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MRI method for investigation of eye growth in semi-hard cheese
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A non-destructive 3D MRI method combined with an image processing algorithm for characterization of individual eyes in semi-hard cheeses is proposed. The impact of MRI acquisition parameters allowing shortening of measurement time was analyzed to determine the optimal protocol providing accurate estimation of eye volume. The MRI imaging protocol was validated by comparison with μCT measurements. The method was applied to study eye *Manuscript Click here to view linked References development and growth in cheese during ripening. It was successfully used to evaluate number, volume and spatial distribution of eyes. Investigation of individual eye characteristics during ripening allowed differentiation of eye behavior. The MRI method made it possible to highlight the effects of the spatial heterogeneity of the cheese on eye growth rate. The principal application of this method would be for research and development purposes.

INTRODUCTION

Semi-hard cheeses are characterized by their eyes, and they are a very important quality parameter in terms of their number, size and shape. Evaluation of these factors is generally performed by listening to the sound made while tapping the cheese surface combined with examination after cutting the cheese [START_REF] Kraggerud | X-ray images for the control of eye formation in cheese[END_REF]. However, this approach does not provide overall information about the product as it is limited to the section of the cheese analyzed. Moreover, the method is destructive, which means that repeated measurements cannot be carried out on the same individual products at consecutive times, thus making investigation of the kinetics of cheese parameters difficult.

Different imaging techniques can be applied in order to observe the distribution of eyes in semi-hard and hard cheese pastes in a non-destructive way. Studies involving conventional on-line X-ray and ultrasound techniques have been used as a quality control to measure global structural changes by detecting holes, without separation of individual eyes. [START_REF] Kraggerud | X-ray images for the control of eye formation in cheese[END_REF] used an X-ray instrument to monitor eye formation in semi-hard cheese during ripening. [START_REF] Eskelinen | Preliminary Study of Ultrasonic Structural Quality Control of Swiss-Type Cheese[END_REF] proposed a method for quality control of Swiss-type cheeses that used ultrasound, and recommended improvements in resolution and sensitivity before any scale-up applications could be considered. [START_REF] Nassar | Ultrasonic and acoustic investigation of cheese matrix at the beginning and the end of ripening period[END_REF] and [START_REF] Conde | Detection of internal cracks in Manchego cheese using the acoustic impulse-response technique and ultrasounds[END_REF] applied ultrasound to the study of cheese texture, viscoelastic properties and crack detection, but it is difficult to use this technique for mature cheeses with many eyes. The conventional techniques described above are useful for quality control purposes but cannot be applied for investigation of mechanisms involved in eye formation and growth. For such an approach it is important to characterize individual eyes in terms of position and the kinetics of eye parameters.

Advanced non-destructive imaging techniques providing three-dimensional (3D) images, such as X-ray computed tomography (CT) and Magnetic Resonance Imaging (MRI), have been used to study the internal structure of various food products [START_REF] Lim | X-ray micro-computed tomography of cellular food products[END_REF][START_REF] Mariette | Quantitative MRI in Food Science & Food Engineering[END_REF]. For example, μCT was used to evaluate the structural properties of coffee beans [START_REF] Pittia | Evaluation of Microstructural Properties of Coffee Beans by Synchrotron X-Ray Microtomography: A Methodological Approach[END_REF] and to quantify pore space in apple tissues [START_REF] Mendoza | Three-dimensional pore space quantification of apple tissue using X-ray computed microtomography[END_REF] and MRI was used to estimate bubble size in alveolar products such as bread dough during proving [START_REF] De Guio | Magnetic resonance imaging method based on magnetic susceptibility effects to estimate bubble size in alveolar products: application to bread dough during proving[END_REF]. [START_REF] Lee | Computed tomographic evaluation of gas hole formation and structural quality in Gouda-type cheese[END_REF] used CT to measure volume, shape and location of eyes during ripening to evaluate structural quality in Goudatype cheeses under different ripening conditions. CT was also used by Guggisberg et al. [START_REF] Guggisberg | Eye formation in semi-hard cheese: X-ray computed tomography as a non-invasive tool for assessing the influence of adjunct lactic acid bacteria[END_REF] to investigate the influence of different cultures on eye number, relative eye volume and the size distribution in semi-hard cheese. The structure of Swisstype cheeses was first studied using MRI by [START_REF] Rosenberg | Evaluation of eye formation and structural quality of swiss-type cheese by Magnetic Resonance Imaging[END_REF]. They demonstrated the potential use of this technique for monitoring eye formation and development during ripening and for identification of structural defects. In their study, the qualitative aspects were considered via two-dimensional (2D) images. In addition to the structure parameters, MRI technique can provide access to information about the chemical composition and microstructure of the paste [START_REF] Mariette | Quantitative MRI in Food Science & Food Engineering[END_REF] that necessitates comprehensive explanation of the mechanisms involved in changes in the MRI signal. For example, Ruan et al [START_REF] Ruan | A magnetic resonance imaging technique for quantitative mapping of moisture and fat in a cheese block[END_REF] used MRI to measure water and fat content distribution in cheddar cheese blocks.

