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Abstract 

In this contribution we used micro-computed tomography (micro-CT) to analyse the structural characteristics of turkey meat. In 

order to increase the contrast between muscle fibers and the surrounding tissue, three different preparation methods were tested. 

Firstly, the structure of the meat was examined in the frozen (F) state using a Deben cooling stage and in freeze-dried (FD) state. 

Secondly, samples were pretreated using a contrast agent (CA) (Lugol's iodine solution) to increase the contrast of muscle fibers. 

The shrinkage caused by the FD process was compared by quantitative analysis of the sample´s volume and the muscular 

structure proportion to total volume (MV/TV). 
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1    Introduction 

Around the world, average meat consumption continues to rise. In the last 50 years, the annual amount of consumed meat has 

tripled. This is mainly due to the fact that in formerly poorer areas of the world, incomes have risen significantly, and meat has 

become more affordable while population growth is still increasing. Especially the consumption of poultry, such as turkey and 

chicken has soared [1].  

Turkey meat in particular is often consumed fresh in Europe and represents a high economic cost to the producer when it spoils. 

Thus, food hurdle technology needs to be applied to extend shelf life and maintain food quality parameters. For this purpose, 

freezing has been used for centuries as a preservative, as well as newer methods such as freeze-drying (FD) [2]. 

It is therefore important for the meat and food industry that this process, including freezing, FD and structure analysis, is further 

researched in order to provide higher quality and more sustainable products. This will help meet the ever-increasing demand for 

meat by inhibiting spoilage and will also make it more appealing to consumers due to its higher quality.  

The faster the freezing process takes place, i.e. the lower the ambient temperatures, the better it is for most foods, as this creates 

smaller ice crystals than slow freezing. As a result, the cell structure remains mostly stable, because this damage cannot be 

restored when thawing. In the case of meat, the water freezes inside and outside the muscle cells [3]. 

FD or lyophilisation is a process that leads to sublimation from a solid (ice) to a gaseous state (vapour) by applying very low 

pressure and temperatures, skipping the liquid state. This results in a highly porous texture and rehydration is immediate. FD is 

a multivariable process that is influenced by many factors. The process can basically be divided into the three stages of pre-

freezing, sublimation or primary drying and desorption or secondary drying. The process continues until the desired final 

moisture content is reached. This makes it possible to produce products with final moisture contents of 1-3%, which greatly 

reduces spoilage by microorganisms. Through this process the sensory and organoleptic properties are well preserved and there 

is no loss of heat-sensitive nutrients. FD foods are therefore very similar to fresh foods considering their nutritional value and 

for this reason the process is considered the best protective of all drying processes. However, the process itself is still very energy 

intensive and, depending on the product, takes about a day and is therefore expensive [4]. 

In this study, we used micro-CT to examine the spatial distribution of structures in food, i.e. turkey meat, which is not possible 

with chemical determinations. For meat, the most important components are the distribution of fat and connective tissue as well 

as the diameter and length of muscular structures. The latter are very difficult to visualize in fresh meat due to very low contrast 

and the necessary high resolution [5]. The main advantage of this method is its non-destructive capabilities. Furthermore, total 

scanning times are relatively quick while the provided 3D information can be processed and edited using powerful imaging 

software programs [6].   

However, major challenges are represented by sample and data preparation since there are no universally applicable approaches 

on how to post-process and compare different scans and samples. In this contribution, we used region of interest (ROI) scans, 

which only consider a small part of the whole sample, as this saves time for the comparison of frozen, freeze-dried, and stained 

samples in this feasibility analysis. 
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Using freezing, FD and preserving the structure in Luglo's solution, the contrast between material (muscle structures) and 

background (ice, air or water) can be increased. The latter is the most commonly used CA in studies of soft tissue using micro-

CT. This is a solution of water with iodine-potassium iodide (I2KI) which induces different contrast enhancements depending on 

the concentration and exposure time. However, it is not certain whether this method is suitable for fresh meat. These three 

approaches can potentially improve the quantification of the different meat parameters. The main question is if structural defects 

due to freeze fracture, which can be caused by interrupted cold chains, can be detected in the samples prepared for these analyses 

using micro-CT. 

