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The performance of a 12-mm high-temperature superconduct-
ing (HTS) surface coil for in vivo microimaging of mice in a
standard 1.5T clinical whole-body scanner was investigated.
Systematic evaluation of MR image quality was conducted on
saline phantoms with various conductivities to derive the sen-
sitivity improvement brought by the HTS coil compared with a
similar room-temperature copper coil. The observed signal-to-
noise ratio (SNR) was correlated to the loaded quality factor of
the radio frequency (RF) coils and is theoretically validated with
respect to the noise contribution of the MR acquisition channel.
The expected in vivo SNR gain was then extrapolated for dif-
ferent anatomical sites by monitoring the quality factor in situ
during animal imaging experiments. Typical SNR gains of 9.8,
9.8, 5.4, and 11.6 were found for brain, knee, back, and subcu-
taneous implanted tumors, respectively, over a series of mice.
Excellent in vivo image quality was demonstrated in 16 min with
native voxels down to (59 !m)3 with an SNR of 20. The HTS coil
technology opens the way, for the first time at the current field
strength of clinical MR scanners, to spatial resolutions below
10–3 mm3 in living mice, which until now were only accessible to
specialized high-field MR microscopes. Magn Reson Med 60:
917–927, 2008. © 2008 Wiley-Liss, Inc.
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In the context of the growing interest for physiological and
pathological models with small rodents such as mice and
rats, an emerging trend to perform high-resolution imaging
has been to involve standard clinical whole-body MR
scanners (e.g., 1–13) as an alternative to currently used
more specialized high-field systems (14). An argument for
this approach is the widespread implementation of clini-
cal MR facilities already equipped with standardized pro-
tocols. Thus, the transfer between animal and clinical
imaging protocols is easy, and the need for additional
investments is limited. In addition, there is a fundamental
motivation to investigate animal models using the com-
mon magnetic field of most clinical scanners since the MR

contrast characteristics significantly depend on the field
strength. Finally, the wide-bore magnet offers the advan-
tage of simultaneously imaging multiple animals within
the same MRI unit (15,16).

Intrinsically, specialized high-field MRI systems are
well suited for high-resolution studies on small animals
because they are equipped with small-bore gradient sys-
tems able to reach large amplitudes, which readily give
fast access to high spatial frequency information. Alterna-
tively, the accessible spatial resolution with a whole-body
clinical scanner is inherently low unless either a longer
observation time window (1) or an enhanced gradient in-
sert (7,11) are implemented. However, the built-in whole-
body gradient systems of new generation scanners can
now deliver 50 mT/m amplitudes at switching speeds of a
few 100 !s, which potentially allow decreasing the voxel
size down to less than 100 !m isotropic within an encod-
ing time of 5 ms. Thus, the spatial encoding effectiveness
of clinical whole-body scanners tends to no longer be a
strong limitation for microimaging investigations in small
animals.

The actual issue in achieving spatial resolutions ap-
proaching 10–3 mm3 with clinical scanners today is the low
signal-to-noise ratio (SNR) available at the typical field
strength of 1.5T. The use of a specially designed radio
frequency (RF) coil that fits the animal is then required to
compensate for the SNR loss resulting from the small voxel
size. Still, scan times of several dozen minutes may be
required to get an acceptable SNR. This makes in vivo
animal handling difficult and is incompatible with dy-
namic studies.

The purpose of the present work was to address the
improvement brought by new superconducting RF coil
technology (17) in the situation of a miniature surface coil
suited for regional microimaging of mice in a 1.5T scanner.
Reducing the sensitive volume of the RF coil is a way to
increase the MR signal due to stronger magnetic coupling
between the coil windings and the observed protons. Ad-
ditionally, it filters out the RF noise from the rest of the
body, resulting in a very efficient method to locally in-
crease the SNR. However, at 64 MHz, the noise arising
from the RF coil itself clearly dominates the sample noise
in the case of conventional room-temperature copper coils
of typical diameters smaller than 2 to 3 cm. Therefore,
designing the coil with high-temperature superconducting
(HTS) material that features extremely low intrinsic noise
can hold promise to dramatically improve the SNR. Small-
animal investigations with either cooled-copper or HTS
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coils have already been reported, either in MR micro-
scopes (18–22) or in standard clinical scanners at moder-
ate spatial resolution (23–25). Comparisons with room-
temperature copper coils have demonstrated SNR gains
ranging from two to four times in vivo (21–25) and up to 10
times on very small anatomical pieces (18,19). Here, an
even smaller HTS surface coil with a diameter of about
1 cm is considered in view of the mouse imaging applica-
tion on a commercially available 1.5T whole-body MR
scanner. Particular attention is focused on the design of
electrical matching between the RF coil and the receiver
input of the scanner, which is crucial for the actual per-
formance of the HTS coil due to the loaded quality factors
of several thousands observed with the mouse. The probe
head is adapted from a previous design dedicated to local
microimaging of human skin (26). Preliminary investiga-
tions on intact excised organs (27) and in a mouse (28–30)
have been partially reported.

