitulo (capitulo
4.3) abarca la caracterizacién composicional del jamdn curado mediante
medidas de US (Figura 3.1). En este trabajo se midi6 la V con el MTR en
porciones de jamén curado de distintas razas (Large White, Duroc e 1bérico) a

dos temperaturas diferentes (2 y 15°C). El contenido en sal, agua y grasa
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también fue determinado en todas las porciones. Ademas, se desarrollaron dos
modelos matematicos empiricos, uno que relacioné la V medida a 15°C (V;5s)
con el contenido en sal y el otro que relacion6 la variacién de velocidad entre 2
y 15°C (AV=V,-Vis5) con el contenido en grasa. Asimismo, se aplicé un modelo
semi-empirico para estimar el contenido en grasa, agua y proteinas+otros a
partir de la datos de V a 2 'y 15°C. Estos modelos se utilizaron para clasificar los
jamones curados segun su contenido en grasa y sal (articulo publicado en el

Journal of Food Engineering).
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3.2 MATERIA PRIMA

Para la caracterizacién mediante ultrasonidos de sefal de la composicién del
jamdn curado durante su procesado, se analizaron tres tipos de materia prima:
fresca (capitulo 4.1), salada (capitulo 4.2) y curada (capitulo 4.3) (Figura 3.1). A
continuacion, se indica de forma general el tipo y nimero de muestras
empleado en cada capitulo, asi como, la preparacién de aquellas muestras en
las que fue necesaria su manipulacion. En cada uno de los capitulos de
resultados, en su seccion de materiales y métodos, se describird con mas

detalle las caracteristicas y preparacion de las muestras empleadas.

En el trabajo del capitulo 4.1 se utilizaron 80 jamones frescos de diferentes

razas: 31 Large White (LW), 9 Duroc-Large Whitey 40 Ibérico-Duroc.

En las experiencias llevadas a cabo en el apartado 4.2.1 se emplearon dos
tipos de muestras diferentes. Por una parte, se obtuvieron muestras cilindricas
(3.7cm de diametro y 6t1cm de longitud) de 12 LD y 16 musculos BF. Por otra
parte, se formularon muestras modelo con contenido en agua y sal conocido a
partir de 2 musculos BF. En el trabajo del apartado 4.2.2, se emplearon 15
musculos BF (1.2+0.1kg y 19.1+2.4cm de largo) y LD (1.0+£0.1kg y 20.0+£0.2cm
de largo), manteniendo el ancho y el espesor original del musculo. Asimismo,
en este trabajo se utilizaron 30 jamones LW. De forma similar, en las
experiencias del apartados 4.2.3 se utilizaron 4 jamones LW y en las del
apartado 4.2.4 se emplearon 20 musculos LD (1.0£0.1kg y 20.0+0.5cm de
largo) y 10 jamones LW.

Finalmente, en los trabajos llevados a cabo en el capitulo 4.3, se emplearon
114 porciones de jamoén curado de LW-Landracey 162 de /bérico, obtenidas a

razén de 6 porciones/jamon.
3.3 MEDIDAS DE ULTRASONIDOS DE SENAL

En el presente apartado se describen los elementos de los equipos de

ultrasonidos y los modos de medida empleados para la caracterizacion
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composicional de carne de cerdo fresca, salada y curada, mediante

ultrasonidos de sefal.

3.3.1 ELEMENTOS DE LOS SISTEMAS DE MEDIDA DE ULTRASONIDOS DE
SENAL

Los elementos que constituyeron los sistemas de ultrasonidos para la medida
de las propiedades acusticas en muestras carnicas fueron: transductores,
generador-receptor, sistema digitalizador de la sefal, dispositivo de medida
del espesor y multiplexador. A continuacion, se detallan las caracteristicas de

cada uno de los elementos empleados.

TRANSDUCTORES

Las medidas ultrasénicas se realizaron con varios tipos de transductores

piezoeléctricos de banda estrecha:

- T1. Transductor de 1MHz y 0.75" de didmetro de cristal (modelo
A314S-SU, Panametrics, Waltham, USA).

- T2. Transductor de 1 MHz y 0.5" de diametro de cristal (modelo A303S,
Panametrics, Waltham, USA).

- T3. Transductor de 1 MHz y 0.5" de didametro de cristal (modelo A103S-
RM, Panametrics, Waltham, USA).

GENERADOR-RECEPTOR

Se emplearon dos tipos de generador-receptor:

- GR1. (modelo 5058PR, Panametrics, Waltham, USA).
- GR2. (modelo 5077PR, Panametrics, Waltham, USA).

DISPOSITIVO DE DIGITALIZACION DE LA SENAL

Se utilizaron dos sistemas digitalizadores:
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- 0-PC. Un osciloscopio-PC (modelo TDS5034, Tektronix, Inc. Bearverton,
USA).
- T-PC. Una tarjeta digitalizadora (PCI-5112, National Instruments,

Austin, USA) insertada en un ordenador portable.

DISPOSITIVO DE MEDIDA DEL ESPESOR

Se emplearon dos sistemas de medida para determinar el espesor de las

muestras carnicas:

- MEL. Calibre de altura digital comercial (192-633 Serie, Mitutoyo,
Japan).

- ME2. Calibre de altura digital disefiado y construido especificamente
por el Grupo ASPA de la UPV.

El dispositivo de medida de espesor disefiado por el Grupo ASPA (ME2)
garantizaba que los transductores estuvieran paralelos y que la presion ejercida
sobre la muestra fuese constante. Ademas, estaba disefiado para una lectura
maxima de 27c¢m con una precision de £0.01mm. El sistema constaba de una
plataforma para disponer la muestra, donde se fijo el transductor receptor
(Figura 3.2). El otro transductor, el transductor emisor, que estaba
perfectamente alineado y enfrentado con el transductor receptor, se colocé en
un brazo deslizante perpendicular a la plataforma. El brazo tenia movimiento
de subida y bajada gracias a que se encontraba unido a un carro posicionador
accionado por un tornillo sin fin y un motor paso a paso (motor unipolar paso
a paso de 4 fases, RS 440-458, Taiwan). Al carro estaba acoplada una célula de
carga de aluminio de 40kg de fuerza maxima (1040-41, Tedea Huntleigh,
Canoga Park, USA). Un controlador de presion (K3NV-LC1C, Omron, Japan)
unido a la célula de carga permitia fijar la presidon que los transductores
ejercian sobre la muestra. El sistema de medida de espesor estaba unido a un
PLC (EC-20HR, Hitachi, Japan) que se encargaba de detener el motor paso a
paso cuando el controlador de presion alcanzaba el valor de consigna. Por otro

lado, el espesor de la muestra se determinaba a partir de la lectura de posicién
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del carro deslizante mediante un encoder (Baumer electric, BHK 06.24K500-B6-
5, Suiza) conectado a un lector de posicidon (K3NC-PB1A, Omron, Japan). La
lectura de la posicidn del carro o espesor de la muestra, se enviaba a un PC a
través de una interfaz RS232 (Figura 3.2). El lector de posicion, el controlador
de presién y el PLC se encontraban en el interior de una carcasa con botones
frontales para poder accionar el sistema, en cuanto a subida y bajada del carro
deslizante, encendido y apagado y valor de presion de consigna ejercida por

los transductores sobre la muestra.

PC

1.Pulsadores de accionamiento
2.Controlador de presion
3.Controlador de posicion
4.Interfaz RS232
5.Célula de carga
6.Encoder
7.Carro -
8.Tornillo sin fin E
9.Muestra

I 10

10.Transductores

P W W W e ererery

Figura 3.2 Dispositivo de medida de espesor de la muestra (ME2) desarrollado por el

Grupo ASPA.

SISTEMA MULTIPLEXADOR DE GENERACION Y RECEPCION

Una de las limitaciones asociadas a las medidas ultrasonicas es la reducida area
de estudio de la muestra, lo que viene definido por la superficie del
transductor empleado. En este sentido, se desarrolld un sistema de

generacion/recepcién que permita multiplexar la sefial a varios transductores,
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pudiendo asi ampliar el area de estudio y realizar medidas simultaneas en

varios puntos de las muestras carnicas.

- MPX. Equipo multiplexador de generacion-recepcion disefiado y
construido por el Grupo ASPA de la UPV.

Este dispositivo (MPX) estaba constituido por una interfaz de 4 salidas
optoacopladas a relé (CEBEC T1 V3, Electronic circuits, Spain) y una tarjeta de
entradas/salidas (E/S) digitales (NI 6501, National Instruments, Austin, USA)
(Figura 3.3). El sistema se accionaba de la siguiente manera: el PC enviaba una
instruccion a la tarjeta de E/S digitales a través de una conexion USB. La tarjeta
de E/S se encargaba de accionar de manera secuencial cada uno de los relés
para permitir el paso de la sefal del generador por cada uno de los cuatro
transductores (Figura 3.3). Para ello, la tarjeta E/S utilizaba una codificacién de
0y 1, el 0 significaba que el puerto del relé estaba abierto impidiendo el paso
de la sefal y el 1 significaba que el puerto estaba cerrado permitiendo el paso
de la sefial. Dado que la tension de la sefial eléctrica que le llegaba de la tarjeta
de E/S digitales no era suficiente para accionar los relés, se incorporé un
convertidor de sefial de tensién de 5 a 24V. Una vez la sefial llegaba al
transductor, ésta traspasaba la muestra y retornaba al mismo transductor, que
enviaba la sefial al generador-receptor y éste posteriormente al equipo de
digitalizacién. Para evitar interferencias y ruidos eléctricos que pudieran
interferir en la medida ultrasdnica, todos los componentes de la interfaz
estaban apantallados y el sistema de multiplexado estaba encerrado dentro
una jaula de Faraday. Asimismo, esta jaula de Faraday junto con todos los
componentes del sistema de multiplexado se encontraban en el interior de una
carcasa de plastico con conectores para poder ensamblar el cableado de los

transductores, el generador-receptor y el PC.
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PC Generador-
Receptor
usB
Tarjeta B/S |
digitales : 3 3
Multiplexador—— 1 0 0 0 4 salidas )
[ p » > optoacopladas a relé

‘ I I I <—4 transductores

Figura 3.3 Equipo multiplexador de generacién-recepcion de la sefial ultrasonica para

4 transductores desarrollado por el Grupo ASPA.

3.3.2 SISTEMAS Y PROCEDIMIENTOS DE MEDIDA ULTRASONICOS
EMPLEADOS EN LOS DIFERENTES CAPITULOS

MEDIDAS EN MODO TRANSMISION-RECEPCION (MTR)

Para llevar a cabo las medidas en modo transmision-recepcidon (MTR) fue
necesario el uso de un dispositivo de medida de espesor y de un sistema de
medida de ultrasonidos constituido por: un par de transductores (emisor y
receptor), un generador-receptor y un dispositivo digitalizador de la sefal
(Figura 3.4).

El procedimiento de medida comprendia los siguientes pasos: La muestra se
colocaba entre la pareja de transductores, los cuales se ajustaban al espesor de
la misma con el dispositivo de medida del espesor. El generador-receptor
emitia una sefal eléctrica de excitacion con una amplitud y duracién

especificas que llegaba al transductor emisor. Al mismo tiempo, el generador
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enviaba otra sefal al sistema digitalizador (sefial del trigger o disparo) para
indicar el momento exacto en que la sefial de excitacion habia sido enviada a la
muestra. El transductor emisor convertia la sefal eléctrica de excitaciéon en una
onda ultrasénica mediante la vibracion del cristal piezoeléctrico. La onda
ultrasénica atravesaba la muestra y llegaba al transductor receptor, donde se
convertia en sefal eléctrica mediante el proceso inverso al producido en la
cerdmica piezoeléctrica del receptor. Esta sefial se recibia en el generador-
receptor donde se filtraba y amplificaba, para posteriormente ser enviada al
sistema digitalizador que estaba insertado en el PC (Figura 3.4). La sefal en
formato digital se adquiria mediante una aplicacion informatica especifica de
Visual Basic (2010, Microsoft Corporation, USA) que calculaba los parametros
ultrasénicos a partir de la sefal y el espesor de la muestra, y ademas

almacenaba los datos.

1 A
—] 6
‘B
1
5 o 3
R q t—||e
; . 2
a4 /) ; =
=) [ ! . B
‘ | \
6
""""" V= I TR T

1. Camara de refrigeracion 2. Transductores 3. Muestra 4. Sistema digitalizador de la sefial-PC
5. Generador-Receptor 6. Dispositivo de medida del espesor 7. Contenedor 8. Sal

Figura 3.4 Montaje experimental para la medida ultrasdnica con el modo transmisién-

recepciéon (MTR) en los trabajos de prediccién del contenido en grasa en jamones
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frescos, prediccion del contenido en sal en cilindros de LD y BF y en jamones, y
prediccion de la composicion en porciones de jamén curado (A) y en el trabajo de la

monitorizacion del salado de musculos LD-BF (B).

Las medidas ultrasonicas en MTR se utilizaron para predecir el contenido en
grasa en jamones frescos (capitulo 4.1). Para ello, se llevaron a cabo 30
medidas en tres zonas del jamén (20 en la maza, 5 en la babilla y punta) a 2°C
(Figura 3.4A). Los elementos del equipo de ultrasonidos utilizados fueron: el
dispositivo de medida de espesor (ME1), un par de transductores (emisor y
receptor) T1, el generador-receptor GR1 y el dispositivo digitalizador de la
sefial O-PC. Los parametros de configuracion del generador-receptor utilizados
fueron: frecuencia de repeticion 100Hz, factor Damping 100Q, altura del pulso
de 200V, atenuacion de 0dB, Vernier de 0dB, ganancia de 40dB, fase normal,
modo transmisién-recepcion y filtro de 0.3MHz (HP) y OUT (LP). Los
parametros de digitalizacidn utilizados fueron: en la escala del eje vertical se
utilizdé un rango de +£0.8V y en el eje horizontal una velocidad de digitalizacién
o adquisicion (Va) de 125 Mpuntos/s y un total de 25000 ptos adquiridos.
Ademas, se establecio que se adquirieran un 10% de los puntos (pre-
trigger=2500 puntos) antes del disparo o trigger y el 90% restante (22500
puntos) después. Dada la sensibilidad de las medidas ultrasénicas a la
temperatura, los jamones se mantuvieron antes de la medida 24 h a 2°C y las
medidas se realizaron dentro de una cdmara de refrigeracién con temperatura

controlada (Figura 3.4A).

El MTR también se utilizd6 para predecir el contenido en sal en muestras
cilindricas de carne (apartado 4.2.1). Para ello, las medidas se realizaron en
muestras modelo colocadas en el interior de un cilindro metalico y en cilindros
de carne antes y después de su salado en salmuera a 2°C. Asimismo, el MTR
también se empled para la prediccion de la composicidon (agua, sal y grasa) de
porciones de jamén curado (capitulo 4.3). Para ello, se tomaron medidas en
10-19 puntos de la superficie de las porciones a dos temperaturas (2 y 15°C).

En estos dos casos (apartado 4.2.1 y capitulo 4.3), se emplearon los mismos
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elementos que en el capitulo 4.1 (T1, GR1 y O-PC), excepto el sistema de
medida de espesor que fue el ME2 (Figura 3.4A). Pese a que el ME1 permitia
una mayor velocidad de medida, se decidio utilizar el ME2 porque permitia
controlar la presion ejercida sobre la muestra con mas exactitud, asimismo,
estaba adaptado para trabajar en el interior de camaras de refrigeracion de
pequeiio tamafio donde se producen fenémenos de condensacion. En las
medidas en cilindros de carne y muestras modelo (apartado 4.2.1) el Unico
parametro de digitalizacion diferente a los empleados en el capitulo 4.1 fue la
velocidad de adquisicion cuyo valor fue de 250Mmuestras/s. Asimismo, en las
medidas en porciones de jamon curado (capitulo 4.3), el Unico parametro de
configuracién del generador-receptor que cambio respecto a los empleados en
el capitulo 4.1 fue la altura del pulso de excitacion que fue de 400V, para
alcanzar un mayor poder de penetracién en las muestras curadas, donde la

atenuacién a los ultrasonidos es mas elevada debido a su mayor espesor.

Finalmente, el MTR se empled en las experiencias del apartado 4.2.2 para
monitorizar el salado en seco en los musculos LD y BF y determinar su
ganancia de sal. Para ello, se realizaron medidas online cada 5 minutos en un
punto de las piezas de LD y BF durante su salado a 2°C (Figura 3.4B). Asimismo,
el MTR también se empled para predecir el contenido en sal en jamones. En
este caso, se realizaron 30 medidas en tres zonas del jamén (20 en la maza, 5
en la babilla y punta) antes y después de su salado también a 2°C (Figura 3.4A).
Los elementos del equipo utilizados en este caso fueron: la pareja de
transductores T1 en jamones y T2 en musculos LD y BF, siendo el resto de
elementos iguales que los utilizados en el apartado 4.2.1 y capitulo 4.3 (GR1,
O-PC, ME2). El Unico parametro de digitalizacion que se modificé fue la
velocidad de adquisicion cuyo valor fue de 250Mmuestras/s, el resto de los

parametros fueron los mismos que en el capitulo 4.1.

El parametro ultrasénico estudiado en el MTR fue la velocidad de los

ultrasonidos (V), que se obtuvo a partir del cociente entre el espacio recorrido

por la onda (dado por el espesor de la muestra medido con el dispositivo de
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medida del espesor) y el tiempo que tarda la onda en recorrerlo. El tiempo que
necesita la onda para atravesar la muestra se calcula a partir de la diferencia
entre el tiempo de vuelo (Tv) y el tiempo de retardo (Tr). EL Tr hace referencia al
retraso ocasionado por los elementos que forman el sistema de medida
(cables, transductores, etc.) y se calcula determinando el tiempo de vuelo en
una serie de cilindros de metacrilato de 40cm de didmetro y diferentes alturas
(1 a 6cm). Representando graficamente el tiempo de vuelo frente a la altura de
los cilindros, el valor del Tr viene dado por la ordenada en el origen de la
relacion lineal obtenida. El Tv se define como el intervalo de tiempo
transcurrido desde que el generador envia la sefial de excitacién hasta que el
receptor detecta la llegada de la onda, y se calcula a partir de la sefal
digitalizada. Existen diferentes métodos para calcular el Tv a partir de la seiial

digitalizada. En la presente Tesis doctoral se empled el método del umbral de

energia para calcular el Tv en las sefales ultrasénicas obtenidas en MTR. En el
procedimiento de calculo del Tv mediante el método del umbral de energia
(Figuras 3.5A y B), se establece un umbral de energia superior (fijado en 0.1 V) y
se busca el primer punto de la sefial digitalizada (punto TA, Figura 3.5B) que
supere ese umbral. Una vez localizado, se retrocede hasta encontrar el primer
punto que quede por debajo de un umbral inferior fijado en 0.03 V, siendo ese
punto el de llegada de la sefal (TB) (Figura 3.5B). A partir del valor de ese

punto se calcula el Tv segun la ecuacién 3.1.

_ TB-2500
Va

Tv (Ec. 3.1)

Donde: TB es el punto de llegada de la seiial, 2500 es el nimero de puntos

antes del trigger y Va es la velocidad de digitalizacion o adquisicidon (puntos/s).

En la aplicacion desarrollada especificamente para el célculo del Tv (Visual
Basic 2010, Microsoft Corporation, USA) se establecié un salto de 3250 puntos

para descartar el pre-trigger y el ruido correspondiente a la excitacién del
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transductor. A partir de esos 3250 puntos se procedio a la busqueda del punto

TBy se calculd el Tv con la Ec. 3.1, tal y como se ha explicado anteriormente.
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Figura 3.5 Procedimiento de calculo del tiempo de vuelo (Tv) con el método del

umbral de energia en sefiales ultrasénicas en MTR.
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MEDIDAS EN MODO PULSO-ECO (MPE)

El sistema para realizar las medidas en modo pulso-eco (MPE) constaba de una
base con cuatro transductores, un multiplexador, un generador-receptor y un

dispositivo digitalizador de la sefial (Figura 3.6).

El procedimiento para realizar la medida comprendia los siguientes pasos: el
ordenador enviaba una instruccion al multiplexador para alimentar, con la
sefial de excitacion del generador-receptor, cada uno de los cuatro
transductores de forma secuencial (Figura 3.6). Al mismo tiempo, para la
excitacion de cada transductor, el generador mandaba otra sefal al sistema
digitalizador (sefal del trigger o disparo) para indicar el momento exacto de
excitacion de los transductores. Los transductores, que trabajaban en MPE,
convertian la sefal eléctrica de excitacion en una onda ultrasénica que se
propagaba a través de la muestra y que al entrar en contacto con la interfase
muestra/sal, se reflejaba, atravesaba de nuevo la muestra y volvia al
transductor, donde era convertida de nuevo en una sefial eléctrica. Esta
retornaba al multiplexador, que la mandaba al generador-receptor donde era
filtrada y amplificada. Por Ultimo, la sefial era enviada a una tarjeta
digitalizadora integrada en un PC, que se encargaba de su digitalizacién. La
seflal en formato digital se adquirla mediante una aplicacién informética
especifica de Visual Basic (2010, Microsoft Corporation, USA), que almacenaba

los datos.
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1. Camara de refrigeracion 2. Transductores 3. Muestra 4. Sistema
digitalizador de la seiial 5. Generador-Receptor 6. Multiplexador
7. Contenedor 8. Sal

Figura 3.6 Montaje experimental para la medida ultrasénica con el modo pulso-eco

(MPE) en las experiencias de monitorizacion del salado de musculos LD y jamones.

Las medidas ultrasdnicas en MPE se llevaron a cabo para caracterizar el
contenido en sal y monitorizar el salado en seco de musculos LD y jamones
(apartados 4.2.3 y 4.2.4). Para ello, se realizaron medidas cada 5 minutos en 4
puntos del jamoén (apartado 4.2.3) y cada hora en 4 puntos del musculo LD y
del jamdn (apartado 4.2.4) durante su salado en seco a 2°C. En este caso, los
elementos del equipo de ultrasonidos utilizados fueron una base con 4
transductores (dos de tipo T2 y otros dos de tipo T3), el generador-receptor
(GR1 para el musculo LD y GR2 para el jamodn), el dispositivo digitalizador de la
seflal (T-PC) y el multiplexador (MPX) (Figura 3.6). Los parametros de
digitalizacidon utilizados fueron: en la escala del eje vertical se utilizd un rango
de £2Vy en el gje horizontal una velocidad de digitalizacién o adquisicion (Va)
de 100 Mpuntos/s y un total de 25000 ptos adquiridos. Los puntos adquiridos

antes y después del disparo fueron los mismos que en MTR.
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El pardmetro ultrasonico estudiado en el MPE fue el tiempo de vuelo (Tv).

Para calcularlo se utilizaron dos métodos diferentes: el método del umbral de

energia y el método de la correlacion cruzada.

El procedimiento del calculo del Tv mediante el método del umbral de energia

fue el mismo que el explicado anteriormente para el MTR, con la diferencia de
que en el caso de sefiales obtenidas en MPE, la sefal ultrasdnica atraviesa dos
veces la muestra antes de ser detectada por el receptor, por lo que el valor de
Tv de la Ec. 3.1 se ha de dividir por 2. Asimismo, en la aplicacién informatica
LABVIEW™ 2015 (National Instruments, Austin, TX, USA) se establecieron unos
parametros de busqueda diferentes para descartar el ruido. Como ejemplo, en
la Figura 3.7 se muestra la sefal ultrasonica obtenida en MPE en un jamdn
durante su salado. Como se observa, se han de descartar los primeros 2500
puntos correspondientes al pre-trigger, posteriormente se han de descartar
12500 puntos que se corresponden con el ruido (Figura 3.7). Este ruido
engloba el primer tren de ondas después del trigger, correspondiente a la
vibracién del transductor, el segundo tren de ondas corresponde a la reflexion
entre la grasa subcutanea y el magro de jamén, y el resto de ruido debido a
reflexiones de la onda antes de que ésta se refleje en la cara opuesta del jamén

y regrese al transductor emisor (Figura 3.7).

Ademas, al final de cada tiempo de salado se obtuvo la variacién del tiempo de

vuelo (ATv) como la diferencia entre el Tv inicial y final.
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Figura 3.7 Procedimiento de calculo del tiempo de vuelo (Tv) con el método del

umbral de energia en sefiales ultrasénicas en MPE.

La otra metodologia utilizada para el calculo del Tv fue la de la correlacién
cruzada, que se utiliza en el campo del tratamiento de sefiales para identificar
similitudes entre sefiales moduladas en el tiempo. Este método utilizaba dos
sefiales, una de ellas como referencia y realizaba el producto escalar entre las
dos, desplazando la segunda sefial respecto a la primera, por lo que si ambas
tenian el mismo numero de puntos (p.e. 10000) el vector de la correlacion
cruzada tendria el doble de esos puntos (20000). La técnica permitia calcular el
desplazamiento en el espacio temporal de una sefal respecto a la de
referencia, por lo que el pardmetro realmente calculado fue la ATv. Para el
calculo de la ATv con el método de la correlacidon cruzada, se utilizé una
aplicaciéon informatica desarrollada en el lenguaje de programacion de
LABVIEW™ 2015 (National Instruments, Austin, USA). En la Figura 3.8, se
muestra la correlacién cruzada de una misma sefal (real proveniente de una
experiencia de salado de jamon), utilizada como referencia y como sefial a
desplazar. La sefial original contienia 25000 puntos, y al igual que en el método

del umbral se eliminaron 2500 puntos para descartar la zona del pre-trigger y
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12500 puntos para descartar la zona del ruido, por lo que las sefales
empleadas constaban de 10000 puntos. El grafico de la correlacién cruzada
(Figura 3.8, derecha) muestra un valor maximo (PM) en la posicion 10000 que

coincide con el momento de la superposicion exacta de las dos sefales.
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Figura 3.8 Resultados de la correlacidén cruzada para una misma sefal ultrasdnica

obtenida con el MPE.

En el caso de aplicar el método a dos sefales desplazadas en el tiempo, si la
localizacion del maximo (PM) es en un punto inferior a 10000 quiere decir que
el Tv en la sefial que se desplaza es menor que en la referencia. Por el
contrario, st PM se sitda en un punto mayor de 10000 indicaria que el Tv en la
sefial de referencia es menor. Asi, mediante la Ec. 3.2 se puede calcular la

variacion del Tv entre dos sefales.

_PM-LS

ATv=—_"
2xVa

(Ec. 3.2)
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Donde: PM es el punto del vector de la correlacidén cruzada donde se encuentra
el maximo; LS es la longitud de la sefal (tras eliminar pre-trigger y ruido, 10000
en el caso de la Figura 3.8) y Va es la velocidad de digitalizacién o adquisicion

(puntos/s).
3.4 MEDIDAS DE RAYOS-X

La presente Tesis Doctoral se ha desarrollado bajo el marco de los proyectos
de investigacion “Optimizacion y control de la calidad tecnoldgica, nutricional y
organoléptica de jamones serranos e ibéricos (RTA 2010-00029-C04-01/02)" y
“Caracterizacion y deteccion objetiva de defectos de textura en jamdn curado
mediante tecnologias no destructivas. Desarrollo y evaluacidon de medidas
correctoras (RTA 2013-00030-C03-02)". Los objetivos de estos proyectos
abarcaron la evaluacién de metodologias no destructivas tanto para optimizar
los procesos de elaboracién de jamon serrano e ibérico como para caracterizar
la composicién y la presencia de defectos de calidad (como la pastosidad).
Dichos proyectos se llevaron a cabo de forma coordinada entre varios grupos
de investigacion (IRTA, UNEX, INIA, CTC y UPV). Entre ellos cabe destacar el
grupo de "Investigacién y Tecnologias Agroalimentarias (IRTA)", con el que se
trabajé de forma conjunta en dos trabajos reflejados en la seccidon de
resultados de la presente Tesis Doctoral. Asi, el primer trabajo conjunto
pretendia analizar la viabilidad del uso de rayos-X y ultrasonidos de sefial para
predecir, tanto de forma individual como conjunta, el contenido en grasa de
jamones frescos, asi como, determinar la fiabilidad de las dos tecnologias para
clasificar los jamones en categorias preestablecidas segun su contenido en
grasa (capitulo 4.1 de resultados). En el segundo trabajo, se evalud la
capacidad de las dos tecnologias tanto para predecir el contenido en grasa y
sal en porciones de jamones curados (capitulo 4.3 de resultados) como para
clasificar dichas porciones en categorias preestablecidas segun los valores de
grasa y sal predichos. El equipamiento de rayos-X y la metodologia utilizada en
cada uno de los trabajos, se describe en los capitulos correspondientes de la

seccién de resultados de la presente Tesis Doctoral.
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3.5 METODOS DE ANALISIS QUIMICO

El contenido en agua, grasa y sal se determind en las diferentes muestras
carnicas estudiadas mediante ultrasonidos en la presente Tesis Doctoral. A
continuacion, se describe de forma general el procedimiento llevado a cabo

para su determinacién.

DETERMINACION DEL CONTENIDO EN AGUA

El contenido en agua de las muestras carnicas se determin6 secando 3g de
muestra en una estufa a 102°C hasta alcanzar peso contante, siguiendo el
método 950.46 (AOAC, 1997).

DETERMINACION DEL CONTENIDO EN SAL

Para determinar el contenido en sal se homogeneizaron las muestras (1g para
muestras frescas y 0.5g para muestras saladas) en 100mL de agua destilada
mediante un ULTRATURRAX (T25, IKA Labortechnik, Germany) a 9500rpm
durante 5 min. El extracto obtenido se filtr6 y se analizé una muestra de 500pL
mediante un equipo analizador de cloruros (926 Mark 2 Chloride Analyzer,

Sherwood, Reino Unido).

DETERMINACION DEL CONTENIDO EN GRASA

Para la determinacion de grasa se utilizd el método AOAC 991.36 (AOAC,
1997), que consiste en la extraccién del contenido graso total de la muestra
carnica mediante el método de Shoxlet con un disolvente organico (éter de

petroleo).

Los resultados finales se expresaron como porcentaje de agua, sal y grasa en la
muestra en base hiumeda (% b.h.). Todas las determinaciones se realizaron por

triplicado.
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CHAPTER 4.1. FRESH PORK MEAT CHARACTERIZATION

Abstract

This work addresses the use of ultrasound (US) and medical dual X-rays
absorptiometry methods to predict the fat content in green pork hams.
Ultrasonic velocity (v) and X-ray absorption were measured in 78 green hams.
An increase in the fat content involved an increase in v and a decrease in the
X-ray attenuation measured at 2°C. Models developed to predict the fat
content from the ultrasonic velocity or X-ray parameters provided errors of
297% and 4.65%, respectively. The combination of both US and X-ray
technologies did not improve prediction accuracy. These models allowed green
hams to be classified into three levels of fatness, with 88.5% and 65.4% of the
hams correctly classified when using models based on ultrasonic and X-ray
parameters, respectively. Therefore, US and X-rays emerge as useful quality
control technologies with which to estimate the fat content in green pork

hams.

Keywords: Non-destructive analysis, Green ham, Meat products, Ultrasound, X-

rays.
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1. INTRODUCTION

The total fat content of green (raw) hams is a key issue, since it affects the
processing of both cooked and dry-cured hams. In cooked hams, intramuscular
fat can affect the binding strength and consumer acceptability. In dry-cured
hams, the fat content has a great influence on the salt uptake during the
salting process (Cierach, & Modzelewska-Kapitula, 2011) and on the weight
losses during drying (Candek-Potokar, & Skrlep, 2012; Garcia-Gil et al, 2012).
The development of online non-invasive technologies as a means of predicting
the fat content in green hams is of special interest for the meat industry, since
they would make it possible to classify the product into different fat categories
which would allow the elaboration processes to be optimized. These

techniques need to be robust and cost-effective for being used in the industry.

New techniques are being tested with which to carry out the non-destructive
determination of the composition of the meat products. For live animals and
carcass inspection, reliable ultrasonic devices are available for the
measurement of lean and fat content (Miles, Fisher, Fursey, & Page, 1987; Miles,
Fursey, Page, & Fisher, 1990), as well as the depth of subcutaneous fat, in
particular sites of the animal. Miles and Fursey (1977) related the ultrasonic
velocity to the fat content of meat muscles, comminuted tissue, meat mixtures
and dehydrated muscles. In this regard, Koch et al. (2011a) estimated the
intramuscular fat content of porcine Longissimus dorsi muscle by using
ultrasound velocity and attenuation. Corona, Garcia-Pérez, Ventanas, and
Benedito (2014) and Benedito, Carcel, Rosello, and Mulet (2001) have also used
ultrasound to determine the composition of a formulated dry-cured meat
product (sausage) and raw meat mixtures, respectively. Most of the
aforementioned ultrasonic studies rely on the measurement of the ultrasonic
velocity, because it is the simplest and most reliable ultrasonic measurement.
However, each ultrasonic measurement provides information on a reduced
area of the sample which implies that, if large samples are to be analyzed,

multiple measurements are required. Moreover, the results are largely
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dependent on the temperature and anisotropy meat tissue (Miles & Fursey
1977). In this regard, other non-destructive techniques, such as X-rays, do not

require a precise temperature control.

