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We adopted a combination of pieces of permanent magnets and a single-channel (SC) shim coil to shim
the magnetic field in a magnetic resonance imaging system dedicated for skeletal age assessment of chil-
dren. The target magnet was a 0.3-T open and compact permanent magnet tailored to the hand imaging
of young children. The homogeneity of the magnetic field was first improved by shimming using pieces of
permanent magnets. The residual local inhomogeneity was then compensated for by shimming using the
SC shim coil. The effectiveness of the shimming was measured by imaging the left hands of human sub-
jects and evaluating the image quality. The magnetic resonance images for the child subject clearly visu-
alized anatomical structures of all bones necessary for skeletal age assessment, demonstrating the
usefulness of combined shimming.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Skeletal age, which gives a measure of child growth, is evalu-
ated by assessing the maturity of bones in the left hand and wrist
[1–3]. Although plain radiography has been the gold standard for
skeletal age assessment, magnetic resonance imaging (MRI) has re-
cently emerged as an alternative [4–6] because of its noninvasive
and nonirradiative nature. In a previous study [7], we showed
the validity of skeletal age assessment using an open, compact
MRI system. However, the magnetic circuit used in the previous
work was designed to image an adult hand [8–10], and was large
for young children (620 mm � 1006 mm � 620 mm in size,
700 kg in weight). Indeed, in some examinations, the arm of the
subject was too short to reach the center of the imaging volume,
and the unnatural posture of the body introduced a severe motion
artifact that hampered the skeletal age rating. To remedy this prob-
lem, in this study, we used a smaller permanent magnet and devel-
oped a new, dedicated MRI system for the skeletal age assessment
of children.

From a technical point of view, high homogeneity of the mag-
netic field in the imaging volume is required to obtain high-quality
magnetic resonance (MR) images, because inhomogeneity leads to
image artifacts such as signal loss and image distortion. The field
homogeneity of a permanent magnetic circuit immediately after
installation, however, is generally far from the imaging criteria, be-
ll rights reserved.

).
cause of the manufacturing tolerance and variations and the influ-
ence of surrounding objects. Therefore, magnetic field shimming is
required to compensate for the field inhomogeneity to meet the
target imaging criteria.

The standard approach for passively shimming permanent mag-
nets uses movable blocks or additional small pieces of permanent
magnets. High homogeneity can be achieved by precisely position-
ing a number of shim pieces of permanent magnets. Different
methodologies of passive shimming are being developed by a
number of research and development groups, and there have been
remarkable improvements in field homogeneity, especially in the
fields of portable NMR/MRI with single-sided [11–16] and closed
[17–22] permanent magnets. The details including instrumenta-
tions and applications are reviewed elsewhere [23–26]. For exam-
ple, the use of shim units built from movable permanent blocks
and fine control of their positioning allow sub-ppm spectroscopic
resolution sufficient to measure 1H NMR spectra, in a single-sided
magnet [13] and in a Halbach closed magnet [20]. In contrast, rel-
atively few reports concerning passive shimming for open-type
biplanar permanent magnets have been published. For such mag-
nets, small pieces of magnetic material (iron/permanent magnets)
are attached to a pole face for the fine-tuning of field homogeneity
with the use of an iterative optimization algorithm [27–30].

The field homogeneity that can be obtained with passive shim-
ming is limited by undesired errors in positioning shim magnet
pieces. The higher homogeneity can be obtained by additional
use of electrical shim coils [31], which further reduce residual field
inhomogeneity beyond the limit of passive shimming. Further-
more, the homogeneity limit of passive and electrical shimming
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(or hardware shimming) can further be corrected by using sophis-
ticated NMR measurement schemes such as nutation echoes [32]
and shim pulse techniques [33–35].