The aim of the study presented here was to develop a non-invasive 3D MRI method to monitor individual eye growth in semi-hard cheeses during ripening for research and development purposes. An image processing method was developed in order to evaluate changes in the characteristics of openings such as eye number, volume and spatial distribution. Separation of overlapping eyes and individual eye labeling without any prior assumption of eye shape were the important features of this method. The MRI protocol was optimized by evaluating the impact of acquisition parameters on estimation of eye volume and validated by comparison with μCT measurements. μCT was considered as the reference method, because of the high spatial resolution of the images. Furthermore, μCT is not sensitive to air-water interfaces as MRI can be because of the magnetic susceptibility effects.

Finally, as both techniques are non-destructive, phenomena such as gas emission and mismatching of the examined planes associated with cheese cutting [START_REF] Lee | Computed tomographic evaluation of gas hole formation and structural quality in Gouda-type cheese[END_REF] were avoided and comparison between the same eyes was ensured. The method was finally tested on semi-hard cheeses studied during ripening. Global parameters such as cheese porosity and eye number were calculated and individual eye growth kinetics were obtained for each opening in the cheeses.

MATERIALS AND METHODS

Cheeses

The products studied were commercial semi-hard cheeses (fat/dry 47%, water content 42%) packed in plastic film. Industrial blocks of around 12 kg (24cm x 48cm x 7cm at the beginning of the experiment) were used in all experiments except for the test performed by both MRI and µCT. Due to the limitation of the µCT instrument, these experiments were performed on smaller parallelepiped cheeses of around 1 kg produced for this purpose.

Industrial cheese blocks were stored in a cold room under controlled conditions (12° C) for 11 days and then transferred to a hot room (20° C). The MRI imaging sequence was optimized by performing the first measurements a day after the cold-hot room transfer and then one week later, making it possible to analyze a wide range of eye sizes. In the application experiment, the MRI measurements were started four days after transfer (D-4) and repeated 3 times within a period of about 2 weeks on days D-7, D-12, and D-15.

MRI measurements

MRI measurements were carried out using a 1.5 T scanner (Magnetom Avanto, Siemens, Erlangen, Germany) equipped with a combination of 6-element spine and body matrix receiver coils and a 4-channel head receiver coil for large and small cheeses, respectively.

In the application experiment, the cheese was carefully marked before the first test in order to ensure placement in the same position for subsequent experiments during the ripening process. The temperature of the thermally insulated Faraday cage was set at hot room temperature (20° C) and monitored throughout measurement (deviation was less than 1° C).

All MR images were acquired using a 3-dimensional (3D) Fast Spin Echo (FSE) sequence. In an FSE sequence multiple echoes are created following a single excitation pulse. Each echo is a spin echo refocused by a 180° pulse and distinctly encoded with a phase-encoding gradient. Thus multiple k-space lines are sampled following each excitation pulse. The number of echoes that follows an excitation pulse, i. e. echo train length (ETL), defines acceleration of image acquisition. For FSE sequences, a compromise has to be made between the gain in speed and the appearance of ringing and blurring artifacts caused by discontinuous T 2 weighting of k-space data.

