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a b s t r a c t

Longitudinal nuclear magnetic resonance (NMR) parameter measurements of Japanese pear fruit (Pyrus
pyrifolia Nakai, Kosui) were performed using an electrically mobile magnetic resonance imaging (MRI)
system with a 0.2 T and 16 cm gap permanent magnet. To measure the relaxation times and apparent dif-
fusion coefficients of the pear fruit in relation to their weight, seven pear fruits were harvested almost
every week during the cell enlargement period and measured in a research orchard. To evaluate the
in situ relaxation times, six pear fruits were longitudinally measured for about two months during the
same period. The measurements for the harvested samples showed good agreement with the in situ mea-
surements. From the measurements of the harvested samples, it is clear that the relaxation rates of the
pear fruits linearly change with the inverse of the linear dimension of the fruits, demonstrating that the
relaxation mechanism is a surface relaxation. We therefore conclude that the mobile MRI system is a use-
ful device for measuring the NMR parameters of outdoor living plants.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The major advantages of permanent magnets over supercon-
ducting magnets in nuclear magnetic resonance (NMR) and mag-
netic resonance imaging (MRI) are their portability, openness,
and design flexibility, and that they do not require cryogenics.
These advantages have opened up a wide variety of challenging
and fascinating outdoor applications of NMR and MRI [1–11]. For
example, NMR well-loggers and NMR MOUSE are typical successful
outdoor NMR applications of permanent magnets. Another inter-
esting recent topic is outdoor use of permanent-magnet MRI
systems for plant studies.

Since the invention of MRI, most intact plant studies have been
performed in laboratories or greenhouses [12–18]. These studies
have yielded unique and valuable information about physiological
states of the plants. However, MRI measurements of outdoor living
plants have several advantages over indoor measurements. First,
although it is difficult to control the ecological or physiological
conditions for plants in outdoor or natural environments, their nat-
ural physiological status can be measured, which are very difficult
to be achieved in laboratories or greenhouses. Second, the size of
the plants measured using the MRI system need not be limited
ll rights reserved.
by the size of the laboratory or greenhouse. The third advantage
is that no special or careful sample (plant) preparation for the lab-
oratories, such as transportation or transplanting, is required.

However, there are several difficulties in the outdoor use of MRI
systems for plant studies. First, it is not easy to set up delicate elec-
tronic instruments in outdoor environments because the weather
and temperature often change suddenly, the environment is often
dusty or muddy, and the ground is often rough and too soft to sup-
port heavy instruments such as permanent-magnet MRI machines.
A second disadvantage is that it is usually difficult to position the
plant samples precisely in the ‘‘sweet spot’’ of the MRI system be-
cause plants have various shapes, sizes, locations, and orientations,
and are often fragile.

For these reasons, only a few studies have been reported
for outdoor use of MRI systems for living plants. In 2006, Okada
et al. reported outdoor MRI measurements of a living maple tree
using a 0.3 T, 60 kg permanent magnet [19]. The results presented
were promising but problems with external noise and the portabil-
ity of the system remained unsolved. In 2011, Kimura et al.
reported an electrically mobile MRI system with a flexible mag-
net-positioning system for the same 0.3 T magnet to image healthy
and diseased branches of a Japanese pear tree in a research orchard
[20]. They solved the above problems and succeeded in taking 24 h
in situ measurements of apparent diffusion coefficient (ADC)
images of the healthy branch. In 2012, Jones et al. reported an open
access MRI system for living trees using a 0.026 T permanent
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magnet and succeeded in taking long-term outdoor MR measure-
ments of a large tree (diameter �90 mm) [21].

For outdoor MR measurements of fruit, in 2009, Kimura et al.
reported in situ MRI measurements of Japanese pear fruit in a
research orchard using a 0.12 T, 170 mm gap, and 160 kg perma-
nent magnet [22]. They found that the image contrast of the
T1-weighted images of the pear fruit changed substantially over
time during the growing stage (from June to August). However,
although relaxation times are essential for acquiring high-quality
MR images, no data were available on the relaxation times of the
living pear fruit.

