N
N

N

HAL

open science

Characterization of Potato Tuber Tissues Using
Spatialized MRI T2 Relaxometry

Guylaine Collewet, Said Moussaoui, Stephane Quellec, Ghina Hajjar, Laurent

Leport, Maja Musse

» To cite this version:

Guylaine Collewet, Said Moussaoui, Stephane Quellec, Ghina Hajjar, Laurent Leport, et al.. Charac-
terization of Potato Tuber Tissues Using Spatialized MRI T2 Relaxometry. Biomolecules, 2023, 13

(2), pp.-286. 10.3390/biom13020286 . hal-04020733

HAL Id: hal-04020733
https://hal.science/hal-04020733
Submitted on 9 Mar 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-04020733
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

biomolecules

Article

Characterization of Potato Tuber Tissues Using Spatialized MRI

T2 Relaxometry

Guylaine Collewet 1'*(%, Said Moussaoui

and Maja Musse 1'*

check for
updates

Citation: Collewet, G.; Moussaoui, S.;
Quellec, S.; Hajjar, G.; Leport, L.;
Musse, M. Characterization of Potato
Tuber Tissues Using Spatialized MRI
T2 Relaxometry. Biomolecules 2023, 13,
286. https://doi.org/10.3390/
biom13020286

Academic Editors: Andras Gorzsas,
Notburga Gier-linger,
Marie-Frangoise Devaux and

Fabienne Guillon

Received: 3 January 2023
Revised: 27 January 2023
Accepted: 30 January 2023
Published: 2 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2(D, Stephane Quellec !, Ghina Hajjar 1%, Laurent Leport 3

INRAE, UR OPAALE, F-35044 Rennes, France

Nantes Université, Ecole Centrale Nantes, LS2N, CNRS UMR 6004, F-44321 Nantes, France
IGEPP, INRAE, Institut Agro, University of Rennes, F-35653 Rennes, France

*  Correspondence: guylaine.collewet@inrae.fr (G.C.); maja.musse@inrae.fr (M.M.)

w N =

Abstract: Magnetic Resonance Imaging is a powerful non-destructive tool in the study of plant tissues.
For potato tubers, it greatly assists the study of tissue defects and tissue evolution during storage.
This paper describes the MRI analysis of potato tubers with internal defects in their flesh tissue at
eight sampling dates from 14 to 33 weeks after harvest. Spatialized multi-exponential T, relaxometry
was used to generate bi-exponential T, maps, coupled with a classification scheme to identify the
different T; homogeneous zones within the tubers. Six classes with statistically different relaxation
parameters were identified at each sampling date, allowing the defects and the pith and cortex tissues
to be detected. A further distinction could be made between three constitutive elements within the
flesh, revealing the heterogeneity of this particular tissue. Relaxation parameters for each class and
their evolution during storage were successfully analyzed. The work demonstrated the value of MRI
for detailed non-invasive plant tissue characterization.

Keywords: MRI; Ty; relaxometry; tuber; storage; classification

1. Introduction

Magnetic Resonance Imaging (MRI) is a powerful non-destructive tool to study the
internal structure and composition of plants and foods [1]. Among the various acquisition
protocols available with MRI, T, relaxometry is used to measure the transverse relaxation
times using a multi-echo spin echo (MSE) sequence which provides a set of images at a
fixed sample rate along an exponential decay signal. T, varies according to the molecular
environment and the diffusivity of the water at short distances, providing information
on fluid composition (concentration and structure of solutes) and confinement. MRI T,
relaxometry has often been employed to estimate mono-exponential relaxation maps of
plant tissues [2—4], providing averaged information on water protons in different physico-
chemical environments. To gain a better insight into the microstructure of plant tissues, the
relaxation signal measured in each voxel can also be modeled by a multi-exponential decay,
which corresponds to the sum of the signals of the water protons in different environments.
These water pools have generally been assumed to reflect subcellular compartmentaliza-
tion [1] and/or heterogeneity of the tissue [5,6], assuming that the diffusive exchange of
water between the compartments which partially averages their relaxation signals can
be disregarded. MRI can thus be used to access information on water status and distri-
bution at the cellular and tissue levels. The accurate estimation of multi-relaxation T
parameters at voxel level requires optimal sampling of the relaxation curve and calls for
specific algorithms to accommodate the relatively low signal to noise ratio and particular
noise distribution. Recently developed methods [7,8] now make it possible to exploit
multi-exponential T, information to address issues in both plant biology and food science.

