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ABSTRACT 26 

 27 

Durum wheat grains are used for producing food, such as pasta or couscous. The grain 28 

mechanical properties which are linked to its internal micro-structure (i.e. endosperm 29 

porosity) are known to determine its ability to produce semolina during milling. The 30 

proportion of grains having porous endosperm in a batch appears therefore as a critical quality 31 

factor for the durum wheat value chain. Our objective was to investigate the ability of X-ray 32 

micro-tomography (µCT) method to describe the porous or vitreous counterpart structures in 33 

the endosperm of durum wheat grains. We selected two different durum wheat samples 34 

displaying vitreous or partially porous endosperms. The grains were analyzed using µCT at 35 

two pixel sizes (1 µm or 7 µm). The µCT data collected at 7 µm pixel size were used for 36 

qualitative classification of grains according to apparent distribution curve of the porosity 37 

parameters. Analysis of µCT images at 1 µm pixel size allowed us to propose pore size 38 

classification in the vitreous and porous parts of the endosperm in three durum wheat grain. 39 

Results are used to better describe the durum-wheat endosperm microstructure, but requires 40 

long scanning periods.  41 

 42 

Keywords: durum wheat grains, X-ray micro-tomography, endosperm structure, porosity.  43 
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1. Introduction 44 

Durum wheat grains are used for producing traditional food, such as pasta or couscous. 45 

Controlling the quality of grains is a major challenge for the sustainability of the durum wheat 46 

chain. Grains characteristics impact their behavior during the milling stage, with the objective 47 

to recover a maximum yield of high quality semolina (Sissons et al., 2012). Milling of durum 48 

wheat grains with porous endosperm results in lower semolina yield. Therefore, proportion of 49 

grains with porous or vitreous endosperm in a batch is a critical quality factor for the durum 50 

wheat chain (Raggiri et al., 2014). 51 

 52 

Several characteristics of durum wheat grains can be related to their milling behavior. 53 

Hardness measurements describe their mechanical resistance and varies according to 54 

vitreousness. Vitreousness is a visual property of the endosperm which is due to a lack of air 55 

spaces inside the structure. Vitreous grain has a glassy and translucent appearance, whereas 56 

porous endosperm displays a white aspect. The formation of porous structures in durum wheat 57 

grains depends on varietal specificities, agronomic stresses, and protein content (Dexter et al., 58 

1989; Samson et al., 2005; Fu et al., 2018). Significant differences in density have been 59 

revealed between vitreous and porous endosperms (Samson et al., 2005). An increase in the 60 

endosperm porosity appears to lower the semolina yield upon milling.  61 

 62 

Description of the endosperm porosity of durum wheat grains has been considered using 63 

several specific analytical methods. For instance, the Pohl grain cutter method is a reference 64 

method based on cutting a large number of grains and determining by visual inspection the 65 

percentage of grains displaying a porous aspect at the cut surface (AFNOR, 2014). This 66 

method does not determine the respective volumes of vitreous part and porous parts in the 67 
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grain endosperm but examines only the half height cut surface. The single kernel 68 

characterization system (SKCS) method measures the mechanical resistance of single grains 69 

allowing the evaluation of the sample's mean crush force. The SKCS value was shown to be 70 

related to the vitreousness value of the durum wheat grain sample (Sissons et al., 2000). 71 

Different methods based on image analysis of durum wheat kernels under specific 72 

illumination conditions by reflection or transmission have also been used to classify durum 73 

wheat grains according to their vitreousness. Near infrared imaging techniques have been 74 

tested for discriminating vitreous and porous wheat grains (Vermeulen et al., 2018). Vitreous 75 

wheat grains present higher light transmission coefficients than grains displaying partly 76 

porous endosperm (Chichti et al., 2018; Edwards et al., 2005; Venora et al., 2009). Kaya and 77 

Saritas (2019) described vitreousness of durum wheat grains based on analysis of grain 78 

morphology, color, and texture features based on an image acquisition system.  79 

