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El río se dirigía hacia su meta [...]; toda esa agua y todas esas olas se 
deslizaban vertiginosamente, sufriendo, hacia sus metas, muchas metas: 
cataratas, lagos, rápidos, el mar; y todas las metas eran alcanzadas, y a cada 
una seguía otra nueva, y el agua se convertía en vapor y subía al cielo, se 
convertía en lluvia y se precipitaba desde el cielo, transmutándose en fuente, 
arroyo, río que volvía a reanudar su curso y a fluir [...]. Y todo ese conjunto, 
formaba el río del devenir, era la música de la vida. 

Siddhartha. HERMANN HESSE 

 

 

 

The river flowed on towards its goal [...]; all the waves and water hastened, 
suffering, towards goals, many goals, to the waterfall, to the sea, to the 
current, to the ocean and all goals were reached and each one was succeeded 
by another. The water changed to vapor and rose, became rain and came 
down again, became spring, brook and river, changed anew, flowed anew 
[...]. And all of them together was the stream of events, the music of life. 

Siddhartha. HERMANN HESSE 
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Chapter 1 

Abstract 

Food is a complex system formed by several structures at different scales: macroscopic 

and microscopic. Many properties of foods that are relevant to process engineering or quality and 

postharvest treatments are related to their microstructure. 

This Ph.D Thesis proposes a complete methodology for food structure determination, in a 

multiscale way, based on the Nuclear Magnetic Resonance (NMR) phenomenon since NMR 

techniques are non-invasive and non-destructive, and allow both, macro- and micro-structure 

study.  

Different NMR procedures are used depending on the structure level under study. For the 

macrostructure level, Magnetic Resonance Imaging (MRI) revealed its usefulness for food 

characterization. For microstructure insight, MRI required high acquisition times, which is a 

hindrance for transference to industry applications. Therefore, optimization of NMR procedures 

based on T1/T2 relaxometry sequences was a key strategy in this Thesis. These NMR 

relaxometry protocols, are successfully implemented in high magnetic field. Microstructure of 

entire food products have been characterized for the first time using these protocols. Two 

different types of food products have been studied: food models and actual food (apples). 

Furthermore, as a first step for the food industry implementation, a grading line system, specially 

designed for working under NMR conditions in previous works of the LPF-TAGRALIA group, 

is improved. The study and selection of the most suitable rapid sequence to detect two different 

types of disorders in apples (watercore and internal breakdown) is performed and the real time 
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image motion correction is applied. In addition, artificial vision protocols for the automatic 

classification of apples potentially affected by watercore are applied. 

This document is divided into seven different chapters: Chapter 2 explains the thesis 

background and the framework of the project in which it has been worked. Chapter 3 comprises 

the state of the art. Chapter 4 establishes de objectives of this Ph.D thesis. The results are divided 

into five different sections (in Chapter 5) that correspond to published peered reviewed works. 

Section 5.1 assesses the watercore development in apples with MRI and studies the effect of fruit 

location in the canopy. Section 5.2 is an MRI and 2D relaxometry study for macro- and micro-

structure assessment in food models. Section 5.3 is a non-destructive microstructural study using 

2D T1/T2 relaxometry on watercore affected apples. Section 5.4 makes a comparison of X-ray 

CT and MRI on watercore disorder of different apple cultivars. Section 5.5, that is a study of on-

line MRI sequences for the evaluation of apple internal quality. The subsequent chapters offer a 

general discussion and conclusions (Chapter 6 and Chapter 7 respectively) of all the works 

performed in the frame of this Ph.D thesis (two peer reviewed journals, one book chapter and 

one international congress).Finally, three appendices are included in which an introduction to 

NMR principles is offered and two published proceedings regarding the effect of fiber on the 

rehydration of extruded breakfast cereal are displayed. 

The most relevant results can be summarized into three sections: results on 

macrostructure, results on microstructure and results on on-line MRI. 

Results on macrostructure: 

- MRI was successfully used for macrostructure characterization. Indeed, 3D 

reconstruction of MRI in apples allows to identify two different types of watercore (radial and 

block), which are characterized by the percentage of damage and the connectivity (Euler 

number). 

- MRI provides better contrast for watercore than X-Ray CT as verified on identical 

samples. Furthermore, X-Ray CT images acquisition time was around 12 times higher (25 

minutes) than MRI acquisition time (2 minutes 2 seconds). 

Results on microstructure: 
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- 2D T1/T2 relaxometry were successfully applied for microstructure (subcellular level) 

characterization. 2D T1/T2 relaxometry sequences have been applied for the first time on high 

field for entire food pieces, being a non-destructive way to achieve microstructure study. 

- The use of MRI together with 2D T1/T2 relaxometry sequences allows a non-destructive 

multiscale study of food. 

Results on on-line MRI: 

- The use of on-line MRI was successful for the identification of two different internal 

disorders in apples: watercore and internal breakdown.  

� FLASH imaging was a suitable technique for the on-line detection of watercore 

disorder in apples, with no slice selection, since watercore is a physiological disorder 

that may be developed anywhere in the apple volume. 1.3 fruits were imaged per 

second (768 ms per fruit). 

� UFLARE imaging is a suitable sequence for the on-line detection of internal 

breakdown disorder in apples. Slice selection was used, as internal breakdown is 

usually located in the central slice of the apple volume. 0.67 fruits were imaged per 

second (1475 ms per fruit). 

� In both cases (FLASH and UFLARE) motion correction was performed in real time, 

during the acquisition of the images. 

Resumen 

Los alimentos son sistemas complejos, formados por diversas estructuras a diferentes 

escalas: macroscópica y microscópica. Muchas propiedades de los alimentos, que son 

importantes para su procesamiento, calidad y tratamiento postcosecha, están relacionados con su 

microestructura. 

La presente tesis doctoral propone una metodología completa para la determinación de la 

estructura de alimentos desde un punto de vista multi-escala, basándose en métodos de 

Resonancia Magnética Nuclear (NMR). Las técnicas de NMR son no invasivas y no destructivas 

y permiten el estudio tanto de macro- como de microestructura. 

Se han utilizado distintos procedimientos de NMR dependiendo del nivel que se desea 

estudiar. Para el nivel macroestructural, la Imagen de Resonancia Magnética (MRI) ha resultado 
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ser muy útil para la caracterización de alimentos. Para el estudio microestructural, la MRI 

requiere altos tiempos de adquisición, lo que hace muy difícil la transferencia de esta técnica a 

aplicaciones en industria. Por tanto, la optimización de procedimientos de NMR basados en 

secuencias relaxometría 2D T1/T2 ha resultado ser una estrategia primordial en esta tesis. Estos 

protocolos de NMR se han implementado satisfactoriamente por primera vez en alto campo 

magnético. Se ha caracterizado la microestructura de productos alimentarios enteros por primera 

vez utilizando este tipo de protocolos. Como muestras, se han utilizado dos tipos de productos: 

modelos de alimentos y alimentos reales (manzanas). Además, como primer paso para su 

posterior implementación en la industria agroalimentaria, se ha mejorado una línea 

transportadora, especialmente diseñada para trabajar bajo condiciones de NMR en trabajos 

anteriores del grupo LPF-TAGRALIA. Se han estudiado y seleccionado las secuencias más 

rápidas y óptimas para la detección de dos tipos de desórdenes internos en manzanas: 

vitrescencia y roturas internas. La corrección de las imágenes en movimiento se realiza en 

tiempo real. Asimismo, se han utilizado protocolos de visión artificial para la clasificación 

automática de manzanas potencialmente afectadas por vitrescencia. 

El presente documento está dividido en diferentes capítulos: el Capítulo 2 explica los 

antecedentes de la presente tesis y el marco del proyecto en el que se ha desarrollado. El 

Capítulo 3 recoge el estado del arte. El Capítulo 4 establece los objetivos de esta tesis doctoral. 

Los resultados se dividen en cinco sub-secciones (dentro del Capítulo 5) que corresponden con 

los trabajos publicados bien en revistas revisadas por pares, bien en congresos internacionales o 

bien como capítulos de libros revisados por pares. La Sección 5.1. es un estudio del desarrollo de 

la vitrescencia en manzanas mediante MRI y lo relaciona con la posición de la fruta dentro de la 

copa del árbol. La Sección 5.2 presenta un trabajo sobre macro- y microestructura en modelos de 

alimentos. La Sección 5.3  es un artículo en revisión en una revista revisada por pares, en el que 

se hace un estudio microestrcutural no destructivo mediante relaxometría 2D T1/T2. la Sección 

5.4, hace una comparación entre manzanas afectadas por vitrescencia mediante dos técnicas: 

tomografía de rayos X e MRI, en manzana. Por último, en la Sección 5.5 se muestra un trabajo 

en el que se hace un estudio de secuencias de MRI en línea para la evaluación de calidad interna 

en manzanas. Los siguientes capítulos ofrecen una discusión y conclusiones (Capítulo 6 y 7 

respectivamente) de todos los capítulos de esta tesis doctoral. Finalmente, se han añadido tres 

apéndices: el primero con una introducción de los principios básicos de resonancia magnética 

nuclear (NMR) y en los otros dos, se presentan sendos estudios sobre el efecto de las fibras en la 
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rehidratación de cereales de desayuno extrusionados, mediante diversas técnicas. Ambos trabajos 

se presentaron en un congreso internacional. 

Los resultados más relevantes de la presente tesis doctoral, se pueden dividir en tres 

grandes bloques: resultados sobre macroestructura, resultados sobre microestructura y resultados 

sobre MRI en línea. 

Resultados sobre macroestructura: 

- La imagen de resonancia magnética (MRI) se aplicó satisfactoriamente para la 

caracterización de macroestructura. En particular, la reconstrucción 3D de imágenes de 

resonancia magnética permitió identificar y caracterizar dos tipos distintos de vitrescencia en 

manzanas: central y radial, que se caracterizan por el porcentaje de daño y la conectividad 

(número de Euler). 

- La MRI proveía un mejor contraste para manzanas afectadas por vitrescencia que las 

imágenes de tomografía de rayos X (X-Ray CT), como se pudo verificar en muestras idénticas 

de manzana. Además, el tiempo de adquisición de la tomografía de rayos X fue alrededor de 12 

veces mayor (25 minutos) que la adquisición de las imágenes de resonancia magnética (2 

minutos 2 segundos). 

Resultados sobre microestructura: 

- Para el estudio de microestructura (nivel subcelular) se utilizaron con éxito secuencias 

de relaxometría 2D T1/T2. Estas secuencias se usaron por primera vez en alto campo y sobre 

piezas de alimento completo, convirtiéndose en una forma no destructiva de llevar a cabo 

estudios de microestructura. 

- El uso de MRI junto con relaxometría 2D T1/T2 permite realizar estudios multiescala en 

alimentos de forma no destructiva. 

Resultados sobre MRI en línea: 

- El uso de imagen de resonancia magnética en línea fue factible para la identificación de 

dos tipos de desórdenes internos en manzanas: vitrescencia y podredumbre interna. 

� Las secuencias de imagen tipo FLASH resultaron adecuadas para la identificación en 

línea de vitrescencia en manzanas. Se realizó sin selección de corte, debido a que la 

vitrescencia puede desarrollarse en cualquier punto del volumen de la manzana. Se 
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consiguió reducir el tiempo de adquisición, de modo que se llegaron a adquirir 1.3 

frutos por segundos (758 ms por fruto). 

� Las secuencias de imagen tipo UFLARE fueron adecuadas para la detección en línea 

de la podredumbre interna en manzanas. En este caso, se utilizó selección de corte, 

ya que se trata de un desorden que se suele localizar en la parte central del volumen 

de la manzana. Se consiguió reducir el tiempo de adquisicón hasta 0.67 frutos por 

segundo (1475 ms por fruto). 

� En ambos casos (FLASH y UFLARE) fueron necesarios algoritmos para la 

corrección del movimiento de las imágenes en tiempo real. 
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Chapter 2 
 

Thesis Background 

 

The present Ph.D thesis has been carried out in the framework of the European project 

InsideFood ('Integrated sensing and imaging devices for designing, monitoring and controlling 

microstructure of foods'), which was formed by a consortium of 12 participants, along Europe. 

The objective of this project has been to provide technological solutions for sensing the 

microstructure of foods. It had developed and combined X-ray nano- and micro-tomography, 

nuclear magnetic resonance spectroscopy, magnetic resonance imaging, optical coherence 

tomography, acoustic emission and time- and space-resolved reflectance spectroscopy. The 

research is aimed to bring closer to the market on-line sensors for microstructure analysis and to 

provide tools for process design and optimization. To reach the objectives, InsideFood has joined 

four European Universities (K.U. Leuven, Belgium; Politecnico di Milano (Italy);  Szkola 

Glówna Gospodarstwa Wiejskiego (SGGW) Poland; and Technical University of Madrid (UPM) 

Spain), three research centres (Institute of Food Research (IFR) United Kingdom; Flanders 

Centre of Postharvest Technology (VCBT) Belgium; and Research Centre for Non Destructive 

Testing GmbH (RECENDT) Austria) and five companies (SkyScan-Bruker, Belgium; Nestec, 

S.A., Switzerland; FEI Visualization Science Group, France; Bruker BioSpin GmbH, Germany; 

Chaber S.A., Poland). 
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The InsideFood project focused on both food model systems (multiphase gels, foams) as 

well as actual foods (cereal products, fresh fruit and dried fruit). Further, the following non-

invasive sensors for characterizing the food microstructure have been used: 

• Tomography: magnetic resonance imaging (MRI), X-ray nano- and micro- computed 

tomography and high-resolution optical coherence tomography (OCT). 

• Spectroscopy: time and space resolved NIR spectroscopy, NMR spectroscopy and 

multidimensional relaxation and diffusion methods. 

The microstructure is related to food quality attributes (texture as measured by 

compression, penetrometry and acoustic emission, water status, absence of internal defects) and 

safety aspects (absence of foreign materials) of the selected foods and food model systems. 

Also, the following sub-objectives are targeted: 

1. Foods and food model systems and their quality 

a. Foams and gels are used as model systems. They can be reproducibly manufactured 

and allow all relevant formulation aspects to be studied by the different methods in a 

standardized way. 

b. Crispy bread, with different formulation and processing conditions. 

c. Extruded breakfast cereals with different composition and different processing and 

drying. 

d. Fresh fruit, grown and stored in different levels of disorder-inducing conditions. 

e. Osmo-dehydrated fruits of different processing conditions. 

2. Methods to visualize and quantify the microstructure and composition of the foods. Key 

parameters to be determined are achievable speed, sample size, field of view, penetration 

depth, contrast and sensitivity to differences and spatial distribution of concentrations and 

properties. The following technologies are considered: 

a. Microstructure imaging methods in 1-, 2- and 3-D at and below a resolution of 1 

micrometer. 

b. NMR methods to quantify microscopic water status in foods based on 

multidimensional NMR relaxometry and diffusometry. 

c. Acoustic emission signal descriptors to determine product texture 

characterization. 

d. Optical microstructure sensors based on diffuse spectroscopy in the visible and 

near infrared spectral region by innovative nondestructive optical methods (time-
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resolved and space-resolved reflectance spectroscopy) for cheap, on-line, non-

invasive, non-destructive applications and relating absorption coefficient and 

reduced scattering coefficient to food microstructure and food composition. 

3. Data analysis software to integrate the knowledge of the different measurement methods. 

4. The role and changes of microstructure and composition on physical properties and 

quality of foods during processing and preservation, with the aim of understanding the 

following problems: 

a. Susceptibility of apple fruit for core browning and watercore. 

b. Wax development and skin quality of apple. 

c. Evolution of microstructure and texture and functional quality during processing 

of osmo-air-dried fruit and vegetables. 

d. Effect of formulation and processing on microstructure and texture quality of 

crispy bread and breakfast cereals. 

5. Sensor technologies for optimization of food processing with economic potential 

a. Optimization and process control of the extrusion process and downstream 

processing of breakfast cereals. 

b. In-line non-destructive assessment of internal quality of apple fruit on a sorting 

line by means of on-line OCT, 1-D NMR/MRI and SRS in order to detect 

susceptibility for the development of storage disorders.  

c. Optimization and process control of osmo-air dehydration of fruit. 

d. Detection of foreign materials in foods. 

The role of the UPM in this project is the use and optimization of Nuclear Magnetic 

Resonance (NMR) techniques in a non-destructive way, such as: MRI, applied for the 

macroestructure of the food elucidation and 2D T1/T2 relaxometry applied for the microstructure 

(subcellular level) study. These techniques are applied in food models (foams and gels) and 

actual food (apples and cereals). 
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Chapter 3 
 

Literature review 

3.1. STATE OF THE ART: INSPECTION OF FRUIT AND VEGE TABLES 

The term quality refers to the inherent property or properties that make possible the 

degree of excellence of a product (Abbott, 1999). In food industry, it comprises several 

attributes: taste, aroma and texture among others. These attributes must be maintained through 

the different stages of operation, from harvest to postharvest handling and retailing (Ruiz-

Altisent et al., 2010). 

Non-destructive inspection of fruits and vegetables is of major interest for the food 

industry, due to the acceptance of the consumers will depend on both the internal and external 

quality of the product. Abbot (1999), proposed that in the operation stages, the consumer can be 

considered each of the link of the chain, this is the grower, packer, distributor, retailer, produce 

manager, shelf stocker, shopper and, finally, the end user, who eats the product. Each of these 

consumers has their expectations and ideas about what quality should be. So it is important for 

grading the standard of a product, the definition and unification of quality in order to guarantee 

the best properties and safety of the product (Ruiz-Altisent et al., 2010). For quality inspection, it 

is necessary a sorting process, which consists of the segregation of undesirable, acceptable and 

outstanding individual pieces to ensure the uniform quality required commercially. Sorting 

requires high-speed, non-destructive sensors to measure the attributes on each fruit or vegetable 

(Abbot, 1999). 
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There are several reviews of non-invasive methods for fruit and vegetable quality 

inspection (Abbott, 1999; Butz et al., 2005; Chen and Sun, 1991; Ruiz-Altisent et al., 2010; 

Studman, 2001). Also, some authors discussed the feasibility of the application of these 

techniques to industrial processes (Abbott, 1999; Walsh, 2005). Moreover, several papers are 

also focused on specific techniques, such as computer vision systems (Blasco et al., 2003a; 

Brosnan and Sun, 2002; Chen et al., 2002; Gomes and Leta, 2012), NIR spectroscopy (Nicolai et 

al., 2007a), Nuclear Magnetic Resonance (NMR) (Aristizábal Torres, 2007; Pykett, 2000), 

electronic technologies for measuring fruit volume (Moreda et al., 2009) or hyperspectral 

imaging (Wu and Sun, 2013). 

Different techniques for measuring quality of fruit and vegetables are available, 

depending on which characteristics we want to measure. Attending to these characteristics, there 

are technologies for measuring external quality and internal quality. 

3.1.1. Technologies for external quality measurements 

Even though the focus of this thesis is not the inspection of external quality and such 

technologies have not been used in this research, it has been considered that it is important the 

enumeration of several technologies for external quality measurements. 

External quality indicators are almost based in appearance factors, such as colour, shape, 

size and presence or absence of damage (Brosnan and Sun, 2004; Cubero et al., 2011; Kader, 

2001). Attending to technologies capable to detect such features, almost all procedures are based 

on computer vision systems (CVS), which are methods that enable to understand the information 

of an image. Almost all techniques based on computer vision systems, follow the same steps: 

image acquisition, pre-processing, segmentation, extraction of characteristics and processing 

(Brosnan and Sun, 2004; Gomes and Leta, 2012). 

1. Colour: Colour is a very important characteristic in fruit and vegetables inspection, due 

to in some products it is a symptom of maturity and in some cases, consumers will accept or 

regret a produce by its colour (Cubero et al., 2011). In spaces based on primary colours, the 

colour of a pixel in an image is expressed as three coordinates in the colour space: R (red), G 

(Green), B (Blue) (Hoffman, 2010). Still there are other spaces like those based on hue, 

saturation and intensity (HSI). Several authors have used CVS based on colour determination for 

automatic sorting of fruit; Blasco et al., 2009a used two progressive scan RGB cameras to 

acquire on-line images of pomegranate arils and utilized the average colour coordinates in order 
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to classify them into four categories; Paulus et al., 1997 developed algorithms to extract external 

features of apples, such as colour, using digitized video images; Saldaña et al., 2013 designed a 

CVS and image analysis based on the conversion of RGB colour units to L* a* b* values for 

colour determination of flat surface food. 

2. Shape: Fruit and vegetable shape is an indicator of quality. The lack of the expected 

shape or the presence of deformities is synonym of lower value. The measurements used for this 

attribute will depend on the product. In example, Paulus and Schrevens, (1999), used an image 

processing algorithm, based on Fourier expansion to characterise the shape of 'New Apple' 

cultivar. Thanks to this approach, they reduced the dimensionality of the edge of an image to a 

set of 24 Fourier coefficients, and then they applied Principal Component Analysis on these 

coefficients and reduced them to 2 shape variables. It was found that this profile analysis can be 

used to characterise existing shape descriptor lists (Brosnan and Sun, 2002). Unay and Gosselin, 

(2007), used area, perimeter and circularity features to characterise shape of 'Jonagold' apple 

cultivar. The acquisition system was based on a high resolution (1280 × 1024 pixels) 

monochrome digital camera. Sadrnia, (2007) used a standard colour camera frame grabber to 

acquire images from which they utilized the aspect ratio (major diameter divided by intermediate 

diameter) and the ellipsoid ratio for shape determination in watermelons. Liming and Yanchao, 

(2010) extracted linear sequences from fruit images contour, acquired with a digital camera, and 

made a k-means classification in strawberry images to obtain their shape. They defined four 

shape classes of strawberries: long-taper, square, taper and rotundity. Blasco et al., (2009b) used 

progressive-scan RGB cameras to obtain high contrast images of Satsuma mandarin in a sorting 

machine. They obtained shape descriptors (circularity, roundness, area, compactness, length, 

symmetry, elongation and Fourier descriptors) from the contour. 

3. Size: Size can be determined in terms of parameters, such as volume, weight and 

diameter (Moreda et al., 2009). It is important due to the economic value of some fruit is directly 

related to their size (Cubero et al., 2011). Moreda et al., (2009), differentiated between six types 

of electronic systems for non-destructive size determination: systems based on measurement of 

the volume of the gap between the fruit and the outer casing of embracing gauge equipment 

(such as the ring sensor developed by Gall, (1997)), systems that measure the distance between a 

radiation source and the fruit contour, systems that rely on the obstruction of light barriers or 

blockade of light, 2-D machine vision systems, 3-D machine vision systems and other systems. 

Sometimes, size determination also depends on the orientation of the fruit. 2-D machine vector 

systems use video-cameras, equipped with CCD or CMOS sensors that take brightness images of 



PhD Thesis 
Ángela Melado Herreros                                                                                                                 Literature review 

13 
 

the fruit that are analyzed with the aim of estimating features such as diameter, perimeter or 

projected area from the 2-D digital profile image. Nevertheless, these images do not provide 

information about the height or depth dimensions and the relationships among them. In order to 

supply the lack of information given by the 2-D systems, 3-D machine vision systems are used. 

They include a large number of techniques and they are obtained using range images, which are 

a large collection of distance measurements from a known reference coordinate system to surface 

points on object(s) in a scene. Thus, each pixel of a range image gives information about the 

distance between a known reference frame and a visible point in the scene (Moreda et al., 2009).  

Moreda et al., (2007) studied the applicability of a ring sensor for on-line size determination of 

fruit. They tested tomato and kiwifruit. They concluded that the system was reliable for kiwifruit 

when the fruit were under controlled orientation, but it failed when the orientation was random. 

Throop et al., (2005) measured the size of 14 apple cultivars using a conveyor that oriented the 

apples so that the stem/calyx was not visible during the image acquisition. Equatorial diameter 

and area of the apple were computed and the apple was adjusted to an ellipse. Height was 

calculated from its major axis. 

4. Surface texture: Texture is a quality feature that describes the properties of elements 

constituting the object surface. The repetition of a pattern or patterns over a region is called 

texture (Patel et al., 2012). The perception of a particular colour may vary depending on the 

different textures present in the surface of an object. This is why texture is often integrated 

within studies of colour differences, including those of external defects detection. Texture can 

also play an important role on image segmentation (Cubero et al., 2011). For example, it is 

possible to perform texture-based image segmentation on RGB images of citrus, but it is very 

complex due to it takes into account colour and space relationships between neighbouring pixels 

(Blasco et al., 2007).  

A common way to describe texture is the use of colour co-occurrence matrices and their 

mathematical features (Cubero et al., 2011). Zhao et al., (2009) used this method to differentiate 

sound skin from affected skin coming from five different types of damage of grape fruit. Images 

were acquired with a microscope. Menesatti et al., (2009) employed the so-called contrast, 

homogeneity, angular second moment and correlation from gray-level co-occurrence matrices to 

assess the starch content of apples that is related to its ripeness. They used NIR (near infrared 

radiation) images in the 1000-1700 nm range. 
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Also, other less conventional methods to describe texture use fractal texture features 

derived from spectral Fourier analysis. An example is provided by Quevedo et al., (2008) who 

detected the senescence spotting of the peel to monitor the ripening of bananas.  

 5. External defects: are related to colour and textural miss quality, so the procedure for 

measuring them is quite similar than those used for colour and texture determination. Also, it is 

possible to measure external surface defects using all the spectral range VIS or VIS-NIR with 

multi-, hyperspectral and spectral imaging combined with artificial neural networks, NIR 

spectroscopy (Ruiz-Altisent et al., 2010) and Optical Coherence Tomography (OCT) (Magwaza 

et al., 2012). NIR has been used to detect bruises in apple (Geoola et al., 1994) and for the 

prediction of oleocellosis sensitivity in citrus fruit (Blasco et al., 2009c), among others. OCT has 

been applied by Verboven et al., (2013) to visualize microstructure of apple peel and it was 

capable to detect cracks in the wax, surface roughness and lenticels. López-García et al., (2010) 

used colour and texture features to detect visual defects on the peel of citrus. They based their 

approach on a multivariate image analysis, using principal component analysis (PCA) for the 

detection of skin defects by means of RGB images of 120 samples from four different cultivars. 

They detected 91.5% of individual defects and the ratio of damaged/sound samples was 94.2%. 

Table 1 provides a summary of inspection systems for the external quality inspection of 

fruit and vegetables. 

Table 1. Summary of inspection systems for external quality inspection of fruit and vegetables 

Fruit Imaging system Range Indicator 
measured 

References 

Apple VIS-NIR  400-840 nm External 
defects 

Geeola et 
al., 1994 

 RGB video-camera - Shape Paulus and 
Schrevens 
(1999) 

 Scientific grade digital 
camera 

740 nm, 950 nm and 
visible 

Size Throop et 
al., (2005) 

 High resolution 
monochrome digital camera.  

Filters centred at 450, 
500, 750 and 800 nm. 
Bandwidths: 80, 40, 
80 and 50 nm 
respectively 

Shape Unay and 
Gosselin 
(2007) 
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 Multispectral machine 
vision  

Filters centred at 450, 
500, 750 and 800 nm. 
Bandwidths: 80, 40, 
80 and 50 nm 
respectively 

External 
defects/Te
xture 

Unay et al., 
(2011) 

 OCT 800 nm and 1300 nm External 
defects 

Verboven et 
al., (2013) 

Citrus VIS and NIR  400-1800 nm External 
defects 

Blasco et 
al., (2009c) 

 3-CCD RGB camera  - Texture Lopez-
García et 
al., (2010) 

 OCT 930 nm External 
defects 

Magwaza et 
al. (2013) 

Kiwifruit Ring sensor laser system  950 nm Size Moreda et 
al., (2007) 

Pomegranate Prototype: Two scan 
cameras. 512 x 384 pixel 
RGB images 

- Colour Blasco et 
al., (2009a) 

Strawberry RGB-camera - Shape Liming and 
Yanchao, 
(2010) 

Tomato Ring sensor 950 nm Size Moreda et 
al., (2007) 

Watermelon  RGB-camera - Shape Sadrnia et 
al., (2007) 

 

3.1.2. Technologies for internal quality measurements 

Traditionally, the quality inspection of food, specially fruits and vegetables, has been 

made by processes that were capable to measure external characteristics (colour, shape and 

bruising among others), but it was difficult to determine internal quality. This could be translated 

in an economic cost. Over the past 30 years a number of new technologies capable to determine 

internal quality  have emerged. Some of these technologies are NIR, multispectral imaging, 

hyperspectral imaging, X-rays and NMR/MRI. 
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1. Near infrared radiation (NIR): It covers the range of the electromagnetic spectrum 

between 700-2500 nm.It has a different penetration level depending on the sample and 

wavelength. In fruit samples, this penetration ranges from 2-3 mm to 25 mm, depending on the 

fruit and wavelength (Nicolai et al., 2007a). I.e. Lammertyn et al., (2000) found a penetration 

depth of 4 mm in the range of 700-900nm and between 2 and 3 mm in the range of 900-1900 nm 

for apple; Fraser et al., (2000) showed a penetration depth of 25 mm in the range of 700-900 nm 

and less of 1 mm in the range of 1400-1600 nm also for apple. They defined the depth as the 

light intensity dropped to 1% of the initial intensity. The technique is based in the irradiation of 

the sample with NIR radiation, and the reflected, absorbed or transmitted radiation is measured. 

Reflection is due to three different phenomena. Specular reflexion and external diffuse reflection 

only provide information about the surface of the sample. Nevertheless, scattering results from 

multiple refractions at phase changes inside the material and provide internal information. While 

the radiation penetrates the sample, its spectral characteristics change according to the 

wavelength scattering and absorption processes. This change depends on the chemical 

composition of the product and on its microsctructure (Nicolai et al., 2007a). This technique has 

been applied in different fruits and vegetables for the internal quality determination, such as 

melon (cantaloupe and honey melon) by Dull et al., (1989a); Dull et al., (1989b); Guthrie et al., 

(1998), that measured soluble solids for quality determination; apples, like Lammertyn et al., 

(1998) who used NIR in the range of 380 to 1650 nm to measure soluble solids, acidity and 

firmness in 'Jonagold' cultivar, Liu and Ying, (2005), who used Fourier Transform NIR (FT-

NIR) for the measurement of internal quality in apples, Liu et al., (2006), who used FT-NIR 

compared to HPLC for the quantification of sugars in apple, like glucose, fructose and sucrose, 

or  Nicolai et al., (2006) who used photodiode array  (PDA) reflectance in the range of 800 to 

1690 nm for the prediction of sugar content in Golden Delicious cultivar; Kawano et al., (1992) 

studied the sugar content in peaches with a scanning spectrophotometer in interactance mode in 

the range of 680 to 1235 nm; Slaughter et al., (1999) studied soluble solids in papaya using a 

spectral range of 700 to 1100 nm; Nicolai et al., (2007b) applied NIR reflectance in the range of 

780 to 1700 nm to study firmness and soluble solids in pear. In plum fruit, Golic and Walsh, 

(2006) used a PDA spectrophotometer in the range of 306 to 1150 nm to study soluble solids; 

also, some authors have studied citrus with NIR, like Gómez et al., (2006) who used Vis/NIR in 

a range of 350-2500 nm, as a non-destructive technique, to measure soluble solids content in 

Satsuma mandarin;  Fraser et al., (2003) built a custom fiber optic probe to measure light levels 

inside a mandarin which was illuminated with a light source excited at 808 nm; Yamakawa et al., 



PhD Thesis 
Ángela Melado Herreros                                                                                                                 Literature review 

17 
 

(2012) developed a NIR laser at 905 nm to measure sugar content in citrus. More references of 

uses of NIR in citrus can be found at Magwaza et al., (2012). 

2. Multispectral imaging: A multispectral image makes use of several wavelengths that 

can be contiguous but not necessarily. Generally, the process involves fast image acquisition 

(Qin et al., 2013). The main advantage is the low cost of the system in comparison with other, 

i.e., hyperspectral systems. A RGB camera can be considered a particular case of a multispectral 

system, though it is more common to include wavelengths in frequencies outside the visible 

(Lorente et al., 2012). Though this method has very low penetration, there are several authors, 

such as Ruiz-Altisent et al., (2010) and Cubero et al., (2011) that have classified them like 

internal, due to the fact that it can be used to estimate internal quality such as soluble solid 

content (SSC) and maturity. Lu, (2004) determined firmness and SSC, selecting five spectral 

bands between 680 and 1060 nm, in ‘Red Delicious’ apple cultivar. Peng and Lu (2005), 

performed non-destructive measurements with multispectral imaging, at wavelengths 680 nm, 

880 nm, 905 nm and 940 nm to predict apple firmness. Lleó et al., (2009) used multispectral 

images to study firmness and maturity at harvest on peaches. They acquired images using a CCD 

camera at 800, 675 and 450 nm and used the red and infrared (R/IR) histograms to correct the 

effect of the 3D shape on light reflectance. Some reference measurements, such as firmness and 

visible spectra varied with the fruit ripeness, firmness decreased and reflectance at 680 nm 

increased. Lunadei et al., (2012) used multispectral imaging for the detection of changes related 

to quality deterioration in fresh leafy spinach during storage, using a portable spectrophotometer 

VIS, acquiring spectra in the range of 360 to 740 nm at 10 nm interval.  

3. Hyperspectral imaging: It is often used to collect images with high spatial and spectral 

resolutions (Qin et al., 2013). Hyperspectral sensors cover the range from the visible part (400-

700 nm) to NIR (about 2400 nm) in hundreds of narrow contiguous bands (Manolakis and Shaw, 

2002). As a result of spatial and spectral sampling, the fundamental hyperspectral data structure 

is a data cube, whose face is a function of the spatial coordinates and its depth is a function of 

spectral band. For each band, there is an image of the surface covered by the field of view of the 

sensor, and for each image pixel there is a spectrum characterizing the materials within the pixel.  

Again, though this method has also low penetration, it has been included it as internal, according 

to some authors’ advice: Butz et al., (2005), Ruiz-Altisent et al., (2010) and Cubero et al., 

(2011). Also, it has been used to detect internal quality characteristics such as Peng and Lu 

(2008) who determined the SSC using hyperspectral images in ‘Red Delicious’ apple cultivar; 

Ariana and Lu, (2010) applied hyperspectral imaging for detecting both external and internal 
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injury in pickles. For internal injury they acquired transmittance images at 675-1000 nm using a 

CCD camera. They obtained an accuracy classification of 86%, compared to a 70% accuracy by 

human inspection. Cen et al., (2013) also used hyperspectral imaging for detecting internal 

defects in pickling cucumbers at different online speed rates (85 and 165 mm/s). They selected 

the most suitable wavebands from the hyperspectral image data, acquiring images at 

hyperspectral reflectance (400-700 nm) and transmittance (700-1000 nm). They used minimum 

redundancy-maximum relevance (MRMR) for optimal wavebands selection and the loadings of 

principal component analysis (PCA) were also applied for qualitatively identifying the important 

wavebands that were related to the specific features. At those conveyor speeds, the best 

classification results, with an accuracy of 95.1% and 94.2% respectively for both velocities, were 

obtained with the two-band ratio of 887/837 nm, for a two class classification when used for a 

three class classification on the same ratios, the results were 82.8 and 81.3% respectively for 

those speed rates. Mendoza et al., (2011), determined the firmness and the SSC in apples, using 

wavelength in the region comprised on 500 to 1000 nm; Lleó et al., (2011) determined the 

maturity stage of red peaches using a 1600-pixel push-broom camera and computed several 

indexes based on the chlorophyll content that can be related to the ripening level; Rajkumar et 

al., (2012) studied the quality and maturity stages of banana with hyperspectral imaging, 

acquiring images with a CCD camera in the range of 400-1000 nm. Diezma et al., (2013) studied 

the quality of spinach leaves using hyperspectral imaging. For such purpose they employed a 

push-broom CCD camera equipped with a spectrograph VNIR (400-1000 nm). Continuing with 

this work, Lara et al., (2013) also monitored spinach shelf-life with hyperspectral imaging 

through packaging films. They used the same camera as in the previous work but leaves were 

studied under plastic films and thus, a correction was proposed in order to avoid the variation in 

transmittance. 

4. Optical Coherence Tomography: It is a relatively young contactless high-resolution 

imaging technique, and has been introduced for biomedical diagnostic applications. The sample 

is commonly illuminated with light in the NIR spectrum. The backscattered and reflected 

photons from the sample are collected and brought to interfere with a reference beam. From the 

interference pattern, the location of the scattering sites within the sample can be determined. 

Because of the coherent detection of the backscattered photons, the method is very sensitive and 

suitable for turbid materials. The penetration depth is several times higher than that obtained 

with confocal microscopy. For OCT the depth resolution is decoupled from the lateral resolution. 

The depth resolution depends on the spectral width of the broadband light in use. The lateral 
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resolution depends on the focusing/imaging optics. Furthermore, the wavelength of the imaging 

light can be chosen to increase the penetration depth or alternative physical phenomena can be 

used to gain additional material contrast (Ruiz-Altisent, et al., 2010). This technology has been 

applied to the food industry, such as Meglinski et al., (2009), who used OCT in order to detect 

internal defects and rots in onion bulbs; Magwaza et al., (2013) who applied OCT to monitor 

rind breakdown disorder in clementines, acquiring a penetration of 1.1 mm. 

