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Technical Note

Evaluation of the RF Field Uniformity of a Double-
Tuned 2'P/'H Birdcage RF Coil for Spin-Echo MR/

MRS of the Diabetic Foot

Robert L. Greenman, PhD,'* and Rebecca Rakow-Penner, MS?2

Purpose: To evaluate the B1 field uniformity of a double-
tuned birdcage coil designed for *'P/'H MRI/MRS spin-
echo (SE) imaging of the metatarsal head region of the foot
in neuropathic diabetic patients.

Materials and Methods: A low-pass double-tuned 'P/'H
RF birdcage coil was constructed to fit over the adult fore-
foot. Flip angle (FA) maps were created from Bl data ac-
quired at the 3T 3'P (four normal subjects) and 'H (five
normal subjects) frequencies. T2-weighted (T2-W) 'H im-
ages, °'P rapid acquisition with relaxation enhancement
(RARE) images, and composite SE pulse CSI data were
acquired to demonstrate the uniformity of the resulting
images and data.

Results: The means and standard deviations (SDs) of the
range of FAs across the feet of the volunteer subjects indi-
cated good uniformity (the maximum coefficients of varia-
tion (CVs) for all of the ®'P and 'H FA maps were 7.6% and
7.3%, respectively). The FA values across the metatarsal
head region indicated a maximum signal intensity variation
of =3% in a RARE image acquired using an echo train
length of 32.

Conclusion: A 3'P/'H birdcage coil constructed for MRI/
MRS studies of the human forefoot provided sufficient sig-
nal uniformity of SE data to facilitate accurate ®'P concen-
tration measurements in muscle.
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IN DIABETES, functional abnormalities of the micro-
vasculature in the distal regions of the lower extremities
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result in polyneuropathy, which causes a loss of sen-
sation, vasodilation, and motor function in the muscle
(1). These complications have especially profound ef-
fects in the feet. Sensory, motor, and autonomic neu-
ropathies in the distal regions of the extremities predis-
pose many diabetics to traumatic insults leading to
superficial ulcerations and osteomyelitis (2,3). These
pathologies typically occur at the metatarsal head re-
gion of the forefoot. The energy metabolism of the mus-
cles in this region may be a measure of the degree of
ischemia and the viability of the affected tissues. Thus,
a phosphorus-31/proton (*'P/'H) MRI/MRS examina-
tion of the forefoot of diabetic patients could be valuable
for assessing the severity of polyneuropathy, monitor-
ing therapeutic intervention, and planning surgical
procedures.

Recently introduced spin-echo (SE) methods offer ad-
vantages for ®'P imaging and spectroscopy. Direct im-
aging of the 3'P metabolites can be accomplished with
substantially reduced scan times and improved spatial
resolution compared to chemical shift imaging (CSI)
MRS techniques using the rapid acquisition with relax-
ation enhancement (RARE) (4,5) pulse sequence. Also,
an SE spectroscopic technique that uses a composite
excitation and refocusing pulse to reduce the echo time
(TE) has been introduced (6). This technique may have
advantages for ®'P spectroscopy of human skeletal
muscle. The loss of early data points in the free induc-
tion decay (FID) of pulse-and-acquire sequences results
in reduced SNR and baseline distortion in 'P spectros-
copy (7). It is also useful to combine SE 'H imaging with
31P MRS to acquire SE T2-weighted (T2-W) and proton
density (PD)-weighted images (8) for anatomical regis-
tration and identification of pathology (2). However, the
signal produced by SE sequences is much more sus-
ceptible to spatial variations in the pulse flip angle (FA)
than FID or gradient-echo sequences. In the case of
metabolite concentration measurement, the spatial
variations in FA can result in variations in signal inten-
sities, which can lead to errors in concentration mea-
surements (9). In 'H SE imaging, the FA errors can lead
to shading of the image and impact its diagnostic value
(9,10).

Several studies have performed lower-extremity MRI/
MRS at 0.5T and1.5T using surface coils. In those stud-
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ies, feet were examined at 0.5T (11) and 1.5T (3), and
thigh (12) and calf (8) muscles were examined at 1.5T.
The design of a lower-extremity coil for 'H imaging of
the lower thighs and calves at 1.5T using a unique
phased array has also been reported (13). Others have
used birdcage coils at 1.0 T for 'H imaging of the calves
(8), 1.5T for 'H imaging of the feet (2), and 3T for 'H
imaging of knees (14). Bus et al (2) and Hajnal et al (8)
used a head birdcage coil for this purpose. Suzuki et al
(3) used a double-tuned surface coil for a 3'P/'H exam-
ination of the diabetic foot. RF birdcage coils have also
been designed to operate efficiently at multiple frequen-
cies, such as ®'P and 'H (15). Although the advantages
of the birdcage coil design are well known, this is the
first report of a double-tuned *'P/'H birdcage coil de-
signed specifically to address problems in the forefoot.

