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Abstract

Hyperpolarized noble gases (HNGs) provide exciting possibilities for MR imaging at ultra-low magnetic field strengths (<0.15 T)
due to the extremely high polarizations available from optical pumping. The fringe field of many superconductive magnets used in
clinical MR imaging can provide a stable magnetic field for this purpose. In addition to offering the benefit of HNG MR imaging
alongside conventional high field proton MRI, this approach offers the other useful advantage of providing different field strengths
at different distances from the magnet. However, the extremely strong field gradients associated with the fringe field present a major
challenge for imaging since impractically high active shim currents would be required to achieve the necessary homogeneity. In this
work, a simple passive shimming method based on the placement of a small number of ferromagnetic pieces is proposed to reduce
the fringe field inhomogeneities to a level that can be corrected using standard active shims. The method explicitly takes into account
the strong variations of the field over the volume of the ferromagnetic pieces used to shim. The method is used to obtain spectra in
the fringe field of a high-field (1.89 T) superconducting magnet from hyperpolarized 129Xe gas samples at two different ultra-low
field strengths (8.5 and 17 mT). The linewidths of spectra measured from imaging phantoms (30 Hz) indicate a homogeneity suffi-
cient for MRI of the rat lung.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The magnetic field outside the bore of conventional
superconducting magnets used in magnetic resonance
(MR) imaging systems potentially provides an inexpen-
sive and extremely stable magnetic field for imaging.
While the very low field strengths available in the fringe
field generally prohibits its use for most standard MR
imaging applications, it may be suitable for hyperpolar-
ized noble gas (HNG) MR imaging (129Xe and 3He).
This is because, unlike conventional proton MR imag-
1090-7807/$ - see front matter � 2005 Elsevier Inc. All rights reserved.

doi:10.1016/j.jmr.2005.01.016

* Corresponding author. Fax: +1 519 663 3900.
E-mail address: jprobles@imaging.robarts.ca (J. Parra-Robles).
ing where the signal-to-noise ratio (SNR) strongly de-
pends on the field strength, the SNR of HNG MR
imaging is less dependent on the field strength and more
dependent on the laser polarization conditions, such as
laser power and gas mixture [1,2].

MR imaging at ultra-low magnetic field strengths
(<0.15 T) also reduces the effects of chemical shift and
susceptibility differences in heterogeneous samples [3],
resulting in reduced image distortion and artifacts while
increasing the apparent transverse relaxation time, T �

2,
and improving the spectral bandwidth. Low-field imag-
ing may also reduce considerably the cost of the MR
imaging systems since less expensive magnets can be
used and less powerful RF transmitter and gradient
power supplies are required. Low field imaging also
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Fig. 1. Coordinate system for calculation of the magnetic field at point
P arising from a point element of susceptibility v located at point Q.
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requires less site restrictions and provides advantages for
patient accessibility, which could be attractive for appli-
cations such as interventional MR imaging [4,5].

Since the first demonstration of HNG gas MR imag-
ing of excised mouse lungs by Albert et al. [6] there have
been numerous advances in the use of ultra-low mag-
netic fields for both hyperpolarized 3He (helium) and
hyperpolarized 129Xe (xenon) imaging. Saam et al. [7]
obtained 1D profiles of helium gas samples at 3.1 mT.
Darrasse et al. [8] demonstrated human helium lung
imaging at 0.1 T. Augustine et al. [9] imaged helium
and solid xenon at liquid helium temperatures (4 K)
and 54 lT using superconductive quantum interference
devices (SQUID). Tseng, Wong, and co-workers ob-
tained 2D images at 2.1 mT from helium in sealed glass
phantoms [10] and excised rat lungs [11]. More recently,
Wong-Foy et al. [12] used SQUID to obtain images of
xenon in porous materials at 2.3 mT. All these previous
studies were performed within the bore of dedicated
magnets, usually resistive.