5. X-rays: This technique covers the spectral range of 0.01-10 nm, between gamma and 

ultra-violet rays. They penetrate through products and the level of X-ray energy transmitted 

through the sample depends on its incident energy, absorption coefficient, density and thickness. 

Some techniques available are X-ray imaging technologies, which include X-ray radiography, 

capable of creating two-dimensional (2D) images and computed tomography scanning (CT) 

which creates 3D images, obtained by using projection images from different angles. Then, a 

reconstruction can be made of a virtual slice through the object. When different consecutive 

slices are reconstructed, a 3D visualization is obtained. Kuroki et al., (2004) obtained 3D spatial 

information about gas-filled intercellular spaces in cucumber fruit. Also micro computed 

tomography (µCT) has been applied with success to other products such as apple and pear, with 

resolutions below 1 micron in order to study porosity. Mendoza et al., (2007) obtained high 

quality radiotomographic images of porous media at 1µm resolution for 3D characterization of 

apple tissue and applied image analysis techniques to quantify it. Verboven et al., (2008) 

obtained images of 1.4 and 5.1 µm pixel resolution to observe the voids in pome fruit. Also, they 

acquired images at 0.7 µm resolution for visualizing cell morphology. Herremans et al., (2013) 

explored the imaging potential of X-ray µCT to investigate microstructural changes in vivo 

during development of internal browning of ‘Braeburn’ apple cultivar. 

6. Nuclear Magnetic Resonance (NMR): NMR has been used by several authors for 

internal quality inspection. On-line NMR has been used to detect mealiness in apples: Barreiro et 

al., (2002) performed 1-D relaxometry using two different spectrometers: the first one was a 

Bruker MS100, operating at 100 MHz; the second one was a Bruker Biospec 47/40 operating at 

200 MHz. They concluded that the main water proton T2 peak in apples decreases with texture 

degradation; Chayaprasert and Stroshine, (2005) used a low field magnet (0.12 T) for detecting 

internal browning in apples, applying spin-spin (T2) relaxation tests, using a conveyor belt for 

moving the apples through the sensor at rates from 0 to 250 mm/s. Marigheto and Hills, (2005) 

studied the feasibility of using NMR as an on-line sensor for internal quality detection of fruit. 
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Magnetic Resonance Imaging (MRI) provides a picture that contains combined 

spectroscopy and relaxometry information both spatially resolved. The studies performed up to 

date are a demonstration of the potential of these techniques for the internal quality monitoring 

even under online conditions: pit detection in cherries (Zion et al., 1994) freeze injury and seed 

in citrus (Barreiro et al., 2008; Hernandez-Sanchez et al., 2006; Hernandez-Sanchez et al., 2005; 

Hernández-Sánchez et al., 2004). Industrial implementation of on-line MRI grading lines would 

require active interactions between researchers and the food industry, in order to develop reliable 

and low-cost NMR equipment with the capacity to meet industrial application needs (Hernández-

Sánchez et al., 2009). 

Table 2 provides a summary of inspection systems for the internal quality inspection of 

fruit and vegetables. These techniques are ordered according to their penetration level in the 

sample (from lowest to highest). 

Table 2. Summary of inspection systems for the internal quality inspection of fruit and vegetables, according 
to their penetration level in the sample 

Imaging 
technology 

Fruit Quality feature Range References 

Multispectral Apple Firmness 
Soluble solids 

680 nm; 
1060 nm 

Lu, (2004) 

Firmness 680 nm; 
880 nm; 
905 nm; 
940 nm 

Peng and Lu (2005) 

 Peach Firmness and 
maturity 

450 nm; 
674 nm; 
800 nm 

Lleó et al., (2009) 

 Spinach Storage defects 360 nm; 
740 nm 

Lunadei et al., (2012) 

Hyperspectral Apple Soluble solids 450-
1000 nm 

Peng and Lu (2008) 

Firmness 
Soluble solids 

500-
1000 nm 

Mendoza et al., (2011) 

Banana Maturity stages 400-
1000 nm 

Rajkumar et al., (2012) 

Peaches Ripeness 640-730 
nm 

Lleó et al., (2011) 

Pickles Internal defect 675-
1000 nm 

Ariana and Lu (2010) 

Internal defect 400-
1000 nm 

Cen et al., (2013) 

Spinach Injury 400-
1000 nm 

Diezma et al., (2013) 

Injury through 400- Lara et al., (2013) 
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 packaging films 1000 nm 
OCT Citrus Rind breakdown 930 nm Magwaza et al., (2013) 
 Onion Internal defects - Meglinski et al., (2010) 
X-Ray  
(CT and µCT) 

Apple Porous media - Mendoza et al., (2007) 
Voids 
Cell morphology 

- 
Verboven et al., (2008) 

Microstructural 
changes during 
internal browning 
development 

- 

Herremans et al., (2008) 

Cucumber Gas-filled 
intercellular 
spaces 

- 
Kuroki et al., (2004) 

NMR Apple Mealiness - Barreiro et al., (2002) 
Internal 
browning 

- 
Chayaprasert and Stroshine, 
(2005) 

Cherries Pit - Zion et al., (1994) 
Citrus Freeze injury 

- 
Hernandez-Sanchez et al., 
(2004) 

Seeds 

- 

Barreiro et al., (2008) 
Hernandez-Sanchez et al., 
(2006) 
Hernandez-Sanchez et al., 
(2005) 
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3.2. FOOD STRUCTURE ORGANIZATION

Food is a complex system formed by several structures at different scales. These 

structures are at macroscopic scale (above

(Aguilera, 2012). 

The final product we consume is derived directly from agriculture or transformed by 

several processes, that result in the final 

several properties in the form of appearance, texture, juiciness, sound etc. In the last years much 

interest has arisen in understanding the formation, composition and stability of food structures 

from the materials science point of view (Donald, 2004). For such p

structure organization, at all its scales is important. Nowadays, the relationship between the 

macroscopic apparent properties and the microscopic features is not well understood (Ghosh et 

al., 1996; Wood and Whitaker, 1998).

Food structure organization has several levels. The most general one

into macrostructure and microstructure, 

several important structural elements related to foods, their approximate

behind the phenomena at each length scale (Aguilera, 2012). In this thesis, food structure will be 

focused into the two most general categories: macrostructure and 

Figure 1. Structure elements organization related to foods and their approximate sizes. Dotted red lines show 
the minimum size that can be resolved by the human eye. Dotted green lines show the upper limit for 

particles to go undetected in the mouth. Gray area is the size range of 
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3.2.1. Macrostructure level 

According to the Royal Spanish Academy (RAE) “macrostructure is that which 

encompasses other smaller structures”, referring to those elements above 100 µm range 

(Aguilera, 2005). 

In the last century, there has been a huge development of food industry that processes at 

large scale many products that are now available in the supermarket. It can be said that most of 

the advances during the 20th century in this industry were possible thanks to the transfer of 

knowledge from other related fields, such as chemical and mechanical engineering. The impact 

was at the processing of macroscopic level through the adaptation of several operations and the 

design of processes to transform and preserve food. Macrostructure is formed by numerous 

smaller structures (microstructure) that affect the macroscopic properties, such as rheological 

behaviour, textural and sensorial traits, and transport properties, among others. Some of these 

elements are plant cells and cell walls, fibers, small particulate material in powders, starch 

granules, protein assemblies, food polymer networks, crystals of many types, oil droplets, gas 

bubbles, etc. This is why recently food industry has been dealing with the study of microscopic 

level in order to achieve an impact in the macroscopic insight (Aguilera, 2005).  As an example, 

in extruded products it is important the vaporization step, since it serves to expand the product 

into a network of cells. This expansion occurs in both radial and axial directions and to different 

extent. Cellularity defines our perception of extruded products from visual, auditory and tactile 

perspectives. If we increase the pore number with a subsequent thinning of the cell wall supports, 

this will create the visual perception of a more delicate structure, lighter in appearance due to the 

more translucence of the cell walls. Furthermore, the number and strength of cell walls being 

ruptured during mastication gives the number and intensity of audible fractures (Barrett, 2003). 

Therefore, food can be considered as a complex structure and thus, it is possible to 

represent its evolution using techniques such as imaging, magnetic and electronic beams, that 

allow to investigate different scales, from nano-scale to macroscopic scale (Perrot et al., 2011).  

According to Aguilera 2012, macrostructure include some plant cells, powder particles, 

bubbles and grains. To visualize and quantify such structures, imaging techniques have provided 

good results. In the particular case of fruit, macroscopic scale addresses the sample as a whole 

and the fruit can be considered as a continuum that consists of different tissues which are 

connected, with homogeneous properties (Ho et al., 2011). 
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 At this scale it is also possible to consider only samples from the whole material, 

consisting of different tissues with detailed sub-tissue components that are still modelled as 

different but connected homogeneous components (Veraverbeke et al., 2003). 

It is difficult to speak about macroscopic scale without referring to microscale level. 

Biological materials appear continuous when viewed at the macroscopic scale and it is believed 

that these materials behave as a (non)linear, (visco)elastic continuum with predictive models 

based on macroscopic continuum physics (Ho et al., 2006; Mebatsion et al., 2008a; Nguyen et 

al., 2006). However, macroscopic properties of food depend on various features that cover a 

wide range of spatial scales, from nanoscopic, over microscopic to macroscopic (which is the 

actual geometry of the material) (Mebatsion et al., 2008a).Mebatsion et al., (2008a) proposed the 

construction of multiscale models, which are based on hierarchy of submodels that describe the 

material behaviour at different spatial scales and in a way that the submodels are interconnected. 

Sometimes, multiscale modelling involves challenging physical properties that are very 

expensive to solve at different scales. In these cases, the solution would be to model it at the 

coarser scale by including procedures to construct the equations at this scale and account for 

lower scales. On the other hand, equations for the fine scale can be solved. The up-scaling from 

smaller scales to a macroscale solution is known as homogenization. The definition of 

homogenization is "a collection of methods for extracting or constructing equations for the 

coarse scale (macroscale) behaviour of materials and systems, which incorporate many smaller 

(nano-, micro-, meso-) scales" (Mebatsion et al., 2008a).  

Macroscale geometrical model is based on the reconstruction of scanned images in the 

form of 3D points on the surface of video recordings, photographs, computed tomography (CT) 

or nuclear magnetic resonance imaging (MRI). Mebatsion et al., (2008a), from Dimas and 

Briassoulis, (1999) and Moustakides et al., (2000), suggest that, in a typical photographic 

experiment, the sample is placed on a rotating disk to get 2D snapshots differing by small angles. 

Each pair is used to determine the 3D coordinates that correspond to each side view. The 3D 

points are then converted to a mathematical expressed geometrical model, using the non-uniform 

rational B-splines (NURBS) (Barron et al., 1994).  

Another method could be the reconstruction of the 3D geometrical model using contours 

of the images at different angles (Mebatsion et al., 2008a), but the disadvantage is that the 

geometrical model does not take into account the concave regions that may exist in the fruit 

macrostructure. Jancsók et al., (2001) used impulse response method to investigate the effect of 
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shape of pears on their resonant frequencies. They generated 3D finite element meshes of 

‘Conference’ pears using a geometrical modelling system. 

Nguyen et al., (2006) built a model to validate predicted water profiles and water loss of 

pear fruit under different storage conditions. The dehydration of the whole intact pear was 

simulated by a water diffusion model discretised by means of the finite element method. The 

predicted water distribution of each pear was compared to that obtained by MRI measurements 

of pears at different times of dehydration. To establish the geometric models of pears at day 0, 

they used a computer vision-based system that consisted of a calibrated camera, a rotation table 

and a video digitising board plus the analysis software. Figure 2 shows the representation of a 

pear geometry generated by the wire frame geometrical modelling approach (Figure 2a) and the 

geometry meshed by finite elements (Figure 2b). 

 

Figure 2. 3D pear fruit geometry. (a) Geometry generated by the wire frame geometrical modelling approach. 
(b) Geometry meshed by finite elements. From Nguyen et al., (2006) cited by Mebatsion et al., (2008a) 

For more detailed macroscale continuum models it is possible to focus on a specific part 

of a fruit. Veraverberke et al., (2003) used a model approach to simulate moisture loss of apple. 

For such purpose, they measured the transport properties of different materials, like cutin, wax 

and parenchyma tissue and built a continuum model that took into account epidermal structures. 

Then, for a detailed geometrical features study they used confocal laser scanning microscopy and 

scanning electron microscopy. The model was used to determine apparent diffusion properties 

that could be used in a larger macroscale continuum model that only considered two materials: 

skin and cortex. 
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3.2.2. Microstructure insight 

The microstructure affects different properties of foods, such as in-mouth sensation 

perceived by the consumers (Lillford, 2011), texture (Langton et al., 1996), microbiological 

activity (Aguilera, 2005; Hills et al., 1996) and the air and water distribution through the pores 

(Hills et al., 1996). Microstructure characteristics affect food macrostructure which can be taken 

into account when optimizing food technology and engineering processes in order to improve the 

macrostructural result. This will have an effect on the acceptance by the consumers, the stability 

and a better conservation of the product. 

Attending to processed products, microstructure study is important in order to understand 

the role of several components, such as starch and proteins in bread crumb and bread dough 

(Hug-Iten et al., 1999; Perez-Nieto et al., 2010), the changes in coffee beans during roasting 

(Frisullo et al., 2012), the bioavilability of nutrients (Parada and Aguilera, 2007) or the 

application to food models, such as gels, that enables the development of new food products. As 

an example, Zuñiga and Aguilera, (2009) made a review about the importance of knowing the 

microstructure of aerated gels, because thanks to the bubbles or the aerated water, these can have 

potential applications like reducing the calorie density of foods and inducing satiety, or for 

developing novel gastronomic structures. Also, in dried products, such as vegetables, the 

microstructure plays an important role. Lopez-Sanchez et al., (2011) studied the effect of thermal 

treatments on the microstructure and rheological properties in several vegetables: carrot, broccoli 

and tomato, aiming to manufacture healthier processed food, with lower artificial stabilisers. 

They used high pressure homogenisation (HPH) to disrupt the plant material as well as 

rheological methods, microscopy techniques to characterise the microstructural properties of the 

dispersions. Results showed a different behaviour of tomato from the other two and each 

vegetable showed differences depending on the type of treatment applied. 

Nevertheless, due to the complexity of the geometric and spatial arrangements of 

microstructure the best way to understand how it affects macrostructure is using geometrical 

models. Mebatsion et al., (2008a) made a review of geometrical models that can be used to study 

biological material behaviour by means of computer based simulation, especially those models 

that take into account the spatial dimension of the materials. They considered several scales 

(macroscale, mesoscale and microscale) and emphasise that the information obtained in a scale is 

a framework and affects the others (multiscale). Attending to microscale, they propose different 
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types of models to represent microstructure: conceptual geometrical models, digitized 

microscopic models and Tessellation models. 

1. Conceptual geometric models: they are geometrical representations of the 

microstructure of biological materials but they do not have a direct statistical or spatial 

relationship with the object they stand for. They are a schematic representation of the 

microstructure and show different components that make up the microstructure (Mebatsion et al., 

2008a).Ho et al., (2011) studied a multiscale model to calculate gas exchange in plants using the 

microscale geometry of the tissue and vice versa: local concentrations in the cell from 

macroscopic gas concentration profiles. Their approach provides analysis of cell metabolism 

during hypoxia and anoxia. They established that the important microscale geometrical features 

are the shape, size and 3-D connectivity of cells and air spaces. They also demonstrated that, in 

apple parenchyma tissue, the gas-exchange properties of the cell wall and cell membrane have 

little effect on the cellular gas exchange and that CO2 transport is performed by cells while O2 is 

transported by the intercellular spaces. 

2. Digitized microscopic models: The geometrical model is constructed from a set of 

approximated polygonal geometries on the boundaries of shape (Mebatsion et al., 2008a). 

Mebatsion et al., (2006) performed a microscale modelling of fruit tissue to define several 

geometrical properties (area, aspect ratio and orientation distributions) to build a model that 

allows understanding water and gas transport in fruit. Also 3-D geometrical models can be 

generated using X-ray computed tomography, which was used by Mendoza et al., (2007) to 

quantify the 3D pore space in apple tissue. They obtained high quality radiotomographic images 

of porous media for 3D visualization and quantitative characterization of the microstructure of 

the apple tissue in two apple cultivars. They compared the microstructure of the pore space of 

both cultivars (i.e. porosity and specific surface area) and the distributions of their disconnected 

volumes, emphasising in the fact that for a complete characterization of the random nature of the 

pore space it is needed to understand the spatial distribution of geometric descriptive parameters 

and their correlations. 

3. Tessellation models: A tessellation is a division of some Euclidean space into a 

countable number of sets, called tiles, that have non-overlapping interiors and that cover the 

whole space with the union of their closures. One example of tessellation model is Voronoi 

tessellation. It is defined as a countable set of centre points, known as generators, which divide 

the space into convex tiles, one per centre (Mebatsion et al., 2008a). Mattea et al., (1989) 
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suggested that plant tissue microstructure could be modelled as a two-dimensional collection of 

convex, irregular polygons. The cellular arrangement is defined by randomly selecting N 

polygons as cells and Ntotal-N as pores. It is assumed that the total area occupied by pores equals 

the tissue porosity, located so as to avoid oversized pore clusters. In this work it was established 

that the tissue was uniformly dehydrated and the thermal conductivity on porosity was 

calculated, using two approaches: 1- assuming that dehydration has the effect of converting some 

of the cell polygons into pores, with no change on the geometry; 2- assuming that dehydration 

removed water from the cells, causing to shrink, while the polygons representing the pores 

expand. 

Voronoi tessellation has been used by Mebatsion et al., (2006) in the generation of 

statistically equivalent virtual apple fruit microstructure. However, they show that the centroid 

based Voronoid diagrams and Poisson Voronoi diagrams are very different from that of the real 

microstructure. Moreover, the layout of cells and the presence and connectivity of the pores is 

not taken into account in Voronoi-based models. 

In ellipse tessellation an ellipse can be fitted to any arbitrary shape using a linear least 

squares approach applied to a boundary data or based on the second moments of the entire region 

(Mebatsion et al., 2008b). Mebatsion et al., (2006) used a moment based ellipse-fitting algorithm 

for sets of cellular images by taking points on the natural boundary of the cells to evaluate the 

aspect ratio and orientation of individual apple cells. Also Mebatsion et al., (2009) performed a 

novel method for 3-D microstructure modelling of pome fruit tissue (apple and pear) using an 

ellipsoid tesselation. They employed the same acquisition methodology used in Verboven et al., 

(2008) with further 3-D reconstruction. They compared the modelled 3-D tissue architecture of 

apple and pear cortex with the original synchrotron images. According to Verboven et al., 

(2008), they made a digitization procedure due to the differences in contrast between the pore 

space, the cell walls and the individual cells in the tomographic images were too small for direct 

threshold segmentation. They established the coordinates of individual cells and were fitted as 

ellipsoids and the model tissue geometry was generated from the ellipsoids. Then, the void space 

of the cells was computed (Figure 3). They concluded that ellipsoid tessellation of fruit cortex 

produced cell architectures similar to measured tissue structures in both apple and pear cortex. 

Finally, Mendoza et al., (2010) went further in their study and analyzed the pore-size 

distribution (PSD) due to the importance of its influence on the gas transport phenomena in three 

varieties of apples. They employed X-ray imaging technology to image samples from the core 
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and next to the peel and multifractal analysis to study the multiscale structure. Results 

that the PSD structure of apple tissue is significantly different on the three cultivars and 

depending on the region of study. 

Figure 3. Synchrotron radiation tomography: phase contrast slices of the fruit cortex (a) of
Cell walls are indicated by arrows. (c)
(f) Measured 3-D geometry of apple and pear cortex respectively. (g)

pear cortex respectively. (i)-(j) Measured void space in apple and pear cortex respectively. From Mebatsion et 

Several authors have studied microstructure of fresh fruit and vegetables for determining 

different quality factors with microscopy and X

microscopy technique to understand and quantify mealiness in three particular apple cultivars, 

important due to their commercial value in Belgium: 'Boskoop', 'Cox's Orange Pipin' and 

'Jonagold'. They acquired microscopic images in order
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and next to the peel and multifractal analysis to study the multiscale structure. Results 

that the PSD structure of apple tissue is significantly different on the three cultivars and 

depending on the region of study.  

. Synchrotron radiation tomography: phase contrast slices of the fruit cortex (a) of
Cell walls are indicated by arrows. (c)-(d) Modelled 3-D geometry of apple and pear cortex respectively. (e)

D geometry of apple and pear cortex respectively. (g)-(h) Modeled void space in apple and 
(j) Measured void space in apple and pear cortex respectively. From Mebatsion et 

al., (2009) 

Several authors have studied microstructure of fresh fruit and vegetables for determining 

different quality factors with microscopy and X-ray CT. De Smedt 

microscopy technique to understand and quantify mealiness in three particular apple cultivars, 

important due to their commercial value in Belgium: 'Boskoop', 'Cox's Orange Pipin' and 

'Jonagold'. They acquired microscopic images in order to visualize the difference between fresh 
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and next to the peel and multifractal analysis to study the multiscale structure. Results revealed 

that the PSD structure of apple tissue is significantly different on the three cultivars and 

 

. Synchrotron radiation tomography: phase contrast slices of the fruit cortex (a) of apple (b) of pear. 
D geometry of apple and pear cortex respectively. (e)-

(h) Modeled void space in apple and 
(j) Measured void space in apple and pear cortex respectively. From Mebatsion et 

Several authors have studied microstructure of fresh fruit and vegetables for determining 

ray CT. De Smedt et al., (1998) used 

microscopy technique to understand and quantify mealiness in three particular apple cultivars, 

important due to their commercial value in Belgium: 'Boskoop', 'Cox's Orange Pipin' and 

to visualize the difference between fresh 
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and mealy apples, the relationships between mechanical tests and microscopic observations. 

They found out that in fresh apple cells break when a force is applied, while in mealy apple cells 

tend to separate instead of break. Also, Parker and Guerra, (2010) employed microscopy to study 

the callus hairs that proliferate in intercellular air spaces of an apple cultivar (Fuji) making poor 

connectivity among air spaces. This can derive into postharvest disorders during storage, such as 

internal browning. Verboven et al., (2008) used Synchrotron X-Ray computed tomography to 

build a 3D gas exchange model in pome fruit. Furthermore, Herremans et al., (2013) studied the 

microstructure of Braeburn apple cultivar affected by internal browning by means of X-ray 

micro CT. The results showed that Braeburn internal browning disorder could be associated with 

cellular breakdown and the posterior flood of the pores, possibly followed by a collapse of the 

tissue structure and the formation of cavities. 

Other methods for microstructure determination are NMR and MRI, which are described 

in the next section. 
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3.3. NMR TECHNIQUES FOR STRUCTURE ELUCIDATION 

NMR techniques can be applied in order to elucidate structure in food, as it is explained 

in Appendix 1. It is important to define and take into account the resolution that each method can 

reach. 

In Figure 4, a scheme of an example of cereal plants and cereal food system is shown. 

Food systems are composed by structures that span multiple scales. In the case of fruit and 

vegetables, these scales are related to (sub-)cellular compartments in different tissues and in 

different organs. Also, chemical and metabolic events take place in distinct cellular 

compartments. Attending to processed food, it is typically produced by first degrading or 

modifying structures in plant and animal systems and restructuring them in multiscale 

arrangements that have the desired sensorial properties (Van As and Duynhoven, 2013). Figure 4 

shows an example of multi-length scale architectures present in cereal plants and plant-based 

food. Depending on the size of the sample to analyse, there is a proper NMR technique. For large 

particles, for example, from µm to mm, which refers to macrosctructure principally, the most 

suitable technique is MRI. In this particular case, it is apt for the visualization of sap flow, 

phloem, xylem, germination, grains and leaves in the case of plants. For cereal-based processed 

food, suitable for consumer use, it refers to gas cells, dough, crust, crumb and bread. For 

microstructure visualization, which is from nm to µm, the most suitable NMR methods are water 

relaxometry and diffusion. Thanks to these methods it is possible the characterization of 

membrane permeability, cell walls, vacuoles, starch granules some fibrils and organelles on fresh 

food and plants. In cereal-based processed food it is possible the visualization of gluten network, 

granule ghosts and in some cases staling and gluten globules. Finally, in a nanometric scale 

(between Angstrom and nanometers) the best NMR techniques are nanoprobe, relaxometry and 

diffusometry. With these techniques it is possible to understand photosynthesis, starch helices, 

some fibrils and water. In cereal-based food, it is possible to distinguish starch helices, gluten 

and water. The understanding of all structural scales is very important in order to grant an 

adequate post-harvest storage, industrial processing, a long and safe shelf-life to arrive to the 

consumer in the best quality. 

Therefore, a review of the role of NMR techniques for food structure elucidation is 

needed in order to assess which technique suits best for each product and scale. 
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Figure 4. Example of multi-length scale architectures present in cereal plan
processes are indicated that transform plant in food systems. The coverage of different scales of NMR and 

MRI is indicated. From Van As and Duynhoven (2013)

3.3.1. Magnetic Resonance Imaging

MRI is a technique whereby NMR si

gradients so that the spatial distribution of a sample's NMR properties, such as spin density and 

relaxation times, can be reconstructed and presented in an image format (Liang and Lauterbur, 

2000). Technical details can be consulted in Appendix 1. The MR image consists of a two 

dimensional array of intensity values (pixels), that are the signal from small volumes inside the 

sample (voxels). MRI signals are sensitive to the inherent properties of the sample a

experimental settings. In an image, the signal intensity of each pixel is

properties of the sample: longitudinal (T

density (PD); and also of the experimental parameters: the ech

(TR) (Gonzalez et al., 2001). The volume element in an MR image is defined by the field of 

view (FOV) dimensions (height × length × width),

graphic information of the tissue. In a 

contained in a voxel (Manjón-Herrera,
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length scale architectures present in cereal plants and cereal-based foods. Main 
processes are indicated that transform plant in food systems. The coverage of different scales of NMR and 

MRI is indicated. From Van As and Duynhoven (2013) 

.3.1. Magnetic Resonance Imaging 

MRI is a technique whereby NMR signals are spatially encoded using magnetic field 

gradients so that the spatial distribution of a sample's NMR properties, such as spin density and 

relaxation times, can be reconstructed and presented in an image format (Liang and Lauterbur, 

l details can be consulted in Appendix 1. The MR image consists of a two 

dimensional array of intensity values (pixels), that are the signal from small volumes inside the 

sample (voxels). MRI signals are sensitive to the inherent properties of the sample a

experimental settings. In an image, the signal intensity of each pixel is a 

properties of the sample: longitudinal (T1) and transverse (T2) relaxation times and proton 

the experimental parameters: the echo time (TE) and the repetition time 

(TR) (Gonzalez et al., 2001). The volume element in an MR image is defined by the field of 

sions (height × length × width), which is a volume element that contains 

graphic information of the tissue. In a MR image, each pixel represents the 3D information 

Herrera,  2006). 
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gradients so that the spatial distribution of a sample's NMR properties, such as spin density and 

relaxation times, can be reconstructed and presented in an image format (Liang and Lauterbur, 

l details can be consulted in Appendix 1. The MR image consists of a two 

dimensional array of intensity values (pixels), that are the signal from small volumes inside the 

sample (voxels). MRI signals are sensitive to the inherent properties of the sample and to the 

 function of the 

) relaxation times and proton 

o time (TE) and the repetition time 

(TR) (Gonzalez et al., 2001). The volume element in an MR image is defined by the field of 

is a volume element that contains 

MR image, each pixel represents the 3D information 
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Depending on what we are to see in a MR image, it is needed to enhance a type of 

contrast. The contrast of a MR image can be manipulated by varying several parameters. Some 

of these parameters are the echo time (TE) and the repetition time (TR) and therefore, we can 

obtain T1 weighted, T2 weighted and Proton Density weighted images   

(http://www.hull.ac.uk/mri/lectures/gpl_page.html): 

1. T1 weighted images: These type of images are dominated by the TR. Tissues with a 

long T1 (like water) will take longer to recover back to the equilibrium, so a short TR will make 

this tissue appear dark compared to tissue with a short T1 (like fat, which will appear brighter). 

They require short TE and short TR. 

2. T2 weighted images: These images are governed by TE. For example, if a long TE is 

used, inherent differences in T2 times of tissues will become apparent. Tissues with long T2 (like 

water) will take longer to decay and their signal will be grater, which means that it will appear 

brighter in the image than the signal from tissue with a short T2 (like fat). They require long TE 

and long TR. 

3. Proton Density weighted images: In these type of images TE and TR are chosen to 

minimise both weightings. The signal contrast is derived from the number or density of spins in a 

given tissue. They require short TE and long TR. 

Also, it is possible to obtain T1, T2 and PD maps, in which each pixel contains 

information not about the intensity of the signal, but about relaxation times (either T1 or T2) and 

the proton density respectively. T1 and T2 maps can be obtained by acquiring series of MR 

images with different levels of T1 or T2 weighting and performing nonlinear regression on the 

signal (Gonzalez et al., 2001). 

The first acquisition and publication of a magnetic resonance image of a fruit was in 

1977, by (Hinshaw et al., 1977). The fruit used for this first image was a lemon. Since then, MRI 

has been used to study the internal quality and disorders in many agro-food products as reviewed 

by several authors (Aristizábal Torres, 2007; Hernandez-Sanchez et al., 2009; Ruiz-Altisent et 

al., 2010). 

MRI has been employed as a non-invasive quality inspection of food, especially fruit 

and vegetable during and after harvesting, industrial processing and distribution to the consumer 

(Van As and van Duynhoven, 2013). For specific applications on apple, MRI has been used to 

visualize disorders such as watercore like Wang et al., (1988), who utilized 2-D MRI to identify 
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such disorder. Also, Clark et al., (1998

postharvest storage. They could distinguish two different types of watercore

radial watercore (Figure 5). Clark and Enza, (1999) observed watercore dissipation in ‘Braeburn’ 

apple cultivar using MRI. MRI has been used for visualizing other disorders in apples such as 

mealiness. Barreiro et al., (2002); Barreiro

affection using different MRI sequences, and T

(1999) investigated internal browning using such technique and Gonzalez et al., (2001) used T

T2 and PD maps to monitor internal browning development in apples.

Figure 5. MRI images of apples affected by watercore. a. Block watercore. b. Radial watercore. From Clark 

In recent years, there have been a number of studies 

these studies were those carried out by Musse et al., (2009a); Musse et al., (2009b) who studied 

the structural aspects of tomato (macro and microstructural features), such as air spaces close to 

seeds and their shrinkage during ripening, bubbles in the outer pericarp during ripening. They 

used both images and relaxometry maps. Milczarek et al., (2009) assessed mechanical damage to 
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such disorder. Also, Clark et al., (1998a) applied MRI to monitor watercore amelioration during 

postharvest storage. They could distinguish two different types of watercore patterns: block and 

). Clark and Enza, (1999) observed watercore dissipation in ‘Braeburn’ 

apple cultivar using MRI. MRI has been used for visualizing other disorders in apples such as 

mealiness. Barreiro et al., (2002); Barreiro et al., (2000); Barreiro et al., (1999) studied this 

affection using different MRI sequences, and T1, T2, and PD maps. Also Clark and Burmeister, 

(1999) investigated internal browning using such technique and Gonzalez et al., (2001) used T

s to monitor internal browning development in apples. 

. MRI images of apples affected by watercore. a. Block watercore. b. Radial watercore. From Clark 
et al., (1998a) 

In recent years, there have been a number of studies based on tomato quality. Some of 

these studies were those carried out by Musse et al., (2009a); Musse et al., (2009b) who studied 

the structural aspects of tomato (macro and microstructural features), such as air spaces close to 

uring ripening, bubbles in the outer pericarp during ripening. They 

used both images and relaxometry maps. Milczarek et al., (2009) assessed mechanical damage to 
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the structural aspects of tomato (macro and microstructural features), such as air spaces close to 

uring ripening, bubbles in the outer pericarp during ripening. They 

used both images and relaxometry maps. Milczarek et al., (2009) assessed mechanical damage to 



PhD Thesis 
Ángela Melado Herreros                                                                                                                 Literature review 

35 
 

tomato pericarp performing a multivariate analysis of MRI images; Ciampa et al., (2010) studied 

chemical-physical changes of cherry tomato using relaxation times (T1, T2) of the MR images; 

Zhang and McCarthy, (2012a) also used MRI to evaluate the ripening of tomato, using also the 

relaxometry parameters of the MR images. 

MRI has been used to detect internal characteristics in other fruit and vegetables. Several 

examples are seen in Aristazábal-Torres (2007), Ruiz-Altisent et al., (2010), Cubero et al., 

(2011). 

MRI is also a feasible tool in order to be applied under on-line conditions, which can be 

extrapolated for industrial demands in order to detect internal quality. Nevertheless, nowadays 

most works in agrofood have been performed using commercial equipment, which are designed 

for medical purposes. Blasco et al., (2003b and 2012) proved the feasibility of obtaining enough 

MRI contrast at low magnetic field (0.2 T) that allows detecting seeds in stationary oranges and 

mandarins using three different types of MRI sequences. 

Several authors have implemented MRI under on-line conditions, like Hernandez-

Sanchez et al., (2004), who detected freeze injury in Valencia oranges. They used an NMR 

spectrometer of 4.7 T, a conveyor belt and axial FLASH images with an in-plane resolution of 

0.88 mm2 per pixel obtained at 0, 50 and 100 mm/s belt speed. They lower the acquisition times 

untill 780 ms. They visualized the affected tissue as a region of hypointense signal while non-

affected tissue was shown as bright pixels. This hypointense signal was derived from the 

reduction in PD as juice content decreases and from T2
* reduction caused by the local field 

gradients at the interfaces between juicy and dehydrated structures. They also performed 

automatic thresholding segmentation in order to separate the damaged regions from the healthy 

ones. Also in oranges, Hernandez-Sanchez et al., (2005) performed an on-line study in order to 

detect seeds in citrus. They used a gradient echo FLASH with TR of 12.2 ms, TE of 3.8 ms and 

flip angle of 10° under different speed rates: 0, 54 and 90 mm/s through the same high field 

NMR equipment. They acquired axial images with a resolution of 0.88 mm2 per pixel and 

showed that the region containing seeds and central axis tissues appeared darker than the flesh 

pixels. These authors also observed that the higher the belt speed the higher the blurring artefacts 

caused by the superimposition of signal arising from adjacent slices, which led to the selection of 

coronal instead of axial images since the former allow motion correction algorithms. They 

achieved acquisition times of 780 ms. In the same study, they also studied moving lemons and 

they evaluated an off-line motion correction procedure (Figure 6). Hernandez et al., (2006) 
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continued with their studies of seeds detections in citrus using mandarins. They found significant 

differences between seed-containing and seedless mandarins by ANOVA analysis entered a 

discriminant analysis. Barreiro et al, (2008) used FLASH and COMSPIRA coronal images to 

validate the algorithm devoted to automatic motion correction and subsequent segmentation of 

images for the extraction of features that allow the best discrimination of the seed-containing 

fruits.  

Since 2011 a patent exists that claims for 2 T magnetic field uniformity suitable for sub-

ppm NMR and MRI analysis over 40 mm usable air gap between the poles (Rapoport, 2011). A 

similar type of equipment would be most suitable for the development of industrial applications. 

This equipment does not claim for any motion artefact correction. 

 

Figure 6. Example of motion-induced artifacts correction in a coronal MR imageacquired during sample 
motion at 54 mm=s. On the left, RGB image captured with a digitalcamera approximately corresponding to 
the center of the imaged FOV; in the middle coronal,MR image reconstructed without artifact correction; on 

the right, same MR image reconstructedafter artifact correction. From Hernández-Sánchez et al., (2009).  
 

Food macrostructure has been successfully imaged by several authors for different 

macrostructure elucidation. In this sense, Prause et al., (1995), used 3D MRI to monitor liquid 

foam, which was a protein solution from fish-skin-derived gelatine (Figure 7a). They prepared 

the foam and then studied the evolution of the bubbles during 24 hours. They found isolated 

bubbles in the solution for up to 10 hours, and showed the accumulation of bubbles at a 

boundary between liquid foam and pure liquid. Also, Musse et al., (2009b), made a quantitative 

study of tomato, using MRI to visualize macrostructure and air bubbles. In order to emphasize 

the MRI results, they used macro-vision images. They concluded that the cells of the outer 

pericarp were significantly larger than cells of the core and placenta tissues. They also 

established that core tissues had higher air bubble content than other tissues. Following the same 

line, Musse et al., (2009a), used MRI to monitor the macroscopic changes of tomato during 
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ripening, such as shrinking of air spaces and development of micro

types (Figure 7b, c, d). 

