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MRI and Localized Proton Spectroscopy in Human Leg
Muscle at 7 Tesla Using Longitudinal Traveling Waves
Andrew G. Webb,1* Christopher M. Collins,2,3 Maarten J. Versluis,1
Hermien E. Kan,1 and Nadine B. Smith1,3
Using a small resonant loop to produce a longitudinal traveling
wave on a human 7-T system allows MR to be performed over
the entire volume of the human leg. We have used this capability to perform localized proton MR spectroscopy of the lipid
composition of muscle in volunteers with a coil placed ~30 cm
away from the region of interest. Spectra with a reasonable
signal-to-noise ratio can be acquired in a clinically relevant
data acquisition time of less than 5 min using the loop in transmit/receive mode, maintaining the full flexibility to acquire
spectra from any part of the calf and/or thigh. If a local receive
coil is used in combination with the remote transmit coil, then
the signal-to-noise improves significantly, as expected. Magn
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The push toward higher static magnetic fields for human
MR applications is driven primarily by the increases in
signal-to-noise (S/N), spatial resolution, and magnetic
susceptibility contrast for MRI in morphologic (1) and
functional (2) brain imaging, improved spatial resolution
and background tissue suppression in magnetic resonance angiography (3), and increased S/N and spectral
resolution in localized MR spectroscopy (4–8). Clinical
research studies are currently being performed at 7 T in
both neurologic (9–11) and musculoskeletal (12–14)
areas. In addition, both cardiac and abdominal imaging
has recently been shown to be feasible at 7 T in humans
(15–17). Receive radiofrequency (RF) coil design at 7 T
have largely mirrored that at lower field strengths, with
multielement phased arrays being standard on both commercial and research systems. Creating a spatially homogeneous RF field (B1þ) during transmission, however, is
much more challenging due to the short wavelength in
tissue and associated spatial B1 distortions, as well as
the high power and corresponding high specific absorption rate required. The use of transmit arrays (18) has

become increasingly important at high fields, particularly when trying to acquire images over a large field of
view (FOV) with good penetration depth. Images
acquired using up to 16 separate transmit array elements
in combination with B1-shimming (19) have shown impressive results, for example, in prostate.
A potential alternative strategy for imaging a large
FOV has recently been proposed, in which energy is
introduced into the patient via a remote RF antenna
designed to produce a ‘‘traveling’’ wave that can propagate through the bore of the magnet, provided that the
bore of the magnet is large enough that the cutoff frequency of the TE11 dominant circular mode (with the
human subject inside the bore) is below the Larmor frequency (20–23). The cutoff frequency of a waveguide is
defined as the frequency above which propagating waves
are very rapidly attenuated as a function of distance traveled down the waveguide. Since only a certain fraction
of the energy is deposited at any surface position along
the body, this allows large FOV imaging, as described
more fully later in this paper. This approach has the
advantage of being extremely simple to implement from
a technological point of view, without requiring a sophisticated multiple-channel transmit system architecture, which is currently only available on a handful of
commercial and academic platforms.
In this paper, we apply the traveling wave concept to
large FOV imaging and localized MR spectroscopy in
human leg muscle. Rather than using a large patch
antenna, as previously shown (20), we use a small loop
source placed close to one leg of the subject. Two modes
of data acquisition were used: transmit and receive, both
using the remote coil, and remote coil transmit with
local surface coil receive. Using both approaches, we
were able to acquire localized spectra from a voxel of 20
mL far away from the transmit coil in a clinically acceptable time of 4 min.
MATERIALS AND METHODS
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All in vivo experiments (n ¼ 3 volunteers) were performed on a 7-T whole-body MRI system (Philips Healthcare, Best, NL). The inner RF shield has a diameter of 58
cm, corresponding to a cutoff frequency of 303 MHz for
the lowest TE waveguide mode. Since the cutoff frequency of this mode is inversely proportional to the
dielectric constant of the material filling the waveguide,
when the human body is positioned in the magnet bore,
its dielectric properties reduce this frequency to well
below the Larmor frequency of 298.1 MHz (20,24). The
RF coil consisted of a loop of wire of diameter 8 cm, segmented into four equal lengths by four equally valued
nonmagnetic capacitors. The coil was impedance

297

298

Webb et al.