The possibility of exploiting the fringe field available
from a superconducting magnet has been explored pre-
viously for diffusion experiments [13,14] by taking
advantage of the very large (typically 20–100 mT/m)
field gradients present near the magnet. However, these
extremely strong field gradients while useful for mea-
surement of diffusion, pose a major obstacle for imaging
applications where high homogeneity is required. Cor-
rection of these gradients using standard active shim-
ming techniques (field correction using resistive coils)
would require impractically high shim currents. Even if
such high power shim supplies were available they
would be expensive, and limited by temporal stability
and heating concerns.

An imaging method that does not correct for the field
gradient but instead uses it for spatial encoding has been
proposed [15]. Although this is an attractive alternative, it
does have limitations due to the presence of a strong gra-
dient during excitation pulses, which limits it to very thin
slices, significantly reducing the achievable SNR. This
fact also prohibits the use of 3D imaging techniques, lim-
its the slice orientation and requires very short echo times
(TE). Furthermore, for very low Larmor frequencies, the
available bandwidth is governed by the RF coil, which
further limits the inhomogeneity that can be tolerated.
For these reasons, it is desirable to correct the fringe field
as much as possible using passive shimming, provided by
the placement of ferromagnetic pieces.

In commonly used passive shimming techniques in-
side the magnet [16,17], it is generally assumed that
the field over the volume of the ferromagnetic pieces is
constant. Furthermore, it is assumed that ferromagnetic
pieces located at the same radial distance from the mag-
net�s centre but at different angular positions will experi-
ence the same field (i.e., cylindrical symmetry). This is
the basis of standard passive shim design and permits
the production of relatively pure field harmonics. While
these assumptions are generally true in the relatively
homogeneous and symmetric field near the centre of a
solenoidal superconducting magnet, they are not valid
for the fringe field.

In this work, a simple passive shimming method is de-
scribed theoretically and used to reduce the fringe field
inhomogeneities of a 1.89 T superconducting magnet
to a level correctable with standard active shims. The
proposed method explicitly takes into account the
strong variations of the fringe field strength over the vol-
ume of the ferromagnetic pieces and the lack of cylindri-
cal symmetry of the field about the centre of the volume
of interest (VOI). This approach makes it straightfor-
ward to shim the fringe field at different distances from
the superconductive magnet. In the implementation de-
scribed, two different sets of steel rods parallel to the z-
axis (i.e., superconducting magnet axis) and at different
distances from the magnet isocentre are used to correct
the magnetic field within two different volumes (2 and
6 cm diameter spheres) at field strengths (8.5 and
17 mT, respectively). The implications of this passive
shimming procedure for HNG imaging of the rat lung
are discussed.
2. Theory

The scalar potential at point Pð~rÞ (Fig. 1) produced
by an infinitesimal volume dV of shim element, of sus-
ceptibility v, located at position Qð~r 0Þ is given by [16,17]

dU ¼ �vHzð~r 0Þ
4p

k̂ � rQ
1

~r �~r 0j j

� �
; ð1Þ

where k̂ is the unit vector in the z direction,~r and~r 0 are
position vectors for points P and Q, respectively, and $Q

is the gradient with respect to Q. To obtain the total
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potential U, in the presence of a shim element, this equa-
tion must be integrated over the volume of the element
Velem giving:

U ¼ �v
4p

Z
V elem

dV Hzð~r 0Þ
o

oz0
1

~r �~r 0j j

� �
: ð2Þ

Taking into account that H = �$PU and changing
the order of the derivative and integral operations, the
magnetic field in the z direction is given by:

Hzð~rÞ ¼
�v
4p

Z
V elem

dV Hzð~r 0Þ
o

oz0
o

oz
1

~r �~r 0j j

� �
: ð3Þ

Expanding 1=j~r �~r 0j in spherical harmonics [16,17]
as:

1

~r �~r 0j j ¼
X1
n¼0

Xn

m¼0

em
ðn� mÞ!
ðnþ mÞ! Pn;mðcos aÞ

� rn

f nþ1
Pn;mðcos hÞ cos mð/� wÞ½ �; ð4Þ

where Pn,m are the associate Legendre functions of or-
der n and degree m; em = 1 for m = 0 and em = 2 for
m „ 0. Using the properties of spherical harmonics to
find the derivatives in Eq. (3) and taking the sums
out of the integral, the following expression can be
obtained:

