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Magnetic resonance imaging (MRI) was used to study the growth and ripening of grape berries for
three varieties. The results show that this technique allows the visualization of internal characteristics
of berries using noninvasive procedures in order to obtain the volume and °Brix distribution within a
cluster. Samples of Cabernet Sauvignon, Carmenére, and Chardonnay varieties collected over the
2002 season were analyzed. Calibration models were developed to correlate soluble solids (°Brix)
against spin—lattice relaxation time t; and spin—spin relaxation time &. The correlation of °Brix and
t was R 2= 0.75 for Cabernet Sauvignon, R 2 = 0.8 for Carmenére, and R 2 = 0.65 for Chardonnay.
In the case of t, the correlation was significantly lower. Reconstruction techniques for the three-
dimensional representation of clusters were developed, allowing an interactive visualization of the
bunches. The method also provides volume measurements of single berries and their distribution
within the cluster with an accuracy of 3% and R 2 = 0.98. These results show the potential of MRI in
the wine industry for both monitoring and research. Not only does it provide quantitative information
about the berries such as volume and °Brix distributions, but it can also be used to support the sampling
procedures by providing a better cluster characterization.
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INTRODUCTION components that define the color (anthocyanins) and flavors are
located in the skin of the fruit.
In terms of volume, berry size increases according to the
the berry is hard and green with a slow growth rate. The secondnur_nber of_seeds per berry_m a Iarger_ pro_portlon than their s_,ole
weight. This fact becomes important in wines where extraction

cycle begins with the onset of sugar accumulation, berry is present, because in the case of phenols, for instance, onl
softening and coloring, and renewed size increase. This process P ' P ’ » only

; . L - ~10% of these constituents are present in the juice, whereas
'r?p';r:]?r\:\én (gfueralson, constituting the early stages in the grape 30% are in the skin and 60% are in the seeds of seeded varieties

o . . 3).
The criteria used to determlne grape maturity are basgd " This implies that the volume of berries and their numbers of
the sugar content of the berry, its acidity, color, and varietal

o seeds and skin-to-flesh ratios are also important variables to
fruitiness (3).

. Lo . track.
The sugar content or its accumu_latlon in a berry is normally Magnetic resonance imaging (MRI), based on the principles
measured irfBrix units using densitometry or refractometry. .

. . R, . of nuclear magnetic resonance (NMR), has achieved general
H'gh vaIuesh(_)fhsqubIe ﬁOI'dS)'B”X) 'Td'gaf{_;g'%] _de_grtehe of acceptance as a powerful medical imaging tool. For a detailed
ripeness, which normally ceases at abo rix in the description of the technique, the reader is referred to McCarthy
late stages of ripening}. Sugar alone, however, is not a fully

S . . (7), Liang and Lauterbur (8), and Kuperman (9).
adequate criteria for harvesting wine grapes, and other factors . . . . .
- ) ! 8 .~ The noninvasive, nondestructive attributes of MRI, and its
such as acidity, weight, anthocyanins, tannins, and total IOhenOIICabilit to provide highly resolved spatial information about the
content are also important criteria that support the moment for ylop gnly P ) X .
harvesting (35) density of hydrogen (or other atoms) and their magnetic spin

A di K dv (6 d wi q ¢ I relaxation properties in soft tissues, make it an attractive
ccording to Kennedy (6), red wine producers favor small ocpnique for physiological research on fruits and vegetables

berries with a high skin-to-flesh ratio, because the majority of (10).

The growth of a grape berry consists of two successive
sigmoid cycles separated by a lag phabg In the first stage,

MRI signals are sensitive to the inherent properties of the
* Author to whom correspondence should be addressed [telephone (56-sample and to the experimental settings. MR images are two-

2) fe %%Sgg%’eﬁx O(fBE[é):tﬁE; %5,%3"’13;?,?5.aguesala@'ng'puc'd]' dimensio'nall arrays of signal intensities from small discr.ete
8 Department of Chemical and Bioprocesses Engineering. volumes inside the sample. The array elements are called pixels,
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and the signal intensity of each pixel is influenced by nuclear Taple 1. MRI Protocol Parameter Used for the First Experiment
spin densityp, the spin—lattice relaxation timg, the spin—

spin relaxation time,, molecular motion, susceptibility effects, protocol parameter value
and chemical shift differences. The imaging effects of these scan mode multislice
parameters can be suppressed or enhanced in a specific scantechnique inversion recovery
experiment by operator-selectable parameters, such as repetition ;(sz((”s‘gn ;gg x 256
time tg, echo timetg, recovery timet;, and flip anglea. tw (ms) 2000.00
The estimation of relaxation times can provide insight  te(ms) 20.00
information of the molecular structures in soft tissues, and 'Fli de's}/ lgms) 50-200-350-500~750-1000~1500-2000~3000
evidence also suggests that they can reflect physiological ;:E:;;; {‘rﬁ;s)(mm) 388
changes in fruit during ripening (11—15). no. of averages 2>

