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Rationale and Objectives. A number of recent reports in the MRI literature have established that substantial signal-tonoise ratio (SNR) gains can be achieved with small samples or low resonance frequencies, through the use of high-quality
factor high-temperature superconducting (HTS) RF receive coils. We show the application of HTS coils to the imaging of
human subjects with improved SNR compared with copper coils.
Materials and Methods. HTS coils were constructed from 7.62-cm YBa2Cur3O7-␦ thin films on LaAlO3 substrate and
cooled in a liquid nitrogen cryostat. Human and phantom images were acquired on a 0.2-T scanner. The SNR improvements compared with equivalent-sized copper coils are reported.
Results. SNR gains of 2.8-fold and 1.4-fold were observed in images of a phantom acquired with an HTS coil versus a
room temperature copper coil and a liquid nitrogen– cooled copper coil, respectively. Preliminary results suggest higher
image quality can be obtained in vivo with an HTS coil compared with copper coil imaging. Images of human orbit,
brain, temporomandibular joint, and wrist are presented.
Conclusion. The experimental results show that benefits can be expected from application of HTS surface coils in human
MR imaging with low-field scanners. These potential benefits justify the continued development of practical HTS coil imaging systems despite the considerable technical difficulties involved in cryostat and coil design.
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It has been previously reported that gains in signal-tonoise-ratio (SNR) of MR images can be achieved by
cooling the receive coil (1– 4) or by coating the coil with
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superconducting materials (5,6). A large body of literature
now exists that shows the benefits of constructing the receive coil from high transition temperature DC superconducting quantum interference devices (7–9) or entirely
from high-temperature superconducting (HTS) materials
(10 –32). Some early attempts were limited by the available quality of coil material and the instability of the cryostat.
The major signal losses inherent in current MR imaging systems result from resistive losses in the RF receive
coils and dielectric losses in conductive samples (33–35).
As a superconducting material, HTS conducts current
with minimal resistive loss (36 –38).
Recent results with a liquid nitrogen– cooled 1.7-cm
copper coil in a 1.5-T clinical imaging system (4), sug-
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Figure 1. (a) Photograph of an interdigitated HTS coil and (b) microphotograph of
this coil showing the interdigitated fingers with length l, width w, and spacing s.

gest that even in intermediate fields, and when imaging
large sample sizes (eg, orbit), resistive coil losses may
form the dominant contribution to image noise. Despite
the coil’s being cooled to 77°K, the dominant source of
noise in one study remained coil noise, not sample noise.
It follows that SNR benefits are possible (i) by further
reduction in coil noise, (ii) even if sample loading (sample size or coil size) is increased and (iii) even at higher
field strengths. Coil noise may be reduced by further
cooling of the copper or by manufacturing the coil from
superconducting material. Technical difficulty and patient
safety issues increase with reduction in temperature. For
these reasons, HTS coils used at higher temperatures
(77°K or above) may prove more feasible than cold copper coils.
We successfully show substantial SNR gains in human
imaging at low field (0.2 T) using surface coils manufactured from superconducting YBa2Cur3O7-␦; (YBCO) films
deposited on 7.62-cm wafers. These HTS coils achieved
quality factors (Q) an order of magnitude higher than
equivalent size conventional copper coils used for comparison.
MATERIALS AND METHODS
Design and Fabrication of HTS Coil
We designed and fabricated HTS coils using YBCO
thin films with a critical temperature of approximately
90°K. A combination of theoretical modeling and scaling
of previous experimental data (39) was used to design
coils with resonance frequencies of 8.5 MHz for imaging
at 0.2 T. The fabrication process, derived from semiconductor microprocessing techniques, entails chemical etch-

