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a b s t r a c t

Food microstructure influences the characteristics of end products. X-ray micro-computed tomography
(mCT) enables investigating internal structure of food products non-destructively. High-resolution X-ray
mCT, in combination with image analysis, was used to visualise and quantify the impact of conventional
oven and forced convection continuous tumble (FCCT) roasting (180 �C for 140 s) on the microstructure
of whole wheat kernels. After image acquisition, two-dimensional (2D) cross-sectional images were
reconstructed into three-dimensional (3D) volumes. Quantitative parameters, i.e. volume, porosity,
expansion ratio (ER) and relative density, were calculated. Oven roasting was associated with a signifi-
cantly (P < 0.05) larger increase in kernel volume (4.47%) than FCCT roasting (1.57%). Porosity was higher
in the oven-roasted samples (10.33 ± 4.63%), indicating a more destructive impact on the internal
structure (FCCT ¼ 8.29 ± 2.29%). Roasting introduced cavities and cracks within the wheat kernels,
resulting in a decrease in whole kernel density (oven ¼ 2.76%; FCCT ¼ 0.55%), however the material
density remained unaffected during FCCT roasting.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Worldwide, wheat (Triticum aestivum L.) is an important crop,
with total annual yields exceeding 700 million tonnes in 2013
(FAOSTAT, 2015). The success of wheat as a raw material can be
attributed to its processing properties and its ability to develop
cohesive doughs that can be formed into noodles and pasta or
baked into bread (Lamacchia et al., 2010). Wheat is a staple food
and is used for human consumption in a variety of products, i.e.
breads, pastas, noodles, couscous, cakes, biscuits, pastries, breakfast
cereals and flour.

Cereal roasting is traditionally practiced in India with the
objective of increasing shelf life, enhancing organoleptic properties
and to ease integration into breakfast cereals and other ready-to-
eat products (Murthy et al., 2008). Most roasters used in India are
batch type heated pans, where sand is used as heat transfer
medium. This roasting method has various negative aspects since it
is unhygienic, tedious to operate, leads to a low productivity, there
is a lack of temperature control and the product has non-uniform
characteristics (Murthy et al., 2008).

Few investigations focused on the effect of heat treatment on
the microstructure of cereal grains; the effect of roasting specif-
ically has been even less investigated. Gun puffing (105e115 �C)
strongly influenced the kernel morphology and it led to an
increased water holding capacity of the flour (Mariotti et al., 2006).
Roasted wheat can be roller milled to obtain flour yields as high as
70e75%when themoisture content is below 10% (Lazar et al., 1974).
Flour from roasted wheat can be included in breads, pastas, baked
and fried speciality products, gels, batters, instant sauces, snacks,
gruels and it can be used as basis for beverage products (Baiano
et al., 2008; Lazar et al., 1974; Mossman et al., 1973).

A few studies reported on the use of a forced convection
continuous tumble (FCCT) roaster for agricultural products such as
marama beans and cowpeas (Kayitesi et al., 2010; Ndungu et al.,
2012; Nyembwe et al., 2015). The FCCT roaster is an energy effi-
cient roasting technique that can be used to modify the
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microstructure of cereal grains. This roaster employs the moisture
inside the sample to generate superheated steam, leading to faster
and even heat transfer. The rotating cylinder enables the sample to
be suspended in the heated air, thus all the surfaces are exposed
evenly to the heat. Thermal insulation results in less heat loss and
efficient energy usage (Flinn, 2012).

In food science, it is common to relate physical behaviour to
microstructure in order to gain more comprehensive insights into
the product or production process. Food microstructure plays an
important role in determining the characteristics (physical, textural
and sensory) of the final product (Aguilera, 2005). Structural
probing of also cereal grains are of great importance to the food
industry, since microstructure effects processing, storage, func-
tionality and the end use of products (Dogan, 2007). For example,
the microstructure of wheat for bread making significantly in-
fluences its quality and baking properties. Traditionally, micro-
structural investigations involved light microscopy (LM), scanning
electron microscopy (SEM) and confocal laser scanning microscopy
(CLSM). These destructive methods however have various draw-
backs. It requires sectioning which are likely to disrupt the struc-
ture, cause imaging artefacts and is limited to two-dimensional
(2D) images (Salvo et al., 2010).

The limitations of 2D, destructive methods have led to the
increasing use of a powerful non-destructive and non-invasive
high-resolution imaging technique, X-ray micro-computed to-
mography (mCT), which enables characterisation of three-
dimensional (3D) volumes for better understanding of food
microstructure (Salvo et al., 2010; Zhu et al., 2012). X-ray mCTmakes
use of the differences in X-ray attenuation that arises mainly from
differences in density within a sample. High density materials will
attenuate the beam and areas of high attenuation will appear
brighter on the 2D slice images. X-rays are sent around and through
the scanned sample, creating projection X-ray images. Consecutive
images are accumulated to create 3D volumes that can be manip-
ulated digitally to perform a number of quantitative and qualitative
measurements (Ketcham and Carlson, 2001).