 

The aim of this work is therefore including a parameter study to find out which preparation method is best suited for the 

investigation of structural meat parameters using micro-CT. Three high-resolution scans of samples were carried out, that were 

treated by each one of the three preservation methods. The data sets of the F and FD samples are superimposed and analysed for 

global shrinkage parameters such as volume reduction. In addition, we quantified the volume ratio of muscular structures to total 

volume (MV/TV) of the meat samples using VGStudioMax 3.5 (Volume Graphics).  

 

2    Material and Methods 

In this chapter, the procedures how the samples were prepared to be able to carry out scans of each of the processed turkey 

samples stained with CA and in the F and FD state are described. Also, we give a detailed description of the post-processing of 

generated image data sets, including image reconstruction and segmentation, e.g. in relation to the determination of the samples´ 

volume and MV/TV value. 

2.1    Sample Preparation 

The sample materials were represented by turkey breast purchased from a local butcher. The meat was cut into approximately 

1,5 x 1,5 x 2 mm3 pieces using a scalpel. To be able to analyze the F structures the samples were stored at -18 °C in a conventional 

freezer for at least 48 h before they were scanned at -15 °C in a CT Cooling Peltier cell (Deben UK). During transportation 

between the devices, care was taken to ensure that the samples did not thaw quickly at room temperature due to their small 

volume and correspondingly large surface area. For this purpose, a small plastic cooling box was used, which was filled with 

foam insulation on the inside and additional ice. Afterwards, the samples were FD at the lyophilisator (VirTis SP SCIENTIFIC) 

at a temperature of -55 °C and a pressure just below 50 µbar. After 24 h the lyophilisates were removed and immediately placed 

in a desiccator with silica beads to prevent the meat from absorbing water from the environment. The porous, dry structure of 

the samples is clearly visible, as can be seen in Figure 1.   

Different pieces of meat were placed in Lugol's solution for 72 h before scanning. The CA contained 5% I2 and 10% KI. Scans 

were then taken using the nano-focus X-Ray Easytom 160 device (RX solutions) with a minimum voxel size of 50 nm3. Finally, 

the scans were reconstructed applying a ring filter correction in Avizo 2021 (Thermo Fisher) and analysed in VGStudioMax 3.5 

(Volume Graphics).    

2.2    Scanning parameters 

In order to be able to optimally set the micro-CT parameters for the scans, a parameter study was carried out. The best results in 

terms of image contrast were achieved using high resolution scans (voxel size: 1 µm) using a tungsten (W) filament. The F and 

FD samples were examined using a CCD camera with 4008x2672 pixels at a scan duration of 3 h 39 min at 60 kV, 12 W, and 

3136 projections. To prevent the F samples from thawing during the scan of the F samples, a special cooling stage was used. 

This cools the copper rod inside to a constant -15 °C. The piece of turkey meat is also coated with a cryo-gel (Scigen) to ensure 

that the temperature is maintained along the entire surface of the sample. This gel mainly consists of polyethylene glycol and 

polyvinyl alcohol. The setup can be seen in Figure 1.  For the turkey samples that have been placed in the CA, a flat panel 

detector with 1920x1536 pixels at a scan duration of 55 min at 60 kV, 12W, and 2080 projections is used. These adjustments 

were made to minimize the scan time and therefore possible motion artefacts. 
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Fig. 1:  Left: Sample after the 24 h FD process. The porous structure can be seen in the dried turkey meat, as the water sublimated.  

Right: The setup of the micro-CT is shown to perform a high-resolution scan of a F sample. On the left of the picture is the CCD camera, 

which is connected to the computer via a USB port so that the data can be transferred. On the right is the X-ray source and in between is the 

cooling stage with the F sample. The distance is chosen so that a resolution of the voxel size of 1 µm is achieved. The magnification shows 

the F sample on the Cooling Stage, which is surrounded by the Cryo Gel. It can be seen very well how the gel is freezing out in this moment. 