As stressed in a review article (17), evaluations of the
SNR gain brought by an HTS coil are generally quite un-
fair, mainly because of the arbitrary choice both of the
geometry of the reference copper coil and of its position
relative to the sample. Moreover, sufficient experimental
data are most often lacking to unambiguously assess the
comparison. Strong emphasis has therefore been put here
on the method used to compare HTS and copper coils.
Almost identical geometries have been chosen in order to
achieve the same spatial sensitivity distribution in both
cases. The method accounts for potential biases, i.e., flip
angle misadjustment and slice profile distortion, that arise
from the nonlinear behavior of HTS coils (18). In addition,
direct comparison of SNR measurements on in vivo MR
images was found to be insufficiently reliable due to the
inaccuracy of animal repositioning, the instability of phys-
iological conditions, and the presence of motion artifacts.
Therefore, systematic comparison of MR images has been
conducted with saline phantoms of variable conductivity,
and the observed SNR has been correlated with the corre-
sponding electrical quality factor of the RF coil. Extrapo-
lation of the expected SNR gain in vivo is then possible by
monitoring the quality factor in situ during any animal
imaging experiment and by including the noise contribu-
tion of the preamplifier and coupling device. The SNR gain
has been evaluated for different anatomical sites (brain,
knee, back, and subcutaneous implanted tumors) over a
series of mice. The Results section also displays MR views
of the different sites, which are representative of the image
quality achievable with the HTS coil.

THEORY

The SNR of an MR image can be expressed for a given RF
coil geometry as a function of Ql, Qu, the loaded and
unloaded quality factors of the RF coil, respectively, and
Tc, Ts, the RF coil and sample temperatures, respectively:
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Qu
# " Tc

Ql
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. [1]

The noise contribution from a conventional 50-# pre-
amplifier can be evaluated by comparing pure noise im-

ages acquired with a 50-# load connected to the pream-
plifier input at two different temperatures Ta and Tb (31).
From the corresponding standard noise deviations $a and
$b, the standard preamplifier noise temperature TN is given
by:
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When the RF coil is perfectly matched to the preampli-
fier input, the SNR degradation is simply accounted for by
adding the term TN in the denominator of Eq. [1] (32).
However, matching the resonant RF coil to the preampli-
fier input cannot be perfectly achieved at any frequency
offset due to the frequency-dependent reactance. Since
HTS coils exhibit very high quality factors, the mismatch
is particularly critical and may result in visible image SNR
degradation with position dependence along the frequen-
cy-encoded (readout) direction.

In practice, inductive coupling techniques based on a
tuned secondary coil, such as described in Fig. 1, provide
an easy way to wirelessly match the RF coil to the pream-
plifier. Such an approach avoids introducing a thermal
sink into the cryostat. However, the thermal noise from the
coupling coil increases the total receiver noise power by a
factor Fcc (33). An approximate expression of Fcc can be
given as a function of the MR signal frequency %:
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where k is the magnetic coupling coefficient between RF
and coupling coils, Qcc, rcc, and Tcc are the quality factor,
equivalent series resistance, and temperature of the cou-
pling coil, respectively, and Teff is the effective tempera-
ture of the HTS coil.

The noise contribution from the preamplifier is mini-
mized when the output impedance, Zout, is equal to the
optimal source impedance, Z0, of the preamplifier (usually

FIG. 1. Basic scheme of the inductively coupled double-resonant
reception. Ql and Qcc are the quality factors of the RF coil and the
coupling coil, respectively. The two coupled circuits are indepen-
dently tuned to the Larmor frequency %0. Zout is the impedance of
the RF coil viewed from the output of the matching circuit and set by
adjusting the coupling coefficient. Zin is the input impedance of the
preamplifier.
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50 #). Using the virtual reflection coefficient & to describe
the impedance mismatch between Zout and Z0 at offset
frequencies (% ' %0), the noise from the preamplifier con-
tributes to the output noise power by the factor Fp (17,34):

Fp # 1 "
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1 " &&&2
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where Teq is the effective temperature of the matched HTS
coil circuit including the coupling coil. The impedance
Zout achieved with the second-order coupling circuit of
Fig. 1 is given by:
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with
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Assuming rcc ** Z0 ** Qcc
2 rcc, the matching condition

Zout + Z0 can be reached at a frequency close to %0 by
setting k2 , Qcc rcc/Ql Z0. The SNR initially given by the RF
coil (Eq. [1]) is degraded at the receiver output by a factor
Ftot

1/2, where Ftot is the product of the contributions Fcc

from the coupling coil and Fp from the preamplifier.
Finally, the circuit of Fig. 1 also transforms the MR

signal induced in the RF coil (33), acting as a filter on both
the signal and noise with a frequency response G approx-
imated by:
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Due to the frequency dependence of Zout, the response G
may be strongly affected depending on the load impedance
Zin at the coupling coil output. For coil array decoupling

purposes (35), most recent MRI systems are equipped with
dedicated preamplifiers featuring an input impedance an
order of magnitude larger or smaller than their optimal
source impedance Z0. Since the input impedance differs
from Z0, inserting a transmission cable between the pre-
amplifier input and the coupling-coil output may intro-
duce an additional impedance transformation, which must
be considered for practical implementation. Noticeably,
the present SNR model (Eqs. [3]–[5]) remains valid assum-
ing a lossless transmission line of characteristic imped-
ance equal to Z0.