There are several X-ray technologies that, based on the differential X-ray
attenuation produced by the different tissue density, permit meat composition
to be determined. X-ray computed tomography has been used to predict the
lean/fat content in animal carcasses (Vester-Christensen et al., 2009) and bone-
in green hams (Picouet, Munoz, Fulladosa, Daumas, & Gou, 2014) and to
determine the intramuscular fat content of meat (Font-i-Furnols, Brun, Tous, &
Gispert, 2013). Brienne, Denoyelle, Baussart, and Daudin (2001) used Medical
Dual Energy X-Ray Absorptiometry (DEXA) to predict the fat content in pork
meat/fat mixtures and beef muscles. Although a low correlation was observed
between the percentage of fat obtained through chemical analyses and the
percentage estimated from the Beer-Lambert equation, they proposed
different corrections and obtained an improvement. However, corrections are
specific for each sample format and DEXA equipment. Mercier et al. (2006) used
the ratio between the coefficients of attenuation of the two X-ray energy levels
obtained with a medical DEXA to predict the fat content in legs of lamb
carcasses. The predictions underestimated the fat content, probably because
dissected fat was used instead of chemically analyzed fat for predictive model
development. Lopez-Campos, Larsen, Prieto, Juarez, and Aalhus (2013)
reported that DEXA technology may also be useful for the objective estimation
of the intramuscular fat content in beef. Nevertheless, the medical devices used
in the aforementioned studies are not suitable for working in industrial
environments at the required speed. In this sense, other authors demonstrated
that non-medical X-ray instruments also allow the online determination of the
salt uptake in whole bone-in hams during the salting procedure (Fulladosa,
Mufoz, Serra, Arnau, & Gou, 2014) and the accurate estimation of the fat

content of boned and packaged meat trimmings (Hansen et al., 2003).
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Nevertheless, more research is needed before using ultrasound and DEXA
technologies to determine the composition of products in which the fat is not
uniformly distributed or that contain bones. Fat content determination in whole
pieces, such as green bone-in hams, is still a challenge because among others
the presence of bones and the existence of different muscles with a high
degree of heterogeneity in terms of their fat content and distribution. Besides,
combining the information obtained from acoustic and electromagnetic waves
as a means of achieving more accurate predictions is worth investigating. Thus,
the aim of the present study was to analyze the ability of ultrasound and DEXA
techniques to predict both separately and jointly the fat content of green hams
and to determine the feasibility of using them for industrial classification

purposes.
2. MATERIAL AND METHODS
2.1 SAMPLES

Thirty nine green hams from ‘White’ pigs (crosses containing Duroc (CDU) or
Large White (CLW)), average weight 11.1+0.8 kg, and 39 green hams from
‘Iberian’ pigs (crosses containing at least 50% lberian breed (CIB)), average
weight 10.6+1.2 kg, were purchased in 2 different slaughterhouses. The hams
were taken to the pilot plant in refrigerated storage and kept at 2+2 °C for less
than 2 days before the non-destructive measurements were conducted. The

different genetic source of the hams allowed for a wide range of fat contents.
2.2 ULTRASONIC MEASUREMENTS

A specific device was designed and assembled for ultrasonic measurements; it
mainly consisted of a couple of narrow-band ultrasonic transducers (1 MHz,
0.75" crystal diameter, A314S-SU model, Panametrics, Waltham, MA, USA), a
pulser-receiver (Model 5058PR, Panametrics, Waltham, MA, USA) and a digital
oscilloscope (Tektronix, TDS5034, Digital phosphor oscilloscope. Tektronix inc.
Bearverton, OR, USA). A digital height (192-633 Serie, Mitutoyo, Japan) gage
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was linked to the computer by a RS 232 interface in order to measure the

sample thickness (+0.01 mm) (Figure 1A).
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Figure 1. The experimental set-up used in the ultrasonic (A) and X-ray (B)
measurements and location of ultrasonic measurements zones. C. Cushion, FC. Fore

cushion and BE. Butt end.

77



CHAPTER 4.1. FRESH PORK MEAT CHARACTERIZATION

The ultrasonic velocity was computed from the time of flight (an average of 3
signal acquisitions) and the sample thickness. In order to assess the ultrasonic
velocity, the system delay was taken into account, which was determined from
the pulse transit time measured across a set of methacrylate cylinders of
different thicknesses. The delay time was then obtained from the intercept on

the y-axis of the time versus thickness graph.

The ultrasonic measurements were taken in three zones of the ham (FC, BE and
C), as shown in Figure 1A. The number of experimental measurements carried
out in each zone depended on the hams’ surface and weight. On average, 20
measurements were carried out in the cushion (C) and 5 in the fore cushion
(FC) and butt end (BE). Measurements were carried out in triplicate. The hams
were kept at 2+2 °C for 24 h before the ultrasonic velocity was measured in
place. The ultrasonic velocity in the ham was calculated as the average of the
30 ultrasonic velocities measured in all the ham zones. The average ultrasonic

velocity was correlated to the fat content of the green hams.
2.3 X-RAY ABSORPTIOMETRY MEASUREMENTS

A commercially available X-ray inspector model X20V G90 (Multiscan
technologies, S.L, Cocentaina, Spain) was used to scan the samples. X-rays were
emitted from below the samples and the transmitted X-rays were measured in
the upper part of the equipment while a conveyor belt moves the sample
through at 0.33 m s (Figure 1B). The device uses low-energy X-rays to obtain
images (matrixes of values, 4000 x 1280 pixels) of the scanned object in the
horizontal plane. Samples were scanned at three different voltages and
intensities, specifically 90 kV and 4 mA, 70 kV and 8 mA and 50 kV and 15 mA,
in exactly the same position and location in order to combine the information
obtained from the three matrixes of values. Matrixes of attenuation values were
imported and analyzed using a specific Matlab code (MATLAB, Ver. 7.7.0, The
Mathworks Inc., Natick, MA, USA).
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The global X-ray attenuation value (A) for each sample and used energy was

obtained by the following equation:

A= Ly 26 (Eq. 1)
2 lodi;j)

where | is the of the radiation transmitted through each pixel of the matrix (ij);
lo is the energy of the incident radiation to each pixel of the matrix (ij); i
ranges from 1 to 4000 and j ranges from 1 to 1280. Therefore, attenuation
values for measurements carried out at 50, 70 and 90 kV were obtained (Asq,
Ao and Ag).

According to the Beer-Lambert law, X-Ray attenuation is proportional to the

thickness and composition of the sample (n components):

n n
A=L-ZSi~Ci=£-ZSi-Mi (Eqg. 2)
i-1 Vo
where L is the sample thickness (m), V is the sample volume (m?), eiis the
absorptivity coefficient of component i (m? kg™), which is dependent on the X-
ray energy, and c; and M; are the concentration (kg m™) and the mass (kg) of

absorbing component i, respectively.

Eq (2) can be converted into Eq (3) by dividing by the ham weight (My):

AV

- Xi Eqg. 3
LM gi - Xi (Eq. 3)

L

where Xi is the mass fraction of component i.

Since hams do not have a uniform thickness, an average thickness was
estimated as the ratio between V and the sample surface in the scan (S). Then,

a new parameter (A1) can be calculated from Eq. (3):
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The correlation between Ay, obtained at different voltages (Atso, Ar70 and Argg),

with the fat content was analyzed.
2.4 DISSECTION AND CHEMICAL ANALYSIS

After the ultrasound and X-ray measurements, the lean and fat tissues for each
ham were dissected, weighed and minced together. Afterwards, the fat and
moisture contents of the mixture were determined. The moisture was analyzed
by drying at 103+2 °C until reaching constant weight (ISO 1442, 1997). The
total fat content was estimated by near infrared spectroscopy using a
FoodScanTM Lab (Foss Analytical, Dinamarca) according to AOAC (2007). All
analyses were performed in triplicate. The fat (X;) and moisture (X,,) contents of
the whole hams were calculated by referring the mixture composition to the

ham weight.
2.5 DEVELOPMENT OF PREDICTIVE MODELS AND STATISTICAL ANALYSIS

The green hams used in this study were split into two sets. The first set (Model
Calibration, MC) included 52 hams and was used to develop predictive models
using ultrasonic and X-ray absorptiometry parameters. The rest of the hams
(26) were used for model validation (MV set). In order to cover a wide range of
fat content in each set of hams (Table 1), they were sorted according to the
experimental fat content and for each group of 3 hams, 2 hams were
systematically included in the MC set and 1 in the MV set. In addition, the hams
of the MV set were divided into 3 groups according to their fat content
(low<14%, medium 14-26% and high>26% fat content level).

Predictive models were established to find single and multiple regression
models between the fat content and the ultrasonic and X-ray variables. For that
purpose, the XLSTAT 2009 statistical package (Microsoft Office, Redmond, WA,

USA) was used. Regarding the ultrasonic measurements, only the ultrasonic
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velocity (v) was used because other variables, such as attenuation and the
frequency spectrum analysis, did not provide relevant information. For X-ray
measurements, Ar values obtained at different energies were used. The
combination of US and X-ray parameters was also investigated. In this case, the
independent variables of the model were selected by the Stepwise method, the
levels of significance to enter and keep the dependent variables in the model
being p=0.05 and p=0.1, respectively. The reliability of the predictive models
was given by the coefficient of determination (R? and the Root Mean Square
Error of Calibration (RMSEC). For the validation data set, the Root Mean Square
Error of Validation (RMSEV) was also calculated.

3. RESULTS AND DISCUSSION
3.1 CHEMICAL COMPOSITION

The chemical composition of the green hams used in this study is shown in
Table 1. The fat and moisture content ranged between 6.5 and 41.0% w.b. and
39.9 and 70.2% w.b., respectively. These ranges of fat and moisture contents
cover the fat and moisture contents of the majority of hams usually found on
the market (Serra, & Fulladosa, 2011; Blasco et al.,, 1994).

Table 1. Average, minimum and maximum values of moisture (X,, % w.b.) and fat (X; %

w.b.) contents for validation and calibration ham sets.

Xw (% w.b.) X¢ (% w.b.)

MEAN MIN MAX MEAN MIN MAX

CALIBRATION (MC) 52 57.0 40.9 70.2 21.7 6.5 39.8
VALIDATION (MV) 26 564 39.9 68.3 224 8.6 410

3.2 INFLUENCE OF FAT ON ULTRASONIC VELOCITY

Figure 2 (A and B) shows the relationship between the ultrasonic velocity (v)

and the fat (Xf) and moisture contents (X,) in the 78 green hams analyzed. It
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should be highlighted that the v reported in each point of Figure 2 is the
average ultrasonic velocity of a whole ham (30 measurements distributed in the
three zones, Figure 1A), as explained in section 2.2. There is great experimental
variation in the ultrasonic response to differences in moisture and fat content,
which is especially noticeable for fat contents between 20 and 28% w.b. (Figure
2). This general variability could be linked to the highly heterogeneous nature
of the ham, which is a piece made up of subcutaneous fat and different
muscles, also containing a heterogeneous distribution of intramuscular fat and
connective tissue. In addition, the breed of the pig and feeding system could
significantly modify the v in the fatty fraction and affect the protein content in
the lean tissue, which would also determine the v in the muscles (Nifoles,
Mulet, Ventanas, & Benedito, 2011; Nifoles, Sanjuan, Ventanas, & Benedito,
2008).

As can be observed in Figure 2A, an increase in the fat content involved an
increase in the v measured at 2 °C. Thus, on average, an increase in the fat
content of 5% corresponded to an increase of 8.4 m s in the v. This result is
explained by considering that, at low temperatures, the ultrasonic velocity in
the fatty tissue is higher than in lean tissue. This fact has been previously
reported by Benedito et al. (2001), who found an ultrasonic velocity of 1610.0-
1620.0 m s in fatty tissues and 1530.0-1555.0 m s in lean tissues at 4 °C.
Similarly, Miles and Fursey (1977) reported ultrasonic velocities at 4 °C in intact
beef muscles around 1530 m s™and significant higher (1650 m s™) for beef
adipose tissue. The ultrasonic velocity in fatty tissue is so high at this
temperature because it depends on the solid/liquid ratio which affects its
textural properties; consequently, as the state of the fat at low temperatures is
mainly solid, in which ultrasound propagates faster, the v reaches its highest
values. In contrast, the ultrasonic velocity in lean tissue is lower because the
main component in raw meat is water and the ultrasonic velocity in water at 2
°C is 1412.8 m s (Kinsler, Frey, Coppens, & Sanders, 1982). The ultrasonic
velocity in the whole ham is lower (1531.1-1586.9 m s™, Figure 2A) than in the
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fatty tissue because it is greatly influenced by the water content of the lean

tissue.
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Figure 2. Relationship between the ultrasonic velocity and the fat (X¢) (A) and moisture

contents (X,,) (B) for raw hames.

It should be emphasized that the influence of the fat content on the v in ham is
highly temperature dependent. In this regard, the v in pure fat decreases with
the rise in temperature (McClements, & Povey, 1992). This fact has also been
observed in different meat products, where velocity was measured at between
2 and 38 °C (Corona et al, 2014; Koch et al, 2011b; Nifoles et al, 2008;
Chanamai, & Mc.Clements, 1999), the reduction in velocity being mainly
ascribed to the fat melting as the temperature rises. The temperature used (2
°C) is appropriate for fat content assessment, since there is a remarkable
difference between the v in the fatty and lean tissues. As the temperature
increases, the ultrasonic velocity in fat falls and that of lean tissue goes up,
leading to similar v values for both tissues, which hinders the fat content

estimation.

The moisture content was found to have the opposite effect on v to that
reported in the case of fat (Figure 2B). Thus, in average terms, an increase in

the moisture content of the green ham of 5% corresponded to a decrease of
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9.6 m s in v. As previously mentioned, the v in water is lower than the velocity
in the other components of ham (fat and protein+others) (Benedito et al,
2001); therefore, as the water content increases, the v in the ham decreases.
The influence of the moisture content on v has also been reported in the
curing process of Biceps femoris and Longissimus dorsi muscles and
sobrassada (a dry-cured minced meat product), where the v increased due to
the dehydration (Nifoles, 2007; Llull, Simal, Benedito, & Roselld, 2002).
Likewise, Koch et al. (201la) indicated that the water loss in thawed

Longissimus dorsi muscle entailed an increase in v.

The water and fat contents of hams have the opposite effect on the v and, at
the same time, they show a high negative correlation in fresh hams (non-dried
hams). Therefore, it is expected that, although both fat and water affect v, there
will be a relationship between the v and each component. For a low correlation
between fat and water contents, the influence of both water and fat contents

on the v should be assessed.
3.3 INFLUENCE OF FAT ON X-RAY ABSORPTIOMETRY PARAMETERS

Figure 3A shows the relationship between X-ray attenuation values (A)
obtained at different energies and the measured fat content of the hams. There
was an increase in A values when the X-ray energy decreased. This fact is linked
to the greater absorption phenomena which exist at low energies than at high
ones (Kalender, 2005). Whatever the energy considered, an increase in the
percentage of fat content involved a decrease in A. Non-significant differences
in the slope of the A vs X¢ were detected (p>0.05), due to the large
experimental variation of attenuation not explained by the fat content. It has
been described that X-ray attenuation at low energies is dependent on both fat
content and the product thickness (Hansen et al, 2003), which is not constant
in hams. The variation in ham weight could also increase the variation in A

values.
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Ar is proportional to the attenuation (A) and to the ratio between sample
surface in the scan (S) and the ham weight (M) (Eqg. 4). This ratio is related to
the composition but also to the shape of the ham. As shown in Figure 3A,
although a drop in the fat content produces an increase in A, it simultaneously
increases the density and consequently, for a constant sample surface in the
scan, it decreases the ratio S/M;. Therefore, a decrease in the fat content has an
opposite effect on the two factors of Eq. (4), and the resulting effect on A7 is
unknown. In the present study, Ar was found to be positively correlated to the
fat content at the three different voltages and intensities studied, specifically 90
kV and 4 mA (R°=0.57), 70 kV and 8 mA (R*=0.53) and 50 kV and 15 mA
(R?=0.34) (see Figure 3B).
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-
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Figure 3. Relationship between X-ray parameters, A (A) and A; (B), obtained at
different X-ray energies (50, 70 and 90 kV) and the fat content (X;) for raw hams.

3.4 PREDICTIVE MODELS

A linear model was established for MC set between the fat content and the
ultrasonic velocity (Eqg. 5); the RMSEC being 2.90% (Table 2) and R2=0.89 (Eg. 5).
This could be considered a robust model because very different samples were

used in the study.
Xf(%w.b)=054-v-82199 (Eq. 5)

85



CHAPTER 4.1. FRESH PORK MEAT CHARACTERIZATION

where X; is the fat content and v is the ultrasonic velocity. The slope of Eq. (5)
indicates that an increase of 1 m s in the ultrasonic velocity led to an increase
of 0.54% in the fat content.

Miles and Fursey (1977), using the reciprocal of the squared ultrasonic velocity
(1/v) at 0 °C, reported less satisfactory predictive models of fatness for
comminuted beef muscles (R> < 0.54). These authors assessed the fat
composition in meat muscles and mixtures of lean and fatty tissues. However,
in the present work the fat content assessment is conducted on a much
complex medium (whole bone-in ham) which includes different types of
muscles, connective tissue and subcutaneous fat, which highlights the
relevance of the results for implementing quality control systems in the meat
industry. Miles and Fursey (1977) reported that the best temperature for
conducting the ultrasonic measurements was 37 °C, however in the present
work the temperature chosen was 2 °C since it is the most commonly one used
for refrigeration of green hams prior to classification and processing. When
analysing fresh Biceps femoris at 0 °C, Nifioles et al. (2011) found that an
increase of 1 m s™ in the ultrasonic velocity implied an intramuscular fat
content increase of 0.34%. The different coefficient value found by Nifoles et
al. (2011) (0.34 compared to 0.54) could be due to the great experimental
variability (R?=0.59) found by these authors, which greatly increases the
standard error of the estimated coefficient. However, Park, Whittaker, Miller,
and Hale (1994) suggested that the increase of 1 m s in the ultrasonic velocity
measured at 22 °C led to a reduction of 0.21% in the fat content of
Longissimus dorsi muscle, which may be explained by considering the fact that

the fat melts at high temperatures.

A multiple regression analysis was performed to study the relationship
between the fat and moisture contents and the ultrasonic velocity. The analyses
detected a severe collinearity between both variables (the fat and moisture
contents), due to the VIF being higher than 5 (VIF¢,=8.2), caused by the

inherent relationship between the fat and moisture contents in the green hams.
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Therefore, including the moisture content in the model does not lead to a
better explanation of the experimental variability observed in the ultrasonic

velocity.

The fat content was also predicted by means of X-ray parameters (Ay) at three
different energies. The predictive model (Eq. 6) showed a RMSEC of 4.20% and
a R? of 0.80.

Xf(% w.b.) =-279.643-0.00473- A150 +0.00806- AT70 —0.00103-AT90  (EqQ. 6)

Predictive errors were high in comparison to what occurs using technologies in
which the thickness of the sample is not critical, such as the ham grading
system based on electromagnetic induction measurements (Serra, & Fulladosa,
2011), or in technologies in which thickness determination is inherent to the
measurement, such as in the case of US. There are only slight X-ray attenuation
differences between fatty and lean tissues and a more accurate thickness
correction (including a laser volume sensor) could help to obtain better

models.

The use of hams from different animal breeds increases the robustness of the
models, but may also have an adverse effect on the predictive errors. Figure 4
shows the typical geometry of scanned ham surfaces from different
crossbreeds. CLW hams exhibited a different shape from CDU and CIB hams. In
Eq. (4), an average thickness was used instead of the real thickness. The error of
this approximation may depend on the dimensional conformation of the hams.
Therefore, new models were developed by discarding the CLW hams and, thus,
considering only the hams with a similar geometry. From this approach, the
errors (RMSEC=2.23%) were smaller than the ones obtained using all the hams
(RMSEC=4.20%), pointing to the importance of the homogeneous
conformation of the hams. In contrast, since the geometry is not important in

US technology, the error is similar (3.02% vs 2.90%) when using v.
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A B C

Figure 4. Scanned surface of hams from crosses containing Large white and Landrace
(A), Duroc (B) or Iberian (C) breeds.

When using all the hams, the stepwise regression analysis including both the
US and X-ray parameters, showed that the parameter which provided the most
relevant information for fat content prediction (Table 2) was the v. The addition
of X-ray parameters to the model did not decrease the prediction error. In
contrast, when discarding CLW hams, the most relevant information is provided

by Arsp and Atz and v is not included in the model.

Table 2. Parameters of raw hams fat predictive models using X-Ray and ultrasound

measurements.
c’°suss'f;|*eds Technology |, &?"\):I'_'Es RMSEC(%) R? RMSEV(%)
CLW, CDU, CIB uUs v 2.90 0.89 297
CLW, CDU,CIB X-Rays Arso Arzo, Arso 4.20 080 465
CDU, CIB us v 3.02 0.59 3.29
CDU, CIB X-Rays Arso Avro, Aso 223 0.79 327

3.5 VALIDATION AND CLASSIFICATION TESTS

Figure 5 depicts the relationship between the fat contents measured and
predicted using ultrasound (A, Eq. 5, R?=0.90) and X-ray (B, Eq. 6, R’=0.67)
models (Table 2). RMSEV were 2.97% and 4.65% for ultrasound and X-rays,
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respectively, both providing a reliable, non-destructive measurement of the fat
content of green hams over a wide range of fat content (from 6.5 to 41.0%
w.b.). The number of validation errors decreases when CLW hams are excluded
from the model for X-rays (RMSEV=3.27%). Miles et al. (1987) reported
standard deviations of the residuals of around 1.85 for the ultrasonic
estimation of the fat content in specific sites of the beef carcass. In other
studies, the ultrasonic velocity has been used to estimate the fat content of
green meat mixtures and fish (Benedito et al, 2001; Ghaedian, Coupland,
Decker, & McClements, 1998) obtaining a better correlation than in the present
study, (R?=0.99, in both cases). In all likelihood, this fact could be explained by
considering that highly homogeneous samples were tested in the former
used

studies. however, are

The green hams in the present study,
heterogeneous; this is due to several factors, the fat distribution within the
samples, the connective tissue characteristics, the different moisture and fat

profiles and the existing bones and skin, among others.
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Figure 5. Validation of the predictive model for fat content (X;) estimation of raw hams

based on ultrasonic (A) and X-ray absorptiometry (B) measurements.

In order to evaluate the feasibility of using the ultrasonic and X-ray models to
classify the hams into different categories according to their fat content, the

MV set hams (Table 1) were classified into three groups: low (<14%), medium
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(between 14 and 26%) and high (>26%) fat content levels (Table 3). Once the
estimated fat content was calculated from Eq. (5) and (6) and compared with
the measured one, the classification performance was assessed. In average
terms, whereas the ultrasonic model classified 88.5% correctly, the X-ray model
only classified 65.4% of the MV ham set (Table 3). The ultrasonic model was
able to correctly classify 87.5 and 100.0% of the ham pieces, in the low and
high fat content groups, respectively. However, for a medium fat content, the
percentage of correctly classified hams was reduced to 75.0% (Table 3). In

contrast, the X-ray model provided similar percentages for every category.

Table 3. Classification of raw hams according to the fat content (X;) (low X;<14%,
medium 14<X;<26% and high X{>26%) by using the predictive model based on

ultrasonic and X-Ray measurements.

% CLASSIFICATION

FAT LEVEL Xt (% w.b.)
us X-Rays
Low <14 87.5 70.0
MEDIUM 14-26 75.0 62.5
HIGH >26 100.0 75.0
TOTAL 88.5 65.4

Thus, US could better classify hams into different groups of fatness, which
would be highly relevant for industrial quality control purposes. It would be
necessary to develop a prototype which permits a rapid measurement before
implementing this technology industrially as a means of easily and rapidly
sorting and processing the raw material according to the fat content. X-rays
could also be useful, especially if a specific calibration is developed for each
kind of raw material in order to overcome the variability produced by the
different conformation of the hams. In this case, the device is already suitable

for industrial conditions and works at production speed.
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As previously explained, it is not worth combining X-ray and US sensors
together in an instrument because it does not offer a significant improvement

and it would increase the cost of the device.
4. CONCLUSIONS

Ultrasound velocity and X-ray attenuation are influenced by the composition of
the hams, allowing predictive models to be developed for the fat content with
errors of 2.97% and 4.65% for US and X-ray, respectively, when all the hams are
used, when all the hams are used. When discarding hams with a different
geometry (CLW hams), the X-ray predictive error improved, decreasing to
3.27%. Nevertheless, in no case did the combination of parameters obtained
from both technologies improve the prediction accuracy. These predictive
models permitted a satisfactory classification of the hams into three fat levels
(<14, 14-26 and >26% fat content), demonstrating the feasibility of these non-
destructive techniques for ham classification purposes. Research should be
conducted in order to include accurate sample geometry corrections in the X-

ray technique and to develop fast ultrasonic devices to be used online.
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Abstract

This works aims to show the feasibility of using low-intensity ultrasound (US) to
predict the salt content in brined Biceps femoris (BF) and Longissimus dorsi
(LD) pork muscles. For this purpose, meat samples were salted in brine solution
(20% w/w at 2 °C) for different times (24, 48, 96 and 168 h) and the US velocity
measured before and after salting. In addition, model samples with preset
water and salt contents were formulated and the US velocity was measured. In
the model samples, the salt content (Xs) had a more marked effect on the US
velocity (13.0 m/s per AXs = 1% wet basis) than the water content (5.0 m/s per
AXw = 1% wet basis). The salt gain and the water loss during brining caused
the US velocity to increase (61.5 and 49.3 m/s for 168 h in LD and BF,
respectively). Significant linear relationships between the US velocity and both
factors (Xs and Xy) were established (R?>0.771). A predictive model of the salt
content based on the US velocity was proposed; this was successfully validated
(average estimation error 0.48%), which shows the feasibility of using US for

industrial quality control purposes.

Keywords: Non-destructive technology; Ultrasound; Salt content prediction;

Pork meat
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1. INTRODUCTION

In the last few decades, the application of ultrasound in the food industry has
been the focus of increased attention. In particular, as a non-destructive
technology, the use of low-intensity ultrasound has been the subject of many
contributions aiming to characterize the structural and compositional
properties of food commodities (Povey and Harden, 1981; Contreras et al,
1992; Ghaedian et al,, 1998; Mizrach, 2000; Aparicio et al.,, 2008; Corona et al,
2014). In the meat industry, low intensity ultrasound (US) has already been
used to characterize animal carcasses. Thus, Morlein et al. (2005) have classified
pig carcasses based on the intramuscular fat content of Longissimus dorsi by
means of the spectral analysis of US echo signals (at = 3.5 MHz). Faulkner et al.
(1990) and Ribeiro et al. (2008) used ultrasonic measurements to estimate the
fat cover and carcass composition in cows and in growing lambs, respectively.
Llull et al. (2002) evaluated the textural properties of a pork meat-based
product (sobrassada) from ultrasonic velocity measurements. Corona et al.
(2014) tested the feasibility of using ultrasonic velocity measurements to
estimate the fat content and identify the fat source used in formulated dry-
cured sausages. Similarly, the fat, water and protein content were assessed in
raw meat mixtures by using ultrasonic velocity (Benedito et al, 2001). In
addition, the time of flight of ultrasound waves has also been used to assess
the percentage of frozen meat in blocks of chicken and beef during freezing
(Sigfusson et al,, 2004). However, the ability of ultrasound to determine the salt
content in meat products, such as salted hams or loin, has not been reported in

the literature.

Salting is among the most relevant stages in the processing of dry-cured meat
products, since salt inhibits foodborne pathogens and spoilage bacteria growth
(Liu et al,, 2013) and contributes to necessary flavor and textural modifications
of the raw meat (Larrea et al, 2006). However, the salting process of whole
pieces, such as ham or loin, is complex since the biological and chemical

characteristics of meat are greatly heterogeneous (Vestergaard et al, 2007).
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Consequently, the use of a fixed salting time/product mass ratio is rarely
optimal. In addition, the conventional analytical techniques used for the salt
content measurement in meat products are not suitable for quality control
purposes, due to the fact that they are destructive, laborious and time-
consuming. Thus, great effort has been made by the meat industry to search
for non-destructive techniques which allow reliable real time measurements of
the salt content. Some of the most relevant non-destructive technologies
previously applied to characterize the salt content in meat-based products are
microwave dielectric spectroscopy (Castro-Giraldez et al, 2010), computer
tomography (CT) (Vestergaard et al, 2004), near infrared spectroscopy (NIR)
(Collell et al,, 2011; Prevolnika et al.,, 2011) and hyperspectral imaging (Liu et al,
2013). These techniques have great potential for the rapid and non-destructive
prediction of salt content. However, some of these techniques have limitations
which include the high cost, the limited capacity of the equipment to be
modified for on-line measurements and the reduced penetration capacity, for
which reason they are barely used in the meat industry. In contrast, ultrasound
is especially suitable for use as an industrial process quality control tool
(Scanlon, 2004), because of its affordable portable equipment and easy
adaptability to the process lines. Moreover, ultrasound can also be used to
measure the internal composition of thick opaque samples. Therefore, the
objective of this study was to test the feasibility of using low-intensity
ultrasound to predict the salt content in brined pork meat (Biceps femoris and

Longissimus dorsi muscles).
2. MATERIALS AND METHODS
2.1 RAW MATERIAL

Biceps femoris (BF) and Longissimus dorsi (LD) muscles were obtained from
Large White breed pigs from a local market. In both muscles, the subcutaneous
fat was removed before processing. The pieces selected had a pH of 5.65+0.05,

which was measured at three different points along the muscle avoiding fatty
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areas. Two different types of samples were prepared and analyzed by
ultrasound. On the one hand, cylindrical samples (0.037 m in diameter (@) and
0.060£0.010 m in length (L)) were taken from 16 BF and 12 LD muscles by
using a cylindrical cutter. The cut of the muscle was carried out perpendicularly
to the direction of the fibers. On the other hand, model samples were
formulated with specific moisture and salt contents, for which purpose 2 BF

muscles were ground.
2.2 SALTING EXPERIMENTS IN BRINE SOLUTION

BF and LD cylindrical samples were placed into metallic cylinders (0.04 m in
diameter and 0.07 m in length) in order to avoid the radial mass transfer during
salting (Figure 1A and B). The base’s cylindrical perimeter of the sample in
contact with the brine was sealed with contact adhesive (Loctite Superglue-3,
Loctite, Henkel) to avoid brine penetration along the walls, while the upper
base was covered with a plastic film and paraffin to avoid sample dehydration.
Salting experiments were carried out in a thermostatic bath with 15 L of brine
20% NaCl (w/w), which was held at 2°C, a common temperature for meat
salting, and vigorously stirred (Figure 1A). In each experiment, 12 samples were
partially immersed in the brine, supported by a hollow polystyrene sheet.
During salting, three samples were taken out after 24, 48, 96 and 168 h and
analyzed. The salting experiments were replicated four times for both BF and
LD muscles, using 3 LD and 4 BF muscles in each salting experiment.
Additionally, equilibrium salting experiments were carried out keeping 4 BF

and 4 LD cylindrical samples in the brine until constant weight was achieved.
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Figure 1. (A) Scheme of experimental device used for meat salting brine solution
including a detail of a meat sample section (H, | and L'). (B) Ultrasonic measuring
procedure in the meat sample inside the metallic cylinder (left) and in the meat sample

section (right).

2.3 MODEL SAMPLES WITH PRESET WATER AND SALT CONTENT

Model samples with preset water and salt contents were formulated from

ground BF (Table 1). During salting, there exists an inherent relationship
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between water and salt content, thereby, the experiments with model samples
alm to separate the specific effect of both variables on the ultrasonic

properties.

Table 1. Model samples with preset salt and water content formulated from ground

Biceps Femoris by:

SET1

BATCHES AXwo (% w.b.)