Figure 7. (a) Three dimensional MRI image of a foam. From Prause et al., (1995). (b)
echo image. (b) along with short TE. (c) and long TE (d) Gradient echo images of a tomato fruit at three 

different ripening stages. From Musse et al., (

In order to visualize 

microimaging, which typically works in the range from 5

technique (Hills, 1998). Neverhteless, some authors have successfu

(2010), who employed MRI for microstructure determination of apple and tomato. They 

proposed a new MRI method that consisted of combining multiple spin

(R2=1/T2) and multiple gradient

microstructure. The advantage of using MRI is that it makes possible the measurement of the 

spatial distribution of porosity and it allows estimation of microsporosity on intact whole fr

To confirm the success of the

microtomography. 

Nevertheless, imaging microstructure on this distance scale is a hard procedure. An 

alternative is a combination of NMR protocols based on relaxometry and diffusometry,

combined with the spatial information that provides MRI (Van As and van Duynhoven, 2013)

will be discussed further in the text
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ripening, such as shrinking of air spaces and development of micro-bubbles in specific tissue 

. (a) Three dimensional MRI image of a foam. From Prause et al., (1995). (b)
echo image. (b) along with short TE. (c) and long TE (d) Gradient echo images of a tomato fruit at three 

different ripening stages. From Musse et al., (2009b)

In order to visualize microstructure, MRI has several limitations. It is possible to use MRI 

microimaging, which typically works in the range from 5-40 µm, but it is a time consuming 

technique (Hills, 1998). Neverhteless, some authors have successfully used it, as Musse et al., 

(2010), who employed MRI for microstructure determination of apple and tomato. They 

proposed a new MRI method that consisted of combining multiple spin-

) and multiple gradient-echo images to assess R*
2 (R*

2=1/T

microstructure. The advantage of using MRI is that it makes possible the measurement of the 

spatial distribution of porosity and it allows estimation of microsporosity on intact whole fr

of their results, a comparison was made with those obtained with X

Nevertheless, imaging microstructure on this distance scale is a hard procedure. An 

alternative is a combination of NMR protocols based on relaxometry and diffusometry,

combined with the spatial information that provides MRI (Van As and van Duynhoven, 2013)

will be discussed further in the text. 
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. (a) Three dimensional MRI image of a foam. From Prause et al., (1995). (b)-(d) Morphological Spin 
echo image. (b) along with short TE. (c) and long TE (d) Gradient echo images of a tomato fruit at three 

 

, MRI has several limitations. It is possible to use MRI 

µm, but it is a time consuming 

lly used it, as Musse et al., 

(2010), who employed MRI for microstructure determination of apple and tomato. They 

-echo images to assess R2 

=1/T*
2) in order to quantify 

microstructure. The advantage of using MRI is that it makes possible the measurement of the 

spatial distribution of porosity and it allows estimation of microsporosity on intact whole fruit. 

with those obtained with X-ray 

Nevertheless, imaging microstructure on this distance scale is a hard procedure. An 

alternative is a combination of NMR protocols based on relaxometry and diffusometry, 

combined with the spatial information that provides MRI (Van As and van Duynhoven, 2013) as 
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3.3.1. High-resolution NMR spectroscopy

High-resolution NMR spectroscopy is carried out at very high magnetic strength field

(above 7 T). It differentiates between nuclei in different molecular environments, based on 

differences in frequency of resonance, which provides very resolved peaks at submolecular level, 

as T2 constants correspondingly lengthen and the constant magnitud

peaks overlapping. There are three parameters that can be assessed with such technique: (1) 

frequencies of resonance, (2) areas and (3) widths or shapes of the lines. This technique has been 

used for molecule elucidation and also

(Eads and Bryant, 1986), in wine (Nilsson et al., 2004), beer (Duarte et al., 2002) or oil 

(Mannina et al., 2011). 

For intact biological tissue samples 

MAS) is used which, based on high

without the need of component extraction. This technique allows working with semi

samples by making spinning the sample (~ 4

This way the peak broadening effect due to dipolar interactions and susceptibility differences 

within the sample, is removed resulting in high resolution quality spectra. This technique has 

been used by several authors for different types of 

Piccolo, 2012; Shintu and Caldarelli, 2005, 2006; Shintu et al., 2004), different fruit like mango 

changes during ripening (Gil et al., 2000), strawberries (Otero and Prestamo, 2009),

(Hernández-Sánchez et al., 2010), apple (Figure 8) (Vermathen et al., 2011), tomato (Sanchez 

Perez et al., 2011), pomegranate (Caleb et al., 2013) and citrus (Mucci et al., 2013).

Figure 8.1H HR-MAS spectrum of an apple. (a) Amino acid region (
(c) aromatic region (5.6
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resolution NMR spectroscopy 

resolution NMR spectroscopy is carried out at very high magnetic strength field

(above 7 T). It differentiates between nuclei in different molecular environments, based on 

differences in frequency of resonance, which provides very resolved peaks at submolecular level, 

constants correspondingly lengthen and the constant magnitude of the j-

peaks overlapping. There are three parameters that can be assessed with such technique: (1) 

frequencies of resonance, (2) areas and (3) widths or shapes of the lines. This technique has been 

used for molecule elucidation and also for determining the composition, like in milk and juices 

(Eads and Bryant, 1986), in wine (Nilsson et al., 2004), beer (Duarte et al., 2002) or oil 

For intact biological tissue samples 1H High Resolution Magic Angle Spinning (

based on high-resolution NMR, provides the metabolomic composition 

without the need of component extraction. This technique allows working with semi

samples by making spinning the sample (~ 4-6 kHz) at, what it is called, magic a

broadening effect due to dipolar interactions and susceptibility differences 

removed resulting in high resolution quality spectra. This technique has 

been used by several authors for different types of food inspection, such as cheese (Mazzei and 

Piccolo, 2012; Shintu and Caldarelli, 2005, 2006; Shintu et al., 2004), different fruit like mango 

changes during ripening (Gil et al., 2000), strawberries (Otero and Prestamo, 2009),

apple (Figure 8) (Vermathen et al., 2011), tomato (Sanchez 

Perez et al., 2011), pomegranate (Caleb et al., 2013) and citrus (Mucci et al., 2013).

MAS spectrum of an apple. (a) Amino acid region (0.5-3.1 ppm) (b) Sugar region (3
(c) aromatic region (5.6-10 ppm) From Vermathen et al., (2011) 
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resolution NMR spectroscopy is carried out at very high magnetic strength field 

(above 7 T). It differentiates between nuclei in different molecular environments, based on 

differences in frequency of resonance, which provides very resolved peaks at submolecular level, 

-coupling reduce 

peaks overlapping. There are three parameters that can be assessed with such technique: (1) 

frequencies of resonance, (2) areas and (3) widths or shapes of the lines. This technique has been 

for determining the composition, like in milk and juices 

(Eads and Bryant, 1986), in wine (Nilsson et al., 2004), beer (Duarte et al., 2002) or oil 

H High Resolution Magic Angle Spinning (1H HR-

provides the metabolomic composition 

without the need of component extraction. This technique allows working with semi-solid 

6 kHz) at, what it is called, magic angle (54.7°). 

broadening effect due to dipolar interactions and susceptibility differences 

removed resulting in high resolution quality spectra. This technique has 

food inspection, such as cheese (Mazzei and 

Piccolo, 2012; Shintu and Caldarelli, 2005, 2006; Shintu et al., 2004), different fruit like mango 

changes during ripening (Gil et al., 2000), strawberries (Otero and Prestamo, 2009), olive fruits 

apple (Figure 8) (Vermathen et al., 2011), tomato (Sanchez 

Perez et al., 2011), pomegranate (Caleb et al., 2013) and citrus (Mucci et al., 2013). 

 

3.1 ppm) (b) Sugar region (3-5.6 ppm) 
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3.3.2. 1-D relaxometry 

In NMR studies the nuclei are excited by applying an alternating magnetic field in the 

form of an electromagnetic pulse (Hills et al., 2004; Hills et al., 2005; Hills and Webb, 2006). 

For NMR relaxometry, the different time constants for the nuclei to return to their 

thermodynamic equilibrium state after the excitation pulse are measured.Haiduc, (2005) applied 

NMR time-domain decay curves (FID-CPMG) to measure T2 values to determine hardness, dry 

matter and water content in oil-water emulsions stabilised by protein. They established that the 

value of the relaxation constant T2 is related to the microstructure of the emulsion and that water 

loss from the emulsion is positively correlated with large (T2=2000 ms) and small pores (T2=400 

ms). Hernández-Sánchez et al., (2007) also applied T2 relaxation sequences for the study of 

internal browning in pears. They compared this technique with 2-D relaxometry and MRI. Zhang 

and McCarthy, (2012a) made T2 relaxation measurements, for detecting black heart in 

pomegranates, which gave an indication of the extent and type of degradation of the tissue at the 

sub-cellular level, caused by this disease, which alters the microstructure (Figure 9). This is seen 

as a change in the T2 relaxation spectrum.  

 

Figure 9. Example of MR images of (a) sound pomegranate (b) black heart affected pomegranate and their 
corresponding T2 relaxation spectra. Peak 1 is attributed to water in the cell wall. Peak 2 is assigned to the 
cytoplasm. Peak 3 is associated with vacuolar water. In the affected tissue a new peak is appreciated, that 

may be attributed to extracellular water. From Zhang and McCarthy (2012b) 
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3.3.3. Two-dimensional T1/T2 NMR 

Two dimensional cross-correlation relaxation methods have enormous potential for 

characterizing complex systems. It allows to identify molecular species and to study their 

dynamics through the determination of both T1 and T2 simultaneously. The spin system evolves 

under different relaxation mechanisms. Traditionally, these types of experiments were very long 

time consuming and they were limited to simple measurements of either the transverse or 

longitudinal proton relaxation characteristics or water diffusivity (Hills, 2010). Nevertheless, this 

situation has changed at the beginning of the XXI century, thanks to the development of fast 

algorithms for two-dimensional inverse Laplace transformations (Callaghan et al., 2003; Song et 

al., 2002), which are used for the analysis of the correlation data.  

Two-dimensional NMR permits to achieve separate peaks for water in different pores and 

compartments in microstructured systems. Each peak in the 2D spectrum is characterized by a 

particular proton longitudinal and transverse relaxation time (T1 and T2 respectively), which 

differs according to the local water content and size of the pore or compartment, structure and 

tissue integrity. Other types of 2D relaxation and diffusion experiments are possible and provide 

information on localized water transport through the microstructure (Marigheto et al., 2005). The 

measurement of T1 and T2 is also performed by combining the CPMG pulse sequence and the 

inversion-recovery sequence (Hills, 2010). These types of sequences were used by Hernández-

Sánchez et al., (2007) to detect internal quality in pears. The T1/T2 correlation spectra provided 

both quantitative and qualitative information about the cell structure integrity. On sound fruit it 

was possible to distinguish different compartments for the vacuole and the cytoplasm, while in 

damaged pears, both compartments tended to merge, which means a disintegration of the cell 

structure. This type of relaxometry has only been implemented in the low field on small tissue 

pieces, but never on complete food product. 

However, the acquisition of the conventional inversion recovery T1-T2 spectrum takes a 

long time due to the need to wait 5T1 for full recovery of equilibrium under longitudinal 

magnetisation before each inversion recovery step. Nevertheless, Marigheto et al., (2008) 

showed how to reduce to a single-shot process the whole 2D acquisition using a fixed time delay, 

TR. The fastest acquisition is obtained setting TR to zero. This gives a saturation-recovery T1-

T2spectrum. In this study it was shown how T1/T2 sequences provided more information about 

physiological changes than one-dimensional relaxometry, finding longer T1 values of the cell 

wall in the particular case of mealy apples than those found in fresh fruit. 
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Significant shortening of acquisition time 

spatially homogeneous sample with a different inversion

dimension. These are multislice methods.

acquired in a single shot. Then, there is no need to wait 5T

recover to equilibrium during the 2D acquisition. Figure 

ultrafast inversion-recovery. The time will be reduced by a factor equal to the number of slices 

(Nslice). From each echo, a profile is acquired by Fourier transformation. The signal associated 

with each slice (and thus delay time, t

segments of increasing frequency and averaging the signal within the segment. Therefore, the 

number of steps in the inversion

which is determined by the signal noise and the gradient st

study, Venturi et al., (2010) used and aqueous emulsion 1%

pieces and lamb liver tissue. The measurements were performed on an Oxford Instruments DRX 

spectrometer operating at 23.4 

can be seen in Figure 10B. 

A 

B 

Figure 10. A. Scheme of the multislice inversion
(2010). B. T1/T2 correlation sp
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Significant shortening of acquisition time was achieved by associating each slice in a 

spatially homogeneous sample with a different inversion-recovery delay time in the first 

dimension. These are multislice methods. In principle, the whole 2-D T

acquired in a single shot. Then, there is no need to wait 5T1 of time for the magnetisation to 

recover to equilibrium during the 2D acquisition. Figure 10A shows the sequence for multislice 

overy. The time will be reduced by a factor equal to the number of slices 

). From each echo, a profile is acquired by Fourier transformation. The signal associated 

with each slice (and thus delay time, t1) is obtained by dividing each echo profile i

segments of increasing frequency and averaging the signal within the segment. Therefore, the 

number of steps in the inversion-recovery dimension will be limited to the number of slices, 

which is determined by the signal noise and the gradient strength (Venturi 

2010) used and aqueous emulsion 1%-1% w/w agarose

pieces and lamb liver tissue. The measurements were performed on an Oxford Instruments DRX 

spectrometer operating at 23.4 MHz. Typical correlation spectra obtained using this sequence 

 

 
Scheme of the multislice inversion-recovery T1-T2 pulse sequence. 

correlation spectra for apple parenchyma tissue. From Venturi et al., (2010)
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associating each slice in a 

recovery delay time in the first 

D T1-T2 spectrum can be 

of time for the magnetisation to 

shows the sequence for multislice 

overy. The time will be reduced by a factor equal to the number of slices 

). From each echo, a profile is acquired by Fourier transformation. The signal associated 

) is obtained by dividing each echo profile into Nslice 

segments of increasing frequency and averaging the signal within the segment. Therefore, the 

recovery dimension will be limited to the number of slices, 

rength (Venturi et al., 2010). In their 

1% w/w agarose-gelatine gel, apple 

pieces and lamb liver tissue. The measurements were performed on an Oxford Instruments DRX 

obtained using this sequence 

 

pulse sequence. From Venturi et al., 
From Venturi et al., (2010) 
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Global relaxometry is very valuable for samples having microscopic homogeneity. 

However, most complex materials display heterogeneity on the microscopic scale which affects 

the macroscale. This means that if we are using 2D global relaxometry methods to investigate 

subcellular changes of a complex sample, i.e. a fruit, only the average relaxation spectrum of the 

whole fruit will be obtained or, alternatively, if a particular region is to be studied, one has to 

dissect out each layer from the fruit, which will convert the method in a destructive one. Venturi 

and Hills, (2010a) showed that combining volume selective methods (typical from MRI) with 2D 

relaxometry it was possible to acquire a high resolution 2D relaxation time spectrum 

noninvasively from any selected subvolume of the sample. A scheme of a spatially localized T1-

T2 pulse sequence is shown in Figure 11A. It uses the SPACE sequence to localise the relaxation 

time measurements to a volume of interest (VOI). It refocuses the VOI magnetisation as a spin 

echo which is restored as longitudinal magnetisation while converting the magnetisation outside 

the VOI into transverse magnetisation. This transverse magnetisation is destroyed with a spoiler 

gradient. The SPACE part of the sequence is located at the end of the inversion recovery period 

and its duration is incorporated into the first inversion-recovery delay time (t1) which gives the 

T1 weighting. The acquisition time of the echo decay is in the CPMG sequence, that gives T2 

weighting. The acquired signal is the two-dimensional M(t1,t2) from the selected VOI. Using the 

double inverse Laplace transformation of M(t1,t2) gives the two-dimensional relaxation time 

spectrum P(T1,T2). If only slice selection is required and not full three dimensional volume 

selection, the selected T1/T2 spectrum can be acquired using the sequence in Figure 11B.(Venturi 

and Hills, 2010a). These type of sequences have never been used in the high field before. 

A 
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B 

Figure 11.  A. Partialy localized T

3.3.5. 2-D pulse field gradient experiments

Pulse field gradient experiments refer to T

Hernández-Sánchez et al., (2007) applied also this technique in their study of the internal 

browning of pears and determined microscopic differences between fruit affected by internal 

browning and sound one. Marigheto et al., (2008) u

determination of mealiness in apples. They could detect 4 peaks: 2 corresponding to water and 2 

corresponding to sucrose (Figure 12)

cytoplasmic and extra-cellular compartment is increased relative to that of the water in the 

vacuole for fresh and mealy apples.

Figure 12. T2/D correlation spectra of apple acquired at spectrometer frequency of 23.4 MHz with a CPMG 
90-180° pulse spacing

In view of the state of the art, the study of internal disorders in apples is well known at 

several resolution levels. Nevertheless, to date, only low resolution studies have been 

accomplished using NMR techniques 

disorder detection but not to

those carried out by Wang et al., (1988), 

cases, they studied the problem on the macrostrucural level.
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Partialy localized T1-T2 sequence. B. The slice selected T1/T2 pulse sequence
Hills, 2010a 

D pulse field gradient experiments 

Pulse field gradient experiments refer to T1/D and T2/D experime

Sánchez et al., (2007) applied also this technique in their study of the internal 

browning of pears and determined microscopic differences between fruit affected by internal 

. Marigheto et al., (2008) used T2-D correlation experiments for the 

determination of mealiness in apples. They could detect 4 peaks: 2 corresponding to water and 2 

(Figure 12). The effective diffusion coefficient of the water in the 

lular compartment is increased relative to that of the water in the 

vacuole for fresh and mealy apples. 

 

/D correlation spectra of apple acquired at spectrometer frequency of 23.4 MHz with a CPMG 
180° pulse spacing of 4 ms. From Marigheto et al., (2008)

In view of the state of the art, the study of internal disorders in apples is well known at 

several resolution levels. Nevertheless, to date, only low resolution studies have been 

accomplished using NMR techniques for watercore disorder. These studies were oriented to the 

but not to its physical properties comprehension. Examples of such studies are 

Wang et al., (1988), Clark et al., (1998a), Clark and 

they studied the problem on the macrostrucural level. 

Ángela Melado Herreros                                                                                                                 Literature review 

 
pulse sequence. From Venturi and 
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Sánchez et al., (2007) applied also this technique in their study of the internal 

browning of pears and determined microscopic differences between fruit affected by internal 
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/D correlation spectra of apple acquired at spectrometer frequency of 23.4 MHz with a CPMG 
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In view of the state of the art, the study of internal disorders in apples is well known at 

several resolution levels. Nevertheless, to date, only low resolution studies have been 

. These studies were oriented to the 

its physical properties comprehension. Examples of such studies are 

), Clark and Enza (1999). In all 
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Chapter 4 
 

Prior knowledge and objectives 

 

4.1. LPF-TAGRALIA BACKGROUND ON NMR 

The Physical Properties Laboratory-Advanced Technologies in Agro-food (LPF-

TAGRALIA) has previous background on the use of Nuclear Magnetic Resonance (NMR) under 

both static and dynamic conditions. Such knowledge has been acquired since 1999 within the 

framework of a European project, entitled “Mealiness of fruits. Consumer perception and means 

for detection (EU-DG XII-FAIR)”. The aim of this project was to detect internal structural 

differences in apples and pears due to abnormal cold storage treatments. In 2001, the Spanish 

Government, through the Science and Technology Ministry, funded the project “OPTIFRUIT 

(AGL 2001-3792-C02-01): Desarrollo de equipos de RMN no destructivos para la evaluación de 

fruta en línea”, that made use of on-line methods for detecting internal quality in fruit, using 

NMR. 

Such projects generated two PhD thesis: the first one, entitled: “Sistemas instrumentals de 

detección y cuantificación de la harinosidad en melocotón” (“Instrumental systems for the 

detection and quantification of woolliness in peach”; Ortiz, 1999). This thesis made use of the 

static NMR technique for diagnosis purposes. The second thesis is entitled: “Development of on-

line NMR applications for the evaluation of fruit internal quality”, Hernández-Sánchez, N., 2006. 
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These projects, together with collaborative studies with the “Centro de Asistencia a la 

Investigación (CAI)”, a unit of the Universidad Complutense de Madrid, gave rise to the 

publication of the following articles: 

• Barreiro P., Ruiz-Cabello J., Fernández-Valle M-E., Ortiz C. and Ruiz-Altisent M., 1999. 

Mealiness assessment in apples using MRI techniques. Magnetic Resonance Imaging 

17(2), 275-281. 

• Barreiro P., Ortiz C., Ruiz-Altisent M., Ruiz-Cabello., Fernández-Valle M.E., Recasens I. 

and Asensio M., 2000. Mealiness assessment in apples and peaches using MRI 

techniques. Magnetic Resonance Imaging 18, 1175-1181. 

• Barreiro P., Moya A., Correa E., Ruiz-Altisent M., Fernández-Valle M.E., Peirs A., 

Wright K.M. and Hills B.P., 2002. Prospects for the rapid detection of mealiness in 

apples by nondestructive NMR relaxometry. Applied Magnetic Resonance 22, 387-400. 

• Hernandez-Sanchez N., Barreiro P., Ruiz-Altisent M., Ruiz-Cabello J., Fernandez-Valle 

M., 2004. Detection of freeze injury in oranges by Magnetic Resonance Imaging of 

moving samples. Applied Magnetic Resonance 26, 431-445. 

• Hernandez-Sanchez N., Barreiro P., Ruiz-Altisent M., Ruiz-Cabello J., Fernandez-Valle 

M., 2005. Detection of sedes in citrus using Magnetic Resonance Imaging under motion 

conditions and improvement with motion correction. Concepts in Magnetic Resonance. 

Part B: Magnetic Resonance Engineer 26B, 81-92. 

• Hernandez-Sanchez N., Barreiro P., Ruiz-Cabello J., 2006. On-line identification of seeds 

in mandarins with Magnetic Resonance Imaging. Biosystems Engineering 95, 529-536. 

• Hernandez-Sanchez N., Hills B.P., Barreiro P., Marigheto N., 2007. An NMR study on 

internal browning in pears. Postharvest Biology and Technology 44, 260-270. 

• Barreiro P., Zheng C., Sun D-W., Hernandez-Sanchez N., Perez-Sanchez J.M., Ruiz-

Cabello J., 2008. Non-destructive seed detection in mandarins: Comparison of automatic 

threshold methods in FLASH and COMSPIRA MRIs. Postharvest Biology and 

Technology 47, 189-198. 

• Hernandez-Sanchez N., Barreiro P., Ruiz-Cabello J., 2009. NMR for internal quality 

evaluation in horticultural products, In: PRESS, C (Ed.), Optical monitoring of fresh and 

processed agricultural crops, pp. 423-468. 
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4.2. STARTING HYPOTHESES 

A number of starting hypotheses are addressed on the basis of the LPF-TAGRALIA 

background, the literature review and the European project’s expectatives. These hypotheses are: 

- There is a need of exploring food structure, in the macro- and the microstructure level 

non-destructively. 

- The use of different NMR procedures is a good approach. 

- The application of MRI techniques allows macrostructure determination. 

- The application of 2D T1/T2 relaxometry procedures allows microstructure 

determination. 

- The combination of both MRI and 2D T1/T2 relaxometry allow a non-destructive 

multiscale study of food structure. 

4.3. OBJECTIVES 

In view of the state of the art and the previous premises, this thesis is focused on three 

different, but related, objectives: 

1. To study multiscale food structure in a non-destructive and non-invasive way by means of a 

variety of NMR procedures: 2D relaxometry and MRI. 

2. To optimize such NMR procedures for different food products: food models (foamed gels) 

and actual food (apples and extruded breakfast cereals). 

3. To improve on-line MRI to detect two different types of internal disorders in apples: 

watercore and internal breakdown at high speed, using the appropriate rapid sequence and 

artificial vision protocols. 
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Chapter 5 

Published works and studies 

The goal of the present Ph.D thesis has been the study of food structure in a multiscale 

level, by means of Nuclear Magnetic Resonance (NMR) techniques.  

Seven research works are presented in this thesis, as summarized in Table 3. Three of 

them have led to peer reviewed articles (Sections 5.1, 5.3 and 5.4) one to a peered reviewed book 

chapter, (Section 5.2). Section 5.5 is a work presented in the international congress InsideFood 

Symposium, which took placed in Leuven, Belgium (2013). Appendix 2 and Appendix 3 are 

preliminary works that have been presented in the International Congress of Engineering and 

Food 2011 (ICEF, 2011), and they were published in the special edition of the congress journal. 

Such works are being improved and extended, using different techniques and analysis and more 

samples.  

Although details of the equipment used can be found in each of the sections, it is 

important to highlight that most of the experimental work (5.1, 5.2, part of 5.3, 5.4, 5.5, 

Appendix 2, Appendix 3) has been carried out on a Bruker BIOSPEC 47/40 (Ettlingen, 

Germany) spectrometer operating at 200 MHz (4.7 Tesla). Imaging and NMR experiments on 

entire fruit were performed with an actively shielded imaging gradient set and RF volume coil 

with an inner diameter of 20 cm, which achieved 50 mT/m. For NMR experiments on foams and 

gels, a gradient system of 12 cm diameter, which generates 200 mT/m was used. For the 

transmission and reception a volume radiofrequency coil of 7 cm diameter was selected. The 

bore of the magnet is horizontal, 147 cm long. This equipment is placed in the "Centro de 
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Asistencia a la Investigación en Resonancia Magnética Nuclear" (CAI de NMR) of the 

Universidad Complutense de Madrid (CEI-Moncloa, Madrid, Spain). 

Raw data obtained from the NMR experiments were pre-processed either by the software 

package provided by the NMR equipments (Paravision and TopSpin) or by own developed 

programs based on mathematical software MATLAB (MathWorks, Inc.). Two months were 

spent at Institut National de Recherche en Sciences et technologies pour l'environment et 

l'agriculture (Irstea-Cemagref) in Montpellier, France, in order to learn specific chemometric 

tools developed in Matlab. Such stay was supervised by Nathalie Gorreta, who is an expert on 

the image segmentation field and also by Jean-Michel Roger, who is specialised on the field of 

chemometrics. 

Also, specific image analysis software programs were used in order to perform 3-D 

image reconstruction and to extract intrinsic quality aspects of the sample. Two of them are free: 

ImageJ and Fiji; while Avizo Fire Edition (version 7.0.1) from the company FEI Visualization 

Sciences Group, Bordeaux(France) is propietary. For learning how to use the latter software, two 

training courses were followed at FEI company dependencies, in Bordeaux, France at different 

stages of the project. 

For the multiscale study of food structure both food models and actual food have been 

studied. 

Food models were proposed by the European project InsideFood for the microstructure 

study. They were based on foams and gels, as they include an air phase to the microstructure that 

is relevant for many actual foods. Basic ingredients used for the manufacture of these models 

included sugar (sucrose, fructose, dextrose), agarose, starch syrup, gelatine substances (agar, 

pectin, gelatine, gum arabic) and foaming agent. The texture of such samples strongly depends 

on structure and density, which varies with pores size and number. In the present Ph.D thesis, 

food models were used as samples with a known composition in order to study their macro and 

micro structure, using non-destructive 2D relaxometry sequences (Hills et al., 2004; Hills, 2010; 

Hernández-Sánchez et al., 2007) on entire product. These kinds of sequences have never been 

applied before to entire food nor in high field. For such purpose, a stay in Norwich, at the 

Institute of Food Research (IFR), with Brian Hills, who played an important role in the creation 

and development of such sequences, was done in order to learn how would it be possible the 

implementation of such techniques in the high field. These tests permitted the posterior 

application to actual food, in this particular case, to apples potentially affected by watercore. 
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Also, the microstructure study of foams and gels was combined with the study of macrostructure 

using MRI, and thus, a multiscale structure study was performed. 

As actual food fruit was selected, in particular apples. Different apple cultivars were 

selected with the aim of performing a multiscale study of a specific physiological disorder: 

watercore. It is an internal disorder, very difficult to detect from the exterior, characterized by 

water-soaked, glassy region in the fruit flesh. The occurrence of watercore is still unpredictable 

depending on the season, region and cultivar, and its detection is very important since in some 

regions it is associated to a lack of quality. However, in some parts of Asia and Spain, they are 

very appreciated due to their sweet flavour and they can even double their price in the market. 

Then, it is of major interest to understand the disorder (possible causes that contribute to 

watercore formation, Section 5.1). For such purpose, a stay was carried out at Aula Dei in 

Zaragoza (CSIC) in order to work together with some physiologists, who are specialists in pome 

fruit. Thanks to them, and their knowledge, it was established that a possible cause of watercore 

development would be solar radiation. Also, the structure (in a multiscale way, Section 5.3 and 

Section 5.4) and the early detection of watercore were studied in order to separate sound and 

affected fruit (Section 5.5). A two months stay was carried out to get in contact with other 

tomographic techniques (X-ray CT and X-ray µCT), in the research groups BIOSYST-MeBioS 

and Flanders Centre of Postharvest Technology (VCBT), at K.U. Leuven, Leuven, Belgium. As 

a result of this stay, a peered reviewed paper was published on the use of MRI and X-ray CT for 

watercore assessment (section 5.4). 

Finally, extruded cereals were studied (Appendix 2 and Appendix 3) to address milk 

rehydration in diverse varieties formulated with diverse compositions. MRI and image analysis 

were used for cereal rehydration elucidation. These are joint works carried out with different 

project partners, like Nestlé S.A, who provided the samples and RECENDT, who applied the 

technique OCT to study the differences in the coating of each species. For the improvement of 

these works, more statistical and image analysis were performed. Then, it was necessary a 

meeting in Nestle S.A, so one week was spent at Nestle dependencies (Orbe, Switzerland) in 

order to work on the data analysis and to use different specific software that were not available. 

The results of this meeting and the final work are finished yet, and it is planned for 2014. 

Thus, the results of this Ph.D thesis has been divided into three blocks: the understanding 

of the watercore disorder and the establishment of a new hypothesis to explain its causes 

(Section 5.1); the multiscale study of food (Section 5.2, Section 5.3 and Section 5.4); and the 
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automatic sorting of sound and watercore affected fruit (Section 5.5). Furthermore, works on 

cereal rehydration have also been included, as macrostructure studies. 

Table 3 shows a summary of research works comprising the present Ph.D Thesis, which 

has been grouped attending to the type of food. All these works have been published either on 

congresses, on high impact journals and on a book chapter. 

Nevertheless, the following sections containing the published works were grouped 

attending to the following order: 

- First of all, watercore disorder causes were studied, by relating them to solar radiation, 

in order to deeply understand the origin of the disorder (Section 5.1). 

- Secondly, multi-scale study were performed by means of NMR techniques. For such 

purpose, 2D T1/T2 relaxometry sequences were implemented in the high field, in order to study 

microstructure of watercore disorder. These sequences were first adjusted using food models 

(Section 5.2) and later in actual food (Section 5.3). 

- Finally, a multiscale study was performed, by comparing MRI and X-ray CT technique 

on the macrostructure level and using micro CT for the microstructure level in apples with 

different levels of watercore disorder. 

Table 3. Summary of research works comprising the present Ph.D Thesis 

 Static On-line 

 2D relaxometry MRI MRI 

Food models 

 

Macro- and microstructure 

Section 5.2 

Published as a book 
chapter in 'Magnetic 
Resonance in Food 
Science: Food for 

Thought' 

Section 5.2 

Published as a book 
chapter in 'Magnetic 
Resonance in Food 
Science: Food for 

Thought' 

 

Apples: Watercore 

 

   

Watercore causes  Section 5.1 

Published in 
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"Postharvest Biology 
and Technology" 

Watercore microstructure Section 5.3 

Submitted to the 
journal "Food and 

Bioprocess 
Technology" 

 

  

Watercore macrostructure  Section 5.4 

Published in 
"Postharvest Biology 

and Technology" 

Section 5.5 

Published in the 
proceedings of the 

"InsideFood 
Symposium" 

Watercore 
inspection/sorting 

   

Cereals 

 

   

Macrostructure: Milk 
absorption 

 Appendix 2  

 Appendix 3 

Published in the 
proceedings of the 
11th International 

Congress on 
Engineering and 
Food (ICEF11) 
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5.1. ASSESSMENT OF WATERCORE DEVELOPMENT IN APPLES 
WITH MRI: EFFECT OF FRUIT LOCATION IN THE CANOPY 

 

5.1.1. Introduction 

Watercore is a physiological disorder affecting apples and pears (Inomata and Suzuki, 

2001; Kajiura et al., 1976; Yamaki et al., 1976; Yamaki et al., 1977), involving the appearance of 

fluid-filled intercellular spaces with elevated sorbitol rates (Marlow and Loescher, 1985). In 

some varieties and in some parts of the world, such as Japan, it is considered as an indicator of 

full ripeness and they are called ‘honeyed apples’ (Kasai and Arakawa, 2010). 

Though this disorder was described a long time ago (Evans, 1909; Faust M, 1969), its 

physiological mechanism is only partially understood. Several authors have described 

physiological and biochemical factors affecting watercore: for example, Marlow and Loescher, 

(1985) found that the enzyme sorbitol dehydrogenase activity increased during maturation but no 

relationship was found between the susceptibility of watercore development and the activity of 

this enzyme. Wang and Faust, (1992a) determined that apples affected by watercore produce 

more ethylene and had higher contents of polyamine compounds. Wang and Faust, (1992b) 

stated that fruits with watercore had more glycolipids, and that the membrane lipids were altered 

in watercore-affected fruit. Bowen and Watkins, (1997) found higher internal ethylene 

concentrations, soluble solid content and dry matter, sorbitol and sucrose and lower contents of 

glucose and fructose in apples with higher watercore symptoms. Flesh firmness, starch and 

calcium concentrations were also lower in slight watercore incidences but increased again in 
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moderate to severe watercore cases. Gao et al., (2005) proposed that sorbitol accumulation in the 

intercellular space is related to a decrease in the ability to transport sorbitol into parenchyma 

tissues in late watercore apples. Nevertheless, Yamada and Kobayashi, (1999) found no links 

between watercore and sorbitol or maturity indices (such as ethylene), membrane permeability 

and flesh firmness in affected and non-affected apples induced by preharvest fruit temperature. 

Kweon et al., (2012) linked watercore disorder to the fruit maturity. 

Other authors have studied the possible causes of watercore development: Yamada et al. 

(1994) observed that temperature differences between day and night are not required for 

watercore development. Yamada et al., (2004) established that apples submitted to low 

temperatures developed watercore. At 25 ᵒC almost no watercore was observed and water 

potential gradually decreased. Another study carried out by Yamada et al., (2006) suggests that 

fruits from the outer part of the canopy presented higher watercore incidence in the immature 

stages (mid-August) and that the sorbitol content variation was parallel to this period. Also, they 

found higher amounts of sorbitol, fructose and glucose in the vacuoles of cells in the outer 

canopy. They propose that sorbitol metabolism and uptake might occur in watercored apples 

during the immature stage. Also, Yamada et al., (2010) confirmed that active phloem transport 

might be induced by the increased partitioning of assimilates and not by the higher potential of 

leaf photosynthesis. 

Two distinct forms of watercore have been identified: block and radial watercore (Clark 

et al., 1998a)which seem to be related with the growing region (Harker and Watkins, 1999). In 

some varieties, if the fruit is very affected, external symptoms may be noticed. But block 

watercore and some radial watercore affected fruits do not present external symptoms (Ferguson 

et al., 1999). This is where the importance of a non-destructive method for watercore detection 

lies.  

Magnetic Resonance Imaging (MRI) is a technique that permits watercore detection 

without destroying the sample. Numerous authors have used MRI for the evaluation of internal 

quality and fruit properties (Hernández-Sánchez et al., 2004; Hernández-Sánchez et al., 2006b; 

Zhang and McCarthy, 2012a, Zhang and McCarthy, 2012b) and, in particular, several studies 

have used MRI for the detection of this disorder (Wang et al., 1988; Clark et al., 1998a; Clark 

and Enza, 1999; Cho et al., 2008; Marigheto and Hills, 2005). 

Preliminary experiments showed the feasibility of using NMR and MRI for driving 

sample selection for HR-MAS NMR analysis (Melado-Herreros et al., 2013c). In this work, 
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significant changes in specific sugars were found for affected tissue compared to sound, even in 

areas with no visible changes, addressed by means of MRI.  

To the authors' knowledge, no author has previously related watercore incidence to solar 

radiation, although Yamada et al., (2006) observed higher watercore incidence in apples from the 

outer canopy than those from the inner canopy, which might suggest that solar radiation may 

interfere in any metabolic route that causes this disorder. 

In the present work, two different kinds of low-cost solar radiation sensors (based on the 

photovoltaic effect) are used on apple trees (‘Esperiega’ variety, in which watercore 

development is a desirable characteristic as it increases marketability). The aim was to measure 

the penetration of solar radiation in the upper and lower sections of the tree canopy, in two 

consecutive years. The experiment was carried out over the course of one month before the 

harvest date.  

