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a b s t r a c t

Significant artifacts occur from the overlapping signals of the water and lipids in relaxation time-
weighted magnetic resonance (MR) images and should be compensated, in order to determine a precise
water distribution in the soybean seeds. The chemical shift selective T1-, T�2-, and T2-weighted MR images
of water were compared to those with water or lipid suppression in soaked soybean seeds. In the absence
of lipid suppression, the chemical shift artifacts were observed in the chemical shift selective T1- and T2-
weighted MR images, due to the overlapping signals of the water and lipid protons. However, the MR
images with lipid suppression had reduced artifacts. This study demonstrates that an appropriate MR
imaging technique provides relatively uniform signal intensity and has importance in the investigation
of true water distribution within food systems, such as to correlate a relationship between water distri-
bution using MR imaging and water diffusion using pulsed field gradient (PFG) NMR.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Soybeans accumulate large amounts of lipid and protein,
accounting for significant portions within the global food and feed
supply; in Asia especially, soybeans are a major protein sources,
where various traditional foods such as soybean curd and fer-
mented soybean products are produced (Lee, 2001).

Water plays a critical role in the chemical and enzymatic reac-
tions as well as the thermal treatment of soybeans, resulting in
protein denaturation and polysaccharide gelatinization. Moisture
transfer is therefore a governing factor of soybean processing. Mass
transfer analyses of food systems are difficult due to their complex
and heterogeneous nature. For example, microstructural features
such as the coat, micropyle, and hilum, as well as composition of
the seed coat in soybean seeds, may affect the imbibition rate
(Agbo, Hosfield, Uebersax, & Klomparens, 1987; Deshpande &
Cheryan, 1986; Marbach & Mayer, 1974). The theoretical models
of water diffusion have assumed that the bean coat, for resisting
water sorption, is gradually increased by surface moisture (Vert-
ucci, 1989), and Schwartzberg and Chao have reviewed the math-
ematics of mass transport processes in food materials
ll rights reserved.

: +82 2 927 5201.
(Schwartzberg & Chao, 1983). Most of the studies on water uptake
by seeds are destructive in nature, thus non-invasive and non-
destructive methods are required. Magnetic resonance (MR) imag-
ing is the most appropriate technique for this purpose. With the re-
cent development of high-field NMR spectrometers capable of MR
imaging, the sensitivity and resolution of MR imaging have in-
creased dramatically, showing a quick and reliable means to non-
invasively access the internal structures of plants, fruits, and pro-
cessed foods, and to study water distribution. MR imaging was suc-
cessfully applied to investigate water uptake and distribution in
soybean seeds (Pietrzak, Fregeau-Reid, Chatson, & Blackwell,
2002), developing barely grains (Glidewell, 2006), western white
pine seeds (Terskikh, Feurtado, Ren, Abrams, & Kermode, 2005),
germinating tobacco seeds (Manz, Muller, Kucera, Volke, & Leub-
ner-Metzger, 2005), the coating of tempura (Horigane, Motoi, Irie,
& Yoshida, 2003), cooked spaghetti (Irie, Horigane, Naito, Motoi, &
Yoshida, 2004), and cooked rice kernels (Mohoric et al., 2004).

High-resolution MR imaging could be very useful for examining
the structural features of seeds, and for detailed analysis of the pro-
cess of imbibition and cooking. In this study, the MR images of
soaked soybean seeds were acquired with various MR imaging se-
quences, and the best imaging methods were suggested for inves-
tigating the true water distribution in soaked and cooked soybean
seeds, compensating for the artifacts of the images.
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Fig. 1. A static 600 MHz 1H NMR spectrum for soaked soybean seed (A) and a
MAS NMR spectrum of ground soybeans (B). 1, –CH@CH–; 2, glycerol backbone; 3,
–CH@CH–CH2–CH@CH–; 4, –CH2–CH2–; 5, (CH2)n–CH2–CH@CH; 6, –CH2–CH2–; 7,
–CH2–(CH2)6–CH3 and 8, (CH2)n–CH3. Italic bold type signifies proton resonance
observed.
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2. Materials and methods

2.1. Materials

Soybean seeds (Glycine max) harvested in Korea in 2005 were
used for this study. For the soaking experiment, 3 g soybean seeds
were immersed in water for 1, 4, and 15 h at 37 �C. And for the
cooking experiment, 3 g soybean seeds were soaked for 15 h and
boiled in 30 g of distilled water in triangle glass flasks for 5, 30,
60, and 120 min, separately. Moisture, lipid, and protein contents
were determined in dried soybean seeds using the standard AOAC
methods (AOAC, 1990): lipids, 17.88% (±0.37); water content,
6.12% (±0.05); protein, 39.17% (±0.42); ash, 4.89% (±0.13). For the
MR images, peanut seeds (Arachis hypogaea) were also soaked for
15 hours and compared with the MR images of the soybean seeds.