ing to pattern the coil circuit design onto the HTS film,
described previously in (40 – 41). The film was deposited
on a 7.62-cm LaAlO3 substrate through the use of deposition techniques.
The two coil designs tested include an interdigitated
design and a spiral design. The interdigitated coil design
consists of a single inductive circuit having two turns.
Multiple, small, finger-like tabs interdigitate within the
gap between the two turns. Capacitance is thus distributed
throughout the entire circuit (41). Figure 1 shows a photograph and a microphotograph of an interdigitated-design
HTS coil. Interdigitated HTS coils of 5 cm or smaller
diameter proved impractical for low- to mid- field operation. The high capacitance necessary for lower resonance
frequencies requires extremely fine interdigitations, resulting in a circuit design that is difficult to fabricate. To circumvent this difficulty, an alternative design was used for
0.2-T imaging: the self-coupled, multiple-turn spiral coil.
This design allows practical fabrication of coils precisely
tuned to lower resonance frequencies than can be
achieved with the interdigitated design. Unloaded Q’s of
more than 20,000 have been achieved with both coil designs before modifications for tuning.
Interdigitated HTS Coil Design
The inductance of an interdigitated design coil can be
calculated as (41):
L共nH兲 ⫽ 0.0397

r 2m 2
,
8r ⫹ 11d

(1)

where r is the average radius of the outer and inner coils
and d is the difference between these two radii; m is the
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Figure 2. (a) Photograph of a spiral HTS coil and (b) a microphotograph of a fabricated coil.

number of turns of the coil. The capacitance can be calculated as:

C共pF兲 ⫽

⑀ re10⫺3 K共k兲
共n ⫺ 1兲l,
18 K⬘共k兲

and l, w, and s are the length, width, and spacing of the
finger pairs, respectively, as shown in Figure 1. The effective dielectric constant can be calculated from the relative dielectric constant of the substrate, ⑀r

(2a)

⑀ re ⫽
where K and K⬘ are the complete elliptic integrals of the
first kind and its complement, ⑀re is the effective dielectric
constant, n is the number of fingers,

k ⫽ tan2

冉

冊

w
,
4共w ⫹ s兲

(2b)

⑀r ⫹ 1
2

Spiral HTS Coil Design
The spiral coil design uses a multi-turn simple spiral
with a constant separation between turns, as shown in
Figure 2. Equivalent circuit models for multi-turn spiral

Figure 3. (a) A multi-turn spiral resonator, and (b) its equivalent circuit model with a
ground plane. Do and Di are the outer and inner diameters, respectively, and W and s
are the width and spacing of the coil. R, L, and C are effective resistance, inductance, and capacitance of the spiral, respectively.
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Figure 4. Custom-designed cryostat for housing
HTS coils.

inductor (Fig. 3) are available in standard microwave theory references (41). A close approximation of the desired
capacitance values can be computed as:
C共pF兲 ⫽ 3.5 ⫻ 10 ⫺5 D O1/2 ⫹ 0.06,

(3)

where Do is the outer diameter in m. The inductance
can again be calculated by equation 1 by using
r⫽

Do ⫹ Di
4

d⫽

Do ⫺ Di
.
2

(4)

Copper Coil Design
A copper surface coil for the comparison imaging was
made from high-Q capacitors and multi-turn copper wire
with the same outer diameter as the HTS coil used in the
comparison.
Coil Comparison
To compare the coils’ performance, the Qs were measured. The Q is defined as the measured center frequency
divided by bandwidth at ⫺3dB of coil reflection (S11).
Reflection measurements of the coils were made with a
network analyzer (Hewlett-Packard 8753E; Hewlett-Packard, Palo Alto, Calif).
Cryostat Design for HTS Coils
A custom-designed cryostat was built to house the
HTS coils. Liquid nitrogen was used to maintain the temperature of the coil assembly at 77°K. The section of the
cryostat enclosing the coil was designed to minimize the
distance between the sample and the HTS coil (2.4 cm).
This section was made with two concentric 120-mm long

