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Abstract

A compact 1.0 T MR microscope was developed using a permanent magnet made of high performance Nd-Fe-B magnetic material
a compact MRI console (54 cm (W§ 77 cm (H) X 60 cm (D), 80 kg weight). Since the magnetic field of the permanent magnet had a
large temperature coefficient-200 ppm/deg), an internal NMR locking technique was developed for the imaging sequences. The
performance of the system was evaluated using several biological specimens. As a result, good SNR 3D images)at(&D um)?
voxel dimensions were obtained in practical imaging times (0.5-7.5 hours). Thus we have concluded that the permanent-magnet com
MR microscope has great promise as a research or analytical tool. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction microscope using a 1.0 T permanent magnet and an internal
NMR locking technique operated in a time-sharing mode.
As a result we have successfully obtained 3D images at (50

m)®*~(200 um)? resolution within practical measurement
imes (0.5-7.5 hours).

The development of high performance Nd-Fe-B mag-
netic material [1], of which stored magnetic energy is larg-
est among practical materials for permanent magnets, ha
made it possible to construct whole body MRI magnets at a
reasonable weight+(10 tons) [2]. This permanent magnet
technology has the potential to contribute to the develop- 2. System hardware
ment of new instruments for laboratories, such as an MR
microscope.

For MR microscope systems, superconducting magnets
have been almost exclusively used because of the potential
high field strength (up to 17.6 T) [3] and field stability.
However, since there are many useful MR microscope ap-
plications in which spatial resolution of around 100 microns
is sufficient, MR microscopes using permanent magnets
have a great potential as research or analytical tools. How-
ever, because high-field permanent magnet circuits using
Nd-Fe-B material have a large temperature coefficient
(around—1200 ppm/degree), temperature drift of the Lar-
mor frequency must be overcome to obtain MR microscope
images at a high spatial resolution.

In the present study, we have developed a compact MR

Figure 1 shows the overview of the MR microscope
which we developed using a 1.0 T permanent magnet
FSumitomo Special Metals Corp., Osaka, Japan) and a com-
pact MRI console. The specifications of the permanent
magnet are shown in Table 1. Figure 2 shows the pole
pieces of the magnet (outer diameters: 14 cm, air gap: 61
mm). The pole pieces consist of laminated silicon steel
plates with radial cuts which can suppress the eddy currents
caused by switching of the magnetic field gradients. As
shown in the figure, the pole pieces each have a hollow
region in the center. These hollow regions contribute to the
improvement of the magnetic field homogeneity, in addi-
tion, many iron pieces are carefully placed in the hollow
regions to improve the homogeneity of the magnetic field.

The compact MRI console is a portable system originally
developed for an MR microscope which was used in con-

* Corresponding author. Tel.+81-208-53-5214; fax-+81-208-53-  Junction with a magnetic field of an existing clinical MRI
5205, [4,5]. This console consists of four units: computer (PC), RF
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Fig. 1. MR microscope using a 1.0 T permanent magnet. This system can be installed within a<1028m area.

ent driver, and RF transmitter. Because the size of the ppm/degree), keeping the field strength-source frequency
console is 54 cm (W)X 77 cm (H) X 60 cm (D) and the relationship constant is indispensable to MR microscopy. In
total weight is about 80 kg, it can be moved easily. the following subsections, the methods used to measure the
All of the digital modules are contained inside the PC: magnetic field strength using a spin-echo signal, to correct
DSP (digital signal processor) board (DSP6031, MTT the RF source frequency, and to keep the field-frequency
Corp., Kobe, Japan) using a TMS320C31 DSP chip for the relation constant during 3D image acquisition are presented.
MRI pulse programmer [6] (100 ns time resolution), ADC
board (PC-414G3, DATEL) for the data acquisition [7,8],
and DDS (direct digital synthesizer) board for the RF signal
source (FSWO01, DST Inc., Japan). The PC system is run-
ning under Windows95 and is capable of real-time image
reconstruction and display (about 50 ms for reconstruction
and display after the data acquisition) [7,8]. The RF trans-
ceiver unit has an RF frequency range of 35-65 MHz.
Two gradient probes with different bore sizes were de-
veloped for this system. In both probes, theadd G, coils
are parallel four wire-coils [9,10], the (&oils are Maxwell
pairs, and the RF coils are solenoids. The small-bore probe
is shown in Fig. 3. The gradient efficiencies of the probes
are: G = 29, G = 28, and G = 26 mT/m/A for the Table 1
small-bore probe (1.D= 6 mm), and G = 12, G, = 11, and Specifications of the permanent magnet
G, = 17 mT/m/A for the large bore probe (I.B= 20 mm).