2.2. MR imaging and NMR spectroscopy

The soybean seed was inserted into an NMR tube with an outside
diameter of 10 mm, and fixed with three pieces of acrylic plate
(4 mm � 16 mm) to prevent moving induced by the gradient coil.
The MR imaging experiments were performed on a 14.1 Tesla
NMR spectrometer (Bruker Avance DMX600SB) equipped with a
standard micro imaging accessory. For acquisition and processing
of the NMR data, the Paravision and Xwin-NMR programs (Bruker)
were used. Spin-lattice relaxation (T1)-weighted, susceptibility
(T�2)-weighted and spin-spin relaxation (T2)-weighted MR images
were acquired using the multi-slice multi-echo (MSME), gradient
echo fast imaging (GEFI), and rapid acquisition with relaxation
enhancement (RARE) sequences, respectively. The chemical shift
selective method was applied to all the MR images to acquire water
and lipid images simultaneously. The bandwidths for the water or
lipid suppression were 4000 Hz and 2000 Hz at 4.8 ppm and
1.3 ppm, respectively. The repetition time (TR) and echo time (TE)
were 1 s and 7.4 ms for MSME, respectively. The TR/TE were 1 s/
4.3 ms for GEFI and 5 s/35.0 ms for RARE. The central slice of 10
multi-slices is shown in the coronal plane of the MR images in
the Results. In all experiments, the field of view (FOV) was
0.7 cm � 0.7 cm, and the slice thickness was 1.0 mm. The matrix
size was 256 � 256 for all the MR images, resulting in 27 � 27
lm2 of in-plane resolution.

1H static NMR spectra were recorded with the same MR imag-
ing probe applying a simple single-pulse sequence. The pulse
length of 1H p/2 was 22.8 ls. Typically, 16 scans were accumulated
with a 22.8 ls pulse and a recycle delay of 5 s. For magic angle
spinning (MAS) NMR spectroscopy, the dried soybeans were
ground by a grinder and the spectrum was acquired in a standard
4-mm o.d. MAS rotor, using a Bruker Avance 400 MHz 1H NMR
spectrometer with a spinning rate of 1 kHz.
3. Results and discussion

3.1. Static and MAS NMR spectroscopy

The soybean seeds (3 g) absorbed 2.74 g (±0.13) of water in 15 h
of soaking time while amount of absorbed water was 0.71 g (±0.30)
in 1 h. The representative 1H NMR spectra obtained from the soy-
bean seeds soaked in water for 15 hours are shown in Fig. 1. Fig. 1A
is a static 600 MHz 1H NMR spectrum, and the two broad peaks
were assigned to the water and lipids. Fig. 1B is a magic angle spin-
ning (MAS) 400 MHz 1H NMR spectrum of the ground soybeans.
The lipids were further assigned mainly as triacylglycerols, glycer-
olipids, and phospholipids using the magic angle spinning (MAS)
NMR. These lipid signals acquired by NMR spectroscopy were also
found by other investigators for mature soybean seeds (Borisjuk et
al., 2005), western white pine seeds (Terskikh et al., 2005), tobacco
seeds (Manz et al., 2005) and barley kernels (Gruwel, Chatson, Yin,
& Abrams, 2001).

3.2. Relaxation time-weighted MR images

Fig. 2A–C show the chemical shift selective T1-weighted, T�2-
weighted, and T2-weighted MR images, using the MSME (multi-
slice multi-echo), GEFI (gradient echo fast imaging), and RARE (ra-
pid acquisition with relaxation enhancement) sequences, respec-
tively. The chemical shift of water was chosen in order to
exclude the effect of lipid in the MR images, because the soybeans
contained 17.88% (w/w) lipid. The highest signal intensity was
found in the void between the cotyledons, due to the bulk water
within the void. Vascular bundles (VB) were obviously found in
the T�2-weighted MR image, and this image provides a greater dif-
ference in contrast, as compared to the T1- and T2-weighted MR
images. This effect was clear when the images were expressed in
gray scale, as shown in Fig. 2G–L.