G10 (composite material) tubes of 7.62 cm and 10.16 cm
outer diameters, respectively, sandwiching a 0.5-cm layer
of insulating foam. The bottom of the tubes was closed
with a G10 disc with a 6.35-cm diameter hole containing
a 1.27-cm thick alumina disc for thermal transfer. The
upper opening was closed with a G10 disc with a
0.635-cm diameter opening, sealed with a Teflon (Du
Pont, Wilmington, Del) tube for liquid nitrogen filling and
gas venting (Fig 4).
The concentric G10 tubes were housed inside a rectangular 20 ⫻ 20 ⫻ 16-cm3 PVC box (H ⫻ W ⫻ D) for an
added measure of patient safety and thermal insulation. A
5-mm layer of insulating foam lined the inside of the box.
Two nylon rods penetrated the box. One rod held a
pickup coil constructed of a single loop of copper 22
AWG wire soldered to a co-axial cable. The cable attached to a BNC connector on the wall of the box. With
this nylon rod, the pickup coil could be moved up and
down to maximize the signal from HTS coil. The second
rod was attached to a copper plate and used to tune the
coil. Both the pickup coil and the plate were outside the
G10 tube, in proximity to the HTS coil.
During cryostat operation, the HTS coil was attached
with grease to the airside of the alumina disc for cooling.
The G10 tubes were sealed with the G10 plate. The assembly was then placed horizontally inside the PVC box.
The inner G10 tube was filled with liquid nitrogen via the
Teflon tube. The HTS coil began to superconduct after 10
minutes and became stable in frequency after an additional 20 minutes. A second liquid nitrogen fill enabled at
least 30 minutes of stable operation (frequency drift ⬍
500 Hz). The Teflon tube was then connected to an extension tube to vent the boiled-off nitrogen gas out of the
scanner room. The pickup loop was connected to a network analyzer via the BNC connector in the wall of the
PVC box, during the tuning and matching process.
Matching was achieved by adjusting the distance between
the HTS coil and the inductively coupled pickup coil. The
small copper plate was positioned to fine tune the coil.
The presence of the plate had no significant effect on the
Q of the coil. The pickup loop was then connected to the
receive chain of the scanner for imaging.
With the cryostat cooled to 77°K, the outer surface of
the G10 housing was slightly cool. No appreciable cooling was noted when a thin layer of foam was interspersed
between the G10 housing and the sample. As a result, the
separation of the HTS coil from the sample was around
2.4cm.
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Imaging Experiment
The HTS coils housed in the custom-designed cryostats were tested both at the Brigham and Women’s Hospital (Boston, Mass) and the Jockey Club MRI Engineering Centre (Hong Kong University, Hong Kong, China)
in a 0.2-T horizontal open scanner (Signa Profile; General
Electric Medical Systems, Milwaukee, Wis). The center
frequency was 8.54 MHz. Comparison T1-weighted spin
echo images of phantom and human subjects were acquired with equivalent-sized HTS and room temperature
copper coils. Phantom images were also acquired with a
liquid nitrogen– cooled copper coil. All coils were used in
receive only mode. Imaging at BWH was performed with
the subjects’ consent under the institutional review board
(IRB) approval. No IRB approval was required at HKU.
Phantom images were obtained with a T1-weighted
spin echo pulse sequence (TR 400 ms, TE 29 ms, 5.68
kHz bandwidth, 1 NEX, 12 cm FOV, 3-mm slice thickness, and 470 ⫻ 940 m2 in-plane resolution with total
imaging time of 64 seconds). Similar images were acquired of subjects’ brain and TMJ: TR 400 ms, TE 29
ms, 5.68 kHz bandwidth, 3 NEX, 5-mm slice thickness,
20-cm FOV, 781 ⫻ 1042 m2 in-plane resolution. The
protocol was varied for the orbit to 16-cm FOV, 625 ⫻
833 m2 in-plane resolution, and for the wrist to 6 NEX,
781 ⫻ 1562 m2 in-plane resolution.
SNR Measurement
The SNR of the HTS coil, the liquid nitrogen– cooled
copper coil and the room temperature copper coil were
compared with phantom imaging. The phantom was a GE
wrist phantom filled with NiCl2 solution with 6-cm inner
diameter and 6.8-cm outer diameter. The HTS coil was
cooled with the cryostat, whereas the copper coil was
immersed in liquid nitrogen. All images were acquired in
the same session and the sample was not moved between
acquisitions. Before each acquisition, the coils were tuned
and matched.
The SNRs were calculated from regions of interest
(ROIs) within magnitude images, with Matlab (Mathworks, Natick, Mass). The SNRs measured represent the
upper limit of SNR for both HTS and copper coils,
which, however, provided a reasonable measure of SNR
gain. To perform a fair comparison between coils, the
following controls were used (42):
1. The HTS coil and copper coil have the same diameter and were offset the same distance from the
phantom.
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2. The imaging plane was orthogonal to the coil.
3. The same imaging protocol was used for the HTS
and copper coil.
4. The phantom was not displaced when changing
coils.
5. Images were acquired within minutes of each other.
6. The same transmitter gain, receiver gains, and GE
pre-amplifier were used for all acquisitions.
7. Images were reconstructed on the scanner and allowed to scale to their own optimal dynamic range.
8. The filtering effect, due to high Q along the frequency direction, was compensated by normalizing
the HTS image with the intensity profile created by
the Q.
9. An average and standard deviation of pixel intensity
was measured inside a 0.5 ⫻ 0.5-cm2 ROI for both
signal and noise. Signal was measured 0.5 cm from
the brightest edge of the phantom closest to the
coil. The noise was measured outside the phantom
area but within a distance of 10 mm from the phantom edge, along the phase encode direction. There
was no phase ghosting noted that could corrupt this
measurement.
We calculated image SNRs from the ROIs using the formula (43),
SNR ⫽