-3 0 (Raw meat) 3
0 0 0
1 1 1
Salt content
(Xs % w.b.) 2 2 2
3 3 3
4 4 4
SET 2

BATCHES AXso (% w.b.)

0 (Raw meat) 2 4
77 69 68
72 70 69
73 71 70
o o) 7 ” Z
75 73 %
76 74 73
77 75 %

Set 1. Modifying the salt content in batches with different initial water content (Xwo).
Set 2: Modifying the water content in batches with different initial salt content (Xso).

Two sets of model samples were prepared to cover the typical water and salt

content range found during the salting of pork products, such as ham or loin
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(Table 1). In Set 1, three batches with a different initial water content (Xyq) were
prepared by adding (AXwo = +3% w.b.) or removing (AXwo = -3% w.b.) water
from the raw meat (AXwo = 0). Afterwards, five different kinds of samples were
formulated for each batch by adding salt (Xs from 0 to 4% w.b.) to the ground
BF (Table 1 Set 1). In order to increase the water content, distilled water was
added to the ground BF, while for dehydration, the ground BF was
homogenously placed in a plate and dried in an air-forced oven (40 °C).
Similarly, in Set 2, three batches were prepared by adding salt (AXsp = 2 and 4%
w.b.) to the raw meat (AXsg = 0). In this case, 7 different samples were
formulated with water contents from 68 to 77% w.b. for each batch (Table 1).
For each set, metallic cylinders (0.033 m in diameter and 0.025 m in length)
were stuffed with the formulated model samples and vacuum treated (VAC-10,
Edesa, Spain) in order to remove the air incorporated during grinding and

blending.
2.4 ULTRASOUND MEASUREMENTS

The experimental set-up used for the ultrasonic measurements consisted of a
pair of narrow-band ultrasonic transducers (1 MHz and 0.75" crystal diameter,
A314S-SU model, Panametrics, MA, US.A)), a pulser-receiver (5058PR model,
Panametrics, MA, US.A) and a digital storage oscilloscope (TDS5034 model,
Tektronix, WA, US.A). A custom designed digital height gage, linked to the
computer by a RS232 interface, was used to measure the sample thickness with

a precision of £0.01 mm.

Ultrasonic measurements were carried by through-transmission mode placing
the meat sample between the two ultrasonic transducers (Figure 1B). The
ultrasonic velocity (V) was computed as the ratio between the sample thickness
(measured by the digital height gage) and the time of flight (time elapsed from
the departure of the wave from the emitter to the arrival at the receiver). Time
of flight was computed averaging 3 signal acquisitions, and the In order to

compute V, the system delay (0.789us) was taken into account, which was
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determined from the pulse transit time measured across a set of methacrylate

cylinders of different thicknesses (from 1 to 6¢cm).

V was measured in the model samples and in the raw and the salted cylindrical
samples (after 24, 48, 96 and 168 h) (Figure 1B). After the V measurement, each
brined sample was sliced into 3 sections (0.020£0.003 m in thickness), as
shown in Figure 1A and B. The L' section refers to the one in contact with the
brine solution, the | section is the intermediate zone of the sample and the H
section is the upper one furthest from the brine solution. V was also measured

in each section (H, I and L) (Figure 1B).

The ultrasonic measurement was carried out in triplicate at 2 °C inside a
temperature controlled chamber (Arco SP 350, Comersa, Spain). Prior to
measuring V, the samples were tempered for 24 h as a consequence of the
influence of the temperature. In the brined samples, the variation of ultrasonic
velocity (AV) was assessed as the difference between the V after (t = 24, 48, 96
and 168 h) and before salting (0 h) (AV = V;-Vqp).

2.5 CHEMICAL COMPOSITION

The water, salt and fat contents were determined in the raw muscles. In
addition, the salt and water content were also analyzed in each section of the

brined samples.

The water content was determined by oven drying to constant weight at 102 °C
following the standard AOAC method 950.46 (AOAC, 1997). The salt content
was analyzed after sample homogenization in 100 mL of distilled water at 9500
rpm in an ULTRATURRAX (T25, IKA Labortechnik, Germany) for 5 minutes.
Supernatant was filtered through membrane filters (45 pm) and a 500 pl aliquot
sample was taken and titrated in Chloride Analyzer equipment (Chloride Meter
926 L, Ciba Corning, U.K)) (Carcel et al,, 2007). The fat content was determined
by using Shoxlet equipment and following the AOAC 991.36 (AOAC 1997). All

analyses were performed in triplicate.
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The salt (Xs), water (Xw) and fat (Xg) contents were expressed as percentages
(%) in wet basis (w.b.). The salt gain (AXs) and the water loss (AXy) were also

calculated for each salting time in the salting experiments.
2.6 MASS TRANSPORT MODELLING

Mass transport was addressed in order to gain insight into the rate of water
loss and salt gain during meat salting, which would allow the existing
relationship between both variables to be quantified. The salt and water
transport during the salting experiments was modeled by considering a
governing diffusion mechanism. In terms of mass transfer, cylindrical samples
behaved as infinite-slab geometry bodies due to the fact that radial transfer
was prevented by the metallic wall Equation (Eq. 1) shows the governing
diffusion equation for the salt taking into account the homogeneity and
isotropicity of the solid and considering the effective diffusivity and the volume

to be constant.

' 2y
X5 (69 _ D[M(ﬂ] €. )

ot X2

where X’s is the local salt content (% w.b.), Ds is the effective diffusivity of the

salt (m%/s), x is the transport direction (m) and t is the time (s).

In order to solve the differential equation (Eg. 1), the initial and boundary
conditions were assumed (Barat et al, 2011). The initial salt concentration in
the sample was considered to be homogenous, the external resistance to mass
transport was taken to be negligible due to the high turbulence created in the
brine solution and the solid presented a symmetrical diffusion profile. Thereby,
the solution of equation (Eqg. 1) is presented in equation (Eg. 2) in terms of the

local salt content at a specific time (Crank, 1975).

X's = Xse +(Xs0 —Xse)- Y.

_1" [—Ds(2n+ 1)2n2tJ (2n + 1)nx
Xp -Cos (Eg. 2)

"0on41 412 2L
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By integrating equation (Eq. 2) for the solid volume (0<x<L), a relationship
between the average salt content (Xs) in the sample and the time was obtained
(Eq. 3).

(Eq. 3)

_ 22
Xs = Xse +(Xs0 —Xse)- > g 2 ©) exp{ Ds@n+1)"n tJ
Y

(2n+1)? 41

where X5 and Xs. are the initial sal content and the salt content at the
equilibrium, respectively. Analogous expressions to equations (Eq. 2) and (Eqg.

3) were used to model the water transport.

Equation (Eq. 3) was fitted to the experimental salt content in order to identify
the characteristic effective diffusivity (Ds) of the salt. Ds was estimated using
the optimization tool, SOLVER, available in the spreadsheet Excel ™ (Microsoft,
WA, USA). The optimization procedure consists of minimizing the sum of the
squared differences between experimental and calculated equation (Eq. 3) salt
content. Following the same procedure, the effective diffusivity of the water

(Dw) during salting was also estimated.
2.7 REGRESSION MODELS

Multiple and simple regression models were developed between the
dependent variable (AV) and the compositional factors (AXs and AXw),
considering the LD and BF samples both separately and jointly. For that
purpose, the BF and LD samples were split into two sets. The first set (model
calibration, MC) was used to develop the models, including 36 samples (nuc)
when the BF and LD muscles were studied separately and 72 when the BF-LD
muscles were studied jointly. The rest of the samples (nmy = 12 or 24) were
used for the model validation (MV). The regression analysis was performed by
using Statgraphics® Centurion XV (Statpoint Technologies Inc., Warrenton, VA,
USA).
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The accuracy of each model was estimated by computing the squared of the
linear regression coefficient (R?) and the Root Mean Square Error of Prediction
(RMSE) value (Eqg. 4).

I yp —yi)?
n

RMSE = (Eq. 4)
where n is the number of samples, y, is the predicted value and y; is the

experimental value.
3. RESULTS AND DISCUSSION
3.1 CHEMICAL COMPOSITION

The chemical composition of the raw BF and LD muscles used in this work is
shown in Table 2. Non-significant (p>0.05) differences were observed between
their pH and salt, fat and water contents of both muscles. However, it should
be remarked that a marked variability was found in their water and fat content.
The fat content ranged from 0.06 to 5.81% w.b. in LD and from 0.18 to 3.79%
w.b. in BF, while the water content varied from 73.1 to 75.5% w.b. in LD and

from 74.1 to 76.9% w.b. in BF (Table 2).

Table 2. Average values and standard deviations of salt (Xs), water (Xy), fat (X;) content

(% w.b.), pH and initial ultrasonic velocity (V) of LD and BF raw muscles.

SAMPLE X (% w.b.) Xw (% w.b.) Xr (% w.b.) pH Von (M/s)
LD 0.19+0.03 74.5£0.8 1.79+1.35 560+0.17 1557.0%6.3
BF 0.17+0.05 75.6x0.7 0.98+0.74 5.54+0.15 1533.9%4.0

3.2 INFLUENCE OF THE SALT AND WATER CONTENT ON THE ULTRASONIC
VELOCITY FOR MODEL SAMPLES

Figure 2 shows the influence of the salt (Xs) and water (Xy) content on the

ultrasonic velocity (V) in formulated (ground BF) Set 1 (Figure 2A) and Set 2
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(Figure 2B) model samples. These experiments aim to split the effect of Xs and

Xw on the V, as already mentioned.
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Figure 2. Influence of the salt (Xs) and water (Xy) content on the ultrasonic velocity (V)

for formulated model samples. (A). Set 1 and Kinsler Equation (Eq. 5). (B). Set 2.

Figure 2A illustrates the influence of Xs on V by comparing the behavior of
three batches of model samples with different initial water content. The initial
Von was different in each batch, the average values being 1559.5, 1545.2 and
15145 m/s for model samples of AXwo -3, O (raw meat) and +3% w.b,
respectively. This experimental variability is mainly ascribed to the fact that V is
dependent on the water content, which is different for each batch analyzed.
Ultrasound travels faster in the solids (protein and fat), with high elastic
modulus (Benedito et al,, 2000), than in liquids (water), which explains the fact
that V decreases as the moisture content rises. Otherwise, the increase of the
salt content caused a rise of V due to the net gain of soluble solid which
increased the bulk modulus of the saline solution contained in the meat. Thus,
for the different batches of Set 1, significant (p<0.05) linear relationships were
found between V and Xs with coefficients of determination (R%) between 0.967
and 0.991 (Figure 2 and Table 3). The slope of the linear relationships (Table 3)
represents the variation in V for a given change of Xs, e.g. a slope value of 12.9
indicates that a change in salt of +1% causes a AV of +12.9 m/s. As observed in

Figure 2A and Table 3, similar slopes were obtained for every batch. Figure 2A
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and Eq. 5 also shows the experimental Kinsler Equation (Eq. 5) at 2 °C, which
represents the influence of Xs on V for an aqueous solution at this temperature
(Kinsler et al, 1982). It is worth mentioning that the slope of the linear
relationship for the meat model samples was similar to that of the Kinsler
Equation (Eq. 5). Therefore, it could be assumed that a given salt gain causes a
similar ultrasonic velocity increase, regardless of the sample structure. No
previous studies have reported how the salt content modifies the ultrasonic

velocity in meat products.
V =13.7Xs +1410 (Eq. 5)

Table 3. Linear regression models between ultrasonic velocity (V) and the salt (Xs) and

water (Xy) in model samples.

Equation R?
AXwo = -3% w.b. V= 129+0.5Xs + 1562+¢2  0.967
Bgzcthfs AXyo = 0% w.b. (raw meat) V = 13.942.3X + 154546 0.991
AXuwo = +3% w.b. V=123+04Xs + 15111  0.982
AXgo = 0% w.b. (raw meat) V =-40+02Xy + 1822+15 0.992
Bgzcthzes AXs, = 2% w.b. V = -6.8+0.1Xy + 2052422  0.994
AXs, = 4% w.b. V= -44+02X, + 1902+¢13 0931

As regards the specific effect of the Xy on V (Figure 2B and Table 3), it was
found to produce the opposite effect to Xs. For the three batches of Set 2, the
higher the Xy (from 67.7 to 77.0% w.b.), the lower the V. In the case of the raw
meat (AXso = 0), V varied from 15384 to 1514.6 m/s. Significant linear
relationships (p<0.05) were found between V and Xw and R? ranged from
0.931-0.994. Similar slopes were found for batches of raw meat and AXsy =
+4% w.b, whereas a more pronounced drop in the V was found in the batch
with the intermediate salt content (AXsg = +2% w.b.), leading to a significantly
(p<0.05) larger slope. This fact could be linked to the complex interaction of

the salt with the meat protein matrix, since intermediate salt contents could
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induce protein solubilization (Nguyen et al, 2010; Du et al, 2010), causing
severe structural modifications that affect the V. The influence of Xy on V has
already been reported in literature. Thus, Nifoles et al. (2011) proposed a
similar linear relationship (V = 1820.2 -3.6Xy, R? = 0.790 at 0 °C) for the raw BF
of Iberian pigs (Xw from 66.0 to 73.8% w.b.) to those found in Table 3. V has
also been measured in a minced cured meat product (Xy from 18.9 to 39.8%
w.b.) by Llull et al. (2002) who observed a reduction in V as the water content
rised. Pascual et al. (1997) reported that V in beef meat (1572 m/s) was lower
than in pork (1589 m/s) and lamb (1588 m/s) meat because of the higher Xy.

In Table 3, it may be observed that the average slope of the V-Xs relationship
(13.0+£0.8 m/s % w.b.) was much higher than that found for the V-Xy (-5.0+£1.5
m/s % w.b.). This fact indicates that a change of 1% w.b. in salt would produce
a change of 13.0 m/s, while a change of 1% w.b. in water would only result in a
change of 5.0 m/s. Thereby, considering the data reported by Albarracin (2009)
for typical compositional changes during ham salting, a salt gain of 4% would
lead to an ultrasonic velocity increase of 52.1 m/s, while a decrease of 7% in
the water content would increase V by 34.5 m/s. Therefore, from the results
obtained for model samples, a rise of 86.6 m/s in V could be expected during
ham salting for a salt gain of 4% and a water loss of 7%. In order to confirm
this result, the salting of BF and LD pork muscles was studied, as well as how it
experimentally affects the ultrasonic velocity. First of all, the salt and water
transport during salting was thoroughly addressed in order to analyze the flow

rates and quantify the existing relationship between both variables.
3.3 KINETICS OF WATER LOSS AND SALT GAIN DURING SALTING

Figure 3 shows the evolution of the Xs and Xy during salting of the BF and LD
in the calibration sample set. As shown in Figure 3, the BF and LD samples
gained salt and lost water during the salting process. A great experimental

dispersion was observed, which was more marked for the water than for the
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salt content for both muscles. On average terms, the experimental dispersion

was also larger in LD than in BF (Figure 3).

The rate of salt gain and water loss reduced as salting progressed (Figure 3),
which is a common fact in diffusion-governing transport. This fact
demonstrates that both mechanisms are coupled and the rate is controlled by
the effective diffusivities of both components. At the end of salting (168 h),
more salt was gained and more water lost in LD than in BF muscle. Thus, the Xs
increased from 0.19 to 3.47% in BF and from 0.20 to 4.21% in LD. However, in
the case of the Xy, it decreased from 75.4 to 72.3% w.b. in BF and from 74.5 to
69.7% w.b. in LD. This could be linked to the different structure and initial
composition of the BF and LD (Table 1).
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Figure 3. Experimental kinetics of water loss (Xy) and salt gain (Xs) in BF and LD

samples of the calibration set during brining at 2 °C and diffusion model.

BF and LD muscles achieved the equilibrium after 288 h with Xs of 14.4 and
13.2% w.b. and Xy of 65.2 and 65.0% w.b., respectively. The Xs and Xy figures
obtained at equilibrium were consistent with the previously published results
(Graiver et al,, 2006; Haseth et al,, 2009; Alifo et al.,, 2010).

Experimental kinetics of water loss and salt gain during salting were modeled
by using a diffusion model (Eg. 3). The model provided a satisfactory fit of the

experimental data (Xs and Xy) in both LD and BF muscles, as shown in Figure 3.
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The fit was more accurate for Xs than Xy in both muscles due to its lower
experimental dispersion. The explained variances for the water loss kinetics
were of 0.969 and 0.939 for BF and LD, respectively, whereas higher explained
variances were found for the salt gain kinetics (BF 0.996 and LD 0.993) due to

its lower experimental dispersion.
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Figure 4. Simulated diffusion profile (continuous line) of salt (Xs) and water content
(Xw) in BF and LD muscles and experimental salt and water content (dots) in the
sections (H, | and L) of the samples for the calibration set during brining at 2 °C (24, 48,
96 and 168 h).

The effective diffusivity identified by fitting the model to the experimental data
(Eg. 3) was of 4.88 x 10 m?/s for the water and 2.75 x 10™*° m?%/s for the salt

transport in BF and 1.07 x 10 m?%/s for the water and 4.35 x 10™® m?%/s for the
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salt in LD. The values obtained for the effective diffusivities were consistent
with others already reported in the literature. Sir6 et al. (2008) and Costa-
Corredor et al. (2010) proposed a diffusion coefficient for the salt transport of
4.00 x 10" m?/s and 3.18 x 10 m?/s in LD and BF samples brined (20% w/w,
brine concentration) at 5 and 2 °C, respectively. Barat et al. (2011) proposed a
diffusion coefficient of 6.17 x 10™® m?%/s for the salt transport and 1.18 x 10
m?/s for the water transport in brined pork meat (15% w/w, brine

concentration) at 4 °C.

The models were validated from the validation set, and the prediction of Xs was
found to be more accurate (R?> = 0.968) than in the case of Xy (R®> = 0.938).
Moreover, the diffusion profile for the salt and water contents in BF and LD was
simulated from the identified effective diffusivities and compared to the
experimental Xs and Xy of the sections (H, | and L) into which the samples
were divided (Figure 4). In general terms, the calculated diffusion profiles for
the salt content were close to the experimental ones of the meat sections,
which reinforces the hypothesis that diffusion may be considered to be the
predominant mass transport mechanism. From the effective diffusivities
identified and using simplified diffusion models (only one term of the
summatory of equation (Eq. 3)), particular numerical relationships for BF and LD

samples could be established between Xs and Xy.

3.4 EVOLUTION OF THE ULTRASONIC VELOCITY VARIATION DURING
SALTING

Initial ultrasonic velocity showed a marked experimental variability (Vop;
1557.0+6.3 m/s for the LD and 1533.9+3.98 m/s for the BF), which was not
ascribed to pH, fat or water content of the fresh muscles (Table 2), since
significant relationships were not found (p>0.05) between these parameters
and the ultrasonic velocity. As a consequence of this variability, it was
considered convenient to assess the ultrasonic velocity variation (AV) between

the final (after salting) and the initial ultrasonic velocity of the raw sample.
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Thereby, the dispersion of the AV was lower than that of V and this parameter

could be used as an indicator of the progress of the salting process.
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Figure 5. Ultrasonic velocity variation (AV) in BF and LD samples during brining at 2 °C.

The evolution of the AV in the BF and LD samples during salting is shown in
Figure 5. As is observed, AV increased during salting due to the net increase in
solids ascribed to the salt gain and water loss. This fact has also been observed
in fish products, where the V increased along with the solid-non-fat content
(Ghaedian et al, 1998), but there have not been studies for meat products. In
the range of 0 to 168 h of salting, the AV increased more in LD than in BF, 61.5
versus 49.3 m/s (Figure 5). This result is consistent with the final Xs reached in
both muscles; since the LD muscle achieved a higher Xs than the BF (4.21% w.b.
in LD and 3.47% w.b. in BF). As shown in Figure 5, despite using the AV, there
was a large dispersion in both muscles for each specific salting time, especially
after 96 and 168 h. As previously remarked, this could be linked to the
experimental variability provoked by the heterogeneity of the raw meat
samples, which led to a marked variability in the final salt content (Figure 3),

especially after 96 and 168 h.
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From the results found for formulated model samples (section 3.2), equation
(Eg. 6) was obtained to assess AV as a function of the experimental AXs and

AXy. Experimental and calculated AV are plotted in Figure 6.

AV ca = 13.0-AXs exp -5.0-AXw exp (Eq. 6)
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Figure 6. Calculated (AV ¢4 using Eq. 6) and experimental (AV gp) ultrasonic velocity

variation in BF and LD samples.

Figure 6 displays an acceptable correlation between the experimental and
calculated AV in BF and LD samples (R* = 0.788). Consequently, it strengthens
the hypothesis that AV is mainly caused by the salt gain and water loss during
salting, as well as revealing that the influence of both variables should be non-
dependent on the matrix structure. Major deviations were found at high AV
(>50 m/s), where calculated values were higher than the experimental ones (Eq.
6). This could be associated to several factors, among others, the non-
homogeneous distribution of salt in LD and BF samples, as observed in
diffusion profiles (Figure 4), compared to the homogeneous distribution found
in the model samples. In addition, the interaction effect of AXy and AXs on AV
was not included in equation (Eq. 6), and this is probably more remarkable at
high AXy and AXs.
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The results reported in this section confirm that the changes in ultrasonic
velocity during salting could be predicted from the salt gain and water loss.
However, it is necessary to go further to assess the salt gain and water loss
during brining from the change in the ultrasonic velocity. In this sense, it
should be considered that salt gain is the main aim of salting rather than water
loss, since the water content is going to be reduced in further processing steps
of dry-cured meat products, such as drying and maturing and ageing. As a
consequence, ultrasonic measurements should be mainly addressed to provide
a good estimation of the salt content. For that purpose, a thorough analysis of
how the ultrasonic velocity varies as a function of AXy and AXs is required, all

of which is addressed in the following section.
3.5 SALT CONTENT PREDICTION FROM ULTRASONIC VELOCITY

The correlation between the AV and the salt gain (AXs) and water loss (AXy) of
the BF and LD samples and their corresponding sections (H, | and L) are
plotted in Figures 7 and 8, respectively. The goodness of the linear fit was
better in the sections (Figure 8) than in the whole samples (Figure 7) (e.g. R?
0.893 against 0.823 for Xs in BF), which could be explained by the wider
experimental range of Xs and Xy covered by the sections. Due to the fact that
the transport of salt and water is coupled, there is multicollinearity between the
AXs and AXy factors that affects V. Thus, the relationship found between AV
and AXw was, to some extent, disturbed by AXs and vice versa. This is the
reason why the slopes of the linear relationships plotted in Figures 7 and 8
were higher than the ones shown in Table 3 for model samples, which was
especially noticeable for Xw. Thus, in order to better quantify the effect of the
water loss and salt gain on the ultrasonic velocity during salting, multiple linear
regression models were established between the response variable (AV) and
the compositional factors (AXs and AXy), considering LD and BF samples not

only separately but also jointly.
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Figure 7. Relationships between the ultrasonic velocity variation (AV) and the salt gain

(AXs) and water loss (AXy) in BF and LD samples.
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The performance of the regression models is displayed in Table 4 for both
calibration (MC) and validation (MV) sample sets and compared with the simple
linear regression models (Figure 7) only considering AXs as factor. In overall
terms, the accuracy of the models was similar for LD and BF samples. In the
case of simple regression models, Ry and Ryc? figures were close to 0.8,
except for the validation set of BF where Ry’ reached 0.865. The joint analysis
of LD and BF samples did not reduce the accuracy of the models, which is
relevant for industrial applications as the ultrasonic variation is not considered

to be dependent on the meat source.

Table 4. Linear regression models between ultrasonic velocity variation (AV) and the

salt gain (AXs) and water loss (AXy) in brined BF and LD samples.

. RMSE . . RMSE .
SAMPLES MODELS Nwc (%).,”C RoucE  nwy (%).,”" R’my
AV=8.09+13.06
" A omTm 36 766 0795 12 774 0771
AV:S’%‘:B'& 36 768 0794 12 827 0775
S
AV=1023+12.13
N 0o 36 484 0800 12 521 0865
AV:lO'AZXS+12'15 36 484 0800 12 521 0865
S
AV=7.75+1235 4, 651 0800 24 621 0814
p.pe | AXe1298X,
AV:S‘ZZ:B'“ 72 658 0796 24 645 0804
S

® n=number of samples

® RMSE=Root Mean Square Error

¢ R?=coefficient of determination and the ¢ and v subscripts refer to the calibration and
validation set, respectively.

The inclusion of the AXy factor did not imply a better prediction of AV. Thus,
statistical parameters for LD were similar when considering only AXs (R*wy =
0.775 and RMSEny = 8.27%) or AXs and AXw (RZMV = 0.771 and RMSEwy =
7.74%), which was also found for BF and BF-LD samples. Consequently, there
was a non-significant (p>0.05) influence of AXy on AV. This differed from the
behavior observed in the model samples, which could be linked to several

factors. Firstly, the influence of AXy on the calculated AV (Eq. 6) was much
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milder than that of AXs (Table 3), e.g. in equation (Eq. 6), the coefficient for AXs
(13.0 m/s) doubled the one for AXy (-5.0 m/s) (Table 3). Secondly, the greater
variability of the water content during salting also contributes to a reduction in
the significance of the AXy factor over the AV. Finally, the existing relationship
between AXw and AXs (see section 3.3.) implies that the effect of AXw on the
AV is included in the Xs coefficient and y-intercept value of the simple linear
relationships shown in Table 4, both of them being, to some extent,
overestimated. Therefore, the relationship found for LD-BF samples can be
simplified considering only one factor (AXs) and a simple model could easily be

derived for predicting AXs as a function of AV (Eq. 7).
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Figure 9. Calculated (AXs ca Using Eqg. 7) and experimental (AXs gyp) salt gain in the BF

and LD samples for the validation set.

In Figure 9, the salt content (AXs ca) calculated by using equation (Eq. 7) is
plotted against the experimental one (AXs exp) for the BF and LD samples of the
validation set. In overall terms, a good correlation was found (R? = 0.804) and a

random distribution between experimental and calculated values appeared
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(Figure 9). AXs was predicted with an error of under 0.25% w.b. in 50% of the
samples from the validation set and with an error of under 0.42% w.b. in
75%,whereas the average error of the salt estimation was 0.48%. It should be
remarked that outliers have not been removed from the analysis (Figure 9).
Similarly, an error of 0.30% in non-destructive salt prediction for dry-cured
hams is reported by Fulladosa et al. (2010) using computed tomography.
Therefore, and considering the errors of the estimation, ultrasound inspection
should not be presented as an analytical tool for estimating the salt content in
pork meat. Otherwise, it has a great potential for non-invasive and non-

destructive industrial applications for online quality control purposes.
4. CONCLUSIONS

The feasibility of using low-intensity ultrasound to assess the salt gain in brined
pork meat has been demonstrated. The ultrasonic velocity in LD and BF
muscles increased during salting. The influence of the water loss on the
ultrasonic velocity during brining was simplified due to that the transport of
water and salt are coupled. Thereby, a simple predictive model of the ultrasonic
velocity change during salting was developed and validated to estimate the
salt gain (average error 0.48%). Further work is required to customize the
ultrasonic inspection for whole pieces, such as ham or loin, to be used in
industry for online quality control purposes, which would greatly contribute to

improve the homogeneity in the salt content in dry-cured meat products.
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Abstract

Bearing in mind the highly variable salt content in dry-cured meat products
with anatomical integrity, such as pork loin or ham, non-destructive salt
content characterization and the online monitoring of dry salting are highly
relevant for industrial purposes. This study explores the ability of low-intensity
ultrasound to monitor the dry salting of pork Biceps femoris (BF) and
Longissimus dorsi (LD) online, as well as to estimate the salt content, both in
these muscles and in hams. For this purpose, meat samples were dry salted for
up to 16 d at 2°C. During the salting of the muscles, the ultrasonic velocity was
continuously measured at time intervals of 5min, while in the hams it was
measured before and after salting. The ultrasonic velocity increased
progressively during the salting due to salt gain and water loss, reaching a
velocity variation (AV) of 46.8m/s after 16 d of dry salting for hams and 59.5
and 30.6m/s after 48h of dry salting for LD and BF, respectively. Accurate
correlations between salt gain and AV were obtained (R* = 0.903 in LD-BF
muscles and R? = 0.758 in hams), which allowed the assessment of the salt
content with an average estimation error of 0.4% w.b. for both muscles and
hams. Further research should investigate the use of the time of flight obtained
through the pulse-echo mode, instead of the ultrasonic velocity, in order to

improve the industrial applicability.

Keywords: Ultrasound; Pork meat; Dry salting; Online monitoring, Quality

control’ Salt content.
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1. INTRODUCTION

Salting is one of the most ancient preservation methods used on meat
products, such as ham, loin, bacon and sausages (Binkerd & Kolari, 1975). In
the salting process, the fresh meat is stabilized due to a combined effect of the
salt gain and the water loss. Salt is a multifunctional ingredient that affects
both the food safety and quality. Meat products without anatomical integrity,
such as dry-cured sausages, are formulated and a known quantity of salt is
added to the minced meat. However, in meat products with anatomical
integrity, salting is a complex and critical process due to the fact that it is

affected by many factors, some of which cannot be controlled.

In the meat industry, dry salting is the most commonly-used salting process for
the whole anatomical piece meat products and consists of covering the meat
with coarse salt (Barat, Grau, Pagan-Moreno, & Fito, 2004). Usually, several
salt/product layers are superimposed (Ventanas, 2001) and a particular salting
time, temperature and relative humidity conditions are established for an entire
batch (Jurado, Carrapiso, Garcia, & Timdn, 2002; Bello, 2008). Consequently, the
salt content of meat pieces in the same batch varies greatly, not only due to
the salting process itself but also to the heterogeneity in the weight, shape,
composition and structure of the fresh meat (Gou, Composada, & Arnau, 2004;
Ramirez & Cava, 2007; Castro-Giraldez, Fito, & Fito, 2010; Candek-Potokar &
§krlep, 2012; Reig, Aristoy, & Toldra, 2013). The variability linked to the dry
salting process arises from the non-homogeneous ambient conditions of the
salting chamber, the different position in the salting layers, the formation of
brine between the sample surface and the dry salt and the size of the salt
crystals, among other factors (Barat, Grau, Pagan-Moreno, & Fito, 2004; Van
Nguyen, Arason, Thorarinsdottir, Thorkelsson, & Gudmundsdottir, 2010;
Albarracin, Sanchez, Grau, & Barat, 2011). As a consequence of the variable salt
absorption in meat pieces from the same batch, the behavior of each salted
piece is different in the subsequent stages of the product manufacturing

process, which gives rise to heterogeneous sensory and nutritional
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characteristics of the final batch (Garcia-Gil, Mufioz, Santos-Garcés, Arnau, &
Gou, 2014). In addition, due to the above-mentioned variability in the salting
process, meat products are commonly over-salted to ensure the product's
safety, which increases the energy consumption, lengthens the process time
and has a great impact on the product quality (Garcia-Gil et al, 2012). Thus, the
online monitoring of the salt content of meat products during salting could be
a useful tool in the meat industry with which to describe the salt evolution and
to determine the optimal salting time, according to the salt content targeted

for each particular piece.

The online monitoring of the salting process, as well as the salt content
characterization, should be addressed through non-destructive and non-
invasive techniques, such as low-intensity ultrasound technology. Ultrasonic
velocity, acoustic impedance and the attenuation coefficient have been used to
assess the physicochemical properties, such as the composition, structure and
physical state, of many foods (Mulet, Benedito, Bon, & Sanjuan, 1999;
Haeggstrom & Luukkala, 2001; Damez & Clerjon, 2008; Schock & Becker, 2010).
In the meat industry, ultrasound velocity has been used to estimate the
intramuscular fat content in beef samples (Whittaker, Park, Thane, Miller, &
Savell, 1992), to classify fresh hams according to the fat level (De Prados et al.,
2015a) and to characterize formulated dry-cured meat products according to
the breed and diet of the pigs (Nifioles, Clemente, Ventanas, & Benedito, 2007;
Nifoles, Sanjuan, Ventanas, & Benedito, 2008) and the fat content (Corona,
Garcia-Pérez, Ventanas, & Benedito, 2014). Additionally, a recent study has
demonstrated the relationship between the ultrasonic velocity measured in
dry-cured hams and their salt content (Fulladosa et al, 2015a). De Prados,
Garcla-Pérez, and Benedito (2015b) studied the feasibility of using low intensity
ultrasound to predict the salt content in pork meat samples (Biceps femoris
and Longissimus dorsi) by measuring the ultrasonic velocity before and after
salting by the through-transmission method. However, to our knowledge, the

ultrasonic through-transmission method has not been applied either to predict
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the salt gain in meat products with great structural complexity, such as whole
hams, or to perform the online evaluation of the salt gain evolution in meat

muscles during dry salting.