In this study, we developed an electrically mobile MRI system
using a 0.2 T, 16 cm gap permanent magnet to acquire high-quality
MR images than previously reported and performed longitudinal
NMR parameter measurements of Japanese pear fruit during the
cell enlargement period in a research orchard to assess the useful-
ness of the mobile MRI system.
2. Materials and methods

2.1. Mobile magnetic resonance imaging system

Fig. 1a shows the electrically mobile MRI system developed in
this study. The core part of this system was constructed in the pre-
vious study [20] and the permanent magnet was replaced for this
study. The mobile MRI system consists of a permanent magnet, a
Fig. 1. (a) Overview of the electrically mobile MRI system developed in this study.
The lift for the permanent magnet is mounted on the cart, which pulls the
integrated MRI console. (b) In situ pear fruit measurements. The pear fruit is
manually fixed in the RF coil.
gradient coil set, a radiofrequency (RF) probe, an MRI console, a
mobile lift, and an electrically motorised cart.

The specifications of the permanent magnet (NEOMAX Engi-
neering, Takasaki, Japan) are: magnetic field strength = 0.202 T;
gap = 16 cm, homogeneity = 41.2 ppm over a 10 cm diameter
spherical volume; size = 50.1 cm (width) � 36.0 cm (depth) � 44.0
cm (height); weight = 200 kg (Fig. 2). Because the magnet was orig-
inally developed for use in the International Space Station, it was
designed to be as light as possible. The magnet was thermally insu-
lated using several sheets of polyurethane foam about 5 mm thick
to decrease the effect of rapid outdoor temperature changes. In
addition, the inevitable Larmor frequency change caused by the
temperature drift of the magnet was corrected using a time-
sharing NMR lock technique.

We developed three planar gradient coil sets and six RF coils for
various sizes of growing pear fruit. The specifications of the gradi-
ent coils are tabulated in Table 1. All of the transverse (Gx and Gy)
gradient coils and the largest axial (Gz) gradient coil were designed
using the target field method [23] and the axial gradient coils for
the number 1 and 2 coil sets were designed using a genetic algo-
rithm to maximise the homogeneous region. The number 1 and 2
gradient coil sets were fixed within the gap of the magnet and
the number 3 coil set was attached to the pole pieces of the mag-
net, as shown in Fig. 2. The maximum gradient strength for Gx, Gy,
and Gz coils were 64, 64, and 150 mT/m for the coil number 1, 54,
52, and 80 mT/m for the coil number 2, and 13.6, 13.6, and 31 mT/
m for the coil number 3. The RF coils were solenoids having diam-
eters of 26, 32, 38, 54, 90, and 108 mm. The MRI console (total
weight about 100 kg) was developed in our laboratory and its con-
trol software was developed by MRTechnology Inc. (Tsukuba,
Japan).

The electric cart (CB-02, Yamaichi-Seikou Co. Ltd., Suzaka,
Japan) driven by a Ni–H battery and the mobile lift (GL-4, Genie
Industries, WA, USA) were combined to carry and lift the magnet
as shown in Fig. 1a. The maximum height and bearing weight of
Fig. 2. The 0.2 T permanent magnet used in this study. The yoke was made of
15.5 mm thick iron plates to reduce the weight of the magnet and reinforced with
29.5 mm thick Bakelite plates. A three-channel planar gradient coil set was attached
to the pole pieces of the magnet.

Table 1
Specifications of the gradient coils developed in this study.

Coil no. Gap (mm) Gx efficiency Gy efficiency Gz efficiency

1 50 6.4 6.4 15.0
2 76 5.4 5.2 8.0
3 150 1.36 1.36 3.1

Efficiency: mT m�1 A�1.
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the fork of the lift were 140 cm and 225 kg, respectively. The
running distance of the cart per charge was about 6 km.

2.2. Pear fruit

All of the pear fruit used in this study were from a Japanese pear
tree (Pyrus pyrifolia Nakai, Kosui), about 35 year-old, grown in a re-
search orchard in the Agricultural and Forestry Research Centre of
the University of Tsukuba, located about 1.5 km from our labora-
tory. This pear tree bears several hundred fruits every year.