The aim of this phase of the study was to determine the most accurate volume estimation for the minimum acquisition time from the 1x1x1 mm 3 -resolution 3D MRI image. The echo train length was first optimized by comparing eye volumes computed from the images acquired with ETL of 4, 6 and 8 to the volumes computed from the reference image acquired with an ETL of 2. The images were obtained with a time of repetition (TR) of 400 ms, bandwidth (BW) of 296 Hz/pixel, TE of 8.7 ms and 1 average. The field of view (FOV) was fixed at 256x136 mm² and the matrix size at 256x136. The effects of the voxel interpolation used for shortening the acquisition time were than evaluated by comparing eye volumes computed from the image acquired without any interpolation to the volumes computed from the image with 56% interpolation in the slice direction. ETL was set at 2.

No attempt was made to discriminate between fat and water signal components.

µCT measurements

µCT experiments were performed on six small parallelepiped cheeses also examined by MRI. The MRI experiments were performed before and after µCT measurements in order to exclude any inaccuracy due to cheese deformation that could occur during the three-day experiment and transportation. µCT measurements were carried out on a µCT system (Phoenix, V Tome X 240, General Electric, Wunstorf, Germany) operating at 120 kV and 83 μA. The tomography reconstruction was performed using the Datos Xrec Software (Phoenix Xray). A stack of 600 2-D cross sections separated by 0.18 mm was used for reconstruction of the full 3-D structure with a pixel resolution of 0.18² mm².

Image processing

An algorithm to estimate eye volume and their spatial distribution was developed in the Scilab environment (http://www.scilab.org). The main challenge in this study was to distinguish overlapping eyes without any prior assumption of the eye shape. The algorithm was developed and evaluated on artificial cheese images and then applied to 3D MRI images of cheese.

Algorithm

The flowchart shown in Fig. 1 describes the algorithm steps for eye volume and distribution estimation. The first step consisted of the binarization (Fig. 1 -1) of the gray scaled 3D images using the Otsu algorithm [START_REF] Otsu | Threshold Selection Method from Gray-Level Histograms[END_REF]. Voxels corresponding to the cheese paste were set at 1 and those corresponding to the background and eye at 0. The binary images were used for subsequent processing.

The algorithm consisted then of the separation of overlapping eyes. This was based on the watershed principle assuming that a gray scaled 2D image can be seen as a topographic surface where gray levels stand for the altitude. Catchment basins appeared after flooding this surface from the minimum altitudes, and preventing them merging together made it possible to draw watershed lines. This principle was extended to 3D images using watershed surface (lines in 2D) as artificial boundaries between cheese eyes. In order to prevent oversegmentation due to signal noise in images, and because the boundaries between openings were not always visible, it was decided to use a marker-controlled watershed method [START_REF] Beucher | The Morphological Approach to Segmentation: The Watershed Transformation[END_REF]) that starts the flooding process from a chosen set of voxels. The choice of the markers was crucial for the accuracy of the watershed segmentation. The targeted markers needed to be unique for each cheese opening, even when the openings were concatenated without visible boundaries. Prior to the choice of the markers, cheese eyes, considered as objects of interest, were set at 1, while background and cheese paste were set at 0. The choice of the markers began with the construction of a 3D distance map (Fig. 1 -2a), that corresponded to a 3D image where the value of each voxel was the distance to the nearest boundary voxel, according to the algorithm described by Rosenfeld et al. [START_REF] Rosenfeld | Sequential Operations in Digital Picture Processing[END_REF]. The highest distance values were located with certainty in the center of the largest cheese eyes. In order to find the center of all cheese eyes independently of their size, local maxima (Fig. 1 -2b) were computed on the distance map by finding voxels that had the maximum label value in the local neighborhood. This number of neighboring voxels was optimized for MRI images of cheese (see next paragraph). The markers labeled (Fig. 1 -2c) with a single value were then used for the watershed segmentation (Fig. 123). Finally, volume and position of separated and labeled cheese eyes were computed (Fig. 1234).