Traditional computed tomography (CT) and mCT has been
applied in various agricultural commodities e.g. traditional medical
CT has been used to evaluate undesirable fibrous tissue in carrots
(Donis-Gonz�alez et al., 2015) and to assess internal decay in fresh
chestnuts (Donis-Gonz�alez et al., 2014), while mCT has been applied
for 3D pore space quantification of apple tissue (Mendoza et al.,
2007). Synchrotron X-ray CT was used to characterise the 3D gas
exchange pathways in pome fruit (Verboven et al., 2008).
Lammertyn et al. (2003) performed a comparative study using two
non-destructive imaging techniques, X-ray CT and magnetic reso-
nance imaging (MRI), to investigate the spatial distribution of core
breakdown in pears.

X-ray mCT (40 kV; 250 mA) was recently investigated for real-
time 3D visualisation and quantification of the internal structure
of single wheat kernels damaged by sprouting and insect infesta-
tion (Suresh & Neethirajan, 2015). Other X-ray mCT cereal grain
investigations include the characterisation of rice strains by dif-
ferences in pore shapes (Zhu et al., 2012) and the effect of heat
treatment on rice kernel structure (Mohori�c et al., 2009; Witek
et al., 2010).

It is not possible to examine expanded starch based products by
conventional 2D imaging or scanning methods without destroying
the structure. Cutting them also leads to disruption of the pores and
breakage due to their brittle texture. To avoid these constraints
non-destructive X-ray mCT were applied in a few studies for the
characterisation of porous cereal products (Van Dalen et al., 2007),
extruded products (Agbisit et al., 2007; Horvat et al., 2014), wheat
flour dough (Bellido et al., 2006), bread (Besbes et al., 2013;
Demirkesen et al., 2014; Van Dyck et al., 2014; Wang et al., 2011),
and to explain airflow resistance inwheat (Neethirajan et al., 2006).
Furthermore, X-ray mCT has been used widely to analyse porosity in
food products, e.g. banana chips (L�eonard et al., 2008) and me-
ringues (Licciardello et al., 2012). Kelkar et al. (2015) recently
described a method to determine the density of foods using X-ray
mCT.

Andrejko et al. (2011) made use of X-ray radiographic exami-
nation to illustrate structural changes in wheat after infrared
treatment (exceeding 150 �C and 90 s). High temperature roasting
of coffee beans led to an increased volume and porosity and a
decreased density with increase in roasting time (Frisullo et al.,
2012). The ability to accurately analyse pores makes X-ray mCT an
effective technique to study themicrostructure of roasted products.

Quality changes occurring during thermal processing include
sensory (flavour, odour and taste), optical (colour and appearance),
structural (density, volume and porosity), textural, nutritional
(proteins and vitamins) and rehydration properties (Vadivambal
and Jayas, 2007). Roasting is a time-temperature dependant pro-
cess that leads to chemical reactions, moisture loss and major
changes in volume, shape and density (Hern�andez et al., 2008).

Wheat endosperm texture influences the energy requirement
for milling. Porosity and density are closely related properties
(Dobraszczyk et al., 2002) affecting endosperm texture and thus
milling yield (Chang, 1988). More dense endosperm ground to
larger particles which flows more easily and are easy to handle,
whereas more porous endosperm mill to flours that are very fine
and results in the blocking of mill sieves (Dobraszczyk et al., 2002).
Ideally heat processing or roasting of wheat should have minimum
effect on endosperm texture in terms of microstructural changes
(porosity, volume and density). Decrease in material density would
thus be undesirable. A roasting method resulting in adverse
structural changes, i.e. larger cracks, large increase in porosity and
loss in material density would be considered destructive.

Wheat kernel microstructural changes occurring during roast-
ing have not been thoroughly studied in the pursuit of under-
standing the roasting phenomenon. The gap in understanding the
mechanism that governs the behaviour of roasted grain micro-
structure is attributed to the lack of techniques capable of visual-
ising the microstructure non-destructively. The need for 3D
characterisation and quantification of microstructure, is now
addressed with X-ray mCT which provides datasets that can be
analysed for various structural parameters (Chevallier et al., 2014).

This study hypothesises that X-ray mCT is a feasible technique to
determine the impact of roasting on wheat kernels. As verification
this study presents the application of X-ray mCT in combination
with image analysis to non-destructively investigate the impact of
conventional oven and FCCT roasting on the microstructure of
whole wheat kernels. Qualitatively the internal microstructure and
porosity distributionwere analysed using X-ray mCT 2D slice images
and 3D volume renderings. Quantitative measurements, obtained
from 3D volumes, included volume, porosity, expansion ratio (ER)
and relative density.

2. Material and methods

2.1. Wheat samples

Eighteen whole wheat kernels were randomly selected from a
wheat sample, kindly provided by PANNAR Seeds (Greytown, South
Africa). The same kernels were imaged with X-ray mCT before
(control) and after roasting to have a direct comparison. Nine ker-
nels were subjected to oven roasting and nine to FCCT roasting. The
kernels were weighed before and after roasting to determine the
percentage weight loss. The samples were kept in sealed jars at
ambient temperature until used.
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2.2. Roasting

Wheat samples were roasted at 180 �C for 140 s using two
roasting methods: conventional convection oven roasting (831
Electric Multifunction Thermofan Solid Plate Oven, Defy Appli-
ances, Durban, South Africa) and FCCT roasting (Roastech, Bloem-
fontein, South Africa). For the FCCT roaster roasting time is
determined by means of speed settings. A speed setting of 80 Hz is
equivalent to 140 s and was used for FCCT roasting. This speed
setting refers to the rotation speed of the screw conveyer inside the
roasting chamber.

