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Abstract

Internal browning in pears (Pyrus communis L. cv. Blanguilla) has been studied by NMR and MRI1 in order to develop a non-destructive
procedure for on-line disorder identification. For NMR relaxometry, disordered tissue shows higher transverse relaxation rates compared to sound
tissue, especially at higher magnetic field strength and for long pulse spacing. Membrane alteration and therefore tissue disintegration, as well
as watcer cvaporation, appear to be the main cavses of this response. Correlation between relaxation times and diffusion showed that the proton
pools in disordered tissue are grouped into a smaller number ol populations compared Lo sound tissue, also highlighting cell decompartmentation
in disordered tissue. At a macroscopic level, fast low angle shot MR imapes, effective transverse relaxation-weighted (TR 11 ms and TE 3.7 ms)
and proton density-weighted (TR 7.6 ms and TE 2.5 ms), were acquired for pears at a rate of 54 mm/s. Images have been discriminated for internal
breakdown according to histogram characteristics. Up to 94 and 96% of pears, respectively, were correctly classified in the former and the latter
type of images. In this study a minimum value of 12% of tissuc aftected by breakdown was always clearly identified.
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1. Introduction

Internal browning in pears is characterized by softening and
browning of tissues and development of cavities. It is an impor-
tant postharvest disorder that is observable only at the end of the
commercial chain, since the external appearance of the fruit is
not altered, even when the characteristic brown coloured tissue is
widely spread from the core to the surrounding (lesh. There have
been many studies on the factors influcncing the development of
this disorder and gas composition during controlled atmosphere
(CA) storage has been identified as the primary influence. Var-
ious names have been applied to the disorder since it has been
difficult to establish clear differences on the basis of similar
symptoms. Among these are internal breakdown, brown heart,
brown core, and core breakdown.

Kader (1989) attributed the flesh browning in ‘Bartlett’ pears
te COs injury (among other causes such as bruising) and related
such coloration to the degradation of phenols inle quinoncs
by means of polyphenol oxidase (PPO), the quinones subse-

quently polymerizing into brown-coloured pigments. Veltman et
al. {(2000) found that the concentration of an antioxidant, ascor-
bic acid (AA), wasreduced in *Conference’ and ‘Rocha’ pears by
browning-inducing conditions such as enhanced CO7 and low-
ered O7. Veltman et al. (2003) carried out a study to assess the
relation between the internal browning in “‘Conference’ pears
and the decrease in antioxidant levels as well as in cnergy
availabilily. Under hypoxia therce is limited (J; availability for
respiration and cells may be unable to generate the necessary
energy for metabolism. Results suggest that membrane main-
tenance and free radical control by means of AA, glutathione
and «-tocopherol are altered, leading to cell decompartmenta-
tion and browning reactions. The importance of energy status
in brown heart development in *Conference’ pears has been
demonstrated by Saquet etal. (2003). High ATP concentration in
the fruit tissue and energy charge was associated with areduction
in the disorder incidence.

Lammertyn et al. (2000) performed a multivariate analysis Lo
eslablish prediction and classification models for iniernal brown-
ing. High CO; and low O3 concentrations aleng with longer
storage time, over maturity, heavy fruit and hard tissue were
characteristics favouring the development of the internal disor-
der. The developed model correctly classified up to 88% of the
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Table 1

Summary of the experiments performed on “Blanquilla” pears with different levels of damage

Samples

NMER equipment

IFR experiments
NMR relaxometry
CPMG sequences with variable 90-1807 pulse spacing

T1-T» comelation spectroscopy

T2 correlation spectroscop

LPF-UCM experiments
NMR relaxometry
7> maps

MRI
FLASH T -weighted images (Jongitudinal tomography)
FLASH T and DP-weighted images {transvetsal tomography)

24 tissne samples
20 tissue samples

6 tissne samples

3 stationary pears

4 stationary pears
32 pears in motion

Resonance Instruments DRX operating at 100.13 and
300.15MHz

Resonance Instruments DRX operating at 23.4, 100.13
and 300.15MHz

Resonance Instruments DRX operating at 23.4 MHz

Bruker Biospec spectrometer operating at 200 MHz
(20 cm available diameter)

Bruker Biospec spectrometer operating at 200 MHz
(20 cm available diameter)

IFR stands for Institute of Food Research, United Kingdom; LPF stands for Physical Properties Laboratory-Advanced Technologies in Agrifood, Spain; and UCM

stands for Complutense University of Madrid. Spain.

pears. These authors also confirmed that the cavities appearing
in disordered pears grow at the expense of the brown tissue.