Exploiting particular pulse sequences or operator-selectable
parameters gtandtg) to highlight tissues in two-dimensional
(2D) images offers some interesting possibilities when extended Images with a resolution of 256 256 pixels were acquired, using
to three dimensions. For example, the 3D image reconstructiona field of view of 180 mm and a slice thickness of 2 mm.
of intact fruits (mango and papaya) can provide information on Maps. of_tl were constructed to determine the_ Iocali_zed _relaxation
the total volume (16). Another application to fruit analysis is fimes within the bunch. For each map generation, riingeighted
found in ref17, where physiological disorders in apples such 'Mages were acquired withvalues of 50, 200, 350, 500, 750, 1000,

as watercore and browning are studied. Glidewell et 18) ( 1500, 2000, and 3000 ms. These values were selected after several
g ’ ’ alternatives had been tried. Paramétewas set to 7 s, 5 times larger

Psed surface rende_r'ng to_ determine _the 3D h'Sto'OQY of seecis‘than the maximunt, obtained for the berries under analysis (1.4:s).

in intact grape berries using magnetic resonance microscopy.yas set to 20 mslable 1 summarizes the protocol parameters used in
This study evaluates the potential of MRI as a nondestructive this first experiment.

technigue to characterize the spatial and temporal growth and On the basis of eq 1, a nonlinear regression was performed on the

ripening of wine grapes. images in order to estimate for each pixel.
Models for spatial characterization of clusters in terms of
sugar content (°Brix) and distribution of berry volumes within LirOGY) = Kp(x,y)[1 — 2& 150 @

clusters were calibrated and validated.

Once the maps df had been generated, pixels associated with berry
MATERIALS AND METHODS flesh were identified and isolated for analysis. This segmentation was
carried out using a watershed segmentation algorith®). (Care was
Samples. Samples of three varieties of wine grapes (Cabernet taken to avoid pixels containing seeds or skin, as this proved to distort
Sauvignon, Carmeneére, and Chardonnay) were collected during thethe measurements. After estimationtffor every pixel in a berry,
months of February, March, and April 2002. The selected vineyard their mean value was calculated.
was located at Maipo Valley (Concha y Toro winery), Chile. For each The second experiment consisted of taking spatial information from
variety, three clusters were collected twice a week. After harvesting, berries in order to reconstruct 3D models of the fruit. This was done
30% of the samples were immediately processed and the other 70%by piling up a group of slices with 2 mm thickness for the sample set
were frozen at-20 °C for later analysis. in the previous experiment.
Hardware. The MRI scanner used in this research is a Phillips T5-  In this set of images, a spirecho sequence witl = 4 s andte =
Intera of 0.5 T with a head coil of 28 cm in diameter and 30 cm long. 20 ms was used to obtain good signal-to-noise ratios, taking advantage
Itis located at the Magnetic Resonance Research Center (www.mri.cl) Of the high proton density in berries due to their high water content.

in San Joaquin Medical Center of the Pontificia Universidad Catolica These parameters generated significant reductiohsaoidt, contrasts
in Santiago, Chile. between consecutive acquisitions.

Reference values for calibration tBrix models were obtained using This set of slices was also used to calibrate a model for the volume
a CETI Digit-032 refractometer. For volume reference values, a measurement of berries. The reference value used to perform the

Mitutoyo Vernier caliper with a reading error of 0.05 mm was used. calibration was a caliper that measures the diameter of the berry, and
because the berries have a shape close to a sphere in the three varieties

Software. Specific functions were developed in Matlab 6.1 in order under analysis, the volume was calculated using the equatorial radius

to process the images in DICOM format obtained from the MRI scanner.
Matlab graphic tools were also used to display the objects using 3D (20). P . .
- The roundness of the berry was verified in the slices scanned (radius
models constructed through isosurfaces to show the overall structure. . ) . - .
. . . ) in X axis equals that itY). However, this does not apply in tEeaxis,
of the cluster together with the isocaps to reveal information about the

. . . o because the resolution in this axis is given by the number of slices
interior of 2D slices. The software allows the visualization of the cluster ) ) . .