For both roasting methods the individual kernels were
numbered for direct comparison of the X-ray images before and
after roasting. The raw FCCT-roasted wheat kernels were in addi-
tion coloured with a heat-stable green dye to easily find the sample
in each roasted batch. Each kernel was roasted, mixed in a 200 g
rice sample. The nine kernels were roasted individually for each
roasting method, thus nine replicates per roasting treatment.

The FCCT roaster has a capacity of 100 kg/h and the roasting
chamber a volume of 0.199 m3. A temperature of 180 �C was chosen
since it falls within the thermal processing temperature range
commonly used for cereal grains (Andrejko et al., 2011). A 15 min
start-up time was allowed for the FCCT roaster to obtain steady-
state conditions prior to roasting. The conventional convection
oven was pre-heated to 180 �C before placing the numbered kernel
in the oven together with 200 g of rice. The samples were placed
centrally in the oven on a stainless steel baking tray. After roasting
the samples were immediately cooled to ambient temperature by
spreading it out on a cold flat surface to stop exothermic reactions
and prevent excessive roast and further moisture loss. The samples
were stored in airtight containers at ambient temperature until X-
ray mCT image acquisition.

The main difference between the two roasting methods is that
during oven roasting the sample is stationary, whereas during FCCT
roasting the sample is continuously moving inside the roasting
chamber. During FCCT roasting superheated steam is generated,
since the moisture removed from the sample becomes part of the
roasting medium (hot air) (Moreira, 2001). In the oven only dry, hot
air is used as the moist air is replaced by fresh air that is heated to
the desired temperature (Moreira, 2001). Superheated steam has
been reported to be cleaner, cause less oxidation and colour dete-
rioration and lead to a higher evaporation rate, thus mitigating the
loss of nutritional values in comparison to hot air (Moreira, 2001).
2.3. X-ray micro-computed tomography (mCT) image acquisition

The wheat kernels were imaged under identical conditions
Table 1
Summary of the scanning parameters used for image acquisition.

Units Parameter

Voltage (kV) 60
Current (mA) 240
Magnification 16.67
Pixel size in the X- and Y axes (mm) 0.200
Field-of-view (FOV) (mm) 700
Number of pixels in the X- and Y axes 2024
Resolution/voxel size (mm) 12
Spot size (mm) 5
Scan time (s) 1500
Original image greyscale intensity resolution 16-bit
Grey levels 216 ¼ 65,536
Number of 2D images 1500
Image acquisition time (ms) 500
Rotation sector (�) 360
(Table 1). Real-time X-ray mCT scans of the raw and roasted wheat
kernels were obtained using a General Electric Phoenix VjTomejX
L240 (General Electric Sensing & Inspection Technologies GmbH,
Phoenix, Wunstorff, Germany) high-resolution X-ray computed
tomography systemwith a tungsten target X-ray tube. Due to X-ray
mCT being non-destructive, the 3D internal structure of the same
kernel could be studied before and after roasting.

Two wheat kernels, e.g. two raw, or one FCCT and one oven-
roasted, were scanned together. Thus, for each of the nine oven
and nine FCCT-roasted kernels, two scans were performed, firstly
raw and then after being roasted. This was done in order to make
direct comparisons between the kernels in the raw and roasted
state. Various system settings were tested to optimise the scan
quality. Instrumental conditions that needed to be considered
included beam energy and current, sample-to-detector-distance
and exposure time. Parameters were optimised to obtain the
shortest possible scanning time while ensuring adequate image
contrast. X-ray radiation was thus generated from a source voltage
(energy) of 60 kV and an electron current set at 240 mA, resulting in
CT scans with a voxel size (resolution) of 12 mm.

The scanning procedures described required no sample prepa-
ration, besides mounting of the sample. Each wheat kernel was
mounted horizontally (crease facing down) on a piece of oasis
(floral foam) and on a polymeric disc (10 mm thickness and 25 mm
diameter), obtained from Maizey Plastics (Cape Town, South Af-
rica), and glued to the translation stage (see sample setup in Fig. 1).
The low density of the oasis made it an appropriate mounting
material because it could easily be distinguished from the subject of
interest. The density (2.15 g/cm3) of the polymeric disc was used as
a reference standard for relative density determinations; therefore
the plastic was scanned in the field-of-view (FOV).

2.4. Image processing and analysis

The 2D image slices, covering the entire sample were attained
using a fully automated data acquisition system and saved onto a
processing workstation, operated by system-supplied Datos
reconstruction software (Datosjx® 2.1, General Electric Sensing &
Inspection Technologies GmbH, Phoenix, Wunstorff, Germany).
Angular projections generated 2D X-ray images which were
reconstructed to create 3D volumes of the external and internal
geometries of the sample. Reconstruction involved filtered back-
projection algorithms. The final product from reconstruction is a
raw 3D volume file which was imported directly into the image
visualisation and analysis software (Volume Graphics VGStudio
Max 2.2, Volume Graphics, Heidelberg, Germany).