Larrigaudiére et al. (2004) also used a multivariate analysis
to clarify whether core browning and brown heart are the prod-
uct of a single disorder or are two different ones. The analysis
showed that both disorders may not be clearly differentiated.,
and that both begin with a fermentative process induced by
high concentration of CO; and energy charge reduction, These
authors suggested that for core browning, the tissue breakdown
is related to senescence accelerated by high CO» concentrations
and is caused by the accumulation of fermentative products such
as acetaldehyde and ethanol, which are toxic for the cells, In
contrast, brown heart results from a decrease in antioxidant syn-
thesis and/or regeneration with subsequent tissue alteration by
oxidation reactions.

The results of Larrigaudiére et al. (2004) show that when
pears are exposed to either disorder-inducing conditions, the
cell membranes lose their integrity, which results in changes
in water compartmentation. Such variation, along with the lack
of external symptoms, suggests that non-destructive NMR and
MRI are appropriate for internal inspection after storage,

Several authors have used these techniques to study core
breakdown development in “Bartlett” and “Conference’ pears,
Wang and Wang (1989) detected an increase in free water in
‘Bartlett’ pears as high intensity areas and the occurrence of air
spaces as dark areas in the disordered region in Tp-weighted
images. Lammertyn et al. (2003a.b) studied the spatial distri-
bution as well as the time course of the disorder by means of
MRI and X-ray computer tomography. A constant pixel intensity
threshold was set to separate and quantify disordered and sound
tissue within the images. The contrast between sound and brown
tissue was tollowed over time. MRI offered a higher sensitivity
for detecting incipient browning and a better contrast between
disordered and sound tissues than X-ray. This showed that the
disorder does not grow spatially over time but only increases in
contrast magnitude. These earlier NMR studies were undertaken
on stationary fruit and with slow imaging sequences unsuitable
for rapid on-line detection of the internal disorders.

In this paper we extend available studies using a variety of
exploratory NMR sequences on *Blanquilla’ pears. These NMR
studies are complemented with optical microscopy.

2. Materials and methods

This study was been carried out within a joint research pro-
gramme between the Physical Properties Laboratory-Advanced
Technologies in Agrifood (LPF-TAG) and the Institute of Food
Research (IFR). All the samples have been prepared by LPF-
TAG, The microscopic study has been performed at the NMR
facilities at IFR, while the macroscopic study took place at Com-
plutense University of Madrid facilities, The experimental set
up is summarized in Table 1 in terms of exploratory techniques,
samples and NMR equipment,

2.1, Samples

Pears (Pyrus communis L. ¢v. Blanquilla) were obtained
from the central fruit market in Madrid. Fruit were sorted
by an expert in fruit handling inte potentially non-disordered
and disordered samples according to the information on
storage length provided by wholesalers. The former fruit were
directly stored at | °C, whereas the later were first sealed in
containers to increase the COo concentration before being
stored at 1°C. For macroscopic NMR, T> maps and static
MR images were obtained from whole pears with potential
different levels of damage, including no disorder. Temperature
stabilisation was the only requirement for preparation of such
samples.

For microscopic NMR studies, pears were transversally cut
in half and then radial rectangular prisms and cylinders were
extracted from both the core and the flesh tissue. Pieces of
tissue were placed into sampling tubes, sealed to avoid dehydra-
tion, and the temperature stabilised at 26 °C before exploratory
measurements.

For MRI on-line testing, whole fruit were placed on a dedi-
cated conveyor belt (Herndndez-Sanchez et al., 2004) working at



54 mmy/s after reaching room temperature (22 °C, no temperature
control was performed during image acquisiton),

2.2, NMR relaxometry

The relaxation measurements performed at IFR included: (a)
Carr-Purcell-Meiboom~Gill {CPMG) sequence with variable
O0-180 pulse spacing (t) (b) To maps; (¢) T1-T> correlation
spectroscopy; (d) Ta-diffusion correlation spectroscopy (Ta-D).
Resonance Instruments DRX spectrometers operating at 23.4,
100.13 and 300.15MHz were employed for (a)-(d), whereas a
Bruker Biospec spectrometer operating at 200 MHz was used
for (b},

Transverse relaxation time distributions were measured using
the Carr—Purcell-Meiboom—Gill (CPMG) sequence consisting
of a 90° pulse followed by an echo train induced by successive
180° pulses. The 90-180% pulse spacing (T} was varied between
200 and 10,000 ps. The echo decay envelope was inverse
Laplace transformed with Resonance Instruments WINDXP
software to compute the 7> value of the main proton pool to
try to assess whether the © effect on the computed 7> values was
different for fresh and disordered tissue.