FIG. 1. a: RF coil oriented along the amplitude of static field axis and placed 5 cm from the calf muscle. b: A composite image formed
from several three-dimensional data sets that must be obtained separately due to the limited gradient linearity in the head-foot direction.
The table position within the magnet changes, but the RF coil is not moved. The volume excited is several hundred times the dimensions of the coil. The coil is used in both transmit and receive mode.

matched to 50 X using a conventional balanced capacitive p-network. For the spectra acquired with a local
receive coil, a PIN-diode decoupled surface coil of diameter 10 cm was constructed.
Mapping of the extent of RF coverage was performed
using a series of three-dimensional fast low angle shot
sequences. The FOV for each image was 250  202  225
mm3 in the foot/head, anterior/posterior, and right/left
directions, respectively. The spatial resolution was 2  2
 2.5 mm3, with pulse repetition time/echo time 20/2.37
ms and an acquisition time of 3.2 min. After each image,
the table was manually moved 20 cm in the head/foot
direction. Images were imported into MATLAB (The
Mathworks Inc., Natick, MA) and ‘‘stitched together’’ manually, with no further image processing or smoothing.
Localized proton spectroscopy was performed by
choosing a voxel within the thigh muscle, followed by
an image-based shimming method to calculate the optimum first- and second-order shim values: shimming was
performed using the loop antenna in transmit and
receive mode. Stimulated echo acquisition mode spectra
were acquired, with an echo time of 144 ms to refocus
scalar-coupled metabolites and a mixing time of 25 ms.
No water suppression was necessary due to the short T2
of water in muscle (25). The spectral volume had dimensions 20  20  50 mm3.
To gain insight into the propagation of fields in this
situation, we carried out full-Maxwell numerical calculations of the electromagnetic fields, as produced by a similar circular coil near a model of an average-sized male
(26) inside a cylindrical conductor with a diameter equal
to that used in experiment. All simulation work was performed using commercially available finite-difference
time-domain software (xFDTD; Remcom, Inc., State College, PA), with the coil driven by four voltage sources
spaced equally around the coil and an isometric resolution of 5  5  5 mm3. After completion of the calculation, results were scaled so that the input power was 1
kW. Analysis of the results was performed in MATLAB.

RESULTS
Figure 1a shows the orientation of the RF coil with
respect to the left leg of the volunteer. It is placed
approximately halfway up the calf muscle and is oriented with its major axis parallel to the amplitude of
static field, although it can in fact be oriented in any
direction. The exact position with respect to the calf is
not critical, and typically it was placed 5 cm away
from the leg. The power delivered to the coil was 1 kW
and was limited to this value by the amplifier output
and cable losses. In order to determine the RF distribution within the entire length of the leg, a series of five
separate three-dimensional scans was acquired, each
with an FOV in the z-direction of 25 cm. The table was
then moved 20 cm and the scan repeated. The RF coil
moved with the table and therefore maintained the same
position relative to the leg. Figure 1b shows a slice
through the composite image produced from the five separate sections: although there are clear nonuniformities
in the composite image, the FOV is more than 10 times
larger than the linear dimensions of the RF coil. The
signal intensity along the length of the leg does not
decrease significantly until the hip/pelvis area is
reached. These scans are acquired at a relatively coarse
resolution and were not intended to be of clinical quality, but rather to illustrate the RF coverage of the coil
setup. The effect is particularly striking when considering
the physical setup shown in Fig. 1a, in which the coil geometry runs counter to the most basic principles of signal
transmission and reception in that the directions of the B1
and the static field is parallel. The effect of the table
movement has only a minor effect on the magnitude of
the field distribution. There will be an effect on the phase
of the RF at a given location for two different positions of
the patient table, but since magnitude images were simply
stitched together, this effect is not seen in the current
implementation. The same power was applied to the loop
at each ‘‘station’’, with a target low flip angle of 5 for
the pulse repetition time of 20 ms.
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FIG. 2. Geometry (top), time-average Poynting vector (middle),
and magnitude of one circularly
polarized component of the RF
magnetic field (bottom) from
numerical calculations. Values of
watts per meter squared for the
Poynting vector and microtesla
for the B1 field are derived with
1-kW power supplied to the coil.
Arrows in Poynting vector plot
are all of the same length in
three dimensions: background
color indicates magnitude and
arrows that appear shorter have
a significant anterior-posterior
component. Images are shown
in a coronal orientation.

