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Batch fabrication methods have been used to produce low-cost
microcoils for magnetic resonance spectroscopy (MRS) that
could be discarded after applications such as insertion into
tissue during interventional surgery. Needle-shaped microcoils
were constructed using electroplated conductors buried in
shafts formed with different combinations of silicon and plastic
and used to acquire in vivo 31P spectra of rat thigh muscle at
81 MHz. The designs in this study achieved a maximum signal-
to-noise ratio (SNR) for phosphocreatine (PCr) of 10.4 in a
10-min acquisition, with the three adenosine triphosphate (ATP)
multiplets also clearly visible. An average 20% reduction in PCr
occurred over a 60-min period, and intracellular pH was esti-
mated to be 6.6, which are both evidence of ischemia. A needle
microcoil design could have applications in real-time MRS of
tumors or in evaluating pathology in general during surgical
investigations. Magn Reson Med 61:1238–1241, 2009. © 2009
Wiley-Liss, Inc.
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Planar microcoils based on metallic conductors on a vari-
ety of substrates including GaAs (1), Si (2), glass (3), and
plastic (4) have been investigated over the past few years.
Probes designed for insertion into the body have also been
formed, by winding a wire solenoid around the outside of
a glass capillary tube (5). The overall aim of this work has
been to develop local coils for clinical magnetic resonance
spectroscopy (MRS) that could be batch-fabricated at suf-
ficiently low cost that they might be discarded after a
single use.

We have been developing an alternative planar design
for insertion into tissue, based on a pair of conductors
running parallel to the axis of a long, thin needle (6,7) as
shown in Fig. 1. Such coils have a very small field of view
orthogonal to the longitudinal coil axis and the two con-
ductors have a quadrupolar H-field as shown in Fig. 1a. A
coil of such design immersed in a uniform medium would
yield little signal in receive-only mode due to signal can-
cellation from the regions of opposite polarity. The needle
coil design actually implemented encloses the conductors

with a rectangular block of solid resistive material to elim-
inate a significant proportion of the signals from one pair
of the regions with the same polarity, but is also suitable
for use in transmit/receive mode as used in this current
study. Considerable improvements have now been made
to high-frequency performance, by slowly increasing the
thickness of properly insulating material beneath the coil
and removing all high-resistivity silicon, improving the
unloaded Q-factor and extending the operating frequency
from 63.8 MHz to 400 MHz. These changes have involved
significant alterations to the fabrication process and have
inexorably relegated the role of the silicon substrate to that
of a temporary carrier wafer.

To assess the practicality of performing in vivo MRS
with such a microcoil design we have acquired data from
normal rat thigh muscle. This experiment has the advan-
tages of a large tissue mass for insertion of the coil and a
well-known spectroscopic profile. Magnetic resonance im-
aging (MRI) and MRS measurements were first performed
in phantoms to assess the coil sensitivity profile and its
pulse power calibration. A needle microcoil tuned to
200 MHz was used for assessment by 1H MRI and coils
tuned to 81 MHz were used for 31P MRS measurements.

MATERIALS AND METHODS

Coil Fabrication

Coils were made using planar processes that allowed 100
needles to be manufactured from a 100-mm-diameter sili-
con wafer. Two variants were assessed. The first were
silicon/plastic hybrids (6), in which the lower half of the
structure was formed in 550-�m-thick layers of high-resis-
tivity Si and the upper half in a photopatternable epoxy
resist, SU-8 (8). The second were needles in which both
halves of the shaft were formed in SU-8 (7). This design
has improved high-frequency performance due to the
elimination of substrate losses immediately adjacent to the
windings. Furthermore, a completely plastic design has
structural properties that make it more compatible with
clinical use than a partly silicon-based design, due to the
elimination of brittle crystalline material.