To obtain the probability density of different proton pools
distinguished on the hasis of their 77 and T» values, two-
dimensional { T7-7») cross-correlation spectra were acquired by
setting t to 200 and 4000 p.s and performing 2D-inverse Laplace
transformation (Hills et al., 2004),

Proton pool assignment for tissue characterization was
implemented by performing (T>-0) correlation spectroscopy
(Marigheto et al., 2005). The T of the different water subcellular
compartments are associated with water diffusion constants, D
(m24). Experiments were performed with a combined sequence
(CPMG-PGSE) in which the CPMG is followed by the pulsed
gradient spin-eco sequence (Stejskal and Tanner, 1965). The
number of 180° pulses, n, varied between 2 and 750 and for
¢ach n setting the echo amplitude was measured at diffusion
gradient values, G, ranging between 0 and 1.175Tm ™1, (T>-D)
correlation spectroscopy also allowed evaluation of the effect
of the internal browning on the water diffusivity of the cell
compartments.

The NMR relaxometry performed at (LPF-UCM) included T3
maps of 5mm thickness slices and 12 cm field of view (FOV)
obtained by imaging pears as 256 x 256 matrices with the stan-
dard two-dimensional (2D) spin echo sequence. Thirty echoes
were collected with a 3472 ms repetition time (TR) and 16 ms
echo time (TE). The magnitude of these multiecho images was
fitted on a pixel-by-pixel basis with a two-parameter (7> and
the signal intensity at the equilibrium} monoexponential func-
tion without baseline, using the standard Bruker imaging Fit
Package.

2.3. On-line MRI acquisition

A Bruker Biospec spectrometer operating at 200 MHz was
used for dynamic experiments, The bore of the magnet is
horizontal with a 40 cm diameter reduced to 26 cm when the
gradients stack in place. A bhirdcage coil with an inner diameter

of 20 ¢cm was used. The on-line conditions were simulated with
a prototype conveyor system (Herndndez-Sanchez et al., 2004}
exclusively designed to operate under the magnetic working con-
ditions. The design was based on that developed by Chen et al.
{1996),

Potentially disordered pears were imaged at LPF-UCM under
static conditions in order to address the regions presenting higher
probability for disorder onset allowing a proper selection of fruit
orientation, which would be used for further on-line measure-
ments. The acquisition of MR images for conveyed samples
requires fast sequences which minimize the motion effect on
image quality and reduce the acquisition time below 1 s (premise
for realistic on-line applications). Theretore, inspection at LPF-
UCM was developed by means of a fast low angle shot (FLASH)
setting the image sequence parameters as to enhance tissue con-
trast and facilitating disorder identification; TR of 11.14 ms,
TE of 3.9 ms, flip angle of 107, Three images per sample were
obtained from longitudinal slices. The FOV was set to 12 cm,
and the slice thickness to L0 mimn, the slice-to-slice distance used
was 10 mm being the matrix acquisition size 256 x 256,

For on-line inspection {three repetitions per sample), coronal
images (horizontal field of view lying on plane xz) were acquired
from transverse slices at the equatorial zone of the fruit as this
location was identified as the best one for disorder inspection,
Pears were placed in the conveyor belt with the stem—calyx axis
along the y-direction (vertical direction}). Two types of FLASH
pulse sequence were used. One was for effective transverse
relaxation time (Tg } weighted images, with TR 11 ms and TE
3.7ms. Such time constant characterizes relaxation processes
where the applied magnetic field is not perfectly homogengous.
The other sequence was for proton density (PD) weighted
images with TR 7.6 ms and TE 2.5 ms. For both types of images
the flip angle was set to 10° with 12 ¢m FOV and 10 mm slice
thickness. Pulse gains, attenuator, shimming settings as well as
FOV location were adjusted for a sound sample with average
dimensions and were then held constant for all samples. The
acquisition matrix size was 64 x 128, with a total acquisition
time of 703 ms and 484 for T3-weighted and PD-weighted
images, respectively. Images of fruit conveyed at 54 mm/s were
collected.

To reconstruct the images a dedicated algorithm was used
consisting of an automated correction of the baseline in the
k-space lines as well as of the phase-shift caused by the sam-
ple motion during signal acquisition (Herndndez et al., 20035),
Fourier shift theorem was applied and the dephasing generatedin
the acquired echo signal was corrected through the computation
of a phase tactor dependent on sample displacement. Zero-filling
10 128 x 128 matrix size during Fourier transtormation was also
applied in order to improve spatial resolution.

2.4. Image processing and data analvsis

2.4.1. Automated image features extraction

MR images were corrected for motion induced artifacts
by applying a dedicated algorithm (Hernindez et al., 2005)
based on the Fourier shift theorem (Bracewell, 2000), Then,
motion corrected images were processed o extract a number of



texture features from the region of interest (ROI, in our case
this region included both flesh and core tissues of the fruit, A
devoted algorithm for automated ROI segmentation on oranges
(Herndndez-Sanchez et al., 2004) was applied and adjusted to
the current application on pears. In order to characterize the
image texture the signal intensity histogram (256 categories) of
those pixels within the ROI was obtained. Then, the following
features were extracted: coefficient of variation for signal
intensity (SCV), skewness, kurtosis, percentage of accurnulated
pixels for selected histogram categories C3 {accumulated
pixels up to 3rd category), C26 (accumulated pixels up to 26th
category), C64 {accumulated pixels up to 64th category) and
128 (accumulated pixels up to 128th category); and number
of pixels left after accumulation for C192, C230 and C253
categories. Those parameters that enabled disorder identifica-
tion by means of ANOVA analysis were selected for further
study.