To measure the relaxation times and ADC of the pear fruit in rela-
tion to their weight, seven pear fruits were harvested and measured
in the research orchard almost every week. We started the measure-
ments on May 25 and finished on August 23. The seven pear fruits
included the lightest and heaviest fruit that could be found on the
day of the measurements, and five with weights distributed as
evenly as possible between those of the lightest and the heaviest.

For in situ measurements, we used six pear fruits that were
growing near the ends of branches of the pear tree and had rela-
tively long stalks, as these factors made them suitable for in situ
NMR measurements. These fruits were close to the average size
when we started the measurements. They were manually fixed
near the centre of the RF probe, as shown in Fig. 1b. We started
these measurements on June 25 and finished on August 19.

3. Experiments

3.1. Relaxation time measurements

The T1 of the pear fruit was measured using the inversion recov-
ery (IR) sequence. The TR (repetition time) of the IR sequence was
varied from 4000 to 11,000 ms to exceed the estimated T1 values
by about six times and the spin echo signal with TE (echo time) =
12 ms was measured. Because the IR signal was found to fit a single
IR curve very well in the preliminary experiments, we used the null
method to measure T1 in the orchard to save measurement time.

The T2 of the pear fruit was measured using the Carr–Purcell–
Meiboom–Gill (CPMG) sequence. Table 2 shows the parameters
used for the CPMG measurements. These parameters were deter-
mined by the following factors: the homogeneity of the magnet
(41.2 ppm over 10 cm diameter spherical volume), corresponding
to about 350 Hz spectral width for homogeneous and spherical
specimens, spectral width due to the susceptibility distribution
of the pear fruit (at most 10 ppm or 100 Hz), RF pulse width
(120 ls) for 90� and 180� pulses, which are reasonable width for
the 10.8 cm diameter RF coil and the 100 W RF transmitter. Be-
cause the signal to noise ratio of the CPMG signal was sufficient
for relaxation time measurements, no signal averaging was per-
formed. The spin echo peak signal was fitted using two exponen-
tially decaying signals with different amplitudes and T2 values.
Table 2
Parameters for T2 measurements.

Date TR (ms) TE (ms) No. of echoes Dw

5/25 1000 20 14 60
6/01 3000 20 20 40
6/08 3000 20 20 40
6/15 3000 20 20 40
6/22 3000 20 20 40
6/29 3000 20 20 40
7/06 3000 40 14 60
7/13 3000 40 14 60
7/22 3000 40 20 40
8/01 3000 40 20 40
8/10 4500 60 20 60

8/23 4500 60 20 60
As the MRI system was not waterproof, we performed the
experiments only on sunny days and cloudy days, although there
were many rainy days during the research period.

3.2. ADC measurements

ADC values were measured using the Stejskal–Tanner pulsed
gradient spin-echo sequence [24] with 64 or 128 steps with equal
increments of the field gradient parallel to the fruit axis. For smaller
samples (diameter < 40 mm), d (the length of two equal pulsed field
gradients), D (the time between the pulsed field gradients applied
before and after the 180� RF pulse), TE, and TR were 25, 30, 60,
and 800 ms, respectively. The largest b value (=c2G2d2ðD� d=3Þ)
was about 990 smm�2. For larger samples (diameter > 40 mm), d,
D, TE, and TR were 28, 32, 64, and 1200 ms, respectively. The largest
b value was about 860 smm�2. The spin echo amplitude was found
to fit a single exponential decay curve with the b value very well.
For several pear fruits, ADC values were measured with various D
(20–200 ms).

Because the ADC values were sensitive to the temperature of
the fruit, dependent on the air temperature in the orchard, and rel-
atively insensitive to the time after harvest, we used ADC values
measured in the laboratory (room temperature �26 �C) on the
day of the harvest for the quantitative analysis.