 80 

Methods using imaging systems based on real time soft X-rays have been investigated for 81 

classifying durum wheat grains (Neethirajan et al., 2007; Neethirajan et al., 2006). X-ray 2D 82 

images were used at low resolution (17 µm) for classifying vitreous and porous kernels in 83 

durum wheat by using artificial neural networks. X-ray microtomography (µCT) techniques 84 

have been able to characterize internal structure of different cereal grains. Endosperm 85 

structure of rice kernels was described with a high-resolution µCT at 4 µm pixel size (Zhu et 86 

al., 2012). Wild rice grains displayed tightly packed endosperm and little air space, while high 87 

amylose rice grains contained numerous air spaces. µCT images were explored to investigate 88 

the changes in endosperm structure of wheat grains as function of genotype and development 89 

stages under in different growth conditions (Le et al., 2019; Strange et al., 2015). µCT 90 

methods allowed the evaluation of the physical damage of the wheat grains upon insect or 91 
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fungal infestation (Suresh and Neethirajan, 2015) and the impacts of roasting process on the 92 

microstructure of whole wheat grains (Schoeman et al., 2016). 93 

 94 

The objective of the present study was to investigate the ability of µCT method to describe 95 

the vitreous or porous structures in durum wheat grains endosperm. Two different durum 96 

wheat samples displaying either vitreous or partially porous endosperms were selected. Grains 97 

were analyzed using µCT at two pixel sizes (1 µm or 7 µm). The µCT data collected at 7 µm 98 

pixel size were used for qualitative classification and discrimination of grains according to the 99 

apparent distribution curve of the porosity parameters. Analysis of µCT images at 1 µm pixel 100 

size allowed to describe the microstructure of the vitreous and porous parts in of the durum 101 

wheat grain endosperm.  102 

 103 

 104 

 105 

2. Materials and methods 106 

2.1. Raw materials 107 

Durum wheat grains from two different varieties (Karur, Pescadou) were kindly given by 108 

Arvalis (Institut du Végétal, France). The grains were cleaned to remove broken kernels and 109 

randomly sampled before analysis. The water content (12.4 (± 0.2) and 12.8 (± 0.2) % humid 110 

matter, respectively) and the protein content (12.4 (± 0.4) and 15.5 (± 0.4) g proteins / 100 g 111 

dry matter, respectively) were determined by Near-Infrared Spectroscopy using the ICC 112 

recommendation N°202 (ICC, 1986) with French standards NF V03-707 (AFNOR, 2010) and 113 

NF V03-767-2 (AFNOR, 2016) calibration. Grains vitreousness was measured using a Pohl 114 

grain cutter which roughly cut the grain in the middle (AFNOR, 2014). The proportion of 115 
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grains displaying a porous aspect at the cut surface was determined three times in 50 grains. 116 

Grains were classified as vitreous when the cut surface is fully translucent/glassy whereas 117 

they were classified as porous when at least one mealy area appears on the cut surface. Grains 118 

of Pescadou variety were fully vitreous (0% of porous grains) and those of Karur variety were 119 

partially porous (33 (±3) % of porous grains).  120 

 121 

2.2. X-ray micro-computed tomography acquisition 122 

The endosperm structure of intact durum wheat grains was analyzed using the Skyscan 1272 123 

X-ray micro-tomograph (Bruker µCT, Kontich, Belgium). For each µCT analysis, one grain 124 

was mounted with germ facing up and brush facing down on an appropriate sample holder. 125 

The µCT analysis were performed at two pixel sizes (pixel size = 1 µm or 7 µm). 126 

At 7 µm pixel size, a 0.25 mm thick aluminum filter was employed together with an applied 127 

X-ray tube voltage of 26 kV and a source current of 197 µA. A camera with a resolution of 128 

2016 x 1344 pixels was used. The scan orbit was 180° with a rotation step of 0.5°. Two 129 

images (2.9 sec of exposure time for each image) were taken per angular position and then 130 

averaged. A total of 385 projection images in TIFF format (16 bits) was obtained in 131 

approximatively 1 h for each grain. 30 grains of each selected wheat sample were scanned at 132 

7 µm pixel size. 133 

At 1 µm pixel size, a 0.25 mm thick aluminum filter was is employed together with an applied 134 

X-ray tube voltage of 31 kV and a source current of 216 µA. A camera with resolution of 135 

2688 x 4032 pixels was used. The scan orbit was 180° with a rotation step of 0.1°. Two 136 

images (8 sec of exposure time for each image) were taken per angular position and averaged. 137 

