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Abstract
In magnetic resonance imaging performed at ﬁelds of 1 T and above, the presence of a metal insert can distort the image because of
susceptibility diﬀerences within the sample and modiﬁcation of the radiofrequency ﬁelds by screening currents. Furthermore, it is not
feasible to perform nuclear magnetic resonance (NMR) spectroscopy or acquire a magnetic resonance image if the sample is enclosed
in a metal container. Both problems can be overcome by substantially lowering the NMR frequency. Using a microtesla imaging system
operating at 2.8 kHz, with a superconducting quantum interference device as the signal detector, we have obtained distortion-free images
of a phantom containing a titanium bar and three-dimensional images of an object enclosed in an aluminum can; in both cases high-ﬁeld
images are inaccessible.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction
In magnetic resonance imaging (MRI) of patients with
metallic implants or in image-guided biopsy performed
with a metallic needle, one is evidently required to perform
MRI in the presence of metal. At the magnetic ﬁelds of
1.5 T and above used in clinical MRI scanners, metallic objects can not only be a safety hazard [1] for the patient but
can produce troublesome artifacts in the MR image [2–7].
There are two sources of these artifacts: susceptibility differences between the metal and the surrounding tissue,
and radiofrequency (RF) screening by the metal. The susceptibility diﬀerence between the metal and the surrounding material [2,4,6] causes a local magnetic ﬁeld
inhomogeneity which is proportional to the measurement
ﬁeld B0, resulting in both a shorter relaxation time T 2
*
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and a local change in precession frequency. The reduction
in T 2 causes local dephasing, which has a serious eﬀect in
gradient echo sequences with long echo times; however,
in the spin echo sequences used for all images presented
in this paper, this eﬀect is negligible. The local change in
precession frequency gives rise to image distortion along
the frequency-encoding direction. Schenck [4] estimates
the maximum spatial distortion due to a susceptibility
change Dv at the boundary between two diﬀerent materials
to be
Dx  DvB0 =GR ;

ð1Þ

where GR is the readout gradient. Thus, for a given susceptibility diﬀerence Dv, the distortion can be minimized by
lowering the measurement ﬁeld B0 and/or raising the gradient GR. This reduction in distortion was demonstrated, for
example, by Tseng et al. [8] with MRI of hyperpolarized
3
He at a measurement ﬁeld of 2.1 mT.
The second eﬀect of a metal object on nuclear magnetic
resonance (NMR) and MRI is its interaction with the RF
excitation pulses and the subsequent NMR signal [5–7].
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These pulses induce eddy currents in the metal that generate magnetic screening ﬁelds. At frequency f these currents
ﬂow in the skin depth
d ¼ ðpl0 lrf Þ1=2 ;