Therefore, the aim of the present study was to investigate the ability of low
intensity ultrasound to perform the online monitoring of pork meat (Biceps
femoris and Longissimus dorsi) dry salting. The capacity of the ultrasonic
models to estimate the salt content in both muscles and in dry salted whole

hams was also assessed.
2. MATERIALS AND METHODS
2.1 MEAT SAMPLING

Fifteen fresh Longissimus dorsi (LD) and Biceps femoris (BF) pork muscles from
Large White breed pigs were obtained from a local market. Muscles were
selected with a pH ranging between 6.4 and 5.5. In both muscles, the
subcutaneous fat and external connective tissue were removed. Samples of
20+2cm in length (L) and 1.0+0.1kg were obtained from each muscle, keeping
the original width (Z) and thickness (T) of the muscle (Figure 1). Meat muscles
were used for the online monitoring of dry salting and the salt gain estimation

using ultrasound.

Additionally, thirty hams from the Large White breed, with an average weight
of 11.2+0.5kg, were purchased in a slaughterhouse. The hams were used to
estimate salt gain by measuring the ultrasonic properties before and after the

salting process.
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FRESH SAMPLE SALTED SAMPLE SALTED SECTIONS
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Figure 1. Sample preparation. Fresh sample, salted sample and sections (1S, 2S, 3S, 4S
and 5S) of Longissimus dorsi (LD) and Biceps femoris (BF) muscles. Ultrasonic
measurement zones in muscles and hams. C. Cushion, FC. Fore Cushion and BE. Butt
End.

2.2 DRY SALTING EXPERIMENTS

Dry salting experiments were carried out on LD and BF muscles by covering the
sample with 6kg of coarse salt (NaCl moisturized at 10% w/w) at 2+1°C in a
cold chamber (AEC330r, Infrico, Spain) (Figure 2). Fresh samples and salt were
previously stored for 24h at 2°C for the purposes of tempering. Three replicates
were carried out for each salting time (6, 12, 24, 36 and 48h) for both LD and BF

muscles.

137



CHAPTER 4.2. SALTED PORK MEAT CHARACTERIZATION

In the case of hams, all of them were salted following the standard dry-cured
ham elaboration process. Thus, the hams were pile-salted with a layer of coarse
salt (NaCl moisturized at 10% w/w) at least 10cm thick and kept for 2, 4, 7, 11
and 16 d at 2+2°C and 85+5% relative humidity, in order to obtain a wide salt

content range. Six hams were considered for each salting time.
2.3 ULTRASOUND MEASUREMENTS

The experimental set-up consisted of a pair of narrow-band ultrasonic
transducers (1MHz, 0.5" crystal diameter, A303S model, Panametrics, Waltham,
MA, USA, for the ultrasonic measurements in LD and BF muscles and 1 MHz,
0.75" crystal diameter, A314S-SU model, Panametrics, Waltham, MA, USA, for
the ultrasonic measurements in hams), a digital storage oscilloscope (Tektronix
TDS5034, Digital phosphor oscilloscope. Tektronix Inc. Bearverton, OR, USA)
and a pulser-receiver (Model 5058PR, Panametrics, Waltham, MA, USA). A
custom designed digital height gage, linked to the computer by an RS232
interface, was used to measure the sample’s thickness with a precision of

+0.01mm.

Figure 2 shows the experimental set-up used for the measurement of the
ultrasonic velocity during the dry salting experiments on LD and BF muscles.
For the purposes of carrying out the ultrasonic measurements while the LD and
BF meat was being salted, the sample was placed on 2kg of salt inside a plastic
container (30x25x15cm) (Figure 2) and the transducers were coupled to the
sample’s thickness. Next, three temperature sensors were introduced; one was
placed in the sample, one in the salt and the third one close to the transducer
and the rest of the salt was added until the sample was covered. In this case,
the transducers used had a small contact surface (A303S model, 1.77cm?) so as
to maximize the contact area between the meat sample and the salt. The
ultrasonic velocity (V) was measured by the through-transmission mode at time
intervals of 5min. Due to the fact that the meat sample shrinks during salting,

the position of the upper transducer was manually adjusted both initially and
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during the process with a force of 1IN to maintain the contact between the

sample and the transducers.

Clitig 1)

. Transducers

. Oscilloscope-PC

. Pulser-Receiver

. Digital height gage
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. Sample
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Figure 2. Experimental set-up for online ultrasonic measurements in Longissimus dorsi

(LD) and Biceps femoris (BF) muscles during dry salting.

As a consequence of the difficulty of implementing the ultrasonic online
measurements in whole hams salted in piles, the V was measured by the
through-transmission mode at 2°C in a temperature-controlled chamber
before and after salting in 3 sections of the hams. Thus, 20 measurements were
carried out in the cushion (C) and 5 in the fore cushion (FC) and the butt end
(BE) sections (Figure 1). The hams were kept at 2+2°C for 24h before the
ultrasonic velocity was measured. The ultrasonic velocity in each ham was
calculated as the average of the 30 ultrasonic velocities measured in every ham

zZone.
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The V was computed from the time of flight (TOF) (averaged for 5 signals) and
the sample’s thickness (T) by using specific software programmed in Visual
Basic (VB 6.0 Microsoft™). The variation of ultrasonic velocity (AV) was
calculated as the difference between the initial V in the samples and the V for a
particular time (AV = Vi-Voy). The time of flight variation (ATOF) was also

considered to be related with compositional changes during salting.
2.4 DETERMINATION OF FAT, WATER AND SALT CONTENTS

After dry salting, the excess salt was removed from the surface of the LD and BF
samples and a cross slice (SL) of the samples (153.7+44.0g), including the
ultrasonic measurement zone, was taken (Figure 1). Each SL was split into 5
sections for the analytical determinations: sections 1S and 5S (29.9+12.3g)
made reference to the end zones, sections 2S and 4S (30.8£9.3g) were the
intermediate zones and section 3S (34.4+6.0g) was the central zone where the
ultrasonic velocity was measured (Figure 1). Each section was individually
ground and homogenized before the analytical determinations. In the case of
the hams, they were washed with water at 15+1°C and then vacuum-packaged.
After 40 d of storage at 31+2°C, all the hams were dissected into the major
parts: bones, skin, lean tissue and fatty tissue. The lean and fatty tissues were
then minced together and homogenized in a bowl chopper for the analytical

determinations.

The fat, salt and water contents were determined in the fresh muscles and
hams. To this end, a representative piece of each muscle was taken after
obtaining the fresh muscle samples. In the case of the hams, 5 additional hams
from the same batch were used for the purposes of measuring the initial
average fat, salt and water contents of the fresh samples. In addition, the salt
and water contents were also analyzed in each section of the salted LD and BF
samples and in the mixture of lean and fatty tissues of salted hams. Thus, the
fat content was determined by using the Shoxlet extraction method following
AOAC 991.36 (AOAC, 1997). The water content was determined by oven drying
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to constant weight at 102°C following the standard AOAC method 950.46
(AOAC, 1997). The salt content was analyzed after sample homogenization (1g
for fresh samples and 0.5g for salted samples) in 100mL of distilled water at
9500rpm in an ULTRATURRAX (T25, IKA Labortechnik, Germany) for 5min.
Supernatant was filtered through membrane filters (45um) and a 500pl aliquot
sample was taken and titrated in a Chloride Analyzer equipment (Chloride
Meter 926L, Ciba Corning, U.K.) (Carcel, Benedito, Bon, & Mulet, 2007). All the

analyses were performed in triplicate.

The salt (Xs), water (Xw) and fat (Xg) contents of the fresh samples, the salted LD
and BF sections (1S, 2S, 3S, 4S and 5S), the cross slice (SL average of the 5
sections) and the hams, were expressed as percentages (%) in wet basis (w.b.).
The salt gain (AXs) and the water loss (AXw) were also calculated for each
salting time (6, 12, 24, 36 and 48h in LD-BF muscles and 2, 4, 7, 11 and 16 d in

hams).
2.5 STATISTICAL ANALYSIS AND REGRESSION MODELS

The influence that the fresh muscles and hams, Xs, Xw, X¢, Z and T, the salting
time and the type of muscle had on the AXs, AXyw and AV was evaluated by
means of an analysis of variance using the Statgraphics® Centurion XV
(Statpoint Technologies Inc., Warrenton, VA, USA). Linear relationships between
Z-DMXs, Z-AXw, T-AXs and T-AXy were established to determine the effect of the
dimensions of the muscles and hams on the compositional changes during

salting.

Simple regression models were developed between the dependent variable
(AV) and the salt gain both for the muscles (considering the LD and BF samples
jointly) and the hams. In order to evaluate the capacity of the models for salt
content determination, both the BF and LD samples and the hams were split
into two sets. The first set (model calibration, MC), comprising 20 samples (nmc),

was used to develop the models. The rest of the samples (nvmy = 10) were used
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for the model validation (MV). The regression analysis was performed by using

Statgraphics® Centurion XV (Statpoint Technologies Inc., Warrenton, VA, USA).

The accuracy of each model was estimated by computing the square of the
linear regression coefficient (R and the Root Mean Square Error of Prediction
(RMSE) value (Eqg. 1).
>h(yp —yi)?
n

RMSE = \ (Eq. 1)
where n is the number of samples, y, is the predicted value and y; is the

experimental value.
3. RESULTS AND DISCUSSION
3.1. FRESH MEAT CHARACTERIZATION

As can be observed in Table 1, non-significant differences (p>0.05) were found
between the salt, water and fat contents of fresh LD and BF muscles. However,
there were significant differences (p<0.05) found between all the analyzed
parameters of fresh hams and both muscles. Ham and muscle parameters are
in the range commonly reported for Large White pigs (Schivazappa et al., 2002;
Barbin, ElMasry, Sun, & Allen, 2013; Fulladosa, Mufioz, Serra, Arnau, & Gou,
2015b). Table 1 shows that Xs was less variable than the water and fat contents.
Similarly, Barbin, ElMasry, Sun, and Allen (2013) found a great variability in the
water and fat contents in fresh LD (Xy = 69.1-75.1 and X; = 0.3-6.3% w.b.) and
BF (Xw = 73.6-75.7 and X = 1.1-3.5% w.b.) for pork meat. Taking into account
that the composition of both fresh muscles and hams varied greatly, it was
considered convenient to compute the salt gain (AXs) and the water loss (AXw)
in order both to describe the salting kinetics and to relate them with the

ultrasonic parameters.
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Table 1. Fat (X;), water (Xy) and salt content (Xg), thickness (T) and width (Z) of the

fresh Longissimus dorsi (LD) and Biceps femoris (BF) muscles and hams.

LD BF Hams
Xe (% w.b.) 1.5+1.0° 26+1.8° 12.4+3.2°
Xw (% w.b.) 73.9+1.4° 749+1.7° 69.8+2.5°
Xs (% w.b.) 0.19+0.06° 0.20+0.03° 0.26+0.04°
T (cm) 45+0.5° 54+0.7° 11.5%+0.5'
Z (cm) 11.3+0.4' 16.7+1.2° 31.6+13"

Mean values and standard deviation.

Different letters in the same row indicate significant differences between LD, BF and hams
(p <0.05).

*Mean value between three zones of ham (cushion, fore cushion and butt end)

As previously mentioned, the salt absorption in the samples depends on their
shape and dimensions, among other things. These factors are characteristic for
each fresh ham, BF and LD sample. In the case of hams, the thickness and width
of the pieces varied greatly (T = 10.7-12.8cm and Z = 28.7-34.3cm). In that of
muscles, the BF samples were not only more irregular than the LD ones (Figure
1) but also thicker and wider (T = 4.4-6.4cm and Z = 14.9-18.7cm) than the LD
samples (T = 3.6-5.3cm and Z = 10.7-12.0cm) (Table 1).

3.2. SALTING KINETICS IN DRY-SALTED MUSCLES AND HAMS

As can be observed in Table 2, the salt gain (AXs) and water loss (AXyw) in the SL
slice of LD were significantly (p<0.05) greater than in that of BF after 48h of dry
salting. Thus, the Xs in the SL slice was 6.9+0.5% w.b. in LD and 4.2+0.1% w.b.
in BF and the Xy was 65.0+0.3% w.b. in LD and 69.6+1.2% w.b. in BF after 48h
of dry salting. In addition, the AXs and AXy in hams was slower than in muscles.
As an example, the salt gain in hams salted for 11 d (2.7£0.3% w.b.) was similar
to that found in LD-BF muscles salted for 12h (3.0+0.3% w.b. for LD and
2.2+£0.2% w.b for BF). Due to the fact that meat salting is mainly controlled by
diffusion, the different compositional changes in both muscles and hams were

linked to the different structure/composition, width and thickness of BF, LD and
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hams (Table 1). In fact, significant (p<0.05) relationships were found between
the muscle dimensions (T and Z) and the compositional changes (AXs and AXy).
Thus, the greater thickness and width of BF could explain its smaller AXs and
AXw compared to LD (Table 2).

Table 2. Salt gain (AXs), water loss (AXy) and ultrasonic velocity variation (AV) in the
slice (SL) of Longissimus dorsi (LD) and Biceps femoris (BF) muscles and in hams,

during dry salting at 2°C.

salting AXs (% w.b.) AXy (% w.b.) AV (m/s)
time LD BF LD BF LD BF

6h 21403 16402 -24+15" -32+07" 76+1.0" 45+21%
12h 3.0£0.3% 22402 -47+09™ -31+13% 146+15% 74+1.2%

24h 43+04%  34+09°* -69+21°° -40+15" 23.1+6.9% 109+3.4*
36h 45404  44+11° -67+16° -51+21%* 361+2.6° 26.9+9.0"

48h 6.7£02%  4.0£037 -92+07° -6.5+04" 59.5+7.2% 30.6+4.5"
Hams Hams Hams

2d 1.1+0.1° -5.142.3° 21.9+5.6°

4d 1.7+0.2° -3.8+1.7° 25.3+7.1°

7d 2.2+0.3¢ -6.0+1.4% 37.6+4.0°

11d 2.7+0.3¢ -7.8+27" 473+7.6°

16d 3.3+04° -8.842.9¢ 46.8+3.8°

a, b cd

Average values and standard deviation. Values in a columln2 ;/\Ll"lgh different letters

indicate significant differences between salting times (p <0.05).7“>"> %7 Values in a row with
different numbers indicate significant differences between muscles (p <0.05).

On the other hand, X; was not found to be a factor that significantly (p<0.05)
affected the compositional changes in muscles despite it being well known that
fat hinders mass transport in food materials (Rgra, Furuhaug, Fjeera, &
Skjervold, 2004; Grau, Albarracin, Toldra, Antequera, & Barat, 2008). That could
be due to the narrow experimental range of the fat content covered by the

muscles and hams used in the present study (Table 1).
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It should also be remarked that a wide experimental dispersion was found,
which was more evident for AXw. As an example, the AXyw was -6.7+1.6% w.b.
and the AXs was 4.5+0.4% w.b. in LD salted for 36h and the AXy was -7.8+2.7%
w.b. and the AXs was 2.7+0.3% w.b. in hams salted for 11 d. This experimental
dispersion might be mainly ascribed to the heterogeneous dimensions,

composition and structure of the fresh meat.
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Figure 3. Profiles of salt gain (AXs) and water loss (AXy) in the slice (SL) of Longissimus
dorsi (LD) (A and C) and Biceps femoris (BF) (B and D) muscles during dry salting (6, 12,
24, 36 and 48h) at 2°C.
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In Figure 3, the profile of the salt gain and water loss in the sections (from 1S to
5S) of the slice (SL) of the LD and BF samples is plotted at different salting
times (6, 12, 24, 36 and 48h). In general terms, the AXs and AXy profiles
exhibited a reasonably good symmetry in both muscles (Figure 3). As expected,
the most marked compositional changes (water and salt) took place in the end
sections (1S and 5S), the AXs and AXy in these sections being significantly
(p<0.05) higher than those in the central (3S) and intermediate (2S and 4S)
ones (Figure 3). As an example, the AXs was 5.841.1% w.b. and the AX\ was -
9.4+1.7% w.b. in the end sections (avg. 1S and 5S) of LD after 36h of dry
salting, while the AXs was 4.3+£0.3 and 3.1+£0.1% w.b. and the AXy was -6.2+1.1
and -47211% w.b. in the intermediate (avg. 2S and 4S) and central (3S)
sections, respectively, for the same muscle and salting time. The differences
between the sections grew as salting progressed, bending the initially flat
profiles (Figure 3). The salt and water profiles also illustrate the fact that the
compositional changes in LD were bigger than in BF. Figure 4 shows the
relationship between the composition of SL and that of the zone of ultrasonic
measurement (3S) for the salt gain (A) and the water loss (B). As can be
observed, the AXs and AXy in 3S were lower than those found in the whole SL
slice. Those differences could be explained by considering that, although the
thickness of 3S was similar to that of the intermediate sections (2S and 4S), it
was thicker than the end sections (1S and 5S) (Figure 1). Moreover, the contact
area between the sample and the salt was larger in the external sections (1S
and 5S), which also helps to increase the differences between the SL and 3S salt
contents. Additionally, the transducers’ surface (A303S model, 1.77cm2) was in
contact with the 3S section, which may hinder the mass transfer (salt and water)
due to the fact that it reduces the contact area between the sample and the
salt (Figure 1). Despite the experimental variability, significant (p<0.05)
relationships were observed between the composition of 3S and SL in both
muscles studied, showing high correlation coefficients (avg. R = 0.898) (Figure
4). These results demonstrate that employing ultrasound to assess the

compositional changes occurring in a particular zone could be used to evaluate
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the changes in the whole meat piece, which would be of great interest for
industrial purposes. Relationships like those shown in Figure 4 are dependent
on the shape and dimensions of the meat piece; accordingly, if these factors
are sufficiently different from those considered in the present study, new
relationships should be developed. Alternatively, a larger number of
transducers could be used to assess an average composition of the whole meat
piece, as was done in the present study with an irregularly-shaped product,

such as ham.
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Figure 4. Relationship between the salt gain (AXs) (A) and the water loss (AXy) (B) in
the slice (SL) and ultrasonic measurement section (3S) of Longissimus dorsi (LD) and

Biceps femoris (BF) muscles during dry salting at 2°C.

3.3. ULTRASONIC MONITORING OF THE DRY SALTING OF MUSCLES

Figure 5 shows the change in the ultrasonic velocity (V) of the LD samples
during dry salting at 2°C for 12 and 24h. The same behavior (data not shown)
was observed after the LD samples were submitted to the dry salting process
for 6, 36 and 48h; in the case of the BF samples, this behavior was observed
after every salting time (6, 12, 24, 36 and 48h). The initial V in the fresh muscle
(Vo) varied markedly (1558.3+22.7m/s for the LD and 1525.8+10.5m/s for the
BF). In previous studies, V has been linked to the meat composition and in

particular to its water and fat content (Simal, Benedito, Clemente, Femenia, &
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Rosselld, 2003; Corona, Garcia-Pérez, Ventanas, & Benedito, 2014). However, in
the present study, the Vy was not significantly (p>0.05) related either to the
water or the fat contents, probably because the analytical determinations in the
fresh sample were not carried out where the V, was measured. In addition to
composition, the great variability found for Vo could be explained by the
differences in the amount of connective tissue and its distribution among the

muscles of different animals, which could lead to differences in their textural

properties.
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Figure 5. Ultrasonic velocity (V) evolution in the ultrasonic measurement zone (3S) of
the Longissimus dorsi (LD) muscle during dry salting (12 and 24h) at 2°C. Dotted circle
indicates an initial sharp increase in the ultrasonic velocity (V) during ultrasonic

monitoring. Each series correspond to a different replicate.

Figure 5 illustrates how the V increased gradually during dry salting. This
behavior could be explained by the fact that ultrasound travels faster in solids,
with a high elastic modulus (Benedito, Carcel, Clemente, & Mulet, 2000), than in
liquids (water). Thus, the rise in V is caused by the increase in the solid content,
due to the salt gain and water loss that takes place during salting. The same
behavior was observed by De Prados, Garcia-Pérez, and Benedito (2015b), who
reported an increase in the V in brine-salted cylindrical LD and BF samples.
Similarly, Kinsler, Frey, Coppens, and Sanders (1982) observed that the greater

the salt concentration in an aqueous solution, the higher the V. De Prados,
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Garcia-Pérez, and Benedito (2015b) measured the V in small cylindrical samples
before and after salting; however, in the present study, the V was measured
during dry salting in LD and BF muscle pieces (=1kg) at intervals of 5min, which

proves the feasibility of the online ultrasonic monitoring.

On the other hand, as can be observed in LD salted for 24h (Figure 5), the V
evolved differently in samples under equal salting conditions (temperature,
salting time and salt moisture). This could be ascribed to the fact that the
salting behavior was different due to the variable dimensions and shape of
each fresh muscle (Table 1 and Figure 1), as well as to the heterogeneity of the

fresh meat composition and structure, among other factors.

Despite the progressive increase in ultrasonic velocity during dry salting, some
unexpected behavior was observed in the first hours of the process. As an
example, Figure 5 illustrates this behavior for a 24h dry salting trial of LD. A
sharp increase in V was found in the first 5h of dry salting (Figure 5), which was
observed in almost all the trials. This behavior is considered to be unexpected
because it does not match the normal kinetics for salt and water diffusion in
meat. Due to the marked temperature effect on the V (Povey & Scanlon, 1983;
Mulet, Benedito, Bon, & Sanjuan, 1999), it is thought that this steep
temperature increase could be associated with a possible temperature rise
caused by the sample positioning in the ultrasonic experimental set-up.
However, a non-significant (p>0.05) relationship was found between the
measured temperature and the rise in V. Thus, two tests were conducted in
order to explain this steep initial increase in V. First, a methacrylate cylinder
(6cm in length and 4cm in diameter) was covered with coarse salt (NaCl
moisturized at 10% w/w) for 24h and V was measured every 5min. The results
showed a constant V (Figure 6A), which was expected due to fact that the
methacrylate cylinder is not affected by salt absorption. In the second test, the
V was measured every 5min in the same methacrylate cylinder, but without salt
for the first 6h. Afterwards, 1mL of water was added on both flat surfaces of the

cylinder, between the sample and the transducers, and subsequently covered
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with salt. During the first 6h the V was almost constant, followed by an increase
for approximately 2h when water and salt were added (Figure 6B). This
behavior could be explained by considering the formation of a salt solution
between the transducers and the samples’ surfaces. Therefore, the sharp
increase in V during the first 5h of dry salting (Figure 5) could be linked to the
formation of a salt solution between the transducer and the meat due to the

initial extraction of water from the most external meat layers.
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Figure 6. Ultrasonic velocity (V) evolution: (A) in a methacrylate cylinder (6cm in length
and 4cm in diameter) covered with salt for 24h at 2°C. (B) in a methacrylate cylinder; 6h

without salt and 6h with salt and 1mL of water on the transducer’s surfaces at 2°C.

3.4. RELATIONSHIP BETWEEN ULTRASONIC VELOCITY AND
COMPOSITIONAL CHANGES IN MUSCLES AND HAMS

In order to obtain a good estimator of the dry salting progress based on the
ultrasonic parameters and bearing in mind the great variability of V,, the total
velocity variation (AV) during salting after 6, 12, 24, 36 and 48h in LD-BF
muscles and 2, 4, 7, 11 and 16 d in hams was considered (Table 2). The increase
in AV during dry salting was related to the increase in the solid content of the
sample (muscles and hams), as previously mentioned. In muscles, the AV value
of the LD samples was higher than that of BF, the average AV of LD being
59.5m/s and that of BF 30.6m/s after 48h of dry salting. These results are
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consistent with the greater compositional changes (salt and water) which occur
in LD (AXs = 6.7% w.b. and AXy = -9.2% w.b., Table 2) compared to BF. In hams,
the AV was 46.8m/s after 16 d of dry salting. Different values of AV were
obtained in hams and LD-BF muscles for a similar salt gain and water loss
(Table 2). As an example, the AV was 21.9m/s in hams for a AXs of 1.1% w.b.
and a AXw = -5.1% w.b. after 2 d of salting. In contrast, the AV was 4.5m/s in BF
for a AXs of 1.6% w.b. and a AXyw = -3.2% w.b. after 6h of salting. De Prados,
Garcia-Pérez, and Benedito (2015b) also found higher values of AV for a similar
salt gain and water loss in LD and BF samples that had been brine-salted for
different times (24, 48, 96 and 168h). These authors found that cylindrical LD
and BF samples reached a AV of 32.6m/s for AXs = 1.9% w.b. and AXy = -2.3%
w.b., after 24h of brine salting. This difference could be linked to the type of
ultrasonic measurement. In the present study, the ultrasonic velocity was
measured online in LD and BF muscles at time intervals of 5min; consequently,
transducers and muscles were in continuous contact during salting. This fact
prevented the salt from being in direct contact with the sample surface where
the ultrasonic velocity was being measured. On the contrary, in the hams used
in the present study and in De Prados, Garcia-Pérez, and Benedito (2015b), the
V was measured before and after salting; therefore, the meat surface where
transducers were located for velocity measurements had been in contact with
salt, which can lead to protein denaturation, salt intake and water loss, giving

rise to a fast surface textural increase, and, therefore, to a higher initial AV.

Despite the fact that AV reduced the wide dispersion of the V, there was still a
great variability for each specific time (Table 2). As previously mentioned, this
could be linked to the experimental variability provoked by the heterogeneity
of the fresh meat samples and the salting process itself, which resulted in
salted samples with different water and salt contents after the same salting
time. The relationship between the salt gain (AXs) and the ultrasonic velocity
variation (AV) in both muscles (LD-BF) is shown in Figure 7. Since both muscles

(LD and BF) exhibited the same behavior in the AV vs AXs plot, a single
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relationship was considered for both muscles. Figure 7 also shows the AV vs
AXs relationship for whole hams, whose slope is quite similar to the one found
for muscles. A significant correlation (p<0.05) was found between AV and AXs
in LD-BF and in hams as well as between AV and AXy in LD-BF. An increase in
AXs produced a rise in AV of hams and both muscles (LD-BF) (Figure 7), whilst
the opposite trend was found in the case of an increase in AXy (AV = -
6.4AXw+2.9 for LD-BF and AV = -1.9AXy+22.6 for hams). However, the
goodness of the fit was much more satisfactory for AXs (R? = 0.903 in both
muscles and R? = 0.758 in hams) than for AXy (R®> = 0.611 in both muscles and
R? = 0.200 in hams). The poorer fit for AXs and AXy in hams could be attributed
to the higher degree of variability linked to a greater structural (connective
tissue, fat profile, bones and different types of muscles) complexity. Moreover,
in hams, the salt and water content determinations were carried out
considering the whole muscular tissue of each piece, while the V was measured
at 30 points and the initial salt content and moisture are average values for 5
hams from the same batch. In contrast, the AV in muscles was related to the

compositional changes in 3S (ultrasonic measurement zone).

The slope of the linear relationships shown in Figure 7 indicates that the AV
increased by 13.9+0.9 and 12.7+1.4m/s per 1% increase in AXs for LD and BF
muscles and hams, respectively. Moreover, the AV decreased by 6.4 and 1.9m/s

per 1% increase in AXy for LD and BF muscles and hams, respectively.

Although the slopes of the relationships shown in Figure 7 are similar, a
different value for the intercept is observed in muscles (LD-BF) and hams. In
hams, the AV is much greater at AXs = 1 than in muscles. This difference could
be linked to the type of ultrasonic measurement carried out in hams and in
muscles. As previously mentioned, the V was measured before and after salting
in hams; therefore, the meat surface where the transducers are located has
been in contact with salt, which can result in protein denaturation, salt intake
and water loss, giving rise to a fast surface textural increase, and, therefore, to a

higher initial AV. However, for AXs > 1% w.b, the effect of salt on the ham
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surface in contact with the transducers is negligible, and therefore, the

relationship between AV and AXs is similar for both samples (muscles and

hams).
70
*
60 -| . ¢
Hams
50 | y=12781.4x+7.7432
Rz = 0.758 A
A
240 LD-BF
£ y = 13.940.9x - 8.6%2.1
> 2 =
Z 30 | R2 = 0.903
20 |
*LD
10 |
o0BF
A Hams
0 ‘ ‘ ‘ :
0 1 2 4 5 6

3
AXg (% w.b.)
Figure 7. Relationship between the salt gain (AXs) and the ultrasonic velocity variation
(AV) in the ultrasonic measurement zone (3S) of the Longissimus dorsi (LD) and Biceps

femoris (BF) muscles and hams.

The slope of the AV vs AXs relationship was similar to that reported by Kinsler,
Frey, Coppens, and Sanders (1982), who found that the AV increased by
13.7m/s per 1% increase in AXs in a saline solution at 2°C. De Prados, Garcia-
Pérez, and Benedito (2015b) also found slopes of 12.5m s'9% for BF and 13.7m
5% for LD for the AV vs AXs relationship and of -9.8m s'%™ (LD) and -8.2m
s9%™! (BF) for the AV vs AXy relationship, in brine-salted cylindrical samples at
2°C. The fact that the slopes of the AV vs AXs relationship found in this study
(for whole hams and two different muscles) and those of Kinsler, Frey, Coppens,
and Sanders (1982) and De Prados, Garcia-Pérez, and Benedito (2015b) were
similar, indicates that the same increase in the AXs (1%) implies a similar
change in the AV (=13-14m/s), regardless of the type of salting process and the
structure of the product. Therefore, according to these results, the ultrasonic

parameter (AV) could be used to monitor the salt gain during dry salting in
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meat products of great structural complexity, such as hams, or even in products

which are different in nature, such as cheese or fish.
3.5. SALT CONTENT PREDICTION IN MUSCLES AND HAMS

Linear regression models for salt prediction in muscles (LD and BF) and in hams
are shown in Table 3. Overall, the salt gain during the salting process can be
predicted by simply using the AV. In the case of muscles, R%c and R’y figures
were close to 0.9. In contrast, R? reached 0.7 in the hams. As previously
mentioned, this could be due to the hams being more variable as a result of
their more complex nature: the connective tissue, the fat profile, the bones and
the different types of muscles, among other factors. However, the Root Mean
Square Error of Prediction was almost identical for both samples (RMSEwy
0.43% w.b. for muscles (LD and BF) and 0.44% w.b. for hams). In Figure 8, the
salt gain calculated (AXs ca) by using predictive models (Table 3) is plotted
against the experimental one (AXs gxp) for the muscles (BF and LD) and hams of
the validation set. Close correlations (R? = 0.874 for muscles and R? = 0.722 for
hams) were found and a random distribution between experimental and
calculated values appeared (Figure 8). Therefore, and considering the
estimation errors (Table 3), ultrasound inspection should not be presented as
an analytical tool for assessing the salt content in pork meat, but it could be

used as an online inspection method for quality control purposes.

Table 3 Linear regression models for salt gain (AXs) prediction using ultrasonic

velocity variation (AV) for Longissimus dorsi (LD) and Biceps femoris (BF) muscles and

hams.

SAMPLES MODEL nmc® RMSEmc(%)® R’mc® nmv® RMSEmv(%)° R*wy®
LD-BF  AXs=+0.78+0.062AV 20 0.32 0928 10 043 0.874
Hams  AXs=+0.20+0.057AV 20 041 0789 10 0.44 0.722

® n=number of samples

® RMSE=Root Mean Square Error

¢ R?=coefficient of determination and MC and MV subscripts refer to the calibration and
validation set, respectively.
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Figure 8. Calculated (AXs ca) and experimental (AXs gxp) salt gain in Longissimus dorsi

(LD) and Biceps femoris (BF) muscles and hams for the validation set.