H zðr; h;/Þ ¼ � 1

4p

X1
n¼0

Xn

m¼0

An;mrnP n;mðcos hÞ

� cosm/Hn;m þ sinm/Kn;m½ �; ð5Þ

where

An;m ¼ �em
ðn� mþ 2Þ!
ðnþ mÞ! ;

Hn;m ¼ v
Z
V elem

Hzð~r 0Þ
f nþ3

Pnþ2;mðcos aÞ cosmw dV ; ð6:1Þ

Kn;m ¼ v
Z
V elem

Hzð~r 0Þ
f nþ3

Pnþ2;mðcos aÞ sinmw dV : ð6:2Þ

If more than one shim element is used, the principle
of superposition applies and for the general case where
the shim elements have different magnetic susceptibili-
ties, the expression for the field coefficients Hn,m and
Kn,m can be written as:

Hn;m ¼
X
k

Hk
n;m; ð7:1Þ

Kn;m ¼
X
k

Kk
n;m; ð7:2Þ

where Hk
n;m and Kk

n;m are the coefficients corresponding to
the kth shim element of susceptibility vk, calculated
using Eqs. (6.1) and (6.2).

For shimming within the bore of the magnet, where
the field is relatively constant over the volume of the
shim elements, Hzð~r 0Þ is taken out of the integrals in
Eqs. (6.1) and (6.2). However, for shimming in the fringe
field, these integrals must be numerically computed from
the values of the magnetic field Hzð~r 0Þ over the volume
of the shim element. Once the values of the coefficients
Hn,m and Kn,m have been found, the field strength at
every point in the volume of interest can be computed.
3. Methods

The shimming procedure was used to passively shim
the fringe field at the 8.5 and 17 mT positions. The first
position was located 120 cm from the centre of the
superconducting magnet and was selected such that
after shimming a field strength of 8.5 mT would be
available over a 2 cm diameter spherical volume
(DSV). The second position was selected closer to the
centre of the superconductive magnet (90 cm) to obtain
a field strength of 17 mT (after shimming) over a 6 cm
DSV. The selection of those positions was based on an
initial field mapping of the fringe field (as discussed be-
low). The second position was expected to yield higher
SNR and be more useful for in vivo (i.e., animal) imag-
ing purposes.

3.1. MR imaging and xenon polarization systems

The ultra-low field MR imaging system described
here (Fig. 2A) used the fringe field of a 30 cm bore
superconductive magnet (1.89 T, Magnex, Yarnton,
Oxon, England) which permitted field strengths up to
20 mT at the surface of the magnet�s dewar. Imaging
was accomplished using a 26 cm diameter gradient and
shim set (Bruker B-GS 30/C-19, Ettlingen, Germany)
powered by the gradient and shim power supplies of
the 1.89 T system (Techron 7700 and Resonance Re-
search MXA-18/4V 0, respectively) and controlled by
an MRRS (Surrey, UK) MR5000 console.

The electronics were based on a polarimeter design
proposed by Saam and Conradi [18]. Modifications to
this design included quadrature phase detection and
interfacing to the MR5000 console [2]. For the experi-
ments at 8.5 mT, a solenoidal RF coil with a bore diam-
eter of 10 mm, length of 12 mm (560 turns of 34 AWG
coated copper wire), and tuned to 100 kHz was used
as a field mapping probe and for homogeneity measure-
ments. At 17 mT, a solenoidal RF coil of similar dimen-
sions but with only 250 turns and tuned to 200 kHz was
used for field mapping. A larger RF coil was used to ob-
tain signals for the final active shimming and homogene-
ity measurements over a larger volume at 17 mT. This
coil was a split solenoid of diameter 4.5 cm, length 6
and 1 cm separation between the two winding sets (each
25 mm wide and made of 50 turns of 22 AWG coated
copper wire).