Electrical current shims use multiple coils that are individually
designed to correct a specific spherical harmonic distribution in
field inhomogeneity. In some ideal cases, the spatial distribution
of the magnetic field is stationary, and amplitudes of currents in
shim coils are fixed. Then, multiple shim coils could be simplified
to a single-channel (SC) shim coil that has a pattern designed by
calculating the superposition of currents in the multiple shim coils
that are determined to compensate for a given inhomogeneity. The
concept of SC shimming has been used in the design of a biplanar
shim coil for Halbach magnets [36–38].

SC shimming has the advantages of simplicity of hardware and
installation space and could be an alternative to multichannel elec-
trical shimming. Furthermore, the design and fabrication of SC
shim coils are relatively simple and easy, whereas fine shimming
with small pieces of permanent magnets requires sophisticated
techniques and much effort to maintain accuracy of positioning
during the iterative process of shimming.

Like conventional electrical shimming, however, SC shimming
has an upper limit of the correctable field strength and is not suit-
able for the compensation of large field inhomogeneities. This is
because the current in an SC coil should be limited so as not to
cause excess heat generation that degrades the field homogeneity.
Therefore, it is practical and desirable to make use of SC shimming
combined with coarse passive shimming with permanent magnet
pieces.

In this study, the combined shimming was tested with experi-
mental measurements of the magnetic field and evaluation of the
quality of MR images. We first performed coarse shimming with
pieces of small permanent magnets and then performed SC shim-
ming to correct the residual high-order spatial inhomogeneity. In
addition, we obtain MR images of the left hands of human subjects
with the sequences used for MR skeletal examination in the previ-
ous study [7] and show that image artifacts are sufficiently sup-
pressed so that anatomical structures of bones necessary for
skeletal age assessment are clearly visualized in the MR images.
2. Experimental

2.1. Compact MRI system

Fig. 1a and b are an overview and a photograph of the compact
MRI system except for the MRI console. The spatial coordinates
were defined as shown in the figure. The compact MRI system con-
sisted of a C-type Nd–Fe–B permanent magnet (Shin-Etsu, Chemi-
cal Co. Ltd., Tokyo, Japan), a gradient coil set, an RF probe, and an
MRI console. The specifications of the permanent magnet were: a
field strength of 0.3 T, gap width of 120 mm, dimensions of
400 mm � 570 mm � 410 mm, and weight of 450 kg. This mag-
netic circuit was roughly shimmed using Nd–Fe–B magnet plates
by the manufacturer, and the magnetic field homogeneity was
not high (350 ppm (root mean square, RMS) and 1500 ppm
(peak-to-peak, PP) over 160 mm � 160 mm � 50 mm diameter
ellipsoidal volume (DEV)). The magnet was kept at 28 �C because
the magnetic field strength and spatial variation were sensitive
to temperature changes [38].

We used a solenoid RF coil optimized for imaging a child’s hand
that was the same as the coil used in the previous work [7]. The coil
was a 16-turn solenoid, 17.6 cm long, and was made by winding Cu
foil (0.1 mm thick) around an oval acrylic pipe (aperture:
10 cm � 5 cm; length of 220 mm; thickness of 4 mm) and divided
in quarters with three chip capacitors (100 pF) to reduce stray
capacitance between the hand and coil. The RF coil was shielded
by a rectangular RF probe box made of 0.3-mm-thick brass plates.
A 5-mm-thick aluminum plate was connected to the outside of the
brass box to ground the arm and thus minimize interference by
external RF noise [8]. The typical duration of the 90� hard pulse
was 120 ls using an output power of 200 W.