2.4.1. Segmentation and defining regions-of-interest (ROIs)
Wheat kernel images were segmented into different ROIs:

whole kernel, kernel material (which constitutes the solid phase)
and air voids (which forms part of the gaseous phase). ROIs were
subjected to the Volume analyser function (VGStudio Max 2.2) to
calculate microstructural parameters. A representative slice from
the kernels was selected from the dataset to obtain an average grey
value for the solid and air components in the kernel. Once a
segmented volume has been defined, quantitative measurements
were performed.

2.4.2. Quantitative measurements
Quantitative measurements included volumes-of-interest

(VOIs), porosity, expansion ratio (ER) and relative density. In
addition, kernel dimensions (length, width and depth) were
measured, also using VGStudio Max 2.2 software.

i. Volumes-of-interest (VOIs)



Fig. 1. Flow diagram of experimental design for determining the effect of oven and FCCT roasting on the microstructure of whole wheat kernels using X-ray mCT and image analysis.
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VOIs were measured using the Volume analyser tool which
automatically calculates the specific volume of the selected ROIs. By
creating different VOIs, volumemeasurements of specific areas (e.g.
air) in the sample or the sample as a whole can be determined.

ii. Porosity (percentage air volume)
Porosity is the ratio of the intergranular air space to the total
space occupied by the kernel (Kheiralipour et al., 2008). Porosity
analysis was performed by thresholding the voids and creating and
extracting this ROI and calculating the total air volume against the
total sample volume (Du Plessis et al., 2014). It should be noted that
for this study the porosity were considered as the total air in the
sample, thus the entirety of cavities and pores.
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Porosity ð%Þ ¼ Volume of air
�
mm3�

Total volume
�
mm3

� � 100% (1)

iii. Expansion ratio (ER)

ER ¼ Volume after roasting
�
mm3�

Volume before roasting
�
mm3

� (2)
d

iv. Relative density

In this study relative densities were determined using mean
grey values (arbitrary units) which correlate to the X-ray attenua-
tion. Each voxel has a grey value which relies on the material
density. Higher grey values, corresponds with higher attenuation
coefficients and thus higher densities (Landis et al., 2003). The grey
value histogram provides a diagram of the number and intensity of
voxels in the whole image or specific ROI, illustrating the density
distribution based on grey values (Landis and Keane, 2010). The y-
axis display the number of voxels associated with each grey value,
whereas the x-axis indicates the grey values and thus the intensity
of the voxels in an image. Relative density wasmeasured in terms of
the mean grey value of the ROI in relation to the mean grey value of
the reference standard. It was then multiplied with the known
density of the reference standard (2.15 g/cm3). For each ROI the
mean grey valuewasmeasured using the Volume analyser tool. The
mean grey value of the polymeric disc was attained by selecting a
representative area using the Adaptive rectangle tool. The mean
grey value of the homogenous polymer disc is thus a measure of its
density.

Relative density
�
g=cm3

�
¼ mean greyvalue of ROI

mean greyvalue of reference standar

� 2:15 g=cm3

(3)

2.5. Experimental design

Fig. 1 details the experimental design for determining the effect
of roasting on the microstructure of whole wheat kernels in a non-
destructive manner by means of a flow diagram.

2.6. Statistical analysis

One-way analysis of variance (ANOVA) was performed to
compare averages for the respective quantitative measurements
with respect to the two roasting methods. Data was reported as the
mean (n ¼ 9) ± standard deviation. Data analyses were performed
using STATISTICA version 13 (StatSoft, Inc., Tulsa, USA). The level of
confidence required for significance was selected at P < 0.05.

3. Results and discussion

3.1. Visual assessment

The wheat kernels partially retained a brown/yellowish
pigmentation due to the carotenoid content, despite the roasting
method (Fig. 2). Roasting led to swollen grains with a widened
crease, especially during oven roasting. Wheat with a more open
crease require less force during milling than those with a closed
crease (Evers and Millar, 2002). Furthermore, a more bulged
appearance was observed in the oven-roasted samples, whereas
the FCCT-roasted kernels remained more uniform in shape. The
bran outer layer, which surrounds the germ and endosperm,
remained intact.

The digital images in Fig. 2 depict the cross-sectional views of
raw, FCCT and oven-roasted wheat kernels. Since similar results
were obtained, images of only one of the kernels for each roasting
method are shown. The raw kernel had no visible internal cracks,
whereas the FCCT-roasted kernel revealed thin cracks. In the oven-
roasted kernel a large irregular internal void developed in the
dorsal (non-crease) region. The appearance of the oven-roasted
sample was similar to the internal structure obtained after roast-
ing with a direct gas-fired pilot plant toaster (Lazar et al., 1974). The
development of large internal voids resulted in a reduced toasted
quality. The large cavity scatters the light reflected from the
endosperm (Dobraszczyk et al., 2002) causing the oven-roasted
wheat kernel to have a mealy and opaque appearance. Opaque-
ness is usually correlated with softness in wheat kernels since the
air spaces leads to a decreased density (Almeida-Dominguez et al.,
1997). The raw kernel appeared more translucent and the oven-
roasted kernel was more opaque, whist the FCCT-roasted sample
maintained a degree of translucency. The endosperm of the raw
sample appeared white, while those of the FCCT and oven-roasted
samples were greyish brown and yellowish white, respectively.
Oven roasting resulted in a much darker, yellow-brown, external
colour, while the FCCT-roasted sample retained a light brownish
colour. This indicated the more intense degree of roasting using the
oven roasting method, under similar conditions.