2.4.2. Data analysis

As indicated, analysis of variance was performed with
software package STATISTICA (StatSoft, Inc.) to address most
significant features according to differences between sound and
disordered pears {classification made by visual inspection after
cutting in halves). A threshold was obtained from each feature
as extracted from a logistic regression at 90% probability
of fruit not being disordered. As well, significant features
were introduced into a forward stepwise discriminant analysis
being linearly combined in order to obtain classification
functions. Classification results were subsequently analyzed
to establish whether the misclassified pears presented values
clearly different from the rest of their corresponding group
(sound or disordered) that may underlie the classification
error,

2.4.3. Metrology

The repeatability error was computed for each feature as the
average standard deviation (STD) over the values extracted from
the three acquired repetitions, and the variation coefficient was
then calculated as the average STD per fruit divided by the
absolute value of the corresponding mean.

2.4.4. Microscopic and macroscopic references

Optical microscopy was undertaken on very thin slices for
the studied tissues (Olympus BX60 with the 10 and 20 lens)
in order to obtain a closer inspection of the tissues structure,

As for on-line experiments, pear firmness was assessed by
means of a manual penetrometer {plunger diameter 8 mm). Two
measurements were performed per pear near the equatorial zone
and the averaged value was obtained. Afterwards, the pears were
cutin half in order to expose the same slice imaged by MRI to a
RGB image capture with a digital camera. Segmentation through
the red and blue components allowed the computation of the
percentage of disordered-area (core cavities included) in relation
to the whole captured tissue, Soluble solids were measured with
adigital refractometer {PR-101 ATAGO) as areference for sugar
content, Twomeasurements were obtained per fruit by squeezing
both halves and the resulting values were averaged.

3. Results and discussion
3.1, Microscopic study

3.1.1. Analvsis of the effect of variable 90-180° pulse
spacing onn CPMG sequence

Variable 90-180° pulse spacing () on the transverse relax-
ation time {7»2) showed the expected effect of decreasing the
transverse relaxation rate (1/72) when pulsing frequency (1/7)
is increased (results not shown), This effect is accounted for
by the loss of phase coherence between processing protons
caused by the proton switching between sites ditfering slightly
in resonance frequency (Hills, 1998). Thus, when the pulsing
frequency is much greater than the proton exchange rate, the
dephasing is completely refocused by the train of 180 pulses,
$0 proton exchange has no additional dephasing effect on the Tz
computation achieving a minimum for 1/75 at very high puls-
ing frequency (5000 Hz for our experimental design). When the
pulsing rate is lower than the proton exchange rate, the frequency
variation experienced by the proton causes a rapid dephasing
of its transverse magnetization increasing the transverse relax-
ation rate (1/73) for pulsing rate lower than 1000 s~ ! (results not
shown),

The microstructure of the tissue samples also plays a
role on the transverse relaxation rate (1/T2) as suggested by
the results {not shown), since the diffusive exchange rate of
protons between compartments, which affects 7o, depends on
cell morphology and membrane permeability (Hills, [998).
Such exchange is normally several orders slower than the
proton exchange rate between chemical sites so that the
diffusive dispersion dominates at the shortest pulse spacing
rates (1/7) increasing the transverse relaxation rate (1/T3), as
was seen for both sound and disordered pear tissues (results
not shown), At long pulse spacing rates dispersions of the
different tissues converge though the transverse relaxation
times of the disordered tissues are higher than those of the
corresponding sound ones at any pulse spacing (results not
shown).

When tissue compartmentation is destroyed by means of juice
extraction, the water diffusivity effect on T> disappears, and $0 a
plateau was found for low ( L/7) (results not shown). Comparison
hetween pear tissues and juice reveals that transverse relaxation
rate (1/T) is greatly affected by the pear tissue microstructure
{since free juice has much lower (1/73) than tissue), Resulis also
show that high magnetic field strength enhances relaxation rate
{1/T>) as higher values are obtained for 300.15MHz compared
to 100.13 MHz {results not shown).