MATERIALS AND METHODS
MRI System and RF Monitoring Hardware

The experimental work was performed on a standard clin-
ical whole-body 1.5T MR scanner (Signa; GE Medical Sys-
tems, Milwaukee, WI, USA). The scanner can deliver a
maximum gradient intensity of 22 mT/m with a rise time
of 288 !s. Both HTS and copper coils were used in trans-
mit/receive mode. Electrical connection to the MR scanner
was implemented by plugging a 50-# coaxial cable, with a
length equal to a quarter-wavelength (-/4), into the stan-
dard bayonet nut coupling (BNC) input of the manufactur-
er’s “Extremity Coil” fast connection box. A load imped-
ance, Zin, of 450 # was measured with an impedance probe
(HP 41941-61001; Hewlett-Packard) at the -/4-cable end,
corresponding to about 5.5 # at the fast connection box
input. For each operating condition, impedance matching
at the RF coil output was monitored inside the magnet
bore before connection using an additional coaxial cable
and an impedance analyzer (HP4194A; Hewlett-Packard)
placed 5 m away from the magnet. Matching was adjusted
to 50 # at an RF source level of –30 dBm, which was low
enough to observe a linear response with the HTS coil. The
quality factors Qu and Ql were extracted during this step
using swept-frequency analysis of the RF coil impedance.

The equivalent noise temperature of the receiver input
available within the fast connection box was evaluated by
the dual-temperature method, Eq. [2], at 293 K (room tem-
perature) and 77 K (liquid nitrogen temperature). Standard
deviations $a and $b of 6.27 . 0.06 and 3.85 . 0.1 (mean .
standard deviation) were extracted from a series of six
pure noise images, acquired using a 2D spin-echo se-
quence with repetition time (TR) + 300 ms, echo time
(TE) + 9 ms, field of view (FOV) + 8 / 8 cm2, matrix size +
256 / 128, acquisition bandwidth (BW) + 30.5 Hz/pixel,
and acquisition time (tacq) + 44 s. An equivalent noise
temperature TN of 57 . 15 K was found, which corre-
sponds to a noise figure of 0.78 dB.

RF Coils

The HTS and copper surface coils were identical except
for different conducting/superconducting layers and dif-
ferent operating temperatures. The design was a five-turn
transmission line resonator (36) with inner and outer radii
of 4.5 mm and 7.3 mm, respectively. Geometric parameters
that set the resonance frequency within a few percent have
been detailed previously (26).

The windings of the HTS coil are made of a 400-nm-
thick YBaCuO film deposited and etched on a LaAlO3
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substrate by Thomson-L.C.R. (Corbeville, France) (37). The
HTS coil was operated at about 80 K, using a nonmagnetic
liquid-nitrogen cryostat (Desert Cryogenics, LLC, Tucson,
AZ, USA) specially designed with a sapphire cold finger to
allow lateral access to large samples (27). The cryostat, a
tubular cylinder with a diameter of 50 mm and length of
300 mm, was attached to the patient bed by an adjustable
plastic support. It was maintained at a 45° oblique orien-
tation in the vertical plane parallel to the static magnetic
field to provide stable MRI operation with autonomous
cooling for up to 5 h. The HTS coil was mounted in the
secondary-vacuum chamber of the cryostat onto a sapphire
plate with a thickness of 500 !m, which was connected at
right angle to a 10 / 10 mm2 sapphire rod plugged into the
cold nitrogen reservoir. Separation from the room-temper-
ature outside surface was insured by a 500-!m-thick sap-
phire window and a 500-!m minimum insulation gap in
the secondary vacuum. The overall distance between the
HTS coil plane and the sample surface was about 2 mm,
including the additional spacing needed for the tuning and
matching setup described below. The unloaded quality
factor Qu was greater than 62,000 in the Earth’s magnetic
field, and decreased to 13,700 when the HTS coil was
placed at the center of the 1.5T magnet. This lower value
was not due to the coupling of the RF coil to outer struc-
tures but rather due to the direct modification of the RF
resistivity of the HTS material by the strong static mag-
netic field. Influence of the static field was tested on mea-
surements done after a quench of the MRI magnet, for
which the same high value of Qu was found both outside
and inside the bore of the off magnet.

The copper coil was made of 15-!m thick copper elec-
trodeposited on LaAlO3 by an ultraviolet micromolding
process (38). The copper coil had a Qu + 110 at room
temperature. The overall gap between the copper coil

plane and the sample surface was about 1 mm using the
same tuning and matching setup as for the HTS coil.

