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Abstract Three-dimensional magnetic resonance (MR) images of four kinds of
fruit (Japanese apricot, peach, Japanese pear, and apple) were acquired throughout
their growing periods (from April to August) to visualize and quantify their vascular
structures. The vascular structures were emphasized using T-weighted spin-echo or
gradient-echo pulse sequences, visualized using a maximum-intensity projection
technique, and quantified using an image-segmentation program. As a result, we
demonstrated that the vascular volume changed almost in proportion to the whole
volume and that larger fruits generally had larger proportionality constants. We
therefore concluded that MR microimaging is a powerful tool for studies of the
vascular structure of fruit.

1 Introduction

Vascular bundles in fruit are essential for transport of water and nutrients. The
visualization and evaluation of the vascular bundles are indispensable for
understanding the development and growth of fruit.

Currently, the standard method for visualization of the vascular bundles in fruit is
chemical fixation, slice sectioning, staining, and observation using an optical
microscope [1]. However, the standard method is destructive, time consuming, and
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not appropriate for three-dimensional (3D) visualization. High-resolution X-ray
computed tomography (CT) can be used for 3D visualization of vascular bundles,
but some contrast enhancement method using heavy elements for the vascular
tissues is indispensable because plant tissues mostly consist of light elements with
low X-ray absorptions [2—4].

In contrast, magnetic resonance imaging (MRI) or magnetic resonance microi-
maging (MR microimaging), which is high-resolution MRI with a few to 100 um
spatial resolution, can be a useful method for 3D visualization and quantification of
the vascular structure in fruit without any contrast agents. This works well in fruit
because the relaxation times of water protons in the vascular bundles and those in
the surrounding tissue are substantially different [5, 6]. In addition, MRI is also
useful for vascular tissue functioning studies [7].

In this study, 3D vascular structures in four kinds of fruit, two kinds of ‘true
fruit,” and two kinds of ‘accessory fruit,” were visualized and their volumes were
quantified in the growing process using 3D MRI sequences to demonstrate the
usefulness of MR microimaging in studies of fruit.

2 Materials and Methods
2.1 Fruit Samples

Fruit samples of Japanese apricot ‘Nanko’ (Prunus mume. Sieb. et Zucc.), peach
‘Hikawa-Hakuhou’ (Prunus persia L.), Japanese pear ‘Kousui’ (Pyrus pyrifolia
Nakai var. culta Nakai), and apple “Tsugaru’ (Malus pumila) were collected every
week from the period of floral abscission to that of harvest in a research orchard in
the Agricultural and Forestry Research Center of the University of Tsukuba. The
sampling periods were actually from April 10 to June 27 for the Japanese apricot,
from May 16 to July 4 for the peach, from May 2 to August 23 for the Japanese
pear, and from May 16 to August 19 for the apple in 2013.

The Japanese apricot and peach fruits are categorized as true fruit, whereas the
Japanese pear and apple fruits are categorized as accessory fruit. The edible part of
the true fruit is derived from a ripened ovary and that of the accessory fruit is
derived from a receptacle, the thickened part of a peduncle. The fruit samples were
wrapped with a food wrapper just after sampling to prevent them from drying during
the MR microimaging measurements. The measurements were performed at room
temperature within a week after sampling.

2.2 MR Microimaging Measurements

Two MRI systems with different room-temperature bore size (88.3 and 280 mm)
magnets were used for 3D MR microimaging measurements of the fruit samples.
The small-bore system uses a vertical bore superconducting magnet (field
strength = 4.74 T, resonance frequency of protons = 202 MHz) with a digital
MRI console (MRTechnology, Tsukuba, Japan) [8]. The large bore system uses a
horizontal bore superconducting magnet (field strength = 1.1 T, resonance
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frequency of protons = 46.8 MHz) with an analog MRI console (MRTechnology).
Six gradient coil probes consisting of planar gradient coil sets, radio frequency (RF)
shielding boxes, and solenoid RF coils, optimized for the signal-to-noise ratio
(SNR) of MR images of the fruit samples, were used with the superconducting
magnets [9]. The open diameters of the gradient coil probes ranged from 13 to
96 mm and their specifications are detailed in Table 1.