The length of the grain was too important to be scanned in one run. The grain was scanned as 138 

4 superimposed layers along the length of the grain to obtain the building of the entire 3D 139 
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volume. The scan duration was about 54h and generated 7500 images in TIFF format (16 140 

bits). Because of the scan duration (about 54h) and images analysis, three durum wheat grains 141 

were characterized at 1 µm pixel size. In order to assess as much as possible representative 142 

vitreous or porous structures of durum wheat endosperm, durum wheat grains containing both 143 

structures in well separated areas of the endosperm were selected (after visual inspection by 144 

transparency). Our experimental approach allowed the identification of the main µCT 145 

characteristics of the different structures in durum wheat endosperm. We did not describe the 146 

variability of the µCT parameters due to the diversity among grains.  147 

 148 

2.3. Image reconstruction procedure 149 

The batch of projection images was reconstructed with a modified Feldkamp algorithm 150 

(Feldkamp et al., 1984) using the SkyScanTM NRecon software (version 1.7.1.0) accelerated 151 

by GPU (Yan et al., 2008). Gaussian smoothing, misalignment correction, ring artefact 152 

reduction and beam hardening correction were applied.  153 

For scans at 7 µm pixel size, post-alignment was specific for each grain. Smoothing, beam 154 

hardening and ring artifact correction parameters were similar for all grains and set to 1, 30%, 155 

15 respectively according to the SkyScanTM NRecon software settings. The total 156 

reconstruction time was 40 sec for 1200 final cross-sectional images of 732 x 732 pixels.  157 

For scans at 1 µm pixel size, 4 connected reconstruction scans were merged to form one scan 158 

length of 8060 images in cross-sectional plan. Misalignment correction was specific for each 159 

connected scan. Smoothing, beam hardening and ring artifact correction parameters were 160 

equivalent for each connected scan and set to 1, 30%, 10 respectively according to the 161 

SkyScanTM NRecon software settings. The total reconstruction time was about 2h for 8060 162 

final cross-sectional images of 3912 x 3912 pixels.  163 
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 164 

2.4. Image processing and analysis 165 

2.4.1. Volume of interest (VOI) determination 166 

The reconstructed cross-sectional images were handled with CT Analyzer software (version 167 

1.17.7.2) for 3D visualization of the scanned object and complete 3D quantitative analysis of 168 

the reconstructed volumes. The image processing steps included extraction of the volume of 169 

interest, segmentation, and calculation of morphometric parameters. The volume of interest 170 

was determined after a manual thresholding of the original image to obtain a binarized image 171 

and using a task list of several operations (despeckle, erosion and dilation). 172 

At 7 µm pixel size, image processing was performed for the total volume of the grain. At 1 173 

µm pixel size, image processing was performed for different VOI to focus specifically on 174 

dense or porous structures. Image processing was not possible for the total volume of the 175 

grain due to the image size (125 GigaOctet). To overcome this issue, 3 sets of 1300 cross-176 

sectional images located at different positions along the z-axis of the grain, including dense 177 

and porous structure, were studied (i.e. slices). 178 

 179 

2.4.2. Image analysis 180 

3D morphometric parameters were extracted from each previously described VOI after image 181 

segmentation to binary using Otsu automatic method. Morphometric parameters were: 182 

volume of interest (mm3), overall porosity (%), pore diameter distribution (µm). These 183 

parameters were based on analysis of a Marching Cubes (Lorensen and Cline, 1987) model 184 

with a rendered surface. 3D pore diameter was calculated using the “sphere-fitting” (double 185 

distance transform) method (Borgefors, 1996; Remy and Thiel, 2002). The overall porosity 186 

was calculated by the ratio of air volume over the total volume of interest. The pores were 187 
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described by pore diameter values. The pore-size distribution curves were expressed by the 188 

volume ratio abundance of each pore size in the total volume of pore. The pore median 189 

diameter (D50) corresponded to the pore diameter of 50% of the pore population. The absolute 190 

span value of pore-size diameter was (D90-D10). 191 

 192 

2.4.3 Volume rendering 193 

Surface-rendered 3D models were constructed for 3D viewing of the grain analyzed regions, 194 

using SkyScan CTVolume (“CTVox”) software. Model construction was carried out with the 195 