Fig. 2. (A) Schematic representation of the ultra-low field system in the fringe field of the superconducting magnet. The z 0-axis is parallel to the z-axis
and the origin (z 0 = 0) is aligned with the centre of the magnet (z = 0). (B) Transverse view of the low-field system (at right) with respect to the
superconducting magnet (at left). Note the coordinates (x 0, y 0) are rotated slightly, with the x 0-axis pointing in the direction of the centre of the
superconducting magnet.

Fig. 3. Diagram of the positioning of a rod parallel to the z-axis and
symmetric about the xy plane with centre at (r0,a0,w0) and length
L = 2r0/tan a. In the practical implementation, the z-axis is directed
horizontally and parallel to the superconducting magnet�s axis.
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Hyperpolarized natural abundance xenon gas (26.4%
129Xe) was produced continuously from a gas mixture
(1% xenon, 10% nitrogen, and 89% helium) using a flow
polarization system described previously [2,19]. The sys-
tem used circularly polarized light from a 60 W diode ar-
ray laser (k = 794.8 nm, Coherent, Santa Clara, USA)
and produced xenon polarizations of up to 20% at a
gas flow rate of 3.5 cc/min (at room temperature and
1 atm pressure).

3.2. Shimming method

The gradient/shim coil set was positioned with its axis
(z 0) parallel to the magnet�s axis (i.e., aligned with the
magnetic field direction) and slightly lower along the
y-axis (Fig. 2B) due to space restrictions in the magnet
room, which were imposed by the presence of the xenon
polarization system and walls. Also due to these restric-
tions the two positions were located on different sides of
the magnet (right for 8.5 mT and left for 17 mT).

The gradient/shim set was rotated about this axis by
an angle such that the x 0 direction of the gradient/shim
set pointed towards the magnet centre as shown in Fig.
2B. This choice of geometry simplified the calculations
by making the field variations symmetric about the x 0-
axis. The acrylic end pieces located between the two
layers of the RF shield served to hold the shimming ele-
ments (Fig. 2B).

Initial field mapping was performed using a Hall-ef-
fect gaussmeter (FW Bell 640, Orlando, FL, USA) and
a simple probe positioning system consisting of a circu-
lar piece of acrylic, containing an array of precision
holes in the x 0y 0 plane to accommodate the probe, that
could be moved along the axis of the gradient/shim set
to different z 0 positions. Once the field was passively
shimmed (as described below) to a level that permitted
xenon signals to be observed directly, field mapping
was performed more rigorously using continuously flow-
ing xenon gas through the RF coil which was moved to
different positions within the gradient/shim set and en-
abled precision field mapping in a relatively short time
(1–2 min per measurement point).

Commonly available construction steel rods of diam-
eters ranging between 1 and 3 cm were used as shim ele-
ments (Fig. 3). As a first step, the magnetic susceptibility
v of the steel was experimentally measured by mapping
of the effect of one pair of steel rods on the fringe field
and comparing the generated spatial field harmonics to
those predicted for equivalent steel rods of similar



Table 1
Dimensions of the two optimal shim sets used at 8.5 and 17 mT (fourth
column)

Parameter Initial
estimate (mm)

Optimized
design (mm)

1 Pair of rods (8.5 mT) R 6.0 6.0
r0 90 90
L 220 207

2 Pairs of rods (17 mT) R1 8.0 8.0
R2 8.0 9.5
r1 90 90
r2 90 97
L1 300 260
L2 300 340

For comparison, initial estimates obtained using the standard shim
calculation method are shown in the third column.

120 J. Parra-Robles et al. / Journal of Magnetic Resonance 174 (2005) 116–124
dimensions and susceptibility equal to one. The initial
estimate for the shim set parameters was obtained by
assuming the field strength to be constant over the vol-
ume that would be occupied by the rod and using the
standard passive shimming calculation technique
[16,17]. The number of steel rods needed to produce
the desired correction of the field gradient depended
on the lowest order harmonic introduced that would
be tolerated for the desired target field homogeneity.
This order is usually determined by the size of the de-
sired volume of homogeneity [16,17]. However, for this
work, this condition was relaxed to allow harmonics
to be introduced up to the point where they were cor-
rectable by the corresponding active shim to use as little
passive shimming material as possible.