The objectives of this work were (i) the use of a non-destructive technique, such as MRI 

tomography as a means for addressing 3D development of watercore symptoms; (ii) to study the 

relationship between direct solar radiation incidence and the development of watercore 

symptoms.  

5.1.2. Materials and methods 

5.1.2.1. Plant material 

18-year-old ‘Esperiega’ apple trees (Malus domestica) were harvested in two seasons at a 

commercial orchard located in Ademuz (Valencia). In the first season, 146 apples were picked 

randomly along the orchard (67 from the bottom of the canopy, located approximately at a height 

of 1.5 m, and 79 from the upper part of the canopy, located at a height of approximately 3 m). In 

the second season, a total of 75 apples were picked randomly along the orchard (46 from the 

lower canopy and 29 from the upper canopy). 

5.1.2.2. Solar radiation penetration in the canopy 

Two different kinds of sensors were used to assess penetration of solar radiation within 

the canopy, one in each season. In both cases, the maximum current obtained from solar cells 

(short circuit current) was used to determine the solar penetration. These currents were measured 

and recorded in a data acquisition system based on two USB data acquisition boards controlled 
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by a computer in the first season, and a data-logger in the second one. In both cases, the 

measurements were obtained on the basis of mean values every 1 min and 2 min respectively. 

 During the first season (September 2011), 14 low-cost solar mini-modules manufactured 

by Sanyo were used. The model selected was AM-5608, consisting of 6 amorphous silicon (a-Si) 

based cells, connected in series. A sensor was positioned at the bottom (1.5 m height) and at the 

top (3 m height) of six trees; two were positioned as a reference over the tree canopy on a 

dedicated support, exposed to sunlight. All the sensors were mounted horizontally, on the 

branches of the trees, inside the canopy. This equipment was placed in the field for 26 days. The 

disadvantage of these sensors is that they present a partial shadow effect, as the cells are 

connected in series and if one of them is shadowed it is not possible to distinguish how many of 

the cells were shadowed due to the effect does not depend on how many cells are shadowed. For 

this reason, the data obtained from this set up were considered qualitative data. 

In the second season (September 2012) single solar cells manufactured by IXOLAR were 

used. In this case the technology of the solar cells was crystalline silicon (c-Si) and the model 

KXOB22-12X1. The location of the sensors was the same as described above. This experiment 

was conducted over a 27-day period. 

Both sensor technologies were useful for the experiments, but the second option is 

considered a better solution not only for a qualitative analysis but also for a quantitative one. A 

detailed and extended description of sensor calibration and testing will be published in the near 

future. 

5.1.2.3. Sugar analysis methodology 

Ten fruits from the 2011 harvest and another ten from 2012 were selected in order to 

study the sugar content of both healthy and affected apples from the top and the bottom of the 

canopy.  

Fruits were peeled with a sharp knife; in total, 12 tissue samples in 2011 and 16 in 2012 

were achieved, corresponding to sound fruits and sound tissue and affected tissue from watercore 

fruits respectively. In the apples from the 2012 harvest, the position on the tree was also taken 

into account in the sugar analysis. 

Flesh was weighed, immediately frozen separately in liquid nitrogen, and stored at −20 

°C until analysis. The frozen fruit material (5 g) was homogenized in a Polytron with 10 mL of 
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extraction solution consisting of ethanol/Milli-Q water (80% v/v). The mixture was centrifuged 

at 20,000 g for 20 min at 4 °C. The supernatant was recovered and processed to be assayed by 

high-performance liquid chromatography (HPLC) as described by Cantín et al., (2009), with 

some modifications. To estimate the variation in the sugar profile among different fruits either 

affected or otherwise by watercore, sugar composition and quantification were measured as 

described by Cantín et al., (2009). For the analysis, 250 µL of the homogenized extract was 

incubated at 80 °C for 20 min in 200 µL of 800 mL/L ethanol, with 5 g/L manitol added as an 

internal standard. Samples were purified using ion exchange resins (Bio-Rad Barcelona, Spain) 

(Jimenez et al., 2011). Twenty (20) µL were injected into the HPLC system (Aminex HPX-87C 

column, 300 mm × 7.8 mm; Bio-Rad, Barcelona, Spain) with a refractive index detector (Waters 

2410). The solvent was deionized water running at a flow rate of 0.6 mL per min at 85 °C. Sugar 

quantification was performed with Millenium 3.2 software (Waters) using analytical grade 

standards (Panreac Quimica SA, Barcelona, Spain). Sugar concentrations were expressed as mg 

per g FW (fresh weight).  

5.1.2.4. MRI experiments 

Magnetic resonance experiments were carried out at the Nuclear Magnetic Resonance 

Research Assistance Centre (CEI-Moncloa) dependencies on a Bruker BIOSPEC 47/40 

(Ettlingen, Germany) spectrometer, operating at 200 MHz. All experiments were performed 

under static conditions, with an actively shielded imaging gradient set and RF volume coil with 

an inner diameter of 20 cm. The bore of the magnet is horizontal, 147 cm long and with 40 cm 

diameter. 

MRI screening was carried out in 2D T2-weighed Rapid Acquisition with Relaxation 

Enhancement (RARE) sequences, with a view to obtaining all the images for visual inspection. 

Coronal images (x-z plane) were obtained from apples placed with their central axis along the y-

axis of the magnet. The MRI sequence parameters were: recovery time (TR) 5000 ms, echo time 

(TE) 60 ms. The Field of View (FOV) and the slice thickness used were 8 × 8 cm and 3 mm 

respectively. All images were acquired in 32 bits, with 256 × 128 acquisition matrix size and 

reconstructed to 16 bits with zero filling to 256 × 256 and with the same scale. The total 

acquisition time was 2 minutes 2 seconds and 20 slices were obtained for each apple. 

From the MR images, the eight central slices of each apple were chosen by three 

specialists to classify the apples (Figure 13) into four classes, depending on their apparently 

watercore level (1- sound apples; 2-light watercore; 3-medium watercore; 4-strong watercore) 
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and indicate the type of watercore development (C-Block; R-Radial) (Figure 14). The total 

amount of apples and watercore stages, together with position on the tree, are provided in Table 

4. 

Table 4. Number of apples classified by their watercore level (Sound, Light, Medium, Strong), type of 
watercore development (C-Block watercore; R-Radial watercore) and position on the tree (Top and Bottom) 

Position 
Sound Light  Medium  Strong  

TOTAL 
- C R C R C R 

Top 23 5 26 1 34 8 11 108  
Bottom 22 12 31 7 28 12 1 113 
TOTAL 45 17 57 8 62 20 12 221 

 

5.1.2.5. Image processing 

Prior to morphometrical analysis, the area affected by watercore was segmented. 

Traditionally, literature on MR image segmentation has been divided into two categories: gray 

scale segmentation (which involves several types of methods, such as edge detection, boundary 

tracing, thresholding, seed-growing, template models or random field) and multi-spectral image 

segmentation (which includes pattern recognition and algebraic approaches as supervised 

methods, with clustering as the unsupervised method) (Clarke, 1995). As watercore is a disorder 

characterized by free water in the tissues, on T2 weighed images the affected area will appear 

brighter than the rest of the tissue and thus, apparently, the most straightforward technique to 

segment would seem to be thresholding-based segmentation methods. Nevertheless, this method 

poses several problems (Clarke, 1995), as it works properly for severely affected apples, but not 

so much for slight watercore stages, especially for apples presenting radial watercore, as it 

thresholds pixels belonging to non-affected tissue but with slight water accumulation. Thus, in 

this work, where the analysis of watercore symptoms within the fruit is a major issue, automated 

segmentation was disregarded in favour of a 3D interactive segmentation method applied to each 

of the 20 slices of every apple, using the software Avizo Fire Edition 7.0 (VSG, Bordeaux, 

France). 
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Figure 13.Central slices of MR images belonging to the four watercore levels, classified by three experts. 1. 
Sound apple. 2. Light watercore. 3. Medium watercore. 4. Strong watercore

Figure 14. Examples of a tomography of two different apples that have block (on the top) and radial (on the 
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. Examples of a tomography of two different apples that have block (on the top) and radial (on the 
bottom) watercore 

d studies 

 

.Central slices of MR images belonging to the four watercore levels, classified by three experts. 1. 
. 2. Light watercore. 3. Medium watercore. 4. Strong watercore 

 

. Examples of a tomography of two different apples that have block (on the top) and radial (on the 



PhD Thesis 
Ángela Melado Herreros                                                                         Published works and studies 

59 
 

The morphometric parameters considered were the area of affected tissue (µm2), the total 

area of apple tissue (µm2) and the Euler number, which is an indicator of the connectivity of a 3-

D structure and topology. The Euler number for a 3D structure is a scalar defined as the total 

number of objects segmented in the image minus the number of redundant connections or loops, 

also referred to as connectivity or genus (Vogel and Roth, 2001) in those objects plus the number 

of enclosed cavities (Gundersen et al., 1993; Kroustrup and Gundersen, 2001). The first term of 

the Euler number defines a 1D structure, while the second one defines a 2D structure. For a 3D 

structure, the first term refers to the number of particles and the other two take into account the 

complexity of the particles (Gundersen et al., 1993). Large negative or positive Euler number 

values indicate poorly connected structures, while medium negative and positive values indicate 

compact but connected structures. Low positive Euler number values indicate several better 

connected segmented objects. The percentage of affected tissue for each apple is computed as the 

area of affected tissue over the total apple tissue. 

5.1.2.6. Statistical analysis 

In order to validate the solar radiation acquisition system, an analysis of variance 

(ANOVA) was performed on the data collected in 2012, as the data from 2011 give a qualitative 

idea of the solar radiation but are not suitable for quantitative analysis (further discussion on this 

matter is provided later in the text). 

In order to understand watercore development according to solar radiation incidence, 

another ANOVA was performed on both the Euler number and the fruit damaged area (%), 

depending on the type of damage (block or radial watercore), and the class (2, 3 or 4). Class 1 

was not considered as it cannot develop any type of damage and because of the position of the 

samples on the tree. 

5.1.3. Results and discussion 

5.1.3.1. Solar radiation penetration in the canopy 

Figure 15 allows evaluating solar radiation in the reference position, above the canopy, in 

2011 compared to 2012. In the latter, a 3.3 MJ/day reduction was found. 

Figure 15 also compares solar radiation in the upper part of the canopy and the lower 

portion of the tree. In 2011, the amount of solar radiation within the canopy at either position 

was much lower than that registered in 2012 (new design). The amount of solar radiation in the 
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upper canopy in 2011 was too far from the reference radiation (26%). This fact is due to the 

configuration of the cells used in series, which does no

shadowing of only one cell in the mini

Figure 15. Comparison of the percentage of global irradiation (   ), sensors on the bottom (   ) and se
the top  (  ) of the tree for the two kinds of solar cells on both seasons (2011 and 2012). Cells from 2011 have 
lower irradiation percentage as the configuration of these cells is used in series and it shows a problem when 

Therefore, solar penetration inside the canopy was underestimated in 2011 in both the top 

and bottom positions, while the sensors used in the 2012 season did not have this problem. The 

irradiation captured inside the canopy was higher (54.6% in the top and 39.5%

and the data are more reliable.  

The results of the ANOVA on solar radiation penetration inside the canopy (2012) show 

a significant effect on the top or bottom position (F=60.9, significant at level 0.01) and on the 

tree (F=31.9, significant at level 0.01). A significant effect of the interaction between tree and 

position was also found, with an F value of 28.9, significant at level 0.01. Figure 

daily average solar radiation during the 27 day period before harvesting. There 

cloudy days (11% of days). 
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upper canopy in 2011 was too far from the reference radiation (26%). This fact is due to the 

configuration of the cells used in series, which does not allow to differentiate between the 

shadowing of only one cell in the mini-module and the shadowing of two or more cells.
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d studies 

upper canopy in 2011 was too far from the reference radiation (26%). This fact is due to the 
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. Comparison of the percentage of global irradiation (   ), sensors on the bottom (   ) and sensors on 
) of the tree for the two kinds of solar cells on both seasons (2011 and 2012). Cells from 2011 have 

lower irradiation percentage as the configuration of these cells is used in series and it shows a problem when 

ore, solar penetration inside the canopy was underestimated in 2011 in both the top 

and bottom positions, while the sensors used in the 2012 season did not have this problem. The 

irradiation captured inside the canopy was higher (54.6% in the top and 39.5% in the bottom) 

The results of the ANOVA on solar radiation penetration inside the canopy (2012) show 

a significant effect on the top or bottom position (F=60.9, significant at level 0.01) and on the 

nt at level 0.01). A significant effect of the interaction between tree and 

position was also found, with an F value of 28.9, significant at level 0.01. Figure 16 provides the 

daily average solar radiation during the 27 day period before harvesting. There were only 3 



PhD Thesis 
Ángela Melado Herreros                                                                         Published works an

 

Figure 16. Average daily irradiation expressed on J per day in function of the day of the experiment for the 
top (  ) and the bottom (  ) of the canopy and the average global radiation ( 

on the second season (2012). Circled individuals mean data acquired on cloudy days

5.1.3.2. Sugar analysis 

The ANOVA results of the mean sugar concentrations from each sample for 2011 and 

2012 are shown in Table 5 

Table 5. Mean sugar concentrations, on 12 tissue samples in apples from 2011 season. Comparisons at 0.05 
and 0.01 level are indicated by * and ** respectively. No significant differ

consecutive values of the same letter (a, b) are no significant at 0.05 level.

 

Sugar content 
 (mg sugar /g FW) 

Fructose 
Sucrose 
Glucose 
Sorbitol 
Total sugar 
content 

FW. Fresh weight 

Table 6.ANOVA on sugar concentrations for each sample
indicated by *. No significant differences are expressed by ns.

 
Sugar content 
(mg sugar/g 
FW) 

Class 
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. Average daily irradiation expressed on J per day in function of the day of the experiment for the 
top (  ) and the bottom (  ) of the canopy and the average global radiation (  ), acquired by the reference cells 

on the second season (2012). Circled individuals mean data acquired on cloudy days

The ANOVA results of the mean sugar concentrations from each sample for 2011 and 

 and Table 6 respectively and the mean values in Table 

. Mean sugar concentrations, on 12 tissue samples in apples from 2011 season. Comparisons at 0.05 
and 0.01 level are indicated by * and ** respectively. No significant differences are expressed by ns. By rows, 

consecutive values of the same letter (a, b) are no significant at 0.05 level.

Healthy 
apple 

Watercored apple 

 
Healthy 
tissue  Healthy tissue  Watercored tissue 

tissue  

72.0a 69.2a 63.1b 

28.0a 31.8a 15.0b 

15.1b 19.5ab 21.7a 

8.0b 14.9b 29.3a 

123.2 135.2 129.3 

.ANOVA on sugar concentrations for each sample. Comparisons significant at the 0.05 level are 
indicated by *. No significant differences are expressed by ns.

F   

Position Class*Position 
Sum of 
Squares 
Total 

Sum of 
Squares 
Error
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. Average daily irradiation expressed on J per day in function of the day of the experiment for the 
), acquired by the reference cells 

on the second season (2012). Circled individuals mean data acquired on cloudy days 

The ANOVA results of the mean sugar concentrations from each sample for 2011 and 

respectively and the mean values in Table 7. 

. Mean sugar concentrations, on 12 tissue samples in apples from 2011 season. Comparisons at 0.05 
ences are expressed by ns. By rows, 

consecutive values of the same letter (a, b) are no significant at 0.05 level. 

 

Watercored tissue F 

4.2* 
19.1** 
5.1* 
21.4** 
ns 

. Comparisons significant at the 0.05 level are 
indicated by *. No significant differences are expressed by ns. 

 
Sum of 
Squares 
Error  

Degrees of 
Freedom 
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Fructose 14.4* 11.0* Ns 818.7 148.4 15 
Sucrose 9.2* Ns Ns 1509.5 421.2 15 
Glucose ns Ns Ns 202.7 143.1 15 
Sorbitol 5.1* Ns Ns 1346.3 458.5 15 
Total sugar 
content 

Ns 6.7* Ns 3272.0 1535.8 15 

 

Table 7. Mean values of sugar content for 2012 season, according to the type of tissue and the position on the 
tree of the fruits. By columns, consecutive values of the same letter (a, b) are no significant at 0.05 level. 

 
Fructose 
(mg/g FW) 

Sucrose 
 (mg/g FW) 

Glucose 
(mg/g FW) 

Sorbitol 
(mg/g FW) 

Total sugar 
content 
(mg/g FW) 

Type of tissue 
Healthy 69.0 ± 2.2a 38.1 ± 3.7a 17.2 ± 2.2a 23.2 ± 3.9a 147.6 ± 7.1a 

Healthy in 
affected 

67.9 ± 1.6a 28.2 ± 2.8a 17.2 ± 1.6a 18.4 ± 2.9a 131.8 ± 5.4a 

Affected 56.9 ± 1.6b 18.3 ± 2.8b 17.5 ± 1.6a 31.7 ± 2.9b 124.4 ± 5.4a 

Position 
Top 68.2 ± 1.5a 27.3 ± 2.6a 19.2 ± 1.5a 28.4 ± 2.7a 143.6 ± 5.1a 

Bottom 61.0 ± 1.4b 28.6 ± 2.5a 15.4 ± 1.4a 20.5 ± 2.6a 125.6 ± 4.8b 

Fructose and sucrose presented lower levels in affected tissues compared to sound apples 

in both the years 2011 and 2012, with a decrease of over 10 mg/g FW. In 2011, a fructose 

content of 63.13 ± 1.03 mg/g FW and a sucrose content of 15.04 ± 3.88 mg/g FW were found for 

affected tissues, while in 2012, 56.90 ± 1.67 mg/g FW and 18.03 ± 2.81 mg/g FW were found, 

respectively. Bowen and Watkins (1997) found lower levels of fructose in affected tissues 

compared to sound, but higher sucrose content. On the contrary to these results, Yamada et al., 

(2006), found higher fructose and lower sucrose content in affected tissues compared to sound. 

General agreement was only found in terms of the decrease in sucrose content for watercore 

affected tissue. Yamada et al., (2006) also indicated significant higher fructose content in apples 

from the outer part of the canopy compared to the inside, while no significant differences in 

sucrose content were found between the canopy positions. In our study, a significantly higher 

fructose content was found in apples from the upper part of the canopy (68.2 ± 1.5 mg/g FW) 

compared to apples from the lower part of the canopy (61.0 ± 1.4 mg/g FW). 

As regards the total amount of sugar, there were no significant differences between 

tissues (affected and healthy) in 2011 or in 2012, although in 2012 it was significantly higher in 

the case of apples from the upper part of the canopy (143.6 ± 5.1 mg/g FW) than for the lower 

part (125.6 ± 4.8 mg/g FW). This latter effect is consistent with results obtained by Yamada et 

al., (2006). 

Based on the results obtained in 2011, the affected tissue showed significantly higher 

glucose levels (21.8 ± 1.6 mg/g FW) compared to healthy apples (15.1 mg/g FW) and to healthy 
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tissue in affected apples (19.5 mg/g FW). Glucose levels in affected tissue were also higher in 

2012 (17.5 ± 1.6 mg/g FW), but these were not significant compared to the glucose content in 

healthy apples (17.2 ± 2.2 mg/g FW) and healthy tissue in affected apples (17.2 ± 1.6 mg/g FW). 

These results are consistent with those found by Yamada et al., (2006), who detected higher 

glucose levels in every cellular compartment, especially in the vacuoles. They also found that 

apples from the outer canopy, which were more susceptible to watercore development than 

apples from the inner canopy, presented higher glucose content. Our study reveals that apples 

from the top of the canopy also present a higher glucose content (19.2 ± 1.5 mg/g FW) than 

apples from the bottom of the canopy (15.4 ± 1.4 mg/g FW), although these latter differences are 

not significant. 

Most of the authors who have studied watercore, such as Bowen and Watkins, (1997), 

Yamada and Kobayashi, (1999), Yamada et al., (2006), among others, have found higher sorbitol 

levels in affected tissues than in non-affected. In our study, sorbitol contents were higher in both 

seasons in affected tissues with 29.3 ± 2.3 mg/g FW in 2011 and 31.7 ± 2.9 mg/g FW in 2012, 

compared to healthy apples, which presented 8.0 mg/g FW in 2011 and 23.2 ± 3.9 mg/g FW in 

2012, and also compared to healthy tissue in affected apples, containing 14.9 mg/ g FW in 2011 

and 18.4 ± 2.9 mg/g FW in 2012. It is interesting to point out that our sorbitol levels by far 

exceeded any values reported in the cited literature (around 7 mg/g FW in Bowen and Watkins, 

(1997), around 6 mg/g FW in Yamada and Kobayashi (1999) and around 12 mg/g FW in 

Yamada et al., (2006)). It should be noted that in our application watercore is considered to be an 

added value and not an indicator of lack of quality. Moreover, in our study, the total sugar 

content (around 130 mg/g FW) is much higher than reported by Bowen (around 75 mg/g FW) 

but similar to Yamada et al., (2006), around 150 mg/g FW. 

5.1.3.3. Visual classification 

In both seasons there were more individual apples presenting radial (R) rather than block 

(C) watercore. Nevertheless, a higher proportion of radial watercore was found in samples from 

the top of the tree: 83.3% and 84.0% of apples with radial damage from the top of the tree in 

2011 and 2012 respectively and 69.6% and 60.0% in the lower part of the canopy for both 

seasons respectively (Figure 17).  
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Figure 17. Number of individuals (expressed in %) from the bottom and the top of the canopy of the tree in 
both seasons. Each color is related with the type of observed damage (R

Also, a slightly higher proportion of severely affected apples was found at the top of the 

canopy (17%) compared to the bottom (12%).

5.1.3.4. Image processing 

Figure 18 provides examples of the result of the interactive segmentation procedure, 

together with a 3D reconstruction of

tissue (67.51%, 49.50%, 45.43%, 35% and 0.43%) and the Euler number (137, 

and 30) are also included. Positive Euler numbers are found when segmented objects are 

unconnected which, in this case, corresponds to a slightly affected fruit. Large negative Euler 

numbers are found for complex segmented shapes with highly connected areas.

The ANOVA performed on the percentage of damaged tissue according to segmentation 

indicates a very significant effect at level 0.05 regarding visual categorization (Class), with an F 

value of 336.75 and also significant differences at level 0.05, according to the position on the 

tree, with an F value of 8.25, though the interaction between these two paramet

significant.  

As may be seen in Table 8, the apples harvested from the top of the trees presented on 

average a higher proportion of damaged tissue (Figure 

1.90 for class 2, 47.14% ± 1.90 for class 3 and 

bottom of the tree (10.5% ± 1.70 for class 2, 
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. Number of individuals (expressed in %) from the bottom and the top of the canopy of the tree in 
both seasons. Each color is related with the type of observed damage (R-Radial; C

roportion of severely affected apples was found at the top of the 

canopy (17%) compared to the bottom (12%). 

provides examples of the result of the interactive segmentation procedure, 

together with a 3D reconstruction of the affected areas. The corresponding values of affected 

tissue (67.51%, 49.50%, 45.43%, 35% and 0.43%) and the Euler number (137, -583, 

and 30) are also included. Positive Euler numbers are found when segmented objects are 

in this case, corresponds to a slightly affected fruit. Large negative Euler 

numbers are found for complex segmented shapes with highly connected areas. 

The ANOVA performed on the percentage of damaged tissue according to segmentation 

ificant effect at level 0.05 regarding visual categorization (Class), with an F 

value of 336.75 and also significant differences at level 0.05, according to the position on the 

tree, with an F value of 8.25, though the interaction between these two paramet

, the apples harvested from the top of the trees presented on 

average a higher proportion of damaged tissue (Figure 19) for the three categories (

for class 3 and 74.53% ± 2.53 for class 4) than in apples from the 

for class 2, 41.00% ± 1.87 for class 3 and 71.91% ± 3.10

d studies 

 

. Number of individuals (expressed in %) from the bottom and the top of the canopy of the tree in 
Radial; C- Block) 

roportion of severely affected apples was found at the top of the 

provides examples of the result of the interactive segmentation procedure, 

the affected areas. The corresponding values of affected 

583, -137, -1275 

and 30) are also included. Positive Euler numbers are found when segmented objects are 

in this case, corresponds to a slightly affected fruit. Large negative Euler 

The ANOVA performed on the percentage of damaged tissue according to segmentation 

ificant effect at level 0.05 regarding visual categorization (Class), with an F 

value of 336.75 and also significant differences at level 0.05, according to the position on the 

tree, with an F value of 8.25, though the interaction between these two parameters is not 

, the apples harvested from the top of the trees presented on 

) for the three categories (17.40% ± 

for class 4) than in apples from the 

71.91% ± 3.10 for 
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class 4). These apples received higher irradiation than those from the bottom and this is 

consistent with the findings of Yamada et al., (2006), who established that apples from the outer 

part of the canopy presented a higher incidence of watercore. We can therefore confirm our 

hypothesis that watercore incidence is related to solar radiation, now that it has been 

quantitatively evaluated. However, the difference in affected tissue for fruit in the upper and 

lower positions inside the canopy decreases as the watercore stage increases (6.87%, 6.13% and 

2.62%). This fact is also consistent with the findings of Yamada et al., (2006), who stated that 

differences were found at immature stages (mid-August). 

As already explained, the Euler number refers to the amount of segmented objects minus 

the number of holes plus the enclosed cavities. Significant differences are found for the Euler 

number according to the type of damage (F=14.44) with average values of: -267.80 ± 36.87, -

460.10 ± 37.41 and 11.61 ± 56.33 for Classes 2, 3 and 4 respectively. In incipient watercore 

development, several, very small and unconnected examples of damage were found, with no 

enclosed cavities. Therefore, this means that the Euler number is a low positive or slightly 

negative one. In the intermediate stages, the number of holes and enclosed cavities within the 

damaged tissue is very relevant (very negative Euler number). The larger the damage becomes, 

the larger the number of segmented objects with little to no holes and thus, the Euler number 

once again evolves accordingly towards positive Euler numbers. No significant differences were 

found for the Euler number according to the position on the tree, nor for the interaction among 

factors. However, the type of watercore development is linked to the Euler number. Thus, when 

representing the percentage of damaged tissue in terms of the Euler number, apples presenting 

block watercore are grouped in Euler numbers between -446 to 400. Apples presenting 

intermediate damage (20%-60%) are of the radial type and exhibit very negative Euler numbers 

(in many cases below -800), referring to highly complex and interconnected structures, typical of 

the kind of damage involved. There are two outliers that are classified as block while presenting 

a very low Euler number (-1005) together with a percentage of damage of around 45% which 

might be due to an error in visual classification by the experts. As a whole, apples affected by 

radial watercore appear on a wider range of both Euler number (from 400 to -1439) and 

percentage damage (from 0.3% to 89.2%). This means that radial watercore has more variability 

in terms of the connectivity of the damage, contrary to block watercore, which evolves according 

to a different trend (see marked lines in Figure 20); the letters in Figure 20 refer to apples 

presented in Figure 18. 
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Figure 18. MR images, (a), (
reconstruction (20 slices) of the segmented area of the tomography (c), (f), (i), (l) and (o) of four images with 
different Euler number. Euler number (a
(watercore damage = 49.50%); Euler number (g

=-1275 (watercore damage = 35%); Euler number (m

Figure 19. Mean segmented damage on both positions, the top of the tree (    ) and the bottom (    ) of the tree. 
Apples harvested from the top of the tree have higher segmented damage than apples from the bottom.

Figure 20. Euler number against damage (%) on samples of apples. (   ) represent apples with a block 
watercore development and (+) represent apples with a radial watercore development, that appear spread on 
a wider range than block watercore. Samples surrounded by a circle corre
on Figure 18. Trend lines point different 3D evolution of disorder. Letters (a), (d), (g), (j) and (m) identify 
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MR images, (a), (d), (g), (j) and (m), segmented images (b), (e), (h), (k) and (n) and 3D 
reconstruction (20 slices) of the segmented area of the tomography (c), (f), (i), (l) and (o) of four images with 
different Euler number. Euler number (a-c) =137 (watercore damage = 67.51%); Euler number (d
(watercore damage = 49.50%); Euler number (g-i) =-137 (watercore damage = 45.43%); Euler number (j

1275 (watercore damage = 35%); Euler number (m-o) = 30 (watercore damage = 0.43%)

Mean segmented damage on both positions, the top of the tree (    ) and the bottom (    ) of the tree. 
Apples harvested from the top of the tree have higher segmented damage than apples from the bottom.

against damage (%) on samples of apples. (   ) represent apples with a block 
watercore development and (+) represent apples with a radial watercore development, that appear spread on 
a wider range than block watercore. Samples surrounded by a circle correspond to those showed previously 

. Trend lines point different 3D evolution of disorder. Letters (a), (d), (g), (j) and (m) identify 
MRI images in Figure 18. 
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d), (g), (j) and (m), segmented images (b), (e), (h), (k) and (n) and 3D 
reconstruction (20 slices) of the segmented area of the tomography (c), (f), (i), (l) and (o) of four images with 

7.51%); Euler number (d-f) =-583 
137 (watercore damage = 45.43%); Euler number (j-l) 

o) = 30 (watercore damage = 0.43%) 

 

Mean segmented damage on both positions, the top of the tree (    ) and the bottom (    ) of the tree. 
Apples harvested from the top of the tree have higher segmented damage than apples from the bottom. 

 

against damage (%) on samples of apples. (   ) represent apples with a block 
watercore development and (+) represent apples with a radial watercore development, that appear spread on 

spond to those showed previously 
. Trend lines point different 3D evolution of disorder. Letters (a), (d), (g), (j) and (m) identify 
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Table 8. Mean values of damaged tissue.  Values marked by letter a are significant for visual categorization 
(Class) at level 0.05. Values marked by letter b are significant according to the position on the tree at level 
0.05. 

Class Position on the tree Average amount of damage (%) 

2 Top 17.40 ± 1.90a b 

3 Top  47.14 ± 1.90a b 

4 Top 74.53 ± 2.53a b 

2 Bottom 10.5 ± 1.70a b 

3 Bottom 41.00 ± 1.87a b 

4 Bottom 71.91 ± 3.10a b 

 

5.1.4. Conclusions 

Solar radiation within the tree canopy was measured by means of a dedicated solar cell-

based sensor design. The serial configuration of the cells used in the first season meant it was not 

possible to obtain quantitative data, as it was impossible to distinguish between partial 

shadowing and total shadowing. Hence, in the second season a different set of cells was used and 

the data obtained were used as quantitative data: it was proven that the cells located at the top of 

the canopy received more irradiation (54.6%) than those located on the bottom (39.5% of daily 

radiation). 

From the sugar analysis, significant higher sorbitol levels and lower sucrose and fructose 

contents were found in affected tissues compared to sound tissues from both healthy and affected 

apples. Sugar analysis provided higher glucose content in affected tissue in the first season, but 

no significant differences were found in the second season, although affected tissues presented 

slightly higher glucose content. The total sugar amount did not reveal significant differences in 

any season in terms of watercore incidence. From the analysis performed in the second season, 

higher total sugar and fructose contents were found in apples from the upper rather than the 

lower part of the canopy. 

Interactive segmentation was successful in order to achieve the 3D reconstruction of the 

damage. Apples from the top of the canopy presented a higher probability (>80% approximately) 

of being affected by radial damage and also a higher percentage of damage (17.40% ± 1.90 for 

class 2, 47.14% ± 1.90 for class 3 and 74.53% ± 2.53 for class 4) than apples from the bottom of 
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the tree (10.5% ± 1.70 for class 2, 41.00% ± 1.87 for class 3 and 71.91% ± 3.10 for class 4). A 

higher amount of affected apple tissue (%) was found for the upper canopy compared to the 

lower part of the tree, although differences decrease for increasing watercore stages 2, 3 and 4 

respectively: 6.87%, 6.13% and 2.62% (difference in percentage of affected fruit for classes 2, 3 

and 4 between the upper and the lower canopy). 

Intermediate watercore levels mainly correspond to radial watercore. The type of 

watercore (radial or block) can be characterized by means of the Euler number, as radial 

watercore presents, in general, more negative Euler values than block watercore, as is to be 

expected for a more complex distribution of affected tissue with high connectivity. A 2D 

representation of damage versus Euler number provides relevant information on the stages of 

watercore development in the fruit. 
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5.2. MRI AND BIDIMENSIONAL RELAXOMETRY SEQUENCES FO R 
MACRO AND MICROSTRUCTURE ASSESSMENT IN FOOD MODELS 

 

5.2.1. Introduction 

Physico-chemical and organoleptic characteristics of food depend largely on the 

microscopic level distribution of gases, water, and connectivity and mobility through the pores 

(Hills et al., 1996; Vittadini et al., 2005). Food microstructure is related to texture, 

microbiological stability (Aguilera, 2005; Hills et al., 1996), the in-mouth sensation perceived by 

the consumers (Lillford, 2011), and also to nutritional properties. Nutrients might be located in 

natural cellular compartments and thus, microstructure may affect the final uptake of nutrients 

(Parada and Aguilera, 2007). Several authors have studied microstructure of foods in order to a 

better understanding of several food technology processes, such as fruit and vegetable 

dehydration (Segui et al., 2012; Lopez-Sanchez et al., 2011), study of internal disorders in fruits 

(De Smedt et al., 1998), the modeling of foods in order to have a better comprehension of their 

behavior (Mendoza et al., 2010; Verboven et al., 2008; Mendoza et al., 2007; Mebatsion et al., 

2006) or the microstructural changes of coffee during roasting (Frisullo et al., 2012). 

(Micro)-structural characterization of food by non-invasive techniques can be 

accomplished by Magnetic Resonance Imaging (MRI) (Musse et al., 2010) and Nuclear 

Magnetic Spectroscopy (NMR) (Zhang and McCarthy, 2012b; Marigheto et al., 2008; Haiduc, 

2005; Hills et al., 1996), combined with the application of methods of dissemination and 

multidimentional relaxometry (Venturi and Hills, 2010a; Venturi and Hills, 2010b; Venturi et al., 

2010; Song et al., 2002). 

In this work, several artificial food models have been used, based on foamed gels, in 

order to study macro and microstructure using MRI and 2D relaxometry. 
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5.2.2. Materials and methods 

5.2.2.1. Sample preparation 

Two different kinds of rheological foamed gel models have been prepared based on 

recipes formulated by SGGW (Poland) and IFR (England) respectively: the first one presented a 

formulation based on sugars and the second one was a sugarless composition. 

 Sugar Foamed Gel. Sugar foamed gel composition was 135 g of crystalline fructose, 45 g 

dextrose (crystalline glucose), 2.8 g agar-agar, 1.4 g albumin (from chicken egg white) and 140 

ml distilled water.  

The procedure used to prepare the foams was as follows: the distilled water was heated to 

50°C and then agar powder was added. The mixture was agitated using an IKA stirrer at 100 rpm 

and heated to 90°C. The fructose plus glucose powder was dispersed in the hot agar solution, 

stirred (IKA stirrer, 200 rpm), and the mixture was brought to a boil to complete dissolution of 

sugar (temperature of solution 105 °C). Then, the solution was cooled in a bath to 50°C. The 

albumin was added and material was whipped using a kitchen mixer at 1400 rpm for 5 minutes 

and put it together in the other half of the syringe used previously to pour the sugarless foam.  

 Sugarless Foamed Gel. Sugarless foamed gel composition was 2.8 g of agarose (2%), 

140 ml distilled water and 0.9996g (0.7% ) Tween 60.  

For the preparation of sugarless foams distilled water was added to the agarose powder 

and it was hand mixed. Then, it was heated in a microwave at 600W for 60 seconds, stirred and 

then heated again during 30 seconds. The Tween was mixed with a small amount of the 

dissolved agarose solution and added back to the bulk agarose solution. This step was repeated 

three times to remove any small Tween deposits. It was mixed with the agarose plus distilled 

water solution and mixed for 3 minutes. Afterwards, it was quenched in a melting ice bath for 1 

hour and half of a 20 ml truncated syringe was filled with it.  

At the end a syringe with two phases was obtained: one with the sugarless foam (from 

now NSF), which is placed above when the syringe is placed in a vertical position and the other 

one with the sugar foam (from now SF), which is in the top of the syringe when placed it in a 

vertical position. The syringe was covered with a film in order to protect it from the loss of 

moisture. 

The foams were stored at 25 °C during 2 hours before performing the MR experiments. 
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5.2.2.2.MR equipment 

All MR measurements were carried out on CAI of NMR (UCM) facilities on a Bruker 

BIOSPEC 47/40 (Ettlingen, Germany) spectrometer, working at 4.7T (200 MHz), equipped with 

a gradient system of 12 cm diameter, which generates 200 mT/m gradients. For the transmission 

and reception a volume radiofrequency coil of 7 cm diameter was used. The bore of the magnet 

is horizontal, 147 cm long. 

5.2.2.3. Texture characterization 

In order to measure the physical/textural attributes of the foamed gels, two different tests 

were performed in a TA.XTPlus Texture Analyser equipment: a penetration test following the 

standard Bloom method (British Standard BS757) and a confined compression test. 