Potato tubers are consumed in fresh and processed form and are used for starch
extraction and potato seedling production. Their quality traits are mainly defined by tuber
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dry matter content and composition, and by the absence of external and internal defects.
Factors affecting quality at final harvest include the choice of cultivar along with growth
conditions such as soil characteristics, the availability of macro- and micronutrients and
climate [9]. The cold storage of potato tubers after harvest is commonly used to extend
postharvest shelf life. Loss of potato quality during storage is mostly due to sprouting,
weight loss, changes in chemical composition and to the development of defects caused by
infections and mechanical impacts at or before harvest. Such defects have a particularly
adverse impact on the potato industry as they lead to the loss of commercial revenue.
Potato tubers have a complex structure made up of three major tissue types—the cortex, the
flesh and the pith—characterized by their own specific histological and metabolic traits [10].
We can therefore expect each tissue type to be affected differently by storage conditions in
terms of its evolution over time and the formation of defects.

A recent MRI study has investigated internal defects in potato tubers and their evolu-
tion during storage [11]. Multi-exponential T, parameters were estimated in the regions of
interest (ROI) corresponding to rust spots present in the flesh and compared to the T; of the
surrounding flesh tissues. In this study, the ROIs were manually defined on T-weighted
images and it was assumed that these images reflected differences in the multi-exponential
relaxation parameters.

In the present study we applied a recently proposed spatialized multi-exponential
T, relaxometry approach that combines the estimation of multi-exponential T; at the voxel
level with a classification scheme [12] to potato tubers during harvest. The purpose was to
cluster automatically, and without a priori, similar voxels according to the multi-exponential
relaxation parameters, in order to better distinguish between the constitutive elements of
the tissues, including defects, and also to reveal tissue heterogeneity. The evolution of the
relaxation parameters of each individual tissue element was monitored over the course of
storage.

2. Materials and Methods

Details concerning tuber production and storage, and MRI analytical protocols are
provided in [11]. Consequently, only a summary of key aspects of the protocols is provided
in the following.

2.1. Tubers

The potato tubers were harvested from plants of the Rosanna cultivar of Solanum
tuberosum grown in a greenhouse (IGEPP, Le Rheu, France) under water deficit conditions
comprising soil humidity levels equivalent to 20% of field capacity, interspersed with
3 short periods (2-3 days) of rehydration at 33, 46 and 60 days after shoot emergence.
After final harvest, following a protocol recommended by the potato industry, tubers were
prepared for long-term storage and were then stored at 5°C. At the beginning of the storage
period, a set of tubers with defects were visually selected from previously recorded MRI
morphological images. Four tubers with large internal rust spots in their flesh tissue were
analyzed by spatialized multi-exponential T, relaxometry on 9 occasions over the 5-month
storage period. Sampling dates corresponded to 14, 18, 21, 23, 25, 27, 29, 31 and 33 weeks
after harvest (WAH).

2.2. MRI Acquisition Protocol

Images of potato tubers were recorded on a 1.5 T MRI scanner (Magnetom Avanto,
Siemens, Erlangen, Germany) equipped with a circular polarized head array radiofrequency
(RF) coil. Tubers were analyzed simultaneously. They were placed in a temperature
regulating device within the RF coil, allowing the temperature to be set at the same value as
for storage (5 = 1 °C). Transverse relaxation parameters of the middle section of the tubers
were measured using a multi-spin echo (MSE) sequence [7] with the following parameters:
256 echoes with the first echo (TE) equal to the inter-echo spacing, repetition time 10 s,
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bandwidth 290 Hz/pixel, imaging matrix 160 x 160, field of view 152 mm X 152 mm, slice
thickness 5 mm and 2 averages.