Useful insights into the factors causing the large RF
coverage can be obtained using electromagnetic simulations. Perhaps most useful is a map of the time-average
Poynting vector, Sav, which is a representation of the
direction of energy propagation. This is calculated as:
Sav ¼

1
RefE  H  g
2

½1

where E and H are the electric and magnetic fields
respectively, the asterisk indicates a complex conjugate,
and ‘‘Re’’ indicates the real part. The Poynting vector is
calculated on a pixel-by-pixel basis in MATLAB from
the H and E field maps produced from the electromagnetic simulation software. The middle of Fig. 2 shows a
Poynting vector plot of the subject placed within the 58cm-diameter RF shield of the magnet. To reduce the
number of arrows and produce an intelligible figure,
Poynting vector data were resampled at 2-cm intervals.
A plot of the distribution of one pertinent circularly
polarized component of the B1þ is also shown at the
bottom of Fig. 2. As expected, the intensity of the RF
energy and fields is highest in the calf local to the coil.
At the ends of the magnet bore, the Poynting vector lies
parallel to the axis of the magnet bore and indicates the
RF energy flowing out of the bore. In areas where the
RF encounters the surface of the tissue, the direction of
the vector is refracted to be more perpendicular to the
tissue surface. In some places, the strength of B1þ
increases due to the high dielectric constant of the tissue. Energy then travels through the body in this perpendicular direction while being attenuated due to
conductive losses. One can see that areas with a high
surface area–to-volume ratio such as the legs and arms
have a high B1 field strength with a relatively uniform
distribution. In contrast, in the torso, where the ratio is
smallest, there is very little energy in the center due to

high attenuation as the energy and fields travel from the
surface.
Figure 3a shows the location of the loop antenna close
to the calf muscle and the localized voxel placed 30 cm
distant from the coil. Although superior results could be
obtained with the voxel positioned closer to the coil, we
were interested in investigating the limits of this
approach by placing the voxel as far away as possible.
Figure 3b shows the localized stimulated echo acquisition
mode spectrum acquired in a data acquisition time of 4.5
min from a volume of 20 mL, with the voxel placed 3
cm from the surface of the thigh in order to eliminate the
contribution from subcutaneous fat signals and acquire
only the lipid signals from the muscle. Signals from the
intramyocellular lipid, extramyocellular lipid, taurine,
trimethylammonium and creatine are visible, with the S/
N of the intramyocellular lipid and extramyocellular lipid
peaks high enough for reliable quantitation.
As suggested and shown previously (20,22,23), the S/
N can be improved, at the expense of versatility, by
using a separate receiver coil, but still using the loop as
the transmitter. Figure 4 shows proton spectra using this
arrangement for three different volunteers, with metabolic differences seen between the three in terms of the
intramyocellular lipid/extramyocellular lipid ratio. Figure 4a is the same subject as represented in Fig. 3b, and
this shows that the S/N was increased by approximately
a factor of 8 by using a local RF coil. This is unsurprising, given the fact that by using the loop antenna as a
receive coil, it picks up noise from the entire body, as
well as the surroundings, including the RF shield.
DISCUSSION
In this paper, we have shown the first in vivo localized
proton MR spectra to be acquired using a remote
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FIG. 3. a: Position of the localized voxel (20-mL volume) superimposed on the composite image of the leg. The distance between
the transmit loop and voxel is 30 cm. Localized proton spectra
were acquired using the loop coil in transmit and receive mode
and a stimulated echo acquisition mode sequence with echo time
144 ms and total data acquisition time 4.5 min. A line-broadening
factor of 5 Hz was applied before Fourier transformation. Spectral
assignment: Cr, creatine; TMA, trimethylammonium; EMCL,
extramyocellular lipid; IMCL, intramyocellular lipid; Tau, taurine.
The peak at 4.7 ppm is from residual water.