An example of the application of consecutive algorithm steps on an artificial image is depicted in Fig. 2.

Parameter optimization

The choice of neighborhood parameters used for segmentation of the openings was important for the distance map computing (Fig. 1 -2a), local maxima computing (Fig. 1 -2b) and labeling (Fig. 1 -2c) and watershed transform functions (Fig. 123). For each step, these parameters were chosen in order to limit over-segmentation. Considering three possible values of the 3D neighborhood (6, 18 or 26 voxels) applied in four different functions used for eye segmentation, there were 81 different sets of parameters. The 81 parameter sets were reduced to 10 sets by considering logical interactions between the four functions (i.e. the local maxima neighborhood should be higher or equal to the distance map neighborhood and the watershed neighborhood should be equal to local maxima neighborhood).

The algorithm allows detection of eyes above 1mm 3 . However, in order to exclude cracks from the analysis, eyes that did not reach at least 50 mm 3 at the final ripening stage were not considered.

RESULTS AND DISCUSSION

Application of the algorithm on MRI cheese images

The algorithm with different parameter sets was tested on several cheeses at different maturation stages and the results of the segmentation were compared. 3D distance map neighborhood was set at the minimum value 6, and neighborhood of other parameterizable functions (Fig. 1 -2b, 2c and 3) were set at 26. The retained set was a compromise between minimization of the number of over-segmentations and maximization of the undersegmentations.

Since the major cause of the remaining over-segmentation was due the presence of small markers situated on the frontier between two connected openings, the watershed segmentation was first computed without size 1 markers. Segmentation was then performed with the small makers previously not included and not connected to eyes found by the first watershed segmentation. The number of remaining over-segmentations was significantly reduced using this approach.

The results of the standard Otsu's thresholding algorithm combined with labeling (A) were compared to the results of our algorithm (B) applied on 3D MRI images of a cheese at the end of the ripening process in Fig. 3. It can be observed that the algorithm developed in the present study made it possible to detect all individual eyes, while an important number of the large eyes overlapped when standard Otsu's thresholding combined with labeling algorithm was used. This accurate separation of eyes is a useful tool to study individual growth kinetics, even when two eyes coalesce at one point during ripening. It makes it possible to compute volume of each individual cheese eye and to follow eyes during the ripening process.

MRI sequence

MRI cheese images were artifact-free for ETL=2, 4 and 6 and revealed slight ringing artifacts for ETL=8 (images not shown). The results of individual eye volume measurements for the images acquired with ETL= 4, 6 and 8 were compared to the results obtained for the images with ETL=2. The relationships between the measurements were linear (x≈y) with r²>0.997 (data not shown), showing that all the results entirely matched the reference in spite of the artifacts observed in the images. In order to obtain artifact-free images, ETL was fixed at 6 for the application experiments. However, if reduction in acquisition time is required, measurements could be accelerated by increasing the ETL to 8 without affecting the precision of estimation of eye volume.

The impact of the voxel interpolation in the slice direction was checked by comparing images obtained with 56% slice resolution to those obtained without interpolation. No differences in image quality were observed. The relationship obtained between eye volumes extracted from interpolated (V int ) and full resolution images (V fr ) was linear (V int =0.99 x V fr ) with r²>0.999. Fifty-six percent interpolation was therefore used for the application experiment, thus making it possible to reduce the acquisition time by almost half.

In the application measurements, the geometric parameter of the images (FOV and matrix size) were slightly modified according to the increasing size of the cheese (image resolution of 1x1x1 mm 3 was unchanged). Thus, with a FOV of 256x108 mm² and a matrix size of 256x108, about 38 min was required for the acquisition of a whole industrial cheese (24cm x 48cm x 7cm) at the beginning of the experiment (D-4). At the end of the experiment (D-15), FOV was 256x144 mm² and matrix size 256x144, and about 51 min was required for acquisition of the 24cm x 48cm x 10cm cheese. Other imaging parameters are given in the section 2.2.