“Double time cubes” method (Bouvier, 2004), which is a modification of the Marching cubes 196 

method (Lorensen and Cline, 1987).  197 

 198 

2.5. Statistical analysis 199 

The statistical analysis was performed using R software and Rstudio software (version 200 

1.2.5033). Analysis of variance by Tukey multiple comparison range test were conducted at 201 

5% significant level. 202 

 203 

 204 

 205 

3. Results and discussion 206 

3.1. µCT analysis at 7 µm pixel size  207 

Endosperm of durum wheat grains was studied by µCT at 7 µm pixel size in order to classify 208 

grains according to their porosity. The experiments were conducted on the two selected wheat 209 

samples.  210 

 211 
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3.1.1. µCT image reconstruction of the total durum wheat grain 212 

Fig. 1A gives an example of one projection image (scanned at 7 µm pixel size) of a durum 213 

wheat grain, among the 385 collected images for each grain. The projection images are 2-214 

dimensional radiograph, with a greyscale shade depending on the density.  215 

 216 

The batch of 385 projection images were consolidated to reconstruct 1200 cross-sectional 217 

images for each grain, and one 3D image of the whole grain volume. One example of cross-218 

sectional image of durum wheat grain is presented in Fig. 1B. We observe an apparent 219 

uniform grey color for the internal endosperm, with few differences in grey density. The 220 

peripheral aleurone layer is clearly visible in brighter grey. Porosity between the aleurone 221 

layer and the envelopes appears in black. For each of the 1200 cross-sectional images, the 222 

region of interest was defined without the envelopes. This makes it possible to remove the 223 

porosity at the envelopes-aleurone interface and the porosity of the crease from the analysis 224 

(Fig. 1C). The white area of the region of interest was considered for µCT image processing. 225 

The volume of interest corresponded to the stack of regions of interest designed on each 226 

cross-sectional image. With the Otsu thresholding method, white and black pixels 227 

corresponded to dense and porous structure respectively. At 7 µm pixel size acquisition, the 228 

endosperm is thus mostly describe as a dense structure (Fig. 1D). 229 

 230 

3.1.2. µCT morphometric parameters determination 231 

We calculated an overall porosity for each of the 30 grains of the wheat samples (Fig. 2A). 232 

Large differences were observed among the minimum (0.049%) and maximum (0.185%) 233 

values of porosity between grains. To evaluate data dispersion, the mean and standard 234 

deviation values of porosity were calculated as a function of the number of grains considered 235 
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(from 2 to 30 grains), for the 2 wheat samples (Fig. 2A). When less than 10 grains were 236 

considered, differences between grains induce large fluctuations in mean and standard 237 

deviations values. When considering 10-20 grains, the mean and standard deviation values 238 

converge towards a constant value. About 25 grains were enough to stabilize the mean and 239 

standard deviation values of the overall porosity of grains. The calculations were made with 240 

30 grains of each wheat sample. The overall porosity of the Pescadou wheat variety (0.100 ± 241 

0.041) was not significantly different from that of the Karur wheat variety (0.104 ± 0.035). 242 

µCT at 7 µm pixel size from 30 grains did not allow to significantly discriminate the porosity 243 

of the 2 wheat samples. 244 

 245 

Analysis of µCT images scanned at 7 µm for each grain was considered by constructing the 246 

cumulative distribution curves of the pore volume, as a function of the apparent pores 247 

diameter. The description of the 60 distribution curves constructed for each selected durum 248 

wheat grain (data not shown) allowed the identification of three specific patterns (Fig. 2B), 249 

which were associated with three different porosity types in the endosperm. The curves could 250 

display a monomodal pattern, with a single type of pores of similar diameter (D50 = 7-9 µm) 251 

or a bimodal pattern having 2 pore populations of small (D50 = 7-9 µm) or intermediate (D50 = 252 

45-60 µm) diameters. They could also display a multimodal pattern having at least 3 pore 253 

populations: small (D50 = 7-9 µm), intermediate (D50 = 45-65 µm), or large (D50 = 90-120 254 