2.2. Gradient coil design

The x- and y-gradient coils were designed as a combination of a
circular arc and third-order Bezier curve with the position and cen-
ter angle optimized using a genetic algorithm with a minimal gen-
eration gap model (GA/MGG) [39,40]. The maximum number of
turns was 30 and the coil gap was set to 120 mm. The z-gradient
coil was designed as a combination of circular current loops with
diameter optimized using a GA/MGG. The maximum number of
turns was 40 and the coil gap was set to 105 mm. In each calcula-
tion, the wire diameter was set to 1 mm and the coil pattern was
restricted to a circular region with a diameter of 320 mm. The
number of iterations was 100,000 and the total calculation time
was almost a week for the x- and y-gradient coils and three days
for the z-gradient coil using a 2.7-GHz clock-frequency Pentium
dual-core processor. The calculated nonlinearity of the gradient
field of the x-, y-, and z-gradient coils was 9.1%, 9.1%, and 7.6% in
180 mm � 180 mm � 60 mm DEV, respectively.

Each gradient coil element was made by winding polyethylene-
coated Cu wire (1 mm in diameter) on the surface of a fiber-rein-
forced plastic (FRP) plate (360 mm in diameter, 0.5 mm thick)
and tracing a printed coil pattern attached on the other side of
the plate (Fig. 1c); x, y, and z coil elements were then stacked to-
gether using epoxy resin. The gradient coil elements were driven
by a three-channel gradient driver (±10 A, DGD10AT, Digital Signal
Technology, Inc., Saitama, Japan). The measured efficiency of the x-,
y-, and z-gradient coils was 2.28, 2.32, and 3.11 mT/m/A, the resis-
tance was 1.4, 1.4, and 1.2 X, and the inductance was 260, 250, and
390 lH, respectively.

2.3. Target region of interest for shimming

The typical size necessary for the MR skeletal examination of
children aged 12 years is 80 mm (x) � 155 mm (y) � 25 mm (z).
Accordingly, we determined the target region of interest (ROI) for
shimming to be a 120 mm � 160 mm � 50 mm DEV.

2.4. Evaluation of the magnetic field inhomogeneity

The spatial variation in the magnetic field B0 was measured
using two methods according to the order of the homogeneity.
When the B0 homogeneity was low at the initial stages of shim-
ming, the variation was measured by a nuclear magnetic resonance
(NMR) probe. The probe consisted of a solenoid RF coil wound
around a 6-mm diameter glass sphere filled with baby oil (Johnson
& Johnson, Skillman, NJ, USA), tuning and matching capacitors, and
a rectangular shield box made of brass plates
(50 mm � 60 mm � 25 mm). To measure the B0 inhomogeneity,
the NMR probe was positioned in the magnet gap by a three-axis
stage with accuracy of 0.1 mm, and the free induction decay
(FID) signal was measured at the given position. The magnetic field
was then determined by the peak center of the Fourier transform of
the FID signal. Likewise, the magnetic fields at grid points 1 cm
apart in a rectangular area (160 mm � 160 mm) were measured.

When the homogeneity was improved to a high level, the B0

spatial variation was evaluated employing a conventional MRI-
based, phase-shift method with a phantom made of a cylindrical
acrylic container (200 mm in diameter, 55 mm high) filled with
CuSO4-doped water. This method is more accurate and efficient
than the above NMR probe-based method.



Fig. 1. (a) Schematic diagram of the open and compact MRI system dedicated to skeletal age examination, except the MRI console. (b) Overview of the skeletal age
examination of a 4.9-year-old volunteer. (c) Coils for the z-gradient (Gz) and for the x- and y-gradients (Gx and Gy). (d) SC shim coil.
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The measured B0 spatial variations were expanded as follows:

DB0ðrÞ ¼ A00 þ
X

l;m

ðAlmþClm þ Alm�Slm þ Al0Jl0Þ;

where the coefficients Alm+, Alm�, and Al0 make reference to the com-
binations of the spherical harmonics Clm � ð�1Þmrl 1ffiffi

2
p ðYlm þ Y�lmÞ,

Slm � ð�1Þmrl 1ffiffi
2
p ðYlm � Y�lmÞ, and Jl0 � rlYl0. Here Ylm � ð�1Þlð2lþ1

4p Þ
1=2

Pm
l ðcos hÞeim/, where Pm

l represents the Legendre polynomials.
2.5. Passive shimming using small pieces of permanent magnets