Optical microscopy (Fig. 1) confirmed that for damaged
tissues, the cells loose their natural angular morphelogy and
even their integrity, together with the loss of compactness
and coherence for the whole tissue. Accumulation of vesicles
containing brown-coloured compounds is also revealed by the
microscopic images in Fig, 1. Such vesicles were expected
according to Kader (1989) on flesh browning in “Bartlett” pears.
Thus, the T» decrease associated with disordered tissues can
be addressed to an effect of diffusion related to the loss of
membrane integrity that causes simultaneous magnification of



Fig. 1. Optical microscopy images of sound flesh (left) and disordered flesh (right). Tissue disintegration and brown vesicle accumulation is visible.
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Fig. 2. T1~T correlation spectra obtained from both sound (a and ¢) and disordered (b and d) flesh at high magnetic field strength (300.15 MHz resonance frequency)
with a 90-180° pulse spacing of 200 ps (a and b} and 4000 ps (c and d). The dashed rectangle shows the limits of reliable values set by the pulse sequence spacings.
The dashed diagonal indicates the condition T3 = T5. C stands for water protons in cytoplasm, V stands for water protons vacuole, sugar-H and protein-H stand for
protons in sugar and protein molecules, respectively.



the local gradients due to the magnetic susceptibility disconti-
nuity across the phenolic vesicles—water interface. This effect
is enhanced at higher magnetic field strength as local gradients
are proportional to the applied magnetic field. These results
were the basis for following experiments on high resolution
NMR.

3.1.2. Analysis of (T;=T>) correlation spectra

The (T—-17) cross-correlation spectroscopy shown in Fig. 2
provides quantitative information about the water compart-
mentation, as water in different subcellular organelles is often
characterized by different proton relaxation times 77 and 7
(Hills and Remigereau, 1997; Hills and Nott, 1999). The anal-
ysis of the spectra also provides qualitative information on the
cell structure integrity.

Fig. 2 also shows that at any pulse spacing used in this study
(200 and 4000 ps), the patterns of the sound and the disordered
tissues are comparable. For sound tissue (Fig. 2a) different pro-
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ton pools can be distinguished. A preliminary assignment can
be done, according to previous studies on parenchyma tissue of
apple (Hills and Remigereau, 1997), which concludes that water
is normally compartmentalised into vacuole, cytoplasm and
extracellular space with increasing mobility restriction, respec-
tively, that is, decreasing Tz values. The dominant peak (around
1768 ms Ty, 221 ms T5) is tentatively associated with water in
vacuole and water in cytoplasm (see labelled areas in Fig. 2).
The dispersion in the T, values makes it difficult to resolve
clearly both compartments. Such dispersion is accounted for
by the water diffusive exchange and the distribution in cell and
compartment size. Smaller peaks in Fig. 2a may correspond to
protonsin sugar (1250 ms 77, 35 ms 7% ) and protein (1250 ms 77,
2 ms 77) molecules, although this labelling is made at a higher
level of uncertainty.

As for disordered flesh (Fig. 2b), the proton pools are grouped
into alower number of populations, since cytoplasm and vacuole
decrease in average T, and apparently merge with the sugar peak
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Fig. 3. T1=T> correlation spectra (up) and 75-D correlation spectra (down) obtained at low magnetic field strength (23.4 MHz resonance frequency) with 90-180°
pulse spacing of 4000 ps from both sound and disordered flesh. The dashed lines show the limits of reliable values set by the pulse sequences spacings. The dashed
diagonal indicates the condition T} =75, C stands for water protons in cytoplasm, V stands for water protons in the vacuole.



(see labelled areas), highlighting the enhancement of the diffu-
sion exchange and hence, the loss of membrane integrity, The
water diffusion through strong internal field gradients arising
from susceptibility discontinuities may also drive the observed
T shortening,

Alsoin Fig. 2, a study of the effect of two CPMG pulse spac-
ing (r), 200 and 4000 ps (upper and lower row, respectively)
on T3 shows that at high magnetic field strength (300.15 MHz),
major differences between sound and disordered tissue occur for
long t values (4000 ws). Fig. 2¢ and d corresponds to (T1-13)
cross-correlation spectra for sound and disordered tissues, it
being noticeable that for disordered tissues, the peaks for ditfer-
ent compartments completely merge,

Fig. 3 shows (T-T>) cross-correlation spectra at low mag-
netic field strength (upper row) together with {T>—Dycorrelation
spectroscopy (lower row), Measurements shown in the upper
row of Fig. 3 were performed at low magnetic field strength
(23.4 MHz resonance frequency) and with long pulse spacing
(4000 ps) in order to achieve a better characterization of the tis-
sues. (Th=-D)correlation spectroscopy is used for associating the
T2 components with their corresponding water diffusion coef-
ficients, D (m?/s). In this study, correlation between T, and D>
was performed to assess the level of membrane integrity 1oss of
the main cell compartments for disordered pears. According to
some references, (T:—D) correlation spectroscopy can be used
to monitor microscopic sub-cellular changes as shown during
ripening ofbanana (Ratto et al,, 2003) or for avocado (Marigheto
et al., 2005). In our study, the diffusion effect on T» dispersion
is showed at long pulse spacing (4000 us), which agrees with
results obtained for pulse spacing effect on tissues. Besides, at
low magnetic field strength (23.4 MHz), the local magnetic field
gradients are significantly reduced, limiting the enhancement of
the dephasing in the transverse magnetization,