3.2. Qualitative image analysis

Qualitative analysis enables visualisation of the internal struc-
ture of the raw, FCCT and oven-roasted wheat kernels. A repre-
sentation of the grey level 2D cross-sectional images, virtually cut
in the middle for the three orthogonal views, i.e. frontal, horizontal
and sagittal, is presented for the kernels before and after roasting in
Fig. 3. Images of only one of the kernels for each roasting method
are shown, since similar qualitative results were obtained.

3.2.1. Porosity, internal cracks and cavities (2D analysis)
The qualitative results illustrated considerable structural

changes during roasting, especially in the oven-roasted kernels
(Fig. 3). The raw samples were compact (dense) with few thin
cracks and small cavities detectable. FCCT-roasted kernels con-
tained slightly more and wider cracks, whereas the oven-roasted
kernels had large cavities in the endosperm tissue especially near
the centre of the kernel. These adverse changes resulted in the
endosperm becoming completely unstructured. The endosperm is
especially a crack sensitive region (Dobraszczyk et al., 2002). Small
voids in the raw kernels are planes of weakness, which leads to the
concentration of stresses, in this case internal pressure, and acts as
sites where cracks or cavities initiate (Dobraszczyk et al., 2002). In
the crease region, the wheat endosperm adheres peripherally to
adjacent tissue, where a void (known as the endosperm cavity)
exists (Evers and Millar, 2002). This endosperm cavity in the raw
kernel can clearly be observed in the frontal views.

For both roasting methods, the bran remained intact, in spite of
internal cracks (FCCT-roasted) and cavities (oven-roasted) formed
in the endosperm. From the images, the aleurone layer appeared to
be the densest constituent being the brightest region.

The germ remained intact as the cracks did not propagate into
this region. From the sagittal orientation (Fig. 3), fissures can be
observed as vertical lines in the oven-roasted endosperm. From this



Fig. 2. Digital (Canon SX40 digital camera, Canon, Ohtaku, Tokyo, Japan) images of the same wheat kernels before and after roasting with (a) and (b) raw, (c) and (d) FCCT-roasted,
(e) and (f) raw, and (g) and (h) oven-roasted. The cross-sectional digital images of (i) raw, (j) FCCT-roasted and (k) oven-roasted kernels reveals the internal structure.
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view, expansion of the roasted kernels is clear with oven roasting
revealing much greater expansion compared to FCCT roasting. FCCT
roasting had a less invasive impact on the internal structure in
comparison to oven roasting which led to larger fissures.

During roasting air is incorporated into the structure due to
physical and chemical changes taking place (K€oksel et al., 1998).
Internal moisture is transformed into the vapour state and the
dense structure of the wheat kernel leads to an increase in vapour
pressure resulting in the generation of steam and consequently
expansion in structure. In the oven-roasted kernels sufficient
pressure was generated to create large cavities in the cellular ma-
trix. An inherent problem associated with oven roasting is non-
uniform heating due to the uneven distribution of heat, in com-
parison to FCCT roasting where more uniform roasting is achieved.
The different modes of heat transfer in the roasting methods
could be considered as the main factor responsible for the struc-
tural differences between the samples, since the roasting condi-
tions (time and temperature) were similar. Continuous movement
of the kernels in the rotating cylinder of the roasting drum of the
FCCT roaster resulted in more uniform heat transfer. In contrast,
during oven roasting the kernels were stationary and only the dry
air was moving. FCCT roasting can be controlled by means of the
rotating speed of the cylinder; a higher speed results in a faster
roasting time. The internal steam generated inside the roaster
together with the rotating movement of the cylinder lead to a more
homogenous roasting process, where the superheated steam
generated forms part of the heat transfer medium and is more
evenly dispersed around the sample.



Fig. 3. Grey scale 2D tomographic images of the different views (frontal, horizontal and sagittal) of whole wheat kernels before and after FCCT and oven roasting (average di-
mensions: length ¼ 6.02 ± 0.38 mm; width ¼ 3.32 ± 0.27 mm; depth ¼ 3.22 ± 0.32 mm).
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Fig. 4 illustrates the three orthogonal views of the porosity in
raw and roasted samples with the voids as ROI. Porosity describes
the overall open structure of a desiccated material, where it com-
prises the fraction of empty volume. Rawwheat kernels displayed a
dense internal structure with low porosity and more homogeneous
distribution of the grey values (Fig. 4). The few small pores or cracks
could be attributed to the drying process after harvesting. In the
oven-roasted kernels fissures extended to close to the bran, how-
ever the outer layer remained intact, supporting the pores and large
cavities. The large irregular distributed and partially interconnected
cavities and cracks form a porous structure. The internal structure
of the FCCT-roasted wheat kernels were characterised by multiple
thin cracks.