The optimum arrangement of shim elements to pro-
duce the desired correction was obtained using an opti-
mization procedure that iteratively adjusted the
following parameters: radius R, distance from the centre
r, and length L (L = 2r/tan a), from the initial estimate
and numerically calculating Hz (r,h,/) using Eqs. (5)
and (6), and the measured field maps. For simplicity,
the angular position w was not changed from the initial
estimates, but could be varied as well.

This procedure was implemented using the optimiza-
tion toolbox (simple search minimization algorithm) in
Matlab 6.5 (The Mathworks, Natick, MA, USA) and
the field coefficients to be minimized were expressed in
the form:

Hn;m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Hn;mð Þ2 þ Kn;mð Þ2

q
: ð8Þ

After correcting most of the field inhomogeneities
using the steel rods, the field homogeneity was improved
further using the active shims, which were systematically
adjusted to provide the narrowest line-shape. The line-
width was estimated by fitting the spectra to a Lorentz-
ian function. Spectra were obtained by releasing the
xenon gas (in continuous flow mode) into imaging phan-
toms: a 10 mm diameter open glass cell and a 3.7 cm
diameter hollow plastic ball (which approximates the
rat lung volume).
Fig. 4. Diagram (x 0y 0 plane) of the location of the steel rods used as
passive shims for the two shim sets of: (A) one pair of rods at 8.5 mT
and (B) two pairs of rods at 17 mT. The solid circles represent the steel
rods as seen end on.
4. Results

For the 8.5 mT position, the shimming procedure
resulted in a set of two 1.2 cm diameter steel rods
with dimensions given in Table 1 and Fig. 4A. The
x 0-axis was rotated 54� clockwise about the z direction
from the x-axis to make field variations symmetric
about the x 0-axis. At the 17 mT position, the optimum
shim set consisted of two pairs of steel rods (Table 1
and Fig. 4B), with the x 0-axis rotated 16� counter-
clockwise. The estimated magnetic susceptibility of
the steel ranged between 10.5 and 15.7 for the
17 mT configuration and 25.4 and 27.7 for the
8.5 mT configuration.

Fig. 5A shows the results of the field mapping of the
fringe field along the radial direction (x 0) at the 8.5 mT
position. A strong approximately linear gradient



Fig. 5. Magnetic field strength plotted along the x-axis in the fringe
field before (solid) and after (dotted) the passive shimming for the
8.5 mT (A) and 17 mT (B) positions. Lines are shown as an aid to the
eye, only. Error bars account for instrument (gaussmeter) and
positioning errors.

Fig. 6. Spectra obtained from a 1 cm diameter glass cell at 8.5 mT
after (A) passive shimming (linewidth �100 Hz), and (B) both passive
and active shimming (linewidth �20 Hz).

J. Parra-Robles et al. / Journal of Magnetic Resonance 174 (2005) 116–124 121
(30 mT/m) was found to be the main contributor to the
field inhomogeneity.

The results of the field mapping at the 17 mT position
are shown in Fig. 5B. At this position, a strong field gra-
dient (92 mT/m) was found to be the main contributor
to the field inhomogeneity. Figs. 5A and B also show
the field maps for both positions after field correction
using the passive shims.

At 8.5 mT, the strong field gradient (30 mT/m) was
effectively removed using the passive shims improving
the field homogeneity to 0.1% over the 2 cm DSV from
the initial 7.2%.