) . X : - ) considered. An integration of the volume between slices had to be
for different slice orientations, together with calculations performed

on a particular cut, such 8Brix and volume distribution of the berries. performed for the 2 mm separation. This was done by taking an adjacent

. : : slice for the calculation. Using simulation, it was found that a good
Experiments. Clusters were scanned as quickly as possible to reduce qgtimation of the volume contained between two cuts is

changes in their chemical properties. When they could not be analyzed

within the same day due to scanner availability, they were frozen and 5 )

stored for later processing. Frozen samples were thawed prior to V=6r7h+ (1 6)r,"zh 2
scanning. Tests were carried out to check the validity of this procedure,

and no changes were found in sugar content for the same samplesyherer, is the radius of the largest slice scanned anthe radius of
analyzed before and after freezing. For volume estimation there was athe smaller oneRigure 1). Parameteh is the slice separation (2 mm),
significant change in the berry shape and volume, so only fresh clustersand is a calibration parameter found via simulations that weigh the
were used for this purpose. two slices. In this case} = 0.66.

The first experiment was carried out to calibrate a modePBix The next step in the development of analysis tools was the integration
and relaxation timé,. Twelve clusters of each variety were processed. of the previous experiments to study the complete cluster. The goal
Fifteen berries were selected in each cluster, choosing five from the sought was the spatial characterization of the cluster in terms of volume
top, five from the middle, and five from the bottom of the bunch, and °Brix variables. The result allows the visualization of spatial
including samples from both the surface and the interior of the cluster. distribution of these variables.
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Figure 1. Circles of scanned slices used to calculate volume portions.
ok
Table 2. Summary of °Brix Values Using a Refractometer N ) ) )
08 1 12 1.4 16
variety mean SD max min T, 4]
Carmenere 19.6 3.98 27.1 10.3 ) . . o . .
Cabernet Sauvignon 22.4 3.8 295 13 Figure 2. Correlation of °Brix and relaxation time t, for Carmenere variety.
Chardonnay 21.8 247 25.8 14 The solid line shows the calibrated model.

Table 3. Summary of Calibration of °Brix Using Relaxation Times t;
For this integrated approach, we first scan the cluster via slices to and t,
obtain its 3D reconstruction and volume distribution. Parallel slices

with a separation of 2 mm were acquired. A spatho sequence with variety R2(u) SEest (f2) R2(1) SEes (t2)
tr = 4 s andte = 20 ms (proton-weighted images) was used. The total ~ camenere 0.8041 176 05129 338
number of slicesn, was then determined according to the size of the  cabemnet Sauvignon 0.7531 1.88 0.4223 288
cluster. Maps fort; andt, were also constructed for some slices to Chardonnay 0.6519 1.45 0.3184 2.03

study the distribution ofBrix within the bunch.

RESULTS AND DISCUSSION Table 4. Summary of Validation Results
In the first experiment, théBrix reference values of berry variety RZ()  SEew) RZM)  SEea(d)
used for calibration were directly obtained using refractometry ~ Carmenére 0.7948 193 0.4101 3.67
Cabernet Sauvignon 0.7124 1.96 0.4646 2.62
(Table 2). 9

. . . . Chardonnay 0.6746 1.45 0.3578 2.04
Correlations between the measured relaxation time$Birixl

values were obtained for the three varieties under sttidyire
2 shows the model adjusted for Carmenere. The calibrations | transverse relaxatiorty the results showed high SE

obtained fort;, using a linear regression, are represented by yajyes, not practical fotBrix estimation. A possible reason for
the solid line. this insensitivity is the effect of diffusion in a pulse sequence

The calibration parameters for the three varieties studied arelike t,—spin—echo, where for a short value of TE, the effect of
summarized imable 3. The comparison of the results was made diffusion is small. However, as TE becomes large, the diffusion
in terms ofR? (coefficient of determination) and S&(standard attenuation can become quite large, affecting the precise
error of estimation). measurement of thie constant.

For each set of samples;25% of them were separated for According to Clark et al. 10), the inherent variability in
later validation. This subset was selected randomly but uniformly structure and composition of some fruits makes it difficult to
over the full range ofBrix values. The validation parameters establish consistent associations between the relaxation times

for the three varieties studied are summarizedatle 4. and soluble solids in the general case. This consideration,

The results show a good correlation betwegand °Brix, together with the differences found among the varieties studied,
especially for the red varieties. For Chardonnay, the correlation suggests that the model could be improved by introducing
is lower, but still worth considering. In the case Bf the additional terms in the calibration.