Oven roasting had a more detrimental effect on porosity, being
the more severe roasting method due to more direct heat
penetration. This is in agreement with a wheat study where SEM
images indicated that hot air roasted wheat has a greater porosity
resulting in a reduced energy requirement for grinding (Murthy
et al., 2008).

Cavities are like excavated cells, which are structured in a
skeleton made by partial thermally degraded structures and the
complete loss of the cell walls in some points. During roasting it can
be assumed that smaller pores and cracks (FCCT-roasted) were
formed due to the internal pressure created, and then ultimately
the coalescence of these pores led to the development of larger
asymmetric voids that resembles interconnected cavities (oven-
roasted) (Pittia et al., 2011). These cavities are generated by a flash
of superheated steam, which partially damages the structure
(Sumithra and Bhattacharya, 2008). Cracks propogated from the
centre outwards, with the largest areas of porosity towards the



Fig. 4. 2D slice images (centre slice) of the spatial distribution of the porous network in wheat kernels before and after roasting, with the voids (total air) selected as ROI. The air
filled pores and cavities are displayed in yellow and outlined with blue, while the kernel matrix is grey (average dimensions: length ¼ 6.02 ± 0.38 mm; width ¼ 3.32 ± 0.27 mm;
depth ¼ 3.22 ± 0.32 mm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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centre of the kernel, especially in the oven-roasted samples. This
confirms that the thermal centre is localised in the centre of the
wheat kernel (Andrejko et al., 2011).
3.2.2. Porosity, internal cracks and cavities (3D analysis)
Determining defects such as voids and cracks in a sample would

typically require destructive testing. Volume rendering in 3D is
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required to understand the overall structure of samples and to
visualise the internal microstructure (Suresh and Neethirajan,
2015). X-ray mCT scanning enables the detection of internal fea-
tures and flaws by displaying this information in 3D without
destroying the sample. In Fig. 5 the 2D images (a-c) and a 3D vol-
ume rendering (d), illustrates the internal porosity in a raw wheat
kernel. The degree of porosity can be incorrectly interpreted from
the 2D images as disconnected cavities. In the 3D volume rendering
the path of the fissures or cracks are illustrated as tortuous and it
contains multiple branching which creates an interconnected
porous network throughout the kernel.

3.3. Quantitative analysis

Quantitative information on the internal structure can be ob-
tained as volume, porosity and relative density whereas the ge-
ometry can be quantified in terms of size, shape, orientation and
position. For quantitative density and volume measurements it is
assumed that wheat kernels are a two-phase system with a solid
phase (kernel structure) and a gas phase (voids).

3.3.1. Volumes-of-interest (VOIs)
Whole kernel and air volumes increased during roasting

(Table 2). The increase in whole kernel volume (1.57%) was not
significant (P > 0.05) during FCCT roasting in comparison to a sig-
nificant (P < 0.05) increase of 4.47% during oven roasting. Both
roasting methods resulted in a significant (P < 0.05) increase in air
volume. The larger increase in whole kernel volume was due to the
larger increase in air volume during oven roasting (103.38%). The
Fig. 5. 2D images (a-c) [(a) horizontal, (b) sagittal and (c) frontal views] and 3D volume rend
porosity volume size distribution is characterised in yellow and the kernel structure
width ¼ 2.59 mm; depth ¼ 2.70 mm). (For interpretation of the references to colour in thi
increase in air volume was much lower for the FCCT-roasted sam-
ples (38.86%). The increase in whole kernel volume for both
methods were lower than in a previous study where wheat roasted
in a steel pan led to a 8.30% increase in kernel volume (Işikli et al.,
2014). The increase in volume is due to the release of water, CO2 and
volatile organic compounds from the kernel to the gas phase (Dutra
et al., 2001).

Thermal treatment of whole wheat kernels is typically associ-
ated with an increase in volume and a negative change in density
(Bayram et al., 2004), with the large fissures contributing signifi-
cantly to the increased volume of the expanded kernel (Pardeshi
and Chattopadhyay, 2010). Fig. 6 displays the wheat kernel ROIs
(whole kernel and air) to obtain the whole kernel and air volumes,
respectively in a raw and oven-roasted sample.

3.3.2. Porosity analysis
Voids are inherent to wheat kernels and other cereal grains

because of the porous nature of the endosperm (Chang,1988). Thus,
an increase in the existing porosity and development of additional
voids were expected due to roasting. Understanding the contribu-
tion of air to the total wheat kernel is relevant because it affects the
yield, which is a highly desirable property for the milling industry.

Porosity did not change significantly (P > 0.05) during FCCT
roasting, however increased significantly (P < 0.05) during oven
roasting. The porosity in the FCCT-roasted sampleswas 6.04 ± 1.54%
and 8.29 ± 2.29% for the raw and roasted kernels respectively,
resulting in a much lower increase (37.25%) than in the oven-
roasted (95.64%) samples which ranged from 5.28 ± 1.57% to
10.33 ± 4.63%. FCCT roasting will result in a better quality roasted
ering (d) of the porosity in a raw wheat kernel. In the 3D volume the visualisation of the
(material) is represented as transparent (kernel dimensions: length ¼ 5.46 mm;
s figure legend, the reader is referred to the web version of this article.)



