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significant advantage with respect to previous works (Musse et al.,
2010; Tanaka et al., 2018). On the other hand, determination of the ROI
size used in translating the stack of grayscale CT images into 3-D por-
osity maps by a moving average method was shown to be essential. For
too small ROI sizes, the disagreement between predicted and actual
porosity profiles was large (Fig. 5).

Porosity maps reported in this study confirm that a biological organ
cannot be regarded as a uniform structure (Dražeta et al., 2004; Musse
et al., 2010; Winisdorffer et al., 2015; Guelpa et al., 2015). Porosity
contributes to a large extent to respiratory gas exchanges in fruit
(Dražeta et al., 2004; Ho et al., 2011), water transport during osmotic
dehydration process (Lech et al., 2018) and ultrasonic drying (Ozuna
et al., 2014), as well as the oral perception of the flesh texture (Dražeta
et al., 2004). Microstructural characteristics play an essential role in the
heterogeneity of pore distribution in fruit and vegetables. Puig et al.
(2012) depicted the two distinct tissues in endocarp (EDC) and epicarp
(EPC) sections of eggplant. The former are dominated by tubular and
interconnected cells forming high porous structures, while the latter are
roughly occupied by four to five layers of rounded cells (10–25 μm)
with a small portion of intercellular spaces. These characteristics con-
tribute to the high porosity of eggplant (41.8 ± 1.0%). This value is
lower than that measured by means of the pycnometer method,
59.6 ± 0.5% (Gras et al., 2002). The difference is most likely due to
the fact that the sample measured using pycnometer was only a part of
a whole eggplant organ. A similar result was found on the inner part
(EPC) of the eggplant (± 60%). The high porosity of eggplant de-
termines its spongy texture.

Tuberous root vegetables such as radish and turnip anatomically
consists of different regions. It largely contains a storage region (SR) in
the middle part where mainly complex xylem tissue exist including
presence of large pores. The SR is then surrounded by a narrow cortex
tissue zone and the epidermis in the outer layer (Zaki et al., 2012). The
porosity map of turnip successfully described the pattern of porosity
distribution at each region. The highest proportion of air spaces in
turnip was mostly situated in the SR where water and some nutrition
are stored and transported. Even though a large portion of air (50%)
was present in the SR, the mean porosity of turnip was identical to that
of apple (23.3 ± 3.4%). Some dense structures in the SR as well as the

cortex zone likely affects the mean porosity of turnip. The observed
mean porosity was similar to that of another turnip cultivar
(20.6 ± 0.3%) (Lech et al., 2018). The turnip porosity map may con-
tribute to a better understanding of characteristic of turnip micro-
structure that has not been widely explored.

The 3-D apple porosity map confirmed the distribution pattern of
the porosity in apple tissue reported by previous authors (Dražeta et al.,
2004; Mendoza et al., 2010; Herremans et al., 2015b). The porosity in
the core area (CR) is smaller than that of the cortex tissue (CT). How-
ever, the void space network situated in the CR was more complex and
narrower than that in CT (Herremans et al., 2015a). Variability in pore
distribution is a consequence of differences in tissue organization and
cell packing (Dražeta et al., 2004). The apparently low porosity of
vascular bundles (VB) is likely caused by the relatively thick vessel
structures, water-filled vessels, compact phloem with companion and
parenchyma cells (Herremans et al., 2015b). In comparison to the other
products, pear fruit have a small air fraction with limited heterogeneity.
Despite having a low porosity, the pear cortex is arranged by a more
complex void network with connected pathways and a larger number of
cells compared to the cortex of ‘Jonagold’ apple (Herremans et al.,
2015b; Verboven et al., 2008). Ho et al. (2011) reported that pore
connectivity also plays an essential role in providing main routes of
respiratory gas exchange.

To study respiratory gas transfer more deeply in a whole product,
the connectivity parameter needs to be included in the analysis by
considering gas transport properties of the porous tissue, such as dif-
fusivity, rather than porosity alone.