ð2Þ

the length scale on which an RF ﬁeld falls to 1/e of its surface value; l0 is the permeability of the vacuum, and l and
r are the relative permeability and electrical conductivity of
the material. In the case of a piece of metal buried in the
sample, the resultant RF inhomogeneity can result in a signal diminution or enhancement, particularly near the metal
[9]. These artifacts dominate over susceptibility artifacts for
metals with high conductivity and low susceptibility, for
example, copper or aluminum, whereas for materials with
low conductivity and high susceptibility such as titanium
they are small compared to susceptibility artifacts [5–7].
If the sample or part of the sample is completely enclosed in a metal container, screening of both the applied
RF ﬁeld and the detected RF NMR signal is the dominating eﬀect. For example, at the 64 MHz proton frequency of
a 1.5 T MRI system, the skin depth d is about 8 lm for
copper at room temperature, so that even thin pieces of
copper screen both the RF pulses and the NMR signal signiﬁcantly. However, if the ﬁeld is lowered, for example to
1 mT (proton frequency 43 kHz), the skin depth of copper
increases to about 0.3 mm, allowing one to image through
a correspondingly thicker metallic enclosure. Tseng et al.
[8] demonstrated MRI of hyperpolarized 3He through a
25 lm thick brass container at a measurement ﬁeld of
2.1 mT (frequency 67 kHz for 3He) and Matlachov et al.
[10] obtained a proton NMR spectrum through 2 mm-thick
copper at a measurement ﬁeld of 2 lT (proton frequency
87.9 Hz). Minimizing such screening eﬀects is particularly
important for applications such as MRI in the presence
of metallic vascular stents [9], as well as spectroscopy or
imaging in which storage, ﬂow or reactions occur inside
metallic pipes, tubes or reaction vessels. Such circumstances are common in situations involving, for example, hazardous materials or extreme physical conditions of
temperature and pressure.
Although reducing B0 and thus the NMR frequency
reduces artifacts and screening substantially, the signal
amplitude in traditional Faraday-detected MRI scales as
B20 in the low-ﬁeld limit [11]. One approach to improving
the SNR at very low ﬁelds is to take advantage of the large
NMR signal available from hyperpolarized noble gases
[8,12,13]. Another method is to prepolarize the sample in
a ﬁeld Bp and to perform encoding and detection in a much
lower measurement ﬁeld B0 [14,15]; both ﬁelds can be generated by copper coils. However, as long as Faraday coil
detection is used, the signal amplitude still scales with B0.
This loss of sensitivity at low magnetic ﬁelds can be circumvented by detecting the signal with a Superconducting
Quantum Interference Device (SQUID) [16] coupled to
an untuned, superconducting ﬂux transformer. The combination of enhanced polarization and employing SQUID
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detection results in a SNR that is independent of the measurement ﬁeld B0, thereby allowing NMR and MRI investigations at very low magnetic ﬁelds. For example,
prepolarization at 100–300 mT ﬁelds and SQUID detection
at 5.6 kHz (precession ﬁeld 132 lT) have been used to acquire two-dimensional (2D) proton MR images of water
and oil phantoms [17,18] and three-dimensional (3D) in vivo images of a human forearm and ﬁngers [19,20].
In this paper, we use prepolarization and SQUID-detected MRI to investigate the inﬂuence of both metal objects within the sample and nonmagnetic metal enclosures
around the sample on the image quality at 66 lT, and compare the results with images obtained at high magnetic
ﬁelds (>4 T).
2. Experimental conﬁguration
Our SQUID-detected MRI system [17–20] is shown
schematically in Fig. 1A; Fig. 1B shows a typical pulse sequence. First the spins are prepolarized for a time tp in a
ﬁeld Bp between 40 and 100 mT applied along the x-direction. As this ﬁeld is turned oﬀ adiabatically, the spins align
along the much weaker precession ﬁeld B0 applied along
the z-direction. After a delay time td, spin precession is induced using a spin-echo sequence. The pulse sequence
shown in Fig. 1B is used to obtain 3D images. The precessing proton spins induce an oscillating magnetic ﬁeld in the
lowest coil of a superconducting, second-order axial gradiometer (Fig. 1A). This gradiometer has a balance of about
1 part in 100 against uniform magnetic ﬁelds, thereby
reducing external noise from distant sources by a factor
of about 100. The gradiometer is connected to a multiturn
input coil, integrated onto the SQUID, thus forming a
closed superconducting loop. The SQUID is operated in
a ﬂux-locked loop [16], the output of which is linear in
the applied ﬂux, and yields a magnetic ﬁeld noise of
1.7 fT Hz1/2 referred to the lowest loop of the gradiometer. An array of Josephson tunnel junctions [18] protects
the input circuit from the large transient currents that
would otherwise be produced by the polarizing pulse.
The SQUID and gradiometer are immersed in liquid helium in a dewar [21] which generates negligible magnetic
noise. To attenuate external noise further, the entire experiment is enclosed in a 3-mm-thick aluminum shield which
attenuates the noise at 2.8 kHz by about a factor of 5.
The polarizing coil, wound out of braided copper wire
to reduce its noise contribution [18], produces a ﬁeld along
the x-direction and is placed below the tail of the dewar
with suﬃcient clearance to accommodate the sample
(Fig. 1A). Three orthogonal pairs of coils, mounted on a
1.8-m wooden cube, produce ﬁelds to cancel the EarthÕs
magnetic ﬁeld. A Helmholtz pair of coils produces the measurement ﬁeld B0 of 66 lT along the z-direction. A pair of
coils around the sample space provides the pulsed excitation ﬁeld B1 along the x-direction. Finally, ﬁeld gradients
along all three spatial directions are generated by Maxwell
and Golay coils that are capable of producing gradient ﬁeld
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300 MHz) of an Oxford magnet equipped with a Varian
Unity Inova spectrometer and probe. Both probes are
equipped with three orthogonal gradient coils that are
capable of producing maximum gradient ﬁeld strengths
of about 700 mT/m along the x-, y-, and z-directions.
The measurement ﬁeld is along the axis of the vertical bore
magnet, which is deﬁned as the z-axis.
3. Results and discussion
3.1. Susceptibility artifacts in MRI in the presence of a
titanium bar
To investigate susceptibility artifacts we acquired images
of grid-phantoms ﬁlled with water containing a
1.5 · 10 · 15 mm titanium bar (vTi  180 · 106) (Figs.
2A and D) at 7 T and at 66 lT. At ﬁelds larger than
1.5 T one expects signiﬁcantly distorted images [1,2,6] while
at 66 lT only a very small spatial distortion is expected. To
illustrate the susceptibility distortion at high ﬁelds, Figs. 2B
and C show images acquired at 7 T. In Fig. 2B the frequency-encoding gradient was oriented perpendicular, and in
Fig. 2C parallel to the titanium bar. The orientation of
the sample relative to the RF coil remained the same.
Using the imaging parameters B0 = 7 T, GR = 40 mT/m
and the susceptibility diﬀerence between water and titanium Dv = vTi  vwater  190 · 106, from Eq. (1) we expect
a maximum distortion of 3 mm. Given our image resolution of 0.2 mm, we expect severe distortion in both images