The centers of the virtual tuber slices analyzed by MRI were marked with a permanent
marker to ensure their position remained the same for the 8 subsequent sampling dates.

2.3. Estimation of the Transverse Relaxation Maps

Signal s(x, k) in voxel x at echo number k was modeled as the sum of decaying
exponentials of C components:

C
S(x, k) = Z AcheikTE/Tzcx

c=1

where Ap.x was the amplitude and Ty, the relaxation time of component c in voxel x.

As proposed in [12], the optimal number of components, C, was chosen according to
the Bayesian information criterion (BIC). This criterion is commonly used for model order
selection since it provides a performance measurement that takes model complexity into
account [13]. Figure 1A shows the map of the optimal C values at 14 WAH. The two most
frequent values were 2 and 3 (dark and light orange), with very few instances of either
1 (purple) or 4 (white). C = 2 occurred most frequently across all voxels at 14 WAH, and
the same result was obtained for all sampling dates, although on some sampling dates
greater variability among the voxels was observed for this criterion (Figure S1). This led
us to choose this value for the analysis. It was also in accordance with a previous study
where analysis of relaxation decay values measured by MRI revealed two major water
populations within the potato [11,14]. Thus, for each voxel, two relaxation times, numbered
in ascending order, Tp1, and Ty, and the corresponding amplitudes Ag;, and Agy, were
estimated.

Figure 1. (A) Optimal number of model components (2 to 4 as indicated with different color codes)
to estimate relaxation parameters for each voxel using the Bayesian Information Criterion, computed
for potato images recorded at 14 WAH. (B) Relative error between the measured and the estimated
signal at 14 WAH.

To1x, Toox, Ap1x and Agpy were estimated using the method described in [8]. The latter
maximizes the likelihood of the data under the Rician noise hypothesis while imposing
spatial regularity on the solutions in order to reduce the effects of the noise. This method is
iterative and requires initial guess values for each parameter. For all voxels, Tp1y, Toox, Ao1x
and Agp, were initialized, respectively, at 100 ms, 200 ms, 0.3s(x, 1) and 0.7s(x, 1) based
on a previous study led on the same material, for which T values estimated over a large
region of interest were given [11]. The two parameters to control for spatial regularity were
chosen as proposed in [12]. Figure 1B shows the relative fitting error map F between the
measured and the estimated signal at 14 WAH. F was computed as follows for each voxel
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x, noting y(x, k) the measured signal in voxel x at echo number k, ¢ the noise standard
deviation and ER the esperance following the Rician distribution

L (y(x,k) — Br(s(x,k), 0))*

Fx) = ey (5 K

The relative fitting error did not exceed 0.05 (5%) of the signal. The spatial variation of
this error could be explained by the spatial variation of the signal linked to the different
kind of tissues. The error was lower for the region where the signal to noise ratio was the
highest, which was expected. Similar results were observed for the other sampling dates.

2.4. Clustering and Labeling

The estimation step produced four parameter maps. A post-processing scheme that
clusters voxels with similar multi-exponential relaxation parameters was applied in order
to reduce the complexity of the information, as suggested in [12]. For this, the K-means
algorithm which, given a number of classes, clusters voxels with similar parameters [15]
was used. The variables used were Tp1,, Ty, and the amplitude ratio of the longest T,
component Rypy = Agax/ (Ag1x + Agzx ). By using this ratio, rather than the amplitudes, we
were able to overcome the spatial variations of the signal linked to the receive coil, which
consists in a multiplicative bias, thus corrected by the ratio computation. Tp1y, Tooy and
Rpox were divided by their maximum value across all voxels, in order to achieve the same
range value for the three parameters. One classification was carried out per sampling date
and the four tubers were classified together, thereby increasing the number of voxels in the
sample and improving the robustness of the classification.

The selection of the number of classes was based on a compromise between the need
to classify the defects from the tuber tissues separately and the need to obtain statistically
different classes. Since classification by K-means imposes a number of classes and, in no
way, guarantees that these classes are statistically different, differences between classes
were studied after the classification stage. The differences between the classes were assessed
statistically using a univariate approach. We focused on the difference between each pair
of classes, which corresponds to the univariate post-hoc analysis of a multivariate analysis.
The Kruskal-Wallis test was performed. The alpha level was set to 0.01 and the Bonferonni
correction was used as the control for multiple comparisons between each pair of classes.