We initially performed manual passive shimming to correct the
inhomogeneity produced by manufacturing errors of the magnet.
The sizes of rectangular Nd–Fe–B permanent magnet pieces used
for shimming were (18 mm)2 � 1 mm, (13 mm)2 � 1 mm,
(5.6 mm)2 � 1 mm, (3.6 mm)2 � 1 mm, (3 mm)2 � 1 mm, and
(1 mm)3. Prior to the passive shimming, the B0 spatial distribution
generated by a permanent shim magnet piece was measured for
several different magnet sizes. The position and number of com-
pensating shim magnets were then determined by a method sim-
ilar to that described in Ref. [29]. First, the B0 distribution was
measured, and the values of B0 at points located near the boundary
of the target ROI were compared with each other. Among those,
point i, where the magnetic field was at maximum or minimum,
was chosen. If B0 at point I was lower (higher) than at the center
of the ROI, a positive (negative) shim magnet was set on the point
projected on the closest pole surface. Here, if the point i was in the
upper (lower) hemispherical region, the upper (lower) pole surface
was chosen. The size of the shim magnet was determined in such a
way that the calculated RMS DB0 was minimized. The number of
magnets placed at one shim stage was typically 10 and this step
was repeated until the shim magnet was a 1-mm cube and the
RMS DB0 was almost unchanged. Although this manual shimming
was time-consuming and inefficient, it enabled us to compensate
for the large, low-order spatial inhomogeneity as will be shown la-
ter. More efficient methods for biplanar passive shimming have
been realized with an optimization algorithm used to cancel a
set of field harmonics and to minimize the volume of an array of
shim pieces [27,28].
2.6. Shimming using an SC shim coil

After the passive shimming, a shim coil set was designed to cor-
rect the residual inhomogeneity. The design method was based on
the superposition of multiple circular currents (MCCs) [41,42],
which is similar to the method reported previously [37]. In the pre-
vious work, the magnet gap where the SC coil was placed was nar-
row, and the stream function (SF) method [43] was used after the
MCC calculation to obtain the flat coil pattern and reduce the coil
space. In the present method, the space for the SC coil was suffi-
cient and the SF method was not used to avoid a potential error
field arising from the SF method and to simplify the calculation.

In the MCC method, the magnetic field Bs generated by the SC
shim coil is a linear combination of the magnetic field Bij generated
by circular unitary currents placed on an n �m elliptical grid:
Bs ¼

Pn
i¼1

Pm
j¼1cijBij; where cij is the coefficient for the linear combi-

nation. The coefficients were determined using a nonlinear least-
squares method to fit Bs to compensate for the B0 variation. During
the iteration process, the maximum and minimum of the coeffi-
cients were restricted to +15 and �15, respectively, to suppress
the net current and avoid excess heating of the coil. The coefficient
cij was then rounded off to the nearest integer, by which the num-
ber of turns of the coil at the (i, j) position was determined.

As shown in Fig. 1d, an SC shim coil element was made by wind-
ing a polyethylene-coated Cu wire (0.4 mm in diameter) around
acrylic pipes (20 mm in outer diameter, 4 mm in height) fixed on
an elliptical 7 � 9 grid with 22-mm intervals. The coil was then
fixed on an FRP plate (360 mm � 360 mm, 0.5 mm thick) using
epoxy resin. The resistance of the SC shim coil was 8.2 X.

2.7. Demonstration of the system performance

The left hand of a healthy female volunteer aged 22 years was
imaged to evaluate the image quality after SC shimming. Further-
more, the left hand of a healthy female volunteer aged 4.9 years
was imaged to test the ability of the system to assess the skeletal
age. Written informed consent was obtained from both the child
and one of the parents. All MRI measurements were performed
with the approval of the Ethics Committee of the Graduate School
of Pure and Applied Sciences, University of Tsukuba.