4. Results

4.1. System performance

We measured the pear fruit in the research orchard and our lab-
oratory almost every week using our MRI system, because it was
very easy to shuttle the MRI system between the two places. It took
about 20 min for us to drag the mobile MRI system from the labo-
ratory to the orchard. It was also easy to move the MRI system
within the orchard, even though the ground was rough and soft
for the heavy permanent-magnet system (�300 kg including the
lift and the cart). The integrated compact MRI console was also
useful for quick setup of the MRI system, because the cable connec-
tion time was minimised (several minutes).

The NMR frequency drift in the orchard was less than a few
kHz/h, corresponding to a few one-tenth degrees per hour temper-
ature-change of the magnet. Because the measurement time for
the relaxation time (T1 or T2) was less than a few minutes, no RF
coil re-tuning was required in the orchard.

4.2. Imaging experiments

Fig. 3 shows a two-dimensional cross-section selected from a
three-dimensional (3D) image dataset of a pear fruit harvested
on August 23 acquired with a 3D spin-echo sequence (field of
ell time (ls) No. of samples Samples per echo

0 512 33
0 1024 50
0 1024 50
0 1024 50
0 1024 50
0 1024 50
0 1024 66
0 1024 66
0 2048 100
0 2048 100
0 2048 100

0 2048 100



Fig. 3. A 2D cross-section selected from a 3D image dataset of a pear fruit acquired
with a 3D spin echo sequence. Field of view = 128 � 128 � 128 mm, image
matrix = 256 � 256 � 16, repetition time = 400 ms, spin echo time = 20 ms, number
of signals averaged = 4, total measurement time = 1.8 h.
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view = 128 � 128 � 128 mm, image matrix = 256 � 256 � 16, rep-
etition time = 400 ms, spin echo time = 20 ms, number of signals
averaged = 4, total measurement time = 1.8 h). This image clearly
demonstrates the capability of this system to generate high-quality
images of excised pear fruit in the laboratory.
Fig. 5. Spin echo data acquired by the CPMG sequences. (a) The smallest
(diameter � 2 cm) pear fruit measured on May 25. (b) The largest (diame-
ter � 10 cm) pear fruit measured on August 23.
4.3. NMR parameter measurements and pear fruit weight

Fig. 4 shows the weights of the pear fruits used for the NMR
parameter measurements related to their measurement dates. This
figure clearly shows that both the average and distribution of the
weights increase rapidly with time.

Fig. 5 shows spin echo data acquired by the CPMG sequences for
the smallest (diameter = 2 cm) and the largest (diameter = 10 cm)
pear fruit measured on May 25 and August 23. The shape of the
spin echo signal seems mostly determined by the inhomogeneity
of the magnet, because the bulk T�2 of the largest pear fruit was
about 4 ms, corresponding to about 100 Hz half spectral width,
consistent with about 350 Hz total spectral width caused by the
magnet inhomogeneity. The apparently exponentially decaying
curve observed in Fig. 5, which was actually divided into two
decaying components, suggests that the decay of the spin echo
Fig. 4. Weights of the harvested pear fruit used for the longitudinal NMR
measurements.

Fig. 6. T1 (blue), T2f (green), and T2s (red) of the pear fruit measured just after
harvest plotted against the harvest date. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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signal was not affected by the diffusion of the water molecules in
the pear fruit, because the local magnetic field gradients are small
in the low (0.2 T) magnetic field.

Fig. 6 shows the single T1 value and two T2 values, T2f and T2s for
fast and slow T2 relaxation components, measured for the pear
fruit plotted against the harvest (measurement) date, showing a
rapid increase with time similar to the weights shown in Fig. 4.
Fig. 7. 1/T1 (a), and 1/T2f and 1/T2s (b) plotted against the inverse of the cube root of
the pear fruit weight.

Fig. 8. Signal strength for the protons with the faster T2 relaxation time normalised
by that for slower T2 plotted against the harvest date.
Fig. 7 shows the relaxation rates plotted against the inverse of
the cube root of the weight, showing good linear relations, espe-
cially for T1 and T2s. Fig. 8 shows the signal strength for the protons
with the faster T2 relaxation time normalised by that for the slower
T2 plotted against the harvest date. This graph clearly shows that
the proportion of the protons with different T2 values was nearly
constant.