In order to assess the evolution of the individual classes over time, each class was
assigned a color with respect to two characteristics (T2 value and proximity to the center).
First, the two classes with the highest mean T,, values were identified. That closest to the
center of the tuber was colored green and the other yellow. The other classes were colored
purple, cyan, dark orange and light orange, taking into account only their mean distance
from the center of the tuber (from furthest to closest).

3. Results

Figure 2 shows T»1, Tpp and Rpp maps for 14 WAH. The shortest T, component varied
from around 50 to 220 ms and the longest component varied from 150 to 600 ms, while
R varied between 55 and 80%. The different structures to be found in the tuber could be
observed on these maps, especially the pith, the defects (corresponding to high T, zones)
surrounded by the flesh, and the cortex (corresponding to low T,; values). Red arrows
indicate the location of the defects, determined visually as detailed in [11].

Regarding classification, the number of classes that met the compromise requirements
described above was six. Figure 3 depicts the classification results for 14, 23, 25, 27, 31 and
33 WAH. The cortex in purple, the pith in green, and the defects in yellow, were clearly
distinguished in all cases, while three classes could be detected in the flesh, including that
marked in cyan, which tended to be located along the margin between the cortex and the
flesh. This was observed for all of the nine sampling dates except three, 18, 21 and 29 WAH,
where some differences were in evidence (see Figure S2). Whereas the defects and the pith
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were clearly classified for all the sampling dates, in the case of 18, 21 and 29 WAH, the
constitutive elements of the flesh and the adjacent cortex were less clearly clustered. For
this reason, these three measurement points were excluded from the subsequent analysis to
enable assessment of the evolution of all classes over time.

Figure 3. Classification for 14, 23, 25, 27, 31 and 33 WAH. Colors were attributed regarding both Ty,
and spatial information as detailed in the text. On average, purple could be attributed to cortex, green
to the pith and yellow to the defects, the three other colors, light and dark orange and cyan to the
flesh.
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Figure 4 shows the number of voxels for each class by sampling date. Each value
corresponds to the sum of the number of voxels for all four tubers. The number of voxels in
each class was relatively constant, demonstrating the robustness of the method. Exceptions
were observed for 33 WAH, where fewer voxels in the dark orange class were present,
and 25 WAH, where more voxels fell into the yellow class. Indeed, for this sampling date,
some of the voxels located in the cortex area were classified as defects, as can been seen in
Figure 3.

00 B o mm W

2000
1000
0 L

14 WAH 23 WAH 25WAH 27 WAH 31WAH 33 WAH

w
(=]
(=]
o
T

number of voxels

T

Figure 4. Number of voxels for the four tubers grouped by class and sampling date. Colors were
attributed regarding both T, and spatial information as detailed in the text. On average, purple
could be attributed to cortex, green to the pith and yellow to the defects, the three other colors, light
and dark orange and cyan, to the flesh.

Table 1 lists the p-values for each pair of classes and each variable for 14, 23, 25, 27,
31 and 33 WAH. Values >0.01 are shown in red. Two of the three variables T>1, Ty, and
Rpp were significantly different for each pair of classes, except in the case of the green
and yellow (pith and defects) pair, for which only one variable was significantly different,
with no significant difference at 14 WAH. Indeed, pith and defects have close T, values.
Moreover, the number of voxels for the defect class was small, leading to a relatively high
uncertainty on the parameters mean values, leading in turn to a non-significant statistical
difference with the pith. Thus, except this particular case, all the different classes, at each
sampling date, were statistically different from each other in terms of their bi-exponential
T, relaxation parameters.