Both coils were initially designed to resonate slightly
above (typically 3%), and then retuned to within 20 kHz
below the Larmor frequency. Retuning was achieved by
partially overlapping the windings on one side of the coil
with a thin dielectric pad (polytetrafluoroethylene [PTFE]
and sapphire for the HTS and copper coils, respectively).
This step had no relevant effect on the quality factor. Fine
tuning was finally achieved by positioning a closed-circuit
copper loop with a diameter of 12 mm. Upward frequency
shifts up to 20 kHz could be induced without significantly
affecting the coil quality factor.

Matching the source impedance, Z0, of 50 # was
achieved by another 12-mm diameter copper loop (Fig. 1),
with Qcc around 75 at room temperature, tuned at the
Larmor frequency with a 150-pF capacitor. Figure 2 dis-
plays the receiver gain flatness G resulting from the fre-
quency response of the matching network and the SNR
degradation, given by the product of the noise contribu-
tions of the coupling coil and the preamplifier (Eqs.
[3]–[6]) for typical loading conditions of the HTS coil with
the actual hardware parameters. In the case of the copper
coil, the SNR is degraded by about 0.96 dB with no signif-
icant offset-frequency dependence.

SNR Calibration Phantom

The phantom (Fig. 3) was made of two parts: a catheter
filled with distilled water and a 500-ml saline perfusion
bag. NaCl concentration in the perfusion bag was adjusted
in order to produce a set of different RF loading condi-
tions; i.e., 0 mM (distilled water), 38.5 mM, 115 mM, and
154 mM. The catheter served as an absolute reference for
signal calibration. Its inner diameter of 1.6 mm was kept
small compared to the imaged slice thickness, so it could
be assumed to give a well-defined effective voxel volume
with negligible slice-shape distortions even in the nonlin-
ear regime of the HTS coil.

Animals

A total of 10 nude mice of about 30 g were investigated
under anesthesia induced by an intraperitoneal injection
of 200 !L of diluted (1/5) pentobarbital (Sanofi Synthelabo
Laboratory, Paris, France). High-grade human mammary

FIG. 2. Expected gain flatness (G) and SNR degradation (Ftot) with
the coupling network of Fig. 1 for the unloaded HTS coil (Qu +
13,700) and for different loaded-Q values (9000, 7200, 2850). Both
receiver gain and SNR are affected by the frequency-dependent
impedance mismatch at the preamplifier input. The SNR degrada-
tion accounts for noise contributions from both the preamplifier and
coupling devices compared to the noise source from the HTS coil.
The SNR-degradation profiles appear generally sharper than the
gain flatness, resulting in a background-noise profile with a mini-
mum close to the zero frequency offset. For the copper coil (not
shown), the SNR degradation stays almost constant at about
0.96 dB.

FIG. 3. a: SNR calibration phantoms. Phantoms were made of a
catheter filled with distilled water and a 500-ml saline perfusion bag.
NaCl concentration in the perfusion bag was varied to produce a set
of different RF coil loading conditions. Coronal slice (b) and axial
slice (c) performed with the HTS coil for the phantom at [NaCl] +
154 mM. The SNR was measured on the axial slice with voxels of
39 / 39 / 900 !m3. The target ROI (black) encompassed 10 / 10
pixels and the background ROI (white), 40 / 200 pixels.
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tumor cells from the metastatic ductal adenocarcinoma
line MDA-MB-435 (39) were subcutaneously injected on
the side of the nude mice 44 days before imaging. A total
of three different anatomical sites (head, back, knee) were
also investigated in normal nude mice. All mice were
inserted into a 24-mm-diameter plastic tube that was lon-
gitudinally slotted to provide easy and accurate position-
ing of the region of interest (ROI). The distance between
the surface of the body and either the HTS or the copper
coil was set to the respective 2- or 1-mm minimum im-
posed by the hardware.

Immediately after imaging, the mice were euthanized
with an intraperitoneal injection of a pentobarbital over-
dose. The tumors were collected, kept into diluted (1/10)
formaldehyde, then cut into 3-!m-thick sections with a
microtome and stained with hematoxylin-eosin safran
(HES). Histological slices were performed parallel to MRI
slices to allow for spatial correlation.

Imaging Protocols

MR phantom images were acquired for both coils using
identical settings and the same imaging protocols. A 2D
spin-echo sequence was applied with TR/TE + 500 ms/
35 ms, matrix size + 512 / 512, FOV + 20 / 20 mm2,
BW + 15.3 Hz/pixel, and axial slice thickness + 3 mm.
The transmit level was manually adjusted with a TR of 2 s
in order to achieve the maximum signal in the target ROI
defined inside the capillary tube (Fig. 3).

Mice were imaged by 3D and 2D gradient-recalled ac-
quisition in steady-state (GRASS) sequences with param-
eters reported in Table 1. The transmit level was adjusted
during scout acquisition with a similar 2D spin-echo pro-
tocol as used for the phantom images in order to achieve
the maximum signal at a 1–2-mm depth below the surface.
The flip angle values reported in Table 1 were those dis-
played by the console corresponding to the transmit power
level, but they did not account for the nonlinear behavior
of the HTS coil. Thus, the values are rough, but reproduc-
ible, estimates of the actual angles in the GRASS se-
quences. Contrast enhancement was achieved for both
knee and tumor acquisitions by manual injection of an
intravenous bolus of 0.3 mmol/kg gadolinium-tetraazacy-
clododecane tetraacetic acid (Gd-DOTA) (Dotarem!, Guer-
bet, France) through a catheter in the tail vein. Contrast
uptake was followed up at different spatial and temporal
resolutions.