Table 2
Mean and percentage increase/decrease in microstructural parameters of wheat kernels before and after roasting.

Parameter FCCT Oven

Raw (n ¼ 9) Roasted (n ¼ 9) % Increase/Decrease Raw (n ¼ 9) Roasted (n ¼ 9) % Increase/Decrease

Whole kernel VOI (mm3) 29.24 ± 3.04ab 29.70 ± 3.12ab 1.57 28.40 ± 6.03b 29.67 ± 5.66a 4.47
Air VOI (mm3) 1.75 ± 0.41b 2.43 ± 0.58a 38.86 1.48 ± 0.55b 3.01 ± 1.27a 103.38
Porosity (%) 6.04 ± 1.54cb 8.29 ± 2.29ab 37.25 5.28 ± 1.57c 10.33 ± 4.63a 95.64
Expansion ratio (ER) 1.02 ± 0.01a e 1.05 ± 0.06b e

Whole kernel relative density (g/cm3) 1.81 ± 0.03a 1.80 ± 0.03ab �0.55 1.81 ± 0.04a 1.76 ± 0.07b �2.76
Material relative density (g/cm3) 1.84 ± 0.03a 1.84 ± 0.04a 0 1.84 ± 0.04a 1.79 ± 0.06b �2.72
Weight loss (%) 3.50 ± 3.68a e 6.04 ± 4.42a e

Values are means ± standard deviation, of nine replicates. Different letters in the same row indicate significant differences (P < 0.05).

Fig. 6. Illustration of the use of the Volume analyser tool on a (a) raw sample where the whole kernel was selected as VOI (28.12 mm3) and (b) oven-roasted sample where the air
(yellow) was selected as VOI (5.44 mm3) (kernel dimensions: length ¼ 6.24 mm; width ¼ 3.56 mm; depth ¼ 3.27 mm). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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product in terms of endosperm texture (too soft kernels are un-
desirable). The increased porosity during oven roasting can be
ascribed to a bigger puffing effect occurring due to the higher in-
ternal vapour pressure generated. The greater porosity was
consistent with the larger distributed internal network of cavities
observed during qualitative analysis.
3.3.3. Expansion ratio (ER)
The ER is also known as the puffing index (PI) (Lazar et al., 1974).

Larger ERs implies a larger difference in kernel volume before and
after roasting. Greater air volumes correspond to greater ERs in
cereal products (Jones et al., 2000; Sumithra and Bhattacharya,
2008). The oven-roasted kernels had the highest ER (1.05 ± 0.06)
and porosity (10.33 ± 4.63%), compared to the FCCT-roasted sam-
ples (ER ¼ 1.02 ± 0.01; porosity ¼ 8.29 ± 2.29%) under similar
roasting conditions (Table 2).

In infrared treated wheat (100e180 �C; 30e150 s) a negative
relationship occurred between ER and density (Andrejko et al.,
2011). This trend was also observed during oven roasting, where
higher expansion was correlated to a higher relative density
decrease (2.76%), while the FCCT-roasted kernels had a lower ER
and a lower density decrease (0.55%).

A PI (using a gas-fired hot air toaster) of 1.3 was obtained for
wheat kernels (15% moisture content) roasted at 204 �C for 17 s,
whereas 40 s resulted in a PI of 1.5 (Lazar et al., 1974). The differ-
ences in ER values obtained can be attributed to the different
roasting methods and conditions, and also to the moisture content.
In the present study lower ERs were obtained due to the lower
moisture content since no tempering was performed before
roasting. Although roasting was conducted at a low moisture con-
tent, the combination of high temperature for a short duration will
rapidly release steam resulting in an expanded structure (Sumithra
and Bhattacharya, 2008). When the moisture content is too low,
insufficient superheated vapour is generated, resulting in even
lower ERs (Lee et al., 2000). This is, however, also dependent on the
roasting method and conditions. The pericarp may also limit the
degree of expansion (Mariotti et al., 2006).
3.3.4. Density analysis
Density determinations usually performed in industry include

hectolitre mass, which provides limited information since only the
average apparent density of the bulk is measured and it is influ-
enced by the degree of packing and the shape and size of the crease
(Dobraszczyk et al., 2002). Wheat density can also be measured
using a pycnometer (Chang, 1988; Nelson, 2015; Ohm et al., 1998).
Chang (1988) documented the mean true density of wheat to be
1.47 g/cm3 and the mean apparent (inclusion of air) density as
1.39 g/cm3. As some intercellular spaces are inaccessible to the gas
or mercury, the volume determined using a pycnometer may
include these air spaces and thus the density determinedmight not
be the true density (Chang, 1988). Kelkar et al. (2015) developed a
method, using both X-ray digital radiography and CT to directly
determine the apparent density of foods. X-ray CT gave results
comparable with conventional methods.