Figure 5 depicts the scatter plot of Tp;, T and Ry values for each voxel with the
corresponding color class for 14 WAH. The borders between the purple, light orange, dark
orange and cyan classes were relatively straight, suggesting that, in this 3D space, the
distribution of these voxels was fairly continuous, unlike that of the voxels of the pith
and the defects, which appeared more scattered. The dark and light orange classes had
lower R, values compared with the purple class and there was an increasing variation
of Ty, between the light orange, dark orange and cyan classes. The latter observation is
interesting, since it corresponds to increasing distance from the tuber center.
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Table 1. p-values for each pair of classes and each variable for 14, 23, 25, 27, 31 and 33 WAH. Values
>0.01 are shown in red. Colors were attributed regarding both T, and spatial information as detailed
in the text. On average, purple could be attributed to cortex, green to the pith and yellow to the
defects, the three other colors, light and dark orange and cyan, to the flesh.

Classes

14 WAH 23 WAH 25 WAH
Ty Ro2 Tn Ty Ro2 Ty Ty Ro2
5 x 107206 3x107° 0 1x1072% 2 x 1072 0 1x 10719 1
4x1072  7x107B3 5x107208  3x107M#  §x 1071  2x 107166 2 x 1072 1 x 10713
7 x 10782 0 1 1x 10776 0 3x10°1! 3x 10788 4107282
9 x 107211 2 %1073 8 x 10728 5 107164 1 1x10718  1x10710 310710

9 x 1079 3x107° 2 x 1078 2 x107% 2x 1071 4x1077%  1x10770 5x 107!

2x107% 3x1071  2x107%  2x10710 6 x 107 1x107¥ 3x10°11 1x10"10

0 2x 10724 4 x 10726 0 1 x 10206 0 0 5 x 107247

2 x 10718 1 8 x 1071 3x10°° 4x107° 1x 1077 6 x 10710 1 x 10712

2 %1077 7 x 1072 6 x 1077 6 x107° 5x 108 5x 10714 2 x 10713 2 %1072

6x10718 5% 10721 1x1071%  2x1071%  1x10%®  6x107™  4x10717  7x107%0

6x 10717 2x10777 3 x 1079 5 x 10~110 1 x 1086 2 x 10757 1 x 1087 8 x 10776

Classes

A B
.

2 x 107% 1x 1078 2 x 1072 2 x 107%2 1 2x10770  1x107M 1x107
0 3x107M2  7x107282 3x107%06 3x10770 5x1071%  1x1072¢  7x107M5
8x 10718  5x 10722 1x10778  7x10716  8x10710 6x 1072 0 2 x 107164
1 3 %1072 1 1 5x10°Y 1x 1071 1 9 x107°

27 WAH 31 WAH 33 WAH

Tn Ty Ro2 Tn T» Roz Ty T Roz
0 7 x 10~%2 7 x 10716 0 7 x 107283 8x 10717 5x1073% 1x10°1 1

1x10788 1x107% 1x1072  1x10725* 4x10% 3x1071% 0 0 4 x 10718
3x10°% 5 x 10708 0 2x 1071 1x 104 0 2 x 10792 1 1 x 107206
1x107%2  2x 10714 1 1x107%06 1 x 10178 7 x 1071 2x1072#1  2x10710 310718
2x107M46  5x10715  1x1071 3 x 10777 8 x 10732 1x10°° 5x1072%  1x1071%% 1x107%
2x107%  6x10715 1x1077 3x107% 4x1071 1x10°% 9 x 10~% 8 x 10750 6 x 10714
2 x 10724 0 1x10727 1x10°248 0 5x 10718 2x107% 3x1071%* 2x107188
7 x 1071 8x 1074 8 x 1078 5x 10714 2 x107° 6x 1073 4x10°% 8 x 10730 7 x 10721
3x 1077 2 x 1078 6 x 1074 1x 1074 1x 1073 1x 107! 2 x 1074 1% 10750 7 x 10732
3x10718 5% 10711 9x107%¥ 9x1071  4x107178  5x107%2 4x107* 5x10723 3 x10°%
2 x 10757 1x10°77 2 x 10772 7 x 1070 4 x 10783 1x 1074 5x 1077 5x 107! 3 x 1074
1x 102 2 x 10768 2 x 107 8 x 1071 4 x 1072 5x 1071 5x 1075 7 x 1077 4 x 10710
1x1072 9% 10770 2x1071% 1x10721 2x10728  4x107121  5x107®  1x10713% 2 x 107140
1x1071*  7x10728  3x10°% 5x 10758 2 x 10785 2 x 10712 4x107%  7x10717* 2x10°%
1 2 x 1071 9x 10713 1 1 6x 1074 1 1x 101 6 x 10~