Estimation of the accuracy of the MRI method for quantification of eye volume

The MRI images used for estimation of accuracy were acquired using the same parameters as described in the previous section, except that TE that was fixed at 7.9 ms and ETL=4. No effect of slight TE variation (between 7.9 ms and 8.7 ms) on estimation of eye volume was demonstrated in our preliminary study. The geometric parameters of the images were FOV=192x150 mm² and matrix size=192x150 (image resolution of 1x1x1 mm 3 ). The results of MRI eye volume measurements performed on six small cheeses before (M-1) and after µCT cheese scan (M-2) were almost identical, demonstrating that cheese almost did not change during the measurement period. MRI measurements are compared to the µCT measurements in Fig. 4. The relationships between MRI (M-1 and M-2) and µCT were linear and described by: V MRI =0.98 x V µX-ray (r²>0.997), showing that the results of the two techniques matched well. This demonstrated that the MRI images were not affected by any susceptibility artifacts that may have occurred at the interfaces between gas-filled eyes and the cheese paste. Moreover, spatial resolution of the MRI images was sufficiently high for accurate estimation of eye volume.

The error of MRI measurements was computed as a ratio between difference in eye volumes measured by MRI and µCT and the reference µCT eye volume. For the full range of hole size (2mm 3 to 5600 mm 3 ), the mean error was 1.33%±7.43% and -0.12%±8.05%, for M-1 and M-2, respectively. The slight evolution of the error during the 3-day measurement period was in agreement with the expected minor eye volume growth. The small errors and associated standard deviations demonstrated the accuracy of the MRI measurements.

However, the error depended on the eye size; for few small holes (< 180 mm3) it reached at maximum 15%. the ripening process. The cheese swelled, especially in the center of the top, while the edges remained unaffected, except for the lower corners which were lifted up by the packaging film (invisible on MRI). The size, shape and distribution of the eyes could also be observed on the images during ripening. At D-4, mean eye radius was 2.0 mm, and after one week in the hot room (D-7, not shown) it reached 2.5 mm. The eyes were round but small during the first week at 20°C. As reported in Gouda-type cheese [START_REF] Lee | Computed tomographic evaluation of gas hole formation and structural quality in Gouda-type cheese[END_REF], more eyes were observed in the core zone of the cheese than under the rind. The eyes grew faster during the second week in the hot room, mean radius increasing to 4.8 and 6.1 mm at D-12 and D-15, respectively. Moreover, they became more ovoid until D-15 when they displayed a main axis oriented vertically. Some unexpected characteristics of the MRI images were the bright signal observed around eyes and in small spherical regions that become eyes in subsequent frames of the 3D MRI images. This was the opposite of the anticipated effects of partial volume that were expected to provide lower signal values in regions adjacent to eyes than in the cheese paste. These phenomena had the same origins and did not seem to be artifacts of the MRI technique. They may have been caused by locally different composition of the cheese paste from that in areas around the eyes. A pure fat layer was found at the periphery of eyes on confocal laser scanning microscopy [START_REF] Huc | Investigation of curd grains in Swisstype cheese using light and confocal laser scanning microscopy[END_REF] . The layer can be up to 200 µm thick, which could be enough to change the local average signal of a voxel on MR images around eyes and lead to a brighter signal. Fig. 6 shows the evolution of some indicators of opening determined after MR image treatment. A histogram of gas distribution in different eye sizes is provided in Fig. 6A. The evolution of the relative volume of gas in cheese, known as porosity, is displayed with the evolution of the total number of eyes during ripening in Fig. 6 B. It can be seen that several eyes already existed in the cheese after 4 days in the hot room (total number 1600 eyes).