冑Std

MeanSignal

2
Noise

2
⫹ MeanNoise

(5)

Theoretical calculations of SNR gain can be made with
the following equation (see 4 for derivation):
SNRHTS
⫽
SNRCu

冑

TCu /QulCu ⫹ TCu⫺Sample /QCu⫺Sample
THTS /QulHTS ⫹ THTS⫺Sample /QHTS⫺Sample

(6)

where,
1
1
1
⫽
⫺
Qsample Ql Qul

(7)

RESULTS
Coil Qs measured during the phantom experiment are
given in Table 1. The theoretical gains according to equations 6 and 7 as well as the empirical gains from ROI
measurements are presented in Table 2. The HTS coil
yielded a higher SNR than the cooled copper and room

Academic Radiology, Vol 10, No 9, September 2003

SUPERCONDUCTING RF COILS FOR CLINICAL MR IMAGING

Table 1
Coil Q Results from Phantom Experiment

Temperature

Copper
Unloaded

Copper
Loaded

HTS
Unloaded

HTS
Loaded

300°K
77°K

210
360

175
300

N/A
2,400

N/A
2,000

*HTS ⫽ high-temperature superconducting coils.

Table 2
SNR Gains for the HTS Coil versus the Cu Coil

Theoretical
Empirical

HTS/300°K Copper

HTS/77°K Copper

5.5
2.8

2.6
1.4

*SNR ⫽ signal-to-noise ratio.
†HTS ⫽ high-temperature superconducting coils.

temperature copper coil, as expected. All empirical gains,
however, were well below the theoretical gains.
A profile of the signal intensities through the phantom
is shown in Figure 5. Because the images were auto-

scaled during reconstruction, each profile was normalized
for display purposes, by its root-mean-squared noise measured outside the phantom. The profiles thus give an impression of SNR as a function of distance.
To show the merits of HTS coils for human imaging, a
multitude of applications were demonstrated with a
7.62-cm HTS coil and cryostat in a 0.2-T scanner. Figure
6 shows that HTS coils can be used to produce high-quality human images at 0.2 T (orbit, brain, TMJ, and wrist).
Each anatomic HTS coil image is accompanied by a comparison copper coil image of the same subject in the most
closely matched slice.