3.1. NMR lock using a spin-echo signal

To measure the magnetic field strength precisely during
imaging sequences, a spin echo signal of the imaged object
itself was used. The Larmor frequency, relative to that of the
RF signal source generated by the DDS synthesizer, was
calculated using the time derivative of the quadrature-
phase (anti-symmetric) spin-echo signal at the spin-echo
peak as shown in Fig. 4. The magnetic field strength or
resonance frequency was calculated as the sum of the RF

Iltem Specification
Magnetic field strength 0.968 T (22 °C)
3. NMR lock technique Air gap 61 mm
Magnetic field homogeneity 12 ppm (20 mm dsv)
Because the magnetic material of the permanent magne\SAZieght fggg“k(g")x 75 cm (H)x 75 cm (D)

circuit has a high temperature coefficient (abetut200
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Fig. 2. Pole pieces of the magnet consist of 14-cm O.D. laminated silicon steel plates. The plates have radial cuts which suppress the eddysedrrents c:
by gradient switching.

source frequency and the relative (or rotating frame) By using the above technique, the long term drift of the
Larmor frequency. To establish the on-resonance condi- magnetic field was measured. Figure 5 shows the long term
tion, the new frequency value was updated to the DDS variation of the “locked” RF source frequency measured
board interfaced via the ISA bus of the PC. every three minutes with and without a thermal shield box

Fig. 3. Small bore gradient probe (dimension: 13 cm §H)L3 cm (W) X 4.5 cm (D)). RF coil: solenoid (I.D= 6 mm), G, and G,: Anderson type, G
Maxwell pair. The dimension of the large bore gradient probe is 16 cmx(H)6 cm (W) X 5.5 cm (D).
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Fig. 4. The frequency deviation in the rotating frame was calculated using the time-derivative of the quadrature-phase signal at the spinfdehorpeak.

for the spin echo peak was detected using the absolute value of the spin echo signal. The precision of the frequency depended on the SNR of the spin
signal and was typically about 10 Hz (0.25 ppm)gVvoltage for in-phase (real-part) signal,\ voltage for quadrature-phase (imaginary-part) signal,

V g5 Voltage for absolute value signal.

made of polystyrene foam slabs (30 mm thickness). When repeated just before each 2D plane acquisition in the 3D

the magnet was covered with the thermal shield, the drift of k-space. This is because each 2D plane acquisition, usually
the resonant frequency was around 500 Hz/hour, even if thetakes several minutes, which is a suitable time interval for

room temperature was not regulated. Because our usuaNMR locking as mentioned above.

pixel bandwidth for 3D images was about 200 Hz, the NMR

reference frequency was locked at an interval of several

minutes as described below. 4. Results and discussion

3.2. Combination of NMR lock and 3D imaging sequence Imaging experiments were performed to evaluate the MR
microscope system using several plant samples and chem-
Figure 6 shows the time sequence for the NMR lock and ically preserved mice. The parameters for the imaging se-
the 3D imaging sequence: the NMR locking procedure was quences are shown in Table 2.

[MHZ] [deg]
40.060 -0.25
40.050 0
40.040 +0.25
40.030 +0.50

0 4 8 12 16 20 24
[hour]

Fig. 5. Long term drift of the NMR frequency measured with the NMR lock technique. When the magnet was used with the styrofoam insulation, tt
frequency drift was about 500 Hz/hour.
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Phase Encoding
For 3D Acquisitions

Phase Encoding

Fig. 6. 3D image acquisition sequence with the NMR lock sequence in the time-sharing mode. The field strength-source frequency relation ietaneected b
each k-space plane acquisition.