transmitter placed 30 cm away from the voxel from
which the signal was received. Using this coil in transmit/receive mode resulted in spectra that gave useable
data within a clinically relevant acquisition time of less
than 5 min. If a separate decoupled surface coil is used
as the receiver, then the S/N of the spectra increase by
approximately a factor of 8, although this number is dependent upon the exact position of the localized voxel.
One of the major applications of high-field MR is to
localized MR spectroscopy, taking advantage not only of
the higher S/N but also the increased spectral resolution
since the absolute difference in hertz in individual peaks
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is linearly proportional to the magnetic field. Studies in
muscle at 7 T have shown metabolic profiles of lipid, for
example, in unprecedented detail (7,8). Conventional
approaches to RF coils for muscle studies are extremely
limited, typically only able to cover a small volume in
one of the calves. Given both the temporal restrictions of
clinical spectroscopy (spectra must typically be acquired
in only a few minutes), as well as acquiring spectra from
the smallest possible volume to avoid partial-volume
effects, we performed localized proton MR spectroscopy
experiments to determine the feasibility of using the
loop antenna in both transmit and receive mode (thus
maintaining the full flexibility in terms of voxel location)
and the antenna in transmit-only mode with a local
receive coil. As mentioned previously, the alternative
approach of constructing a very large and long volume
coil to span both the thigh and calf muscles is extremely
challenging at these high fields.
In this study, a small loop was used, which allows it
to be placed close to the region of interest, therefore
reducing the specific absorption rate somewhat in remote
areas of the body and increasing the local sensitivity
compared to an approach using a ‘‘global’’ patch antenna.
Due to its large size, the patch antenna has to be placed
outside the bore of the magnet and for these experiments
would have to be placed at the back of the magnet,
which introduces additional power losses in transmission for the particular setup of the Philips 7T Achieva.
The approach of using a small antenna could also be
very useful in imaging regions of the torso since the
patch antenna approach leads to significant signal
attenuation by the time the traveling wave reaches this
area. The RF coil used is extremely simple, and certainly
one can envision significant improvements. Quadrature
excitation and reception is an obvious next step, as well
as appropriate shielding of the resonator on one side in
order to avoid RF signal propagating ‘‘backwards’’ toward
the feet. Energy transmitted into the far field rather than
stored in the near field is traditionally optimized by
using a loop antenna with an electrical length of onehalf wavelength (or integer multiples thereof), and therefore this type of design could also be investigated.
There are also many opportunities to manipulate the
fundamental propagation of energy to different places in
the body. Materials with high dielectric properties can

FIG. 4. Localized proton spectra acquired using the loop coil to transmit and a separate receiver coil placed over a volume of interest
(VOI) in the thigh muscle. a: Spectrum corresponding to the same volunteer (female) as in Fig. 3b, with identical data acquisition parameters and localized volume. b: Spectrum from a 27-year-old male, and (c) spectrum from a veteran marathon runner.
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be placed around the leg to concentrate the flux in specific places; for example, by using dielectric rings of
ceramics with dielectric constants of many hundreds.
Such materials have already been used in high-frequency
resonators for MR microscopy (27). Wiggins et al. (22)
have shown that effective dielectric matching can produce more uniform B1 fields in the head, and energy
‘‘lost’’ in parts of the body that are not of interest can be
reduced by shielding the body in a conducting material
(28). In our particular application, this type of shield
could cover the torso and pelvic areas, for example.
Such shielding could be expected to reduce the noise
received by the coil from regions of the body irrelevant
to the experiment and also reduce the whole-body average specific absorption rate.
Ultimately, we are interested in the feasibility of
applying such remote transmission methods to large
FOV imaging of muscle in spectroscopy of the human
calf and thigh muscle, with the aim of studying debilitating pathologies such as Duchenne and Becker muscular
dystrophies. In these but also in other muscular dystrophies, the pathology shows a pronounced spatial heterogeneity between and within muscles (29), but it can also
differ between limbs (30). In Duchenne muscular dystrophy, the pattern of involvement is stereotypical; it progresses with age and often the proximal part of a limb is
affected before the distal part (31). Therefore, large FOV
imaging would be beneficial in determining the appropriate tissue areas to study. The lack of a close-fitting/
spatially restrictive RF coil is also an important advantage in patients for which long periods of immobility are
highly challenging. This type of study in which a degree
of sensitivity loss can be traded for increased versatility
and improved patient comfort unattainable using conventional RF coil designs is an area in which we envision that this new type of remote transmission will play
an important role.
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