The shim set design that produced the correction at
8.5 mT is significantly different from the initial estimate
(Table 1). The rods are 1.3 cm shorter (20.7 cm). This
difference is due to the relatively strong variation of
the field strength over the length of the rod, mainly in
the form of a second-order zonal harmonicH2,0. As a re-
sult, the initial estimate does not minimize the H2,0 har-
monic and would have resulted in the introduction of a
relatively large inhomogeneity (6.35 · 10�4 mT/cm2).
The optimized shim set produced a H2,0 harmonic two
orders of magnitude smaller (6.70 · 10�6 mT/cm2) while
producing a H1,1 harmonic (the desired field correction)
larger (�31 mT/m) than the one produced by the initial
estimate design (�27 mT/m).

At 17 mT, the very strong field gradient (92 mT/m)
was canceled (Fig. 5B) by the passive shims increasing
the field homogeneity to 0.2% over the 6 cm DSV from
the initial 25%. In this case (Fig. 4B and Table 1), due to
the lack of cylindrical symmetry with respect to the cen-
tre of the volume of interest, the field strength at the
positions of the two pairs of rods is different. The initial
shim estimate introduces second (H2,2 = 1.12 ·
10�2 mT/cm2) and third (H3,3 = 1.12 · 10�2 mT/cm3)
order harmonics while the optimized design, by using
pairs of rods with different diameters and located at dif-
ferent distances from the centre of the volume of inter-
est, compensates for the field asymmetry and produces



Fig. 7. Spectra obtained from a 3.7 cm diameter spherical phantom at
17 mT after (A) passive shimming (linewidth �200 Hz), and (B) both
passive and active shimming (linewidth �30 Hz).
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much smaller second (H2,2 = 2.02 · 10�5 mT/cm2) and
third (H3,3 = 9.22 · 10�4 mT/cm3) order harmonics.
Similarly to the case of one pair of rods, the new method
uses shorter rods which minimizes H2,0 and maximizes
the desired H1,1 correction.

Fig. 6A shows the xenon spectrum obtained at
8.5 mT after passive shimming (linewidth approximately
100 Hz). Fig. 6B shows the spectrum after both passive
and active shimming (linewidth: �20 Hz). Fig. 7A shows
the xenon spectrum (linewidth: �200 Hz) obtained at
17 mT after passive shimming. Fig. 7B shows the spec-
trum after both passive and active shimming (linewidth:
�30 Hz). The linewidth obtained are better than the tar-
get homogeneity of 40 Hz, which was desired for the
imaging experiments. It should be noted that no signals
were observable in either case without the passive shims.
5. Discussion

The purpose of this work was to develop a method to
shim the fringe field of a superconducting magnet to
produce a homogenous region for hyperpolarized gas
imaging. The method extends the conventional passive
shimming method [16,17] to the case of the inhomoge-
neous and asymmetric fringe field outside the bore of
a superconducting magnet.

The practical implementation of the shimming proce-
dure at two positions in the fringe field of the supercon-
ducting magnet produced the desired volumes of
homogeneity at 8.5 mT (2 cm DSV) and 17 mT (6 cm
DSV), sufficient to allow xenon signals to be obtained
(Figs. 6A and 7A), thus permitting improved homogene-
ity by active shimming using these signals. The final field
homogeneity (approximately 0.017%) allowed reason-
able xenon spectra to be obtained (Figs. 6B and 7B) with
a linewidth of 19 ± 3 Hz at 8.5 mT and 33 ± 6 Hz at
17 mT. The shimmed line-shape was well approximated
by a Lorentzian function (hence the FWHM is a good
indicator of the harmonic content of the field). Further
homogeneity improvements were not possible due to
the lack of fourth order zonal harmonic (H4,0) correc-
tion in the active shim system used.

It should be noted that though the final homogeneity
(0.02% or 200 ppm) seems large compared to the typical
field homogeneity in clinical systems (<10 ppm), this is a
relative quantity, which depends on the static magnetic
field strength. For imaging purposes the homogeneity
requirement is that the linewidth produced by the field
inhomogeneities must be smaller than the desired pixel
size (in frequency units). A homogeneity of 200 ppm at
17 mT (0.0034 mT or 40 Hz for 129Xe) is comparable
to a homogeneity of 1.5 ppm at 1.89 T (0.0030 mT or
35 Hz for 129Xe), which is quite acceptable.