Figure 7 shows cross-sectional images of a garden peathe latter reason, the bandwidth per pixel for the low field
and the root of a Welsh onion each acquired in about 7.5 MR microscopes can be much narrower than that for the
hours. These images show that the 3D imaging sequencehigh-field MR microscopes. This can greatly contribute to
with the NMR lock sequence worked well and that several improved SNR in low-field MR microscopes.
tens of microns spatial resolution is achievable for the Furthermore, in our system, use of solenoid coils with
proton-rich specimens. Figure 8 shows volume rendered many turns, which are only possible for the low resonance
images of a garden pea (a) and garden apple (b). Thesgrequencies £40 MHz) and small samples, has a great
images show that this MR microscope gives adequate SNRagyantage. This is because small size solenoid coils have
for visualization of inner structures with approximately (100 roughly a factor of three SNR advantage over saddle shaped

3 . .
“mlz. voxelgdlm((ajnig)ni. ional i ¢ 3D coils [11] and many-turns solenoid coils can produce ho-
__rlgures 9 an show cross-sectional images from mogeneous RF fields, even if a coil is wound very close to
image data sets of the fixed mice. These images demonstrat(]?he sample

f[hat th.'s MR MICroscope can be used for studies of chem- Besides the above advantages in MR measurements, the
ically fixed animal samples.
use of permanent magnet has another class of advantages:

As is well known, the intrinsic SNR of the NMR signal | ¢ . ith ducti t
is proportional to the 7/4ths power of the magnetic field ow cost comparing with superconducting magnets, no

[11], if the RF coil is optimized. Thus the SNR of low-field Maintenance cost, and small space for installation.

MR microscopes (magnetic field1T) is much lower than In conclusion, we have developed a permanent-magnet
that of high-field MR microscopes<10T) using supercon- MR microscope which is capable of observing biological
ducting magnets. However, the low-field MR microscopes Samples with a resolution of approximately (10m)°. The
have several advantages;i$ often shorter than that in high ~ results suggest a great promise for this type MR microscope
fields and % is much longer than that in high fields. From as a research or analytical tool.

Table 2
Parameters for the imaging condition

Imaging TRITE/FA Image Voxel size FOV Tac
Sample sequence (ms/ms/deg) Matrix (um)® (mm)® NEX (hrs.)
Garden pea 3D-GE 100/6/90 128 50° 6.4 16 7.5
Welsh onion 3D-SE 100/8 128 60° 7.68 16 7.5
Garden apple 3D-GE 100/5/60 28 200° 25.6° 1 0.5
Mouse 3D-SE 100/8 128 150° 19.2 4 2
Mouse embryo 3D-GE 100/6/90 128 100° 12.8 16 7.5

3D-GE: 3D gradient echo sequence, 3D-SE: 3D spin echo sequence, TR: repetition time, TE: echo time, FA: flip angle, NEX: number of excitation (sig
accumulation), ¢ total measurement time.
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Fig. 10. Cross sectional images of a mouse embryo acquired with a 3D

(a) (b) gradient echo sequence (TR/TE/FA100 ms/6 ms/90°). Voxel size: (100
Fig. 7. (a) A cross sectional image of a garden pea acquired with a 3D wm)3. This is a composite image from two 3D data sets that were acquired
gradient echo sequence (TR/TE/FA100 ms/6 ms/90°). Voxel size: (50 ~ Separately.
wm)®. (b) A cross sectional image of a Walsh onion acquired with a 3D
spin echo sequence (TR/TE 100 ms/8 ms). Voxel size: (6@m)°.
SSMC for stimulating discussion on the magnet. We finally
thank Dr. R. Allen Waggoner at RIKEN for critical reading
of the manuscript.
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