Fig. 9 shows the ADC values plotted against D for a pear fruit
harvested on June 8. This graph clearly shows the restricted
Fig. 9. ADC plotted against D measured for a small pear fruit.

Fig. 10. ADC at D = 30 or 32 ms plotted against the harvest date (a), and against
pear fruit weight (b).



Fig. 11. T1 (a) and T2 (b) of six pear fruits measured in situ during the growing
process.
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diffusion effect. Fig. 10a and b shows the ADC values measured for
D = 30 or 32 ms plotted against the measurement date and the
weight. Fig. 10b clearly demonstrates that the ADC increases with
the weight of the fruit.

4.4. In situ measurements

Fig. 11 shows the T1 and T2 of six pear fruits measured in situ.
The T2 values are plotted only for the slower T2 relaxation compo-
nent. As these graphs show, the relaxation times initially increase
rapidly with time, similar to those observed for the harvested pear
fruits. However, a slight decrease in the T1 on August 19 is evident.
A similar decrease is also seen for the harvested samples, as shown
in Fig. 6.

5. Discussion

5.1. NMR parameters measured in relation to the pear fruit weight

The growth stage of the Japanese pear fruit is divided into a cell
division period and a cell enlargement period [25]. The cell division
period runs from early May and terminates to late May. The cell
enlargement period runs from late May to late August. Therefore,
our NMR experiments were performed during the cell enlargement
period.
The enlargement of the fruit cells is accompanied by that of the
vacuole of the fruit cell, and the slow component of the T2 relaxa-
tion times shown in Fig. 7b are considered to be those of the water
protons in the vacuole [26,27]. Fig. 7 clearly shows that the quan-
tity 1/T2s has a linear relationship with the inverse of the size of the
vacuole (�cube root of the weight). Therefore, we think that Fig. 7b
shows that the transverse relaxation of the water protons in the
vacuole of the pear fruit is mostly determined by the surface relax-
ation on the boundary of the vacuole [28,29]. A similar relationship
was reported for the cells in the apex zone of the stems of intact
maize and pearl millet plants in 2001 [30].

As shown in Fig. 10, the ADC at D = 30 or 32 ms increases mono-
tonically with the pear weight. We think this increase is caused by
the fact that the restricted diffusion became less effective as the
cell size increased. If we had been able to measure the ADC for a
much wider range of D for all pear samples, we could have ob-
tained information about the size of the vacuole and the water
membrane permeability, as described in earlier reports [17,31].
However, we could not perform these measurements, mainly be-
cause of the limitations of the hardware and measurement time.

5.2. In situ measurements

There have been many studies of relaxation time measurements
of fruits in different growth stages [32,33], in which it was also re-
ported that the relaxation times lengthen with the growing term of
the fruit. As far as we know, this study is the first to report relax-
ation times of identical growing fruits measured in situ during the
growth stage.

However, compared with the relaxation time measurements of
the harvested pear fruit, the accuracy of the in situ relaxation time
measurements may be limited because the fruits were manually
fixed in the RF probe. Therefore, if we manage to develop a good
fixing device, the accuracy of the measurements would be further
improved and in situ MRI would be possible for 3D measurements
of the fruit size. The development of such a fixing device will be the
subject of future research.

As shown in Figs. 4 and 9, a slight decrease in the T1 was ob-
served. This decrease may be due to an increase in viscosity caused
by the increase in sugar in the vacuole. However, a further study
will be required to clarify this phenomenon.

6. Conclusions

We measured the relaxation times and ADC of protons of Japa-
nese pear fruits using an electrically mobile MRI system during the
cell enlargement period. The relaxation times were measured both
in situ and for harvested pear fruits in relation to their weight. The
temporal changes in the relaxation times for the harvested pear
fruits showed good agreement with those for the in situ measure-
ments. We observed that the relaxation rates had good linear rela-
tions with the inverse of the cube root of the pear fruit weight,
demonstrating that the relaxation mechanism is the surface relax-
ation. We therefore conclude that the mobile MRI system is a use-
ful device for measurements of outdoor living plants.
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