The lower row in Fig. 3 shows the graphs corresponding to
the (T2—D) correlation of sound and disordered tissue, respec-
tively. In these graphs two dominant peaks are found which have
been associated with the water in the vacuole (long T2) and in the
cytoplasm (shorter T3 ). For the former peak, T» decreases to val-
ues of about 600 ms for sound tissue to values of about 450 ms in
damaged tissue (Table 2), in good agreement with that observed
in the (71-T>) correlation spectra (Fig. 2). For the water dif-
fusion coefficient (I), it is observed that the value increases
for both compartments in damaged tissue. Table 2 shows that
the averaged D value for the vacuole is 1,02 x 1072 m?/s for

Table 2
Results of the T2—D correlation spectea for the integrated peaks of three pears

sound tissue and 1.39 x 107° m?/s for disordered tissue, As
for the cytoplasm, average D increases from 9.68 x 10717 to
1.48 x 10~ m?/s. Such results would explain both the shortened
transverse relaxation times (73) and the peaks merging due to
the enhancement of the water diffusion exchange between com-
partments. The microscopy results have been used to contrast
the macroscopic analysis of internal browning in pears.

3.2. Macroscopic study

In order to characterize the macroscopic relaxation proper-
ties of pear tissues, a preliminary analysis of 7> maps of whole
pears corresponding to 0.47 mm/pixel spatial resolution were
performed at LPF-UCM (Fig. 4). The average T» value for
unaffected voxels (0.47 mm x 0,47 mm x 5 mm) was 56 + 5 ms,
Note that this value is lower than that obtained at the microscopic
level due to overall tissue averaging (‘partial volume effect’).
Over the time course of the disorder development, damaged tis-
sue (36 £5ms average T) reached 75 values below those of
sound tissue, with a decrease up to 50%. However, it is worth
noting that within the disordered regions, voxels of tissue were
found with average macroscopic T2 values higher than those
of sound ones, 67 +4 ms. Although these previous data were
extracted from a very low number of samples (three fruit), these
results support the hypothesis proposed by Lammertyn et al.
{2003a) on the loss of cell membrane integrity that leads to an
increase in the free water level at the first stage, and subsequent
evaporation. This hypothesis was considered to withstand the
opposite results obtained for ‘Bartlett’ pears (Wang and Wang,
1989) and *Conference’ pears (Lammertyn et al., 2003a), regard-
ing the higher free water content of the disordered tissue in such
varieties when compared to sound tissues.

‘Blanquilla’ pear data, shown in Fig. 4, indicate that water
protons would undergo at a first stage an increase in mobility
revealed at the macroscopic level as a higher average transverse
relaxation time (7>) within the voxel, This proton pool would
be more susceptible to evaporation when a relative humidity
imbalance of the storage atmosphere led to moisture diffusion.
Moreover, water transport would be enhanced by the higher
water diffusion coefficients observed at the microscopic level
for damaged tissues. In agreement with Veltman et al. (2003),
the cell decompartmentation showed by the optical microscopy
images, and highlighted with high spatial resolution NMR, facil-
itates the accessibility of polyphenoloxidase to its substrate with

Fruit sample Compartment Sound tissue Diizordered tissue
D (/) % 107° Ty (ms) Area (%} D (/) x 107° Ta (ms} Area (%)
1 v 1.09 597 86.2 1.35 452 943.7
1 C 1.19 78 13.8 1.3¢ 71 6.3
2 A4 0.99 625 86.3 1.44 452 83.8
2 C 0.86 75 13.4 1.57 118 14.2
3 v 1.04 570 96.3 1.39 474 100
3 C 0.85 90 37 Merged Merged Merged

The compartments identified in Fig. 3 cotrespond to fruit sample 1. ¥ stands for vacoole and C for cytoplasm.



SOUND PEAR

DISORDERED PEAR

Fig. 4. T; maps of the longitudinal section of a sound pear (left) and pear with developed disorder (right).

the consequent accumulation of the brown phenolic vesicles, as
shown in the microscopic images in Fig. 1.

In view of the above mentioned results on macroscopic Tz
maps, it was decided T3 -weighted as well as PD-weighted MR
images (related to water content and hence to evaporation) would
provide useful information on internal breakdown development
since the signal intensity would be affected by the effects of
the disorder on the tissues. Such an expectation was confirmed
by fast stationary imaging, which showed a noticeable contrast
between tissues (results not shown).