In order to provide a representation of the T values for each class, the distribution
of the relaxation times was computed as detailed in [12]: for each T; interval of width
15 ms, the corresponding Ro, was added for each component. This sum was divided by
the number of voxels in each class to obtain comparable amplitude scales between classes.
Figure 6 shows these T, distributions for 14, 23, 25, 27, 31 and 33 WAH. These graphs allow
us to observe both mean values and the distribution of the relaxation times for each class.
It is somewhat similar to the estimated spectra of a continuous distribution model. The
evolution of the mean of each parameter, T, T22 and Rgp, during storage is shown in
Figure 7, with the corresponding standard deviations represented as error bars.
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Figure 5. T,1, Ty and Rgy for each voxel with the corresponding color class for WAH 14. Colors
were attributed regarding both T,, and spatial information as detailed in the text. On average, purple
could be attributed to cortex, green to the pith and yellow to the defects, the three other colors, light
and dark orange and cyan, to the flesh.
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green to the pith and yellow to the defects, the three other colors, light and dark orange and cyan, to

the flesh.



Biomolecules 2023, 13, 286 9o0f 12

Figure 7. Evolution of the mean values of T,;, Ty and Ry, over time. Error bars correspond to
standard deviations. Colors were attributed regarding both Ty, and spatial information as detailed in
the text. On average, purple could be attributed to cortex, green to the pith and yellow to the defects,
the three other colors, light and dark orange and cyan, to the flesh.
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The cortex (purple class) had low T, relaxation values coupled with high R, values.
By contrast, the cyan class, located next to the cortex, had higher T, relaxation values and
similar Rp values. The light orange class had the lowest T; relaxation values, as well as
the lowest R values. The pith and the defects had similar T, values and the defects had
lower Rgp values. With regard to the evolution of relaxation times, Tp; and T,y values,
for the defects, and Ty values, for the pith, tended to decrease during storage, whereas
these parameters were fairly stable for the other classes. Regarding the evolution of Ry,
for all classes other than the cortex, for which no variation was observed, values were
relatively stable until 31 WAH, and then tended to rise at 33 WAH. Measurements at 25
WAH differed from those at other sampling points. In addition to the defect detected in the
cortex mentioned above, and which probably disturbed the classification, the dark orange
class appeared different in the upper right tuber, explaining the different values for this
sampling date. The same trends were observed for each tuber separately as can be observed
in Figure S3.

4. Discussion

In this study, the use of multi-exponential T, relaxometry was investigated as a means
to distinguish defects and the constitutive elements of tuber tissues, and to monitor them
over storage. Thanks to a recently published method [8] it was possible to evaluate, at
voxel level, two T relaxation times along with their amplitude ratios. Application of a clas-
sification scheme to these parameters allowed for six different classes to be distinguished.
Two were attributed to the pith and the defects by noting the positions of the two longest
T, values within the tuber, while the four other classes were labeled according to their
distance from the tuber center.

The classes’ spatial distribution over time was not consistently recorded for three of the
nine sampling dates, leading us to discard these points for the analysis. A possible reason
for the discrepancy is that the virtual MRI section may not have always been positioned in
exactly the same place, despite all the precautions taken, due to a possible slight variation
of the position and angle of the tuber in the container. Other problems may be added to that
of positioning but they remain to be elucidated However, for the six remaining sampling
dates, it is interesting to note that the classification scheme did not include any spatial
information but still led to spatially coherent classes, within each tuber and also over time.
The pith, the defects and the cortex were correctly detected and the classification managed
to distinguish three different tissues within the flesh. Moreover, the relaxation parameters
of these tissues were found to be statistically different. This confirmed that different areas
were present within the tubers, with different relaxation parameters.