correlation is not important and no significant information can One of the interesting results obtained with this calibration
be expected from this variable. As expected, the calibration in refers to the homogeneity of the sugar content inside the berry.
terms of Sk is also better fot;. Figure 3 shows the spatial distribution of this variables in terms
Notice that shorter relaxation times are associated with Of °Brix for the valid pixels contained in a berry. Notice the
increasing solid soluble concentration. This is consistent with Iow deviations in°Brix values among pixels.
the results reported by Arulmozhi and Srinivasl)( and Next, a calibration for the estimation of the berry volume
Sattiacoumar and Arulmozh2®), who measured spitlattice was carried out, obtaining an average of 3.15% for the absolute
relaxation times tf) in agueous solutions of glucose and error, with a standard deviation of 2.14%. In termsR8f the
sucrose and found that decreased for higher concentrations value was 0.9825Fjgure 4). The method determines the size
of sugar, reflecting the molecular interaction between sugar distribution of berries with a reasonable accuracy. The size
and water molecules. This relationship has also been suggestediistribution of berries is important when one is trying to predict
by Cho et al. 23), who established a negative correlation extractability in grapes, because this characteristic is a function
between relaxation times and soluble solids using a theoreticalof the skin-to-flesh ratio and hence inversely proportional to
model. the volume of the berries (6).
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Figure 3. Sugar content (°Brix) of the selected pixels in a berry.
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Figure 4. Correlation between measured and predicted berry volume.
The solid line shows the calibrated model.

Figure 5. Internal structure visualization of a berry. Characteristics such
as seeds and seed size are clearly seen.

Andaur et al.

Figure 6. Internal visualization of the cluster: (a) slice selection within
the cluster; (b) internal visualization of the slice reveals seed distribution
in the bunch.
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Figure 7. Berry volume distribution within a cluster. Partitions of 0.05
cm? have been used.

rapid overall view of the bunch structure, as well as a spatial
distribution of variables associated with the berries that form
the cluster. Variables such as the number of berries and seeds
in a cluster can be determined quantitativefyglre 6b).

To determine the size distribution of the berries, the technique
can generate histograms showing the number of berries for
different size ranges (Figure 7).

The technique provides a way to estimate the sugar distribu-
tion (°Brix) within the clusterFigure 8 shows a horizontal slice
of the cluster with the sugar content represented in different
shading intensities. The map is constructed following the steps
described previously. Care had to be taken to reject pixels that
were not completely contained in the berry or those having parts
of a seed, because it was found that in these cases, significant
errors could be induced in the calculations. To achieve this
selection, the berries were first identified together with the pixels
contained inside them. Each pixel intensity and relaxation time
t1 was compared to the average values of the other pixels in
the berry. The highly homogeneous characteristic of sugar within

The technique was also assessed for its ability to provide the fruit, as exemplified b¥figure 3, make this simple approach
nondestructive information about the internal structure of the very effective.Figure 8 clearly suggests that a nonrandom
berry.Figure 5 shows the potential of this visualization, where distribution of°Brix exists within the cluster. Spatial orientation
characteristics of berries such as seeds and seed size are clearbyf the cluster before harvesting is needed to take full advantage
seen. This can be of great importance in the estimation of tanninof this tool, because it could yield to conclusions on the effect

impact on wine astringency (6).

of variables such as illumination or humidity on grape ripening

Analysis of individual berries can also be applied to complete (24). This is of great importance for cluster modeling when

clusters.Figure 6a shows a 3D model of a cluster, giving a

sampling strategies are designed.
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The results obtained in this work show the potential of MRI
as a tool for off-line analysis of wine grapes. Due to its
nondestructive nature, it can provide rapid information about
the physical ripening of individual berries or clusters. Standard
laboratory analysis of a cluster could take hours if spatial
distribution of sugar content and size are to be measured. Using
this technique, the time required to obtain such information is
reduced to the scanning time, typically-280 min.

Spatial distribution of variables such as berry stBzjx, and
number of seeds can also be a powerful tool for winemakers.

The search for correlations with parameters other fiigaix
should be addressed to expand the possibilities of the technique.

This powerful tool can be used in grape modeling and when
sampling strategies in vineyards are defined. The ability to relate
certain maturity variables of berries to their spatial location in
the cluster or plant in a nondestructive way is unique.

Further work is required to enhance calibration with samples
obtained from the next season and to verify the effect of
geographical incidence in the models.

Localized spectroscopy and chemical shift imaging should
also be considered in future work. This could allow the direct
measurement of carbohydrates instead of inferring their presence
on the basis of relaxation times. Use of surface coils to generate
homogeneous magnetic fields in particular regions of the sample
and analyzing the sugar/water ratio of their respective peaks
. based on the work by Zion et aRf) is also pending.

A 2D spin—echo sequence was used due to its simplicity in
. acquisition and later processing; however, future work should
consider a 3D sequence instead. The latter would give better
signal-to-noise ratios, and the problem of filling the gaps
between slices would be avoided.

Previous work on apple quality (15) has shown that a
correlation exists between the self-diffusion coefficidny &nd
the soluble solids content using NMR techniquBs £ 0.68).

The application of these results to wine grapes should be
considered in future work.

50 100 150 200 250 "BRIX 2z

Figure 8. Sugar distribution (°Brix) of a horizontal slice of a cluster. Sugar
content is shown as different intensities of shading.
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