The fruit samples with diameters ranging from 8 (minimum) to 39 mm were
measured with the vertical bore MRI system using a 3D spin-echo (3DSE) sequence
[image matrix = 512 x 256 x 256, repetition time (TR) = 200 ms, echo time
(TE) = 14 ms, number of excitations (NEX) =4, total image acquisition
time = 14.6 h]. Fruit samples with diameters from 43 to 94 mm (maximum) were
measured with the horizontal bore MRI system using a 3DSE sequence (image
matrix = 256 x 256 x 256, TR = 200 ms, TE = 14 ms, NEX = 4, total image
acquisition time = 14.6 h) and 3D gradient-echo sequence (image
matrix = 256 x 256 x 256, TR = 100 ms, TE = 3.5 ms, NEX = 10, total image
acquisition time = 18.2 h). To extend the dynamic range of the receiver of the
horizontal bore system, a gain stepping scan technique was used [10—12]. Using this
technique, the MRI signal data were acquired with a low gain (0 dB) in the central
region of the k-space and with a high gain (420 or +30 dB) in the high spatial-
frequency region of the k-space. When the gain stepping scan was used, the total
image acquisition time was elongated by several tens of minutes.

To clarify 77 and 7, dependence of the image intensity in a Japanese apricot
sample, several 3D spin-echo images were acquired with different TR and TE
values (TR/TE = 200 ms/14 ms, 800 ms/14 ms, 1,600 ms/14 ms, 800 ms/14 ms
and 800 ms/64 ms). The matrix size for these experiments was 512 x 256 x 128.

2.3 Image Processing

For visualization of the vascular structures of the fruit samples, the maximum-
intensity projection (MIP) technique was used after the high-intensity part of the
fruit surface was removed using a home-built computer program. For quantification
of the vascular and whole volume of the fruit samples, a medical-image
segmentation software program (ITK-SNAP) was used [13]. Because the image-
intensity distribution was not homogeneous over the 3D MR images, the threshold

Table 1 Specifications of the gradient coil probes

Open Number of Efficiency, Gx Efficiency, Gy Efficiency, Gz
diameter (mm) RF coil turns (mT/m/A) (mT/m/A) (mT/m/A)

13 3 344 30.4 67.5

25 6 18.8 16.9 23.4

30 6 139 13.1 15.5

40 6 7.0 5.4 9.2

68 6 2.97 2.63 3.77

96 8 2.07 2.07 3.70
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for the image intensity that differentiates that of the vascular bundle and that of the
surrounding tissue was determined separately for several regions using the image-
processing software, Image-J [14].

3 Results
3.1 Ty and T, Dependence of the Image Intensity

Figure 1 shows T;- and T,-weighted images of a cross-section selected from 3D
datasets of the Japanese apricot sample harvested on June 13. As shown in Fig. 1,
large vascular bundles are visualized in both images but smaller vascular bundles
are visualized only in the 7;-weighted image. The contrast mechanism will be
discussed in the later section.

3.2 Visualization of Vascular Structures

Figure 2 shows MIP images calculated from 7T';-weighted 3D images of the Japanese
apricots (Fig. 2a, b), the peaches (Fig. 2c, d), the Japanese pears (Fig. 2e, f), and the
apples (Fig. 2g, h). The samples shown in the left column (Fig. 2a, c, e, g) were
harvested in the early stage and those in the right column (Fig. 2b, d, f, h) were
harvested in the late stage of the growing process. As shown in the images, large
vascular bundles start from the stems, branch into smaller vascular bundles, and
reach close to the epidermis. Meanwhile, the large vascular bundles surround the
seeds and some of them reach the seeds. A clear difference between the vascular
structures of the true fruit and those of the accessory fruit is not present.

3.3 Image Segmentation and Volume Measurements

Figure 3 shows 3D-rendered segmented images of the vascular bundle and seeds
(Fig. 3a), seeds (Fig. 3b), and vascular bundle (Fig. 3c) of a Japanese pear fruit sample.
Because the image intensity for the seeds and the vascular bundle was nearly identical,
they could not be differentiated by the image intensity. However, because the seeds were

Fig. 1 T;-weighted (a) and 7,-weighted (b) images of a Japanese apricot sample acquired at 4.7 T. The
T-weighted image was acquired using a 3D spin-echo sequence with TR = 200 ms and TE = 14 ms.
The T,-weighted image was acquired using a 3D spin-echo sequence with TR = 800 ms and
TE = 64 ms. The vascular bundle is clearly differentiated from the surrounding tissues using the 7'-
weighted image
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(d)

)

(h)

Fig. 2 MIP images calculated from 7;-weighted 3D images of the Japanese apricot (a, b), the peach (c,
d), the Japanese pear (e, f), and the apple (g, h). a Harvested on April 10. In-plane resolution: 60 pm.
b Harvested on May 23. In-plane resolution: 160 pm. ¢ Harvested on May 30. In-plane resolution:
160 pm. d Harvested on June 27. In-plane resolution: 260 um. e Harvested on May 30. In-plane
resolution: 160 pm. f Harvested on July 25. In-plane resolution: 400 pm. g Harvested on May 15. In-
plane resolution: 100 pm. h Harvested on August 8. In-plane resolution: 400 um

localized, their visualization was possible using a region growing technique. The
volume of the vascular bundle was measured after the seeds were removed from the 3D-
rendered segmented images for all fruits and all stages of fruit growth.