The sequence parameters were the same as those used in the
previous work [7]. A three-dimensional (3D) coherent gradient-



Table 1
RMS and PP values of the magnetic field at different shim stages.

Shim stage RMS (ppm) PP (ppm)

Initial 347a 1180a

After shimming using small magnet pieces 19.6a 266a

21.7b 212b

Final (after SC shimming) 14.3b 160b

a Measured with the NMR probe.
b Measured using the phase-shift method.
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echo (GE) sequence was used (dwell time of 20 ls; repetition time
(TR)/echo time (TE) of 40/11 ms; flip angle of 60�; matrix size of
128 � 512 � 32; field of view (FOV) of 100 mm � 200 mm �
50 mm; and total acquisition time of 2 min 44 s).

Using the MR images, the skeletal age for the 4.9-year-old vol-
unteer was rated according to the Tanner–Whitehouse (TW2) Ja-
pan RUS system (where RUS stands for the radius, ulna, and 11
short bones in rays 1, 3, and 5) [44].

3. Results

3.1. Passive shimming using small pieces of permanent magnets

Fig. 2 shows an improvement in B0 homogeneity (measured
using the NMR probe method) during the passive shimming with
permanent magnet pieces. As the shimming proceeded, B0 became
homogenous (Fig. 2a). The passive shimming was repeated until
the RMS DB0 was almost constant. With the passive shimming,
the RMS DB0 decreased from 347 to 19.6 ppm and the PP DB0 de-
creased from 1180 to 266 ppm (Table 1). Fig. 2b and c are histo-
grams of DB0 at the initial and final stages of the passive
shimming, showing a drastic improvement in homogeneity.
Fig. 2d and e show the B0 spatial variations before and after passive
shimming. Fig. 3 shows the contribution of the different orders to
the field variations in the target ROI before and after the passive
shimming. Fig. 4a shows the B0 spatial variation and its histogram
after the passive shimming, as measured using the phase-shift
method. The figure shows that there still existed local inhomoge-
neity even after the passive shimming.

3.2. SC shimming

According to the above result, the SC shim coil was designed
and fabricated (Fig. 1d) to correct the residual inhomogeneity.
Fig. 2. Inhomogeneity compensation by passive shimming using the small pieces of perm
function of the number of passive shimming steps. (b and c) B0 histograms (b) at the initi
(d) at the initial stage and (e) when passive shimming was complete. Note that the colo
Fig. 4b shows the B0 variation and its histogram with SC shimming.
It is seen that the residual inhomogeneity was largely compen-
sated for by the SC shimming. The inhomogeneity decreased to
14.3 ppm (RMS) and to 160 ppm (PP) (Table 1). Fig. 5 shows the
contribution of the different orders to the field variations in the
target ROI before and after the SC shimming.

3.3. Demonstration of system performance

Fig. 6 shows coronal sections of 3D GE images of the left hand of
a healthy 22-year-old volunteer acquired at different stages of
shimming. At the initial stage before magnet and SC shimming
(Fig. 6a), a large part of the hand could not be imaged because of
the large signal loss due to B0 inhomogeneity. In contrast, after pas-
sive shimming (Fig. 6b) most of the bones were clearly visualized.
However, there still existed local, critical signal loss in the images
(circled in white), and hence the detailed skeletal features of the
ulna and radius, which are highly important in the RUS skeletal rat-
ing, were not visualized. Meanwhile, after SC shimming (Fig. 6c),
the local inhomogeneity improved and both the ulna and radius
bones were clearly visualized.

Fig. 7 shows coronal sections of the 3D GE images for a healthy
4.9-year-old volunteer acquired after magnet and SC shimming.
anent magnets. (a) RMS and PP DB0, measured using the NMR probe method, as a
al stage and (c) when passive shimming was complete. (d and e) Spatial maps of DB0

r scales differ by one order of magnitude.