This ensures -15 °C at all positions of the turkey sample. 

2.3    Data processing  

The generated data sets of the scans were then processed using the reconstruction software XAct (RX solutions). Especially in 

the tomograms of the F and CA samples, the material (meat) cannot be recognised well because the grey values of the muscle 

structures and the water or ice differ too slightly. In addition, there is a lot of noise in the CCD scans of the F samples, which 

must first be decimated. First, the circular artefacts caused by non-linear reactions of the detector, which lie centrally around the 

rotation axis, are decimated using 99-fold ring artefact removal in XAct. Spot correction was used to correct errors caused by 

small movements during the scan. Small geometric misalignments of the micro-CT led to further artefacts in the reconstructed 

image, which were corrected using the autofocus function. In order to visualize the structures in the F sample, the phase contrast 

was increased up to 50% for this specimen. After these processing steps, the data sets are analysed in VGStudioMax and 

examined for their differences, in relation to the average volume shrinkage and the MV/TV values.  

The data sets of the F samples in particular show strong ring artefacts that cannot be completely removed by the reconstruction 

in XAct. The respective data sets have to be corrected before the parameters can be determined properly. Otherwise, the 

segmentation would be faulty because the ring artefacts would be incorrectly recognized by the software as material or ice or 

air. For this purpose, the Ring Artifact Filter (Avizo 2021, Thermo Fisher) is used, which removes the rings by averaging the 

grey values of the individual voxels between the threshold values in the individual ring artifacts and those of the entire sample 

to be analysed. After the individual data sets have been reconstructed, they are imported into the VGStudioMAX 3.5 to be further 

processed and evaluated. 

 

2.4 Data evaluation 

After the reconstruction process, the tomograms of the F, FD and CA scans are first visually examined to see if individual meat 

structures can be distinguished from each other. This is necessary to determine whether segmentation of the data is possible or 

not. The volume of the individual samples in the F and FD state was calculated by performing image segmentation. For this 

purpose, an initial segmentation of material (meat) and ice or air (cavities) is first applied using the Region Growing tool 

(VGStudioMax). To be able to adjust the tolerance limit for the respective segmentation, tiny ROIs of pure material and pure ice 

or air were analysed, and their grey value histogram calculated. In this way, an individually suitable tolerance value was 

determined. However, this type of segmentation is not very accurate because the grey values of the inner structures of meat and 

ice do not differ significantly and thus do not show a high contrast, in particular for the F samples. For this reason, additional 

manual post-processing was carried out. Firstly, a manual segmentation was used correcting the segmentation edges using the 

brush tool in VGStudioMAX 3.5. Afterwards, morphological dilation and erosion was used to close small holes and smooth 

uneven edges in the ROI. 
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After the sample was segmented and manually corrected, the total ROI volume was determined in VGStudioMax. This allowed 

the calculation of shrinkage by putting the two volumes before and after the FD in relation to each other. To determine the 

MV/TV value, an ROI must first be defined with the included structures of interest in the sample. This value calculates the ratio 

of the muslce structure volume compared to the total volume of the sample or ROI. This value represents a porosity value for 

the analysed meat sample. The largest possible size of 1,25x1,25x1,25 mm3 was chosen for the samples, as it can be seen in 

Figure 2. In order to determine the morphometrics of the ROIs, the material is first separated from the background using the 

Region Growing and OpenClosing tools.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: These two segmented 1,25x1,25x1,25 mm3 turkey ROI cubes serve as a starting point to be able to calculate the MV/TV value from F 

and FD samples. The segmentation resulted in a grey value allocation for material (muscle structures in red) and background (ice or air in 

black). These cubes are considered representative for the whole sample. From the comparison it can be clearly seen that the cavities are 

expanding significantly due to the FD. 