For T;-weighted images obtained from longitudinal tomog-
raphy of stationary fruit and RGB images of cut samples, high
correspondence was found between the hypo-intense signal
regions (short 75) and the brown coloured tissue in the RGB
pictures (results not shown). Within disordered regions, high
intensity signal pixels were also displayed in good accordance
with previous 7> maps shown in Fig. 4.

For dynamic inspection (32 pears), the field of view was
shifted so as to obtain transverse instead of longitudinal tomog-
raphy. Such a decision was supported by the results shown by
Lammertyn et al. (2003b) in ‘Conference’ pears. For transverse
pear sections, the disordered tissue appeared concentrically dis-
tributed around the core as well as gathered at specific locations
(results not shown), a fact that had already been highlighted by
the previous authors.

The reference values of the set of conveyed pears are shown in
Table 3. Five pears out of the 16 (previously sorted as potentially
disordered) showed no disorder development. For disordered
pears, the range of brown tissue percentages varied from 12
to 83%. These values include the core cavilies housing the
seeds (when they appeared), whose extent varies from less than
1-4%. Fruit firmness (ranging from 9.4 to 66.4 N) was not
correlated with the percentage of brown area. Soluble solids
contents also were not correlated with the extent of the brown

Table 3
Reference measurements of fruit used in the on-line experiments
Sample Sound pears Sample Disordered pears

Hypo-intense area (%) Firmness (N) Soluble solids Hypo-intense area (%) Firmness (N} Soluble solids

content (%) content (%)

H1 2.4 9.8 14.0 Al 12.0 19.0 14.4
H2 3.1 114 144 A2 20.6 18.9 12.9
H3 l6 12.7 13.8 A3 30.6 17.4 12.7
H4 4.1 12.7 13.2 A4 31 17.1 14.2
HS 29 14.1 14.8 AS s 16.3 10.8
H6 <1 16.2 14.1 A6 39.2 16.8 12.9
H7 23 16.3 11.5 A7 446 17.6 13.4
H8 31 16.6 14.4 A8 45.2 17.9 14.3
H9 <1 Ll 14.8 A9 49.0 17.3 13.0
H10 35 174 122 AlOD 64.0 13.9 13.2
H11 34 17.9 14.2 All 83.0 9.4 13.5
H12 <1 203 15.6
H13 <1 217 12.0
H14 39 28.5 13.7
H15 38 46.3 124
Hl6 36 48.2 1%2,
H17 35 48.4 13.7
H18 2.1 49.6 13.1
H19 42 50.8 12.7
H20 2.6 62.1 12.7
H21 38 66.4 -

Hypo-intense area stands for disordered tissue areas and core cavities segmented in the RGB images and related to the whole section.
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Fig. 5. MRI for macroscopic on-line identification. FLASH T -weighted image (middle) and FLASH PD-weighted image (bottom) after motion correction acquired

at 54 mmy/s belt speed.

area in any case. Therefore, these results along with the lack of
external symptoms reinforce the need for internal inspection of
fruit.

Pears were imaged while conveying at 54 mm/s. Images were
reconstructed after correcting the motion effect (Fig. 5). The
quality of the image reconstruction was satisfactory since high
correspondence with the RGB pictures was observed (see upper
row in Fig, 5).

The first step in the automated image analysis was to extract
the signal intensity histogram from the region of interest
that is the fruit section (ROI). For sound pears, the tissue
homogeneity is displayed as narrow histograms of the MR
images. Pixels with low signal intensity are distributed nearly
homogenously among the lowest histogram categories (Fig. 6).
These categories include those pixels corresponding to the

core cavities. As for the disordered pears, the histograms of
both types of images, T3 and PD-weighted, show a broadening
of the main population of pixels. An increase is detected
in the number of pixels within extreme categories (highest
and the lowest signal intensity) (Fig. 6). Core cavilies were
included in the analysis without labelling owing to the difficulty
of automatically differentiating them from the disordered
tissue, since both regions show hypo-intense signal. For the
PD-weighted images the shift of the histogram towards classes
of pixels with lower intensity signal values highlights the
loss of proton density due to water evaporation underlying
the disorder development (Fig. 6) outlined in the microscopic
study.

The differences between histograms of sound and disordered
pears were exploited by extracting several descriptive features.
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Fig. 6. Examples of signal intensity histograms of region of interest segmented from FLASH T -weighted image (left) and from FLASH PD-weighted image (right)

of sound (s0lid line) and disordered pears (dotted line).