Fig. 3. Contributions of the different orders to the field variation in the target ROI at initial and final stages of passive shimming.

Fig. 4. Spatial maps and histograms of DB0, measured using the phase-shift method, (a) after passive shimming (without SC shimming) and (b) after SC shimming.
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Fig. 5. Contributions of the different orders to the field variation in the target ROI without and with SC shimming.
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The morphological features of the epiphyses and diaphyses of RUS
bones, which are needed for the TW2 skeletal rating, could be dis-
criminated in the images. For example, the epiphysis and diaphysis
of the distal phalanx in ray 3 were visible in slice number 20 (mag-
nified image in Fig. 7), and the length of the epiphysis was more
than half but less than the length of the diaphysis. This maturity
indicator assigns the bone to developmental stage E according to
the TW2 Japan RUS system. Likewise, by judging the developmen-
tal stages of other bones, the skeletal age of the subject was deter-
mined to be 5.0 years old, which was close to her chronological age
(4.9 years old), thus revealing the validity of the result.
4. Discussion

First, we discuss the differences in the RMS and PP values mea-
sured using the NMR probe and phase-shift methods (Table 1). In
the NMR probe method, the diameter of the NMR probe was
6 mm and the spatial resolution was poor. Moreover, the magnetic
field within the volume of the NMR probe was significantly inho-
mogeneous at the initial shimming stage or near the edge of the
target ROI. In this case, the NMR signal rapidly decayed and broad
spectra were obtained, leading to large errors in the determination
of the peak position in the NMR spectra. Therefore, the NMR probe
method gave only a rough estimate of the magnetic field. In con-
trast, the phase-shift method gave a more accurate estimate at
the pixel spatial resolution.

Next, we focus on the effectiveness of the combined shimming.
Before the passive and SC shimming, the magnetic field was inho-
mogeneous and the left hand of the subject could hardly be visual-
ized in the GE images because of the large signal loss. After passive
shimming, the field homogeneity was drastically improved and the
RMS DB0 decreased by 94% (Table 1). Although a large part of the
hand could be visualized, there was still local inhomogeneity.
The subsequent SC shimming enabled the compensation of the lo-
cal inhomogeneity that could not be compensated for by the pas-
sive shimming. This improvement led to the recovery of the
signal loss around the ulna and radius bones.

Figs. 3 and 5 show the field profiles before and during different
stages of shimming. The passive shimming largely compensated
for almost all field-skewed terms up to the 6th order (Fig. 3). How-
ever, the large skewed terms of orders 4 and 6 remain even at the
final stage of passive shimming. Near the final stage, the size of
shim magnets was 1 mm, and their precise positioning became
increasingly difficult and time-consuming. Although the higher
homogeneity could be achieved by using fine mechanics for posi-
tioning shim magnets more accurately, it is practically difficult to
achieve it at a reasonable cost. In contrast, most of the residual
skewed terms of orders 4 and 6, as well as the lower-order terms
were further corrected by SC shimming (Fig. 5). These higher terms
cannot be corrected by conventional, lower-order shim coils and
these results demonstrate the effectiveness of the combined pas-
sive and SC shimming.

The use of SC shimming was superior to conventional electrical
shimming in terms of simplicity of the hardware and space re-
quired, but it imposed a limitation on the maximum current used.
Table 2 summarizes the theoretical performance of the SC and con-
ventional shim coils. Here the latter coils were designed using rect-



Fig. 6. MR images for the left hand of a 22-year-old volunteer acquired (a) at the
initial stage of shimming, (b) after passive shimming (without SC shimming), and
(c) with SC shimming. The figure in each image is the slice number. The FOV was
100 mm � 200 mm � 50 mm.

Fig. 7. MR images for the left hand of a 4.9-year-old volunteer acquired after all
shimming was complete. The figure in each image is the slice number. The FOV,
which was originally 100 mm � 200 mm � 50 mm, was trimmed
(100 mm � 150 mm � 50 mm) for clarification. The epiphysis and diaphysis of the
distal phalanx in ray 3 are magnified in the image of slice number 20.