3    Results 

All scans of the stained samples and in the F and FD state were qualitatively evaluated in relation to changes in morphological 

appearance. Moreover, we evaluated volume reduction and MV/TV value determined from the segmented scans (see below). 

3.1    Micro-CT scans 

Muscle tissue (higher grey values) and water cavities (lower grey values) can be clearly identified in the sample that has been 

processed with CA (see Fig. 3, CA). In the F state, individual muscle structures can be qualitatively determined but the contrast 

between tissue and ice is low. In contrast, the FD scan shows a high contrast between the material structures and the background 

(air-filled) voids. This is due to the fact that the density differences of the present materials are significantly higher in the CA 

and F samples. This also strongly influences the subsequent segmentation and thus the quantitative evaluation of structural meat 

parameters and its distribution values. However, it can also be observed that structural changes such as shrinkage occur during 

FD and immersion in CA. This is illustrated by the indication arrows in the F and FD picture. 

 

 

 

 

 

 

 

 

 

Fig. 3: The CA scan is of fresh turkey meat that has been immersed in I2KI for 72 h. The contrast and resolution are not high enough to 

identify individual muscle structures. In the F tomogram, a high-resolution image was produced using a CCD camera, which shows that meat 

structures can already be distinguished from cavities. The image is nevertheless very blurry. The contrast is best in the FD state since the 

cavities are no longer filled with water or ice but with air. However, the arrows show how much the cavities expand due to the FD process. 

I2KI increases the contrast between muscle, fat tissue and the water contained, but the image is blurred. This means that it is very 

difficult to separate individual structures at this scanning resolution. Fresh meat prepared with CA is therefore not suitable for 

structural evaluations. In addition, the Lugol's solution causes shrinkage, which falsifies the morphometric data of fresh meat. 

Therefore, no morphometric measurements could be determined from CA scan data, as the segmentation of individual meat 

structures was not possible. 

F FD CA 
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Figure 4 shows two cross-sectional images of the CCD scan of a turkey sample before and after FD. The contrast is thereby 

increased significantly. Based on these images, it can be seen that the cavities (consisting of ice in the F state) between the meat 

structures expand due to the sublimation process. Furthermore, optical changes in the individual muscle structures of the 

examined samples can be perceived. It is assumed that these changes happen due to cavity expansion. However, to confirm this, 

further studies on structural geometries such as length and diameter and directional parameters such as the anisotropy value in 

the F and FD states need to be done. In addition, voids can be made out outside the sample that are due to air inclusions in the 

cryo-gel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Comparison of two sectional planes of a sample in F and FD state after reconstruction, superposition and additional filters. 

The optical inspection implies that for the evaluation of different structural parameters of meat, such as muscle or fat distribution 

in the tissue, FD is the most suitable due to the increased contrast between material and background. This allows subsequent 

segmentation algorithms to be applied to extract geometric and morphometric parameters such as structure thickness, anisotropy, 

etc. in VGStudioMax. Nevertheless, shrinkage occurs due to the FD process, which has to be taken into account for the 

determination of the structural parameters. 

3.2    Volume shrinkage and MV/TV value 

Figure 5 shows a bar chart of the measured volumes and MV/TV values of the three examined turkey samples in the F and FD 

state. The samples have an average volume of 5.18 ± 0.18 mm3 in the F and 3.68 ± 0.14 mm3 in the FD state. The MV/TV value 

gives an average of 38.73 ± 1.03 % and 28.07 ± 1.81 %. From this, an average volume reduction of 28.97 ± 0.86 % can be 

determined, which can be explained by the drying process.  

void 

F FD 

F FD 

changing  

muscle structures 
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Fig. 5: The bar chart illustrates the calculated volume and MV/TV values for the turkey samples in the F and FD state. 