For both tests, cylindrical probes moved at a constant velocity of 0.5 mm·s-1 until a 

penetration/compression depth of 4 mm. For the penetration measurements, a cylindrical probe 

of Delrin® with a contact area of 126.68 mm2, was forced into the sample formed in a 

cylindrical Simax ® glass container. The parameters used to describe the geometry of the 

measuring system are r= 6.35·10-3 m; R= 20·10-3 m; L= 25·10-3 m, being R the radius of the 

container (m), r the radius of the probe (m) and L the gel depth (m). The measured maximum 

penetration force F0 (N) was used as “gel strength” and to calculate, following the method 21, 

the force corrected for buoyancy, Fcb (N), and the rheological parameter apparent Young´s 

modulus, Ye (Pa). To measure the resistance to compression stabilized foamed gels, formed into 

20 ml teflon syringes with 19 mm of inner diameter, were cut into 14 mm (high) cylindrical 

probes and confined into a disk which had a hole of the probe size. Compression test was carried 

out using a 16 mm diameter plunger. “Hardness” was defined as the maximum force (N) 

required to compress the sample, “adhesiveness” as the work to pull the probe away from the 

sample and calculated as the negative force area (N·mm) of the compression curve and “plastic 

deformation” as permanent deformation after compression in mm. 

5.2.2.4. MR experiments 

Macrostructure evolution of the samples was measured using Proton Density (DP) and T2 

maps. Figure 21 shows the time evolution of T2 and DP maps (11 out of 21 measurements, 1 

hour delay between successive measurements). A clear evolution of T2 is found for foam 2 just 

underneath the interface. In the case of DP maps, a clear gradient is found for any time step and 
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both foams. Besides for foam 1, a low DP area is found just above the interfaces which enlarge 

with time (Figure 21).  

 

Figure 21. T2 and Proton Density maps of SF and NSF along 21 hours 

Microstructure evolution was monitored using fast 2D relaxometry sequences, based on 

global and localized T1/T2 relaxation. 

 - Proton Density maps and T2 maps. Proton Density and T2 maps were obtained from a 

multiecho spin-echo series registered every hour during 21 hours. A total of 64 echoes with an 

echo time (TE) of 7.5 ms were acquired. The repetition time (TR) was set to 20 s in order to 

assure the complete longitudinal relaxation. The matrix size was 256 × 128 with a rectangular 

field of view (FOV) of 10 × 5 cm2. The slice thickness was 5 mm. The intensity a T2 maps were 

calculated using the ISA Tool of the ParaVision software (Bruker, Ettlingen, Germany).  

 - Global 2D relaxometry. For global T1/T2 relaxometry, an inversion-recovery-CPMG 

sequence was used. 64 inversion steps were acquired with inversion times (TI) going from 0.5 

ms to 20 s in logarithmic scale. For each inversion step 64 echoes were achieved with (TE) of 4 

ms. Global T1/T2 relaxometry was acquired every 30 minutes during 7 hours. 

 - Localized T1/T2 sequence. For localized T1/T2 relaxometry spectra an inversion-

recovery-CPMG with slice selection was used. A total of 11 axial slices with the same 

parameters as above were acquired. 

5.2.2.5. Data analysis 

 - Proton Density and T2 maps. The processing scheme followed was the same for both 

PD and T2 maps. From the maps, the interface between both foams was segmented and both 
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foams separated in order to analyze them apart (Figure 22). On every map (T2 and PD maps), 

each foam was divided into quadrants of 5 columns × 5 rows (25 quadrants per map), in order to 

have a high number of points per quadrant, approximately 2.000 2k points per quadrant. Then, 

the average, the variance and two first order moments (skewness and kurtosis) of the histogram 

of each quadrant were performed. Afterwards, the upper row of quadrants of the foam SF and the 

lower one of the foam NSF were deleted due to instability and in order to avoid the border effect, 

leaving 20 quadrants in each of the 21 maps. Then, an Analysis of Variance (ANOVA) was 

computed between every quadrant of each map (20 quadrants × 21 maps). 

 

Figure 22. Segmentation procedure performed on each of the PD and T2 maps. Both foams were separated and 
divided into 5 rows x 5 columns. Section 1 and section 10 were deleted. Mean, average, variance, skewness 

and kurtosis of the histogram of each quadrant were performed and ANOVA was computed between every 
quadrant of each map 

 - Global 2D relaxometry and Localized 2D T1/T2 sequence. Data were processed with 
Fast Inverse Laplace Transform. 

5.2.3. Results 

5.2.3.1. Texture characterization 

Both foams are significantly different in all the textural/rheological parameters 

considered. Results from Bloom Testing, performed on both foams on three consecutive days 

show that SF (dotted line) has significantly higher “gel strength” compared to NSF, and a 

different time evolution as well. On SF, the Force applied the third day (3.9 N) was higher than 

the first one (3.2 N) and nearly double that of NSF. In both cases texture became harder in time 

(Figure 23). On the other hand, SF with a density of 647.58 kg·m-3 (± 37.60) nearly double that 

that for NSF (364.45 ± 36.62), shows, from the confined compression test, practically no 

permanent deformation (see Figure 23) along the evolution time, while NSF becomes less stable 
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in time with a plastic deformation of 15.7 % at day 2. SF shows too, significantly more 

adhesiveness than NSF which presents a value near to 0. 

5.2.3.2. Macrostructure 

PD and T2 maps for each Foamed Gel showed several differences in macrostructure and 

textural changes, during the evolution of the foam for 21 hours. 

According to the Proton Density maps, on both Foam SF and Foam NSF significant 

differences between foam regions, as well as with time were found for average DP. On Foam SF 

spatial evolution might be seen in the region of study, as shown in Figure 21. The four regions of 

the foam have significant differences (F=7106.7). Furthermore, attending to the time, it is 

possible to find differences between the first time-step and the last one corresponding to the 

Regions 4 and 5, which are the areas located on the bottom in the foam, near the interface. The 

interaction between time and region, thus, has significant differences with an F value of 31.208 

(Table 9, Figure 24A) for SF Foam. Nevertheless, on Foam NSF significant differences 

between regions are achieved (F=189.52). Differences in the evolution of the latter are smaller 

than for SF Foam with an F value of 17.388. Interaction between spatial location in the foam 

and evolution in time did not show any significance (Figure 24B, Table 9) in this case, which 

means that DP evolution in time is similar for all regions in foam 2 (NSF). 

Table 9.Anova performed on DP and T2 Maps for sugar and sugarless foams (SF and NSF respectively): ** 
1% significance level, * 5% significance level 

 
Foam SF 

DP 
Foam NSF  

DP 
Foam SF 

T2 
Foam NSF 

T2 
Source Fisher value Fisher value Fisher value Fisher value 
Time 89.034 ** 17.388 * 19.834 ** 13.232 ** 

Region 7106.7 ** 189.52 ** 586.02 ** 4899.9 ** 
Interaction 31.208 ** 0.07273 ns 96.345 ** 33.699 ** 
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Figure 23. Graphs of factorial ANOVA analysis results on “gel strength” parameter from Bloom test and 

“plastic deformation” and “adhesiveness” parameters extracted from confined compression test. 
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In relation with T2 maps textural changes are reflected by the average and by the variance 

within each region. On Foam SF, the averages have significant differences related to time 

(F=19.834), region (F=586.02) and in the interaction of both factors (F=96.345) (Table 9, Figure 

24C). Region differences are particularly visible on both Regions 4 and 5, that are located on the 

bottom of the foam and thus, near the interface, which suffers the larger changes and water 

migration. Variance showed differences also in groups near to the interface (4 and 5), which 

explained the inestability of this area (Figure 25A). For Foam NSF, T2 average showed 

significant differences between regions (F=4899.9), specially on that near the interface (Region 

6). Also, evolution of the texture occurs with time (F=13.232) and in the interaction of these two 

factors (F=33.699) (Figure 24D). Related to variance, higher differences are seen in the two 

groups which are nearer to the interface (Figure 25A, Figure 25B). Also higher variance within 

regions is found for NSF Foam compared to SF Foam. This fact can be related to the higher 

pore size of NSF Foam, which is at the spatial resolution limit and so can also be detected by 

such textural change. Variance for NSF nearly doubles that of SF, higher variance relates to 

higher pore size (at MRI spatial resolution level) for NSF while smaller pore size (below MRI 

resolution level) is found for SF, which is more homogeneous gray level in the quadrant. 
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Figure 24. ANOVA performed on the PD and T2  maps: average of the regions along time (21 hours). A. 
ANOVA on SF on DP average; B. ANOVA on NSF on DP average. C. ANOVA on SF on T2 average; D. 

ANOVA on NSF on T2 average. Numbers 2-9 refers to Regions 2-9 respectively 
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Figure 25.ANOVA performed on the T2 maps: variance of the regions along time (21 hours). A. ANOVA on SF 

on T2 variance; B. ANOVA on NSF on T2 variance within region 

5.2.3.3. Microstructure 

- Global 2D relaxometry. Using Global 2D T1/T2 relaxometry both foams were 

differentiated and microscopic changes were observed. In Figure 26, differences between the 

different pore size and the microstructure evolution after 21 hours is observed as a consequence 

of the free water redistribution through larger pores and to capillarity phenomena in smaller 

pores between both foams. 

- Localized 2D relaxometry. Localized 2D T1/T2 sequences provide a significant change in 

the fingerprint compared to Global 2D relaxometry. The smaller the slice is the more 

homogeneous the parameters for each foams seem, which is consistent with the gradient found in 
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the T2 Maps; only the interface highlights the existence of free water and the coexistence of 

several structures (Figure 27). 

Figure 26. 2D T1/T2 relaxometry. A. Initial moment; B. After 21 hours. The Areas with large T1 correspond 
to NSF foams, while lower values of T1 refer to SF foam. On the other hand large T2 refers to larger pores, 

while lower T2 may be caused by smaller pores. Water exchange between both 
21h period according to Global 2D relaxometry.

Figure 27. 2D T1/T2 Localized relaxometry on the Sugarless Foam (NSF), the Interface and the Sugar Foam 

5.2.4. Conclusions 

MRI is a successful tool to detect textural differences even though the pores are not 

visible in the image or the map. It can also address water migrations and thus, it is possible to 

perform region-temporal analysis in order to assess the food evolution.
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Maps; only the interface highlights the existence of free water and the coexistence of 

A. Initial moment; B. After 21 hours. The Areas with large T1 correspond 
to NSF foams, while lower values of T1 refer to SF foam. On the other hand large T2 refers to larger pores, 

while lower T2 may be caused by smaller pores. Water exchange between both foams is clear at the end of the 
21h period according to Global 2D relaxometry. 

. 2D T1/T2 Localized relaxometry on the Sugarless Foam (NSF), the Interface and the Sugar Foam 
(SF) 

ool to detect textural differences even though the pores are not 

visible in the image or the map. It can also address water migrations and thus, it is possible to 

temporal analysis in order to assess the food evolution. 

d studies 
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to NSF foams, while lower values of T1 refer to SF foam. On the other hand large T2 refers to larger pores, 

foams is clear at the end of the 
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ool to detect textural differences even though the pores are not 
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Global 2D T1/T2 relaxometry allows the identification of microscopic differences 

between both foams but may lose its usefulness when very high heterogeneity and gradients 

within samples are found. 

2D localized relaxometry can successfully select areas of study so that local evolution can 

be examined by further study, and proper identification and classification of structures may be 

performed with higher reliability. It is important to state that Global 2D relaxometry is not 

simply an addition of the local regions which makes it more difficult to interpret the Global 

features. 
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5.3. NON-DESTRUCTIVE GLOBAL AND LOCALIZED 2D T 1/T2 NMR 
RELAXOMETRY TO RESOLVE MICROSTRUCTURE IN APPLES 
AFFECTED BY WATERCORE 

 

5.3.1. Introduction 

Food can be considered as a complex system formed by several structures at different 

organization levels. The most general one is that which divides the structure into macrostructure 

(above 100 µm) and microstructure (below 100 µm) (Aguilera 2012). Macrostructure is formed 

by smaller structures (microstructure) which affect the macroscopic properties, such as 

rheological behaviour, transport properties and also organoleptic attributes, like texture or in-

mouth sensation perceived by the consumer. It also has to do with the distribution of gases, water 

and connectivity and mobility through the pores (Hills et al. 1996; Vittadini et al. 2005). All 

these properties will affect the stability of food products. These are some reasons why currently 

food industry is dealing with the study of the microscopic level and its relation with the 

macroscopic scale. 

In the particular case of fruit, the study of microstructure can help when extending its 

shelf life, by means of applying drying processes for preservation (Prothon et al. 2001; 

Mujumdar and Law 2010; Fernandes et al. 2011; Pei et al. 2013) or storing for large periods in 

controlled atmosphere (Herremans et al. 2013a). The latter is of the utmost importance for fruit, 

which may be affected by some disorders. This is the case of apples potentially affected by 

watercore, which is a physiological disorder characterized by water-soaked, glassy regions in the 

fruit flesh, around the core line. In mild cases, watercore symptoms may disappear during 

storage but in more severe cases, when the fruit is stored for a long time, as internal breakdown 

and the development of alcoholic flavours can occur (Bennedsen and Peterson 2005; Dart and 

Newman 2005). Watercore is also related to a metabolic change in sugar composition (Bowen 

and Watkins 1997; Yamada et al. 2006; Melado-Herreros et al. 2013a) which makes watercore 

apples especially appreciated in some regions of Asia and Spain, due to their sweet and juicy 

flesh and it is understood as an added value (Dart and Newman 2005; Kasai and Arakawa 2010; 

Melado-Herreros et al. 2013a). 
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Apple microstructure has been largely studied by means of different techniques and for 

several purposes. Mendoza et al. (2010) used multifractal (MFA) analysis of X-ray imaging 

tomography to study the pore-size distribution (PSD) of different apple cultivars. They found 

significantly different generalized dimensions from PSD within all the studied varieties. 

Verboven et al. (2008) evaluated apple and pear microstructure, stored under controlled 

atmosphere conditions, by means of synchrotron X-ray computed tomography. They were able 

to visualize 3-D networks of gas-filled intercellular spaces that provide the main routes for O2 

and CO2 exchange. They also differentiated among void dimension and tissue connectivity 

which helped to explain gas gradients inside the fruit that may result in internal disorders and 

structural degradation. Ting et al. (2013) used X-ray micro-computed tomography (CT) to 

visualize the porosity of four different apple cultivars, stored under similar conditions for a 100 

days period. Using morphometric and textural measurements they found that each cultivar 

showed different porosity and dry matter content. Herremans et al. (2013a) also studied the 

characterization (intercellular air network and 3-D distribution of pores) of ‘Braeburn’ internal 

browning disorder by means of X-ray micro-CT. Using morphometric parameters, such as 

porosity, anisotropy and connectivity, these authors were able to classify fruit tissue as healthy 

and disordered with a success rate of 97%. Also Herremans et al., (2013b) used X-ray micro-CT 

to characterise the microstructural changes of cells and intercellular spaces within the apple 

during the development of internal browning. They also developed a multiscale model for 

understanding the evolution of oxygen and carbon dioxide concentrations, as well as apple 

respiration and fermentation rates during disorder development under controlled atmosphere 

storage. 

Nuclear Magnetic Resonance (NMR) based techniques are also successful to monitor 

microstructure in food. It is possible to use Magnetic Resonance Imaging (MRI) microimaging, 

which typically works in the range of 5-40 µm (Hills, 1998). Some authors applied successfully 

MRI, such as Musse et al., (2010), who determined tomato microstructure by combining multiple 

spin-echo images to assess the relaxation rate R2 (R2=1/T2) and multiple gradient-echo images to 

assess R*2 (R*2=1/T*2) in order to quantify microstructure. The advantage of using MRI is that 

it makes possible the measurement of the spatial distribution of porosity and it allows estimation 

of microporosity on intact whole fruit. Nevertheless, imaging microstructure on this distance 

scale is a hard procedure and time consuming. An alternative is a combination of NMR protocols 

based on relaxometry and diffusometry, together with the spatial information that provides MRI 

(Van As and Van Duynhoven, 2013). 
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The knowledge of watercore affected apple’s microstructure is of major interest in order 

to be able to apply the postharvest treatment, such as the adequate controlled atmosphere for 

their storage and being able to sell the product in the correct moment and market. To the best of 

our knowledge, not a large number of works on watercore microstructure exist. Herremans et al., 

(2014) performed high-resolution scans using X-ray CT of small parts of both healthy and 

affected tissue. From the visually inspection of the micro-CT images, they found that the pores 

between cells are void in healthy tissue (porosity: 30%) characterized by numerous isotropic 

connections among them. In affected tissue, the porosity decreases until 7% and also the pore 

diameter is reduced making a more dense tissue compared to healthy regions. Though this study 

covers the intercellular space, the subcellular area in watercore remains unexplored. This may be 

performed thanks to NMR techniques, using relaxation methods.  

NMR and MRI use one dimension relaxation methods, such as the Carr Purcell Meiboom 

Gill Sequence (CPMG). Hills and Remigereau (1997) studied the changes in subcellular water 

compartmentation in parenchyma of small pieces of apple tissue during drying and freezing. 

They concluded that non-spatially resolved NMR relaxation and diffusion techniques provided 

the best results for the study of subcellular water compartmentation in tissue compared to 

conventional MRI. They found out that mild air-drying in a fluidized bed results in loss of water 

from the vacuolar compartment, but not from the cytoplasm of cell wall regions. In the freezing 

process, they concluded that the vacuolar compartment is the first to freeze. Nevertheless, two-

dimensional cross-correlation relaxation methods have enormous potential for characterizing 

complex systems, such as food. These types of experiments combine the CPMG pulse sequence 

and the inversion recovery (IR) sequence. Thus, each peak in the 2D spectrum is characterized 

by a particular proton longitudinal and transverse relaxation time (T1 and T2 respectively), 

which differs according to the local water content and the size of the pore compartment, structure 

and tissue integrity (Hills 2010). These types of experiments give information on water transport 

through the microstructure (Marigheto et al. 2005). Hernandez-Sanchez et al. (2007) performed a 

microstructure study in small pieces of pear tissue using T1/T2 correlation spectra. They 

obtained information about the cell structure integrity. On sound fruit it was possible to 

distinguish different compartments for the vacuole and the cytoplasm, while in damaged pears 

both compartments tended to merge, pointing to disintegration of the cell structure. 

Yet, global 2D relaxometry is very useful for samples having microscopic homogeneity, 

while most complex materials, such as fruit, display a large spatial heterogeneity that requires a 

different approach. Venturi and Hills (2010) showed that combining volume selective methods 
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(typical from MRI) with 2D relaxometry it is possible to obtain a high resolution 2D relaxation 

time spectrum from any selected subvolume of the sample. Nevertheless, they did not apply it 

over entire food product, but only in small sample pieces. Melado-Herreros et al. (2013b) 

successfully used some of these sequences on high magnetic field (200 MHz) on food models 

where the composition was previously known. These sequences were used for the first time on 

entire actual food. 

The objective of this work is the implementation of 2D T1/T2 ‘global’ and ‘localized’ 

relaxometry sequences at the high magnetic field on entire food product, in this case apples, in 

order to be able to perform an intensive, non-destructive and non-invasively microstructure study 

of apples affected by watercore. 

5.3.2. Materials and methods 

5.3.2.1.. Samples 

An apple cultivar was selected for this work due to its susceptibility to watercore 

development. The apples were grown and harvested during 2012 season at an experimental 

orchard in Estación Experimental de AulaDei (CSIC, Zaragoza, Spain). In early October, a batch 

of 72 apples, belonging to ‘Verde Doncella’ cultivar was harvested. This is a commercial 

cultivar, very appreciated in Spain. Apples from this batch were pre-classified as ‘watercore 

affected’ and ‘healthy’ in the field, by hydraulic sorting (Herremans, Melado-Herreros 2014).  

After selection, apples were transported to the LPF-TAGRALIA lab in Madrid, where 

they were labelled. A MRI screening (20 slices per fruit) was performed on all apples in order to 

evaluate the presence or absence of watercore. Based on the screening, 12 fruits were selected 

(affected by different watercore levels) for to 2D relaxometry experiments. 

5.3.2. MR equipment 

All experiments were performed on a Bruker BIOSPEC 47/40 (Ettlingen, Germany) 

spectrometer, operating at 200 MHz (4.7 T). It is placed at the Research Assistance Centre of 

Nuclear Magnetic Resonance, Universidad Complutense de Madrid (CEI-Moncloa) in Madrid 

(Spain). The diameter of the spectrometer is 40 cm; the inner diameter of the gradient coil is 26 

cm. The diameter of the RF coil is 20 cm. 
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5.3.2.2. Experiments 

For the MRI screening, all the apples were imaged using a 2D T2-weighed Rapid 

Acquisition with Relaxation Enhancement (RARE) spin-echo sequence. Coronal images (x-z 

plane) were obtained from apples placed with their central axis along the y-axis of the magnet. 

The MRI sequence parameters were: recovery time (TR) 5000 ms; Effective echo time (TEeff) 

62.7 ms.The field of view (FOV) was 10 × 10 cm2 and the slices were 4 mm thick. Images were 

collected with 256 × 128 acquisition matrix size and converted to 256 × 256 in the 

reconstruction, using a zero filling. The total acquisition time was 2 min 2 s. For each fruit, 20 

slices were obtained. The voxel size was 390.6 µm × 390.6 µm × 4000 µm.  

Apples were classified in four classes attending the eight central slices of the MRI 

tomography. Class 0 corresponds to healthy apples, Class 1 corresponds to apples slightly 

affected by watercore, Class 2 to apples medium affected and Class 3 to apples strongly affected 

by watercore (Figure 28) (Melado-Herreros et al.,  2013a). From this screening, 12 apples were 

selected, three belonging to each class, and then submitted to 2D relaxometry. 2D relaxometry 

was based on T1/T2 sequence. Two types of relaxometry approaches were used: global and 

localized. 

For global relaxometry, an inversion-recovery-CPMGsequence (Hills, 2010) was used 

with the following parameters: 64 echoes with an inter-pulse delay of τ= 4 ms. This value was 

used based on results provided by Hernandez-Sánchez et al., (2007) who found the higher 

differences between sound and affected tissue at those values at high magnetic field of 300 MHz. 

The T1 dimension was encoded by 64 inversion recovery steps with inversion recovery times 

logarithmically increased from 5 ms to 15 s; the repetition time was set to 15s, which guarantees 

the total recovery of the magnetization. 

For localized relaxometry, an inversion-recovery-CPMG sequence with slice selection 

was used (Venturi and Hills, 2010). The parameters for this acquisition were: 64 echoes with an 

inter-pulse delay of τ= 5 ms and 64 inversion recovery steps, with inversion recovery times 

varied from 5 ms to 15 s, for each slice.The repetition time was 15 s and seven different slices 

for each fruit were evaluated.  

Two-dimensional T1-T2 spectra were extracted from the magnetisation matrix, M(t1,t2) 

using the standard 2D fast inverse Laplace transform (Callaghan et al. 2007; Song et al. 2002) on 

Matlab 7.0. 
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Figure 28. MRI tomography of the 12 selected fruits. The image shows the 8 central slices of the tomography 
of each fruit. They vary their affection level from the top to the bottom, grouped in batches of three apples, 

that belong to Class 0, 1, 2 and 3 respectively 

5.3.3. Results 

2D T1/T2 cross-correlation spectroscopy shown in Figure 29, Figure 30 and Figure 31 

provides quantitative information about the water compartmentation. Water in different 

subcellular organelles is characterized by different proton relaxation times T1 and T2. Watercore 

disorder is due to the water movement from the intracellular (vacuole to cytoplasm) to the 

intercellular spaces. Thus, the highest differences between healthy apples and/or tissues 

(attending to global or localized relaxometry) and watercore affected apples and/or tissues were 

seen in water distribution, which can be found around 100 s and 10-1 s values (Hills and 

Remigereau, 1997; Hernández-Sánchez et al., 2007).  

5.3.3.1. Global T1/T2 relaxometry 

Figure 29 shows the different global 2D relaxometry correlation spectra of four apples 

belonging to the four watercore affection levels respectively (A, B, C and D). On the healthy 

apple (Figure 29A), water at several microscopic structures (with values between 100 s and 101 s) 

can be addressed (vacuole and cytoplasm) and are split in several independent peaks. A 

preliminary assignment can be done, according to previous studies on pear and apple tissue 

(Hernandez-Sanchez et al., 2007; Marigheto et al., 2008), which conclude that water is 

compartmentalised into vacuole, cytoplasm and extracellular space. Peak 1 of Figure 29A is 

associated with vacuolar water, while peaks 2 and 3 in Figure 29A, are related to cytoplasm and 

extra-cellular water respectively. Smaller peaks in Figure 29A may correspond to protons in 

sugar according to Hernandez-Sanchez et al., (2007) and to cell membrane and starch, according 

to Marigheto et al., (2008), although these labelling has been made at a higher level of 

uncertainty. 

For affected fruit (Figure 29B, Figure 29C and Figure 29D), the proton pools are grouped 

into a lower number of populations, since cytoplasm and vacuole water appear merged (peaks 1-

2 in Figures 2B, 2C and 2D). The sugar peak disappears for apples that have higher watercore 

level (Figure 29C and 29D). Extra-cellular water peak is larger in the apple strongly affected 

(peak 3). This may be due to the fact that in strongly affected apples there is more amount of 

extracellular water. The range of maximum values of the peaks shown in Figure 29 can be seen 

in Table 10. 
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Figure 29. Global 2D relaxometry correlation spectra of four apples belonging to the four watercore affection 

Table 10. Range of maximum values of T

Peak Apple
1 Sound apple
2 
3 
4 
5 
6 
1-2 Slightly affected 

apple 3 
6 
1-2 Medium affected 

apple 3 
1-2 Strongly affected 

apple 3 
 

5.3.3.2. Localized 2D T1/T2

Results on localized 2D T

depending on the slice of study. Figure 3

general, four proton peaks populations can be distinguished. Peaks 1 and 2 correspond to vacuole 

and cytoplasm water respectively (which appear in separated compartments in all the slices); 

peak 3 and peak 6, again, are assigned to the extracellular

with a higher level of uncertainty. It is important to state that in the regions belonging to the core 
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lobal 2D relaxometry correlation spectra of four apples belonging to the four watercore affection 
levels. A. Class 0 B. Class 1 C. Class 2 D. Class 3 

values of T1 and T2 peaks 

Apple T1 maximum value (s) T2 maximum value (s)
Sound apple 0.600-0.900 0.450

1.200-2.800 0.060
0.800-1.200 0.015
0.012-0.014 0.012
0.015-0.020 0.140
0.100-0.130 0.680

Slightly affected 
 

1.020-2.500 0.050
0.900-1.350 0.006
0.180-0.250 0.400

Medium affected 
 

1.350-2.100 0.070
1.050-1.260 0.012

Strongly affected 
 

0.900-2.350 0.060
0.400-0.500 0.001

2 relaxometry 

Results on localized 2D T1/T2 relaxometry show that there are intra

depending on the slice of study. Figure 30 shows a healthy apple, with seven regions of stu

general, four proton peaks populations can be distinguished. Peaks 1 and 2 correspond to vacuole 

and cytoplasm water respectively (which appear in separated compartments in all the slices); 

peak 3 and peak 6, again, are assigned to the extracellular water and sugar protons respectively 

with a higher level of uncertainty. It is important to state that in the regions belonging to the core 
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lobal 2D relaxometry correlation spectra of four apples belonging to the four watercore affection 

maximum value (s) 
0.450-0.300 
0.060-0.190 
0.015-0.030 
0.012-0.016 
0.140-0.200 
0.680-0.900 
0.050-0.320 
0.006-0.020 
0.400-0.550 
0.070-0.230 
0.012-0.020 

60-0.220 
0.001-0.008 

relaxometry show that there are intra-apple differences 

shows a healthy apple, with seven regions of study. In 

general, four proton peaks populations can be distinguished. Peaks 1 and 2 correspond to vacuole 

and cytoplasm water respectively (which appear in separated compartments in all the slices); 

water and sugar protons respectively 

with a higher level of uncertainty. It is important to state that in the regions belonging to the core 
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of the apple (regions C, D and E of Figure 3

(assigned to the inter-cellular water) disappears, while peak 6 (assigned to the sugar protons), 

approaches or even merged with the vacuolar water (regions C and E), due to variation in tissue 

composition compared to other regions. This is due to the differences in tissue 

within this region. 

Figure 31 shows a strongly watercore affected apple evaluated along seven different 

slices and, as before, several proton peaks populations can be distinguished. On severely affected 

tissues (regions A, B, C, and D), show th

cytoplasm water; peak 3, related to the extra

Again, in the core tissue (regions B, C and D), the behaviour of the extra

be of particular nature. Thus in region C, extracellular water appears in a non

which may be due to changes in tissue composition and to the presence of seeds. In regions E, F 

and G, where the damage is swallow, peaks 1 and 2 appear separ

Figure 30. Localized 2D T1
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of the apple (regions C, D and E of Figure 30), a particular behaviour can be found. Here, peak 3 

cellular water) disappears, while peak 6 (assigned to the sugar protons), 

approaches or even merged with the vacuolar water (regions C and E), due to variation in tissue 

composition compared to other regions. This is due to the differences in tissue 

shows a strongly watercore affected apple evaluated along seven different 

slices and, as before, several proton peaks populations can be distinguished. On severely affected 

tissues (regions A, B, C, and D), show three peaks: peak 1-2, referring to a merge of vacuole and 

cytoplasm water; peak 3, related to the extra-cellular water, and peak 6, linked to sugar protons. 

Again, in the core tissue (regions B, C and D), the behaviour of the extra-cellular water seems to 

e of particular nature. Thus in region C, extracellular water appears in a non-expected position, 

which may be due to changes in tissue composition and to the presence of seeds. In regions E, F 

and G, where the damage is swallow, peaks 1 and 2 appear separated. 

1/T2relaxometry  in seven slices (A-G) in a healthy apple

d studies 

), a particular behaviour can be found. Here, peak 3 

cellular water) disappears, while peak 6 (assigned to the sugar protons), 

approaches or even merged with the vacuolar water (regions C and E), due to variation in tissue 

composition compared to other regions. This is due to the differences in tissue composition 

shows a strongly watercore affected apple evaluated along seven different 

slices and, as before, several proton peaks populations can be distinguished. On severely affected 

2, referring to a merge of vacuole and 

cellular water, and peak 6, linked to sugar protons. 

cellular water seems to 

expected position, 

which may be due to changes in tissue composition and to the presence of seeds. In regions E, F 

 

G) in a healthy apple 
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Figure 31. Localized 2D T

5.3.4. Discussion 

2D T1/T2 relaxometry were sequences designed at low magnetic field strength. Such 

sequences have been implemented in the high field in previous studies (Hernandez

al., 2007; Melado-Herreros et al., 2013b) on small food tissues and food models res

Nevertheless, they had never been applied on entire 

successful implementation of such sequences for the microstuctural study of watercore in apples. 

The importance of using such sequences at high magnetic

of detecting the microscopic diffusion, produced by the magnetic susceptibility changes 

(Marigheto et al., 2008). Also, the bore size is important since commercial equipment working at 

low magnetic field strengths 

but only of small tissue samples (Hernandez

Thanks to the implementation to high field, studies on whole fruit were performed which permits 

the performance of non-destructive and non

In this study, both global and localized relaxometry sequences have been used in order to 

study in a non-destructive way the microstructure of watercore disorder, in terms 

of tissues at sub-cellular scale. Traditionally, 2D T

valuable in samples having microscopic heterogeneity, such as cellular plant tissue in which 

relaxation time peaks from water at different sub
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. Localized 2D T1/T2 relaxometry in seven slices (A-g) in a watercore affected apple

relaxometry were sequences designed at low magnetic field strength. Such 

sequences have been implemented in the high field in previous studies (Hernandez

Herreros et al., 2013b) on small food tissues and food models res

Nevertheless, they had never been applied on entire actual food before. This study shows the 

successful implementation of such sequences for the microstuctural study of watercore in apples. 

The importance of using such sequences at high magnetic field strength relies on the possibility 

of detecting the microscopic diffusion, produced by the magnetic susceptibility changes 

(Marigheto et al., 2008). Also, the bore size is important since commercial equipment working at 

low magnetic field strengths have a small size, which does not permit the study on entire fruit, 

but only of small tissue samples (Hernandez-Sanchez et al., 2007; Marigheto et al., 2008). 

Thanks to the implementation to high field, studies on whole fruit were performed which permits 

destructive and non-invasive microstructure studies of food. 

In this study, both global and localized relaxometry sequences have been used in order to 

destructive way the microstructure of watercore disorder, in terms 

cellular scale. Traditionally, 2D T1/T2 global relaxometry has been particularly 

valuable in samples having microscopic heterogeneity, such as cellular plant tissue in which 

relaxation time peaks from water at different sub-cellular compartments, metabolites and 
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g) in a watercore affected apple 

relaxometry were sequences designed at low magnetic field strength. Such 

sequences have been implemented in the high field in previous studies (Hernandez-Sánchez et 

Herreros et al., 2013b) on small food tissues and food models respectively. 

food before. This study shows the 

successful implementation of such sequences for the microstuctural study of watercore in apples. 

field strength relies on the possibility 

of detecting the microscopic diffusion, produced by the magnetic susceptibility changes 

(Marigheto et al., 2008). Also, the bore size is important since commercial equipment working at 

have a small size, which does not permit the study on entire fruit, 

Sanchez et al., 2007; Marigheto et al., 2008). 

Thanks to the implementation to high field, studies on whole fruit were performed which permits 

invasive microstructure studies of food.  

In this study, both global and localized relaxometry sequences have been used in order to 

destructive way the microstructure of watercore disorder, in terms of composition 

global relaxometry has been particularly 

valuable in samples having microscopic heterogeneity, such as cellular plant tissue in which 

cellular compartments, metabolites and 
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biopolymers can be resolved. Nevertheless, complex materials, such as fruit, display 

heterogeneity on both, microscopic and macroscopic distance scale. This means that when global 

2D T1/T2 relaxometry is applied for investigating sub-cellular changes, only an average 

relaxation spectrum of the whole fruit is obtained. As an alternative, one could physically dissect 

out each layer from the fruit. However, using 2D T1/T2 localized relaxometry, this problem is 

solved, as it is possible to study  of several slices of the fruit without destroying the sample 

(Venturi and Hills., 2010). 

A clear difference was found as sound apples showed neat peaks for water at different 

subcellular compartments, such as vacuole and cytoplasm, while in watercore affected tissues, 

such compartments appear merged which implies the mixture of vacuolar and cytoplasmatic 

water. Also, peaks corresponding to extracellular water appear more intense in apples affected by 

watercore. This agrees with the study performed by Herremans et al., (2014) in which they 

observed that the pores in between cells in watercore affected tissues are almost absent, thus 

likely filled with water, though the mechanism of the redistribution of the water in watercore 

affected fruit is still unclear (Yamada et al., 2012). 

In our study, tissue affected by watercore shows a mixture of the vacuolar and the 

cytoplasmatic water, which suggests that there is a degradation or permeability between both 

membranes. This agrees with the study performed by Yamada et al., (2006) and Yamada et al., 

(2012), who found significantly higher permeability of tonoplast to several sugars, such as 

fructose, glucose and sorbitol in watercore apples than in non-watercored apples, and lower 

permeability of plasma membrane. Also, Cho et al., (2008) found an increase of water in the 

extra-cellular spaces and the cytoplasm of watercored affected apples and a decrease of the water 

from the vacuole, which is consistent with the observation that some of the intercellular air 

spaces are filled with fluid (Marlow and Loescher, 1984; Herremans et al., 2014). 

In other pathologies, such as mealiness and internal browning, T2 values,observed in the 

high magnetic field, experiment a decrease compared to sound tissues (Barreiro et al., 2002; 

Hernandez-Sanchez et al., 2007). This is due to the microscopic diffusion, produced by the 

magnetic susceptibility changes when the integrity of the cellular membranes is affected. In the 

case of watercore, a light increase in the T2 values is observed (except in the case of the strongly 

affected samples), due to that for watercore disorder, the cellular membranes integrity is not 

affected. Furthermore, there is a huge liquid amount, which means a higher proton concentration, 

that is translated on a higher T2 value. In strongly affected fruit, a slight decrease in T2 values 
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from the vacuolar and cytoplasmatic water is observed. This agrees with the observations made 

by Cho et al., (2008), who found a slight decrease in T2 values from extra-cellular, cytoplasmatic 

and vacuolar water in moderate and severe watercore affected fruit. This can be caused by a 

potential internal breakdown or internal browning developing in very severe watercore cases 

(Bennedsen and Peterson, 2005). 

5.3.5. Conclusions 

In this study, MRI has been used for the screening of watercore at a macroscopic level (> 

100 µm) while 2D T1/T2 relaxometry is a feasible non-destructive technique in order to assess 

microstructure (< 100 µm) inside a whole fruit in a non-destructive way.  