Fig. 1. (A) Measurement conﬁguration of SQUID-detected MRI. After
the proton spins are prepolarized by a pulsed ﬁeld Bp, their precession
around B0 is detected with a superconducting, second-order gradiometer
coupled to a low Tc-SQUID via a 60-turn Nb input coil. An array of
Josephson junctions limits the maximum current induced in the input
circuit during the polarizing pulses. (B) Pulse sequence for threedimensional imaging. After the polarizing ﬁeld has been switched oﬀ
adiabatically, the spins align with the measurement ﬁeld B0. Following a
delay time td, spin precession is induced by a standard spin-echo sequence.
Spatial encoding in three dimensions is achieved using one frequency- and
two phase-encoding gradients.

strengths up to about 400 lT/m. Detailed speciﬁcations of
the coils can be found elsewhere [17,18]. A Tecmag Orion
System generates the necessary pulses for the polarizing,
excitation and gradient coils, and also digitizes the signal
from the ﬂux-locked loop for subsequent processing.
The comparison images at high-ﬁeld strengths were acquired in the 4.2 T ﬁeld (proton frequency 180 MHz) of a
Nalorac magnet equipped with a Chemagnetics spectrometer and Doty probe and in the 7 T ﬁeld (proton frequency

Fig. 2. Images of water phantoms containing a 1.5 · 10 · 15 mm bar of
titanium. (A and D) Photographs of phantoms. (B and C) Images
acquired at 7 T and a readout-gradient of 40 mT/m with the bar oriented
perpendicular and parallel to the frequency-encoding direction, respectively. (E) Image acquired at a 132-lT measurement ﬁeld with a readout
gradient of 110 lT/m.
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along the frequency-encoding direction, as can be clearly
seen in Figs. 2B and C. The fact that rotating the direction
of the encoding gradients by 90 changed the degree of distortion implies that, as expected for titanium, susceptibility
artifacts dominate over RF screening artifacts. Images at
66 lT were acquired in the yz-plane (Fig. 1A) with the titanium bar aligned along the y-axis and the B0-ﬁeld aligned
along the z-axis perpendicular to the bar. The frequencyencoding gradient was along the z-axis and the phase-encoding gradient was along the y-axis. Using the imaging
parameters
B0 = 66 lT,
GR = 110 lT/m
and
Dv  190 · 106 we expect a maximum distortion of about
0.3 mm. Fig. 2E shows an MR image of the grid phantom
(Fig. 2D) containing the titanium bar. Since the resolution
is about 1 mm, as expected the image shows no discernible
distortion.
3.2. Screening of excitation pulse and MRI signals by metal
enclosures
To investigate the screening of the excitation pulse and
the NMR signal we acquired 2D images of phantoms at
both microtesla and tesla ﬁelds with and without a metal
enclosure. The phantom consisted of two columns, one
ﬁlled with water, the other with 0.5% agarose gel in water.
The pulse sequence for those images is identical to that in
Fig. 1B, except that for 2D imaging we use only one
phase-encoding gradient. Fig. 3A shows a 2D image of
the phantom acquired with B0 = 66 lT and Bp = 150 mT.
The resolution is 2 mm and the SNR is 10. The water ap-