Table 2
Theoretical performances of the SC shim coil and conventional multichannel shim
coils. The multichannel coils consisted of rectangular, 1st- and 2nd-order Anderson-
type coils with a diameter of 0.4 mm. The thickness of the plate supporting the coil
was assumed to be 0.5 mm.

SC shim coil Anderson-type shim coils

RMS DB0 6.0 ppm (14.3 ppma) 16.8 ppm
Installation space 0.9 mm 7.2 mm
Power 7.3 W 0.89 W

a Measured value using the phase-shift method.
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angular current loops proposed by Anderson [31]. The installation
space for the SC shim coil was much narrower than the conven-
tional coil, and the theoretical value of RMS DB0 was also smaller.
However, much higher power is required for the SC shim coil. The
resulting heat is likely to cause a temperature increase of the mag-
netic circuit, leading to deterioration in the field homogeneity. This
is often the case where an SC shim coil is located near pole pieces
that are sensitive to temperature drift. The deterioration in homo-
geneity can be overcome by reducing power dissipation with the
combined use of the MCC method, SF method, and power optimi-
zation algorithm. Recently we experimentally showed that with a
power-optimized SC shim coil, there is negligible heat generation
and negligible degradation of the magnetic field in continuous
use [45].

As shown in Table 2, the theoretical RMS value was 6.0 ppm
with SC shimming, which differed from the measured value. The
difference may be attributed to fabrication errors in the circular
coils. Because of the finite width of the coil, the position of each cir-
cular coil differs from the ideal position, in particular in the gap
direction. Calculation considering the coil width would lead to a
better compensation of B0 inhomogeneity.

Another issue is that, in contrast to conventional electrical
shimming, SC shimming compensates for only a defined (‘‘fixed’’)
spatial dependence of inhomogeneity. The spatial distribution of
the magnetic field depends on different conditions such as the
temperature of the system, the proximity of the C-type magnet



Fig. 8. Estimation of image artifacts that may appear in GE images. (a) Histogram of
the scaling factor k of the local effective FOV in the read direction, calculated from
DB0 with the SC shimming measured using the phase-shift method. (b) Histogram
of the calculated echo shift dy in the y (read) direction. (c) Histogram of the
calculated echo shift dz in the z direction.
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to ferromagnetic objects (walls and doors), or even in some cases
on sample susceptibilities effects. The effect of the temperature
change of the system may be avoidable; it has been revealed that
for a Halbach-type closed magnet, the inhomogeneity has a specific
spatial symmetry, which scales linearly with temperature, and that
the inhomogeneity was drastically reduced by SC shimming over a
wide temperature range [38]. The influence of ferromagnetic ob-
jects is also avoidable by taking care not to place them near the
system. The effects of sample susceptibilities are mostly negligible
for low-field MRI systems as in the present case (unlike the case for
high-field systems).

There is still magnetic field inhomogeneity even after SC shim-
ming. The residual inhomogeneity may lead to two classes of im-
age artifacts in GE images. The first artifact is image distortion
along the read (y) direction. This is caused by the local background
gradient field G0y due to the local field variation along the read
direction, where G0y is calculated from the measured DB0 as
G0y ¼

@DB0
@y . With the presence of G0y, the local effective FOV in the

read direction is scaled [19,20] by the factor

k ¼ Gy

Gy þ G0y
;

where Gy ¼ c
2p � Dt � Ny
� ��1 is the gradient field in the read direction,

c (=2p � 42.58 MHz) is the gyromagnetic ratio of the proton, Dt is
the dwell time, and Ny is the number of sampling points in the read
direction. There is large distortion where the value of k is far from
unity. The histograms of k derived from the present parameters
(Dt = 20 ls and Ny = 512) and the measured DB0 after SC shimming
show that most of the values of k are close to unity, indicating that
the local distortion is sufficiently small (Fig. 8a).