In general, the signals of the 1H magnetic resonance (MR)
images originate from the water and lipids. A strong signal for
water is observed in the soaked soybean seeds, as well as the lipid
signal. Accordingly, the structural details are not very clear. In such
cases, contrast based on the differences in proton mobility is use-
ful. The mobility of proton molecules is related to the spin-lattice
relaxation time (T1) and the spin-spin relaxation time (T2). The



Fig. 2. Chemical shift selective MR images of water in soybeans soaked in water for 15 hrs using various spin-echo sequences. A, B, and C are chemical shift selective T1-, T�2-,
and T2-weighted MR images, respectively, without lipid suppression. D, E, and F are chemical shift selective T1-, T�2-, and T2-weighted MR images, respectively, with lipid
suppression. All images show central slices in the axial plane. The MR images were obtained with 27 � 27 lm2 in-plane resolution and a 1 mm slice thickness. H, hillum; C,
cotyledons; VB, vascular bundles; SC, seed coat; V, void between cotyledons and SM, shadow misregistration. G–L are the same MR images as A–F except they are expressed in
gray, and provided detailed structural information than those in color.
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magnitude of the signal following excitation recovers as a function
of T1-, and the echo signal declines with that of T2. The relationship
between the repetition time (TR) and the echo time (TE) in the
pulse sequences for MR images provide the relaxation time-
weighted images. T1-weighted images emphasize the area where
a low mobility proton is present while T2-weighted images empha-
size the area where a high mobility proton is present. Additionally,
T�2-weighted images represent the area dependent on homogeneity
or susceptibility of the magnetic field and the molecular motions.
In addition to relaxation time-weighted methods, chemical shift
selective imaging allows for the acquisition of separate MR images
for water and lipids, and then eliminates the overlapping signals of
the water and lipids since the two signals are well-separated by
their chemical shifts.

3.3. MR images with lipid suppression

In order to obtain MR images with only protons of water, all the
MR images in Fig. 2D–F were acquired with lipid suppression, in
addition to chemical shift selective images of water. When the
images are compared with the T1-weighted MR image without li-
pid suppression (Fig. 2A), it is clear that the signal intensity was re-
duced due to the loss of T1 from mobile lipids of the soybeans (Fig.
2D). In addition, lipid signal was dominated in the T2-weighted MR
images as shown in Fig. 2C–F that are the images with and without
lipid suppression, respectively, because T2-relaxation time of the li-
pid is shorter than that of the water. The T�2-weighted MR images
(Fig. 2B and D) show more detailed structural information as com-
pared to other images due to the short echo time (TE) of 4.3 ms.
Applying a magnetic field to a biological component generates an
induced field characteristic of the specific tissue. The induced mag-
netization depends on the applied magnetic field, as well as on the
magnetic susceptibility of the molecules (Hermier & Nighoghossian,
2004). The magnetic susceptibility varies at the interface of two re-
gions, due to the generation of an intrinsic gradient, which is pro-
portional to the difference in the magnetic susceptibility of the
two adjoining structures (Liang et al., 1999). This T�2-weighted MR
imaging enables the detection of acute hemorrhage (Schellinger,
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Jansen, Fiebach, Hacke, & Sartor, 1999) and intravascular clots
(Flacke et al., 2000) in clinical practice. There were slight differences
in the signal intensity of the T�2-weighted MR images with and with-
out lipid suppression, indicating the overlapping signals of the
water and lipid not suppressed. Therefore, it was determined that
all the relaxation time-weighted MR images originated from the
water and lipid signals in the absence of lipid suppression, even
with the chemical shift selective imaging.

3.4. Chemical shift artifacts in the measurement of water distribution
by MR imaging

The MR images in Fig. 2A–C also show chemical shift artifacts
which are from the superimposition of two MR images since there
are two separate signals in the static 1H NMR spectrum for the lipid
and water; this is particularly noticeable when MRI experiments
are performed at high magnetic fields (Wheeler, 1995). Chemical
shift artifacts are generally classified as two separate effects: phase
cancellation and shadow misregistration (Woodward, 2001). Phase
cancellation results from the out-of-phase precession of the spins
Fig. 3. Chemical shift selective MR images of water in peanuts soaked in water for 15hrs,
T�2-, and T2-weighted MR images, respectively, without lipid suppression, and D, E, and F
lipid suppression. All images show central slices in the axial plane. The MR images we
cotyledons; VB, vascular bundles; SC, seed coat and V, void between cotyledons or betw

Fig. 4. Chemical shift selective T1-weighted MR images of the lipid in seeds using MSME s
15 h. All images show central slices in the axial plane. The MR images were obtained with
1 mm slice thickness.
for water and lipid during the evolution of the free induction decay
(FID) signal. The shadow misregistration of voxels (SM in 2) con-
taining lipid occurs primarily in the frequency-encode direction
(vertical in Fig. 2), and is due to the incorrect spatial mapping of
voxel protons as a result of their different Larmor frequencies. Lipid
suppression techniques, therefore, are often used to reduce these
artifacts. The lipid suppression in chemical shift selective MR
images in this study compensated for the chemical shift artifacts
as shown in Fig. 2D–F. This indicates the chemical shift selective
MR imaging of water is not enough to exclude the effects of other
protons such as lipids; thus lipid suppression is essential for MR
imaging in soybean seeds.