Adiabatic RF pulses have been used to compensate
for the nonuniform B1 field of surface coils (16). How-
ever, adiabatic RF pulses have a long duration (typically
greater than 16 msec), which makes it difficult to
achieve short TEs. These pulses are custom designed
and are not readily available in pulse sequences sup-
plied by the scanner manufacturers. For a complete
MRI/MRS examination using several types of pulse se-
quences, adiabatic RF pulses must be installed in each
sequence that is to be used. A small birdcage RF coil
designed to image the metatarsal head region can im-
prove SNR and provide a homogeneous B1 field regard-
less of the type of pulse sequence employed, obviating
the need to install custom-designed adiabatic pulses in
each pulse sequence that is to be used.

Performing imaging/spectroscopy of the human foot
in a cylindrical RF coil poses some special problems.
The location and orientation of the foot within the coil
are determined by the anatomy of each individual sub-
ject (i.e., size, joint flexibility, wound dressings, etc.). In
general, each subject’s foot will occupy different regions
of the coil, and the axial center line of the foot will often
be oriented diagonally in the coil. Additionally, the
metatarsal head region of the foot is highly elliptical. It
has been hypothesized that nonuniform signal inten-
sity can result when circularly polarized coils, such as
the quadrature birdcage design, are used for MRI of
elliptical-shaped anatomy (17).

We constructed and evaluated a cylindrical, quadra-
ture, double-tuned 3'P/'H birdcage coil (15) for imag-
ing the first metatarsal joint of the foot at 3T. We mea-
sured the FA distribution that results in this region of
the foot when this coil is used for *'P and 'H imaging
and spectroscopy. The results demonstrate that this
coil produces a highly homogeneous B1 field across the
metatarsal head region of the foot and facilitates the
acquisition of uniform-intensity SE MRI and MRS data
and metabolite concentration measurements.

MATERIALS AND METHODS

A cylindrical low-pass quadrature RF birdcage coil was
constructed and double tuned (15) for the 3'P and 'H
resonant frequencies at 3T (51.7 MHz and 127.7 MHz,
respectively). The coil consisted of eight struts and had
a diameter of 12 cm and a length of 12 cm. A 6-inch
length of 4-inch-diameter polyvinyl chloride (PVC) pipe
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Figure 1. Schematic diagrams of one of the eight struts in the
single-tuned version of the birdcage foot coil (a), and one of the
eight struts of the double-tuned version of the birdcage coil (b).
In both cases, all eight struts were identical.

was used to structurally support the struts and end
rings of the coil. The coil was initially single-tuned to
51.7 MHz by the placement of fixed capacitors (Ameri-
can Technical Ceramics, Huntington Station, NY, USA)
in series with each of the eight struts. Variable capac-
itors (0-10 pf) were used for final frequency adjust-
ments (Voltronics Corp., Denville, NJ, USA) (Fig. 1a).
Parallel resonant circuits (tank circuits) were then
placed into the struts in series with the capacitors that
were inserted to tune the coil to 51.7 MHz (Fig. 1b). The
values of the original series capacitors and the capaci-
tors in the tank circuit were iteratively adjusted so that
the series capacitance and the combined strut and tank
circuit inductances resonated at 51.7 MHz, while the
strut inductance and the combined series and tank
circuit capacitances resonated at 127.7 MHz (15). The
final component values for both the single-tuned 3'P
and the double-tuned *'P/'H versions of the birdcage
coil are shown in Fig. 1. While other methods exist for
double-tuning birdcage coils (18,19), we chose this de-
sign for its simplicity and ease of construction. It allows
the use of as many struts as necessary to achieve the
desired B1 field homogeneity without requiring an un-
necessary redundancy of the coil elements. The input
impedance of each quadrature drive input was matched
to the 50-ohm impedance of the transmission lines with
the use of non-resonant inductive loops. Although ca-
pacitive matching to the transmission lines is straight-
forward, inductive matching has the advantage of being
relatively insensitive to changes in coil loading (18). In
our experience, non-resonant inductive loops provide
good coupling efficiency and do not cause splitting of
resonant peaks.

All of the MR data acquisitions were performed on a
GE 3T whole-body MR scanner (General Electric Medi-
cal Systems, Milwaukee, WI, USA). The study protocol
was approved by the local institutional review board,
and all of the subjects provided written and verbal in-
formed consent prior to the examination. The subjects
were placed on the scanning bed in the supine position
with their knees elevated by approximately 30 cm using
a foam cushion. One foot was placed into the birdcage
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radiofrequency (RF) coil so that the metatarsal heads
were at the center of the coil.