The second artifact arising from the inhomogeneity is signal
loss due to intravoxel dephasing. The local background gradients
along the x, y, and z directions (G0x; G0y, and G0z) cause the shift of
the echo center in the kx, ky, and kz directions, respectively. In the
read direction, in the limit of jG0yj � Gy, the echo shift, dyNy, mea-
sured in units of the sampling points, is approximated by [46,47]

dyNy � cG0y � TE � Ly;

where TE is the echo time, and Ly is the FOV size in the read direc-
tion. There is large signal loss when the echo is completely shifted
outside the acquisition window (|dy| = 0.5). This gives an upper limit
for the tolerable signal loss under given imaging conditions
(TE = 11 ms and Ly/Ny = 0.39 mm in the present case). In the histo-
gram of dy derived from the calculated G0y, the ratio of area where
|dy| > 0.5 is only 0.09% of the total ROI, indicating that the corre-
sponding signal loss is sufficiently small (Fig. 8b).

In the two phase-encoding directions, the echo shifts in the k-
space, dxNx and dzNz, measured in units of sampling points, are gi-
ven by dxNx ¼ cG0x � TE � Lx; dzNz ¼ cG0z � TE � Lz; where Lx and Lz are
the FOV sizes along the x and z directions, respectively. As in the
read direction, the rule of thumb to avoid total signal loss is that
|dx| < 0.5 and |dz| < 0.5. Since G0x � G0z and Lx/Nx < Lz/Nz in the present
case, the echo shift in the z direction is the most prominent cause
for the signal loss. In the histogram of dz calculated from DB0 mea-
sured after SC shimming, the ratio of area where |dz| > 0.5, which
corresponds to the signal-loss area, is 9.5% of the total ROI
(Fig. 8c). This ratio was originally 14.2% before SC shimming,
revealing that SC shimming largely suppressed the signal loss.

In general, the signal-loss area could further be reduced by
selecting a shorter TE and smaller voxel sizes as imaging parame-
ters. In the present case, however, TE must be fixed so that high
contrast-to-noise ratio between the bone and surrounding carti-
lage is obtained because of the effect of fat–water frequency sepa-
ration. In contrast, the voxel size in the z direction could be
decreased and, for example, doubled Nz with fixed Lz would result
in a decrease in the signal-loss area to only 1.6% of the total ROI.

The major advantage of the present system is that a small mag-
netic circuit is used. Its size is about 66% of that of the magnetic cir-
cuit used in the previous work [7], which enhances the openness
and compactness of the system. The distance from the edge of
the magnetic circuit to the center was 20 cm. This was short en-
ough for the 4.9-year-old volunteer, for whom the length from
the end of the finger to the shoulder joint was approximately
40 cm. It was thus easy to position the volunteer comfortably dur-
ing the MR examination (Fig. 1b). The use of a smaller magnet en-
hances openness and compactness, and the new system would
provide stress-free and less fearful examinations for children over
a wide range of ages.

The target ROI for shimming was set to 12 cm � 16 cm � 5 cm
DEV, which is sufficiently large for the hands of children aged 12
or under. For children aged around 12 or over, the whole hand
and wrist may not be visualized at a time. However, these older
children might be tolerant of a longer measurement time, and
the wrist and distal hand could thus be imaged separately.
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5. Conclusion

We developed a dedicated, open and compact MRI system for
assessment of children’s skeletal age using a small magnetic cir-
cuit. The magnetic field was inhomogeneous at first and was dras-
tically improved by combined magnet and SC shimming. SC
shimming in particular allowed us to compensate for local inho-
mogeneity that could not be corrected by passive shimming. The
performance of the present MRI system was evaluated in the hand
imaging of two subjects. The quality of MR images was high en-
ough for skeletal age assessment and the results demonstrate the
usefulness of the combined shimming.
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