It was suggested in this study that the MR imaging of water
should be performed by selecting the chemical shift of water and
suppressing the lipid signal simultaneously, Also T1-weighted
images are more effective for investigating water distribution than
T2- and T�2-weighted images in soaked soybean seeds. The MR
images of the peanuts soaked for 15 h were obtained using the
same methods, as shown in Fig. 3. These images also show the
chemical shift artifacts from the superimposition of the MR images
using spin- and gradient echo sequences. A, B, and C are chemical shift selective T1-,
are chemical shift selective T1-, T�2-, and T2-weighted MR images, respectively, with
re obtained with 35 � 35 lm2 in-plane resolution and a 1 mm slice thickness. C,
een seed coat and cotyledons.

equence with water suppression in soybeans (A) and peanuts (B) soaked in water for
27 � 27 lm2 (soybeans) and 35 � 35 lm2 (peanuts) in-plane resolution, and with a



Fig. 5. Water distribution by chemical shift selective T1-weighted MR images using the MSME sequence with lipid suppression, with increasing soaking and cooking times for
the soybeans. A, B, and C are images of water in soybeans soaked in water for 1 h, 4 h, and 15 h, respectively. D, E, F, and G are images of water in soybeans cooked in water for
5 min, 30 min, 1 h, and 2 h, respectively. The MR images were obtained with 27 � 27 lm2 in-plane resolution and a 1-mm slice thickness. TE and TR were 7.4 ms and 600 ms,
respectively.
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and the compensation for the artifacts, as well as the corrected
water distribution. In addition to the chemical shift selective MR
images of water with lipid suppression, the chemical shift selective
MR images of lipid with water suppression were obtained in both
the soybean and peanut seeds, as shown in Fig. 4. The highest sig-
nal intensity for lipid was found in the inner part of the cotyledons
for both seeds. The lipid distributions in cotyledons have been also
reported in mature soybean seeds (Borisjuk et al., 2005). The accu-
mulation of lipids in the inner part of the cotyledons seemed to in-
duce the magnetic susceptibility of the local regions, as shown in
Fig. 2B and D, and Fig. 3B and D.

The superimposition of two signals, one from water and one
from lipids, for the MR images of western white pine, was also re-
ported (Terskikh et al., 2005). This research, however, only applied
the chemical shift selective method to separate the MR images for
oil and water. In addition, T2-weighted MR images were acquired
in pasta filata mozzarella cheese without using suppression or
chemical shift selection methods (Kuo, Anderson, & Gunasekaran,
2003). If the MR images had been acquired using chemical shift
selection and lipid or water suppression methods simultaneously,
as well as relaxation time-weighting methods, corrected MR
images would have been obtained, such as in the MR images of
tempura and table olives (Brescia, Pugiese, Hardy, & Sacco, 2007;
Horigane et al., 2003).

3.5. Water distribution during the soaking and cooking of soybeans

Fig. 5 shows the T1-weighted MR images for water distribution
in the soaked (A–C) and cooked soybean (D–G). The MR images
were obtained using the MSME sequence with the chemical shift
selection of water and simultaneous lipid suppression at 1, 4, and
15 h of soaking time. It was clear that the signal intensity of the
water was increased with increasing soaking time, without contri-
butions from the lipid signals, indicating an increase in water up-
take, as shown in Fig. 5A–C. During cooking of the soybeans, the
highest amount of water was found in the voids between the seed
coats, and cotyledons, between cotyledons, and in the vascular bun-
dles (VB). The lowest amount of water was found in the inner part of
the cotyledons due to the presence of lipids, as described above.

4. Conclusions

This study was performed to understand water distribution by
MR imaging in soaked and cooked soybean seeds. To obtain exact
water distribution it is important to acquire MR images from the
signal of water, excluding the lipid signal. The chemical shift selec-
tive T1-, T�2-, and T2-weighted MR images were composed of total
proton signals, including both water and lipid signals, and showed
chemical shift artifacts in the soaked soybean seeds. When the li-
pid suppression method was applied to the images the water
images could be obtained independently, and compensated for
the chemical shift artifacts. This study, therefore, demonstrates
that the chemical shift selection of water with simultaneous lipid
suppression, can offer MR images acquired with only a water signal
and without any artifacts, in seeds containing high lipid content.
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