SNR Measurements

SNR measurements for the phantoms were extracted from
magnitude images using the average signal intensity over
the target ROI in the capillary tube and the standard devi-
ation in the background ROI (Fig. 3). The target ROI was
closer to the copper coil by about 1 mm, corresponding to
the cryogenic insulation gap only required for the HTS
coil. This is a crucial point for a fair SNR comparison
because of the decrease in the sensitivity profile along the
coil axis. When the noise was not homogenous over the
image, the background ROI was set into the lowest-noise
region along the frequency-encoding axis. This position
roughly corresponded to the measured matching fre-
quency, as explained in the RF Coils section.

SNR extractions for the mice were also performed on
amplitude images with the same analysis as for the phan-
toms and the target ROIs indicated in Fig. 4.

RESULTS

SNR Gains

The quality factors of the HTS and copper coils, loaded by
the saline phantoms at different concentrations, are re-
ported in Table 2. The expected SNR gain for HTS vs.
copper at the matching frequency, derived from Eqs. [1],
[3], and [4] for these measured quality factors, is reported
in Fig. 5. With respect to the actual noise from the pream-
plifier and from the coupling coil, the maximum expected
SNR gain achieved with the non-saline phantom is 17.1 .
2.4. Assuming a perfect system with both a noiseless pre-
amplifier and a noiseless coupling coil, the maximum SNR
gain would have been 21.1 . 2.7.

The measured SNR gain, averaged over six phantom
images acquired with the same conditions for each coil
and each saline concentration, is also reported in Fig. 5.
The results agree with the expected SNR gain for all load-
ing conditions explored here; i.e., for a quality factor of the
HTS coil ranging from 845 to 13,700. A maximum mea-
sured SNR gain of 16.7 . 0.1 is achieved with the non-
saline phantom.

The combination of Eqs. [1], [3], and [4] can also yield an
estimation of TN according to the measured SNR. For this
purpose, Ql for the copper coil was analytically expressed
as a function of Ql for the HTS coil, while assuming that
1/Ql – 1/Qu only depends on the load since both coils have
identical geometries. The best fit plotted in Fig. 5 was

Table 1
Parameters of Protocols Implemented to Image the Different Mouse Sites

Protocols TR/TE (ms)
Acquisition

matrix

Acquisition
bandwidth
(Hz/pixel)

Flip angle
(degrees)

FOV (mm3) tacq (min)
Dynamic follow-up

(number of
consecutive loops)

Brain 1 100/8 256 / 128 / 124 61.015 90 30 / 15 / 14.5 27.3 —
Brain 2 150/25 512 / 256 / 60 30.5 90 30 / 15 / 18 41 —
Back 200/25 512 / 256 / 60 30.5 25 30 / 15 / 15 54.6 —
Knee 50/15 512 / 384 / 60 30.5 70 30 / 22.5 / 18 20 —
Tumor 1 13.9/4.8 128 / 64 / 1 61.015 70 30 / 15 / 2 0.015 100
Tumor 2 50/15 512 / 256 / 28 30.5 70 30 / 15 / 8.4 6.9 7
Tumor 3 57/14 512 / 256 / 60 30.5 70 30 / 15 / 3.6 15.6 —
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reached at a TN of 68 K, in good agreement with the 57 .
15 K dual-temperature measurement.

SNR gains expected from the in vivo Q measurements at
the different anatomical sites are reported on Table 3 and
on Fig. 5 for both the ideally noiseless and the actual
acquisition system. In the actual case, typical gains were
9.8, 9.8, 5.4, and 11.6 for the brain, knee, back, and sub-
cutaneous implanted tumors, respectively.

The nonuniformity of the background noise with HTS-
coil acquisitions was easily visible at large frequency off-
sets and was more pronounced with decreasing sample
losses, in quite fair agreement with the theory. Figure 6
depicts the background-noise profile along the frequency-
encoding axis of an image acquired without any sample,
i.e., the most sensitive situation, after a particularly careful
adjustment of the tuning and matching conditions.

In-Vivo Imaging

Typical in vivo data acquired with the HTS coil following
the protocols given in Table 1 are displayed in Figs. 7–9 for
different anatomical mouse sites and in Figs. 10–12 for
tumor explorations. Set voxel dimensions and the mea-
sured SNR for the different sites are reported in Fig. 4.