Localized relaxometry allows to address pre-define slices of tissue in order to understand 

specifically the microstructure state of a particular region of the fruit. In the case of watercore 

disorder, it is very useful for determining the level of affection of a specific region of a fruit and 

to perform a detailed microstructure study of specific fruit regions without destroying the 

sample. Localized relaxometry provides features which cannot be derived from global 2D T1/T2 

relaxometry. Therefore, the combination of localized 2D T1/T2 relaxometry with MRI, it is 

feasible to perform a non-destructive multiscale study of watercore development. This technique 

is applied to intact fruit for the first time in the literature. 
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5.4. COMPARISON OF X-RAY CT AND MRI OF WATERCORE 
DISORDER OF DIFFERENT APPLE CULTIVARS 

 

5.4.1. Introduction 

Watercore is a physiological disorder affecting apples when the fruit is still attached to 

the tree  (Marlow and Loescher, 1984, Yamada et al., 2012). Normally, watercore starts around 

the vascular bundles (Faust et al., 1969, Harker and Watkins, 1999, Kasai and Arakawa, 2010) 

and, except for some particular cultivars, symptoms are invisible from the exterior of the fruit 

(Faust et al., 1969). It is thus an internal disorder, characterized by water-soaked, glassy regions 

in the fruit flesh. In mild cases, watercore may disappear during storage, but in more severe 

cases, internal breakdown can occur (Bennedsen and Peterson, 2005) and alcoholic off flavours 

develop (Dart and Newman, 2005). Batches of apples of which a significant percentage is 

affected by watercore disorder cannot be stored, have a much lower commercial value, or cannot 

even be marketed at all. On the contrary, in certain Asian countries and in some regions of Spain, 

affected fruit are especially appreciated for their sweet and juicy flesh and are even sold at 

premium prices (Dart and Newman, 2005; Kasai and Arakawa, 2010; Melado-Herreros et al., 

2013a). 

The occurrence of watercore is still somewhat unpredictable depending on the season, 

region and cultivar. It does however tend to originate under environmental conditions combining 

high photosynthetic rates (e.g. long, clear days, high solar irradiance) with reduced storage 

capability in the fruit (e.g. cold nights or light crops of large fruit) (Bieleski, 2000). Sugar is 
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believed to be unloaded from the phloem into the apple apoplast system faster than it can 

actually be stored into the parenchyma cells. Water is subsequently osmotically pulled from the 

cells into the apoplast (Bieleski, 2000). Low fruit calcium and high levels of nitrogen may also 

favour the disorder in susceptible varieties such as ‘Braeburn’, ‘Red Delicious’ and ‘Fuji’ (Dart 

and Newman, 2005).  

While the physiological mechanism of the disorder is only partially understood (Argenta 

et al., 2002, Yamada et al., 2010), it is assumed to be linked to changes in membrane 

permeability and integrity, associated with maturation and ripening (Li et al., 2012). Gao et al. 

(2005) identified genes that are responsible for the unloading of the transport sugar sorbitol to 

the apple sink tissues. The expression of these sorbitol transporters was found to be defect in 

watercore affected fruit tissue. It is generally accepted that the elevated levels of sorbitol, found 

in the affected tissue, in particular in the intercellular spaces, change the microstructure. 

Histological evidence for apple microstructure affected by watercore is limited to cryo-

SEM observations performed by Suzuki et al. (2003). The handling and preparation of 

watersoaked tissues for high-resolution imaging is, however, particularly challenging because of 

dehydration procedures causing alterations in the watercore tissue.  

The detection of watercore disorder in whole apples has been investigated by several non-

destructive techniques, that essentially exploit the changes in density and water content of the 

affected fruit (Shahin et al., 2001) such as flotation methods (Porrit et al., 1963), light 

transmittance (Olsen et al., 1962) or thermography (Baranowski et al., 2009). Online detection 

by means of X-ray radiography has also been investigated (Shahin et al., 2001; Kim and 

Schatzki, 2000; Shahin et al., 1999). 3D imaging techniques, such as magnetic resonance 

imaging (MRI) (Defraeye et al., 2013; Cho et al., 2008; Hernández-Sánchez et al., 2007; 

Barreiro et al., 1999; Clark et al., 1998a; Clark et al., 1998b; Wang et al., 1988) and X-ray 

computed tomography (X-ray CT) (Lammertyn et al., 2003a, 2003b) have also been successfully 

applied to detect internal disorders. Although both techniques are able to detect watercore, a 

detailed comparison of the performance of X-ray CT and MRI for detecting watercore disorder 

has not been reported to date. For core breakdown disorder in pear, however, such comparison 

clearly identified the most appropriate technique to be used (Lammertyn et al., 2003a, 2003b).  

The aim of this work is to apply and compare X-ray CT and MRI to apples with 

watercore disorder. X-ray CT and MRI datasets were obtained on the same fruit and an 

algorithm was applied to match the 3D images from MRI and X-ray CT by image registration. 
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This specific modus operandi thereby allowed an absolute comparison of the techniques instead 

of a relative one.  

5.4.2. Materials and methods 

5.4.2.1. Apple fruit 

Four different apple cultivars, susceptible to watercore, were selected for this work. The 

apples were grown and harvested during 2 consecutive years at an experimental orchard in 

Estación Experimental de AulaDei (CSIC, Zaragoza, Spain).  

In late September 2009, a batch of 189 apples, belonging to three cultivars, ‘Ascara’, 

‘Rebellón’ and ‘Tempera’, were harvested. Although they are non-commercial cultivars in 

Spain, the three cultivars were selected because of their availability, their susceptibility to 

watercore, and to evaluate watercore incidence in different cultivars. In September 2010 a batch 

of 158 apples, belonging to the ‘Verde doncella’ cultivar were harvested. Apples of both batches 

were pre-classified as ‘watercore affected’ and ‘healthy’ in the field, by hydraulic sorting: fruit 

were placed in containers filled with water; apples affected by watercore were denser and 

therefore sunk. 

After selection, apples were transported to the LPF-TAGRALIA lab in Madrid, where 

they were uniquely labelled. MRI experiments were performed on all apples. 15 apples were 

selected from the 2009 harvest: 5 ‘Ascara’, 5 ‘Rebellón’, and 5 ‘Tempera’ fruit and were 

delivered to KU Leuven (Leuven, Belgium) where X-ray CT measurements were performed 

within 2 weeks after the MRI measurements. From the 2010 harvest, 4 apples of ‘Verde 

doncella’ were selected and the same procedure was followed. The time between MRI and X-ray 

CT measurements was 4 weeks. Between picking and measuring, fruit was kept at low 

temperature (4°C) under normal atmospheric conditions. After the non-destructive measurements 

had been performed, the fruit was cut in half and visually evaluated for the presence of watercore 

(Figure 32a). 

5.4.2.2.MRI 

All the apples were imaged under stationary conditions, at the Research Assistance 

Centre of Nuclear Magnetic Resonance, Universidad Complutense de Madrid facilities (CEI-

Moncloa) in Madrid, in order to screen for watercore incidence in each apple. 



PhD Thesis 
Ángela Melado Herreros                                                                         Published works and studies 

97 
 

MRI experiments were performed on a Bruker BIOSPEC 47/40 (Ettlingen, Germany) 

spectrometer, operating at 200 MHz. The diameter of the spectrometer (diameter of the coil 

which generates the main magnetic field) is 40 cm; the inner diameter of the gradient coil is 26 

cm and the diameter of the RF coil is 20 cm. 

MRI screening was made in 2D T2-weighed Rapid Acquisition with Relaxation 

Enhancement (RARE) spin-echo sequences. Coronal images (x-z plane) were obtained from 

apples placed with their central axis along the y-axis of the magnet. The MRI sequence 

parameters were: recovery time (TR) 5000 ms, Effective echo time (TEeff) 62.7 ms. The field of 

view (FOV) and the slices used were 8 × 8 cm² and 3 mm thick for images acquired in 2009, and 

10 x 10 cm² and 4 mm thick for images acquired in 2010. Images were collected with 256 × 128 

acquisition matrix sizes and converted to 256 x 256. The total acquisition time was 2 minutes 2 

seconds for all the slices, for all experiments, independently of the number of slices. For each 

fruit approximately 20 slices were obtained, ranging from 18 to 23, depending on the apple size. 

The voxel size was 312.5 x 312.5 x 3000 µm for images acquired in 2009 and 390.6 x 390.6 x 

4000 µm for images acquired in 2010. 

Apples were classified in two classes, by three experts, based on visually evaluating the 

eight central slices of the MRI tomography. Class 0 corresponds to healthy apples (images 

without deviating bright areas); class 1 corresponds to apples affected by watercore (images with 

bright areas, typical for watercore disorder). The standard deviations of the experts were 0.83, 

0.87 and 0.83 for expert 1, expert 2 and expert 3 respectively. 

5.4.2.3.X-ray CT 

X-ray CT measurements on intact fruit were performed on a SkyScan 1173 system 

(Bruker microCT, Kontich, Belgium), operating at a source voltage of 80 keV and a current of 

100 µA. The fruit were fixed on the rotation stage using adhesive tape and the samples were 

rotated over 360° in steps of 0.5°. Three frames were averaged for each radiograph to obtain a 

good signal to noise ratio. The total scan time was 25 minutes. Nineteen fruit were scanned.  

After scanning the entire fruit, high-resolution scans of a sound and a disordered apple 

cortex tissue sample of ‘Verde doncella’ fruit were obtained to allow a comparison at the 

microscale level. Therefore cylindrical samples were taken radially along the fruit equator, using 

a cork bore of 6 mm diameter. A subsample of 6 mm height was cut at 5 mm from the peel and 

wrapped in parafilm to prevent dehydration during the scan. X-ray micro-CT measurements were 
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performed on a SkyScan 1172 system (Bruker microCT, Kontich, Belgium), operated at 49 keV 

source voltage and 201 µA current, with an image isotropic voxel resolution of 4.8 µm. The 

samples were rotated in 0.4° steps over a total of 180°, each time averaging 4 frames to acquire a 

radiographic image of 1048 by 2000 pixels. The scan duration for each sample was 30 minutes. 

All images were reconstructed by applying the Filtered Backprojection algorithm 

incorporated in the NRecon software (Bruker microCT, Kontich, Belgium). The image stacks 

were smoothed and corrected for rings and beam hardening, which are common artifacts in X-

ray CT imaging.   

Of each intact fruit a 3D dataset with 1059 slices and (71 µm)3 isotropic voxel size was 

thus obtained. High resolution data stacks consisted of 936 slices of (4.8 µm)3 isotropic voxel 

size. 

5.4.2.4.Image processing 

5.4.2.4.1. Alignment of the images 

In order to accurately compare these X-ray CT and MRI images in terms of the common 

as well as complementary features resolved by the two imaging techniques, both datasets were 

matched in such a way that the same location and orientation of the slices was obtained, enabling 

pairwise voxel-by-voxel comparison (Figure 32b and 32c, Figure 33). This was achieved by 

loading both datasets in Avizo Fire 7.0.1 (VSG, Bordeaux, France) and first aligning the centre 

of gravity of both datasets. Next the transformation for overlapping both datasets was computed 

using an iterative optimization algorithm. It is based on measuring the information content in 

images by calculating the entropy for obtaining optimal image alignment (Studholme et al., 

1999). Finally the aligned X-ray CT dataset was resampled by linear interpolation to correspond 

to the dimensions of the MR images. This resulted in 2 datasets for each fruit, consisting of 256 

x 256 x 20 matching voxels. 
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Figure 32. Visual evaluation of watercore disorder in Rebellón apple after cutting the fruit at the equator (a) 
and the corresponding MRI (b) and CT images (c). The MRI image was exactly matched to the CT image 

because we obtained 3D data. The photograph is from approximately the same, however obviously not 
identical, position. Scale bars measure 10 mm. 

  
Figure 33. X-ray CT image stack (red edges and volume rendering) and MRI data stack (green edges and 

volume rendering) before (a) and after (b) exactly aligning the virtual sections using the registration 
procedure of Avizo Fire software. 

5.4.2.4.2. Histogram analysis 

The histograms of these registered MRI and X-ray CT images were analysed in Matlab 

7.0 (The Mathworks, Natick, MA) to study differences in the characteristics of the grey level 

distribution for healthy and watercore apples. First, every image was preprocessed by creating a 

mask in order to remove the background and to be able to analyze only apple tissue (the Volume 

of Interest, VOI), using Otsu’s algorithm on the images (Otsu, 1979). The intensity distributions 

of the fruit were normalized for their volume. The mean, variance, skewness and kurtosis of 

these grey level histograms were computed. Analysis of Variance (ANOVA) was performed to 



PhD Thesis 
Ángela Melado Herreros                                                                         Published works and studies 

100 
 

identify statistically significant differences (P<0.05) between the images of the apples in the 

healthy and watercore-affected fruit. 

5.4.2.4.3. Histogram-based segmentation 

The goal of segmentation is to prepare the images for subsequent quantitative 

measurements. This is generally done by organizing image pixels into relevant groups, in this 

case healthy apple tissue and watercore affected apple tissue. It was assumed that the two 

different tissues are characterized by a different range in grey scales, creating a multimodal 

image histogram with distinct peaks and valleys when multiple materials are present. Automatic 

thresholding methods use the information in the histogram to set the optimal threshold, which 

divides the pixels in the underlying populations. The value of this threshold is a function of the 

statistical test which is applied (Russ, 2005). We selected the Maximum Entropy method (Kapur 

et al., 1985), using ImageJ software 1.47h (Rasband,National Institutes of Health, Maryland, 

USA), which calculates a customized threshold for every dataset. We also determined 

generalized thresholds to distinguish healthy from affected tissue without the need for individual 

histogram analysis. This was achieved by selecting a square region in the affected region on the 

equatorial slice of each apple that showed watercore symptoms. We calculated the average grey 

scales of these 14 by 14 pixels subregions. To ensure every damaged fruit would be detected 

using this threshold, we selected the lowest grey value thus obtained, minus 2 standard 

deviations of the intensity distribution of the watercore region, to be the global, calibrated 

threshold. For the MRI images the global watercore threshold was determined to be 129, for X-

ray CT images the global threshold was 174. Average grey scales of non-affected tissue 

measured 49 for MRI images and 136 for CT images, values that are considerably lower. The 

percentage of segmented area (affected tissue) of all the fruit slices with respect to the total area 

of the fruit slices was calculated.  

5.4.2.4.4. Microstructural analysis 

The high-resolution X-ray micro-CT images were analysed in 3D in order to describe, 

quantify and compare the microstructure of healthy and watercore affected tissue. For image 

processing the following steps were applied (Herremans et al., 2013) using CTAn 1.12.0.0 

software (Bruker microCT, Kontich, Belgium): the datasets were cropped on all sample edges 

(0.8 mm) to remove approximately 4 to 5 outer cell layers that are potentially damaged by 

sample preparation. The final tissue volume for analysis measured 55 mm3, well above the 1.3 

mm3 limit that has been shown to representatively describe apple tissue microstructure in terms 
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of its porosity (Mendoza et al., 2007). The grey scale images were median-filtered with a kernel 

of 2 pixels radius in 3D to reduce noise and subsequently binarised by means of Otsu 

thresholding. Next, objects smaller than 27 voxels were removed as these were considered to be 

caused by residual noise, rather than by relevant features. The parameters which were used to 

describe the microstructure have been previously defined in Herremans et al. (2013). To 

calculate porosity, the ratio of background (black) pixels to the total volume of the tissue is 

taken. Closed pores are counted as the number of black objects, completely surrounded in 3D by 

white pixels. The mean diameter of the pores is based on a skeletonisation procedure performed 

on the binarised pores after which spheres are fitted on the pore skeleton to obtain a distribution 

of local pore diameters. Anisotropy is a measure of preferential alignment and Euler number is 

an indicator of the 3D connectedness of a complex structure. Surface to volume ratios are 

derived by measuring the total surface area of the pore space and the cellular matrix, and 

dividing it by its respective volume. 

5.4.3. Results 

5.4.3.1. X-ray CT and MRI of healthy and watercore apples 

The 2D slices obtained from X-ray CT and MRI of the same apples are compared in 

Figure 34. Alignment of the X-ray CT images on MRI was successfully applied to map the same 

image slices in the two methods that makes visual and quantitative comparison possible. The 

similarities between these slices can be clearly noticed in Figure 34. The regions affected by 

watercore can be seen in both MRI and X-ray CT cross-sections as high-intensity regions. The 

shape of the disordered areas is very similar in the MR and X-ray CT images. However, the grey 

scale contrast is significantly different between the images obtained by X-ray CT and MRI. 
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Figure 34. Result of the alignment procedure for ‘Ascara’ fruit showing X-ray tomography slices, and the 
matching MRI images. Scale bars measure 10 mm. 

Figure 35 shows X-ray CT and MRI cross sections of healthy and watercore apples from 

different cultivars. On the healthy apples (Figure 35a), both methods visualize the tissue 

structures with higher intensity at vascular bundles, which indicates higher density tissue (X-ray 

CT) and higher water content or mobility (MRI). The five chambers of the ovary are clearly 

imaged in each apple. X-ray CT provides clear contrast of the seeds, while MRI fails to visualize 

them, because the MRI sequence that was selected here, was optimized for detecting tissue with 

a high water amount. The seeds are dense structures, but with relatively low water content and 

low water mobility. 

Figure 35b shows affected fruit of the same cultivars. The spatial pattern of the disorder 

is significantly different between the different apples. In all cases, tissue of and around the main 

vascular bundles is affected. In the ‘Ascara’ fruit the disorder bridges the tissue between bundles 

and covers a large part of the inner cortex, while the outer cortex is not affected. In the other 

extreme, ‘Tempera’ apples show few and small affected spots at the vascular bundles and in the 

inner cortex, but larger zones of the disorder in the outer cortex up to the peel of the fruit. Both 

‘Rebellón’ and ‘Verde doncella’ have disordered zones throughout the entire fruit. The observed 

differences probably also depend on the severity of the disorder in the individual fruit, however.   

The contrast, or dynamic range, between unaffected and affected tissue in MR images is 

higher than for X-ray CT, and this method is thus potentially more powerful for detecting 

watercore. In MRI, the high signal contrast is observed in areas with high water content and 

mobility, such as watersoaked tissue, while voids or dry tissues are characterised by a very low 

signal. X-ray CT image intensity, on the other hand, correlates with the local density of the 

tissue. It is, therefore, also useful to visualize dry objects such as seeds. The affected regions in 
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apples with watercore (Figure 35b) appear as dense regions, indicating that the absorption of X-

rays in these regions is higher compared to the surrounding tissue due to local density changes. 

One ‘Ascara’ fruit was identified as having mild watercore symptoms by visually 

evaluating the MRI images, however in the CT images there are no distinct high intensity pixels 

indicating the presence of the disorder. This indicates a possible recovery of the disorder 

between X-ray and MRI measurements of the same fruit. Also one ‘Tempera’ and one 

‘Rebellón’ fruit show only minor symptoms of the watercore disorder. 

Cultivar X-ray CT MRI 

‘Tempera’ 

  

‘Ascara’ 

  

‘Rebellón’ 

  

‘Verde doncella’ 
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 (a)  

 

Cultivar X-ray CT MRI 

‘Tempera’ 

  

‘Ascara’ 

  

‘Rebellón’ 

  

‘Verde doncella’ 

  
 (b)  

Figure 35. Sound apples (a) and apples with watercore disorder (b) for different cultivars,  visualized by X-ray 
CT (left) and MRI (right). Scale bars measure 10 mm. 

5.4.3.2. Microstructure analysis of healthy and watercore affected tissue 

Watercore appears as high intensity regions in both MRI and X-ray CT scans of whole 

apples. This result is supported by the microstructure measurement using X-ray micro-CT 
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(Figure 36). Clearly, the pores in between cells are void in healthy tissue (porosity 30%): the 

outline of the individual ellipsoidal cells can be distinguished. The pore structure of the healthy 

tissue is characterized by numerous connections between the pores that do not have a preferred 

orientation but are directed quite isotropically (Table 11). As can be seen in a typical cross-

section (Figure 36a) and 3D renderings (Figure 36b) of affected tissue in apples with watercore 

symptoms, the pores are almost absent, thus likely filled with water (porosity 7%). The number 

of detected pores has dropped by more than half (Table 11) and also the average pore diameter of 

the remaining pores is smaller. The effective interphase between pore network and the cell 

architecture is smaller per tissue volume. Also the average shape of the remaining pores is 

different compared to the healthy tissue sample, as can be deduced from the altered pore surface 

to volume ratio. Due to the reduction in porosity, the volume-averaged density of tissue is, 

therefore, higher for watercore regions than for healthy tissue resulting in higher volume-

averaged X-ray absorption, while the presence of more free water causes a higher intensity in the 

MR proton density maps. 

Table 11. Structural parameters of sound and watercore tissue obtained from image analysis of X-ray micro-
CT images of ‘Verde doncella’ apple. 

Structural parameter* Sound Watercore 

Tissue surface / volume (mm-1) 20.2 5.5 
Pore surface / volume (mm-1) 45.3 54.0 
Pore diameter (mm) 0.10 0.08 
Pore anisotropy (0-1) 0.26 0.50 
Number of pores (mm-3) 63 27 
Total porosity (%) 29.6 7.1 
Euler number of tissue (-) 2308 1298 

* For a parameter description: see Herremans et al., 2013 

5.4.3.3. Histogram analysis of X-ray CT and MRI images of watercore apples 

X-ray CT and MRI produce different 3D grey scale images. The intensity information of 

each 3D stack is represented in its histogram. We wanted to determine to what extent the 

occurrence of watercore can be derived from the grey scale histogram of both methods for the 

different cultivars. We therefore examined whether the grey scale histograms of the images have 

statistical features that are significantly different between healthy and affected fruit.  

The histograms of the CT and MRI 3D images are shown in Figure 37 for each cultivar. 

The histograms of healthy and some minimally affected fruit are unimodal; those of strongly 

affected apples are bimodal. The variance of the histogram seems to increase with the extent of 
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watercore. This is most obvious for the cultivar ‘Verde doncella’; the histogram is considerably 

wider for the disordered fruit and two peaks are clearly visible.  

 Sound Watercore 

(a) 

  

(b) 

  

Figure 36. (a) X-ray micro-CT cross section of tissue samples from sound or watercore affected regions of 
‘Verde doncella’ apple. Scalebars measure 0.5 mm (b) 3D model of the pore network of the same tissue 

samples (2.4 mm)3 

In ‘Tempera’ fruit, the histograms of healthy and disordered fruit do not differ 

considerably and overlap to a large extent. In general, both the CT and MRI images of 

disordered fruit have more pixels with high grey scale values. In ‘Ascara’ and ‘Rebellón’, 

particular pattern shifts in the MRI histograms for the strongly affected fruit are apparent though: 

the peak of the sound tissue of disordered apples shifts to the left, meaning this tissue has less 

free water than that of healthy fruit. Sound tissue is characterized by a certain range of low MRI 

intensities, as watercore detected with this type of sequence (RARE) will be seen brighter than 
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the sound tissue due to the larger amount of free water in the tissues. There is no corresponding 

shift in the X-ray CT histogram, thus the changes are believed to be related to water mobility 

rather than water content changes. The ‘Ascara’ fruit that has recovered from watercore disorder 

in the storage time between MRI and CT experiments already shows an MRI histogram that 

indeed resembles that of healthy fruit. 

Significant differences can be observed between the mean and the variance of the X-ray 

CT and MRI grey scale histograms of healthy and severely affected apples for all cultivars 

(Table 12). This confirms that affected fruit tend to have higher average greyscales, and the 

distributions are wider compared to the healthy fruit, irrespective of the imaging technique. CT 

data stacks have negatively skewed distributions, whereas MRI datasets are positively skewed. 

No significant difference exists between the healthy and affected fruit, neither for kurtosis. 

Nevertheless, this indicates that the intensity information of the images can be used to effectively 

distinguish healthy from affected fruit, as will be presented next. 

Table 12. Histogram statistics (±±±± standard deviation) of MRI and X-ray CT grey level frequency 
distributions, grouped by watercore incidence. N indicates the number of apples in each class; (a),(b) and 

(A),(B) indicate significant differences (P<0.05) for CT and MRI histograms respectively. 

 X-ray CT MRI 
 Healthy (n=11) Watercore (n=8) Healthy (n=10) Watercore (n=9) 

Mean 138.1 ± 9.0 (b) 16 x 10 ± 17 (a) 56 ± 17 (B) 87 ± 33 (A) 
Variance 331 ± 75 (b) 57 x 10 ± 21 x 10 (a) 52 x 10 ± 24 x 10 (B) 19 x 102± 10 x 102 

(A) 
Skewness -1.11 ± 0.63 -0.97 ± 0.60 1.72 ± 0.61  0.9 ± 1.2 
Kurtosis 9.5 ± 4.1 7.7 ± 4.4  9.7 ± 4.9 5.5 ± 6.4  
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Cultivar X-ray CT 

‘Tempera’ 

‘Ascara’ 

‘Rebellón’ 

‘Verde 
doncella’ 

Figure 37. Relative frequency distribution (%) of pixel inten
matched images of the scanned apples of ‘Tempera’ (2009), ‘Ascara’ (2009), ‘Rebellón’ (2009) and ‘Verde 

doncella’ (2010) obtained by means of X-

5.4.3.4. Automatic segmentation of watercore from X

The next step was to automatically detect watercore in the X

using image analysis. Different automatic segmentation algorithms were tested for their 

successfully identify the water soaked regions typical for fruit affected with watercore. For a 

segmentation algorithm to be applicable, this method should be able to distinguish sound from 
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using image analysis. Different automatic segmentation algorithms were tested for their ability to 

successfully identify the water soaked regions typical for fruit affected with watercore. For a 

segmentation algorithm to be applicable, this method should be able to distinguish sound from 
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affected tissue in apples with watercore symptoms, and at the same time not (falsely) detect 

unaffected regions in healthy fruit. 

Two different thresholding methods were selected to distinguish sound tissue from water 

soaked regions: the Maximum Entropy method and the global threshold method. The study was 

performed on the complete 3D datasets of each fruit. The result of the different methods applied 

to a healthy apple and a fruit with watercore symptoms is plotted in Figure 38. Pixels of sound 

tissue should be coloured black, while pixels representing water soaked regions should be 

coloured white. Note that the latter may include pixels of naturally present high-density regions 

such as the vascular bundles or seeds, which only represent a relatively small fraction of the total 

fruit volume and, therefore, not appreciably affect the classification result. The thresholding 

methods are compared with respect to their classification success for detecting watercore in the 

fruit in Table 13. For this purpose healthy apples were defined as apples with water soaked 

pixels covering less than 5% of the total cross sectional area; and affected fruit with glassy areas 

covering more than 5% of the total cross sectional area. We evaluated the classification success 

by counting the total amount of correctly classified apples, watercore apples misclassified as 

healthy, and healthy apples misclassified as affected fruit.  

Table 13. Classification accuracies of watercore fruit by 2 automatic image thresholding methods of X-ray 
CT and MRI slices into the following classes: healthy (< 5% of segmented volume) and watercore affected 

(5% ≤≤≤≤ segmented volume) apples. The number of fruit was 19. 

 X-ray CT MRI 

Thresholding 
method 

Correct 
classification 
(%) 

Missed 
watercore 
(%) 

False 
watercore 
(%) 

Correct 
classification 
(%) 

Missed 
watercore 
(%) 

False 
watercore 
(%) 

Maximum 
Entropy 68 16 16 79 10.5 10.5 

Global 89 5.5 5.5 73.5 10.5 16 

 

The corresponding correct classification percentages were 68% and even 89% for the 

Maximum Entropy method and the global threshold (resp.) applied on X-ray CT images. For the 

MRI data, the resulting classification accuracies were 79% and 73.5% for the two methods. The 

calibrated, global threshold worked best for the CT data, misclassifying only 1 healthy and 1 

watercore fruit. For the MRI data, the Maximum Entropy method performed slightly better than 

the global threshold, misclassifying 2 healthy and 2 watercore fruit. 
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‘Ascara’ ‘Verde doncella’ 

  
X-ray CT MRI X-ray CT MRI 

Figure 38. X-ray CT (left) and MRI (right) cross-sections of sound ‘Ascara’ and watercore ‘Verde doncella’ 
fruit and their segmentation results by applying their Otsu, Maximum entropy and a global threshold. Scale 

bars measure 10 mm. 

Visual comparison confirms that the misclassified watercore fruit showed only mild 

watercore symptoms, as was the case for the MRI images of the eventually cured ‘Ascara’ apple. 

At the time of acquiring MRI data, this particular fruit showed watercore symptoms that had 

disappeared at the time of performing the CT scan and the visual evaluation. This cured fruit was 

misclassified by the global threshold based on the MRI data, but was also misclassified by the 

entropy method on the CT images. Severe cases of the disorder were always classified correctly. 
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5.4.4. Discussion 

5.4.4.1. X-ray CT and MRI visualize complementary features of watercore apples related to their 

microstructure 

By obtaining and matching X-ray CT and MR images of identical fruit, we managed to 

quantitatively compare the potential of both tomographic techniques to detect watercore in apple. 

The contrast between sound tissue and watersoaked regions is better in the MRI images 

compared to the X-ray CT images, but the spatial resolution of the latter is considerably higher. 

This is at the expense of higher acquisition times for commercially available X-ray CT desktop 

systems. The acquisition time used in MRI was considerably lower (approx. 2 minutes) than that 

used in the acquisition of X-Ray CT (approx. 25 minutes). X-ray CT acquisition speed could be 

drastically increased to the order of magnitude of minutes or even seconds using gantry based 

CT systems typically used in medical instruments that operate at similar resolutions as the MRI.  

Although the working principles of the two methods are fundamentally different, both 

techniques were able to visualize watercore disorder nondestructively. The high intensity regions 

in the CT images were caused by the flooded pores in the watersoaked regions of the affected 

fruit. As a result, the tissue became denser. The contrast in the MR images was caused by the 

presence of highly mobile protons in the watersoaked regions. To date, the precise mechanism of 

the redistribution of the water in watercore affected fruit remains unclear (Yamada et al., 2011). 

High resolution CT images cannot reveal whether the water was exclusively transported from 

other parts of the tree to the fruit, or whether it originated from within the fruit itself. It is known 

that for certain cultivars the disorder can disappear after harvest (Bennedsen and Peterson, 2005), 

the mechanism of this recovery remains elusive as well. It may be beneficial for future research 

to scan samples of fruit that recovered from watercore symptoms at high spatial resolution to 

inspect whether the microstructure has regained its normal appearance and no cell damage has 

occurred. 

5.4.4.2. Watercore has distinct characteristics in different cultivars 

In the CT images a distinct shift was observed of the histogram towards higher intensities 

for whenever watercore was present. This is due to the increase of the density of the fruit caused 

by the flooding of the intercellular space. The variance of the MRI grey scale histograms of 

affected fruit is considerably larger than that of healthy fruit, indicating a significant increase of 

the range of water content, with in most cases also a rise in the number of high intense pixels. 
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However, for cultivars ‘Ascara’ and ‘Rebellón’ there seems to be a more complex effect where 

disordered fruit have the expected increased number of pixels in the high intensity region, but 

this is accompanied by an important increase in the low intensity pixels too, shown as a peak in 

the frequency distribution, situated at grey scale values below the histograms of the healthy fruit. 

No significantly deviating densities were found in the CT histogram, although low-density areas 

around the watercore tissue can be observed. This may indicate a local redistribution of water. A 

high resolution X-ray CT porosity map of the entire fruit cortex, vasculature and the core apple 

tissue would provide more insight in the preferred pathways for solutes and gas in the apple fruit, 

possibly explaining the fruit’s increased susceptibility to watercore and the distinct watercore 

patterns that exist, i.e. block or radial watercore (Clark et al., 1998a). 

5.4.4.3. Classification of watercore is feasible based on MRI/X-ray CT histogram analysis 

Affected fruit can be successfully distinguished from healthy fruit based on the mean and 

variance of both the X-ray CT and MRI grey scale histograms. The maximum entropy method 

performed best for the MRI images (79% correct classification), while a global thresholding 

method achieved better results for the X-ray CT images correctly classifying 89% of apples. 

Differences between the methods are partly due to the time lapse between the measurements in 

which changes could have occurred in watercore fruit. We did cut the fruit in half after the CT 

measurements to confirm the presence of watercore but mild symptoms in parts of the fruit could 

easily have been missed. However, these results are not sufficient for practical application. To 

improve the classification results, a large training set of watercore and healthy fruit is needed. 

The fact that a calibrated, global threshold performs well, is encouraging for a downright 

implementation in the future, without the need for time-consuming algorithms that custom-

process each fruit. Pattern recognition algorithms on the other hand may improve the detection of 

the typical watersoaked regions associated with watercore, but should however be trained to deal 

with both symptoms of block and radial watercore. 

5.4.5. Conclusion 

X-ray CT and MRI images of healthy apples and apples affected with watercore were 

obtained. The images were matched pixel-by-pixel, in such a way that cross-sections of identical 

locations in the fruit could be compared. The images of healthy and affected fruit differed 

significantly at the level of the grey scale histogram for both X-ray CT and MRI. Although we 

noticed a significantly better contrast for detecting the watercore in the MRI images, similar 

sorting results were obtained based on a classification using images segmented into sound tissue 
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and watersoaked areas using a maximum entropy or a global, calibrated thresholding method. 79 

to 89% of the fruit was correctly classified as healthy or being affected by watercore by means of 

MRI and X-ray CT imaging, respectively. High resolution X-ray CT images provided a clear 

insight in the microstructural changes associated with watercore disorder, i.e. the flooding of air-

filled pores with aqueous fluid.  
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5.5. ON-LINE MRI SEQUENCES FOR THE EVALUATION OF APPLE 
INTERNAL QUALITY 

 

5.5.1. Introduction 

Several techniques based on Nuclear Magnetic Resonance (NMR) phenomenon, such as 

Nuclear Magnectic Resonance Spectroscopy (MRS) and relaxometry (MRR) together with 

Magnetic Resonance Imaging (MRI), have been explored since the 80’s in order to evaluate their 

applicability to the inspection of internal quality aspects in fruits and vegetables (Hernández-

Sánchez et al., 2009). NMR is an especially useful monitoring technique since the signal emitted 

from a sample is sensitive to the density of certain nuclei, chemical structure, molecular or 

atomic diffusion coefficients, reaction rates, chemical exchange and other phenomena 

(McCarthy 1994), which gives an enormous scope for applications. Previous works have shown 

that MRI is feasible to detect a number of miss quality factors such as freeze injury and seeds in 

citrus (Hernandez-Sanchez et al., 2004, 2005, 2006; Barreiro et al., 2008).  

Most of the works in agrofood field have been performed with commercial NMR 

equipment designed for medical purposes, which are not conceived to deal with the practical 

constrains that appear for the food industry. Several authors have used stationary MRI for fruit 

and vegetable detection (Blasco et al, 2012; Min Kim et al., 2008; Clark et al., 1998a; Clark et 

al., 1998b). Nevertheless, this method is very slow and not suitable for industry implementation, 

which means that an on-line configuration is necessary in order to decrease the monitoring time 
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and thus, the economical costs. The challenge is the achievement of practical image contrast by 

working procedures that accomplish the industrial requirements. In this study, several sequences 

have been studied and adjusted for on-line real time inspection of two different internal disorders 

in apples: watercore and texture breakdown, while being extensively validated for the first one 

according to expert and 3D segmentation procedures. 

5.5.2. Material and Methods 

5.5.2.1. MRI equipment and fruit grading line 

MRI experiments were performed on a Bruker BIOSPEC 47/40 (Ettlingen, Germany) 

spectrometer operating at 200 MHz (4.7 T). All experiments were performed with an actively 

shielded imaging gradient set and a RF volume coil with an inner diameter of 20 cm. 

Fruits were conveyed through the coil at a 30 mm/s rate by means of a specially designed 

conveyor belt. 

5.5.2.2. Samples 

Samples used in this study were apples potentially affected by two different processes: 

(1) watercore, which is a physiological disorder in which intercellular spaces appear filled with 

fluid and (2) internal breakdown, which is a disorder due to a improper storage that leads to 

texture degradation and cavities in the inner tissue. 

For watercore, 71 samples of Esperiega cultivar studied during 2012 season were 

measured both, stationary (20 slices per fruit) and under dynamic conditions (3 repetitions 

without slices selection). For internal breakdown Braeburn cultivar has been studied either under 

static (20 slices per fruit) and dynamic conditions (1 repetition with slice selection). In this case, 

as the MR sequence needed to be calibrated, several trials have been performed until the 

definitive parameters were settled (106 samples tested for sequence calibration). Finally, 12 

fruits were imaged with the definitive parameters.  

5.5.2.3. MRI sequences and motion correction 

For dynamic acquisition, two alternative motion corrected sequences are proposed 

(FLASH and UFLARE), based on T2
* or T2 respectively. Sequence selection is related to the 

expected contrast effect of the disorder under study (Figure 39).  
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Figure 39. Static and dynamic MR images for different disorders. A. On the left part of the image two static 
MRI with different watercore affection are shown. Images on the right size ar

replicates. B. Images from the left correspond to two static MRI with different internal breakdown aff ection. 
On the right part dynamic images acquired with FLASH sequence are shown. C. Images on the left part show 

static MRI of two different grades of internal breakdown. On the right side the corresponding dynamic 
images acquired with UFLARE sequence are shown.