In each case, the needle shaft contained a single-turn
coil, based on a pair of conductors that ran parallel at a
separation of 1 mm for a distance of 10 mm and then
converged together to meet at a tip a further 2.5 mm away.
The conductors were 150-�m-wide tracks consisting of
14 �m of copper and 4 �m of gold, electroplated inside a
photoresist mould. The conductors were encased in mate-
rial patterned into a needle outline 200 �m wider than the
coil, except at the base. In this region, the outline was
expanded further to allow landing sites for nonmagnetic
tuning and matching capacitors (Type HighQ, Size 0805;
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SRT Micro Céramique, France) and bond pads for connec-
tion to a small printed circuit board (PCB). Typical capac-
itance values for a plastic-shafted coil (which had a series
resistance of �1�) operating at a frequency of 81 MHz
were C1 � 253 pF and C2 � 660 pF, giving an effective
capacitance of CEff � 183 pF. All-silicon coils used a sim-
ilar effective capacitance at this frequency, and effective
capacitances at 200 MHz were scaled according to the
normal rules for inductor-capacitor (L-C) resonance. Bal-
anced matching would certainly improve the signal-to-
noise ratio (SNR), but would require additional compo-
nents to be mounted on-chip, at the root of the needle.
Given that space was at a premium in the wafer-scale
fabrication process used, a simple unbalanced series-
matching circuit was used, as shown in Fig. 1c.

In the hybrid design, conductors were first formed on
1.2-�m-thick layers of SiO2, and then capped with a 500-
�m-thick layer of SU-8 2050 resist (Chestech, UK). The
lower shaft layer was then formed, by transferring the
needle outline right through the Si wafer by deep reactive
ion etching, a variant of plasma etching that can etch
silicon with vertical side-walls (9). As a result, the con-
ductors were embedded in a shaft measuring approxi-
mately 1.5 mm � 1.0 mm, as shown in Fig. 1. In the
all-plastic design, conductors were formed on a 500-�m-
thick SU-8 layer, which acted as the lower shaft layer. The
upper half of the shaft was then formed in a further 500-
�m-thick layer of SU-8. In this case, the constraints of
processing necessitated a slightly wider shaft, so that the
conductors lay 100 �m further from the surface. Finally,
the entire plastic structure was detached by thermal shock
from the Si substrate, which therefore acted only as a
material support during processing.

Coils were tuned either to 81 MHz for 31P spectroscopy
at 4.7T (silicon-based and all-plastic needles) or 200 MHz
for 1H imaging (silicon-based needles), matched to 50 �,
and connected to ultrathin coaxial cable via a small PCB
that increased mechanical strength. Figure 1b shows an
optical photograph of a needle coil with an all-plastic
shaft, after addition of tuning and matching capacitors.
The conductor layout may clearly be seen running along
the length of the shaft.

NMR
31P MRS and MRI were performed using a 4.7T small bore
animal system (Varian, Inc., Palo Alto, CA, USA). For coil

calibration in transmit/receive mode operation the needle
coils were inserted full-length into small spherical bulbs
containing either 10 �M MnCl2-doped phosphate solution
or 0.2% v/v Gd-diethylene triamine pentaacetic acid
(DTPA)-doped water. Spectra were acquired unsaturated
with either a 200-�s hard pulse (31P MRS) or 5000-�s
Gaussian pulse (1H MRI) to find the signal maximum for
each coil. Image sensitivity maps for a coil tuned to 1H
were acquired using a gradient echo sequence (TR �
200 ms, TE � 10 ms) with a Gaussian pulse to select a
1-mm slice orthogonal to the needle coil longitudinal axis
with 1024 by 1024 resolution over a 40-mm field of view to
give 0.04-mm in-plane resolution. Images were acquired
with the needle coil parallel to the B0 axis (the orientation
for 31P MRS acquisition) as well as with the coil orthogonal
to B0.

All animal experiments were performed in accordance
with the local ethical review panel and the UK Home
Office Animals Scientific Procedures Act of 1986. Wistar
Furth rats (N � 3) were used for in vivo measurements
with nonrecovery from anesthetic after the experiment.
Under general anesthesia, a flap of skin was removed from
over the thigh muscle to enable a needle microcoil to be
inserted parallel to the muscle fibers and with minimal
muscle tissue damage. The rat was then laid prone in the
magnet bore within a whole-body imaging coil with heated
air flow to maintain body temperature. Gradient echo im-
ages were obtained to confirm the coil position within the
muscle bulk. A point-resolved spectroscopy sequence
(PRESS) localization sequence (10) was used to shim over
the region of muscle containing the needle coil. Using the
phantom calibration pulse power for maximum signal, 31P
spectra were acquired in vivo from rat thigh muscle with
TR � 2500 ms for the silicon substrate needle coil, and
TR � 2000 ms for the plastic substrate needle coil in
blocks of 256 transients for 60 min.