Monitoring of eye growth during cheese ripening

However, the volume of 60% of these openings was less than 10 mm 3 and for only 11% volume was greater than 100 mm 3 according to the histogram distribution. At D-7, 100 new eyes were detected, 57% of which (1700) were very small and 16% were larger than 100 mm 3 . At D-12, 1765 openings were detected, including 49% smaller than 10 mm 3 and 24% larger than 100 mm 3 . Finally, at the end of ripening, the total number of eyes remained almost constant (1700 openings), of which 46% were smaller than 10 mm 3 and 27% larger than100 mm 3 . Despite a small increase, the total number of eyes remained almost constant during hot room storage, whereas the distribution of gas shifted from small to larger eyes. This evolution can explain the porosity profile shown on Fig. 6B, increasing from 0.6% at D-4 to 14.2% at the end of ripening (D-15). An exponential curve could be fitted to this evolution, showing that the most rapid porosity increase occurred at the end of the hot room period. A careful analysis of the porosity showed that large number of eyes having a volume smaller than 10 mm 3 contributed to 5% of the porosity after 4 days in the hot room. During ripening, their contribution became negligible, and at the end of ripening 96% of the total porosity was explained by the eyes having a volume larger than 500 mm 3 . This shows that the larger eyes play a role of sink for the CO 2 . Fig. 7 depicts the growth curve for two individual eyes. Indeed, due to individual eye labeling, the information provided by MR imaging method allowed determination of both global and local parameters. Two openings, labeled "eye1" and "eye2", are shown in Fig. 5 to illustrate individual growth. Both openings displayed exponential growth, although the final volume was 3.5 times greater for eye2. Despite their size, shape and location in the cheese, these openings showed very similar growth profiles. The real difference was in the growth rate. This result shows that the growing rate can be significantly different according to the eye location. Individual monitoring of eye growth could thus be a powerful tool to improve understanding of its mechanisms, especially as eye coordinates provided by MR image processing could gather information about eye location in cheeses and the potential influence of gradient of composition, CO 2 production and mechanical properties on their growth profiles. Moreover, the ability to establish the growth starting point during ripening would allow differentiation of two phenomena: the detection of newly formed eyes and the growth of already detected eyes, i.e., eye formation and eye development. This differentiation is important to improve our understanding of the effect of nucleus on the eyes formation mechanisms.

The algorithm for estimating eye volume developed in this study did not require prior information regarding the eye shape. It therefore allowed for accurate segmentation, even for eyes of irregular shape. Moreover, eye segmentation was effective for images with high numbers of overlapping eyes acquired the end of the ripening period, that is difficult to obtain with less sophisticated algorithms [START_REF] Kraggerud | X-ray images for the control of eye formation in cheese[END_REF].

One additional major eye characteristic to be studied would be shape [START_REF] Schuetz | Quantitative comparison of the eye formation in cheese using radiography and computed tomography data[END_REF]. Indeed, in addition to number and size, eye shape is an important quality indicator for semi-hard cheeses. Cracks could be detected with a shape indicator, as they will diverge strongly from the typical spherical eye shape. The algorithm could also provide information about the preferential direction of deformation of eyes in cheese. Adding shape determination to the present algorithm would thus be an interesting perspective.

The MRI method evaluated in this study could be applied to the study of the influences of recipe or process changes on the internal cheese structure. For example, reduction of salt or fat content that might be desirable from a nutritional point of view may possibly alter eye formation and evolution during ripening. As eye characteristics represent one of the main quality indicators, any modifications could influence consumer appreciation. As MRI is noninvasive, testing recipe or process factors could be performed by studying the ripening kinetics without any manipulation or disruption of the cheese. Another potential application of the MRI technique for research and development purposes might be the investigation of aspects other than cheese structure, such as mapping of water and/or fat content. A single MRI examination with appropriate protocols could thus monitor changes in the major characteristics of a product during ripening, providing important information for recipe and process development.

CONCLUSION

A 3D MRI method, combined with a corresponding image processing algorithm allowing for separation of overlapping eyes and individual eye labeling, provided a means of noninvasively observing and following eye formation and development in semi-hard cheese. The accuracy of the MRI protocol was demonstrated by comparing estimation of the eye volume by MRI with the reference μCT measurements, The potential of the MRI method for the evaluation of changes in individual opening characteristics during cheese ripening was demonstrated. It was revealed for example that eyes can have very similar growth profiles and different growth rates. The method may be a powerful tool to study the influence of recipe or process changes on internal cheese structure for research and development purposes. 
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