Though the differences between the optimized shim
sets and the initial estimates can be as small as a few mil-
limeters, they strongly affect the field correction pro-
duced by the shim sets, resulting in differences of
several orders of magnitude. Consequently, the shim sets
have to be accurately constructed. It would be prefera-
ble to construct a shim holder that would allow for fine
positioning (accurate to within 0.1–0.5 mm) of the shim-
ming elements. As well, this is just one approach to opti-
mizing the shim set design and others are possible
including varying v and/or w.

One limitation of this shimming method is that it as-
sumes the fringe field is totally in the z direction. This is
probably a good assumption if the volume of interest is
not too large and is selected close to the superconduc-
ting magnet and in line with its isocentre, where the field
lines are approximately parallel to the z-axis.

The presence of the steel rods in the fringe field did
not greatly affect the homogeneity inside the supercon-
ducting magnet. The largest estimated field inhomogene-
ity introduced was about 5 ppm, which is easily
correctable by the active shims of the high-field system.
The forces exerted on the steel rods by the magnetic field
were small enough that no anchoring for the system was
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needed. At higher fields or when using larger amounts of
steel, this factor may require careful consideration.

This method is not restricted to the use of steel as the
shimming material and an attractive alternative is the
use of permanent magnets as shimming elements. In this
way, higher field strengths may be obtained. Combining
steel and permanent magnets could also provide very
useful shim designs with improved correction symmetry.

The estimated susceptibilities seem to be lower than
those found in the literature [20] for most soft steels. It
should be noted that all the rods are located in regions
where the original field strength is much larger (typically
2–3 times) than the final strength obtained at the centre
of the homogeneous region. However, since the exact
composition of the steel used in this work was unknown,
no proper comparison to reported values can be made.
Other effects such as the fact that the field strength
strongly varies over the region occupied by the rods
and possible hysteresis effects can also have influenced
the obtained susceptibility estimates. Furthermore, the
susceptibility values estimated in this work show a rela-
tively large variation. This can be explained by the fact
that each pair of rods is located at positions with sub-
stantially different field strengths.

This approach makes it straightforward to shim the
fringe field at different distances from the superconduc-
tive magnet. In this way, it is possible to perform MR
imaging experiments at several field strengths using a
single superconducting MR magnet, which may be very
useful to study the field strength dependence of MR
parameters.

The possibility of using the fringe field of supercon-
ducting magnets (passively shimmed) for human imag-
ing will depend on the strength of the available fringe
fields and the minimum requirements for field strengths
from the SNR point of view. Since many of the super-
conducting magnets commercially available are self-
shielded (i.e., their fringe field strengths are already
minimized for siting concerns) the available field
strength after passive shimming over the necessary vol-
ume will likely be insufficient for human imaging. How-
ever, the introduction of higher field strengths in MR
imaging (3–7 T) could provide stronger fringe fields that
will make human imaging feasible. Other possibilities in-
clude the use of magnets especially designed to provide a
desirable fringe field and the above discussed passive
shimming with permanent magnets.

The simplicity of the method and the possibility of
using most of the hardware of the high-field system to
power and control the low-field system make this ap-
proach an inexpensive and a convenient way of expand-
ing the low field capabilities of existing or new MR
facilities, not only for HNG imaging but also for other
techniques such as electron-spin resonance (ESR), pre-
polarized MR imaging (PMRI), and dynamic nuclear
polarization (DNP) that may also be optimal at low
magnetic field strengths. One of the most promising uses
of this fringe field approach may be in dedicated low-
field animal systems.
6. Conclusion

The method for passively shimming the fringe field of
a MRI superconductive magnet presented here proved
to be effective and produced field corrections that per-
mitted the use of standard active shimming procedures
to further improve the field homogeneity up to the level
needed to obtain MR images.

The simplicity of the method and the possibility of
using most of the hardware of the high-field system to
power and control the high-field system make this ap-
proach an inexpensive and a convenient way of expand-
ing the low field capabilities of existing or new MRI
facilities for HNG imaging.
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