31P spectra were analyzed using the VARPRO time do-
main method as implemented in the jMRUI package
(http://www.mrui.uab.es/mrui/mrui_Overview.shtml)
with prior knowledge as previously described (11). In
practice, the linewidths of the inorganic phosphate (Pi),
phosphocreatine (PCr) peaks, and individual components
of the adenosine triphosphate (ATP) resonances were
dominated by the field inhomogeneity and so all were set
equal.

FIG. 1. a: Schematic cross-section of needle microcoil showing the Hy magnetic field isocontours of opposite polarity that are created from
two parallel conductors. The rectangle depicts the encapsulated region of the coil with dimensions approximately 1.5 mm (width) � 1.0 mm
(depth). b: Plastic needle microcoil showing the two 10-mm parallel conductors that form the active region of the coil and after the addition
of tuning and matching capacitors (C) and coaxial cable. Note that the SU-8 encapsulation is transparent. c: Circuit diagram of the needle
microcoil. Impedance Z is matched to 50 � capacitors required for a 31P coil were typically C1 � 253 pF and C2 � 660 pF.
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RESULTS

At the frequencies used here, both types of coil had similar
electrical performance. Coil inductance was 21 nH, and
coil Q was typically 11 for 31P and 25 for 1H coils as
measured with an Agilent E5061A network analyzer. How-
ever, all-plastic coils had higher Q-factors at higher fre-
quencies (e.g., 200 MHz as required for 1H MRS at 4.7T).
Coil Q measured in saline solution to simulate maximum
loading was not different to an unloaded coil, indicating
that the coil is the dominant noise source. 1H images that
depict the coil sensitivity distribution of the coil are
shown for two orientations and two excitation-pulse
power levels in Fig. 2. For an excitation-pulse power 12 dB
below that giving maximum nonlocalized signal, the flip
angle at the coil surface is approximately 90 degrees, as
shown by there being a single maximum signal adjacent to
the coil substrate (Fig. 2a and c). With the coil oriented
perpendicular to the B0 field, only the By component of the
radiofrequency pulse produces a signal, hence a quadru-
polar sensitivity distribution (Fig. 2c and d) similar to that
depicted in Fig. 1 is observed. Defining the maximum total
signal in a nonlocalized pulse-acquire measurement ob-
tained with the coil parallel to B0 (Fig. 2b) as 100%, then
at the –12-dB excitation pulse power level the total signal
was 50% (Fig. 2a), for the perpendicular orientation the
maximum signal intensity was 53% (Fig. 2d), and at the
–12-dB pulse power level the total signal was 37% (Fig.
2c).

Figure 3a shows the needle microcoil inserted into rat
thigh muscle. Ideally the coil longitudinal axis would be
aligned parallel to the B0 field, but in practice this is not
possible due to limitations in positioning the rat within
the experimental setup. Figure 3b shows a coronal MR
image acquired with the volume coil that illustrates the
signal void of the microcoil track within the muscle. We
estimate that the coil axis lies within 20° to the B0 axis in
all in vivo experiments, hence the sensitive region of tis-
sue from which the 31P spectra are acquired is most like
that depicted in Fig. 2b.

Figure 4 shows a 31P spectrum obtained in 11 min (4
blocks of 256 transients), which had a SNR of 10.4 (equiv-
alent to an SNR of 3.1 per min1/2 of total acquisition time)
for the PCr in the spectrum with the lowest linewidth of
19 Hz (as calculated by VARPRO prior to line-broadening).
On average (N � 3), the PCr linewidth was 31 � 12 Hz; the
PCr SNR (with 15-Hz line-broadening) was 2.2 � 0.5 per
min1/2 of total acquisition time; the PCr/ATP ratio was
3.5 � 0.5; and the PCr amplitude decreased by 22 � 14%
over 60 min. Inorganic phosphate was only observable in
one block of 1024 transients and enabled an intracellular
pH (pHi) of 6.6 to be estimated. Comparison of the PCr SNR
between needle-coil types was made after normalizing for
the linewidth (i.e., by multiplying by the VARPRO-deter-
mined linewidth in Hz) to account for shim variation and