The shrinkage is very well illustrated by Figure 6. For the comparion, volumes were were superimposed while increasing the 

transparency for the F sample. The larger, transparent volume shows the F sample while the inner sample represents the FD 

sample, which shrunk. The muscle structures and cavities are clearly visible. A similar reduction of 27.6 ± 2.81 % can be seen 

in the MV/TV values. However, for a correlation study and whether these values are representative for turkey meat per se, larger 

sample sizes and volumes have to be examined.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: The two graphs on the left show how a clipped volume changes through the FD process. The transparent volume on the right 

represents the sample in the F state and the volume inside indicates the FD sample (reddish). Due to the shrinkage that occurs during the FD, 

however, the images are not congruent, which is why several central structures are selected as starting points in two planes. The 

superimposition followed by subsequent segmentation in VGStudio Max illustrates how the sample changes in 3D as a result of the FD 

process. The turkey meat shrinks in all directions. 

4 Conclusion 

Based on these research results, it could be shown that Lugol's solution is not suitable for distinguishing structural features of 

fresh turkey meat sufficiently well, despite the increase in contrast, so that turkey meat structures can be quantitatively analysed 

using segmentation methods. Due to the freezing process, muscle and fat tissue can already be separated from the stored water 

in the meat by means of high-resolution CCD scanning. However, many manual segmentation steps have to be performed in this 

case, as the contrast is still too low. On the other hand, the sublimation of the ice in the meat by the FD process creates a high 

contrast between the examined muscle structures (material) and air (background). Morphometric data can thus be calculated very 

precisely and easily using the segmentation software. 

 

FD 
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This work showed that the comparison of F and FD turkey samples is possible by evaluating micro-CT. Even though the scans 

of the F samples show significantly more artefacts after reconstruction and the contrast of the FD tomograms is significantly 

better, the segmentation is successful. However, for a good measurement of the different parameters to make sense, ring filters 

must first be applied to the data sets to reduce the following errors. The pre-defined segmentation algorithms for surface 

determination and for evaluating the shrinkage parameters already work partly very well, but in this work they always had to be 

reworked manually. On the one hand, this requires a certain amount of experience of the evaluator and thereby the reproducibility 

is very limited. Ideally, a neuronal network or artificial intelligence would be fed with the individual data sets and thus trained 

to recognize certain distinctive structures. This would make the evaluation much faster, increase reproducibility and reduce 

evaluation errors, but further research has to be done in the upcoming years [7]. 

It has been shown that the FD process has a significant influence on the structures of meat and that their directional dependent 

sample geometries and volumes change as a result. The optical evaluation and the quantitative analysis of the MV/TV value 

show that the spaces previously filled with water in the meat matrix (F state) clearly expand into cavities due to FD. In order to 

better understand the exact influences on the structures, the different parameters of the lyophilisator such as pressure, 

temperature, drying time, sample loading and sample position have to be investigated in more detail. Furthermore, pre-freezing 

at different freezing rates needs to be studied to see what impact this has on spreading cavities and other meat structures. 

Based on these initial research results, it suggests that micro-CT in food inspection is able to determine whether or not meat has 

been previously F or FD based on structural changes that occur. Controlled changes in the microstructures of all kinds of food 

will become even more important in the food industry. Lab-scale micro-CT is already used more and more for 3D imaging at 

the micrometer scale. This technique will be able to quickly detect quality defects within the food volume at the incoming food 

quality inspection. Research is strongly encouraged that still existing limitations such as operator dependency of results, time 

and cost and the correction of artefacts in the tomogram will soon be significantly improved. 

However, further studies are needed to establish this approach as a standardised method for meat. This requires clarification of 

whether the shrinkage caused by FD along the entire volume is linearly related to the initial water content, larger sample sizes 

must be examined so that they can be tested for representativeness, how parameters such as the lyophiliser settings, freezing 

rates, shorter scan times, glass transition temperature or different types of meat further influence the morphometric results. To 

be able to study all these factors, constant monitoring of these parameters would be necessary. This requires real-time monitoring 

of the sample volume, water content and changing temperatures during the drying process in order to analyse the exact behaviour. 
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