µm) diameters. Value proximity between D50 of the smaller population (D50 = 7-9 µm) and 255 

the pixel size (7 µm) implies that noise is probably included in the analysis. Nevertheless, as 256 

this is a comparative analysis and as the pre-processing is identical for image batches, this 257 

artifact can be overlooked. In order to reach more accurate pore size values, it will be 258 

necessary to explore a pixel size smaller than the one of the smallest pores. 259 
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Analysis of µCT images scanned at 7 µm allowed thus the identification of three pore 260 

populations in durum wheat endosperms. Each grain can be classified according to one of 261 

these patterns (Table 1).  262 

 263 

For each grain and population of pores, we calculated the pore median diameter (D50) and 264 

their relative proportion (Table 1). Each grain can be classified according to in one of the 265 

three categories related to porosity distribution: 266 

-  Grain with endosperm containing 100% of small pores (7-9 µm). 267 

- Grain with endosperm containing 88-92% of small pores (7-9 µm) and 7-12% of 268 

intermediate pores (45-60 µm). 269 

- Grain with endosperm containing 72-76% of small pores (7-9 µm), 15-18% of 270 

intermediate pores (45-65 µm) and 6-14% of large pores (100-120 µm). 271 

 272 

Analysis of µCT images scanned at 7 µm pixel size made it possible to classify the durum 273 

wheat grains based on the distribution of pore characteristics.  274 

Grains of the Pescadou sample (0% porous) were found to present a dense endosperm without 275 

any porosity according to the reference method (Pohl grain cutter). By considering µCT 276 

results, they were classified as having a large proportion of grains (63%) with small pores, a 277 

medium proportion (30%) with intermediate pores, and a small proportion (7%) with large 278 

pores. A major part of the grains (93 %) only contained small or intermediate pores. These 279 

pores could be associated to small irregularities (e.g. large fractures) in the endosperm, which 280 

are not considered as "mealy" structure according to the reference method. Analysis of µCT 281 

images scanned at 7 µm pixel size allowed to identify a low proportion of grains (7%) with 282 

large pores. However, it only represented 2 grains in the sample.  283 
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Grains of the Karur wheat sample were characterized by the presence of 33% of porous grains 284 

according to the reference method. By considering µCT results, they were classified as having 285 

a low proportion of grains (17%) with small pores, a large proportion (50%) with intermediate 286 

pores, and a large proportion (33%) with large pores. This value was similar to the proportion 287 

of porous grains for the Karur variety as measured by the reference method. The large pores 288 

could be associated to porous areas in the endosperm, which were considered as "mealy" 289 

structures according to the reference method. µCT analysis at 7 µm pixel size could then be 290 

considered for to the classification of porous grains distributions in a batch of durum wheat 291 

grains. 292 

 293 

3.2. µCT analysis at 1 µm pixel size 294 

The endosperm structures of three durum wheat grain (Karur sample) were studied by µCT at 295 

1 µm pixel size in order to define criteria describing the microstructure of dense (i.e. vitreous) 296 

and porous (i.e. mealy) structures. 297 

 298 

3.2.1. Cross-sectional images reconstruction  299 

At 1 µm pixel size, the acquisition of a grain had to be carried out in 4 successive scans 300 

performed along the length of the grain. The projection 2D images displayed slight 301 

differences in the grey. The crease and the germ appeared in a lighter shade of grey, as an area 302 

of lower density.  303 

 304 

The batch of projection images were consolidated to reconstruct cross-sectional images of the 305 

grain and one 3D image of the whole wheat grain volume. The use of image-processing 306 
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software made it possible to use the cross-sectional images in order to view the 3D 307 

representation of the durum wheat grain. 308 

 309 

One example of µCT cross-sectional image of durum wheat endosperm obtained after 310 

reconstruction is presented in Fig. 1SA (supplementary material). The porous structures were 311 

dark grey. The dense structures were light grey. The aleurone layer and the envelopes 312 

surrounding the starchy endosperm were clearly visible. For the construction of the regions of 313 

interest, the envelopes were not taken into account nor the porosity at the envelopes-aleurone 314 

layer interface nor the porosity of the crease (Fig. 1SB and 1SC, supplementary material). 315 