FIG. 2. Gradient echo images acquired transverse to the longitudi-
nal axis of a 1H tuned needle microcoil inserted into a bulb contain-
ing Gd-DTPA-doped water. The central signal void is the SU-8
encapsulation with the 1-mm separation of the parallel conductors
across the wider part of the cross-section. The arrows and cross
indicate the direction of the B0 field. Excitation pulse power was set
at 12 dB below that giving maximum pulse-acquire signal for (a) and
(c) and set for a maximum pulse-acquire signal in (b) and (d). Note
that the slight left-right asymmetry of the signal intensity is due to a
small difference in the thickness of the encapsulation above and
below the conductors. In (c) and (d) there are also small image
distortions due to greater susceptibility artifacts close to the coil
surface for the coil orientation used for these images.

FIG. 3. a: Needle microcoil inserted into rat thigh muscle along the
muscle fiber direction. A � thigh muscle with overlying skin re-
moved, B � needle microcoil conductors, C � tune and match
capacitors, D � coaxial cable to spectrometer. b: Coronal MR
image through a prone rat. M � thigh muscles, T � tail, N � signal
void of needle coil track.

FIG. 4. In vivo 31P spectrum acquired at 80 MHz from rat thigh
muscle with a needle microcoil using TR � 2500 ms and 256 signal
averages, and processed with 15-Hz line-broadening. SNR of PCr �
10.4.
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was 60 per min1/2 Hz (silicon-based coil) and 78 per min1/2

Hz (mean from two all-plastic coils).

DISCUSSION

We have demonstrated the feasibility of obtaining in vivo
31P spectra and 1H images using a needle microcoil design
that can be batch manufactured and inserted into tissue.
The PCr/ATP peak area ratio obtained is similar to that
expected for rat muscle from in vivo studies (12,13). Not
surprisingly with such an invasive MRS approach, there is
evidence of ischemia due to tissue damage, as shown by
the low pHi and the decrease in PCr over time. Neverthe-
less, a role for the needle coil can be envisaged in the
acquisition of tumor spectra during interventional surgery,
or in obtaining spectra or images from the walls of large
blood vessels. With the coil used for both transmission and
reception, there is an orientation-dependent sensitive vol-
ume of tissue, with maximum signal received for the coil
aligned along the B0 axis. However, as long as the B0 field
lies within the plane of the two parallel conductors it is
possible to obtain a signal for the coil at any angle, with a
variation in total signal intensity of approximately a factor
of 2.

The linewidth-corrected data show a similar SNR of the
PCr peak for the silicon-based and all-plastic coils, which
is in keeping with their similar Q as measured on the
bench. The variation in PCr linewidth between the three
experiments may arise from shimming an encompassing
large voxel rather than the sensitive volume of the needle-
coil and may be the factor reducing the SNR from opti-
mum. Shimming over the coil-sensitive region using the
coil itself if tuned to 1H may therefore improve the SNR.
For 1H MRS at 1.5T (64 MHz) the proton concentrations for
the CH3 moieties commonly observed in tumors (e.g., cho-
lines, creatine, and lactate) are similar to that for the phos-
phorus concentration of PCr in muscle. Hence the SNR
observed in Fig. 4 may be realizable in a clinical interven-
tional MRI system for 1H MRS for a similar acquisition
time. With this needle microcoil design the Q is very low
compared to the 50 to 100 typical of small surface coils
used in animal studies. A further increase in Q is still
feasible with the current design and a further improve-
ment in SNR is likely to be obtained by the use of adiabatic
pulses (14). Hence it is feasible that useful spectra may be
obtainable in a clinical setup from tissue within a few
minutes. We now aim to improve the current design in a
number of directions with the aim of increasing its Q,

increasing both its mechanical and electrical robustness,
and further integrating the components needed to make
them compatible with MR systems.
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