3.6. RELATIONSHIP BETWEEN TIME OF FLIGHT AND COMPOSITIONAL
CHANGES IN MUSCLES AND HAMS

In addition to V, the time of flight (TOF) is an ultrasonic parameter that can be
obtained from the ultrasonic signals, which presents the advantage of not
requiring the measurement of the sample thickness. Therefore, the relative
increase in the TOF was calculated (ATOF/TOF;) and related to the
compositional changes (AXs and AXy) in muscles (LD and BF) (Figure 9). ATOF
was divided by the initial time of flight (TOFo) to account for the initial sample
thickness. In hams, this approach was not considered since the points where
the ultrasonic measurements were carried out before and after salting were not
exactly the same, and therefore, it was not possible to calculate the ATOF. Salt
and water had an opposite effect on the ATOF/TOF,. Thus, a negative linear
relationship was found between ATOF/TOF, and AXs (Figure 9), while a positive
one was found for ATOF/TOFy-AXw (ATOF/TOF, = 0.0036AX-0.0029).
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Figure 9. Relationship between the salt gain (AXs) and the relative increase in the time
of flight (ATOF/TOF) in the ultrasonic measurement zone (3S) of the Longissimus dorsi

(LD) and Biceps femoris (BF) muscles.

Despite the correlation coefficients between the compositional changes and
ATOF/TOF, (R2 0.859 for AXs and 0.526 for AXw; RMSEaxs 0.46%) being slightly
poorer than in the case of the AV (R? 0.903 for AXs and 0.611 for AXy; RMSEaxs
0.36%), the TOF could be considered a good ultrasonic parameter with which
to characterize the salting process for online quality control purposes. The
main advantage of considering the time of flight is that it is not necessary to
measure the sample thickness by means of some electronic gage, something
quite difficult to implement in an industrial environment where the pile dry
salting is conducted. Moreover, in this study, the time of flight parameter was
calculated by means of the through-transmission mode; however, by changing
the ultrasonic arrangement, it could be obtained by means of the pulse-echo
mode, which uses a single transducer that acts as emitter and receiver. This
would reduce the cost of the industrial devices and would also minimize the
impact of the measurements on the salt and water transfer. However, further

work is required to test the feasibility of the pulse-echo mode on the
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continuous monitoring of the salting process in meat products, such as

muscles, but mostly in hams, which have a greater anatomical complexity.
4. CONCLUSIONS

Ultrasonic velocity increased progressively during the dry salting of meat due
to the salt gain and water loss. As a result of the high degree of variability of
the ultrasonic velocity in the fresh samples, the ultrasonic velocity variation is
the most appropriate parameter with which to monitor the meat dry-salting
process. Ultrasonic velocity variation showed a satisfactory correlation with the
salt gain in muscles and hams. Moreover, models used to predict the salt gain
in muscles and hams during salting were proven to be accurate enough for
industrial online quality control purposes. Thereby, ultrasound may be
considered as a fast and reliable technique for non-destructive, non-invasive
salt content characterization and for the online monitoring of the dry salting of
meat. Velocity variation can be measured online in meat muscles, such as
Longissimus dorsi and Biceps femoris, but further work is required to test the
feasibility of employing ultrasonic online monitoring for more complex whole
pieces, such as ham. Moreover, future research should address the
measurement of the time of flight by means of the pulse-echo mode in order

to facilitate the implementation of an industrial online ultrasonic device.
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Abstract

In the dry-cured ham industry, an accurate control of the dry salting process
results especially complex because of the high heterogeneity of the meat
pieces and the effect of the different operational variables. The main objective
of this study was to evaluate the feasibility of using ultrasound for the online
monitoring of ham dry salting. For that purpose, hams were dry salted at
different times (4, 7, 11 and 16 days) at 2°C. Ultrasonic measurements were
carried out automatically in the cushion zone during the salting process by the
pulse-echo mode. Several signal analysis methods were considered to calculate
the time of flight (TOF), studying which one allowed a better salting
monitoring. The energy threshold, phase spectrum and cross correlation
(between consecutive signals) methods were affected by the signal energy and
could only be applied for specific ranges of signal amplitude/energy. By
contrast, the cross-correlation method between non-consecutive signals
(separated 1 h) was suitable for any signal energy, as was able to adequately
monitor the dry salting process of hams. Moreover, the TOF parameter
calculated by the cross-correlation method for signal analysis, was accurately
related to the salt gain (R?=0.88) after ham salting. This technique does not
require the measurement of the sample thickness and can be carried out using
an array of transducers located under the hams. Consequently, ultrasonic pulse
echo measurements, could be considered as a simple, reliable and effective

technique for industrial monitoring of ham dry salting.

Keywords: Online salting monitoring, Ham, Time of flight Energy threshold

method, Cross-correlation method, Phase spectrum method
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1. INTRODUCTION

The online monitoring of food processes allows controlling the physico-
chemical changes that take place in food matrices during manufacturing, in
order to achieve the expected organoleptic and safety attributes. Nowadays,
several new non-destructive techniques (X-Rays, microwaves, ultrasound, etc.)
have been developed or adapted to measure a wide range of quality

parameters during food processing.

In dry cured ham manufacturing, the dry salting stage consists in placing the
hams, subcutaneous fat side down, piled and surrounded by coarse salt at 2-
4°C and relative humidity of 90-95% (Toldra, 2010). The monitoring of the dry
salting process is of great interest for the meat industry, since the salt gain in a
batch of hams is largely variable as a consequence of the high heterogeneity of
the meat pieces and the effect of the different operational variables (De Prados
et al, 2015). The variable salt gain causes a non-uniform behaviour of hams
during the next process stages, and consequently, final dry-cured hams of the

same batch have heterogeneous sensory properties, affecting their quality.

Low-intensity ultrasound is one of the most promising non-destructive
technologies for food process monitoring and optimization since it is accurate,
fast, easy to implement on-line and relatively inexpensive. In this regard, the
ultrasonic measurements have been used to monitor a wide range of food
processes. For example, ultrasounds have been used to monitor the rennet of
whole milk during cheese manufacturing (Koc et al, 2008), the alcoholic
fermentation in synthetic broths (glucose, fructose and sucrose) and in natural
media (must and wort) (Resa et al,, 2009), the temperature and the ice content
of fish (hake) during freezing (Aparicio et al.,, 2008), the ripening of tofu (Ting et
al., 2009) or the crystallization of palm oil in O/W emulsions (Awad, 2004).
Recently, De Prados et al. (2016) used the ultrasonic through-transmission
technique to monitor the dry salting process of pork meat (Biceps femoris and

Longissimus dorsi muscles). In most of these studies, velocity, calculated from
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the time of flight (TOF) and the sample thickness, is the ultrasonic parameter
obtained from the ultrasonic signal. Overall, the energy threshold method is
the most often used to determine the TOF from the ultrasonic signals.
However, when the signal is strongly attenuated in the sample, this method can
lead to miscalculation of the TOF and other approaches for signal analysis,
such as the cross-correlation and phase spectrum methods, must be
considered (Leemans et al., 2009; Pallav et al,, 2009; Sarabia et al,, 2013).

In the work of De Prados et al. (2016), the through-transmission method was
used for monitoring of meat muscles dry-salting. This set-up allows obtaining
good signal amplitude, since the ultrasonic wave has to cross the sample only
once. However, this configuration could bring about important problems when
being implemented on-line for monitoring dry-salting of hams, since
transducers should be located in both faces of piled hams and they should be
perfectly aligned during the whole salting process. Another alternative might
be the use of only one transducer located at the bottom of hams and working
in the pulse-echo mode. However, using this simple and easy to implement on-
line arrangement, the ultrasonic signal should cross twice a complex and with
large thickness medium made of skin, bones and different muscles with a high

degree of heterogeneity, which could hinder the measurement of the TOF.

Therefore, the aim of this study was to investigate the feasibility of using an
ultrasound pulse-echo technique for the online monitoring of the dry salting
process of hams and to determine the best signal analysis method to calculate

the changes in the TOF during salting.
2. MATERIALS AND METHODS
2.1 SAMPLES AND DRY SALTING PROCESS

Hams from the Large White breed were obtained from a local market. All the
hams were dry salted by covering the piece with 15kg of coarse salt (NaCl
moisturized at 10% w/w) at 2+1°C in a cold chamber (AEC330r, Infrico, Spain).
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Fresh hams and coarse salt were previously stored for 24h at 2°C for the
purposes of tempering. One ham was used for each salting time considered (4,
7,11 and 16 days).

2.2 ULTRASOUND EXPERIMENTAL SET-UP

Ultrasonic measurements were carried out during the dry salting experiments
of hams. The ultrasonic experimental set-up used (Figure 1) consisted of four
narrow-band piezoelectric transducers of 1IMHz and 0.5" crystal diameter, two
of them type A (T1 and T3, A303S model, Panametrics, Waltham, MA, USA) and
the other two type B (T2 and T4, A103S-RM model, Panametrics, Waltham, MA,
USA); a pulser-receiver instrument (5077PR, Panametrics, Waltham, MA, USA), a
digital input/output USB device (NI 6501, National Instruments, Austin, TX,
USA) that a controlled the multiplexation and a high-speed digitizer (PXI/PCl-
5112, National Instruments, Austin, TX, USA) installed in a PC.

®T1-T3
OT2-T4

1. Cold Chamber 2. Multiplexer 3. USB 4. Data Adquisition Card-PC 5. Pulser-Receiver
6. Tranducers 7. Container 8. Ham 9. Salt

Figure 1. Experimental set-up for online ultrasonic measurements in hams during dry

salting.

For the purposes of carrying out the ultrasonic measurements while the ham

was salted, the sample was placed in direct contact with the four transducers
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(T1, T2, T3 and T4, Figure 1) and on a layer of 5kg of salt inside a plastic
container (120x35x20cm). Afterwards, two temperature sensors were placed
both in the salt and on the surface of the sample; and the remaining 10 kg of
salt were added until the sample was entirely covered. The ultrasonic
measurements were carried out using the pulse-echo mode at intervals of 5min
in the cushion zone of the ham. By means of the multiplexation device, the
signal for each transducer was digitized (25kpoints at 100Msamples/s, 10% pre-

trigger points) and stored for subsequent signal analysis.
2.3 METHODS FOR SIGNAL ANALYSIS

Different signal analysis methods (energy threshold, cross-correlation and
phase spectrum) were studied to determine which was the most appropriated

to calculate the TOF for monitoring the salting process of hams.

The energy threshold method (ETM) determined the TOF in the signal. For that,
the signal must surpass the noise caused by the own transducer's vibration
after emission and the reflections of the ultrasonic wave on interfaces close to
the transducer surface (zone A Figure 2); and then, the TOF is calculated in the
arrival of the wavefront from the reflection on the interface sample/salt (zone
B, Figure 2) when the amplitude of the signal exceeded the established
threshold (0.1V) (Sarabia et al,, 2013).

Additionally, the cross-correlation method (CCM) (Leemans et al,, 2009) was
considered. This method calculates the time of flight variation (ATOF) between
two signals. For that purpose, the CCM calculates an array of the scalar
products between the two signals in the signal's zone corresponding to the
sample (non-noise) (zone B, Figure 2), displacing the first signal with respect to
the second one (Leemans et al, 2009). The maximum value of the array
determines when the two signals are overlapped and the position of the
maximum in the array allowed calculating the ATOF. Several approaches were
considered to calculate the ATOF in a measuring point for each salting time.

First, the ATOF was calculated using the CCM between the initial signal or
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reference signal (Oh, RS) and the signal at that salting time (CCM-RS). Secondly,
the CCM was performed for each pair of consecutive signals (separated 5min)
and then the ATOF for each salting time was calculated by the addition of the
ATOF between consecutive signals from the beginning of salting until the
salting time considered (CCM-CS). Finally the same procedure was followed but

performing the CCM between signals separated 1h (CCM-NCS).

Finally, the phase spectrum method (PSM) was used to calculate the ATOF
between consecutive signals separated each 5min. For that purpose, the Fast
Fourier Transform (FFT) transforms the signal data from the time domain to the
frequency domain. The FFT of the signal is a complex number, whose module
and phase give place to the module spectrum and phase spectrum,
respectively. In the phase spectrum the frequency range where the signal
presents the highest energy is established. In this range, the average of phase
differences between the signals under analysis is calculated. So, the phase
differences and the accumulated phase differences between the signals were
calculated, and then, the between two signals to calculate the ATOF between
both.

For each method, a specific software programmed in LABVIEWTM 2015

(National Instruments, Austin, TX, USA) was used.
2.4 CHEMICAL ANALYSIS

The salt and water content were determined in the salted ham. For that, four
cylindrical salted samples (204+21g), which included the ultrasonic
measurement zones, were taken by using a cylindrical cutter (5cm in diameter).
Each cylindrical salted sample was grinded and homogenized before analytical
determinations. The water content was determined by oven drying to constant
weight at 102°C following the standard AOAC method 950.46 (AOAC, 1997).
The salt content was analyzed after sample homogenization (1g for fresh
samples and 0.5g for salted samples) in 100mL of distilled water using an
ULTRATURRAX (T25, IKA Labortechnik, Germany) at 9500rpm for 5min.
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Supernatant was filtered through membrane filters (45um) and a 500ul aliquot
sample was taken and titrated in a Chloride Analyzer equipment (Chloride
Meter 926L, Ciba Corning, UK. (Carcel et al, 2007). All analyses were
performed in triplicate. As the ham’s integrity cannot be altered before salting,
the initial average values of salt and water content were obtained from 6 hams
of the same breed purchased to the same supplier. The final salt gain (AXs) and

the water loss (AXw) were also calculated for each salting time.
3. RESULTS AND DISCUSSION
3.1 ULTRASONIC ONLINE MONITORING OF HAM DRY SALTING

As an example of the obtained ultrasonic signals, Figure 2 shows the first and
last signal of one of the type A transducers in the 11 days salting trial (T1) The
energy received in the zone A represents the own transducer’s vibration after
emission and also reflections of the ultrasonic wave on interfaces close to the
transducer surface (for example, from the interface subcutaneous fat/lean
meat). On the other hand, zone B includes the reflection of the wave on the
interface meat/salt, and thus, shows the arrival of the wavefront when it has
crossed twice the whole sample thickness. As can be observed in Figure 2 the
TOF decreased from the first to the last day of salting in the 11 days salting
trial. This same behaviour, a decrease of the TOF with the salting time, was
observed in all the experiments carried out (4, 7, 11 and 16 days). In the
example of Figure 2, the 11 days ultrasonic signal was displaced 10.5us
(calculated by the ETM) to the left compared to the O day signal, which
illustrates the TOF decrease. This behaviour can be explained by the fact that
ultrasound travels faster in solids with high elastic modulus, than in liquids
(water) (Benedito et al.,, 2000). Thus, the water loss and the salt gain that takes
place during salting increase the solid content in the ham, resulting into an
increase of the ultrasonic velocity, and therefore, a decrease of the TOF. In this
context, De Prados et al. (2015 and 2016) observed an ultrasonic velocity

increase in Biceps femoris and Longissimus dorsi muscles brined salted and dry
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salted, respectively. Moreover, the TOF decrease could be also associated to
the sample’s contraction (thickness reduction) during salting. The TOF decrease
observed during salting could be used to monitor the progress of the salting
process and to determine the salt content evolution. For that purpose, an

accurate calculation of the TOF is required.

2xTOF=165.3us
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Figure 2. Changes in the ultrasonic signal during dry salting of ham (sample salted for
11 days at 2°C) in the transducer type A (T1l). Zone A represents the transducer's
vibration after emission and the reflections close to the transducer’s surface and zone B

the reflection on the interface meat/salt (when the wave has crossed twice the sample).

3.2 TIME OF FLIGHT CALCULATION BY USING THE ENERGY THRESHOLD
METHOD

Figure 3 depicts the TOF evolution of the ultrasonic signals corresponding to
the four measuring points (T1, T2, T3 and T4) in the ham dry salted for 16 days
at 2°C. A similar behaviour was observed for the different measuring points in
the remaining salting times assayed (data not shown). Figure 3 shows a
downward trend of the TOF during salting time, which, as previously
mentioned, is related to the increase of the meat solid content. In addition, the

initial TOF (TOFy) and the TOF evolution were different for each transducer (T1,
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T2, T3 and T4). This fact could be linked to the compositional and structural
differences in the ham, which lead to variations in the salt and water contents
among measurement points during salting. Moreover, the different TOF, value

could also be due to the thickness differences among measurement points in

the ham.
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Figure 3. Time of flight (TOF) evolution in the ham dry salted for 16 days at 2°C. TOF
calculated with the ETM. T1, T2, T3 and T4 make reference to the four measuring

points/transducers.

Taking into account the ultrasonic signal displacement shown in Figure 2 and
the nature of the salt and water diffusion during salting, a progressive decrease
of the TOF during salting could be expected. However, several abrupt changes
in the TOF evolution (Figure 3) were observed in all the salting experiments.
These abrupt changes might not be related to compositional variations due to
they occurred randomly and appeared upward and downward (Figure 3). In
order to find the origin of this problem, several ultrasonic signals during salting
were analysed. As an example, the ultrasonic signals (non-noise) (zone B, Figure

2) in T4 at 0, 127, 254 and 380h during the salting were represented in Figure 4.
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Figure 4. Change of the amplitude in the ultrasonic signals of T4 in the ham dry salted
for 16 days at 2°C (0, 127, 254 and 380h).

As can been observed in Figure 4, the amplitude in the ultrasonic signals
fluctuated during salting. The random fluctuations in the signal amplitude
make that the energy threshold method detects the wavefront arrival in a
particular position and when the signal amplitude decreases or increases with
time, the new peak crossing the threshold can randomly be displaced backward
or forward independently of the salt gained by the samples as observed in
Figure 3. The salt gain, water loss, sample’s contraction and the chemical and
structural changes in the protein matrix during salting might be the reason for
the amplitude fluctuation in the ultrasonic signal. Different energy thresholds
(0.05-1.2V) were considered in order to study its influence on the TOF
calculation. However, the abrupt changes in the TOF evolution appeared in all

cases.

When an ultrasonic signal presents a high energy level, despite of the
amplitude fluctuations, the peak corresponding to the arrival wavefront will
always overcome the established energy threshold (Sarabia et al, 2013), and

thus, the ETM will always locate the arrival wavefront from the same peak,
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avoiding fluctuations in the TOF calculation. However, the ultrasonic waves
found in this study were attenuated after crossing twice the ham, and
therefore, fluctuations in the signal energy resulted in miscalculations of the
TOF evolution by the ETM. Therefore, the ETM, which was used by De Prados et
al. (2016) for monitoring the salting process in LD and BF muscles, cannot
estimate accurately the TOF in the attenuated ultrasonic signals obtained

during the ham salting process.

3.3 TIME OF FLIGHT CALCULATION BY USING THE CROSS-CORRELATION
METHOD

An alternative to the ETM to analyze the ultrasonic signals and to calculate the
TOF is the cross-correlation method (CCM). Leemans et al. (2009) used this
method to calculate the TOF and detect foreign bodies in cheese. Similarly,
Pallav et al. (2009) analyzed ultrasonic signals with the cross-correlation
method to determine the TOF and detect foreign bodies and additives in food.
This method compares two ultrasonic signals and calculates the time of flight
variation (ATOF) between them. In the present section, the ATOF was calculated
between the initial ultrasonic signal or reference signal (0h-RS) and the

remaining signals measured during the dry salting of hams (CCM-RS).

Figure 5A shows the ATOF decrease during salting at 2°C. Although the cross-
correlation method is not conditioned by the amplitude fluctuations of the
arrival wavefront, the abrupt changes in the ATOF evolution also appears in this
case. The abrupt changes observed in Figure 5A could be explained by the
shape change in the ultrasonic signal during salting compared with the
reference signal. As an example, Figure 6 shows the change in the shape of the
signals from the RS to the signals obtained at 48, 100 and 168h in the ham dry
salted for 7 days at 2°C (transducer type A, T1). In Figure 6 is only represented
the ultrasonic signal zone corresponding to the sample (non-noise) (zone B,
Figure 2). As can be appreciated, the energy distribution of the time domain

ultrasonic signal changes during the dry salting process. As previous
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mentioned, these changes could be linked to the compositional changes (salt

gain and water loss), the thickness reduction and the protein denaturing

suffered by the ham during salting.
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Figure 5. Time of flight variation (ATOF) evolution in the ham dry salted for 7 days at
2°C. ATOF calculated using the CCM-RS. T1, T2, T3 and T4 make reference to the four
measuring points/ transducers used (A). Time of flight variation (ATOF) evolution in T1
of the ham dry salted for 7 days at 2°C. ATOF calculated using the CCM-RS. The arrow
shows an abrupt change in the ATOF evolution. SBA makes reference to the signal

before the abrupt change and SAA after the abrupt change (B).

As an example, the abrupt change observed in Figure 5B was analyzed. Figure
7A shows the overlap of RS and SBA signals obtained by the cross-correlation
method (where the maximum of the cross-correlation array is found) while
Figure 7B shows the overlap of RS and SAA signals). The maximum value
obtained in the cross-correlation between RS-SBA (91.23us) was quite different
to the one obtained in the correlation between RS-SAA (94.04us) which gives

rise to the abrupt change observed in Figure 5B.
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Figure 6. Change of the shape in the ultrasonic signals of T1 in the ham dry salted for 7
days at 2°C (0, 48, 100 and 168h).
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Figure 7. Overlapping between RS-SBA (A) and RS-SAA (B) ultrasonic signals for the

maximum value of the cross-correlation array (transducer T1 in the ham dry salted for 7

days at 2°C).

According to the results obtained in this section, the compositional and

structural changes that take place in the meat during the salting process
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modify the shape of the ultrasonic signal which results into miscalculation of
the ATOF when CCM-RS is applied.

3.3.1 ATOF CALCULATION USING THE CROSS-CORRELATION METHOD
BETWEEN CONSECUTIVE SIGNALS

From the analysis of the ultrasonic signals, it was observed that the changes of
the shape in the ultrasonic signal did not happen abruptly between
consecutive signals (5 min) but progressively during salting. Thus, in order to
solve the problems found in the calculation of the ATOF with the CCM-RS
discussed in the previous section, the cross-correlation method was applied
between consecutive ultrasonic signals (separated each other 5min) (CCM-CS).
Therefore, the ATOF between each pair of signals was calculated and the
relationship between the ATOF and the salting time was represented by using

the accumulated sum.

Figure 8 shows the ATOF evolution, calculated with the CCM-CS, in hams dry
salted for 4, 7, 11 and 16 days. As can be observed, the ATOF decreased during
salting and no abrupt change was found. In the 4, 7 and 11 days salting trials,
the final ATOF value in T1, T2, T3 and T4 measuring points differed less than
7% between each other. The small difference between transducers might be
explained by the heterogeneous salting process which, as mentioned in section
3.2, gives rise to different salt content, thickness reduction and protein
denaturation in the T1-T4 measuring points, and therefore, to differences in the
final ATOF. Additionally, the final average ATOF value in the 4, 7 and 11 days
salting experiments, calculated with the CCM-CS, was not significantly (p>0.05)
different from the values obtained with the CCM-RS (Table 1).

178



CHAPTER 4.2. SALTED PORK MEAT CHARACTERIZATION

Salting time (h) Salting time (h)
0 20 40 60 80 100 0 50 100 150

4 DAYS \ 7 DAYS

—~ 3 @
g g
i K -6
(S 3
5 <
_8 4
S a1
a2
N \ 210 4
T3
T4
7 -12
Salting time (h) Salting time (h)
0 50 100 150 200 250 0" 100 200 300 400
o ‘ ‘ ‘ ‘ ‘
\ 11 DAYS \ 16 DAYS
2 4
,2 4
4
-4
g a
iz B
6 S s
('
) 2
< -10
.10 1 =Tl
1| ®TL
T2 aT2
-12 T3 -14 T3
T4 T4
14 -16

Figure 8. Time of flight variation (ATOF) evolution in hams dry salted for 4, 7, 11 and 16
days at 2°C. ATOF calculated with the CCM-CS. T1, T2, T3 and T4 make reference to the

four measuring points/ transducers used.

However, in the ATOF of T1, T3 and T4 transducers during the 16 days salting
trial an anomalous decrease trend was observed (Figure 8). As a consequence,
the final ATOF value using the CCM-CS was -9.8,-7.7 and -10.8us for T1, T3 and
T4, respectively, much lower than those calculated using the CCM-RS (-11.3, -
11.9 and -12.7us for the T1, T3 and T4, respectively). Only T2 calculated with
the CCM-CS (-14.8ps) had a similar decrease to that observed with the CCM-RS
(-14.9us) and a similar trend to that observed in the rest of salting times (Figure

8). In order to explain these differences, the energy content of the signal was
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calculated by integrating the time domain signal corresponding to the
reflection in the meat/salt interface (zone B, Figure 2). In this context, a lower
ultrasonic signal energy was observed in the T1, T3 and T4 of the 16 days
salting experiment (3.7+0.3Vus) compared to the rest of transducers and
salting experiments (11.3+£3.6Vps). Therefore, for the monitoring of ham dry
salting, the CCM-CS was suitable for ultrasonic signals with energy levels over
4Vus. However, for signals with lower energy levels, this methodology was not
able to detect the small TOF changes between consecutive signals (separated
each other 5min) and therefore was not appropriated for the TOF calculation.
Thus, in order to analyze ultrasonic signals with low energy levels, the

development of complementary methodologies is necessary.

Table 1. Final average time of flight variation (ATOF) values calculated using the

different signal analysis methods (CCM-RS, CCM-CS, CCM-NCS and PSM).

CCM-RS(us) CCM-CS(us) CCM-NCS(us) PSM(us)
4 days -6.2+1.9" -6.2+0.5* -5.5+0.57° -3.8+1.2°°
7 days -9.1+1.3¢ -9.3+1.0° -8.8+0.87 -5.4+1.2%"
11 days -9.5+1.4% -104+1.1% -10.3+1.3% -9.5+0.5°"
16 days -12.7+1.6" -10.8+2.9% -14.4+0.8" -13.6+0.4™

Means values and standard deviations between T1, T2, T3 and T4. Different letters in the same row
indicate significant (p<0.05) differences between the methods and different numbers in the same
column significant (p<0.05) differences between salting times. CCM-RS makes reference to the cross-
correlation method between the initial ultrasonic signal or reference signal (Oh-RS) and the remaining
signals. CCM-CS the cross-correlation method between consecutive signals (each 5min) y CCM-NCS
between non-consecutive signals (each 1h). PMS is the spectrum phase method between signals

separated 5min.

3.4 ATOF CALCULATION FOR LOW ENERGY ULTRASONIC SIGNALS

Two alternative methodologies to calculate the TOF were studied: the cross-
correlation method between non-consecutive ultrasonic signals (separated 1h)
(CCM-NCS) and the phase spectrum method (PSM).
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3.4.1 CALCULATION OF TOF USING THE CROSS-CORRELATION METHOD
BETWEEN NON-CONSECUTIVE ULTRASONIC SIGNALS

As can be observed in Figure 9, the ATOF evolution calculated using CCM-NCS
for T1, T2, T3 and T4 transducers had a similar behaviour than the ATOF
calculated using CCM-CS for T2. Moreover, the final ATOF value in T1 was -
13.8us, -15.7 ps in T2, -14.2ps in T3 and -14.0ps in T4 using the CCM-NCS,
similar values that the one obtained in T2 (-14.8us) using the CCM-CS.
Therefore, the CCM-NCS solved the miscalculation of the ATOF caused by the
low energy level of the ultrasonic signals found in the 16 days salting
experiment (Figure 7). In addition, this method showed a very similar decrease
of the ATOF with salting time for the rest of transducers and salting times (data
not shown), to the one found for the CCM-CS (Figure 8). Consequently, non-
significant (p>0.05) differences were observed in the final average ATOF value

between the CCM-CS and the CCM-NCS (Table 1).
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Figure 9. Time of flight variation (ATOF) evolution in the ham dry salted for 16 days at
2°C. ATOF calculated with the CCM-NCS for the T1, T2 T3 and T4 and with the CCM-CS

for the T2. T1, T2, T3 and T4 make reference to the four measuring points/transducers.
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3.4.2 TOF CALCULATION USING THE PHASE SPECTRUM METHOD

When calculating the ATOF by the phase spectrum method (PSM), a similar
trend in all the transducers (T1, T2, T3 and T4) during the 16 days salting
experiment was observed (Figure 10). In particular, after the 16 days salting the
ATOF was -13.4us in T1, -14.2 ps in T2, -13.2us in T3 and -13.7us in T4. In
addition, a similar final average ATOF was observed in the 16 days salting
experiment with the PSM (-13.6+0.4ps) and the CCM-NCS (-14.4£0.8us) (Table
1). In the 11 days salting experiment, the ATOF evolution was similar in all the
transducers and non-significant (p>0.05) differences were observed in the final
average ATOF values obtained with the PSM, the CMM-CS and the CCM-NCS
(Table 1). However, the final ATOF values were lower than expected in T2 and
T3 in the 4 days salting trial and in all the transducers in the 7 days salting
experiment (Figure 10). Additionally, overall significant (p<0.05) differences in
the 4 and 7 days salting experiment were found in the final average ATOF
values when it was calculated using the PSM and the cross correlation methods
(CMM-CS and CCM-NCS) (Table 1). From the analysis of the signal obtained
from T2 and T3 in the 4 days salting trial and in all the transducers in the 7 days
salting experiment, it could be observed that the signals were partially
saturated (voltage >2V, data not shown), and therefore, the calculation of the
frequency distribution through the FFT is conditioned by this fact, invalidating
the use of the PSM for the calculation of the ATOF.
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Figure 10. Time of flight variation (ATOF) evolution in hams dry salted for 4, 7, 11 and
16 days at 2°C. ATOF calculated with the PSM. T1, T2, T3 and T4 make reference to the

four measuring points/transducers used.

Therefore, after reviewing the results of the different signal analysis methods, it
can be concluded that the energy of the time domain signal determines the
most appropriated method to calculate the TOF (Figure 11). Two limits (upper
and lower) were defined, in order to establish the best signal analysis method
to be used. An upper limit of 2V was established for the peak-peak amplitude
(saturated signals). In addition, a lower limit was also defined (4Vus) for the
integral of the time domain signal. According to these limits, the CCM-NCS
(each 1h) and the PSM could be used to calculate the TOF for ultrasonic signals
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with low energy level (Integral<4Vus) (Figure 11). For ultrasonic signals with
moderate energy level (Integral>4Vus; peak-peak amplitude< 2V), the CCM-CS
(each 5min), the CCM-NCS (each 1h) and the PSM were suitable methods to
calculate the ATOF. For saturated ultrasonic signals (peak-peak amplitude>2V),
the PSM could not be applied, but the CCM-CS and CCM-NCS provided
trustworthy results. As can be observed, the CCM-NCS provided reliable results
for any energy level, so it can be considered the most appropriated method to

calculate the ATOF during the ham salting process.

CCM-Cs PSM CCM-NCSs

INTENSITY

SATURATED SIGNAL 2 | OW INTENSITY SIGNAL

Figure 11. Field of application for each signal analysis method to calculate the ATOF
during the ham salting process depending on the signal energy level. CCM-RS makes
reference to the cross-correlation method between the initial ultrasonic signal or
reference signal (Oh-RS) and the remaining signals. CCM-CS the cross-correlation
method between consecutive signals (each 5min) y CCM-NCS between non-consecutive

signals (each 1h). PMS is the spectrum phase method between signals separated S5min.