The image inside the cross-sectional region of interest with different shades of grey was 316 

segmented into a binary image using Otsu automatic method (Fig. 1SD, supplementary 317 

material). We could note that some ring artefacts were still included as background after 318 

binarization. 319 

 320 

3.2.2 Images processing methodology 321 

An original method of image processing was developed to separately analyze the porous and 322 

the dense structures within the endosperm. Each cross-sectional image in the region of interest 323 

was separated in 2 regions of interest (Fig. 3A), by differentiating the porous and the dense 324 

structure. The grey-scale image in the cross-sectional region of interest with different shades 325 

of grey (Fig. 3B) was segmented into a binary image using Otsu automatic method (Fig. 3C). 326 

Regions of interest were first designed for the porous structure. Despeckle step and 327 

morphological operation (erosion, dilatation tool) were used as cleaning parameters on cross-328 

sectional images manually thresholded. Processing was completed by image bitwise 329 

operations in order to easily isolate the volume of interest of the porous structure. Then, 330 
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regions of interest of the dense structure were designed by subtracting the region of interest of 331 

the porous structure from that of the endosperm's total region.  332 

 333 

Due to the large number of cross-sectional images and the limited capacity of the computer, 334 

we were not able to construct a single 3D data set in order to describe the total volume of the 335 

wheat grain. We selected three sets of 1300 cross-sectional images, corresponding to three 3D 336 

slices of 1.3 mm thickness along the length of the grain, and located in the central part of the 337 

grain. The germ and the brush part were not considered. Image processing and morphometric 338 

parameters calculation were performed on these three 3D slices, corresponding to the volumes 339 

of interest of the structures. 340 

 341 

3.2.3. µCT morphometric parameters determination  342 

The calculated values of volumes of interest provide access to the respective volumes of 343 

dense and porous structures in each 3D slice of the grain. The porosity of each 3D slice was 344 

also calculated (Table 2). We constructed the cumulative distribution curves of pore volume 345 

as a function of the apparent pores diameter (Fig. 4). The characteristic parameters (D50 ; span 346 

; % pore volume) of the cumulative distribution curves are presented in Tables 2.  347 

 348 

Porous structures of the endosperm were characterized by high porosity (27.9% ±1.7) (Table 349 

2). The volume of interest of porous structure (3.35 mm3) corresponded approximately to 350 

41% of the total endosperm volume of the 3 grains. The cumulative distribution curves of 351 

pore volume as a function of pore diameter displayed a monomodal pattern, with a single type 352 

of porosity (Fig. 4). Porosity was characterized by a median diameter (D50) of 3.42 (± 0.25) 353 
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µm with large dispersion (span = 6.7 µm) (Table 2). The porous structures contained a single 354 

type of pores. 355 

 356 

The volume of the dense structures (4.69 mm3) corresponded approximately to 58% of the 357 

total volume of the endosperm (Table 2). The µCT analysis at 1 µm pixel size indicated the 358 

presence of porosity in the dense structures of the endosperm, with 8.8% (±3.0) of porosity. In 359 

dense structure, the cumulative distribution curves of pore volume as a function of pore 360 

diameter displayed a bimodal pattern, with two types of porosity (Fig. 4). The main pores 361 

(72% of the pore volume) were characterized by low diameter (1.39 µm) and low dispersion 362 

(span = 3.0 µm) (Table 2). The second minor population of pores (28% of the pore volume) 363 

were characterized by a higher diameter (9.2 µm) and a high dispersion (10.4 µm). The dense 364 

structures were poorly porous. Their low porosity was due to the presence of a large number 365 

of very small pores, and few large pores.  366 

 367 

Almost similar porosity values were measured for common wheat grains endosperm (3-13%) 368 

and hard wheat grains endosperm (2-8%) (Dobraszczyk et al., 2002; Schoeman et al., 2016). 369 

Pore diameters between 1 and 8 µm were measured with mercury intrusion porosimeter in 370 

endosperm of different common wheat grains (Greffeuille et al., 2007). Our results 371 

consolidate the fact that the open structure of mealy durum wheat endosperm is contrasted 372 

with the compact structure of vitreous durum wheat endosperm (Dexter et al., 1989). Vitreous 373 

endosperms had higher density than mealy endosperms, due to the absence of air spaces. 374 