Images of the mouse brain obtained with Brain 1 and
Brain 2 protocols at about the same anatomical level are
presented in Fig. 7 with regard to a corresponding plate of
the mouse brain atlases (40). Brain structures such as the
ventricles, corpus callosum, hippocampus, and cerebel-
lum with internal gray/white matter differentiation, are
well identified with Brain 1. Noticeably in the hippocam-
pus, regions of higher cell densities such as the CA3 and
dental gyrus are depicted by their hypersignal. The cere-
bral microvasculature is strongly enhanced in the Brain 2
view with long TE (25 ms) and small voxel size (59 / 59 /
300 !m3).

The mouse back view (Fig. 8) allows the discrimination
of gray and white matter within the spinal cord with a
contrast-to-noise ratio of about 15. Although the protocol
incorporates neither flow-compensation nor cardiac syn-
chronization, the aorta is already well delimited with a
SNR of 16 at a 5-mm depth inside the mouse body.

Figure 9 reveals articular structures in the knee of a
mouse 40 min after the injection of Gd-DOTA.

Figures 10 and 11 illustrate the contrast uptake dynam-
ics inside a tumor before and after injection of Gd-DOTA,
with protocols Tumor 1 and Tumor 2, respectively. The
profiles for a given ROI have been computed as where SIpre

and SIpost are the pre- and postinjection signal intensities,
respectively. Protocol Tumor 1 allows the characterization
of different areas within the tumor by following the first
arrival of the contrast agent at a time resolution of 0.9 s and
a SNR ranging from 100 to 300. Protocol Tumor 2, based on
59 / 59 / 300 !m3 voxels, has a lower time resolution of
6.9 min but a volume resolution 100 times better than
protocol Tumor 1. The sharply-delimited tumor heteroge-
neities show different dynamical behaviors over the 1-h
investigation as plotted in Fig. 11. Protocol Tumor 3,
started after a 1-h delay following the Gd-DOTA injection,
achieves even higher volume resolution with a 59-!m
isotropic voxel size. This protocol helps to structural het-
erogeneities as different tumor components by confronta-
tion with histology (Fig. 12). All tumors are characterized
as high-grade carcinomas, poorly differentiated and ne-
crotic in approximately 50% of the volume. Some tumors
exhibit typical features such as central necrosis with no
cells, microcalcifications, microinfiltrations, and tumoral

FIG. 4. ROI locations in mouse images with corresponding voxel
dimensions and SNR values.

Table 2
Measured Quality Factors of the HTS and Copper Coils Loaded
by the Saline Phantom With Different Concentrations

Phantoms [NaCl]

Loaded quality factors

HTS coil
Copper

coil

0 mM 13700 . 200 111 . 11
38.5 mM 2854 . 40 106 . 10

115 mM 1150 . 20 105 . 10
154 mM 845 . 10 102 . 10
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microvessels, which were also visible on the MR images.
Gd-DOTA accumulates in necrotic areas within the first
10 min. Living tumoral tissue, necrosis, and well-vascu-
larized, granulated nontumoral tissue correspond to differ-
ent Gd-DOTA uptake dynamics.

DISCUSSION

This is the first report of in vivo SNR enhancements by
more than an order of magnitude using a surface coil made
of HTS material as compared with a room-temperature
copper coil of similar geometry. The diameter of both
surface coils was 12 mm and the comparison was under-
taken for the particular situation of mouse imaging in a
standard 1.5T body scanner. The only difference between
the coils was the 15-!m electrodeposited copper layer
instead of the 400-nm YBaCuO film employed to elaborate
the windings. Both thicknesses were assumed to corre-
spond to nearly optimum RF performances for each mate-

rial. The coils were positioned as close as possible to the
sample surface according to the mechanical and cryogenic
constraints respective to each setup. Overall acquisition
conditions are thought by the authors to make an unbiased
comparison as fair as possible.

Assuming a noiseless coupling circuit and preamplifier
with a negligibly conductive sample, the HTS coil device
cooled to 80 K in the present evaluation can achieve an
ultimate SNR gain of about 21 with respect to the similar
room-temperature copper coil. For comparison, cooling
the copper coil to 80 K would have achieved a maximum
SNR gain of 3.2, assuming an increase of conductivity by a
factor of 8.5 (i.e., a 2.9-times higher unloaded quality fac-

FIG. 5. Expected and actual SNR
gains as a function of the loaded
quality factor of the HTS coil. The
SNR gain expectation either as-
sumes a noiseless preamplifier
and coupling coil (TN + 0 K and
Fcc + 1) or accounts for their ac-
tual noise (TN + 57 K and Fcc 0 1)
as given by Eqs. [3]–[6]). The error
bars include the uncertainty on
the Ql and TN measurements. The
measured data are fitted using
Eq. [1] combined with Eq. [3] with
the least error at TN + 68 K.

FIG. 6. Measured background-noise profile with the unloaded HTS
coil (Qu + 13,700). The standard deviation (dots) is measured along
the frequency-encoding axis of the image. It is compared with the
expected profile (plain curve) computed from the receiver gain
flatness (lower dashed curve) and SNR degradation (upper dashed
curve) also displayed on Fig. 2.