In the case of watercore disorder, it enhances bright areas due to higher fluid 

concentration in the tissues. An eco gra

images were T2
* weighted. In this type of images, the signal of the healthy tissue has a very low 

T2
* value and then, the signal of the damaged area will be seen brighter than the rest of the tissue, 

as it presents high T2
* values. From all the eco gradient sequences, the one selected was Fast 

Low Angle Shot sequence (FLASH) as it is the most rapid one and it permitted very low 

acquisition times, required for on-line inspection. The acquisition parameters

(TE) 4.5 ms, the acquisition matrix was 128 × 64 and reconstructed to 128 × 128. The field of 

view (FOV) was 12 × 12. The total acquisition time was 768 ms for each fruit. All images were 

acquired with no slice selection but a projection o

development can be in any part of the volume of the apple.

For the internal breakdown disorder, the eco gradient sequences were not successful, as 

they are T2
* weighted and thus, the pulp has very low signal. As

correspond with holes inside the apples, and no signal is detected, it is necessary the use of 

another kind of sequence, as a spin echo, which is T

higher T2 value than the damaged 
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damaged one. In order to have a rapid sequence, a Fast Spin-Echo (FSE) was selected, 

specifically a Rapid adquisition with refocused echoes (RARE) sequence, but with a single shot. 

This sequence is called UFLARE (Ultra-Fast Low-Angle Rapid-Aquisition and Relaxation 

Enhancement). The acquisition parameters were: echo time (TE) 165 ms, the acquisition matrix 

was 128 × 128 and the field of view (FOV) was 12 × 12. The total acquisition time was 1475 ms. 

In this case a slice selection was performed, as internal breakdown usually develops around the 

core of the apple. Then, the central slice of each fruit was selected. 

Image blurring due to phase shift during motion is corrected in the k-space in real time, 

just after the acquisition of the data and before the image reconstruction.  

Also, 2D static images were acquired for both cultivars. These images consisted on 

tomographies of 20 slices each. A RARE sequence was used and T2-weighed images were 

obtained with the following parameters: recovery time (TR) 5000 ms, echo time (TE) 60 ms. 

Field of view 8 × 8 and 3 mm of slice thickness. The acquisition matrix was 256 × 128 and 

reconstructed to 256 × 256 by zero filling. The total acquisition time was 2 minutes 2 seconds.  

In both cases, three experts classified the damage based on visual classification, using the 

static MR images, into four groups: 1-healthy apple; 2-light damage; 3-medium damage; 4-

strong damage. 

5.5.2.4. Image processing and data analysis 

Both static and dynamic images were submitted to a similar analysis; using dedicated 

procedures based on Matlab 7.0 image processing and PLS toolbox. First of all, automated 

background segmentation was performed which is straight forward for the static images due to 

their inherent quality (Melado et al., 2013a). For the dynamic images, two different masks were 

defined and tested in order to segment the fruit from the background. The first method consisted 

on the use of a softened logarithmic filter. Then, an automated segmentation level based on Otsu 

method was defined for each of the images and the largest object was selected. For the second 

method, first of all a threshold was defined by selecting corner areas of the MRI which always 

correspond to the background: the image of the fruit always having higher gray level values than 

those from the background. In this latter case also further Gaussian filter was applied. Then, in 

both segmentation procedures, a mask was accomplished in order to ensure that the whole fruit 

was being taken into account in the segmentation while motion artifacts would be minimized. 

For such purpose, polar coordinates of a circular object with features extracted the main object 
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and represented on the image and thus, a final fruit mask was obtained for removing the 

background. This procedure was repeated for the three repetitions and then, the histogram of 

each fruits area of each repetition was obtained. 

Validation of the above mentioned segmentation procedure for dynamic images, together 

with image processing and data analysis was defined on watercored apples (Esperiega) as several 

additional features from 3D interactive segmentation on static images was available. 3D features 

included the percentage of damage and the Euler number, computed with the software Avizo 

Fire 7.0 (Melado-Herreros et al., 2013a).  

For both segmentation masks, histogram parameters (mean gray level, variance of the 

gray level, skewness and kurtosis) were obtained and an ANOVA was carried out regarding 

damage level and replicate. 

Parallel to this analysis, a PLS model for estimating the percentage of damage according 

to the 3D static image segmentation was carried out for each repetition, using the normalized 

histograms as independent variables and cross validation with contiguous data blocks; 2 latent 

variables (LVs) were selected as to minimize the standard error of prediction under cross 

validation. With the predicted values a regression error analysis was performed, by estimating 

the error (observed – predicted) and the relative error (error/observed). 

Also a Bayesian classification was performed based on the percentage of damage in the 

static images in order to assess the reliability of expert classification. To this aim the averages 

and standard deviation of the expert defined classes were used, and each fruit was reassigned to a 

new class, for which the largest posterior probability was found. Those samples that presented a 

probability lower than 60% remained unclassified. These classes can be further used to define a 

classification procedure for the dynamic images. 

5.5.3. Results 

Sequences used for each type of disorder were successful, as it was possible to identify the 

internal problem in each case. 

5.5.3.1. Histogram parameter analysis 

For watercore disorder, mean gray level, variance, skewness and kurtosis were obtained 

from the histogram of the dynamic images and an ANOVA was performed on both masks, using 

an interaction of both, the three repetitions and the visual classification assigned by the three 
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experts (Figure 40). Results showed robustness on the three repetitions in all the studied 

parameters and significant differences were found in class 4 for mean gray level (F=15.4), 

variance (F=11.7) and skewness (F=11.9). No significant differences were found f

Only damage level 4 can be segregated used features extracted from the histograms. Both masks 

provided similar results. 

Figure 40. ANOVA on mean gray level, variance and skewness respectively. L corresponds to the cl
assigned by the three experts (1, 2, 3 or 4) and R to the repetition.

For Braeburn disorder, this methodology was followed, as it was seen that the protocol 

was successful. In this case no significant differences were found, as only 12 fruits were ima

and the dispersion of the means was very high (data not shown).

5.5.3.2. Results on PLS 

When using the normalized histogram of the apple tissue in static images for the 

generation of a PLS model to estimate the damage percentage found with the interact

analysis, the correlation coefficient found is 0.92.

For the dynamic images results on corresponding PLS models were very similar for both 

mask procedures. For mask 1, the correlation coefficient values were, respectively for the three 

dynamic repetitions, 0.72, 0.68, 0.69. For mask 2, they were 0.74, 0.70, 0.55. 

When plotting the observed against the predicted individuals (Fig

found. In general, individuals with a high amount of damage are well classified by the model.  

Several samples with no damage or a low percentage of damage show a particular error trend 

that needs further analysis. 
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variance (F=11.7) and skewness (F=11.9). No significant differences were found for kurtosis. 

Only damage level 4 can be segregated used features extracted from the histograms. Both masks 

 

ANOVA on mean gray level, variance and skewness respectively. L corresponds to the class 
assigned by the three experts (1, 2, 3 or 4) and R to the repetition. 

For Braeburn disorder, this methodology was followed, as it was seen that the protocol 

was successful. In this case no significant differences were found, as only 12 fruits were imaged 

When using the normalized histogram of the apple tissue in static images for the 

generation of a PLS model to estimate the damage percentage found with the interactive 3D 

For the dynamic images results on corresponding PLS models were very similar for both 

mask procedures. For mask 1, the correlation coefficient values were, respectively for the three 

itions, 0.72, 0.68, 0.69. For mask 2, they were 0.74, 0.70, 0.55.  

When plotting the observed against the predicted individuals (Figure 41) a lineal trend is 

found. In general, individuals with a high amount of damage are well classified by the model.  

eral samples with no damage or a low percentage of damage show a particular error trend 
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Figure 41. Observed percentage of watercore, computed with an interactive segmentation, against predicted 
percentage of watercore, performed with a PLS model. Some observed individuals with low damage 

percentage are classified with higher damage percentage. Strongly affected individuals present a good 

5.5.3.3. Error analysis and Bayesian

From the error analysis of the three PLS models (one for each rep

that the estimation error does not depend on repetition which can fluctuate in the position of the 

sample in the magnet. Nevertheless, it seems it migh

(around -400, data not shown) which correspond to apple with peripheral and moderate damage 

(not all slices are equally affected). It has to be taken into account that the dynamic image is 

without slice selection for the watercore sequence and thus such peripheral defects may generate 

an over-detection artifact in the dynamic image.

The reliability of experts classification can be confirmed by the confusion matrix from 

the Bayesian classification (Table 1

which is the 76% and 10 were misclassified (14%). 7 samples (

model, as their class belonging was less than 60%. Therefore expert classification can be used to 

generate PLS classification models without the need for making 3D interacting segmentation in 

static images and thus so will be done for upcoming validation trials.

Table 14.Observed individuals against Bayesian classification
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Observed percentage of watercore, computed with an interactive segmentation, against predicted 
tage of watercore, performed with a PLS model. Some observed individuals with low damage 

percentage are classified with higher damage percentage. Strongly affected individuals present a good 
classification by the model. 

Error analysis and Bayesian classification 

From the error analysis of the three PLS models (one for each repetition

that the estimation error does not depend on repetition which can fluctuate in the position of the 

sample in the magnet. Nevertheless, it seems it might be related to a specific Euler number 

400, data not shown) which correspond to apple with peripheral and moderate damage 

(not all slices are equally affected). It has to be taken into account that the dynamic image is 

the watercore sequence and thus such peripheral defects may generate 

detection artifact in the dynamic image. 

The reliability of experts classification can be confirmed by the confusion matrix from 

the Bayesian classification (Table 14), 54 individuals presented a good visual classification, 

which is the 76% and 10 were misclassified (14%). 7 samples (~ 10%) were no classified by the 

model, as their class belonging was less than 60%. Therefore expert classification can be used to 

ification models without the need for making 3D interacting segmentation in 

static images and thus so will be done for upcoming validation trials. 

Observed individuals against Bayesian classification 

 Observed 
 1 2 3 4 

B
ay

es
ia

n 1 13 0 0 0 
2 1 16 6 0 
3 0 1 18 0 
4 0 0 2 7 

d studies 

 

Observed percentage of watercore, computed with an interactive segmentation, against predicted 
tage of watercore, performed with a PLS model. Some observed individuals with low damage 

percentage are classified with higher damage percentage. Strongly affected individuals present a good 

etition) it can be said 

that the estimation error does not depend on repetition which can fluctuate in the position of the 

t be related to a specific Euler number 

400, data not shown) which correspond to apple with peripheral and moderate damage 

(not all slices are equally affected). It has to be taken into account that the dynamic image is 

the watercore sequence and thus such peripheral defects may generate 

The reliability of experts classification can be confirmed by the confusion matrix from 

duals presented a good visual classification, 

10%) were no classified by the 

model, as their class belonging was less than 60%. Therefore expert classification can be used to 

ification models without the need for making 3D interacting segmentation in 
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5.5.4. Discussion 

5.5.4.1. Sequence selection 

According to previous studies on on-line MRI (Hernandez-Sanchez et al., 2004, 2005, 

2006), in order to minimize motion artifacts, fast imaging sequences were used. FLASH 

sequence maximizes tissues differences, as it is weighed in T2
*. This kind of sequence was 

successful for seeds detection in mandarins, due to the high contrast that exists between the pulp 

of the citric (with high amount of water) and the seeds (that will be seen darker because of the 

absence of water). This sequence provided also good results for one of the disorders studied in 

this work: watercore. The damage was clearly seen as there is a high contrast between tissues 

(due to watercore disorder is characterized by free water in the tissues, which will be seen 

brighter than the rest of the fruit). Nevertheless, it did not provide good results in the study for 

internal breakdown, as the pulp of the fruit is not visible when using gradient echoes 

T2
*weighted sequences. For such purpose, a spin echo T2 weighed sequence was used, UFLARE. 

5.5.4.2. Image analysis 

Automated segmentation procedures for dynamic images have shown to be complex 

since there is a need for at least 4 or 5 steps though the result is promising and can be directly 

implemented on-line provided the computing resources are not limited. 

Features extracted from histograms are not enough to segregate between four damage 

levels, only assessing the highest level of affection. Instead, the use of PLS models based on the 

whole histogram do allow such performance. 

5.5.5. Conclusions 

Each disorder among which watercore and internal breakdown are extreme cases requires 

the definition and adjustment of particular sequences which in any case require the correction of 

motion artifacts. In those cases where the image contrast is poor more restrictive number and 

variety of sequences is available. 

A complete procedure for watercore has been defined, from sequence definition, motion 

correction, automated image segmentation and feature extraction. It has been validated against 

quantitative and qualitative values from expert classification. Damage estimation performance is 

maximum for static images (r=0.92) and acceptable for dynamic images (r= 0.72; 0.68; 0.69 
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respectively for each repetition of mask 1 and r= 0.74; 0.70; 0.55 respectively for each repetition 

of mask 2). No performance differences are found between image replicates which confirm the 

MRI dynamic procedure to be robust and prepared of industrial evaluation.  
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Chapter 6 
 

Discussion 

In this section a presentation of most relevant results is carried out together with a 

discussion with regard to multiscale food study beyond that included in each particular paper 

presented in Section 5 and Appendixes. 

For a multiscale study of a particular disorder, like watercore in apples, it was considered 

important first the understanding of the disorder as well as the strengths and weakness of the 

issue of study. In this case, first of all it was found that watercore is seen as a lack of quality in 

some countries, but it is understood as an added value in some regions of Spain and Asia. Then, 

it was concluded that it was very important: 1- the understanding of why this physiological 

disorder occurs together with its metabolic symptoms, such as sugar composition. 2- The non-

destructive study of the physiological disorder in a multiscale level.3- The importance of 

segregating watercore affected apples for selling in the proper market. 

For the study of watercore causes, solar radiation was related to the development of the 

damage. It was seen that solar radiation affects the watercore type of damage (radial and block), 

having more probability of  appearing radial damage in those fruit located at the top part of the 

tree (> 80 %) which are those that receive more solar radiation, than apples located in the bottom 

part. Also, higher amount of watercore affected tissue was found for the upper canopy compared 

to the lower part of the tree (Section 5.1). The statement that apples receiving more irradiation 

have higher amount of damage is consistent with the findings of Yamada et al., (2006), who 
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observed a higher watercore incidence in apples from the outer part of the canopy, which 

confirms the hypothesis that watercore incidence is also related to solar radiation. Therefore, 

solar radiation not only affects watercore occurrence but also its 3-D distribution along the 

tissue. Such 3-D quantification has been carried out for the first time in the literature. 

Regarding the multiscale food study, MRI combined with non-destructive 2D T1/T2 

relaxometry were successfully used for foams, gels and apples (Section 5.2; 5.3), while in 

Appendix 2 and 3, the rehydration of cereals is analysed with dynamic MRI 

Non-destructive 2D T1/T2 relaxometry are sequences that have never been used before on 

entire fruit. Moreover localized 2D T1/T2 relaxometry was designed at low magnetic field 

strength. The novelty of this study has been the use of global 2D T1/T2 relaxometry on entire 

food and the implementation of localized sequences at high field and on entire fruit, in a non-

destructive way. First, these sequences were used on food models (Section 5.2) and then they 

were validated onactual food (apples) (Section 5.3). The importance of using such sequences at 

high field strength lies on the achievement of high resolution, that permits the study of tissues at 

a subcellular scale. Also, the bore size is important since commercial equipment working at low 

fields have a small bore size, which does not permit the study of entire fruit, but only of small 

tissue samples (Venturi et al., 2010; Venturi and Hills, 2010b, Hernández-Sánchez et al., 2007; 

Marigheto et al., 2008). Thanks to the implementation to high field, studies on whole fruit have 

been carried out which allows non-destructive microstructure studies.  

In this Ph.D thesis, global and localized relaxometry sequences have been successfully 

used on food models (foams) and entire fruit (apples). It has been used in order to study in a non-

destructive way the microstructure of watercore disorder, in terms of composition of tissues at 

sub-cellular scale, and to obtain the global relaxometry of a whole apple. A clear difference was 

found as in sound apples it was possible to distinguish different peaks for water at different 

subcellular compartments, such as vacuole and cytoplasm, while in watercore affected fruits, 

such compartments appear merged which implies the mixture of vacuolar and cytoplasmatic 

water. The localized relaxometry, permits to define specific slices of study in order to understand 

specifically the state of a particular region of the fruit without destroying the sample. In the case 

of watercore disorder it is very useful for determining the level of affection of a specific region 

of a fruit and to be able to perform a detailed non-destructive microstructure study of the whole 

apple. Therefore, it becomes feasible to perform a non-destructive multiscale study of watercore 

development. 
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Multiscale analysis of food has also been performed on apples by applying imaging 

procedures, others than MRI, such as X-Ray tomography. In Section 5.4 a comparison between 

both, MRI and X-ray CT has been carried out on the macrosctructure level obtaining better 

contrast in watercore for the former compared to the latter. On the other hand, micro-CT study 

with a very high resolution allows the visualization in a very low scale (4.8 µm3 voxel size), with 

the disadvantage of it being destructive: only a piece of representative tissue is studied. It is true 

that Micro-CT can be performed on entire fruit, but it is long time consuming and it makes 

unviable its use as a non-destructive technique. 

In order to segregate different qualities of apples potentially affected by watercore, an 

application for the food industry is proposed (Section 5.5). The use of on-line MRI has already 

been anticipated by Hernández-Sanchez et al., (2004, 2005, 2006 and 2007).and by Barreiro et 

al., (2008). They concluded that, from all the NMR techniques, the most successfully for on-line 

application is MRI. They used it for freeze and seeds detection in citrus, evaluating several 

sequences in order to optimize contrast between the damaged tissue (in the case of freeze injury) 

and the pulp and seeds in the lowest acquisition time. For freeze injury, they adjusted their 

sequences for maximizing the contrast between the damaged (low T2) and the sound (high T2) 

tissue, using a Fast Low-Angle Shot (FLASH) sequence. This is an echo-gradient sequence, 

which allows the T2
* weighting. The same sequences were also used for seed detection, as seeds, 

(solid-like tissues) have a low T2
* value and thus, will be seen darker than the rest of the pulp. 

Following these premises, as in watercore disorder the damaged tissue has more free water than 

the sound one it was decided to use the FLASH sequence, at high speed (66 mm/s). Thanks to 

this sequence damaged tissue, which has higher amount of water, exhibits larger T2
* value which 

resultsin brighter in the image than healthy tissue. Furthermore, in previous works performed by 

Hernández-Sánchez et al., (2004, 2005 and 2006) and Barreiro et al., (2008), on-line images 

were acquired using a slice selection, which means that, as both seeds and freeze injury are 

usually located in a specific area of the fruit, they decided to acquired only a slice containing that 

specific region. Usually, this region is the central slice of the fruit. However, watercore disorder 

may develop in each part of the volume of the fruit, so the acquisition of only one slice would 

not be helpful. In this work, it was decided to perform no slice selection, but a projection of the 

whole volume of the fruit. Thus, the damage would be always identified.  

In the case of internal breakdown, T2
* weighted sequences have not been successful, even 

though the damaged tissue has low signal compared to the sound, since not enough contrast was 

found. Therefore, in this Ph.D it was clear the need of another kind of sequence, like a spin echo 



PhD Thesis 
Ángela Melado Herreros                                                                                                                             Discussion 

126 
 

(T2 weighted), where the pulp has higher T2 value than the damaged areas, so the healthy tissue 

will be brighter than the affected tissue. This sequence had to be compatible with motion 

correction algorithms. In this Ph.D it was found that the most rapid sequence, among all the 

tested ones, was UFLARE (Ultra-Fast Low-Angle Rapid-Acquisition and Relaxation 

Enhancement). This sequence permitted the successful acquisition of images of apples 

potentially affected by internal breakdown in 1475 ms. 

In view of the works performed in this Ph.D thesis, the results show that Magnetic 

Resonance Imaging (MRI) is a good tool for macrostructure characterization, as it has been 

reached a resolution between 312.5 µm × 312.5 µm and 390.6 µm ×390.6 µm for apples and 234 

µm × 234 µm for the foams. MRI permits the visualization of internal damage using fast 

sequences and 3D reconstruction from 2D tomography slices (Section 5.1); for microstructure 

studies, it is more useful the use of non-destructive 2D relaxometry (section 5.2; Section 5.3) that 

reaches resolutions up to 2.5 s. Though MRI has been used by some authors for microstructure 

characterization combining microimaging and MRI microscopy (Goodman et al., 1996), these 

are methods that entail some difficulties like long acquisition times and very specific 

equipments. Thus, alternative protocols are offered by NMR in the form of relaxometry and 

diffusometry. In this Ph.D thesis, diffusometry methods have been tried to be implemented not 

by external field gradients, but taking advantage of the internal gradients caused by the changes 

in the susceptibility of the magnetic field. Nevertheless, there were some problems in the 

implementation of such techniques in the high magnetic field, and further research is needed. 

Therefore, no works in this area are shown. However, non-destructive 2D relaxometry T1/T2 

sequences have been implemented on entire fruit, which has allowed the study of microstructure 

on fruit. The use of MRI together with 2D relaxometry provided a good tool for a multiscale 

study. The main drawback when using 2D relaxometry is that it is impossible to have an idea of 

the spatial distribution of the microstructure, like with MRI. Indeed, Musse et al., (2010) 

performed a quantitative study of microporosity in fruit using MRI, though this method provided 

the spatial distribution of porosity, it did not achieve subcellular level as with 2D relaxometry. 

This can be solved combining 2D non-destructive relaxometry methods with MRI techniques 

(Section 5.2; Section 5.3). 
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Chapter 7 
 

Conclusions 

Though each of the works presented in Section 5 and in Appendix 2 and 3 have their own 

remarks, several general conclusions can be pointed out in this Ph.D. 

This Ph.D thesis has established a complete methodology using non-destructive NMR 

techniques for performing a multiscale analysis of food. It has been carried out in the framework 

of the European Project InsideFood, which is focused in the study of microstructure of foods 

MRI has been found to be very useful for macrostructure characterization. It allowed a 

characterization of internal disorders, such as watercore in apples in the macro-scale (> 300 µm). 

3D reconstruction of MRI in apples allows to identify two different types of watercore (radial 

and block), which is characterized by the percentage of damage and the connectivity (Euler 

number). Moreover, MRI provides better contrast for watercore than X-Ray CT as verified on 

identical samples of apples. Furthermore, X-ray CT images acquisition time was around 12 times 

higher (25 minutes) than MRI acquisition time (2 minutes 2 seconds). 

For the microstructure insight, 2D T1/T2 relaxometry non-destructive sequences have 

been successfully applied in the high field (4.7 T). It permitted the characterization of complete 

fruit in the micro-scale (sub-cellular level). It is the first time that such sequences are applied on 

complete fruit, and it is a great advance for the microstructure characterization not only in fruit, 

but in other types of foods, in a non-destructive and non-invasive way. This is interesting for the 
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food industry due to the possibility of perform microstructure studies without destroying the 

sample. 

The application of rapid MRI sequences, with real time motion correction artefacts, for 

internal disorders detection in apple has been successful. Different sequences have been applied 

depending on the type of disorder and the type of tissue to study (watercore or internal 

breakdown). The images acquisition times are below 1 s (768 ms) for watercore disorder. This 

means 1.3 fruits per second, which are acceptable to be applied on the food industry. However, 

on internal breakdown disorder, acquisition times are above 1 s (1475 ms), which means 0.67 

fruits per seconds. This acquisition time is acceptable for this study, but need to be improved in 

order to be applied it in the food industry. An automated image analysis has been completed for 

watercore apples. 

The characterization of extruded cereal rehydration with milk containing different fat 

levels has been possible thanks to the real time MRI monitorization (Appendix 2 and 3). 

Therefore, in view of the works performed in this Ph.D thesis, it was concluded that 

Magnetic Resonance Imaging (MRI) is a good tool for macrostructure characterization, as it 

permits the visualization of internal damage using fast sequences and 3D reconstruction from 2D 

tomography slices (Section 5.1; Section 5.4); for microstructure studies, it is more useful the use 

of non-destructive 2D relaxometry (Section 5.2; 5.3). Finally, a potential application for the 

industry is provided: watercore detection in apples (Section 5.5). For internal breakdown, the 

sequence acquisition and motion correction have been defined. Furthermore, a complete 

procedure for watercore has been defined, from sequence acquisition, motion correction, image 

segmentation and feature extraction, and damage estimation has been found to be acceptable for 

motion images. 

Conclusiones 

A pesar de que cada uno de los trabajos presentados en la Sección 5 y en los Apéndices 2 

y 3 presentan sus propias conclusiones, cabe destacar una serie de conclusiones generales en esta 

tesis. 

La presente tesis doctoral establece una metodología completa, mediante técnicas de 

NMR no destructivas, para realizar un análisis multiescala de alimentos, en el marco del 

proyecto europeo InsideFood, que se centra en el estudio de la microestructura de los alimentos. 
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La MRI ha sido muy útil para la caracterización de macroestructura, ya que permite la 

identificación de desórdenes internos, como la vitrescencia en manzanas a escala macroscópica 

(> 300 µm). La reconstrucción 3D de imágenes de MRI en manzanas permite identificar dos 

tipos de vitrescencia (radial y central), que se caraceriza por el porcentaje de daño y la 

conectividad (número de Euler). Además, la MRI ofrece un mejor contraste que la X-ray CT 

para la determinación de vitrescencia, como se ha verificado en muestras idénticas. 

Para el estudio de microestructura, las secuencias no destructivas de relaxometría 2D 

T1/T2 se han aplicado con éxito en el alto campo magnético (4.7 T), lo que ha permitido la 

caracterización de fruto entero en la microescala (nivel sub-celular). Esta es la primera vez que 

se aplican estas secuencias en alto campo en alimento entero, lo que supone un gran avance para 

la caracterización de la microestrcutura no sólo de frutas, sino de otros tipos de alimentos de 

manera no invasiva y no destructiva. 

La aplicación de secuencias rápidas de MRI para la detección de desórdenes internos en 

alimentos también ha sido exitosa. Se han aplicado diferentes secuencias dependiendo del tipo de 

desorden y de tejido a estudiar. El tiempo de adquisición de las imágenes ha sido inferior a 1 s 

(768 ms) para vitrescencia, que es aceptable para su aplicación en la industria agroalimentaria. 

Sin embargo, en el desorden causado por roturas internas, los tiempos de adquisición han sido 

mayores a 1 s (1475 ms), que son aceptables para el presente estudio, pero que deberían 

disminuir para poder implementarlo en industria agroalimentaria. Asimismo, se ha desarrollado 

un procedimiento completo de análisis de imagen para el caso de la vitrescencia. 

La caracterización de la rehidratación de cereales de desayuno con leche con distintas 

cantidades de grasa también se ha monitorizado con éxito en tiempo real gracias a la MRI 

(Apéndices 2 y 3).  

Por todo ello, a la vista de los trabajos realizados en esta tesis doctoral, se concluye que la 

imagen de resonancia magnética (MRI) es una buena herramienta para la caracterización de la 

macroestructura, ya que permite la visualización del daño interno utilizando secuencias rápidas y 

reconstrucción 3D a partir de tomografía 2D (Sección 5.1; Sección 5.4); para los estudios de 

microestructura, es más útil el uso de relaxometría 2D no destructiva (Sección 5.2 y Sección 

5.3). Finalmente, se presenta una aplicación potencial para la industria agroalimentaria (Sección 

5.5). Para roturas internas en manzanas, se ha definido la secuencia de adquisición y corrección 

del movimiento. Para vitrescencia, además de lo anterior, se ha definido un procedimiento 

completo desde la adquisición, corrección del movimiento, segmentación de la imagen y 
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extracción de parámetros y estimación del daño, que se considera aceptable para imágenes en 

movimiento. 
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Chapter 8 
 

Suggestions for further research 

The following proposals for further works are expounded: 

1. Further study of the implementation on the high magnetic field of the sequences for 

2D T1/Diffusion and T2/Diffusion codified by the internal gradients due to the 

changes in the magnetic susceptibility. Some problems emerged when trying to 

implement then, as it does consider as gradients the ones from the own food product’s 

cells. Currently, the high magnetic field did not detect such gradients, since high 

amount of artefacts were detected. Further research has to be done in such direction in 

order to minimize artefact detection. 

2. The application of 2D ultrafast relaxometry sequences for the acquisition of 2D 

relaxometry cross-correlation maps on-line. Such sequences have been programmed 

in the high magnetic field and tested on phantoms under static conditions. They have 

to be applied on actual food and afterwards under on-line conditions. 

3. The application of the on-line MRI sequences in the low field which allows a low cost 

MRI on-line system for internal queality fruit classification. 

4. Improvement of the classification algorithm for watercore apples of the on-line 

images, using pattern recognition algorithms. 

5. Development of computer vision systems in order to perform automatic classification 

of apples potentially affected by internal breakdown. 
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Sugerencias para trabajos futuros 

A la vista de los resultados y conclusiones, se hace una propuesta para trabajos futuros: 

1. Realizar un estudio profundo sobre la implementación en alto campo magnético de las 

secuencias 2D T1/Difusión y T2/Difusión. Surgieron algunos problemas al tratar de 

implementarlas, ya que este tipo de secuencias consideran como gradientes aquellos creados por 

las células del alimentos. En las pruebas realizadas hasta la fecha, el alto campo magnético no 

detectó dichos gradientes, ya que se veían interferidos por artefactos. Es necesario profundizar en 

la investigación para minimizar dichos artefactos. 

2. Aplicación de las secuencias de MRI en línea en sistemas de bajo campo, lo que 

implica bajo coste, para su posterior aplicación en la industria agro-alimentaria como un sistema 

de clasificación de frutas en base a su calidad interna. 

3. Mejora del algoritmo de clasificación en línea de las imágenes de resonancia de 

manzanas afectadas pro vitrescencia, mediante el uso de algoritmos de reconocimiento de 

patrones. 

4. Desarrollo de sistemas de visión artificial para mejorar la clasificación automática de 

manzanas potencialmente afectadas por roturas internas. 

5. Continuar con el análisis de datos de la rehidratación de cereales para encontrar un 

patrón entre el tipo de recubrimiento, composición, tipo de leche y patrón de rehidratación. 
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Appendix 

Appendix 1. MRI principles 

Nuclear Magnetic Resonance is based on the magnetic properties of the nuclei of atoms. 

In many atoms, such as 1H, 13C, 31P, 15N and so on, the nucleus possess an overall spin. The 

most used in organic tissues is 1H, due to the main component of this type of samples is water. 

When applying an external magnetic field (B0), the nuclear magnetic moment of a 

nucleus will align with it either with or against the applied field B0. For a single nucleus with 

I=1/2 and positive giromagnetic ratio (γ), only one transition is possible between the two energy 

levels. The magnetic moments of the nuclei can be represented as vectors in two states: parallel 

with the applied field (spin m=+1/2) and anti-parallel (spin m=-1/2) (Figure 42a). The rotational 

axis of the spinning nucleus cannot be orientated exactly parallel or anti-parallel with the 

direction of the applied field B0 but precesses about this field at an angle, with an angular 

velocity given by the expression: ω0=γB0, where ω0 is the precession rate or Larmor frequency. γ 

relates the magnetic moment (µ) and the spin number (I) for a specific nucleus by the expression: 

γ = 2πµ/hI and its value depends on the nucleus (γ of 1H is 2.68 × 108 rad·s-1·Tesla). This 
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precession process generates an electric field with frequency 

the higher the frequency precession velocity.

If we excite a sample with an electrom

(B1), applied to the x-y plane with a frequency equal to the precession frequency, it can be said 

that it is in resonance conditions. 

When the sample is excited, a signal is recorded immediately after the pu

is very weak so it is amplified, filtered, demodulated and digitized when the signal from the 

sample is mixed with the original excitation frequency. The difference in frequencies is the NMR 

time domain signal. This intensity versus time s

intensity versus frequency plot called the NMR spectrum (

In the resonance condition, the magnetization (M) will continue spinning around B

axis) and also it will precess around B

coiled, descendent movement over a spherical cap (Figure 

called longitudinal and transversal vectors respectively. When the radiofrequence pulse is over, 

all the system, that has been excited by this pulse, tends to recover its original repose state, 

generating two different types of relaxations: longitudinal relaxation, T

and transversal relaxation, T2 (due to the M

time. 

Figure 42. a. Possible orientation of µ a magnetic field B
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precession process generates an electric field with frequency ω0. The higher the intensity of B

the higher the frequency precession velocity. 

If we excite a sample with an electromagnetic pulse from an oscillating magnetic field 

y plane with a frequency equal to the precession frequency, it can be said 

When the sample is excited, a signal is recorded immediately after the pu

is very weak so it is amplified, filtered, demodulated and digitized when the signal from the 

sample is mixed with the original excitation frequency. The difference in frequencies is the NMR 

time domain signal. This intensity versus time signal is Fourier transformed which produces 

intensity versus frequency plot called the NMR spectrum (Figure 42b). 

In the resonance condition, the magnetization (M) will continue spinning around B

axis) and also it will precess around B1 (x axis). As a consequence, M will have a complex, 

coiled, descendent movement over a spherical cap (Figure 42b). The moments M

called longitudinal and transversal vectors respectively. When the radiofrequence pulse is over, 

ited by this pulse, tends to recover its original repose state, 

generating two different types of relaxations: longitudinal relaxation, T1 (due to the M

(due to the Mxy) moment. Both relaxation types occur at the sam

µ a magnetic field B0. b. Precession movement of M. From Aristázabal
Torres (2007) 
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. The higher the intensity of B0 is 

agnetic pulse from an oscillating magnetic field 

y plane with a frequency equal to the precession frequency, it can be said 

When the sample is excited, a signal is recorded immediately after the pulse. This signal 

is very weak so it is amplified, filtered, demodulated and digitized when the signal from the 

sample is mixed with the original excitation frequency. The difference in frequencies is the NMR 

ignal is Fourier transformed which produces 

In the resonance condition, the magnetization (M) will continue spinning around B0 (z 

consequence, M will have a complex, 

b). The moments Mz and Mxy are 

called longitudinal and transversal vectors respectively. When the radiofrequence pulse is over, 

ited by this pulse, tends to recover its original repose state, 

(due to the Mz moment) 

) moment. Both relaxation types occur at the same 

 

. b. Precession movement of M. From Aristázabal-
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• T1 relaxation or spin lattice relaxation

until the thermal equilibrium is reached, the macroscop

exponential grown (Figure 

��

�����: Macroscopic magnetization after the 90° pulse.

t: time, measured in seconds (s).

T1: time constant, measured in seconds (s).

T1 is the time needed to recover the 63% of

on the material state, structure and molecu

interactions. It has higher values in liquid than in solid states.

• T2 relaxation or spin

magnetic fields produced by the near nuclei, which cause differe

When the RF pulse stops, the protons suffer a phase difference, M

zero. This phenomenon has a decreasing exponential behaviour (Figure 

expressed by the Equation

T2: Time constant, measured in miliseconds (ms).

T2 value varies with the molecular structure and it is higher in liquids than in solids. In 

biological tissues, T

T1. 

Figure 43. a. Spin-lattice relaxation (T
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relaxation or spin lattice relaxation. Since the magnetic field is applied on a sample 

until the thermal equilibrium is reached, the macroscopic magnetization experiments an 

exponential grown (Figure 43a). It is defined by equation 1: 

��������	 
 ������� � ���/��                                                                    

croscopic magnetization after the 90° pulse. 

t: time, measured in seconds (s). 

: time constant, measured in seconds (s). 

needed to recover the 63% of the longitudinal magnetization M

on the material state, structure and molecular composition, viscosity and magnetic 

interactions. It has higher values in liquid than in solid states. 

relaxation or spin-spin relaxation. Each proton is influenced by non

magnetic fields produced by the near nuclei, which cause differe

When the RF pulse stops, the protons suffer a phase difference, M

zero. This phenomenon has a decreasing exponential behaviour (Figure 

quation 2: 

���������	 
 ���������/��                                                       

: Time constant, measured in miliseconds (ms). 

value varies with the molecular structure and it is higher in liquids than in solids. In 

gical tissues, T2 varies from 50 to 150 ms. T2 value is always less than or equal to 

lattice relaxation (T1). b. Spin-spin relaxation (T2). From Aristázabal
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. Since the magnetic field is applied on a sample 

ic magnetization experiments an 

                                                                    Equation 1 

the longitudinal magnetization Mz. It depends 

lar composition, viscosity and magnetic 

spin relaxation. Each proton is influenced by non-uniform, low 

magnetic fields produced by the near nuclei, which cause different precession velocities. 

When the RF pulse stops, the protons suffer a phase difference, Mxy decreases and tend to 

zero. This phenomenon has a decreasing exponential behaviour (Figure 43b), that can be 

                                                       Equation 2 

value varies with the molecular structure and it is higher in liquids than in solids. In 

value is always less than or equal to 

 

From Aristázabal-Torres (2007) 
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There are two factors that contribute to the decay of transverse magnetization: 

1. Molecular interactions, due to a pure T2 molecular effect. 

2. Variations in B0 due to inhomogeneous T2 effect. 

Actually, the decay of transverse magnetization is caused by the combination of these 

two factors. The combined time constant is called T2
*. The relationship between the T2 

from molecular processes and from the inhomogeneities in the magnetic field is: 


��

∗ 
 
��

+ /��	������.                                                Equation 3 

The range of magnetic field strengths is normally from 0.1 to 10 T. The higher the 

magnetic field strength is the higher resolution that would be obtained. 