Samson et al. (2005) calculated the entrapped air volume in endosperm of durum wheat grains 375 

by performing density measurements. The estimated air volumes widely differed between 376 
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vitreous (0.2-2.8%) and mealy (7.0-12.4%) endosperms in durum wheat grain. Entrapped air 377 

volume was at least 6 times greater for mealy endosperm.  378 

 379 

As expected, the calculated porosity of the grain slices (15.8% ±5.7) was intermediate 380 

between the porosity of the dense (9%) and the porous (28%) structures (Table 2). Porosity 381 

depended on the proportion of porous and dense structures in the durum wheat grain 382 

endosperm. High values of standard deviation can highlight differences of vitreousness 383 

between different slices.  In grain slices, the cumulative distribution curves of pore volume as 384 

a function of pore diameter displayed a monomodal pattern, with a single type of porosity 385 

(Fig. 4). Porosity was due to the presence of pores with low diameter (2.91 ± 0.39 µm) with a 386 

large dispersion of values (span = 6.3 µm) (Table 2), close to those previously observed for 387 

the porous structures. In the grain slices, we were not able to identify the presence of very 388 

small and large pores, as previously observed in the dense structures (Fig. 4). The number of 389 

large pores could be very low and not detectable on the cumulative distribution curves. µCT 390 

analysis at 1 µm pixel size improved thus the description of the structure characteristics of 391 

durum wheat endosperm, by considering the cumulative distribution curve of pore volume as 392 

a function of pore diameter.  393 

 394 

 395 

 396 

4. Conclusion 397 

µCT methods are interesting tools for characterizing the structure of durum wheat endosperm 398 

and generating useful information depending on the pixel size (1 or 7 µm) used for image 399 

scanning.  400 
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 401 

The µCT analysis at 7 µm pixel size made it possible to discriminate by statistical approach 402 

two wheat grain samples according to their porosity characteristics. µCT data were analyzed 403 

by constructing the cumulative distribution curves of pore volume as a function of pore 404 

diameter. The analysis of the different type of pores was used to describe the endosperm 405 

structure and could be related to grain vitreousness. µCT analysis at 7 µm considered the 406 

structural characteristics of the entire volume of the endosperm. However, the µCT analysis at 407 

7 µm pixel size of one grain took about 1 hour. This method could not be considered as a 408 

rapid method to classify batches of durum wheat grains, but can be used to investigate grain 409 

structure and compare grains using a qualitative approach. 410 

 411 

µCT analysis at 1 µm pixel size determined parameters that could be used to describe the 412 

endosperm microstructure of durum wheat grain and quantified the proportion of mealy and 413 

vitreous endosperm. Porosity characteristics can be used to differentiate and describe both the 414 

dense and porous structures. The µCT analysis at 1 µm pixel size can be considered to 415 

improve the description of the micro-structure of durum wheat endosperm. However, the time 416 

required to scan µCT images at 1 µm pixel size with laboratory equipment appears too long 417 

(about 54 hours). In addition, the very large number of scans led to tedious analysis. The µCT 418 

method could still be further explored with different durum wheat grains structures to 419 

consolidate the discussion on the pore diameter distribution in the endosperm.  420 

 421 
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FIGURE CAPTIONS 

 

Fig. 1. µCT cross-sectional images at 7 µm pixel size of one durum wheat grain (Karur 

sample). µCT projection image (A); grey-scale image (B); image of the region of interest (C); 

image after Otsu thresholding method (D). 

 

Fig. 2. Overall porosity (%) of durum wheat grains as a function of the number of grains 

scanned (A) and typical cumulative distribution curves of pore volume as a function of 

apparent pores diameter for three durum wheat grains (B) determined from µCT analysis at 7 

µm pixel size. 

 

Fig. 3. µCT cross-sectional images at 1 µm pixel size for the porous (left) and dense structure 

(right) of the endosperm (Karur sample). Image of the region of interest (A) ; grey-scale 

image in the region of interest (B) ; image after Otsu thresholding method (C). 