3.5 PREDICTION OF THE SALT GAIN THROUGH THE ATOF

As mentioned in section 3.1, the TOF decrease found during ham salting was

influenced by the compositional changes (salt gain and water loss) as well as
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by the sample’'s contraction and structural changes that take place during
salting. When the final ATOF value was related with the salt gain (AXs), a great
variability was found (data not shown). In order to take into account the initial
sample thickness, which can affect the relationship between the change in the
time of flight and the salt gain, the TOF, was considered for the estimation of
the salt gain. Therefore, the relationship between the salt gain and the
ATOF-TOF, was studied (Figure 12). Since in previous sections, the CCM-NCS
has shown to be the only one that can be applied regardless of the energy
content of the ultrasonic signals, it was the method chosen to calculate the
ATOF in all the experiments. A significant (p<0.05) relationship between the
AXs and the ATOF-TOF, was found, showing a high correlation coefficient
(R?=0.88, Figure 12). Consequently, ultrasonic pulse echo measurements, using
the cross-correlation method between ultrasonic signals taken each hour,
could be considered a reliable and effective technique for calculating the ATOF

and predicting the salt gain during ham dry salting.
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Figure 12. Relationship between the ultrasonic parameter (ATOF-TOFy) and the salt
gain (AXs).
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Several studies have shown the relationship between the ultrasonic velocity
and the solid content in a food staff. In this regard, Valente et al. (2013) showed
that the ultrasonic velocity increased with the increase in the solid content
during mango ripening. De Prados et al. (2015 and 2016) reported that the
ultrasonic velocity rose in pork meat (Biceps femoris y Longissimus dorsi)
during salting. The ultrasonic velocity measurements require the sample’s
thickness measurement by means of some electronic gage, something quite
difficult to implement in the industrial environment where the pile ham dry
salting is conducted. By contrast, the pulse-echo TOF measurement presents
the advantage of not requiring the measurement of the sample thickness and
the location of the ultrasonic transducers only in contact with one of the ham

surfaces, making easier the ultrasonic industrial application.
4. CONCLUSIONS

The time of flight decreased progressively during the dry salting process of
hams. The signal energy determined the best method to calculate the time of
flight variation. The energy threshold method was not able to provide reliable
results in any range of energy. The phase spectrum was suitable for ultrasonic
signals with low and moderate energy levels, but not for saturated ones. The
cross-correlation method between consecutive ultrasonic signals (separated
5min) could be used when the energy levels were moderate or high. The cross-
correlation method between non-consecutive signals (separated 1h) provided
reliable results for any energy level, so it is the most appropriated method to
calculate the ATOF and monitoring the ham salting process. By using this
method, the time of flight parameter (ATOF-TOFy) was significantly (p<0.05)
correlated to the salt gain in the hams. Therefore, the ultrasound pulse-eco
technique could be a feasible non-destructive tool to monitor the dry salting
process of hams, and thus, to be used for the quality control in the ham

industry.
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Abstract

This work explores the feasibility of using the ultrasonic pulse-echo technique
for both the continuous monitoring of the dry salting process and also for the
prediction of salt gain in loins and hams. For this purpose, online ultrasound
measurements were taken during dry salting of loins (Longissimus dorsi) and
hams at different times (up to 30 days). From the time-domain ultrasonic wave,
the time of flight (TOF) was estimated as well as its variation between two
signals (ATOF). The progressive decrease in TOF during dry salting was due to
the water loss and the reduction in thickness, but was also a consequence of
the salt gain in the sample. Predictive models based on the ultrasonic
parameters (ATOF and initial time of flight, TOF,) correctly classified 85% of the
loins and 90% of the hams into three groups of salt content
(low/medium/high). A slight improvement in the percentage of correctly
classified loins (95%) was found when the model incorporated the sample
weight and the salting time. The results obtained confirm that use of the
ultrasonic pulse-echo technique is of great potential in the non-destructive
monitoring of the dry salting in pork loins and hams, as well as in the

prediction of the salt gain for classification purposes.

Keywords: Pork meat Curing, Ultrasound, Non-destructive technology,

Process control
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1. INTRODUCTION

Dry salting is the traditional technique used in meat products with anatomical
integrity, such as hams or loins, in order to obtain dry-cured products. In the
dry-cured loin and ham industries, an accurate control of the dry salting
process is especially complex because of the high degree of heterogeneity in
the meat pieces (pH, weight, fat content and moisture, size of the piece...), the
effect of the pre-treatments on the product (skin-trimming of the fresh ham or
the freezing/thawing processes) and the influence of the different process
variables (temperature, relative humidity, position in the salt pile, size of the
coarse salt...) (Costa-Corredor, Mufioz, Arnau, & Gou, 2010; Garcia-Gil, Mufioz,
Santos-Garcés, Arnau, & Gou, 2014; Fulladosa, Mufoz, Serra, Arnau, & Gou,
2015). All of these factors lead to there being a highly variable salt content in
the batches of dry cured hams and loins. This salt content variability is of great
concern to the meat industry as an excessive amount of salt produces a too
salty taste (Ruusunen & Puolanne, 2005), but an insufficient amount may cause
sensory defects, such as pastiness and softness (Albarracin, Sanchez, Grau, &
Barat, 2011) or microbiological problems (Desmond, 2006). Thus, the meat
industry demands non-destructive quality control techniques that allow the salt

content to be determined after the salting stage for quality control purposes.

Nowadays, the feasibility of using several non-destructive technologies (X-Ray,
NMR, ultrasound...) to determine the salt content in meat products has been
tested. In this regard, Fulladosa, Mufoz, Serra, Arnau, and Gou (2015) predicted
the salt content in bone-in hams after salting by using an X-Ray inspector.
Similarly, Manzocco et al. (2013) proposed predictive models with which to
estimate the salt content in ham muscles by using magnetic resonance imaging
(MRI). In this study, image analysis was carried out in different stages of dry-
cured ham processing (before salting, after salting and at different times during
resting, maturing and ageing). Recently, ultrasound has also been applied to
predict the salt content in brine salted pork meat (De Prados, Garcia-Pérez, &

Benedito, 2015) and in dry-salted hams (De Prados, Garcia-Pérez, & Benedito,
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2016), by taking ultrasonic measurements before and after salting. An accurate
prediction of the salt content after the salting may allow the products to be
classified according to the different levels of salt, which can be used for the
purposes of optimizing the subsequent processing stages. However, the
measurement after salting does not permit the correction of the variability in
the batch salt content by reducing the number of over-salted or insufficiently
salted pieces. Thereby, the use of non-destructive quality control techniques to
monitor the salt gain during the dry salting process is gaining importance in
the meat industry as a means of meeting the target salt content in each piece.
In this context, ultrasound has been used by De Prados, Garcia-Pérez, and
Benedito (2016) to monitor the dry salting process of Longissimus dorsi and
Biceps Femoris pork muscles. In this study, the ultrasonic velocity was
measured online during salting by the ultrasonic through-transmission mode.
That mode is characterized by the use of two transducers in direct contact with
two opposite and parallel sides of the sample, which makes its implementation
in a ham or loin salting pile very complicated. Otherwise, the ultrasonic
equipment could be greatly simplified by using the pulse-echo mode, where a
single transducer can be placed on one side of the sample, simultaneously
acting as emitter and receiver (Mulet, Benedito, Bon, & Sanjuan, 1999; Awad,
Moharram, Shaltout, Asker, & Youssef, 2012). The use of one transducer located
in the ham’'s base during dry salting would facilitate the ultrasonic
implementation, reducing the cost and the impact of the ultrasonic

measurement on the mass transfers (salt and water).

The pulse-echo mode is most commonly used to detect internal defects in
metallic materials, but it has also been applied in food characterization. Thus,
the pulse-echo mode has been used to determine the ripeness of avocados
(Gaete-Garretdn, Vargas, Ledn, & Pettorino, 2005), to detect anomalies in the
internal structure of Mahon cheese (Benedito, Carcel, Gisbert, & Mulet, 2001) or
bone fragments in deboned chicken breasts (Correia, Mittal, & Basir, 2008) and

to measure the sugar content and viscosity of reconstituted orange juice (Kuo,
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Sheng, & Ting, 2008). Another application of the pulse-echo mode consisted in
the monitoring of the cooling and freezing processes in several food products
(gelatin, chicken, salmon, beef and yoghurt) (Sigfusson, Ziegler, & Coupland,
2001 and 2004). However, no studies have been found so far in the literature
regarding either the online ultrasonic monitoring of the salting process in meat
products or the salt gain assessment by means of the pulse-echo mode.
Moreover, the ultrasonic monitoring of salting in structural and compositional

complex meat pieces, such as whole hams, has not been addressed elsewhere.

The objective of this paper was to investigate the feasibility of applying
ultrasound in the pulse-echo mode for both the online monitoring of dry

salting in loins and hams and the prediction of the final salt gain.
2. MATERIALS AND METHODS
2.1 FRESH MEAT SAMPLING

Ten fresh hams and twenty loins (Longissimus dorsi) from Large White breed
pigs were obtained in a local market. Loin and ham pieces were selected with a
pH range of between 5.3 and 5.8. In loins, the subcutaneous fat and external
connective tissue were removed and samples of 20.0£0.5cm in length () and
with an average weight of 1.0+0.1kg (wg) were obtained, keeping the original

width (z) and thickness (e) of the muscle.
2.2 DRY SALTING PROCESS

Dry salting experiments in loins and hams were carried out at 2+1°C by
covering the sample with 6kg or 15kg of coarse salt, respectively (NaCl
moisturized at 10% w/w) (Figure 1). The fresh samples and coarse salt were
previously stored for 24h at 2°C for tempering purposes. The thickness (e) was
measured before and after dry salting in the loins and hams and the thickness
reduction (Ae) was calculated. In the case of loins, four replicates were carried
out for each salting time (6, 12, 24, 48 and 72h), while in that of hams, one was
used for each salting time (4, 7, 10, 11, 12, 14, 15, 16, 20 and 30 days).
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1. Cold Chamber

2. Multiplexation device
3. Data Acquisition Card-PC
4. Pulser-Receiver

5. Transducers TA and TB

‘ TA,-TA, ®
6. Container 1 2 . )
Ultrasonic measurement points
7. Sample (LOIN and HAM) B TB.O p
8. Salt 17 "2

Figure 1. Experimental set-up for online ultrasonic measurements in loins and hams

during dry salting.

2.3 ULTRASOUND EXPERIMENTAL SET-UP

Figure 1 shows the experimental set-up used for the ultrasonic measurements
during the dry salting of loins and hams. The experimental set-up consisted of
four narrow-band piezoelectric transducers of 1MHz and 0.5" crystal diameter,
two of them type TA (TA; and TA;) (A303S model, Panametrics, Waltham, MA,
USA) and the other two type TB (TB; and TB;) (A103S-RM model, Panametrics,
Waltham, MA, USA). The pulse generation and reception (5058PR, Panametrics,
Waltham, MA, USA for loins and 5077PR, Panametrics, Waltham, MA, USA for
hams) was multiplexed to the transducers using a digital input/output device
(NI 6501, National Instruments, Austin, TX, USA) and a high-speed digitizer
(PXI/PCI-5112, National Instruments, Austin, TX, USA) installed in a PC (Figure
1). The multiplexation unit allowed the signal from the pulser to reach the first
transducer every 1h. The ultrasonic signal generated in this transducer crossed
the sample, was reflected in the meat/salt interface and returned to the same
transducer, sent to the receiver through the multiplexation device and digitized
by the oscilloscope (Figure 1). This operation was sequentially repeated in the

rest of the transducers by the action of the multiplexation unit.

197



CHAPTER 4.2. SALTED PORK MEAT CHARACTERIZATION

The sample was placed on a layer of salt in direct contact with the four
transducers (TA;, TA, TB; and TB,, which corresponds to the four ultrasonic
measurement points) inside a plastic container (30x25x15cm for loins and
120x35x20cm for hams) (Figure 1). Afterwards, two type-K thermocouples were
located in the salt and the sample, respectively; and the rest of the salt was
added (total salt amount of 2kg for loins and 5kg for hams) until the sample
was entirely covered. In the case of hams, a part of the skin in the cushion zone
(177+14cm? was removed, which coincides with the region where the
transducers were placed (Figure 1) and 1mL of water was added on the
transducers’ surfaces in order to guarantee the acoustic matching, thus,
improving the signal intensity. The ultrasonic measurements were taken by the
pulse-echo mode at intervals of 1h in the central part of the loins and in the

cushion zone of the hams (Figure 1).

The time of flight represents the time which elapses between the pulser
sending the signal to the transducer acting as emitter, until the signal crosses
the sample twice and is detected in the transducer acting as receiver. The time
of flight variation (ATOF) between two ultrasonic signals was the ultrasonic
parameter considered for the online monitoring of the loins and hams. For that
purpose, the cross correlation method (Leemans & Destain, 2009) was
employed to calculate the ATOF between ultrasonic signals one hour apart by
using a specific software developed in LABVIEW™ 2015 (National Instruments,
Austin, TX, USA) and the final ATOF for the different salting times was
computed. The initial time of flight (TOFy), which corresponds to the raw meat,
was calculated through the energy threshold method (Avanesians & Momayez,

2015), using the same software.
2.4 CHEMICAL ANALYSIS

The fat, salt and water contents were determined in the fresh muscles and
hams. To this end, a piece (200+50g) was taken from each loin after obtaining

the fresh muscle sample for the salting process. In the case of the hams, as the
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sample integrity cannot be altered before salting, the average values of the fat,
salt and water contents were obtained from 30 hams of the same breed

purchased from the same supplier.

Once the salting finalized, the excess salt was removed from the surface of the
loins and hams and four cylindrical salted samples (64+13g for loins and
172+39g for hams) corresponding to the ultrasonic measurement points
(Figure 1), were taken by using a cylindrical cutter (5¢cm in diameter). Each
cylindrical salted sample was ground and homogenized before the analysis.
The analyses of the fat and water contents were carried out according to AOAC
procedures 991.36 and 950.46, respectively (AOAC, 1997). The salt content was
analyzed following the process described by De Prados, Garcia-Pérez, and

Benedito (2015 and 2016). All the analyses were performed in triplicate.

The salt (Xs), water (Xw) and fat (Xg) contents of the fresh samples and the
salted loin and ham cylinders were expressed as percentages (%) in wet basis
(w.b.). The final salt gain (AXs) and the water loss (AXy) were also calculated as
an average of the four cylindrical samples from the loins and hams at each

salting time.
2.5 STATISTICAL ANALYSIS AND DEVELOPMENT OF PREDICTIVE MODELS

The influence of the salting time on the AXs, AXw, Ae and ATOF in loins and
hams was evaluated by means of an analysis of variance. Similarly, the analysis
of variance was carried out in order to determine the significant influence of
the type of transducer (TA and TB) on the final ATOF value during salting.
Additionally, a multiple regression model was used to evaluate the influence of
the salting time, AXs, AXw and Ae on the ATOF. In every case, the
Statgraphics® Centurion XV (Statpoint Technologies Inc., Warrenton, VA, USA)

software was used and a significance level of 95% was fixed.

The ultrasonic (ATOF and TOFy) and sample parameters (weight, wg) and

salting time (t) were used as independent variables so as to predict the salt
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gain (AXs) in loins and hams. For that purpose, both the loins and hams were
split into two sets; a model set (M) and a validation set (V). The model set (M)
included 15 loins and 7 hams, chosen randomly. Their ultrasonic measurement
points (Nump=60 for loins and 28 for hams) were used to develop multiple
regression models with the Statgraphics® Centurion XV (Statpoint
Technologies Inc., Warrenton, VA, USA). The optimal number of independent
variables and the interactions in the model were obtained using the Marquardt
method. The p-value used to keep the independent variables in the model was
0.05. The validation set included 5 loins (nymp=20) and 3 hams (Nymp=12). The
overall classification capacity was tested using the optimal model for salt gain
prediction. For this purpose, loins and hams and their corresponding ultrasonic
measurement points from sets M and V were classified into three different
categories. Loins with a salt content of <2.5% w.b. were considered to have a
low level of salt, those with a salt content of >4.0% w.b. a high level of salt and
the remaining ones to have a moderate level of salt. For hams, three categories
were also considered (low <2.0% w.b., medium 2.0-3.0% w.b. and high >3.0%
w.b. salt content level). The levels of salt in loins were higher than in hams due
to the fact that the loins are not as thick as hams, so actually, they tend to be

saltier.
3. RESULTS AND DISCUSSION
3.1 FRESH SAMPLE CHARACTERIZATION

As shown in Table 1, a similar initial salt content (Xs) was observed in loins and
hams. However, significant differences (p<0.05) were found between the fat
(Xgp) and water (Xw) contents in fresh loins and hams, the fat content being
greater in hams than in loins. The ranges of X, Xs, and Xy found in the present
study (Table 1) coincide with the ones reported for Large White breed loins
(Longissimus dors) and hams in the literature (Cierach & Modzelewska-
Kapituta, 2011; Moreiras, Carbajal, Cabrera, & Cuadrado, 2013). Additionally, a
high degree of variability was found in the X¢ (0.3-6.1% w.b. for loins and 7.5-
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26.4% w.b. for hams) and Xy (67.9-75.6% w.b. for loin and 56.3-70.2% w.b. for
ham) compared to the that observed in the Xs (0.10-0.26% w.b. for loins and
0.16-0.33% for hams), which is especially evident in the case of hams (Table 1).
This compositional variability, especially the fat content and its distribution,
should be considered when designing the salting process due to the fact that it
may affect the mass transfer (salt gain and water lost) during salting (Cierach &

Modzelewska-Kapituta, 2011; De Prados, Garcia-Pérez, & Benedito, 2015).

Table 1. Fat (Xg), water (Xy) and salt content (Xs), thickness (e), width (z), length () and
weight (wg) of the fresh loins and hams*.

LOINS HAMS

X¢ (% w.b.) 24+1.9° 14.0+3.7"
Xw (% w.b.) 72.7+2.1° 65.5+2.9"
Xs (% w.b.) 0.18+0.05° 0.23+0.05%
e (cm) 5.0+0.8" 15.7+0.6°

z (cm) 11.0+0.8 27.8+2.8'

L (cm) 20.0+2.0/ 49.4+6.0¢
wg (kg) 1.0+0.1" 10.3+0.9™

3.2 COMPOSITIONAL CHANGES DURING DRY-SALTING

Figure 2 illustrates the kinetics of salt gain and water loss in loins and hams
during dry salting. The AXs values in the present work were slightly lower than
the ones reported by other studies. For example, De Prados, Garcia-Pérez, and
Benedito (2016) reported a salt gain of between 2.1 and 6.7% w.b. in loins
salted from 6 to 48h. When studying hams that had been dry salted for
between 2 and 16 days, Fulladosa, Mufioz, Serra, Arnau, and Gou (2015) and
Haseth, Serheim, Hgy, and Egelandsdal (2012) found a salt content ranging
from 0.8 to 4.8% w.b. and from 1.2 to 4.5% w.b., respectively. This lower salt
gain could be explained by considering that other authors reported the salt

content as an average of the whole piece. However, in the present study, the
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salt gain shown represents the average value between the four cylindrical
samples corresponding to the four ultrasonic measurement points of the
cushion zone of the ham (Figure 1), which is its thickest part and where the salt
diffusion takes longer (Toldra & Wai-Kit, 2008; Haseth, Serheim, Hoy, &
Egelandsdal, 2012). On the other hand, the AXs and AXy in loins and hams
showed a marked experimental variability, especially the AXy (Figure 2). As
previously mentioned, salting is a complex process affected by the different
process variables (temperature, size of coarse salt, quantity of salt, position in
the salt pile, salting time..) and the high degree of compositional
heterogeneity of the meat pieces. In this study, the process variables were
accurately controlled and the pieces (loins and hams) were individually salted
(not pile salted). Thus, this great variability in the AXs and AXy could be mainly
ascribed to the highly heterogeneous nature of the fresh meat pieces in terms
of the content and distribution of the water, fat and connective tissue, among
other things. This fact is more relevant in hams due to the presence of both the
skin and bone and also to that of different muscles with a greater degree of

heterogeneity than in single muscles.
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Figure 2. Experimental kinetics of salt gain (AXs) and water loss (AXy) in loins and hams

during dry salting at 2°C.
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3.3 ULTRASONIC MONITORING OF THE DRY SALTING PROCESS

A gradual decrease of the TOF during salting was found. As an example, Figure
3 shows the displacement in the time domain of the ultrasonic signal from the
position at time 0 to the one captured after 30 days of salting. As observed, the
ultrasonic signal after 30 days is displaced to the left (Figure 3), which
illustrates a shortening of the TOF. This could be explained by the fact that
ultrasound travels faster in solids, with a high elastic modulus (Benedito, Carcel,
Clemente, & Mulet, 2000), than in liquids (water). Thus, the increase in the solid
content during salting, as a result of the salt gain and water loss, leads to an
increase in the sample’s ultrasonic velocity, and thereby, a decrease in the TOF.
When analyzing different kinds of samples (water, fish, juice and meat), several
studies have reported an increase in the ultrasonic velocity in line with an
increase in the solid content (Kinsler, Frey, Coppens, & Sanders, 1982;
McClements, 1995; Ghaedian, Coupland, Decker, & McClements, 1998; Kuo,
Sheng, & Ting, 2008; De Prados, Garcia-Pérez, & Benedito, 2015 and 2016).
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Figure 4 illustrates the evolution of the ATOF in loins and hams during different
salting experiments (24, 72h for loins and 11, 20 days for hams). The same
behavior (data not shown) was observed in the remaining experiments (6, 12
and 48h dry salting of loins and 4, 7, 10, 12, 14, 15, 16 and 30 days’ dry salting
of hams). As can be appreciated, the ATOF decreased gradually due to the
above mentioned increase in the solid content of the sample. This result is
consistent with the increase in the salt content and the decrease in the water
content in loins and hams during dry salting, as observed in Figure 2. The ATOF
evolution was different for each ultrasonic measurement point corresponding
to the different transducers (TA;, TA,, TB; and TB,) (Figure 4). This fact could be
linked to the heterogeneity of the compositional changes (AXs and AXy) at
each ultrasonic measurement point during salting, which was especially evident
in the ham salting experiments (Figure 2). Non-significant (p>0.05) differences
were observed in the ATOF evolution between type TA and TB transducers
(Figure 4). Therefore, both types of transducers could be considered equivalent

for the purposes of monitoring the salting process.

An unexpected, fast decrease in the ATOF was observed during the first few
hours of dry salting (Figure 4) for both loins and hams, which was not coherent
with the kinetics for salt and water diffusion (Figure 2). Similar behavior was
observed in the evolution of the ultrasonic velocity in Longissimus dorsi and
Biceps femoris during dry salting (De Prados, Garcia-Pérez, & Benedito, 2016).
De Prados, Garcia-Pérez, and Benedito (2016) associated this behavior with the
formation of a salt solution between the transducers and the meat, due to the
initial extraction of water from the external meat layers, which could partly
explain the important decrease in the ATOF during the first 3h, as may be
observed in Figure 4. Additionally, the fast initial ATOF could also be associated
with the textural changes that take place on the meat surface due to the effect
of the salt in contact with the sample. Thus, a test was conducted in order to
prove this hypothesis. Two loins (1kg) were salted for 1 and 3h, respectively

and the hardness, characterized as the maximum penetration force (N), was

204



CHAPTER 4.2. SALTED PORK MEAT CHARACTERIZATION

evaluated in each loin before and after salting. Penetration test was conducted
with a 6mm flat cylinder probe, a crosshead speed of 1Imm/s and strain of 20%
(penetration distance of 10mm). The results showed that, after 1 and 3h, the
salted loins were significantly (p<0.05) harder (14.7+1.8N at 1h and 21.4+3.4N
at 3h) than the fresh ones (8.6+4.0N). Ruiz-Ramirez, Arnau, Serra, and Gou
(2005) related the increase in hardness with the increase in the salt content in
the dry cured pork muscles (Biceps femoris and Semimembranosus). This
increase in hardness was linked to the compaction of the myofibrillar structure
due to the salt content and an inhibitory effect of salt on the calpains activity
(Ruiz-Ramirez, Arnau, Serra, & Gou, 2005; Lorenzo, Fonseca, Goémez, &
Dominguez, 2015). Thus, the salt gain and water loss that takes place in the
external meat layers during the first few hours gives rise to a great increase in
the salt concentration in these layers, leading to a rapid surface textural

increase which would explain the fast decrease in the ATOF.

The TOF and velocity measurements have been used to monitor other food
processes. Thus, Sigfusson, Ziegler, and Coupland (2001 and 2004) monitored
the cooling and freezing process in different food products by measuring the
TOF by means of the pulse-echo mode. Recently, De Prados, Garcia-Pérez, and
Benedito (2016) monitored the meat dry salting process online. In that work,
the ultrasonic velocity was measured online in Longissimus dorsi and Biceps
femoris by using the through-transmission mode, where the sample’s thickness
had to be measured and two transducers were in direct contact with two
opposite and parallel sides of the sample (De Prados, Garcia-Pérez, & Benedito,
2016). This fact complicates the implementation of ultrasonic technology in the
meat industry where pile salting is used. On the contrary, in the present study,
the ultrasonic measurements were taken in loins and hams by using the pulse-
echo mode, which is characterized by the use of a single transducer and the
sample’s thickness does not have to be measured. The use of a single

transducer on the loin or ham’s base during pile salting would simplify the
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industrial implementation, reduce the cost of the device and minimize the

impact of the ultrasonic measurement on the mass transfers (salt and water).
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Figure 4. Time of flight variation (ATOF) in loins (A and B) and hams (C and D) during
dry salting (24-72h for loins and 11-20 days for hams) at 2°C. Each series corresponds

to a different ultrasonic measurement point (TA;, TA, TB; and TBy).

Therefore, the results reported in this section confirm that the ATOF measured
by using the pulse-echo mode could be a useful ultrasonic parameter for the
purposes of performing the online monitoring of the salting process in
individual loins (average thickness 5.0cm), as well as in more complex and

thicker meat pieces, such as hams (average thickness 15.7cm). Additionally, the
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ultrasonic pulse-echo technique represents a significant improvement for the
industrial application of the system compared to the ultrasonic through-
transmission technique due to the fact that it avoids the need to measure the

sample thickness and the number of transducers required is reduced.
3.4 INFLUENCE OF THE DRY SALTING ON THE TIME OF FLIGHT

Table 2 shows the thickness reduction (Ae), salt gain (AXs), water loss (AXy) and
time of flight variation (ATOF) in loins and hams during dry salting at 2°C. As
appreciated in Table 2, the longer the salting time, the higher the ATOF. Thus,
the ATOF increased in loins from -2.7us (6h) to -7.0us (72h) and in hams from -
5.5us (4 days) to -17.6ps (30 days) (Table 2). As previously mentioned, and as
observed in Table 2, the ATOF during salting was related to the AXs and AXy in
the samples (loins and hams). Overall, the higher the AXs and AXy, the higher
the ATOF. In addition, water loss during salting leads to meat shrinkage
(Garcia-Gil, Mufioz, Santos-Garcés, Arnau, & Gou, 2014), and thus, to thickness
reduction (Ae) (Table 2), which could also contribute to shortening the time of
flight. Despite the fact that the AXy and Ae factors affect ATOF, the multiple
regression model used showed that both factors were statistically non-
significant (p>0.05) on the ATOF prediction, which can be attributed to the fact
that the magnitude of the individual effect of these factors can be masked by
their highly variable nature in the salting process. Thus, according to the
statistical analysis, the ATOF is mainly related to the salt gain in the sample

during salting.

Previous results have shown a similar relationship between the AXs and the
change of the ultrasonic velocity regardless of the sample nature (formulated
samples from ground pork meat, pork muscles or water solution) (De Prados et
al., 2015). Consequently, as velocity of ultrasound in a sample is the ratio
between the sample thickness (e) and the TOF, the AXs must be related not
only to the ATOF, but also to the initial sample thickness and the thickness

change (Ae). As far as in the present work the effect of Ae on AXs has been
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found to be negligible, the models for predicting AXs should consider both
ATOF and the initial e. As an example of the need of considering the initial
sample thickness, it can be observed that the ATOF was -3.3us in loins (eag=
5.0cm) for a AXs of 2.5% w.b. after 12h of salting, while the ATOF was -11.2ps in
hams (eag=15.7cm) for a similar AXs (2.2% w.b.) after 14 days of salting.
However, when the ATOF/e was computed for these two cases, a similar value
was found for loins (-0.7us/cm) and hams (-0.8us/cm). Since measuring the
thickness before salting could be complex on an industrial scale, the initial time
of flight (TOF), related to the sample thickness and velocity of sound in the

raw meat, could be used.

Table 2. Salt gain (AXs), water loss (AXy), thickness reduction (Ae) and time of flight
variation (ATOF) in loins and hams during dry salting at 2°C.

SAMPLE  TIME Ae (cm) AXs (% w.b.) AXy (% w.b.) ATOF (us)
6h -0.23+0.58° 1.8+0.22 -1.5+1.5° -2.7+0.82
12h -0.47+0.99° 2.5+0.5" -2.6+1.9° -3.3+0.6°
LOIN 24h -0.24+0.45° 3.5+0.7° -3.5+1.2° -4.6+1.0°
48h -1.15+0.59° 5.1+0.6° -6.2+1.8° -6.0+0.7°
72h -0.45+0.48° 5.3+0.9° -6.6+1.6° -7.0+0.9°
d4days -1.71+049% 0.8+0.1° 0.5+0.3° -5.5+0.5°
7days  -1.36+0.27" 1.3+0.3%® -1.0+0.6 -8.8+0.8™
10 days -1.28+1.88" 14+0.1° -3.0+1.5% -8.0+1.0°
11days -1.17+0.63" 24+0.4% 21411 -10.3+1.3¢
12days -0.40+0.50° 1.8+0.5™ -1.6+0.3 -11.0+1.5¢
HAM
14 days -0.93+0.49" 2.2+0.5¢ -3.3+0.4% -11.2+1.0°
15days -2.88+131° 2.9+0.5% -2.8+0.8 -13.1+1.5°
16 days -2.18+0.89% 41+0.4° -46+0.7 -14.2+0.4°
20days  -5.15+1.24° 3.0+0.3 -44+1.9° -14.3+1.4°
30days -4.75+1.27° 3.2+0.5 -44+1.6° -17.6+0.5'
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3.5 PREDICTIVE MODELS FOR SALT GAIN AND CLASSIFICATION OF LOINS
AND HAMS

Since the ATOF is related to the salt content and the TOF, is related to the
initial thickness, both ultrasonic parameters (ATOF and TOF;) were used as
factors with which to develop predictive models for the salt gain. The ultrasonic
measurement points of the M set were used to develop the predictive models
as mentioned in section 2.5. Eg. 1 and Eqg. 2 show the best models obtained for
the salt gain estimation in loins and hams by combining the two ultrasonic
variables (ATOF and TOFy) from the pulse-echo measurements. The R? and
RMSE were 0.787 and 0.73% for loins (Eq. 1) and 0.774 and 0.57% for hams (Eq.
2). Additionally, other predictive models were established, including two
variables which can be easily measured at industrial level: one regarding the
sample (the initial weight, wg) and the other one related to the salting process
(the salting time, t) (Eqg. 3 for loin and Eq. 4 for ham). The inclusion of t and wg
provided additional information that improved the predictive models,
obtaining a reduced model error (RMSE=0.45% for loins using Eq. 3 and 0.43%
for hams using Eqg. 4) and an increase in the determination coefficient (R%=
0.923 for loins and 0.891 for hams). Similar results were obtained by Fulladosa,
Mufioz, Serra, Arnau, and Gou (2015) and Haseth et al. (2008) using X-Rays. In
these studies, the salt prediction was more accurate than in the present
analysis, the RMSE being 0.30% for hams of different breeds (Fulladosa, Mufioz,
Serra, Arnau, & Gou, 2015) and 0.20-0.40% for ground pork Semimembranosus
muscles (Haseth et al., 2008).

LOIN AXs = 3.524—0.0039-TOF§ —0.0255-TOR - ATOF (Eq. 1)

AXs = O.253—0.0003~TOF§ —0.0125-ATOPR
—0.0066- TOR - ATOF

HAM (EQ. 2)
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AXs =1.568+0.143-t—0.0010-t% —0.0414- ATOF?
LOIN (Eq. 3)
+0.0431-t-wg—0.0034-t-TOF0 —0.0107-t- ATOF

AXs =-39.051+0.140-t -0.00003- t* +3.550- wg
HAM — _0.00004- TOF? -~ 0.0120-t-wg+0.0001-t- TOFo (Eq. 4)
+0.00004-t- ATOF

where AX;s is the salt gain (% w.b.), t the salting time (h), wg the initial sample
weight (kg), TOF, the initial time of flight (us) and ATOF the time of flight

variation (us).

The usefulness of ultrasound as a reliable method of classifying loins and hams
according to the different levels of salt gain was tested by using the best
predictive models (Eqg. 1, Eq. 2, Eg. 3 and Eq. 4). For that purpose, the validation
(V) and model (M) sets of the whole loins and hams and each ultrasonic
measurement point were classified into three different categories of salt gain
(AXs), as mentioned in section 2.5. Similar percentages of correctly classified
samples (CC) at the ultrasonic measurement points (79% in loins and 75% in
hams) and in the whole pieces (85% in loins and 90% in hams) were computed
(Table 3) by using only the ultrasonic parameters (Eq. 1 and 2). On the other
hand, the classification improved by using Egs. 3 and 4, especially in the case of
loins (Table 3). In this regard, the percentage of CC ultrasonic measurement
points increased from 79% to 86% for loins and from 75% to 78% for hams. In
the case of whole loins, the percentage of CC samples increased from 85% to

95% whereas no improvement was found for whole hams.
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4. CONCLUSIONS

The gradual shortening of the time of flight during the dry salting of loins and
hams was mainly related to the salt gain. 85% of the loins and 90% of the hams
were correctly classified by using predictive models based on the ultrasonic
parameters. A slight improvement in the percentage of correctly classified
samples was achieved in loins (95%) with the inclusion of the sample’s weight
and salting time in the predictive model. Therefore, the ultrasound pulse-echo
mode could be a useful technique for continuous dry salting monitoring, as
well as for the salt gain prediction for classification purposes. In addition, the
pulse-echo technique is characterized by the use of a single transducer on one
side of the sample, which facilitates the industrial implementation of this non-

destructive technique compared to the through-transmission mode.
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Abstract

The characterization of dry-cured ham according to salt and fat contents is of
great interest to industry and consumers. In this study, the feasibility of using
non-destructive technologies such as X-rays and ultrasound (US) for this
purpose was evaluated in dry-cured ham portions. Predictive models for fat
and salt contents were based on the measurement of X-ray attenuation at
different incident energies and the US velocity when the ham was at 2 and 15
°C. A semi-empirical model based on the US measurements was also
developed. Salt content was better predicted by X-ray technology
(RMSEV=0.43%) than US (RMSEV=0.69%) and their combination had little
impact on the accuracy of the prediction. US predicted fat content slightly
better (RMSEV=6.70%) than X-rays (RMSEV=7.00%), and their combination
increased the accuracy of the prediction (RMSEV=5.60%). Using the best
models, 81% of samples were correctly classified into three salt content
categories with X-rays whereas 71% of samples were correctly classified into

three fat content categories by combining X-rays and US.