A1-1. 1-D relaxometry basis 

The measurement of both longitudinal relaxation time (T1) and transversal relaxation time 

(T2) are performed by the Carr-Purcell-Meiboom-Gill (GPMG) pulse sequence preceded by an 

inversion. This sequence is a spin echo pulse sequence consisting of a 90° pulse followed by an 

echo train induced by successive 180° pulses. 

The methodology of 1-D relaxometry was described by Hills (1998 and 2010), and it 

establishes that, if the sample is characterized by a single relaxation time and a suitably long 

recycle delay is used to avoid saturation, the relaxation times can be extracted by fitting the data 

to a single exponential model: 

���	 = ��   − �!"#$− �
�

%&                                       Equation 4 

���	 = ��'	!"#$− �
��

%                                          Equation 5 

For the inversion recovery and CPMG sequences respectively. Nevertheless, the samples 

usually have heterogeneities characterized with different relaxation times, so it is best 

represented as a normalized continuous distribution of relaxation times, P(T1) and P(T2): 

���	 = �∞ ()�*��	   − �!"#$− �
�

%&                     Equation 6 

���	 = ��'	()��*���	 !"# $− �
��

%                         Equation 7 
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Now, the observed signal, M(t), is a Laplace transform of the probability P(T1) or P(T2). 

These normalized distributions are called relaxation time spectra and are obtained by inverse 

Laplace transformation of the signal M(t). 

A1-2. 2-D relaxometry basis 

Two dimensional cross-correlation relaxation methods have enormous potential for 

characterizing complex systems. T1/T2 relaxation spectra is based in the relaxation properties, 

such as T1 and T2. It allows to identify molecular species and to study their dynamics. In this 

type of experiments, the signal is measured as a function of two or more independent variables. 

This allows the spin system to evolve under different relaxation mechanisms. Traditionally, these 

types of experiments were very long time consuming and they were limited to simple 

measurements of either the transverse or longitudinal proton relaxation characteristics or water 

diffusivity (Hills, 2010). Nevertheless, this situation has changed at the beginning of the XXI 

century, thanks to the development of fast algorithms for two-dimensional inverse Laplace 

transformations (Song et al., 2002; Callaghan et al., 2003), which are used for the analysis of the 

correlation data.  

The measurement of T1 and T2 are also performed by the CPMG pulse sequence, but in 

this case, the measurement is extended to two dimensions associating the first-time dimension, 

t1, with the inversion recovery part of the pulse sequence and the second-time dimension, t2, with 

the CPMG part of the sequence. Then, independently vary t1 and t2 so the observed signal 

becomes a two-dimensional matrix: 

���, ��	 
 �� ()� ()��*��, ��	 ×   � �!"#$� �
�

%& !"# $� ��
��

%    Equation 8 

whereP(T1,T2) is the two-dimensional relaxation time spectrum, obtained from M(t1,t2) by a two-

dimensional inverse Laplace transformation. t1 and t2 are recovery time and echo time 

respectively. 

A1-4. MRI principles 

Magnetic Resonance Imaging (MRI) is based on the NMR phenomenon. NMR signals 

are spatially encoded using magnetic field gradients, so that spatial distribution of a sample's 

NMR properties can be reconstructed and presented in an image format (Liang and Lauterbur, 

2000). 
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Applying a linear magnetic field gradient (G) the magnetic field becomes a function of 

the position (s) and so does the frequency (ωs) and hence, the phase (ϴs) (Hernández-Sánchez, 

2006). 

-. 
 -/ + 0 ∙ 2;     =>3. 
 4 ∙ �-/ + 0 ∙ 2	    =>5. 
 3. ∙ 6 
 [4 ∙ �-/ + 0 ∙ 2	] ∙ 6 

9: 
 ; ∙ <:;                                                          Equation 9 

If we consider that the frame of reference rotates at the angular frequency, then: 

9: 
 ; ∙ = ∙ :       =>>: 
 ; ∙ = ∙ : ∙ �                                               Equation 10 

Different gradients are applied depending on the MRI sequence. In the most commonly 

used sequences, for example, a gradient along the y direction (phase encoding gradient, GФ) is 

switched on immediately after the first RF pulse, and switched off after a time interval. This 

generates a phase shift between rows of data. In the same way, a gradient along the x direction 

(frequency encoding gradient, Gf), applied during the data acquisition makes each data column 

precess at different frequency and refocuses the dephased transverse magnetization generating an 

echo signal (Hernández-Sánchez, 2006). 

This raw acquired data, that contains encoded spatial information, is a matrix of 

frequencies and it is referred to as k-space (kx, ky) (Figure 44). Each data point in the k-space 

grid is filled by frequency and phase encoding with magnetic gradient fields. During frequency 

encoding, gradient amplitude is constant and different data points are acquired along the kx at 

different times of the echo sampling. During the phase encoding, gradient amplitude is varied 

from one line to the next and the gradient duration time is constant. Each ky line represents the 

points that are collected for a given amplitude of the phase encoding gradient. Images are 

generated by taking the Fourier transform (FT) of the k-space data. The different parts of the k-

space influence the appearance of MR images: lines around the centre determine the contrast of 

the image while the outer lines of the raw data matrix provide information on image spatial 

resolution (Chen et al., 1999). 
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Figure 44. Representation of the k
contrast of the image; outer lin

The slice selection is the selection of spins in a plane through the object and it is achieved 

by applying a one-dimensional, linear magnetic fiel

is applied. The signal can be produced by a gradient recalled echo (GE) imaging sequences and a 

spin-echo (SE) imaging sequence. They can provide useful information about the internal quality 

of the fruit on the basis of the relaxation contrast between tissues. A diagram of both type of 

imaging is seen in Figure 4

In the gradient-echo imaging sequence

imaged object and it produces a rotat

applied with the RF pulse and then, a phase encoding gradient is applied. The encoding gradient 

is varied between GФm and 

center of the acquisition period, a dephasing frequency encoding gradient is applied at the same 

time as the phase encoding gradient. An echo is produced during the turn on of the

encoding gradient. The reversal of the gradient is responsible for the echo, which is called 

gradient echo. A period called the echo time (TE) is defined as the time between the start of the 

RF pulse and the maximum in the signal. The sequence i

sequence is more sensitive to magnetic field inhomogeneities.

In the spin-echo imaging sequence

conjunction with a slice selection gradient. A period of time equal to TE/2 elaps

slice selective pulse is applied together with the slice selection gradient. The phase encoding 
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Representation of the k-space matrix. Data around the center of the k
contrast of the image; outer lines of the raw data matrix provide information of the spatial resolution of the 

image. From Chen et al., 1999. 

The slice selection is the selection of spins in a plane through the object and it is achieved 

dimensional, linear magnetic field gradient during the period that the RF pulse 

is applied. The signal can be produced by a gradient recalled echo (GE) imaging sequences and a 

echo (SE) imaging sequence. They can provide useful information about the internal quality 

he basis of the relaxation contrast between tissues. A diagram of both type of 

45 and Figure 46 respectively. 

echo imaging sequence a slice selective RF pulse is applied to the 

imaged object and it produces a rotation angle lower than 90°. A slice selection gradient is 

applied with the RF pulse and then, a phase encoding gradient is applied. The encoding gradient 

and - GФm in 128 or 256 steps. In order to have the spins in phase at the 

center of the acquisition period, a dephasing frequency encoding gradient is applied at the same 

time as the phase encoding gradient. An echo is produced during the turn on of the

encoding gradient. The reversal of the gradient is responsible for the echo, which is called 

gradient echo. A period called the echo time (TE) is defined as the time between the start of the 

RF pulse and the maximum in the signal. The sequence is repeated every TR seconds. This 

sequence is more sensitive to magnetic field inhomogeneities. 

echo imaging sequence a slice selective 90° RF pulse is applied in 

conjunction with a slice selection gradient. A period of time equal to TE/2 elaps

slice selective pulse is applied together with the slice selection gradient. The phase encoding 
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space matrix. Data around the center of the k-space determine the 
es of the raw data matrix provide information of the spatial resolution of the 

The slice selection is the selection of spins in a plane through the object and it is achieved 

d gradient during the period that the RF pulse 

is applied. The signal can be produced by a gradient recalled echo (GE) imaging sequences and a 

echo (SE) imaging sequence. They can provide useful information about the internal quality 

he basis of the relaxation contrast between tissues. A diagram of both type of 

a slice selective RF pulse is applied to the 

90°. A slice selection gradient is 

applied with the RF pulse and then, a phase encoding gradient is applied. The encoding gradient 

in 128 or 256 steps. In order to have the spins in phase at the 

center of the acquisition period, a dephasing frequency encoding gradient is applied at the same 

time as the phase encoding gradient. An echo is produced during the turn on of the frequency 

encoding gradient. The reversal of the gradient is responsible for the echo, which is called 

gradient echo. A period called the echo time (TE) is defined as the time between the start of the 

s repeated every TR seconds. This 

a slice selective 90° RF pulse is applied in 

conjunction with a slice selection gradient. A period of time equal to TE/2 elapses and a 180° 

slice selective pulse is applied together with the slice selection gradient. The phase encoding 
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gradient is varied in 128 or 256 steps between G

is applied after the 180° pulse during the time that

echo. One additional gradient is applied between the 90° and 180° pulses, and it is along the 

same direction as the frequency encoding gradient. It dephases the spins so that they will rephase 

by the center of the echo. This gradient prepares the signal to be at the edge of k

start of the acquisition of the echo. An advantage of these type of sequences is that it introduces 

T2 dependence to the signal. This is interesting for some types of tissues 

have different T2 values.  

Figure 45. Gradient-echo sequence from http://www.cis.rit.edu/htbooks/mri/inside.htm

Figure 46. Spin-echo sequence from http://www.cis.rit.edu/htbooks/mri

The nuclear spin density (ρ), the spin

time (T2), are properties of the spins in tissues. The value of these quantities can vary from one 

tissue to another, depending on their composition. Therefore, t
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gradient is varied in 128 or 256 steps between GФm and - GФm. The frequency encoding gradient 

is applied after the 180° pulse during the time that echo is collected. The recorded signal is the 

echo. One additional gradient is applied between the 90° and 180° pulses, and it is along the 

same direction as the frequency encoding gradient. It dephases the spins so that they will rephase 

the echo. This gradient prepares the signal to be at the edge of k

start of the acquisition of the echo. An advantage of these type of sequences is that it introduces 

dependence to the signal. This is interesting for some types of tissues and pathologies that 

 

echo sequence from http://www.cis.rit.edu/htbooks/mri/inside.htm

 

echo sequence from http://www.cis.rit.edu/htbooks/mri /inside.htm

ρ), the spin-lattice relaxation time (T1), the spin

), are properties of the spins in tissues. The value of these quantities can vary from one 

tissue to another, depending on their composition. Therefore, they are responsible for contrast 
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. The frequency encoding gradient 

echo is collected. The recorded signal is the 

echo. One additional gradient is applied between the 90° and 180° pulses, and it is along the 

same direction as the frequency encoding gradient. It dephases the spins so that they will rephase 

the echo. This gradient prepares the signal to be at the edge of k-space by the 

start of the acquisition of the echo. An advantage of these type of sequences is that it introduces 

and pathologies that 

echo sequence from http://www.cis.rit.edu/htbooks/mri/inside.htm 

/inside.htm 

), the spin-spin relaxation 

), are properties of the spins in tissues. The value of these quantities can vary from one 

hey are responsible for contrast 
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between tissues in the various image types and it is possible to produce different types of images: 

T1, T2 or spin density (ρ) weighted images. 

• T2 weighted images are produced by a spin-echo pulse sequence. The intensity of the 

image pixels is proportional to the protons concentration and it depends on the spin-spin 

relaxation time of the tissue. They are characterized by a small TE and a large TR. 

• T1 weighted images can be created by varying the TR in a spin-echo pulse sequence. The 

intensity of the image pixels is proportional to the protons concentration and it depends 

on the spin-lattice relaxation time of the tissue. 

• In spin density weighted images the pixel intensity of the resulting image is proportional 

to the proton concentration of the voxel. 

A1-4.1. Fast imaging sequences 

For the application of MRI to food inspection it is necessary the use of rapid imaging 

sequences that permit their on-line application. 

In this section the fast imaging methods tested in this PhD thesis are analyzed. Also, their 

characteristics and highlights are enumerated. 

1. Fast Low Angle Shot (FLASH): FLASH sequence is a gradient echo sequence, 

characterized by an excitation pulse angle lower than 90° (typically about 5°). This makes that, 

after one radio-frequency (RF) excitation or shot the transverse magnetization is M0 cos θ and 

the residual longitudinal magnetization is M0 sin θ. The existence of residual magnetization 

permits the rapid repetition of the FID, such that after n shots the signal will be proportional to 

M0 sin θ cosn θ. It is not necessary to wait for the longitudinal magnetization to recover, so the 

recycle delay TR can be shorter than T1, usually less than 10 ms (Hills, 1998). A k-space is 

sampled for each RF pulse. The absence of 180° refocusing pulse allows the echo train to be 

moved closer to the excitation pulse so the effective echo time (TE) is shortened. This results on 

a very fast data acquisition (Parikh, 1992). Normally, the transverse magnetization between 

cycles is destroyed by the application of an additional short, pulse field gradient immediately 

before the next low-angle excitation pulse (Hills, 1998). 

This type of sequence is T*
2 weighted, which is sensitive to susceptibility effects. It is 

also little T1 weighted. 

Some advantages of the FLASH sequence are: 
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- Two-dimensional images can be acquired in times as short as 100 ms (Hills, 1998).

- The k-space if filled linearly so data are sampled on a rectangular grid reducing 

reconstruction complexity (Hernández

Some disadvantages are: 

- Reduction of the signal-to-

digitations means wide bandwidths with increasing noise (Hills, 1998).

- T*
2-weighting involves sensitivity to magnetic field distortions and to susceptibility 

effects (Hills, 1998). 

- The increase of the speed makes

poorer spatial resolution and the apparition of bandwidths (Hills, 1998).

A scheme of the FLASH pulse sequence timing program is shown in Figure

sequence has been use for the on-line inspecti

Figure 47. FLASH pulse sequence timing program. Figure extracted from: 
www.iisc.ernet.in/currsci/mar25/articles14.htm

2. Rapid Acquisition Relaxation Enhanced (RARE)

Spin Echo (RSE), Fast Spin Echo (FSE) or Turbo Spin Echo (TSE). It is based on the multiple

echo sequence and fills more than one k

the acquisition time is reduced to less than one second (Parikh, 19

refocus decaying echoes with variable phase encoding, so each echo is separately phase encoded 

and then, frequency encoded in the presence of a read gradient. A compensating lobe precedes 

immediately the refocusing pulse in th

phase to exactly the same value before each 180° pulse (Figure
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dimensional images can be acquired in times as short as 100 ms (Hills, 1998).

space if filled linearly so data are sampled on a rectangular grid reducing 

reconstruction complexity (Hernández-Sánchez, 2006). 

-noise ratio due to M0 sin θ cosn θ is less than M

digitations means wide bandwidths with increasing noise (Hills, 1998). 

weighting involves sensitivity to magnetic field distortions and to susceptibility 

The increase of the speed makes a reduction of the signal-to-noise ration, resulting in 

poorer spatial resolution and the apparition of bandwidths (Hills, 1998). 

A scheme of the FLASH pulse sequence timing program is shown in Figure

line inspection of watercore in apples. 

. FLASH pulse sequence timing program. Figure extracted from: 
www.iisc.ernet.in/currsci/mar25/articles14.htm 

Rapid Acquisition Relaxation Enhanced (RARE): This sequence is also called Rapid 

Spin Echo (RSE), Fast Spin Echo (FSE) or Turbo Spin Echo (TSE). It is based on the multiple

echo sequence and fills more than one k-space trajectory in a single excitation. This makes that 

the acquisition time is reduced to less than one second (Parikh, 1992). RARE uses 180° pulses to 

refocus decaying echoes with variable phase encoding, so each echo is separately phase encoded 

and then, frequency encoded in the presence of a read gradient. A compensating lobe precedes 

immediately the refocusing pulse in the phase-encoding direction, which makes to bring the spin 

phase to exactly the same value before each 180° pulse (Figure48). The k-space filling can be 
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dimensional images can be acquired in times as short as 100 ms (Hills, 1998). 

space if filled linearly so data are sampled on a rectangular grid reducing 

 is less than M0 and rapid 
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noise ration, resulting in 

A scheme of the FLASH pulse sequence timing program is shown in Figure47. This 
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space trajectory in a single excitation. This makes that 

92). RARE uses 180° pulses to 

refocus decaying echoes with variable phase encoding, so each echo is separately phase encoded 

and then, frequency encoded in the presence of a read gradient. A compensating lobe precedes 

encoding direction, which makes to bring the spin 

space filling can be 
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accomplished in one shot by a long train of RF pulses or in multiple shots consisting of shorter 

trains of RF pulses. The contrast is T2 weighted due to the 180° refocusing pulses providing 

signal intensities only for those components which have long T2 values (Parikh, 1992 cited by 

Hernández-Sanchez, 2006). 

Some advantages of these sequences are: 

- Due to the short acquisition time the motion-induced artifacts are reduced (Parikh, 

1992). 

- As they are T2 weighted, they are less sensitive to magnetic field inhomogeneities 

(Parikh, 1992). 

- Thanks to the rectilinear k-space filling, the reconstruction of these images is 

straigthforward (Bernstein et al., 2004). 

Some disadvantages are (Hernández-Sánchez, 2006): 

- The presence of 180° pulses limit the minimum spacing between successive echoes, 

which increase image acquisition time. 

- The T2 signal decay involves the image blurring in the phase-encoding direction bay a 

line spread function and imposes a high-pass filter on the k-space data along the phase-encoded 

direction, which results in an adege enhancement in the image. 

- The phase errors contained within the k-spaces vary along the phase encoded direction 

which generates ghosts. 

This type of sequence has been used for the imaging of apples potentially affected by 

watercore, under static conditions. 
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Figure 48.Scheme of RARE sequence. 
pre2007/pages/papers/zientara/fast/fastimaging.html

3. Ultra-fast low-angle rapid acquisition and relaxation enhancement (UFLARE)

spin echo high-speed imaging sequence is based on the acqui

echoes, each of which is independently phase

acquired in either single- (Figure 49

(Eriksson et al., 2001). 

The main advantage of this sequence is that images are less sensitive to susceptibility 

artifacts and signal loss. 

This sequence was tried for MRI on

watercore, but it was discarded, due to the contrast that it o

Nevertheless, it was successful when applied on on

for the detection of internal breakdown disorder (Melado
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.Scheme of RARE sequence. Figure extracted from http://www.spl.harvard.edu/archive/spl
pre2007/pages/papers/zientara/fast/fastimaging.html 

angle rapid acquisition and relaxation enhancement (UFLARE)

speed imaging sequence is based on the acquisition of a train of refocused 

echoes, each of which is independently phase-encoded. It is a snapshot technique that can also be 

49) or multi-shot mode. The obtained contrast is T

in advantage of this sequence is that images are less sensitive to susceptibility 

This sequence was tried for MRI on-line inspection of apples potentially affected by 

watercore, but it was discarded, due to the contrast that it offered was not successful. 

Nevertheless, it was successful when applied on on-line inspection of ‘Braeburn’ apple cultivar 

for the detection of internal breakdown disorder (Melado-Herreros et al., 2013d).
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Figure extracted from http://www.spl.harvard.edu/archive/spl-

angle rapid acquisition and relaxation enhancement (UFLARE): This 

sition of a train of refocused 

encoded. It is a snapshot technique that can also be 

shot mode. The obtained contrast is T2-weighted 

in advantage of this sequence is that images are less sensitive to susceptibility 

line inspection of apples potentially affected by 

ffered was not successful. 

line inspection of ‘Braeburn’ apple cultivar 
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Figure 49.Scheme of sing
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.Scheme of single-shot multislice U-FLARE. From Dreher et al., (2001)
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FLARE. From Dreher et al., (2001) 



PhD Thesis 
Ángela Melado Herreros                                                                                                                            Appendix 

172 
 

Appendix 2. MRI texture analysis as means for addressing 

rehydration and milk diffusion in cereals 

 

A2-1. Introduction 

Extruded cereals are widely consumed all around the world and are characterized by 

providing high energy and starch, which is responsible for most of their structural, attributes 

(Dehghan-Shoar et al., 2010). Consumers are more and more concerned about a healthy diet; this 

is why a good content in fibre is not only important in order to obtain a high nutritional quality 

product also remaining palatable for the consumer. The palatability of a product is much related 

to its microstructure which will define the rehydration and milk diffusion processes that will take 

place in this kind of food. 

Moisture uptake depends on temperature, on the immersion medium and on the cereal 

composition and structure (Machado et al., 1999). When they are soaked in milk, they may 

present lost of crispness and organoleptics which are undesirable characteristics for consumers. 

MRI is suited as a non invasive tool in order to monitor water and has leads to 

applications in different areas in agrofood (Barreiro et al., 2008; Weglarz et al., 2008; 

Hernández-Sáncehz et al., 2007; Hernández-Sánchez et al., 2006b; Collewet et al., 2004; Clark 

and Enza, 1999; Barreiro et al., 1999; Clark et al., 1998a). MRI has been chosen by many 

authors in order to image rehydration in different kind of foods, such as rice or legumes (Abu-

Ghannam, 1998; Takeuchi et al., 1997a; Takeuchi et al., 1997b). 

The aim of this work was to monitor rehydration and distribution of milk of several kinds 

in different prototype cereals, by using MRI techniques applied to hydration levels in real time. 
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In the case of milk, the high water composition, as well as the fat content, allows good signal 

detection in order to achieve milk mobility and rehydration in cereals. 

A2-2. Materials and Methods 

A2-2.1. Samples 

Different types of prototype cereals were imaged by MRI, at CAI NMR, UCM 

dependences in Madrid, under static conditions. 

Cereals were three different extruded prototypes provided by Nestle, varying the content 

of fibre as well as the coating of the pellets (Table 15).  

Table 15. Cereal varieties and their composition 

Variety 

Whole 
Wheat 
Flour 
 (%) 

Oat Bran 
Concentrate 

(%) 

Wheat bran 
(%) 

Wheat 
Flour 
(%) 

Corn 
(%) 

Sugar 
(%) 

Var03   80 18 0 0 0 2 
Var09 60 0 10 20 18 2 
Var14 60 0 0 20 18 2 
 

Each variant were provided as such and coated with syrup composed of sucrose (67%), 

dextrose (5%) and water (28%). 

Two different kinds of milk were tested on each variety, varying their fat content. The 

first one (A) had 3.6 % of fat; the second one (B) 1.55%. 

Ten different MRI experiments were performed (Table 16). 

Table 16. Types of samples tested 

Variety Coating Milk 

Var03 

Coated A 
Coated B 

Non coated A 
Non coated B 

Var09 
Coated B 

Non coated B 

Var14 

Coated A 
Coated B 

Non coated A 
Non coated B 
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A-2.2.2. MRI equipment 

MRI experiments were performed on a Bruker BIOSPEC 47/40 (Ettlingen, Germany) 

spectrometer, operating at 200 MHz. All experiments were performed with an actively shielded 

imaging gradient set and a Radio Frecuence (RF) volume coil with an inner diameter of 3.5 cm. 

The bore of the magnet is horizontal, 147 cm long and with 40 cm diameter, reduced to 6 cm 

when the gradients stack in place. 

A-2.2.3. Sample preparation 

In order to acquire images in real time, an injection system was designed by means of a 5 

ml syringe, a 10 ml syringe and a 2 mm diameter capillary. 

The capillary was placed connecting both syringes and was filled with 5 ml of milk. The 

5 ml syringe was pierced on its extreme in order to avoid generating vacuum inside it. 

Four or 5 cereals pellets (depending on their size) were placed inside the 5 ml syringe and the 10 

ml syringe was filled with air (Figure 50). 

 

Figure 50. Scheme of the injection system designed for the experiment 

The syringe containing cereals was placed inside the magnet. The one filled with air was 

placed outside the Faraday cage, with the capillary containing milk connecting them. Before 

starting the experiment, the air was pushed in order to force the milk to enter in the syringe filled 

with cereals. From this moment, MR images were taken. 

A-2.2.4. MRI sequences 

MRI experiments were made in 2D Proton Density-weighed, Rapid Acquisition with 

Relaxation Enhancement (RARE) sequences, targeted at obtaining 15 slices from each image 

during 60 minutes, every 120 seconds and during 30 minutes, every 60 seconds, depending on 

the sample. 
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Sagital images (y-z plane) were obtained from cereals placed with the syringe central axis 

along the y-axis of the magnet. The MRI sequence parameters were: recovery time (TR) 2000 

ms, echo time (TE) 10 ms. The Field of View (FOV) was 6 × 3 cm2. 

A-2.2.5. Image processing and data analysis 

Image processing was carried out using dedicate routines based on Matlab® 7.0 software 

and corresponding image analysis toolbox. A combination of textural analysis methods and 

segmentation methods were implemented (Yang et al., 2009; Barreiro et al., 2008; Létal et al., 

2003; Chen and Sun, 1991; Otsu, 1979). 

As a first step, MR images on 16 bits were transformed in 8 bits in order to allow 

standard image analysis algorithms. For image analysis, the central slice of each time was 

selected. 

In order to segment the image in time, an algorithm was developed by means of a mask 

(binary image), corresponding to the first time step. This allowed visualizing the cereals and 

enabled to segment them. By this method it was possible to see in the image the diffusion of the 

milk inside the cereals along time. Afterwards, the histogram of each image was obtained as well 

as the average, median and variance of each gray level along time, that shows the infiltration of 

the milk, and the contours of the milk diffusing through the cereals were displayed. The mask 

was defined at first step using a polygonal region of interest together with Otsu thresholding. 

A.3- Results and discussion 

MRI images were obtained in real time (example is given Figure 51 for three time steps). 

 

Figure 51. MR images of the central slice of cereals Var14, coated with milk type A, measured through 40 
minutes. A. Image at 0 minutes. B. Image at 20 minutes. C. Image at 40 minutes. 

From the segmentation, images of the cereal rehydration were obtained and also their 

average gray level and their variance were computed (Figure 52) at each time step. Average grey 
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level was computed in order to give an idea of how much each sample was rehydrated while the 

variance states differences in space at each time step.  

In some cases, the first and the second point in average grey level, corresponding to the 

initial time (the moment just after the injection of the milk and 2 minutes later), showed larger 

value than the rest of the images. This fact is due to the effect of the movement of the milk 

through the syringe in the first step, which is very quick as it is impelled by the injection of the 

air, so these points were removed.  

Generally speaking, there is no advisable clustering of behaviours in average grey level 

due to cereal type or coating (total amount of milk inside the cereals), however there is some 

clear clues regarding variance since coating seems to provide some clustering effect among 

samples with higher variances in almost all cases. 

According to average grey level it can be seen that all cereals rehydration was uniform in 

time (linear time response), except for Var14 non-coated (A and B), which rehydrates uniformly 

until minute 20 and then presents a step that refers to a quick hydration event. 

Lowest differences between coated and non-coated according to average grey level (mean 

hydration of cereals) are found for Var14 (dashed lines in Figure 52A). This is also true for grey 

level variance, since all Var14 data are clustered around 90-100 units of variance, the highest 

values in Figure 52B. This confirms the fact that the addition of fibres seems to refrain the 

penetration of the liquid in the pellets. 

Var09 (solid lines in Figure 52B) present strong differences between coated (variance = 

90) and non-coated (variance = 40) cereals. 

Var03 (small dashed line in Figure 52B) series present no differences in grey level 

variance for milk typed A: coated (variance = 63) and no-coated (variance = 60), while some 

differences are appreciated on milk typed B between coated (variance = 75) and non-coated 

(variance = 55). 

Whenever coating has an effect, grey level variance for coated cereal types is higher than 

for non-coated which is congruent with the fact that liquid is retained on the external area. 
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Figure 52. A. Variance of the different varieties. B. Grey levels of the different varieties. 

A-4. Conclusion 

Differences in hydration uniformity may be assessed by means of changes in grey level 

variance in MR images. The largest differences are found between cereals Var03 and Var14, 

being higher the variance for the latter than for the former (90 and 60 aprox. respectively). 

Besides, difference in grey level variance between coated and non-coated is high for cereals type 

09 which refers to coating as having a large effect on this type of cereals. In spite cereal type 03 
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shows large differences in grey level variances for type of milk and not for coating (higher 

penetration of milk for milk type B).  Another interesting feature for cereal type 03 under milk 

type A is that it shows poor differences in grey level variance and thus, in this case the effect of 

coating is very limited. 

Whenever coating has an effect, grey level variance for coated cereal types is higher than 

for no-coated which is congruent with the fact that liquid is retained on the external area. 
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Appendix 3. Effect of fibers and whole grain content on 

quality attributes of extruded cereals 

 

A3-1. Introduction 

Health and nutritional policies are currently promoting the increase of dietary fiber 

content in food, especially in cereal-based products. However, incorporation of fiber in cereals 

may lead to quality issues (Brennan et al., 2008; Yanniotis et al., 2007), thus decreasing 

consumer acceptance. This is partially due to deterioration of the microstructure, one of the 

primary quality attributes of extruded cereals (Yao et al., 2006; Rzedzicki and Blaszczak, 2005; 

Yao et al., 2006). Consequently, the production of fiber enriched extruded cereals remains a 

challenge, in particular when maintaining functional and quality properties. The objective of this 

study was to better understand how dietary fibers affect the quality of cereal products during 

extrusion-cooking. The studies quantified the effect of source and amount of fiber and whole 

grain on (i) texture, (ii) structure, and (iii) rehydration properties of extruded cereals. New 

innovative methods were applied and combined with traditional techniques to characterize both 

the structure and the rehydration properties. 

A3-2. Material and methods 

Studies were carried out on starch-based (wheat, whole wheat) recipes. Two sources of 

fibers were added: oat bran concentrate (OBC) and wheat bran (WB) for their high soluble (β-

glucans) and insoluble (arabinoxylans) fiber levels, respectively. The oat and wheat bran levels 

used in this study were 0, 10, and 20%. The different recipes (Table 17) were extruded in a pilot 

twin-screw extruder BC21 (Clextral), dried to 3% water (w/w) using a force-air convection oven. 
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The following extrusion parameters were kept constant: die design, screw speed (400 rpm), 

product temperature (135°C) and water addition (20%). 

Table 17. Cereals composition (% dry matter) of different samples 

Samples Whole 
Grain 

Fiber rich 
ingredients 

Filler 

Whole 
Wheat 

OBC Wheat Bran Wheat 
flour 

Corn Sugar 

F0 WG40 40 0 0 40 18 2 
F0 WG60 60 0 0 20 18 2 
F0 WG80 80 0 0 0 18 2 
F10 WG40 

OBC 
40 10 0 30 18 

2 

F10 WG60 
OBC 

60 10 0 10 18 
2 

F10 WG80 
OBC 

80 10 0 0 8 
2 

F10 WG40 
WB 

40 0 10 30 18 
2 

F10 WG60 
WB 

60 0 10 10 18 
2 

F10 WG80 
WB 

80 0 10 0 8 
2 

F20 WG40 
OBC 

40 20 0 20 18 
2 

F20 WG60 
OBC 

60 20 0 0 18 
2 

F18 WG80 
OBC 

80 18 0 0 0 
2 

F20 WG40 
WB 

40 0 20 20 18 
2 

F20 WG60 
WB 

60 0 20 0 18 
2 

F18 WG80 
WB 

80 0 18 0 0 
2 

 
Each sample was coated with 30% (w/w) of syrup composed of sucrose (67%), dextrose 

(5%) and water (28%) and dried again to 3% water (w/w). 

Mechanical properties of extruded cereals were investigated by compression test using a 

Kramer shear cell equipped with a 500 kg load cell cell moving at 1mm/s through a 1.7cm thick 

cereal bed. The cellular structure was scanned by X-ray tomography (SkyScan 1172, Belgium) at 

40kV over 180º. Information on porosity, cell size, and cell wall thickness distributions were 

extracted from 3D image analysis. The quality of coating (thickness, homogeneity) was analyzed 

by optical coherence tomography. The rehydration properties of such cereals in milk were 

evaluated by magnetic resonance imaging (MRI) and optical coherence tomography. Several 
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kinds of milk (considering increasing fat level) were tested with 200 MHz MRI and further 

image processing by means of texture analysis based on histogram studies. 

A3-3. Results 

Whatever the type of fiber (oat bran concentrate or wheat bran), the modifications of 

mechanical properties after addition of fiber rich ingredients or whole grains show similar trends 

(Figure 53): 

• Without addition of fibers (0%), the maximum force and the number of peaks do not 

change much when increasing the whole grain content. 

• Conversely, adding fibers significantly increases the maximum force (Fmax), whereas the 

number of peaks (Npeak) decreases, thus showing an increase of hardness and a decrease 

of “crispness” when the fibers are added. 

• Interestingly, the higher the addition of fibers, the more the addition of whole grain has 

an impact on texture properties (ie. Fmax and Npeak). 

The modifications of texture parameters (Fmax and Npeak) are more important with oat 

bran concentrate than with wheat bran. 

a) 

 

 

 

b) 

 

 

 

Figure 53. Effect of fibers and whole grain (WG) content on two parameters of texture (a- Maximum force 
and b- Number of peak) for two types of fibers: Oat Bran Concentrate and Wheat Bran. 
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Modifications of mechanical properties were linked with variations of cell size and cell 

wall structure (Figure 54). 

• Without addition of fibers (F0-), only minor modifications of porosity and cell size are 

observed when the whole grain content increases while the cell wall thickness increases 

significantly between 40% and 60% WG content. 

• Conversely, adding fibers decreases the expansion of extruded cereals and thus the cell 

size and the porosity decreases while the thickness of cell wall globally increases, in 

agreement with the increase of maximum force observed. 

 
Figure 54.Cellular Structure. Principal component analysis of structure data: similarity map of component 1 
and 2. Convex hulls were drawn for 0% (F0-), 10% (F10-) and 20% (F20-) of fiber contents. Structure and 

texture attributes were plotted. 

 

A loss of hardness and crispness is observed after immersion in milk. The hardness of dry 

products is well correlated with those of the soaked products (Figure 55). The effect of low 

amount of fibers addition seems to have an effect on “keeping hardness” when poured in milk. 

This is confirmed by MRI measurements showing a slower penetration of the milk within the 

pellets containing fibers (Figure 57). 
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Figure 55. Correlations between the maximum forces measured for dry and soaked extruded cereals 

 
 

Figure 56 shows an OCT image sequence for one experiment of rehydration process. The 

cereal pellets is fixed in a cylinder and milk is poured up to 80% of its height. The images are 

ordered from a-h) according to the rehydration progress during the experiment. At the beginning, 

no milk is visible along the upper surface of the cereals (Figure 56.a). Then some milk is 

appearing in the image at the spot indicated by the black arrow (Figure 56.b). From figure 56c to 

4h, more and more milk becomes apparent along the upper surface of the cereal pellet, 

concomitantly to the collapse of the height of the cereal.  

 
Figure 56.Sequence of OCT images showing the rehydration process of extruded cereals in semi-skimmed 

milk. The images are ordered from a)-h) according to the progress in time. Image size: 4 x 1.5 mm2. 

 

OCT made possible to visualize the quality of coating (when observing dry pellets) and to 

follow the rehydration process of extruded cereals in milk: the collapse of the structure that is 

immerged in milk can be followed and quantified. 
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Figure 57 represents the normalized variance against the variation coefficient for three 

extruded cereals. Differences in the behaviour of the different samples are observed. The 

trajectory could be related to the hydration level. The higher the addition of fiber is, the shorter 

the trajectory is, resulting in a lower hydration. The two samples (F20 WG60 OBC and F10 WG60 

WB) having 20% of oat bran concentrate and 10% of wheat bran respectively, show lower 

trajectories than the sample F0 WG60 without addition of fiber. 

Furthermore, MRI reveals that the differences of rehydration properties between coated 

and non coated extruded cereals seem to be dependent on the content and composition of the 

cereal base. 

 
 
Figure 57. MRI features on cereal hydration. Normalized multiplicative hydration level versus coefficient of 

variation 

 

A3-4. Conclusions 

This work revealed that structure assessment of extruded cereals may lead to a better 

understanding of the effect of fiber addition on texture and rehydration properties. The 

application of innovative methods, such as Optical Coherence Tomography and Magnetic 

Resonance Imaging, was found to be useful to quantify the structural properties. In the future, 

the relationships between quantitative analysis of expanded structure changes in extruded cereals 
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with high fiber content and the final texture properties will be used to define optimized 

processing conditions and recipe for an improved consumer satisfaction. 

 