Fig. 7 demonstrates the grey value histograms for FCCT and
oven-roasted wheat kernels. Two histograms are displayed for each
roasting method (Fig 7): whole kernel and the air as ROI. A histo-
gram with a wide distribution (Fig. 7a) indicates more contrast in
the image, whereas a narrow distribution (Fig. 7c) correlates with
less contrast (Umbaugh, 2011). If grey values are concentrated at
the lower end of the graph (Fig. 7d), the image appears darker and
vice versa. The whole kernel grey value histogram illustrate
different peaks (corresponding to different phases), recognising
that lower grey values correspond to internal air and higher values
correspond to the kernel structure.

The mean grey values for the FCCT and oven-roasted samples



Fig. 7. Histograms illustrating the grey value distribution in images of whole (a) FCCT-roasted and (b) oven-roasted kernels and the air selected as ROI in (c) FCCT-roasted and (d)
oven-roasted kernels. The top three values in the tables indicate the minimum, maximum and mean grey values, respectively.
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were 22,971.72 and 21,184.67 respectively (Fig. 7a and b). The mean
grey value intensity is a measure of brightness and density, where
roasting resulted in lower mean grey values relating to lower
densities of the roasted kernels. In the histograms the grey value
range was smaller for the oven-roasted (9488-43361) sample than
for the FCCT-roasted (8432-64049). The histogram of the oven-
roasted kernel had more distinct peaks, indicating the increase in
porosity due to the increase in the lower grey value peak (Fig. 7b).
This large distribution of low grey values was also observed in the
histogram where the air was selected as ROI (Fig. 7d) and is asso-
ciated with more voids. Changes in the grey values associate with
changes in the microstructure as observed during qualitative
analysis.

Whole kernel density is the density of the kernel including air
voids and thus it is a function of the air volume proportion
(Vadivambal and Jayas, 2007), whereas the material density reports
the density of the kernel material per se, excluding all the air, and is
thus more representative of the true density. Whole kernel density
decreased with 0.55% (P > 0.05) and 2.76% (P < 0.05) during FCCT
and oven roasting, respectively (Table 2). In contrast, the material
density remained unaffected during FCCT roasting while a signifi-
cant (P< 0.05) decrease of 2.72% occurred during oven roasting. The
significantly larger decrease in whole kernel density during oven
roasting was due to the higher porosity that developed using this
method. These results were in agreement with previous studies
that suggested lower densities were due to higher porosities,
expansion (volume increase) and as a result of moisture loss (Al-
Mahasneh and Rababah, 2007; Fang and Campbell, 2000; Jha,
2005). Whole kernel densities were lower than material densities
because it included the contribution of air which lowered the
density. The weight loss for the oven-roasted samples was much
higher with an average of 6.04 ± 4.42%, whereas FCCT roasting
contributed to a loss of 3.50 ± 3.68% (Table 2).

Murthy et al. (2008) investigated the impact of fluidised bed
roasting (FBR) (280e350 �C for 30e120 s), using hot flue gas as
fluidising medium and traditional pan roasting (300 �C for
15e100 s), using sand as heat transfer method on the quality of
wheat kernels. Roasting was correlated with a decrease in wheat
density. FBR demonstrated to be a superior roasting method in
terms of product quality, since these samples indicated a better
heat transfer and more uniform texture than sand roasted kernels.
A previous study on grain roasting (both sand and microwave)
indicated that decreased bulk densities were due to a loss in
structural integrity between starch-protein and starch-starch
matrices and this was attributed to the formation of air spaces in
the endosperm (Sharma and Gujral, 2011). The higher puffing effect
that occurred during oven roasting resulted in larger air volumes
(porosity) and lower relative densities in comparison to FCCT
roasting. Decreased densities was an indication of pore formation
due to volumetric expansion (Kahyaoglu et al., 2010). This study
confirmed the negative relationship between porosity and density.
4. Conclusion

It was possible to successfully illustrate distinct changes and
differences in the microstructure of wheat kernels induced by the
two roasting methods from the 2D projection images, which could
be rendered into 3D volumes to perform quantitative analysis. The
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degree of cracking and cavities in the wheat kernels provided an
indication of the complexity and interconnectedness of the porous
network. Cavities were much larger in the oven-roasted samples
resulting in more open porous and expanded structure in relation
to FCCT roasting, which had a less destructive impact. The quali-
tative results observed in the 2D images were confirmed with
quantitative measurements. Roasting resulted in an increase in
volume, porosity and ER and a decrease in relative density. These
measurements were higher during oven roasting. Oven roasting, in
a static position, resulted in unevenly roasted kernels, thus the
advantage of FCCT roasting is that the product is continuously
rotating in the superheated steam and the kernel surface is exposed
uniformly. Therefore FCCT roasting is preferable in terms of mini-
mal structural alteration caused during roasting, resulting in amore
acceptable internal structure. The material density also remained
constant during FCCT roasting which will lead to less affected
milling yields.

X-ray mCT is increasingly being used as a research tool to study
the microstructure of agricultural produce since it enables non-
destructive capturing of high-resolution images, permitting fine
details to be studied. This technique has been demonstrated to be a
powerful tool to investigate and characterise the microstructure of
roasted wheat.
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