3.4 Correlation Between the Whole Volume and the Vascular Volume

Figure 4 shows the variation over time of the whole volume and the vascular volume
plotted against the harvest dates for the four kinds of fruit. As shown in Fig. 4, the
vascular volume changes almost in proportion to the whole volume. Figure 5 shows
correlations between the vascular volume and the whole volume for the four kinds of
fruit. The correlation coefficients ranged from 0.964 to 0.991 and the coefficients of
the first-order term for the linear regression equations ranged from 0.040 (Japanese
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Fig. 3 a A 3D-rendered segmented image of the vascular and seed of the Japanese pear fruit. b A 3D-
rendered segmented image of the seeds. ¢ A 3D-rendered segmented image of the vascular bundles. The
seed was removed
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Fig. 4 Variation over time of the whole volume and the vascular volume plotted against the harvest dates
for the four kinds of fruit: a Japanese apricot, b peach, ¢ Japanese pear, d apple

apricot) to 0.094 (apple). We cannot find a clear difference between true and
accessory fruits for the structure and volume of the vascular bundles. However, in
general, larger fruits have a larger vascular volume proportion.

4 Discussion

4.1 Image Contrast for Vascular Segmentation

As shown in Fig. 1, the T)-weighted image can clearly visualize the vascular
bundles of the Japanese apricot. Although the relaxation time-weighted images were
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Fig. 5 Correlations between the whole volume and the vascular volume for the four kinds of fruit:
a Japanese apricot, b peach, ¢ Japanese pear, d apple

measured only for the Japanese apricot, the same contrast mechanism is expected
for the other fruit as shown in Fig. 2. This is because the shortening of 7 and 75 of
the protons in the vascular bundle is partly caused by surface relaxation of the
mobile water protons [15—17], which originates from the fact that the cell size of the
vascular bundle is much smaller than that of the surrounding tissue. There are
various kinds and sizes of membranes in the fruit tissues, but as a whole, 7} and T»
relaxation are accelerated on the membrane more in the vascular bundles than in the
surrounding tissues.

Although various mechanisms for the difference of the relaxation times between
the vascular bundles and the surrounding tissues can be conceived, it is important
that we succeeded in visualizing the vascular bundles as high contrast regions using

the T-weighted sequence throughout the growing stages for all the fruits used in
this study.

4.2 Accuracy of the Image Segmentation
It is well known that image quantification (e.g., volume) based on image
segmentation is sensitive to the threshold used for the segmentation of the specified

regions. In this study, we evaluated errors in the volume measurements by
repeatedly changing the threshold for the image segmentation. As a result, we
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confirmed about 10 % fluctuation in the volume measurements. Because the
segmentation error depends on the contrast-to-noise ratio (CNR) of the segmented
regions in the MR image, it is essential to achieve a sufficient CNR (>10) for the
vascular bundles.

4.3 Spatial Resolution

The most serious limitation of MR microimaging in visualization of the vascular
structure is spatial resolution. The spatial resolution in MR microimaging is
ultimately limited by the SNR per voxel, if sufficient magnetic field gradient
strength is available. For a certain sample, the SNR per voxel is determined by the
magnetic field strength, B (SNR o< B”*) [18], the sensitivity of the RF coil
(SNR o< ~R7 R: coil radius), the frequency bandwidth, BW, per voxel
(SNR o« BW ") NEX (SNR o« NEX"?), and the efficiency of the pulse sequence.
In this study, we used two superconducting magnets (4.74 and 1.1 T), solenoid RF
coils optimized for the sample size, reasonable frequency bandwidth (195 Hz/
voxel), reasonable total measurement times (about 15-20 h) for the fruit samples,
and T-weighted sequences with 200 ms repetition time. Although much higher
magnetic fields (e.g., 9.4 T or higher) may be available, we think that our MRI
systems are optimized for visualization of vascular structures of fruit and have
sufficient capability.

4.4 Detectability of the Vascular Structure

As MRI traces only water-filled vessels, then the vascular volume has to be
measured on the fresh well watered fruits. Therefore, the above discussion and our
conclusion are valid for the water-filled vessels.

5 Conclusion

Ti-weighted 3D MR images of four kinds of fruit were acquired throughout the
growing process and their vascular structures were visualized and quantified. As a
result, it was demonstrated that the vascular volume changed almost in proportion to
the whole volume of the fruit and it was observed that larger fruits generally had
larger proportionality constants. We therefore concluded that MR microimaging is a
powerful tool for studies of vascular structures of fruit.
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