Keywords: Non-destructive, Modelling, Dry-cured ham, Salt Fat X-rays,

Ultrasound, Composition.
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1. INTRODUCTION

The characterization of food products according to their composition is of
interest to industry in order to provide consumers with nutritionally defined
products. Well-characterized products allow consumers to choose foodstuffs
according to their needs and/or preferences. Besides, the selection of products
with a lower salt or fat content than the conventional ones may have a special
relevance. In this regard, nutritional claims such as “reduced salt” (25% less salt
in comparison to standard salt content on the market) or “reduced fat content”
(30% less fat in comparison to standard fat content on the market) may have
competitive advantages. However, information, such as ‘reduced salt content’
or 'reduced fat content’, should be confirmed in order to ensure compliance
with European regulations (Regulation 1924/2006). In the case of entire pieces
of meat, such as dry-cured ham, this characterization is of special complexity
since the variation of fat and salt contents within batch, batch-to-batch or
even within one ham is high. Variations in the global salt content of the
product at the end of the process is due to both the raw ham characteristics
and the salting process conditions (Garcia-Gil et al,, 2011; Guerrero et al,, 2004;
Picouet et al,, 2013).

Recently, several non-destructive technologies based on near infrared
spectroscopy (Gou et el, 2013), dielectric time domain reflectometry
(Fulladosa et al, 2013; Rubio-Celorio et al., 2014) and hyperspectral imaging
(Liu et al,, 2014) have arisen as useful techniques to determine salt and water
contents and water activity (a,) in dry-cured ham. However, these
technologies only analyze the composition of the outermost layers of a
product (because of their limited penetration capacity), which is not
representative of the whole piece. Mincing of the sample would be necessary
to obtain representative homogeneous surfaces which allow the measurement
of the average composition of a whole meat piece. In contrast, resonance
magnetic imaging (Fantazzini et al,, 2009) or computed tomography (Fulladosa
et al, 2010; Haseth et al, 2012; Santos-Garcés et al, 2010, 2014) are able to
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non-invasively predict the composition of any point of a piece, but nowadays
they are not currently applicable on-line on an industrial scale due to their
high security requirements and cost. Other technologies based on X-ray
absorptiometry and ultrasound (US) can be applied on-line and could be
useful to predict the composition of entire pieces of ham. X-ray
absorptiometry has previously been used to determine carcass and raw meat
composition (Brienne et al, 2001, Hansen et al, 2003). US has also previously
been used to determine the composition of meat-based products (Simal et al,,
2003) and characterize the texture and sensory traits of subcutaneous fat from
dry-cured hams (Niholes et al, 2008). Nevertheless, no studies using these
technologies for salt or fat content determination in dry-cured ham were

found in the literature.

The aim of the present study was to evaluate the prediction accuracy of salt
and fat contents in dry-cured hams by means of X-ray and ultrasound
technologies and to study the viability of a classification system of dry-cured

hams according to a predicted composition.
2. MATERIALS AND METHODS
2.1 SAMPLES

Forty-six hams from different breeds and origins were selected/elaborated in
order to obtain a wide range of salt and fat contents. Nineteen green hams
from pigs consisting of crosses of Large White and Landrace breeds (W, White
hams), characterised by a lower fat content than IB hams, were purchased at
different commercial slaughterhouses. The W hams were salted for 0.6, 0.7, 0.8,
1.1, 1.2, 1.3, 1.4 and 1.5 days/kg of green ham in order to obtain a wide
variation of salt contents and followed a traditional drying process (Gou et al.
(2012). When the drying process had finished, 27 commercial dry-cured hams
from pigs consisting of at least 50% lIberian breed (IB, Iberian hams)
characterised by a high fat content were selected at the end of the salting

process according to their salt and fat contents, using computed tomography
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equipment (Santos-Garcés et al,, 2012). All the hams, W and IB, were boned,
trimmed of skin and external yellow subcutaneous fat and lean according to
the common practices in industry, formatted in blocks of constant thickness
(76.3£3.5 mm) and divided into six portions (n=276) for further X-ray analysis.
After X-ray measurements, the ham portions were individually vacuum packed

in plastic bags before US measurements were carried out.
2.2 X-RAY ABSORPTIOMETRY (X-RAY)

A X-ray inspector model X20V G90 (Multiscan technologies, S.L, Cocentaina,
Spain) was used to scan the dry-cured ham portions (Figure 1A). X-rays were
emitted from below the samples and the transmitted X-rays were measured at
the upper part of the device while a conveyor belt moved the sample through
it. The system used low-energy X-rays to obtain images (matrices of
attenuation values, 4000 x 1280 pixels) of the scanned object at a horizontal
plane with a constant speed (20 m/min). Three different voltages and
intensities, specifically 90 kV and 4 mA, 70 kV and 8 mA and 50 kV and 15 mA,

were used to scan the ham portions each one in exactly the same position.

Matrices of attenuation values were imported from the X-ray inspector device.
The global X-ray attenuation value (A) of the sample was obtained by the

following equation:

1(3)
loG;))

A=-Lln( D) (Eq. 1)

where /is the intensity of the transmitted radiation through each pixel ({7} /, is
the energy of the incident radiation to each pixel ({j); i ranges from 1 to 4000
and j ranges from 1 to 1280. The global X-ray attenuation values for each
incident energy (50, 70 and 90 kV) were referred to sample weight (Age/weight,
Azo/weight and Aso/weight).
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2.3 ULTRASOUND (US)

Figure 1B shows the experimental set-up used for the ultrasonic
measurements. The experimental set-up consisted of a couple of narrow-band
ultrasonic transducers (1 MHz, 0.75" crystal diameter, A314S-SU model,
Panametrics, Waltham, MA, USA), a pulser-receiver (Panametrics, Model
5058PR, Waltham, USA) and a digital storage oscilloscope (Tektronix, TDS5034,
Digital phosphor oscilloscope. Tektronix inc. Bearverton, Oregon. USA). The
sample was placed between the transducers (Figure 1B). A custom designed
digital height gage, linked to the computer by a RS232 interface, was used to
measure the thickness of the packaged ham, with an accuracy of £0.01 mm.
The ultrasonic velocity in the sample was computed from the time of flight
obtained from the signal and the thickness read from the RS232 interface. The
time of flight for a sample was computed by averaging the value obtained from
five signal acquisitions. To compute the ultrasonic velocity, the system delay
was taken into account. In order to determine this delay, the pulse transit time
was measured across a set of calibration cylinders of different thicknesses. The
delay time was then obtained from the intercept on the y-axis of the time

versus thickness graph.

In order to carry out the ultrasonic measurements, several zones of
measurement (circles) were marked on the surface of each package, as shown
in Figure 1B. The zones of measurement (from 10 to 19, depending on the
package surface) were uniformly distributed over the surface of each portion.
The surface of each zone tested coincided with the surface of the transducer
used in the ultrasonic measurements. The measurement of the ultrasonic
velocity was carried out in triplicate for each zone of measurement at two

different temperatures (2 and 15 °C).
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Figure 1. Experimental set-up used for the X-ray (A) and ultrasonic (B) measurements.

2.4 CHEMICAL ANALYSIS

Following the US measurements, ham portions were unpacked, ground and
homogenized for chemical analysis. Water content was analysed by drying at
103+2 °C until reaching a constant weight (AOAC, 1990). Chloride content was
determined according to ISO 1841-2 using a potentiometric titrator 785 DMP

Titrino (Metrohm AG, Herisau, Switzerland) and expressed as salt content. The
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total fat content was estimated by near infrared spectroscopy using a
FoodScanTM Lab (Foss Analytical, Dinamarca) (AOAC, 2006). All the analyses

were performed in triplicate.
2.5 CALIBRATION AND VALIDATION DATA SETS

For each component (fat and salt content), the samples (n=276) were divided
into two sets (calibration and validation data sets) in order to develop and
validate the predictive compositional models. To define both sets, the samples
were sorted according to their fat or salt content. Subsequently, they were
distributed alternatively, two dry-cured ham portions for the calibration set
(184 samples) and one dry-cured ham portion for the validation set (92
samples). In this way, both sets of samples covered a similar range for each
component (Table 1). The validation set was also used to test the overall
classification capacity using the predictive models chosen for salt and fat
prediction. For this purpose, samples were classified into three different
categories depending on their salt content. Hams with a salt content of < 4%
were considered to have a low level of salt, hams with a salt content of > 5.5%
a high level of salt and those remaining to have a moderate level of salt.
Similarly, samples with a predicted fat content of < 25% were considered to
have a low level of fat, whereas samples with a fat content of > 40% were
considered to have a high level of fat and the rest to have a moderate level of
fat.

Table 1. Sample composition for calibration and validation sets.

Salt content Water content Fat content

Set range (%) range (%) range (%)

For salt Calibration 184 2.08-7.35 21.67-51.81 6.82-57.22
predictive

model Validation 92 2.34-7.16 18.63-50.68 7.61-59.05

For fat Calibration 184 2.27-7.18 18.63-51.81 6.82-59.05
predictive

model Validation 92 2.08-7.35 22.59-50.68 7.61-55.73
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2.6 PREDICTIVE MODELS AND STATISTICAL ANALYSIS

Ago/weight, Aso/weight and Aso/weight and ultrasonic velocity (v) at 2 (vy1) and
15 °C (vyp) were used as independent variables to develop linear predictive
models. REG procedure from XLSTAT package (Addinsoft, Paris, France) was
used to estimate model parameters for each technology (X-rays and US). The
independent variables included in the models were identified using Stepwise
method. Levels of significance to enter and keep the independent variables in

the model were p=0.05 and p=0.1, respectively.

Additionally, a semi-empirical model to estimate the composition of dry-cured
ham as a function of the ultrasonic velocity was used (Benedito et al,, 2001).
This model considers that ultrasonic velocity in a medium is dependent on the
particular velocity within the different components of that medium. In this case
it is assumed that samples behave as a three component system (fat, water and
proteins+others) and the temperature dependence of the ultrasonic velocity in
the different components is considered (Egs. 2-4).

100 _ x¢ Xw Xp+o

= + + (Eq. 2)
2 2 2 2
Vi1 V1 YwTr Vp+oTl

100 X X X

— = =+ (Eq. 3)
V2. Vim2 YwT2 Vp+oT2

Xg+Xy +Xp40=100 (Eq. 4)

where v is the ultrasonic velocity in the dry cured ham, vy, v, and v, are the
ultrasonic velocities in the fat, water and protein+other components, while
subscripts Tyand T, refer to the ham temperature (2 and 15 °C,
respectively). x;, x,and x,,,are the composition of fat, water and
protein+other components, respectively. Egs. from 5 to 9 show the
temperature dependence of the ultrasonic velocity on water, fat and

protein+other dry components of IB and W hams. Firstly, Egs. 5 and 6 were
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experimentally determined in this work for subcutaneous fat taken from dry-
cured W and IB hams following the experimental procedure reported by
Nifioles et al, (2008). Secondly, Eq. 7 (Kinsler et al, 1982) was obtained from
literature. Thirdly, the A, B, C, D coefficients of Egs. 8 and 9 were identified by
fitting the model to the calibration set. Thereby, in the validation set,
measuring v at Ty and T, and calculating v, v, and v,.,at Ty and T, from Eqs

5-9, the composition of the dry-cured ham could be estimated from Egs. 2-4.

Vii3=1666.7-5.47T (Eq. 5)
Viw=1646.7-4.84T (Eq. 6)
Vi(-Lw)=1403+5T-0.06T*+0.0003T° (EQ. 7)
Vp+ois=A-BT (Eq. 8)
Vp+o Lw=C-DT (Eq.9)

The feasibility of X-ray and US models to predict fat and salt contents was
evaluated by determining the coefficient of determination (R?) and the Root
Mean Square Error (RMSE) of calibration (RMSEC) and validation (RMSEV) and
the residual predictive deviation (RPD) statistic. RPD is the ratio between the

standard deviation of the reference values and the error of validation.

Overall correctness of sample classification in the three groups of salt or fat
contents (low, moderate and high) was evaluated through the percentage of

correctly classified samples from the validation set.
3. RESULTS AND DISCUSSION
3.1 SALT PREDICTIVE MODELS

X-ray attenuation values obtained at three different energies (50, 70 and 90 kV)
were correlated to the salt content (Figure 2A). The attenuation increased with

the salt content due to the high density of Na® and Cl ions. This increase was
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more pronounced at 50 kV than at high-energy radiations because of the fact
that low-energy radiations are more sensitive to density variations caused by
inorganic substances such as Na* and Cl ions. This was reported by Fulladosa et
al (2014) who, when using the same technology, reported that the variation of
the attenuation of raw bone-in hams during salting was higher at low X-ray
energies (50 kV) than at high energies (70 and 90 kV). The experimental variation
of X-ray attenuation between samples with the same salt content could be
caused mainly by their variation in water content (different levels of dryness)
which produces variations of samples density. In previous studies dealing with
samples having variable thicknesses, other authors have highlighted the
importance of this parameter (Brienne et al, 2001; Hansen et al.,, 2003). However,
the thickness effect could be considered negligible in the formatted ham

portions.

The salt content affected the US measurements at 15 °C (Figure 2B), but not at 2
°C. An increase of salt content gave rise to higher ultrasonic velocities. This fact
was reported by Kinsler et al,, (1982), who found that an increase of salt content
in an aqueous solution of sea water causes an increase of the ultrasonic velocity
due to a rise in the solid content of the medium when measured at any
temperature. Therefore, the higher the solid/liquid ratio, the higher the ultrasonic
velocity. The same effect was observed in the salting process of pork muscles
(Garcia-Pérez et al,, 2012 and De Prados et al, 2014) and hams (De Prados et al,
2012) due not only to the salt gain but also to the water loss. Figure 2B shows
that experimental data presented a large dispersion. This fact could be ascribed
to the complex sample analyzed in this study, which differs not only in salt
content but also in water and fat content and the type of fat and protein matrix
(W and IB hams). Moreover, meat curing can affect the state of proteins and
lipids due to the complex reactions taking place during process, as a result of
these changes, the tissue mechanical properties could be modified. All these
factors affect ultrasonic velocity (Nifioles et al, 2008; Corona et al., 2013; Llull et

al, 2002) and are partially responsible for the experimental dispersion.
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Figure 2. Influence of salt content of dry-cured ham portions on X-ray attenuation (A)

and ultrasonic velocity at 15 °C (B).

The parameters of the models developed to predict the salt content in dry-
cured ham portions using X-rays and US are presented in Table 2. X-ray
technology can predict salt content (RMSEV=0.43%) using only the information
obtained at 50 kV. The portions were taken from formatted dry-cured hams
and therefore no important variation in portion thicknesses. The thickness

effect on the attenuation of X-rays was then considered negligible. Moreover,
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the residual errors of salt prediction (measured — predicted) presented a
random distribution and were not significantly (p>0.05) related to fat or water
content (results not shown). This demonstrates the robustness of this salt

content predictive model to fat or water content variations.

Table 2. Statistical parameters of salt predictive models using X-ray and U!

technologies.

X-ray us X-ray + US
Calibration
n 184 184 184
R? 0.781 0.528 0.804
RMSEC (%) 0.48 0.71 0.46
Model variables Aso/weight Vg Aso/weight, v,
Validation
n 92 92 92
R? 0.814 0.549 0.824
RMSEV (%) 043 0.69 042
RPD 23 15 24

Simple regression models using the US velocity at 15 °C as variable showed
higher prediction errors in comparison to X-ray based models (Table 2). The
slope of the linear relationship (15.85 m s™ %) shows that increasing the salt
content by 1%, the velocity increases 15.85 m/s (Figure 2B). Kinsler et al. (1982)
reported a similar slope (16.5 m s %) for the linear relationship between
ultrasonic velocity (at 15 °C) and salt content for a water/salt solution, which
indicates that the influence of salt on ultrasonic velocity could be non-
dependent on the matrix where ultrasound is propagated. Nevertheless,
although the increase of salt content affected the ultrasonic velocity, it was not

the only factor. The large variability of dry-cured ham composition (fat and

232



CHAPTER 4.3. DRY-CURED PORK MEAT CHARACTERIZATION

water content and type of fat and protein matrix) diminishes the importance of
the salt as a factor which affects the ultrasonic velocity. As for X-rays, errors of
salt prediction were randomly distributed and were not significantly (p>0.05)
related to fat or water content (results not shown). However, the use of an US
based model for the salt prediction did not provide reliable results (Table 2).
Moreover, the addition of US variables into the predictive model of X-ray
barely improved the model (Table 2). RPD value was 23 for X-ray
absorptiometry, 1.6 for ultrasound technology and 2.4 when combining both
technologies. Conzen (2006) considered a model good for quality control
purposes with an RPD > 5, but models with lower RPD values could still be
used for screening or classification purposes. In this case, models will not
permit an exact estimate of the composition of the product but they could be
useful for classifying products into different salt level groups, a relevant

usefulness for industrial applications.
3.2 FAT PREDICTIVE MODELS

Global X-ray attenuation values at the three different energies were correlated
to fat content, and the most important variation in attenuation values was
found mainly at 50 kV (Figure 3A), as in the case of salt. The correlation was

lower than in the case of the salt content.

In the case of US, a different effect of the fat content on the ultrasonic velocity
at 2 and 15 °C was found. At 2 °C, ultrasonic velocity was not related (p>0.05)
to the fat content, which points to the fact that ultrasound velocity in the fatty
matrix is similar to that in the protein matrix (for both W and IB). When
temperature rises to 15 °C, the ultrasonic velocity shows a significant (p<0.05)
decrease with the increase of the fat content (R=0.393). Consequently, the
ultrasonic velocity in the fatty tissue has to be lower than in the protein matrix.
This difference in velocity between the fatty and protein matrixes as
temperature increases from 2 to 15°C could be linked to the melting of the fat

triglycerides (Corona et al, 2014a,b), which causes a decrease of the fat
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solid/liquid ratio and produces a drop of the ultrasonic velocity (Benedito et al.,
2001). In addition, the velocity in the protein matrix would increase as
temperature rises as a consequence of the increase of velocity in water for
higher temperatures (Eq. 7). Therefore, in order to take advantage of the
different effect of temperature on the fatty and protein matrixes, it was
considered convenient to assess the variation of the velocity between 2 and 15
°C (Av=v; -v15 ) for each zone of measurement and average them for each ham
portion. In this way, samples with a higher fat content would suffer a larger
velocity drop between 2 and 15°C, due to fat melting, than those with a lower
fat content. These results are shown in Figure 3B where it can be observed that
as expected, the higher the fat content, the higher the ultrasonic velocity
variation (Av). In spite of the fact that there is an important part of Av
variability that can be explained by fat content (R?=0.678), there is still a large
experimental dispersion (Figure 3B). These results point to the fact that not
only the fat but also other components, such as proteins, salt and water affect
the ultrasonic velocity. As previously mentioned, during meat curing, fat and
protein matrix can suffer important modifications. However, textural changes
that take place in dry-cured ham curing are mostly linked to the water loss,

thus being the major responsible of ultrasonic velocity modifications.
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Figure 3. Influence of fat content of dry-cured ham portions on the X-ray attenuation

(A) and on the increment of ultrasound velocity between 2 and 15 °C (B).

The parameters of the predictive model using X-rays are presented in Table 3.

By using only attenuation values at 50 kV the predictive error was 8.02%. The

addition of the information obtained at 70 kV to the model, improved the
prediction (RMSEV=7.00%).
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The use of only Av or the combination with v;5 provided a similar prediction
error (RMSEV=6.88%) to the model of X-rays (Table 3). The effect of
temperature on US velocity depends on the sample composition (Nifoles et al.,
2008). Therefore, the US velocity in such a complex medium as dry-cured ham
is weighed from the particular velocity of each component. Thereby, a semi-
empirical model was developed (Egs. from 2 to 9) where a 3 component system
(water, fat and protein+others) were considered (see section 2.6). The
coefficients (A=4239.7, B=64.06, C=3373.9 and D=39.20) from Eqgs. 8 and 9
were obtained. This compositional model provided a similar estimation of the
fat content (RMSEV=6.70%) in comparison to the individual models for US and
X-rays. The main advantage of this semi-empirical model is that it not only
estimates the fat content but also provides a good estimation of the water
(Table 4) and protein+others (results not shown), which allows the
characterization of the global composition of the dry-cured ham portions
(Ghaedian et al,, 1997, Benedito et al,, 2001, Corona et al,, 2013). However, the
use of such a model requires the ultrasonic velocity measurement at two

temperatures, which represents a drawback for industrial application.

Table 3. Statistical parameters of fat predictive models using X-ray and US technologies.

X-ray us X-ray + US
Calibration
n 184 184 184
R’ 0.672 0.739 0.844
RMSEC (%) 7.87 7.01 5.42
Model variables ii(;//vv\\,/zllgm AV, vis Av, Agp/weight
Validation
n 92 92 92
R? 0.732 0.738 0.825
RMSEV (%) 7.00 6.88 5.60
RPD 1.9 2.0 24
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The estimation of fat content was improved by combining the results of X-rays
and US (Table 3). A regression model using the ultrasonic velocity variation
with temperature (Av) and X-ray attenuation at 50 kV (Aso/weight) as factors,
provided a significantly higher RPD value (2.4) and a lower RMSEV (5.60%).
However, it should be taken into account that the use of the combination of
these technologies would result in a high investment and application cost to
industry. It must be pointed out that, using these technologies, fat distribution
within the sample (intermuscular, intramuscular and subcutaneous fat content)

cannot be distinguished or evaluated separately.

Table 4. Statistical parameters of US semi-empirical compositional model.

Fat content Water content
Calibration
n 184 184
R? 0.805 0.732
RMSEC (%) 6.56 4.88
Model variables Vy, Vi, T Vy, Vs, T
Validation
n 92 92
R? 0.804 0.718
RMSEV (%) 6.70 4.85
RPD 2.01 151

3.3 USEFULNESS OF X-RAY AND US TO CLASSIFY SAMPLES ACCORDING
TO THEIR COMPOSITION

The usefulness of X-ray and US technologies as reliable methods to classify
dry-cured ham samples into different levels of saltiness and fatness was

evaluated by using the best predictive models. Figure 4, where experimental
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and predicted data are plotted for the validation set, illustrates the accuracy of

the proposed models for the prediction of salt and fat content.
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Figure 4. Predicted versus experimental salt and fat contents of dry-cured ham
portions from the validation data set using X-ray model for salt content prediction (A)

and US semi-empirical model for fat content prediction (B).

The salt content of portions from the validation set was predicted using the

model developed using X-rays, which uses only one variable for the prediction
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(Aso/weight) (Table 2). Furthermore, the overall correctness of the classification
in the three pre-defined categories (low, moderate and high) was 81%, which
demonstrates the practical relevance of using X-ray technology for non-
destructive salt content analysis. Discrepancies were found between low and
moderate salt levels and between moderate and high salt levels but not
between low and high salt levels. Only 4 of 46 portions (error of 8.7%) were
classified as having a low salt level when in fact they had a moderate salt level.
Using this technology, errors in nutritional claims such as “reduced salt
content” could be further reduced if a more restrictive threshold value was

used to define the low level salt groups.

The fat content was predicted using a combination of X-ray and US parameters
(Table 3). Using this model, the overall correct classification of portions
according to fat content level was 71%. The practical implementation of dual
technology equipment based on both US and X-ray technologies could be
complicated because the cost of the equipment would increase significantly
and individual calibrations for both equipments would be required. Therefore,
it seems more reasonable to try the individual use of one technology instead of
a combination of the two. Using the semi-empirical model obtained from US
measurements, the correctness of the classification increased to 77%. At low fat
contents, the semi-empirical model was able to correctly classify 92% of the
pieces, however for moderate and high fat contents, the percentage of well
classified hams was reduced to 58 and 73%, respectively. Only 4 of 26 portions
(error of 15.3%) were classified as having a low fat level when in fact they had a
moderate fat level. Thus, using this technology, nutritional claims such as
“reduced fat content” could be ensured if a restrictive threshold value was used

to define the low level fat groups.

As already mentioned, one of the disadvantages of US characterization is the
need to measure the velocity at two different temperatures. This fact makes the
management of the product difficult and lengthtens the time of product

analysis. However, measuring the portions (blocks or thick slices) at the end of
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the curing stage at room temperature (15-20 °C) and after a certain storage
period in refrigeration (2-4 °C) could be considered. This strategy would allow

the partial characterization of the global composition (x;, x,, and x,.,) of the

dry-cured ham portions.

It must be stated that there are other well established and commercially
available methods that allow evaluation of physical and chemical composition
of muscle foods (Damez and Clerjon, 2013). However, most of them are
destructive, or do not penetrate enough in the product, or are medical systems
non-adapted for food control at the industry. Development of better adapted

equipment for the food industry is on the focus of device manufactures.
4. CONCLUSION

X-rays and US technologies can predict salt contents of dry-cured ham
portions with an error of 0.43% and 0.69%, and fat content with an error of
7.00% and 6.70%, respectively. In the case of fat, the combination of both
technologies decreases fat prediction error to 5.60%. The identification of
samples that could be labelled with nutritional claims such as “reduced salt” or
“reduced fat” is feasible using X-rays and US. Therefore, the individual or
combined use of these technologies present a high interest for industrial

application and quality control purposes.
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El jamon curado es un producto carnico muy apreciado por los consumidores.
Sin embargo, debido a la heterogeneidad de la materia prima y a los multiples
factores que afectan a su procesado, la composicion de los jamones de un
mismo lote presenta una elevada variabilidad. La aplicacién de una tecnologia
no destructiva para caracterizar el jamoén durante las diferentes etapas de su
elaboracién permitiria mejorar el proceso y asi, obtener jamones curados con
parametros finales de calidad mas homogéneos. La estimacidon mediante
ultrasonidos de sefal del contenido en grasa del jamoén a la entrada del
proceso y de su contenido en sal en la etapa de salado, permitiria disefiar
mejor las etapas posteriores de su procesado y asi, reducir la variabilidad
composicional en los lotes de jamones de manera no destructiva, rapida,
sencilla y a un bajo coste. Asimismo, la determinacion del contenido en sal y
grasa en el jamén curado mediante el empleo de esta tecnologia ultrasénica,
proporcionaria informacién nutricional que podria recogerse en el etiquetado
del producto final, siendo de gran utilidad para el consumidor desde un punto

de vista nutricional.
Caracterizacion del producto fresco mediante ultrasonidos de senal

La bibliografia previa pone de manifiesto que las medidas ultrasénicas han
servido para estimar el contenido en grasa en diferentes productos carnicos de
cerdo, tales como canales (Lakshmanan et al, 2012), musculos, como Biceps
femoris (BF) (Nifoles et al, 2011), y productos formulados (Corona et al,
2014b). De forma similar, el potencial de los ultrasonidos de sefial para
predecir el contenido en grasa en jamones frescos qued6é demostrado en el
capitulo 4.1 de la presente Tesis Doctoral. Asi, los resultados del capitulo 4.1
mostraron que el contenido en grasa afectd de manera significativa (p<0.05) a
la medida de la velocidad de los ultrasonidos (V) en jamones frescos. Asi, un
aumento del 5% del contenido en grasa en los jamones frescos conllevd un

aumento de 8.4m/s de la V medida a 2°C. Este hecho se explica porque los
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ultrasonidos viajan a mayor velocidad en medios solidos que en liquidos. Ast
pues, dado que a bajas temperaturas (2°C), la mayor parte de la grasa esta en
estado soélido, la V en el tejido graso es mayor que en tejido magro (Benedito
et al,, 2001a). En este sentido, a mayor contenido en grasa, mayor fraccion de
solidos en la muestra y mayor valor de la V en la carne (Mc Clements et al.,
1992). Sin embargo, a altas temperaturas (25°C), debido a la fusién de los
triglicéridos, la V en el tejido graso es menor que en el tejido magro, lo que
hace que la V descienda con el aumento del contenido en grasa (Benedito et
al., 2001a). Asimismo, a temperaturas intermedias (12-16°C), dado que la V es
similar en el tejido graso y magro no existe una relacion entre el contenido en
grasa y la medida de la V (Benedito et al,, 2001a). Por tanto, para poder estimar
el contenido en grasa en carne fresca a partir de la V es necesario trabajar bien
a temperaturas por debajo de 5°C o a temperaturas por encima de 25°C. En
este sentido, en el capitulo 4.1 de la presente Tesis Doctoral, la V se midié a
2°C ya que es una temperatura empleada habitualmente en la conservacion de
la carne fresca, lo que permitiria su uso en la industria de elaboracién de jamén
curado en la etapa de recepcion y clasificacidn de la materia prima. El rango de
temperaturas por encima de 25°C, podria ser Unicamente interesante para la
estimacién del contenido en grasa de los jamones en el matadero, tras el
sacrificio de los animales. A partir de la relacion lineal (p<0.05) entre la medida
de V a 2°C y el contenido en grasa de los jamones frescos, se establecio un
modelo predictivo (R*=0.89 y RMSE=2.90%) que permitié clasificar los jamones
frescos en tres categorias segun su contenido de grasa (<14, 14-26 y >26%
b.h.) con un porcentaje global de piezas correctamente clasificadas del 89%. La
presente Tesis Doctoral se ha desarrollado en el marco de dos proyectos de
investigacion (RTA 2010-00029-C04-01/02; RTA 2013-00030-C03-02), que han
sido llevados a cabo de forma coordinada entre varios grupos de investigacion.
En el primer proyecto, se trabajoé conjuntamente con un grupo de investigacion
del IRTA (Monells, Girona), que evaluo la viabilidad de la tecnologia de rayos-X
para predecir el contenido en grasa en los mismos jamones empleados en la

presente Tesis Doctoral. Sin embargo, el error de prediccion (RMSE=4.20%) y el
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porcentaje global de piezas correctamente clasificadas (65%) obtenidos con los
parametros medidos con rayos-X fueron peores a los obtenidos con el modelo
basado en los pardmetros ultrasénicos. Ademas, tampoco se observé ninguna
mejora en la prediccion del contenido en grasa utilizando la combinacién de
ambas tecnologias. En bibliografia se encontraron aplicaciones de los
ultrasonidos para predecir el contenido en grasa en carne fresca. Asi, Park et al.
(1994) estimaron el contenido en grasa en musculos frescos de Longissimus
dorsi (LD) de vacuno (R*=0.81 y RMSE=1.40%) midiendo la velocidad de los
ultrasonidos a 23°C. De forma similar, Benedito et al. (2001a) determinaron el
contenido en grasa en mezclas frescas carnicas de cerdo midiendo la velocidad
a dos temperaturas (4 y 25°C). Sin embargo, la medida de la V a dos
temperaturas dificulta la implementacién de la tecnologia ultrasonica a nivel
industrial. Por tanto, en este primer estudio, los ultrasonidos de sefal
demostraron ser una técnica fiable para clasificar jamones frescos en grupos
con contenido en grasa homogéneo, lo que permitiria fijar condiciones
especificas de procesado en funcién del nivel graso de los jamones, y por lo
tanto, un comportamiento mas homogéneo de cada grupo durante las

siguientes fases de procesado.
Caracterizacion del producto salado mediante ultrasonidos de seial

Los ultrasonidos de sefial resultaron ser una técnica no destructiva adecuada
para caracterizar productos carnicos durante y tras el salado, trabajando tanto
en modo transmision-recepcion (MTR) (apartados 4.2.1 y 4.2.2) como en modo
pulso-eco (MPE) (apartados 4.2.3 y 4.2.4). El contenido en agua y sal tuvieron
un efecto significativo (p<0.05) sobre la V, medida en MTR, en muestras
modelo de BF formuladas con contenido en sal y agua predefinido (apartado
4.2.1). Por un lado, el aumento del contenido en agua en las muestras modelo
dio lugar a un descenso de la V, lo que ya habia sido observado en otros
productos carnicos, tales como sobrasada (Llull et al,, 2002) o musculos BF de
cerdo (Ninoles et al., 2011). Por otro lado, el aumento del contenido en sal

conllevé un aumento de la V. En la misma linea, se ha puesto de manifiesto

251



DISCUSION GENERAL

que la velocidad de los ultrasonidos aumentd en zumos (Kuo et al, 2008) y
soluciones acuosas (Krause et al, 2011), conforme aumentd el contenido en
azlcar; y en pescado cuando se incremento el contenido en sélidos no grasos
(Ghaedian et al, 1998). Conocida la influencia individual de la sal y el agua
sobre la V en carne, se llevaron a cabo medidas de V en MTR antes y después
del salado, en cilindros de LD y BF, sus correspondientes secciones saladas en
salmuera (apartado 4.2.1) y en jamones salados en seco (apartado 4.2.2). En
todos los casos, los resultados mostraron un aumento de la V durante el
salado. En este sentido, dado que los ultrasonidos viajan mas rapido en solidos,
con elevados mddulos elasticos (Benedito et al., 2000; Chandrapala, 2015) que
en liquidos (agua), el aumento de la V es atribuible al incremento del
contenido en sélidos que tiene lugar en la carne durante el salado, debido a la
ganancia de sal (AXs) y la pérdida de agua (AXw). La alta variabilidad
experimental en las medidas de velocidad inicial en los cilindros de LD y BF y
en los jamones se asocid a la heterogeneidad en la composicién y estructura
de la carne (Reig et al,, 2013) y conllevo la necesidad de utilizar la variacion de
velocidad (AV) como un indicador mas adecuado del progreso de la etapa de
salado, que la simple medida de la V. Asi, se encontraron relaciones lineales
significativas (p<0.05) entre la AXs y la AV medida antes y después del salado
en los cilindros de LD y BF salados en salmuera y en sus secciones (apartado
4.2.1), ast como, en los jamones salados en seco (apartado 4.2.2) (Figura 5.1).
De forma similar, se encontraron relaciones lineales significativas (p<0.05)
entre la AXy y la AV. Un incremento de la ganancia de sal produjo un aumento
de la variacién de velocidad (Figura 5.1). Por otro lado, la pérdida agua durante
el salado resultdé también en un aumento de la variacién de velocidad
(resultados no mostrados). La pendiente de la relacién AXs vs AV fue similar en
los cilindros y secciones de LD y BF y en los jamones (13.5+1.0m/s % b.h.) e
incluso similar a la mostrada por Kinsler et al. (1982), quienes encontraron que
la V aumento en 13.7m/s con un incremento del 1% de la concentracién de sal
en una disolucién salina a 2°C (Figura 5.1). El hecho de que las pendientes

fuesen similares indic6 que un mismo AXs da lugar a una misma AV,
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independientemente del tipo de salado (en salmuera o en seco) y de la

estructura del producto (disolucion o carne).
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Figura 5.1 Relacion entre la ganancia de sal (AXs) y la variacion de velocidad
ultrasonica (AV) medida antes y después del salado para cilindros y secciones de LD y
BF (apartado 4.2.1) y jamones (apartado 4.2.2) y durante la monitorizacién del salado

en seco de las piezas de LD y BF (apartado 4.2.2).