Regarding the method itself, the choice of the number of classes is open to discussion.
The choice was based on a comparison of the results from different numbers of classes,
for which some criteria could be considered subjective. Indeed, the process called for user
expertise, and is comparable in this respect to other user interventions such as the manual
delimitation of ROIs performed on images in previous studies [11,14]. Nevertheless, this
novel automated approach made it possible to find non-trivial delimitations between
tissues that would not necessarily have been found manually. Additionally, statistical tests
were used to verify that the classes did indeed correspond to tissues whose bi-exponential
relaxation parameters were actually different.

This method of estimation relies on a model that uses a discrete number of relaxation
components. Use of the BIC criterion revealed that two components was the best choice,
defined as the most frequently-occurring optimal value across all voxels for all sampling
dates. However, for some voxels, the optimal number was smaller or greater. Modeling the
signal as the sum of a continuous distribution of T, values would no doubt better reflect
reality, but it would complexify the problem. Meanwhile, the two-component model can
already make it possible to provide relevant information on the different zones.

The flesh could be divided into three classes that were statistically different for almost
all parameters and at all measurement dates, contrasting with the cortex and the pith
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which appeared clearly as homogeneous regions. Using the classification scheme, we were
able to confirm and quantify the heterogeneity in the flesh already observed in a previous
study [14]. This property of the flesh could be explained by the fact that flesh tissue results
from a continuous process of procambial cell division and growth, while the other two
potato tissue-types (i.e., the cortex and the pith) are produced from stolon tissues already
in existence [16]. The heterogeneity of the tissue can be assumed to develop during the
dynamic phase of tuber growth [10,16,17], given that it was already observed at harvest.
This result may reveal differences in growing kinetics driven by sink strength activity and
associated with sugar metabolization and starch accumulation within different parts of the
flesh tissue. These phenomena are possibly intensified by the effects of water deficit. It
should be noted that, within the flesh tissue, these three classes did not display any spatial
coherence, contrasting with the coherence to be observed in the different tissues. However,
no clear link could be established between the defects and any one specific class within the
flesh tissue.

Through its capacity to access information on water status and, consequently, on
the latter’s organization at cell level, using the dedicated methods that enable spatialized
relaxometry MRI provides a unique perspective on differences in healthy tuber tissues,
tissue heterogeneity and the appearance of defects. Interpretation of the relaxation times
in terms of tissue structure and composition is beyond the scope of this paper, but some
interpretations have already been proposed elsewhere [18,19], Hajjar et al. linked the higher
relaxation times observed in pith and rust spots compared with other tissues to their lower
starch content [11]. There is scope to improve these interpretations through dedicated
studies. More widely, the approach proposed in this study could already find a number
of applications in plant science and agronomy. For example, monitoring the appearance
times of different defects and their growth and evolution during storage would be of great
interest, especially for the number of defects caused by damage induced by machinery or
infection at harvest that appear during storage. Further, the classification scheme could be
used to monitor in situ tuber growth to gain a better understanding of the spatial variations
in this process and the associated development of tuber quality. It could also be used in
the identification of the homogeneous areas of tuber tissues of interest for sampling in
biocellular studies (e.g., sink-strength quantification, histology, omics parameters).

5. Conclusions

Spatialized multi-exponential T, relaxometry is shown to be a powerful non-invasive
tool with the capacity to detect defects and also reveal tissue heterogeneity. Thanks to
its generic character, the method described here could in future be used in numerous
investigations in plant science designed to increase our understanding of the mechanisms
underlying the formation and evolution of tissues.
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www.mdpi.com/article/10.3390/biom13020286/s1, Figure S1. Optimal number, computed according
to the Bayesian Information Criterion, of model components to estimate the relaxation parameters for
each voxel for potato images recorded at 18, 21, 23, 25, 27, 31 and 33 WAH; Figure S2. Classification
results for 18, 21 and 29 WAH; Figure S3. Evolution of the mean values of Ty1, T2, and Rgp, over time
for each tuber individually. Error bars correspond to standard deviations. Colors were attributed
regarding both Ty, and spatial information as detailed in the text. On average, purple could be
attributed to cortex, green to the pith and yellow to the defects, the three other colors, light and dark
orange and cyan, to the flesh
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