Table 3
Measured Quality Factors of the HTS and Copper Coils Loaded
by the Different Anatomical Sites of the Mouse In Vivo*

Mouse
sites

Loaded quality factors Expected SNR gains

HTS coil
Copper

coil
TN + 0 K

and Fcc + 1
TN + 57 K

and Fcc 0 1

Head 7,200 . 108 106 . 10 10.5 . 0.8 9.8 . 0.8
Back 2,700 . 40 105 . 10 5.4 . 0.4 5.4 . 0.9
Knee 7,200 . 108 106 . 10 10.5 . 0.8 9.8 . 0.8
Tumor 9,000 . 135 107 . 10 12.7 . 1.1 11.6 . 1.1

*Corresponding SNR gains are derived from Eq. [1] and Eq. [3],
either assuming a perfectly noiseless preamplifier and coupling coil,
or accounting for the actual noise from both.
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tor) with extremely pure copper (41,17). The ultimate SNR
gain is limited by the performance of the superconducting
material, which is conjointly affected by the ambient 1.5T
field and 80 K temperature. Still, in view of investigating
very small or low-conductive samples, further improving
the SNR by lowering the HTS coil temperature might be
possible. However, the warm coupling coil and preampli-
fier would rapidly limit the improvement since they al-
ready attenuate the SNR gain significantly at 80 K, by
about 20% at the tuning frequency and 60% at .8-kHz
frequency offsets.

Rather than weakly conductive or small biological sam-
ples, this work investigated anatomical areas of the mouse
where the sample noise still dominates the coil noise.

Therefore, only marginal extra SNR gains can be expected
at the tuning frequency with additional coil or preampli-
fier improvements. According to the theory, a perfect
noiseless RF coil (e.g., with null Tc) combined with a
noiseless preamplifier and coupling devices would ulti-
mately increase the SNR gain up to 13.4 instead of the
present 11.6 for the case of subcutaneously implanted
tumors, which corresponds to the highest quality factor
(9000) encountered in the in vivo study. However, the
mouse tumors were investigated with a 30-mm readout
FOV, corresponding to a total .8-kHz BW. According to
Fig. 2, the image SNR would be degraded by a factor of
0.69 at the edges of the FOV relative to the center. Never-
theless, by carefully centering the tumor in the lowest-
noise region of the FOV, the high SNR is maintained
within a few percent over the tumor width, which gener-
ally does not exceed 10 mm. Besides, the image is already
filtered out above .4-kHz since the spatial sensitivity map

FIG. 7. In vivo coronal mouse brain slices. The images have been
acquired with protocols Brain 1 (a) and Brain 2 (b) before being
cropped by a factor of 2. Section 157 (c) is from the mouse brain
atlas (40). Structures such as the forceps major of the corpus (fmi),
corpus callosum (cc), adrenaline cells (CA), hippocampus (H), left
ventricle (lv), dentate gyrus (DG), Culliculi inferior and superior (C-inf
and C-sup), and longitudinal hippocampal artery (lhia) can be iden-
tified on the MR images. See protocol details on Table 1 and local
SNR measurements on Fig. 4. [Color figure can be viewed in the
online issue, which is available at http://www.interscience.wiley.
com.]

FIG. 8. In vivo axial slice of a mouse back. The image has been
acquired with protocol Back before being cropped by a factor 2.
With a T1 contrast, it is possible to discern gray and white matter at
the spinal cord of the animal. The aorta is well depicted at a depth
of about 5 mm. See protocol details on Table 1 and local SNR
measurements on Fig. 4.

FIG. 9. In vivo axial slice of a mouse knee. The image has been
acquired with the protocol Knee 40 min after a Gd-DOTA injection
and cropped by a factor of 4 / 4.3. The synovial fluid is strongly
enhanced as compared with before the injection (not shown). See
protocol details on Table 1.

FIG. 10. Contrast uptake over time during the perfusion phase of a
subcutaneously implanted tumor in the mouse. The analysis has
been done with a series of images acquired with protocol Tumor 1.
The contrast-enhancement kinetics allows the discrimination of ar-
eas in the tumor that correspond to tumoral rim, excavated necro-
sis, and highly vascularized tissue. The reference signal is given by
a tubular phantom filled with distilled water. See protocol details on
Table 1 and local SNR measurements on Fig. 4.
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of the HTS coil itself does not extend much further than
.8 mm. At .4-kHz offsets, the SNR is degraded by 10%
compared to the lowest-noise offset.

Cooling the electronics would be needed to access larger
acquisition BWs while maintaining the high SNR provided
by HTS coil along the readout FOV. The improvement
brought by integrating the coupling coil and a custom
preamplifier in the cryostat can readily be evaluated using
the set of equations in the Theory section. For example, in
the crucial case of mouse tumors, the HTS probehead
would provide an SNR gain of 13.4 at the center of the
readout FOV by assuming a coupling coil made of pure
copper at 80 K and a preamplifier featuring a noise tem-
perature of 15 K are used. The sideband SNR gain of 12.9
at .4 kHz would be kept above 10 at frequency offsets up
to .16 kHz.