Dado que el contenido en agua continta descendiendo en las siguientes
etapas del procesado del jamon (secado-maduracion y envejecimiento) (Bello,
2008), estimar la ganancia de sal tras el salado resulta de mayor interés que
determinar la pérdida de agua en esa etapa del procesado. En este sentido, se
desarrollaron modelos predictivos basados en la AV para estimar la ganancia
de sal, que proporcionaron un error de estimacion (RMSE) de 0.48% en los
cilindros de LD y BF (apartado 4.2.1) y de 0.44% en los jamones (apartado
4.2.2). Teniendo en cuenta los errores de estimacion de la ganancia de sal, los
ultrasonidos de sefial no se presentan como una herramienta analitica para
determinar el contenido en sal en los productos carnicos, aunque pueden ser
utilizados como una herramienta de clasificacién para el control de calidad en

la etapa de salado. En esta misma linea, los ultrasonidos se han utilizado para
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predecir el contenido en solidos en otros productos. Asi, Valente et al. (2013)
estimaron el contenido en sacarosa del mango utilizando un modelo predictivo
basado en la medida de velocidad ultrasdnica y en el contenido en soélidos
solubles del fruto (R*=0.81, RMSE=12.3g/L=1.13%). De forma similar, Krause et
al. (2011) desarrollaron modelos basados en medidas de velocidad ultrasénica
y temperatura para determinar el contenido en sacarosa (R?=0.95,
RMSE=0.40%) y el contenido alcohdlico (R?=0.99, RMSE=0.18%) en soluciones
acuosas. Sin embargo, hasta el momento, no se ha encontrado ningun estudio
relacionado con la prediccion del contenido en sal en productos carnicos

mediante ultrasonidos.

Las medidas de V antes y después del salado permitirian estimar el contenido
en sal y clasificar las piezas en lotes homogéneos que podrian procesarse de
manera diferente, pero no permitirian corregir la variabilidad del contenido en
sal, reduciendo el nimero de piezas saladas por defecto o en exceso. En este
sentido, seria de gran interés para la industria, el desarrollo de técnicas que
permitiesen monitorizar cdmo la pieza se va salando y aumenta su contenido
en sal, con el objetivo de finalizar el proceso de salado cuando se alcance la
ganancia de sal deseada. Asi, se monitorizé online el salado en seco de las
piezas de LD y BF con medidas de velocidad ultrasdénica en MTR (apartado
4.2.2). Los resultados mostraron un aumento progresivo de la V durante el
salado, lo que demostré la capacidad de los ultrasonidos para monitorizar este
proceso. Como ocurrié en los cilindros y secciones de LD y BF (apartado 4.2.1)
y en los jamones (apartado 4.2.2), la AV total obtenida durante la
monitorizacion del salado de piezas de LD y BF se vio influenciada de forma
significativa (p<0.05) por la AXy y AXs. Ademas, como se observa en la Figura
5.1, la pendiente de la relacion AV vs AXs en las piezas de LD y BF (13.9m/s %
b.h.) fue similar a las encontradas en cilindros y secciones de LD y BF, jamones
y a la obtenida por Kinsler et al. (1982) para una disolucién salina (13.6+0.8m/s
% b.h.). Aunque las pendientes fueron similares, se observo un valor diferente

de la ordenada en el origen en la experiencia de monitorizacién del salado de
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las piezas de LD y BF (valor de ordenada negativo) y en las experiencias donde
se midio la V antes y después del salado en cilindros y secciones de LD y BF y
jamones (valor de ordenada positivo) (Figura 5.1). Este hecho se asocio al
efecto de la sal sobre la textura en la superficie de la carne donde se realiza la
medida de la V. Ruiz-Ramirez et al. (2005) relacionaron los cambios de textura
de la carne durante el salado (aumento de dureza) con la compactacién de la
estructura miofibrilar debido al contenido en sal y al efecto inhibitorio de la sal
sobre la actividad de las calpainas. Asi, en los cilindros y secciones de LD y BF y
jamones, la V se midié antes y después del salado, por lo que la superficie de la
carne, donde se colocaban los transductores, estuvo en contacto con la sal,
produciéndose un aumento de la dureza superficial, y por lo tanto, de la AV. En
cambio, en la monitorizacion del proceso de salado de las piezas de LD y BF,
los transductores estuvieron siempre en contacto con la muestra. De esta
manera, la penetracién de sal en los puntos de medida se veria dificultada,
resultando en un menor aumento de la dureza superficial, y por tanto, de la AV.
A partir de la AV total durante la monitorizacion del salado en seco de las
piezas de LD y BF se establecié un modelo predictivo de la ganancia de sal con
un error de estimaciéon (RMSE=0.43%) similar a los obtenidos en cilindros de LD
y BF (RMSE=0.48%) (apartado 4.2.1) y jamones (RMSE=0.44%) (apartado 4.2.2).

Ademas de la V (apartados 4.2.1 y 4.2.2), otro parametro ultrasénico utilizado
para monitorizar el proceso de salado fue el tiempo de vuelo (Tv), medido en
MPE (apartados 4.2.3 y 4.2.4). La medida del Tv presenta la ventaja, respecto de
la V, que no necesita de la medida del espesor de la muestra, lo que simplifica
la medida ultrasénica. En las experiencias de jamones frescos (capitulo 4.1) y de
cilindros de LD y BF (apartado 4.2.1), piezas de LD y BF y jamones salados
(apartado 4.2.2), para determinar la V se calcul6 el Tv con el método del umbral
de energia. Este método calcula el Tv en el frente de llegada de la sefal que
atraviesa la muestra cuando la misma sobrepasa un umbral de energia
establecido (0.1V para el presente estudio). En sefales con niveles altos de

energla, pese a que existan fluctuaciones de la amplitud de la sefial, el método
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del umbral permite calcular correctamente el Tv, ya que el pico
correspondiente al frente de llegada de la sefal siempre supera el umbral de
energia establecido. Sin embargo, las sefales ultrasdnicas obtenidas con el
MPE durante el salado de jamones (apartado 4.2.3) presentaron niveles bajos
de energia como consecuencia de la atenuacion tras cruzar la sefial dos veces
la muestra y de las deficiencias en el acople transductor/jamon. Asi, el método
de umbral de energia conllevd errores significativos en el calculo del Tv. El
estudio de otros métodos de analisis de sefal para calcular el Tv (método de la
correlacion cruzada y del espectro de fase obtenido a partir de la Transformada
Rapida de Fourier) (apartado 4.2.3) mostrd que el nivel de energia de la sefial
es determinante a la hora de seleccionar el método mas conveniente para
calcular el Tv. Asi, el método del espectro de fase fue util para calcular la
variacién de tiempo de vuelo (ATv) entre dos sefiales cuando éstas no estaban
saturadas (amplitud sefial pico-pico<2V). Por otro lado, el método de la
correlacion cruzada resultd adecuado para la calcular la ATv entre sefales
consecutivas (intervalo 5min) cuando la integral de la sefial temporal era
superior a 4Vys. Finalmente, el método de la correlacidn cruzada entre sefiales
separadas cada hora fue apropiado para calcular la ATv para cualquier nivel de
energia. Asi pues, mediante esta Ultima metodologia de calculo, se determiné
la ATv durante el salado de piezas de LD y jamones (apartado 4.2.4). En ambos
casos, la ATv disminuyd progresivamente durante el salado, lo que corroboré
la capacidad de los ultrasonidos para monitorizar el proceso de salado. Este
resultado es consistente con el aumento de AV observado en los apartados
421y 422. La pérdida de agua y la ganancia de sal durante el salado
aumentan el contenido en solidos en la muestra, lo que da lugar a que los
ultrasonidos viajen mas rapido (aumenta la V) (Benedito et al,, 2000), y por lo
tanto, disminuya el tiempo necesario para que la onda atraviese la muestra.
Como en el caso de la AV medida en el salado de cilindros de LD y BF
(apartado 4.2.1), piezas de LD y BF y jamones (apartado 4.2.2), se encontraron
relaciones lineales significativas (p<0.05) entre la ATv vs AXy y ATv vs AX.

Asimismo, el descenso del tiempo de vuelo también podria estar influenciado
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por la reduccién del espesor (Garcia-Gil et al, 2014) y el grado de
desnaturalizaciéon proteica y compactacion de las fibras (Ruiz-Ramirez et al.,
2005; Soyer et al, 2011) (aumento de dureza) que sufre la muestra durante el

salado.

Por otra parte, conforme la pieza tiene mayor espesor, mayor cantidad de sal
tiene que penetrar en la misma para conseguir un mismo contenido en sal, y
por lo tanto, mayor es la ATv. En este sentido, en el apartado 4.2.4 se observo
que para una misma ganancia de sal en piezas de LD (AXs=2.5% b.h.) y en
jamones (AXs=2.2% b.h.), la ATv fue notablemente mayor en jamones (-11.2us)
que en piezas de LD (-3.3pus), lo que se explica por la diferencia de espesor
entre los jamones (15.7+0.6cm de espesor) y las piezas de LD (5.0+0.8cm de
espesor). Ast pues, dado que el espesor inicial de la muestra afecta a la relacién
ATv vs AXs, para el desarrollo de los modelos predictivos de la ganancia de sal,
se incorpord el tiempo de vuelo inicial (Tvg), que estd relacionado con el
espesor inicial de la muestra, como factor corrector. Los modelos con las
variables de tiempo de vuelo (Tvg y ATv) mostraron un error de prediccidn de
sal (RMSE) en piezas de LD (0.73%) y jamones (0.57%) superior a los modelos
obtenidos con la variable velocidad (AV) en cilindros de LD y BF (0.48%), piezas
de LD y BF (0.43%) y jamones (0.44%). El modelo predictivo del contenido de
sal basado Unicamente en los parametros ultrasonicos Tvy y ATv clasificd
correctamente el 85% de las piezas de LD, en tres categorias con diferente
contenido en sal (<2.5, 2.5-4.0 y >4.0% b.h.). De la misma manera, empleando
un modelo basado en el Tvy y la ATy, se clasificaron correctamente el 90% de
los jamones en tres categorias (<2.0, 2.0-3.0 y >3.0% b.h.). La inclusién de otras
variables del proceso (tiempo de salado y peso de la muestra) en el modelo
predictivo mejoraron ligeramente la clasificacién de las piezas de LD (95%),
manteniéndose el mismo porcentaje de jamones correctamente clasificados
(90%).

Los resultados de este trabajo han puesto de manifiesto que la tecnologia

ultrasonica es fiable para la clasificacion de jamones tras el salado, lo que
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permitiria diseflar de manera éptima las siguientes etapas de su procesado.
Ademas, la medida del ATv en MPE se presenta como un método de inspeccion
o monitorizacién online de la ganancia de sal durante el salado, que podria
emplearse para el control de calidad del proceso, como ya se vio en el caso de
la medida de la AV en MTR para piezas de LD y BF. Sin embargo, en la
industria, donde predomina el salado en pila, la implementacién de la
tecnologia ultrasénica en MPE presenta importantes ventajas respecto al MTR.
Asi, el MTR requiere el uso de dos transductores perfectamente alineados y
enfrentados, localizados en cada una de las caras del jamon, lo que supone
importantes problemas para monitorizar online el salado en pila de jamones.
En cambio, el MPE se caracteriza por usar un Unico transductor que actda tanto
de emisor como de receptor (Mulet et al,, 1999). El uso de un Unico transductor
localizado en la base del jamén mientras éste se sala en pila, simplificaria la
implementacién de esta tecnologia en el entorno industrial, reduciria el coste
del montaje, asi como, minimizaria el impacto de la medida sobre la
transferencia de sal y agua al reducirse el nUmero de transductores que se

apoyan sobre la superficie de la muestra.
Caracterizacion del producto curado mediante ultrasonidos de seiial

Una de las necesidades mas importantes de la industria carnica es la
determinacion de la composicion de los productos carnicos curados de manera
no destructiva. En este sentido, el Reglamento (CE) n° 1924/2006 exige la
declaracién en el etiquetado de las cantidades de nutrientes (sal, grasa, azucar,
etc) contenidos en los alimentos. En el caso de productos curados no
formulados como el jamon, resulta complicado proporcionar la informacion
nutricional en el etiquetado debido a su elevada variabilidad. En consecuencia,
la ultima parte de la presente Tesis, se centrd en evaluar la viabilidad del uso
de los ultrasonidos de sefal para predecir el contenido en sal y grasa en
porciones de jamén curado (capitulo 4.3). Al igual que ocurrié en los estudios
anteriores referidos a cilindros de LD y BF (apartados 4.2.1), piezas de LD y BF y

jamones (apartado 4.2.2), a medida que aumentd el contenido en sal en las
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muestras curadas, se incrementé la V en la muestra medida a 15°C. Sin
embargo, el modelo que se desarroll6 para predecir el contenido en sal usando
la V a 15°C, mostrd errores de prediccion elevados (RMSE=0.69%). Este hecho
se explica considerando que la elevada variabilidad composicional del jamén
curado (contenido en grasa y agua, tipo de matriz proteica y grasa, etc.) afecta
notablemente a la V (Nifioles et al., 2008), lo que hace que disminuya la
importancia relativa del contenido en sal sobre la velocidad ultrasonica. En este
ultimo estudio, también se evalu6 la capacidad de la tecnologia de rayos-X
para predecir el contenido en sal y grasa en las mismas porciones de jamén
curado. Los modelos de rayos-X obtuvieron un error de prediccion del
contenido de sal menor (RMSE=0.43%) que los modelos ultrasonicos. La
combinacion de ambas tecnologias no mejoré la precisidn de la prediccion de

sal en las muestras curadas.

Por otra parte, a diferencia de lo que ocurrid en jamones frescos, donde la
velocidad ultrasénica medida a 2°C aumenté con el contenido en grasa
(capitulo 4.1), en las porciones de jamon curado, la velocidad medida a 2°C no
se relacion6 con el contenido en grasa. Esto se podria asociar a que la
velocidad de los ultrasonidos en el tejido magro curado es mayor que en el
tejido magro fresco, como consecuencia de las modificaciones sufridas durante
el proceso de curado (cambios de textura, pérdida de agua, etc.). Asi, la
velocidad en el tejido graso y magro curado se igualarian a 2°C, haciendo que
la diferencia de V entre ambos tejidos, necesaria para la estimacion del
contenido graso de la carne, desaparezca. Por otro lado, se encontré una
disminucion de la V medida a 15°C, con el aumento en el contenido graso. En
este caso, al igual que sucede en la carne fresca, la velocidad en el tejido graso
es menor que en tejido magro curado, debido a la fusidon de los triglicéridos
(Corona et al, 2014a), lo que hace que a mayor contenido graso, menor sea la
V en la muestra. En el capitulo 4.3, para la realizacién de las medidas
ultrasénicas, se seleccionaron dos temperaturas comunes en la elaboracion del

jamon curado. Asi, la medida a 15°C se podria realizar durante la etapa de
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secado-maduracién y la de 2°C durante la etapa de refrigeracién.
Considerando el efecto de la temperatura sobre la medida de V, se desarrollé
un modelo semi-empirico que permitid estimar el contenido en grasa
(RMSE=6.70%, varianza explicada 93.6%), agua y proteinas+otros de las
porciones de jamoén curado a partir de la medida de velocidad a 2 y 15°C.
Utilizando un modelo semi-empirico similar, se ha determinado el contenido
en grasa en salchichas curadas (varianza explicada 96.1%) realizando medidas
de V a 2 y 25°C (Corona et al, 2014b) y en sobrasada (varianza explicada
97.6%) realizando medidas de V a 4 y 25°C (Simal et al,, 2003). Mediante el uso
del modelo semi-empirico fue posible clasificar correctamente el 77% de las
porciones analizadas en tres niveles de grasa (<25, 25-40 y >40% b.h.). En
cambio, el modelo basado en las variables de rayos-X mostré errores de
prediccion de grasa en las porciones curadas ligeramente superiores
(RMSE=7.00%) a los obtenidos con el modelo basado en variables ultrasonicas,
por lo que no se empled para clasificar las porciones. La combinacion de
ambas tecnologias redujo el error de prediccion (RMSE) de grasa en las
porciones curadas hasta el 5.60%. Sin embargo, el uso de ambas tecnologias
supondria una elevada inversién inicial, lo dificulta su aplicacion en la industria.
Estos resultados revelan la posibilidad de utilizar los ultrasonidos como
herramienta no destructiva para clasificar el jamén curado segun diferentes
niveles de grasa. Ademas, la caracterizacion de la composicién media (agua,
grasa y proteinas+otros) de las porciones de jamén curado mediante la medida
de la V en el producto curado, al final de la etapa de secado-maduracion (15-
20°C) y tras un periodo en refrigeracién (2-4°C), permitiria proporcionar

informacion nutricional del producto final al consumidor.

260









6. CONCLUSIONES







CONCLUSIONES

6. CONCLUSIONES

Las principales conclusiones alcanzadas en la presente Tesis Doctoral se han
agrupado en tres apartados segun el tipo de producto carnico caracterizado

mediante ultrasonidos: fresco, salado y curado.
Caracterizacion del producto fresco mediante ultrasonidos de senal

-La velocidad de los ultrasonidos medida a 2°C en jamones frescos
estuvo influenciada por el contenido en grasa del mismo. Un aumento del

contenido en grasa conllevé un aumento de la velocidad.

-Se desarrolld6 un modelo basado en la medida de la velocidad
ultrasénica a 2°C que predijo el contenido en grasa con un error del 2.97%.
Dicho modelo permitié clasificar correctamente el 89% de los jamones en

funcion de su contenido en grasa (<14, 14-26 y >26% b.h).

-Mediante un modelo basado en la tecnologia de rayos-X fue posible
predecir el contenido en grasa en los jamones frescos con un error del 4.65% y

se clasifico correctamente el 65% de los mismos.

-La combinacién de ambas tecnologias (ultrasonidos y rayos-X) no
mejord la precision del modelo predictivo del contenido en grasa basado en

las medidas ultrasénicas.

-A nivel industrial, la medida ultrasdnica a 2°C en el jamdn fresco
permitiria su clasificacidén en grupos con contenido en grasa homogéneo, lo
que repercutiria de manera positiva en la homogeneidad y la calidad del

producto final.
Caracterizacion del producto salado mediante ultrasonidos de senal

-El contenido en agua y sal de las muestras modelo, formuladas con
Biceps femoris (BF), tuvo un efecto significativo (p<0.05) sobre la velocidad

ultrasonica.
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-Se observé un aumento de la velocidad ultrasonica tras el salado,
tanto en Longissimus dorsi (LD) y Biceps femoris (BF) como en jamones, lo que

se asocio a la pérdida de agua y ganancia de sal.

-De igual forma, la velocidad de los ultrasonidos aumento
progresivamente durante el salado de LD y BF, lo que demostré la capacidad
de la medida de velocidad en modo trasmision-recepcién para monitorizar el

proceso de salado.

-Debido a la variabilidad composicional y estructural de la carne fresca,
la variacion de velocidad durante el salado fue el parametro ultrasénico mas

apropiado para describir los cambios composicionales que sufre el producto.

-La variacién de velocidad se correlacion6 de manera significativa
(p<0.05) con la ganancia de sal y la pérdida de agua en LD y BF, asi como, en
jamones. La ganancia de sal y la pérdida agua, que tienen lugar durante el
salado, provocaron un aumento de la variacion de velocidad. Ademas, se
identificé que la ganancia de sal tuvo una mayor influencia sobre la variacién

de velocidad que la pérdida de agua.

-Una misma ganancia de sal (p.e. 1% b.h)) da lugar a una misma
variaciéon de velocidad (13-14m/s), independientemente del tipo de salado (en

salmuera o en seco) y de la estructura del producto (disolucién o carne).

-Se desarrollaron modelos basados en la variacion de velocidad
durante el salado, los cuales permitieron estimar la ganancia de sal en LD y BF
salados en salmuera (RMSE=0.48%) y en LD y BF (RMSE=0.43%) y jamones
(RMSE=0.44%) salados en seco. La precision de la estimacién, aunque no
permite el uso de esta técnica como método analitico de determinacion de sal,
st permitiria la aplicacion del sistema ultrasénico para tareas de control de

calidad en la industria carnica.

-La variacion del tiempo de vuelo disminuyd progresivamente durante

el salado tanto en LD como en jamones, lo que demostré la viabilidad de la
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medida de este pardmetro, en modo pulso-eco, para monitorizar el proceso de

salado.

-La energia de la sefal ultrasdnica determind el método mas adecuado
para calcular la variacidon del tiempo de vuelo durante el salado de jamones.
Asi, el método de la correlacion cruzada entre sefales no consecutivas
(separadas cada hora), resulté el mas conveniente para calcular el tiempo de

vuelo y monitorizar el proceso de salado de jamones.

-La medida del tiempo de vuelo en modo pulso-eco, comparado con la
medida de la velocidad en modo trasmisién-recepcion, facilita la
implementacién de la tecnologia ultrasénica para la monitorizacién del
proceso de salado. Asi, el uso de un Unico transductor, localizado en la base
del jamon mientras éste se sala en la pila, simplificaria la implementacién de
esta tecnologia en el entorno industrial, reduciria el coste del montaje y

minimizaria el impacto de la medida sobre la transferencia de sal y agua.

-El uso de modelos de prediccion basados en el tiempo de vuelo
permitid clasificar correctamente el 85% de LD y el 90% de los jamones en tres
categorias segun su contenido en sal (<2.5, 2.5-4.0 y >4.0% b.h. en LD y <2.0,
20-30 y >3.0% b.h. en jamones). El porcentaje de LD correctamente
clasificados ascendié hasta el 95% cuando se incluyd el peso de la muestra y el

tiempo de salado en el modelo predictivo.

-La aplicacién de la tecnologia ultrasénica en la etapa de salado de
productos carnicos como jamones y lomos, podria llevarse a cabo con dos
enfoques diferentes. El primero consistiria en realizar medidas ultrasénicas en
modo transmisidn-recepcion antes y después del salado. Esto permitiria
clasificar las piezas en lotes con contenido en sal homogéneo y obtener un
comportamiento mas uniforme de las piezas en las siguientes etapas del
procesado. En el segundo caso, se podrian realizar medidas ultrasonicas online
en modo pulso-eco durante el salado. De esta manera, se monitorizaria la

etapa de salado, con el objetivo de determinar la ganancia de sal en cada
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momento, y poder asi, finalizar el proceso, una vez alcanzado el contenido en

sal deseado.
Caracterizacion del producto curado mediante ultrasonidos de seial

-En porciones de jamdn curado, la medida de la velocidad ultrasonica a

15°C aumento con el aumento del contenido en sal.

-Se desarrollé un modelo predictivo del contenido en sal basado en la
medida de velocidad a 15°C, que no proporcioné resultados satisfactorios para
la clasificacion del jamon curado en funcidon del contenido en sal
(RMSE=0.69%). Este hecho puede ser debido a que el resto de factores
composicionales y estructurales del jamdn curado afectan significativamente a
la medida de la velocidad ultrasénica, haciendo que disminuya la importancia

relativa del efecto de la sal sobre la velocidad.

-El contenido en sal en las porciones de jamdn curado se predijo con
un error del 0.43% empleando un modelo basado en diferentes parametros
obtenidos mediante un analisis con rayos-X. Sin embargo, la combinacién de
ultrasonidos y rayos-X no mejoro la precision de la prediccién del contenido en

sal.

-La velocidad ultrasonica en las porciones de jamdn curado disminuyé
con el aumento de la temperatura (de 2 a 15°C), debido a la fusién de las
grasas. A mayor contenido en grasa, mayor resultdé la disminucion de la

velocidad al aumentar la temperatura.

-Utilizando un modelo semi-empirico, basado en las medidas de
velocidad a 2 y 15°C, se determind el contenido en grasa con un error del
6.70%. Este modelo también proporcion6é resultados fiables para la
determinacion del contenido en agua y proteinas+otros. Mediante el empleo
de dicho modelo semi-empirico, fue posible clasificar correctamente el 77% de
las porciones de jamon curado en tres niveles segun el contenido en grasa
(<25, 25-40 y >40% b.h.).
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-Los parédmetros obtenidos mediante rayos-X permitieron predecir el
contenido en grasa en las porciones de jamdn curado con un error del 7.00%.
El uso combinado de ultrasonidos y rayos-X mejor6 la prediccion del
contenido en grasa del jamén curado (5.60%), sin embargo, esta combinacion

no parece ser una opcion econdmicamente viable para la industria carnica.

-El uso de la tecnologia ultrasonica, se podria llevar a cabo a nivel
industrial realizando medidas ultrasonicas en el jamoén al final de la etapa de
secado-maduracién (15-20°C) y tras un periodo en refrigeracion (2-4°C), lo que
permitiria clasificar el jamoén curado segun su contenido en grasa, ast como,
estimar su contenido aproximado en agua y proteinas+otros. Todo ello,
posibilitaria definir en el etiquetado la cantidad de estos componentes, y por
tanto, proporcionar a los consumidores informacién nutricional del producto

final.
Conclusidén general

La presente Tesis doctoral mostré la viabilidad del uso de los
ultrasonidos de sefal para clasificar los jamones frescos en funcidén de su
contenido en grasa, lo que permitiria gestionar lotes homogéneos de materia
prima que posteriormente tendrian un comportamiento mas uniforme en el
proceso de elaboracion. Por otra parte, se demostrdé la capacidad de esta
técnica no destructiva para determinar el contenido en sal en las piezas
carnicas como método de control de calidad. Concretamente, realizando
medidas ultrasdnicas antes y después del salado, se podrian clasificar las piezas
carnicas saladas en lotes con contenido en sal similar, lo que permitiria disefiar
las etapas posteriores con las condiciones mas adecuadas para cada lote.
Asimismo, se mostrd la utilidad de las medidas ultrasénicas en continuo para
monitorizar el proceso de salado de carne, con el objetivo de predecir la
ganancia de sal durante esta etapa y finalizarla cuando se haya alcanzado el
contenido en sal deseado. Por ultimo, los ultrasonidos de sefial pueden ser

considerados una tecnologia viable para clasificar porciones de jamoén curado
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en funcién de su contenido en grasa, ast como, para estimar su composicién

global, lo que proporcionaria informacién nutricional del producto final al

consumidor.
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A partir de los resultados obtenidos en esta Tesis Doctoral, se puede sugerir

continuar la investigacién profundizando en los siguientes temas:

Transferencia de materia

v

Cuantificar el efecto sobre la trasferencia de materia durante el salado de la
presencia de uno o varios transductores en la superficie de la carne.

Evaluar la aplicacion de la tecnologia de ultrasonidos de sefial para la
monitorizacion del salado de jamones de diferentes razas (egj. ibéricos) y de

productos de diferente naturaleza (bacalao, mojama, etc.).

Nuevos modelos predictivos

v

Establecer relaciones entre los cambios composicionales durante el salado
y parametros ultrasonicos distintos a la velocidad ultrasénica y al tiempo
de vuelo, tales como la atenuacion y diferentes parametros del espectro de

frecuencias.

Mejora del equipo ultrasénico y la aplicacién industrial

v

Mejorar el disefio de los transductores empleando materiales que
maximicen su resistencia a la accién de la sal, y por lo tanto, su durabilidad.
Asimismo, intentar reducir el tamafio de los transductores sin afectar a la
capacidad de penetracién de las ondas. Por otro lado, disefiar un sistema
de array de transductores dispuestos en una malla, de modo que
colocandola bajo la pieza céarnica y con so6lo una medida ultrasénica, se
obtenga informacién de toda la pieza.

Evaluar la viabilidad del uso de los ultrasonidos de sefial sin contacto para
caracterizar el jamoén fresco, que presenta una menor atenuacion. La
aplicacion de los ultrasonidos de sefial sin contacto en las lineas de

produccién presenta ventajas respecto a las técnicas ultrasénicas por
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contacto, ya que permitiria realizar medidas ultrasénicas en los alimentos
de forma muy rapida y evitar la contaminacion superficial del alimento.

v Disefar un sistema ultrasénico automatizado acoplado en las lineas de
produccién para determinar el contenido en grasa en jamones frescos y
curados.

v Estudiar la viabilidad técnica y econdmica de la monitorizacion del proceso
de salado en pila de jamones mediante ultrasonidos de sefal. Desarrollar
un modelo de gestién de proceso e incorporarlo a un software, de tal
forma que, conocidos los datos obtenidos de la monitorizacion del salado
de cada pieza, se decida qué condiciones de proceso son las mas

adecuadas en las siguientes etapas de procesado.
Otras aplicaciones de ultrasonidos de seiial en productos carnicos

v' Evaluar el uso de los ultrasonidos de sefial para detectar los cambios
estructurales que ocurren en la matriz proteica de la carne durante el
salado, post-salado y secado-maduracion con el objetivo de detectar
problemas de pastosidad o textura blanda en el jamon.

v" Analizar la capacidad de la tecnologia ultrasénica para diferenciar grasa

subcutanea e intramuscular en el jamon.
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