Fig. 3. Images of a phantom consisting of water (top) and 0.5 % agarose
gel (bottom) at (A) B0 = 66 lT and (B) B0 = 4.2 T. Images of the same
phantom wrapped in aluminum foil at (C) B0 = 66 lT and (D) B0 = 4.2 T.
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pears brighter than the agarose gel due to T1 contrast created by using a delay time td = 300 ms between turning oﬀ
the polarizing ﬁeld Bp and applying the 90 pulse. During
this time interval the magnetization of the agarose gel
(T1 = 250 ms) decays more rapidly than that of the water
(T1 = 1.5 s) resulting in a weaker NMR signal for the gel
[22]. An image of the same sample at 4.2 T is shown in
Fig. 3B. At this ﬁeld, the relaxation times are comparable
and the two columns show no recognizable diﬀerence in
intensity. This characteristic diﬀerence in T1-weighted contrast at high and low magnetic ﬁelds is discussed in detail
elsewhere [22].
Low- and high-ﬁeld images of the same phantom
wrapped in 20-lm-thick aluminum foil are shown in Figs.
3C and D. The image taken at 66 lT with the same imaging
parameters as in Fig. 3A shows the same SNR and resolution as the image with no foil. Since the skin depth of about
2 mm is much larger than the thickness of the foil, there is
no measurable signal attenuation. On the other hand, at
4.2 T (proton frequency 180 MHz) the skin depth in aluminum is about 8 lm, resulting in a signal attenuation by a
factor of about 12. Therefore both the excitation pulse
and the signal were substantially attenuated by the foil,
and no image is discernible in Fig. 3D.
To illustrate further the absence of any screening by
metal enclosures at very low frequency, we imaged a bare
bell pepper and the same pepper enclosed in a metal can.
Fig. 4A shows 6 MRI slices of a bell pepper acquired with
the 3D pulse sequence depicted in Fig. 1B. The pepper, oriented along the y-direction, was placed in the 50-mm gap
between the bottom of the dewar and the polarizing coil.
The average polarizing ﬁeld was 40 mT, applied for
500 ms, and the measurement ﬁeld was 66 lT (proton frequency 2.8 kHz). The images were acquired in 5 min with
a frequency-encoding gradient of 57 lT/m along the x-direction, 31 phase-encoding steps along the z-direction,
and 9 phase-encoding steps along the y-direction. The maximum phase-encoding gradient was 100 lT/m along the zdirection and 20 lT/m along the y-direction. The thickness
of each section is 8 mm, the SNR is 10 and the in-plane resolution is 2 · 2 mm.
Fig. 4B shows a 3D image of the same pepper, enclosed in a 200-lm-thick aluminum can, acquired with
the same pulse sequence and experimental parameters.
Using Eq. (1), we ﬁnd that aluminum (l = 1,
r = 2 · 107 S/m) has a skin depth of 2 mm at 2.8 kHz.
Since the skin depth is ten times the thickness of the
can, neither the excitation pulse nor the signal from
the precessing protons is signiﬁcantly attenuated by the
can. The images of the pepper inside the can show no
decrease in signal intensity compared to those of the bare
pepper. However, thermal Nyquist currents in the aluminum produce magnetic ﬁeld noise [23], thereby lowering
the SNR of the images by a factor of about 1.3. To obtain the image shown in Fig. 4B the number of averages
was increased from 3 to 4 to achieve the same SNR and
resolution as in Fig. 4A.
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Fig. 4. (A) Three-dimensional image of bell pepper showing six cross sections with a thickness of 8 mm; the lines in the photograph mark the position of
each slice. (B) Six cross sections of the same pepper enclosed in an aluminum can. In each case, B0 = 66 lT and Gfreq = 57 lT/m.

4. Concluding remarks
At the microtesla imaging ﬁelds accessible with SQUIDdetected MRI we have shown that the presence of a 1.5 mm
thick titanium bar induces no observable distortion in the
image. At high ﬁelds, in contrast, the distortion introduced
by the titanium bar was severe. At high and intermediate
ﬁelds these imaging artifacts could be reduced by using a
suitable pulse sequence, usually at the expense of measurement time, or adjusting the orientation of the sample relative to the imaging ﬁeld direction [4]. At microtesla ﬁelds,
however, the susceptibility artifacts are negligible for any
given pulse sequence and sample orientation. Furthermore,
we have shown that the image quality at microtesla ﬁelds is
unaﬀected when the sample is enclosed in an aluminum can
with a wall thickness of 200 lm, whereas at high ﬁelds the
sample cannot be accessed at all by NMR imaging.
The fact that the distortion-induced by a metal bar is
negligible at very low magnetic ﬁelds B0 for any sample orientation suggests several novel applications. One would be
able to obtain distortion-free images in the presence of

metallic implants, for example, a knee with an orthopedic
titanium screw. Further, assuming one could develop an
open microtesla-MRI system, one might hope to be able
to image and identify a tumor using the signiﬁcantly enhanced T1-weighted contrast potentially available at low
ﬁelds [22] and to guide the biopsy of the tumor using a titanium needle. Finally, the imaging of samples enclosed in
metal containers at microtesla ﬁelds may ﬁnd novel applications across the spectrum from industrial processing to
biotechnology.
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[19] M. Mößle, W.R. Myers, S.-K. Lee, N. Kelso, M. Hatridge, A. Pines,
John Clarke, SQUID-detected in vivo MRI at microtesla magnetic
ﬁelds, IEEE T. Appl. Supercon. 15 (2005) 757.
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