 

Fig. 4. Typical cumulative distribution curves of pore volume as a function of apparent pores 

diameter in durum wheat endosperm (for 1 slice) determined from µCT analysis at 1 µm pixel 

size: porous structures (○), dense structures (●) and endosperm (●). 
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Fig. 1. µCT cross-sectional images at 7 µm pixel size of one durum wheat grain (Karur 

sample). µCT projection image (A); grey-scale image (B); image of the region of interest (C); 

image after Otsu thresholding method (D). 
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Fig. 2. Overall porosity (%) of durum wheat grains as a function of the number of grains 

scanned (A) and typical cumulative distribution curves of pore volume as a function of 

apparent pores diameter for three durum wheat grains (B) determined from µCT analysis at 7 

µm pixel size. 
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Fig. 3. µCT cross-sectional images at 1 µm pixel size for the porous (left) and dense structure 

(right) of the endosperm (Karur sample). Image of the region of interest (A) ; grey-scale 

image in the region of interest (B) ; image after Otsu thresholding method (C). 
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Fig. 4. Typical cumulative distribution curves of pore volume as a function of apparent pores 

diameter in durum wheat endosperm (for 1 slice) determined from µCT analysis at 1 µm pixel 

size: porous structures (○), dense structures (●) and endosperm (●). 

 



 

- 1 - 

TABLES 

 

Table 1. Morphometric parameters (D50) associated to the cumulative distribution curves of 

pore volume as a function of apparent pores diameter (monomodal, bimodal or multimodal 

pattern) for the grains of the two selected wheat varieties, determined from µCT images 

scanned at 7 µm resolution.  

 

 
Small pores Intermediate pores Large pores 

 

Proportion 

(%) 

D50 

(µm) 

Proportion 

(%) 

D50 

(µm) 

Proportion 

(%) 

D50 

(µm) 

Pescadou wheat sample (n = 30)       

One type of pores (n = 19) 100 7.63 (±0.36) a -- -- -- -- 

Two types of pores (n = 9) 88.0 (±6.7) 7.28 (±0.79) a 12.0 (±6.7) 60.4 (±8.1) a -- -- 

Three types of pores (n = 2) 76.1 (±7.2) 7.90 (±0.02) ab 18.0 (±2.7) 63.7 (±26.0) a 6.35 (±4,5) 108 (±31.2) a 

Karur wheat sample (n = 30) 
      

One type of pores (n = 5) 100 8.86 (±1.08) b -- -- -- -- 

Two types of pores (n = 15) 92.8 (±7.5) 7.96 (±0.61) ab 7.2 (±7.5) 57.1 (±12.2) a -- -- 

Three types of pores (n = 10) 71.8 (±7.2) 7.80 (±0.63) ab 14.6 (±6.7) 54.3 (±8.8) a 13.7 (±3.9) 92.4 (±14.5) a 

Overall wheat grains -- 7.80 (±0.71) a -- 57.5 (±11.0) a -- 94.7 (±16.2) a 

 

Note : Results are presented as mean ± standard deviation from the values obtained for the 30 grains of each 

variety. The presence of common letters in the same column indicate no significant difference (Pvalue > 0,05). 
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Table 2. Morphometric parameters of endosperm of durum wheat grain (porosity and volume 

of interest), and morphometric parameters (D50 and Span) associated to the cumulative 

distribution curves of pore volume as a function of apparent pores diameter, determined from 

µCT images scanned at 1 µm.  

 

 Porosity  

(%) 

Volume of interest 

(mm3) 

D50  

(µm) 

Span 

(µm) 

% pore volume 

(%) 

Porous part of the grain slices 27.9 (±1.7) a 3.35 (±1.93)  a 3.42 (±0.25) b 6.73 (±1.98) 100% 

Dense part of the grain slices 8.8 (±3.0) c 4.69 (±1.22) a 1.39 (±0.05) a 3.00 (±0.06) 72% 

   9.24 (±1.59) c 10.44 (±1.38) 28% 

Grain slices 15.8 (±5.7) b -- 2.91 (±0.39) b 6.32 (±1.38) 100% 

 

Note : Results are presented as mean ± standard deviation from the values obtained for the nine 3D slices from 

three durum wheat grains. The presence of common letters in the same column indicate no significant difference 

(Pvalue > 0,05). With Span = D90 - D10. 



First 3D slice 

Second 3D slice 

Third 3D slice 