5. Conclusion

X-ray CT was shown to be a powerful system to non-destructively
and accurately map the porosity distribution of entire fruit and vege-
table organs, based on a simple grayscale-porosity correlation model.
CT image quality assessment with a homogenous phantom material aids
to correct CT image intensity and produce accurate porosity maps. The
advantage of the developed technique is that it is possible to generate
porosity maps for other fresh products by a simple juice sample cali-
bration. The porosity maps will be of considerable value to

Fig. 8. Transaxial (X–Y, top) and cor-
onal (X–Z, bottom) slices of porosity
maps of (A) eggplant, (B) turnip, (C)
apple and (D) pear, translated from the
grayscale CT images by means of
moving average method with ROI
2.74mm3. The porosity maps were
predicted by the single correlation
model for all products. Main parts of
the products such as endocarp (EDC),
epicarp (EPC), pedicel end (PE), group
of seeds (S), storage region (SR), core
region (CR) vascular bundles, and
cortex tissue (CT) are shown.
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Nugraha: 2019 Non-destructive porosity mapping of fruit and 
vegetables using X-ray CT. Postharvest Biology and Technology 
150 (2019) 80–88 
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Stage-II (X-ray imaging) tests: vigour test

The seed samples possessing low-vigor exhibit poor field
emergence (Behtari et al. 2014). Demir and Mavi (2008)

reported that the low vigour condition of the seeds might

not necessarily be detected by standard germination tests.
The same authors in their previous research work demon-

strated that the vigor test results correlated well with field

emergence potential of the seeds (Mavi and Demir
2007a, b). In this context, for evaluating the vigour of

soybean seeds, field emergence tests were conducted using

the sound soybean seedlings, which were classified as
normal seedlings after the standard germination test by the

seed testing experts at PAU, Ludhiana.

Results and discussion

Stage-I (visible imaging) tests: feature selection

In the loading scatter plots of the color and texture features,
a noticeable amount of clustering among the variables was

found, which indicated that they were correlated and these

features influence the PCA model in similar ways. Some of
the correlated features were removed to obtain the final

optimal PCA model. In this study, all the shape and size

features (16), 29 out of 51 color features and 18 out of 30
texture features were selected as the optimum features that

contributed in improving the effectiveness of seed quality

classification method.

Stage-I (visible imaging) tests: classification

The classification technique used in this research work is a
three layered feed forward Artificial Neural Network

(ANN) and the system training of Stage-I was performed

with 63 morphological, color and texture features that were
selected using the PCA approach. A fast supervised

learning technique, namely the MLP (Multi-Layer Per-

ceptron) technique was used by the ANN for classification.
Out of the 592 seeds, 355 seeds (60% of the total seeds)

were randomly selected and were used as a control sample

set for training purpose. The remaining 237 seeds were
used as testing sample set. The ANN once trained was

tested on the testing data set consisting of 237 seed samples

of the experimental set. The ANN consisted of a hidden
layer of 12 neurons implemented using Broyden Fletcher

Goldfarb Shanno (BFGS) algorithm. The error function

used is Cross Entropy with TanH and Softmax as hidden
and output activation functions respectively. The Stage-I

classifier indicated that 167 seeds were of SOUND-1 class

and the remaining 70 seeds were classified as NOT-
SOUND-1. This result was compared with the ground-truth

or the benchmarked data of the testing sample provided by

the seed experts at PAU, Ludhiana. The confusion matrix
for classification by ANN in Stage-I between the SOUND-

1 and the NOT-SOUND-1 seed classes is shown in

Table 2.
In our study, high specificity revealed that the classifier

was able to identify all the not-sound seeds. The ability of

the classifier to correctly identify all the sound seeds
(sensitivity) was also good, and thus the high correlation

Fig. 3 The different illustrations of the soybean seed: a regions in an X-ray image explaining the experimental quantization of the impact of the
internal cracks in soybean seed, b fluorescence image of soybean seed with the veins of the cotyledon and embryo visible (Kuensting et al. 2002)

3956 J Food Sci Technol (October 2018) 55(10):3949–3959
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