Table 4

Drescriptive statistics and ANOVA results for segmented FLASH images of sound and disordered pears

FLASH T3 -weighted

FLASH PD-weighted

Sound Disordered Significance Sound Disordered Significance

Mean STD Mean STD Mean STD Mean STD
5Cv 27.55 5.34 34.63 5.29 t 22,71 4.28 28.58 4.03 L
Skewness —-0.92 .61 0.28 0.56 t -1.23 0.52 =-0.02 0.52 L
Kurtosis 1.26 0.82 0.81 0.87 n.s. 270 1.14 092 0.58 wx
C3 0.1 0.1 0.2 0.1 n.5. 0.1 0.1 0.1 0.1 n.s.
C26 24 1.4 31 21 ns. 1.4 0.9 1.7 1.1 n.s.
Cod 15 29 12.6 5.2 t 4.7 2.3 7.0 io L
C128 335 16.8 720 15.5 ** 233 16.4 6l.1 19.1 wx
192 0.4 5.5 6.5 48 * 9.3 9.7 5.7 45 n.s.
C230 59 6.4 6.2 6.8 ns. 5.8 0.3 5.3 5.9 n.s.
C253 59 6.7 6.3 7.0 ns. 0.3 0.7 5.7 0.2 n.s.
N 52 28 63 33

All parameters are dimensionless (* stands for significance at 5%, ** stands for significance at 1%, n.s. stands for no significance).

Table 4 shows the most relevant statistics for the features defined:
SCV, skewness, kurtosis, C3, C26, Co4, C128. C192, C230 and
C253. The number of samples for FLASH 7 -weighted images
is lower than for PD-weighted since (16 out of 96) images
had to be excluded from the analysis due to signal acquisition
SITOrS,

For T;y-weighted images (N=80) significant differences
between sound and disordered pears were found for SCV, skew-
ness, Co4, C128 and C192 (Table 4), yet the features did not
allow the extraction of individual thresholds for each parameter
in order to identify non-disordered fruit. A forward stepwise
discriminant analysis was then performed, and SCV, skew-
ness, C64 and C128 were selected to generate the classification
functions. Correct classitications of pears into sound and dis-
ordered categories (98 and 86%, respectively) were achieved
(Table 5.

As for PD-weighted images, significant differences were
found for SCV, skewness, kurtosis, C6d and C128 (Table 5).
The set of individual thresholds addressed for sound pears
(SCV = 21; skewness = —1.1; kurtosis = 2.5; C64 =1.5; and
C128 < 24) resulted in a percentage of correct classification of
97% for sound and 91% for disordered pears. In comparison, the
forward stepwise discriminant analysis used SCV, skewness,
kurtosis and C64 leading to a 98 .4 and a 91% of correctly classi-

fied fruit for sound and disordered fruit, respectively (Table 5).
The fruit showing a minimum extent of damage (12%) were
always correctly classified with the discriminant functions.
The study of the repeatability showed that the features
extracted from PD images are more consistent than those
from the T-weighted as stated by their lowest coefficient of
variation (results not shown), Features SCV, Co64 and C128
present the highest repeatability, conferring robustness to the
classification functions since such features were selected in the

Table 5
Classification results of the discriminant analysis
Percent correct Sound Digordered Total
FLASH T3 -weighted
Sound 98.1 51 1 52
Disordered 857 4 24 28
Total 938 35 25 80
FLASH DP-weighted
Sound 98.4 62 1 63
Disordered 90.9 3 30 33
Total 95.8 65 31 96

Rows stand for observed classifications and colummns stand for predicted classi-
fications.



discriminant analysis for both types of images. The rest of the
features involved in the classification were not so repeatable.

4, Conclusion

In conclusion, internal browning in ‘Blanquilla’ pears is a
postharvest disorder that may be identified with high resolu-
tion NMR and with MRI. The microscopic structure changes
associated with disorder development are reflected in the NMR
responses as differences in relaxometry (77, T2). diffusivity (D)
and proton density. Such changes can be regarded as responsible
tfor the MR image contrast of whole fruit, The analysis of signal
(73 and proton density histograms) from whole fruit provides
useful features for the identification of disordered pears.

The use of fast MRI sequences reduced the acquisition time
to values lower than 1 s (703 and 484 ms for 73 and PD-weighted
images, respectively). Within this study it was possible to obtain
dynamic images (54mm/s) and to correct motion Aartefacts.
Reliable image reconstruction has been obtained for the fruit
conveyed at 54 mmy/s. Thus, an on-line procedure could achieve
assessment of up to 30 pears/min with 96% classitication success
tor internal browning when uging PD images,

In this study a minimum value of 12% of tissue disorder was
always well identified. External validation will be required in
the near future for assessing lower levels of damage. The poten-
tial for exploiting this result in a low-cost MRI imager is being
explored as the high cost of commercial NMR spectrometers is
one of the major factors hindering their development as on-ling
sensors (Hills, 2004, 2005).
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