DISCUSSION
The stable operation of HTS coils during imaging sessions of 30 minutes to a few hours, illustrated above, has
been made possible by several recent technological advances. The improvement of HTS coils in human imaging
is due to (i) advances in cryostat design free from mechanical vibrations, eddy currents, and convective instabilities; (ii) advances in the manufacturing process en-

Figure 5. Phantom image comparison. (a) A plot of signal intensity through the midline of images of a homogeneous cylindrical phantom. Each curve has been normalized
such that the RMS noise is equal in all curves. The vertical lines indicate the range over
which the ROI was taken on the images. (b) The corresponding cropped images are
shown in the lower panel. Room temperature copper (dotted line), cooled copper
(dashed line), and HTS (solid line) coil images are shown from left to right, respectively.
The ROI locations for signal and noise are indicated on the middle image.
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Figure 6. Human imaging comparison. (a, c, e, g) Images acquired at 0.2 T with a same-sized room temperature
copper coil. (b, d, f, h) Images acquired at 0.2 T with a 7.62-cm HTS coil. (a, b) Orbit (256 ⫻ 192, 3 NEX), (c, d) brain
(256 ⫻ 192, 3 NEX), (e, f) TMJ (256 ⫻ 192, 3 NEX), and (g, h) wrist (256 ⫻ 128, 6 NEX).

abling production of large HTS films free of defects; and
(iii) advances in coil design and fabrication techniques
enabling production of stable and precisely tuned and
matched resonators. The resulting HTS coil– cryostat system operates at a constant frequency without user intervention, thus allowing convenient and reliable image acquisition.
It was noted that unloaded Q decreased in the presence
of an external magnetic field. Others have noted this phe-
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nomenon (13,23) and ascribed it to momentary local regions of non-superconducting vortices created when the
critical field of the material is exceeded. Effects on Q due
to the orientation of the coil material to the magnetic field
bear further investigation.
We have shown that clinical benefit can be achieved
with the use of high-Q HTS coils at low field. It remains
to empirically determine the upper limit of field strength
(frequency) and coil size (sample volume) that will yield
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Figure 6 (continued).

worthwhile SNR gains. Both of these parameters may be
increased until the sample noise approaches the coil
noise. Black et al. (13) showed that the effect of the magnetic field on Q plateaus at approximately 1.5 T and remains constant up to the maximum field tested, 9 T, at
4.5 °K.
Sample and coil noise are a function of frequency
(34,45). The maximum useful frequency will be influenced by the frequency-dependent resistance of the material. Whereas copper resistance increases with f1/2, HTS

material resistance increases more rapidly because current
flows only on the surface. At high frequencies, the resistance is proportional to f2 (26,27). This limitation is ameliorated in the frequencies used in MRI (27), because resistance is proportional to f in this range. Sample size
will be limited by its effect on the loaded Q of the HTS
coil. We have noted the Q decrease because of loading
can be limited by choosing an optimal distance between
the coil and the sample while still assuring adequate coupling to the sample for imaging. We expect this technique
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will be a component of high-quality imaging at higher
frequencies and of larger samples.
The discrepancy between experimental and theoretical
SNRs is due in part to the GE pre-amplifier used in this
study. A pre-amplifier with characteristics matched to the
coil to minimize the noise figure (45) is expected to improve results. Advances in cryostat design that reduce the
distance between the coil and the sample are also expected to improve SNR.
Coil size will be limited not only by noise constraints but also by the technical challenge of uniformly cooling the larger coils. Moreover, the cost of
larger wafers is still considerably high. We nevertheless believe that design and production of stable
high-Q thin-film HTS coils larger than 7.62 cm in diameter may be possible. Thus, we propose to explore
larger coil sizes to empirically define the upper size
limit, below which benefit from the use of HTS coils
can be expected. To extend coverage beyond that obtained by a single coil, the technical challenge of creating an HTS coil phased array is under investigation.
The issue of high-bandwidth imaging with high-Q coils
is currently being approached with both pulse sequence
and hardware methods.

CONCLUSION
We have designed, fabricated, and tested HTS coils
and cryostats for human MR imaging at 0.2 T, which produce substantial improvement in SNR compared with
conventional copper coils. These gains show the feasibility of using HTS coils to dramatically improve image
quality or reduce imaging time at low field where signal
averaging is typically used. Development of this technology promises benefits to expand the diagnostic and therapeutic utility of low and intermediate field MR imaging
and perhaps to find application at higher fields.
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