The HTS coil diameter of 12 mm is well suited to study
a large variety of anatomical sites in mice. An exploration
depth of about 5 mm is already accessible with the pre-
sented protocols based on transmit-receive and small flip-
angle gradient-echo modes. The MR signal intensity al-
most depends on the coil sensitivity squared through the
cumulative effect of transmission and reception. By decou-
pling the HTS coil to operate it in receive-only mode,
spatially uniform excitation pulses could be indepen-
dently applied with a larger transmit coil and the penetra-
tion depth would be increased since it would be limited
only by reception. Full coverage of the mouse body could
finally be achieved with an array based on 12-mm receive-
only HTS elements maintaining the same SNR enhance-
ment shown locally in this study.

Another issue with the transmit-receive operation of the
HTS surface coil is the significant variation of the applied
flip angle over the image FOV. Therefore, spin-echo pro-
tocols in the phantom studies could only be exploited over
a restricted ROI. Instead, the in vivo investigations were all
based on gradient-echo protocols and covered larger areas
at the cost of a nonuniformly weighted T1 contrast. With
receive-only HTS coil operation, the T1 contrast would be

better assessed, spin-echo sequences would be easily im-
plemented, and T2 contrast would be available. HTS coil
decoupling is thus a primary focus for further develop-
ment.

Although there are still implementation issues as dis-
cussed above, using a small HTS coil was determinant in
achieving high-quality mouse images with 1.5T. The SNR
advantage could be converted into substantial spatial or
temporal resolution improvements. Small voxels are
needed to accurately evaluate neovascular components
and potentially differentiate malignant from benign tu-
mors based on dynamic contrast enhancement (42). The
0.2-nL resolution, achieved with a SNR of 20 in subcuta-
neous tumors with protocol Tumor 3, is a key feature to
discriminate tissue components that could be accurately
correlated with histology. The subsecond temporal resolu-
tion, reached here with protocol Tumor 1 at less than
250-!m in-plane resolution, can bring complementary
first-arrival perfusion information regarding angiogenesis
processes (43). In the brain images (Fig. 7), voxel sizes
were small enough to reach a partial-volume regime where
individual microvessels were made observable through
their T2* effect, which extends to larger spatial scales as
imaged. Subnanoliter resolution combined with a perti-
nent contrast mechanism is generally required to discrim-
inate subregions within the hippocampus (44). In the
present investigation, at relatively low field, this is af-
forded by the T1-weighted protocol Brain 1.

The very sensitive RF detection provided by the HTS
coil in the present work at 1.5T leads to resolution levels
that are usually encountered with high-field MR micro-
scopes. The protocols here were generally based on narrow
acquisition BWs that are not convenient in high-field in-
vestigations, because of susceptibility and chemical-shift
artifacts, but they contribute to improving the SNR in
addition to the gain brought by the HTS coil itself. Besides,
no individual shimming procedure was applied to reduce
field heterogeneities. Nevertheless, implementation of
cryogenically-operated coils at high fields can substan-

FIG. 11. Contrast uptake over time during the leakage phase of a
subcutaneously implanted tumor in the mouse. The analysis was
done on a series of images acquired with protocol Tumor 2. Differ-
ent dynamic behaviors are exhibited during the 1-h investigation
corresponding to tumoral rim, excavated necrosis, and highly vas-
cularized tissue. The reference signal is given by a tubular phantom
filled with distilled water. See protocol details on Table 1 and local
SNR measurements on Fig. 4.

FIG. 12. Comparison of a high resolution slice (a) to the corre-
sponding 3-!m-thick histological slice (b) in a subcutaneously im-
planted tumor in the mouse. The isotropic MR image has been
acquired with protocol Tumor 3 an hour after Gd-DOTA injection.
The comparison yields the identification of different tumor compo-
nents, such as living tumoral tissue, necrosis, and well-vascularized
nontumoral tissue, as a basis of the structural heterogeneities visi-
ble on the MR image. See protocol details on Table 1 and local SNR
measurements on Fig. 4. [Color figure can be viewed in the online
issue, which is available at http://www.interscience.wiley.com.]
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tially enhance the SNR. A recent work with a cooled
copper coil at 9.4T demonstrated a SNR gain of 2.4 for in
vivo brain images of mice (22). A gain of 7.0 was reported
earlier at 9.4T involving a HTS coil to explore excised
mouse kidneys (19). However, developing in vivo appli-
cations with HTS probes for such high-field, small-bore
systems remains a challenging issue due to the lack of
room to handle the animal and insert the cryogenic
setup. Lower operating temperatures are required to
maintain the superconducting performance of the HTS
material (17), and a cold screen surrounding the RF coil
is needed since electromagnetic coupling with warm
external structures can induce a significant amount of
thermal noise (45).

In conclusion, the principal argument in favor of the
HTS coil approach presented in this work is the ability to
reach high spatial and temporal resolutions needed for
small animal investigations without necessarily needing
an increased magnetic field. Cryogenically-operated RF
coils could offer the biomedical experimenter an extended
opportunity to choose the adequate field intensity and find
a compromise with resolution and contrast-to-noise for
any particular application or pathology domain.
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