FA distribution maps were generated from data that
were acquired from the feet of normal volunteer sub-
jects by means of a method that was developed for B1
field mapping (20). This method is based on the signal
produced by an SE sequence being proportional to
sin®(0), where 6 is the FA of the excitation pulse. This is
strictly true only when T1 relaxation is complete, but
can be approximated when relaxation is nearly com-
plete. The scan TR values were chosen to be about three
times the tissue T1 values (95% complete T1 relax-
ation). SE imaging was performed at the 3T frequencies
of 3P (repetition time (TR) = 12 seconds, TE = 7.2
msec, number of signal averages (NEX) = 8, field of view
(FOV) = 24 cm, slice thickness = 25 mm, and matrix
size = 322, scan time = 54 minutes) and 'H (TR = 7.5
seconds, TE = 7.0 msec, NEX = 1, FOV = 15 cm, slice
thickness = 10 mm, matrix size = 1282, and scan
time = 16 minutes 8 seconds). The data for the FA
distribution maps were acquired in the axial plane at
the metatarsal head region of the foot. First, the RF
input power to the birdcage coil was adjusted for max-
imum signal across the anatomy of interest within the
coil using the scanner’s manual calibration function
(prescan). This resulted in average excitation/refocus-
ing pulse FAs of 90°/180° across the anatomy. Two SE
acquisitions were then performed with the FAs adjusted
to 60°/120° for the first acquisition and 120°/240° for
the second acquisition. Phosphorus-31 B1 data for FA
mapping were acquired from four subjects, and 'H data
were acquired from five subjects. The B1 mapping pro-
tocol was repeated four times on different days on one of
the subjects at each frequency to assess the repeatabil-
ity of the B1 field homogeneity and the resulting FA
distribution.

Maps of the distribution of FAs across the anatomy
being imaged were calculated from the ratio, r, of the
signal intensity of the two SE data sets (20). The FA in
any pixel is (20)

1

2 X 17 (1)

FA = acos( > X 1.5

when the SE images are acquired with excitation/refo-
cusing pulse FAs of 60°/120° in one data acquisition
and 120°/240° in the other. The 1.5 factor of Eq. [1]
scales the excitation FA values from the 60° nominal
value that is applied in the first scan to a 90° nominal
FA (20).

SE imaging was performed on the foot of one subject
to demonstrate the image quality that results from the
use of the dual-tuned birdcage coil. T2-weighted (T2-W)
'H SE imaging was performed to acquire detailed im-
ages of the anatomy (TR = 1.5 s, TE = 30 msec, FOV =
15 cm, matrix = 256 X 256, slice thickness = 2.5 mm,
scan time = 6 minutes 24 seconds). Axial 3'P images
were acquired using a RARE pulse sequence (GE fast
SE (FSE), two echo trains, 32 echoes per echo train,
receiver bandwidth = 4 KHz, TR = 12 s, FOV = 30 cm,
matrix = 64 X 64, slice thickness = 25 mm, 10 signal
averages, scan time = 4 min, voxel volume = 0.55 cm®)
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Table 1
Flip Angle Map Data
. Coefficient

Mean flip angle Flip angle of

Subject standard deviation -
(degrees) (degrees) variation
(CV) (%)

P:A1 97.1 2.9 3.0
P:A2 93.1 3.9 4.2
P:A3 87.8 6.7 7.6
P:A4 91.6 5.7 6.2
P:B 89.6 5.1 5.7
P:C 83.9 3.0 3.6
P:D 89.6 6.6 7.3
H:A1 92.8 4.3 4.6
H:A2 92.8 4.3 4.6
H:A3 924 4.5 4.9
H:A4 77.7 3.8 4.9
H:B 91.0 6.6 7.3
H:C 91.8 4.5 4.9
H:D 89.4 6.0 6.7
H:E 75.2 4.5 6.0

while the coil was still single tuned and again after the
coil was double-tuned. SNR measurements were per-
formed on the RARE images acquired from the single-
and double-tuned versions of the coil to measure the
loss in SNR efficiency once the coil was double tuned.
CSI data were acquired using an SE pulse sequence
that used a composite SE pulse (TR = 3 seconds, SE
pulse-pair FA = 60°, FOV = 15 cm, matrix = 16 X 16,
bandwidth = 5 kHz, slice thickness = 25 mm, two
signal averages, scan time = 25 minutes 36 seconds,
voxel volume = 2.34 cm?) (6).

RESULTS

The SNR of the ®'P in vivo foot image acquired while the
birdcage coil was single-tuned was 16.8, while the SNR
measured at the same location in the 3'P image of the
foot of the same normal subject acquired using the
double-tuned version of the coil was 15.6. The *'P SNR
of the double-tuned coil was 93% of that of the single-
tuned coil.

Table 1 lists the mean, standard deviation (SD), and
coefficient of variation (CV) of the FAs calculated across
the foot of each subject (P:A-D) at the 3T 3'P frequency
and for each subject (H:A-E) at the 3T 'H frequency.
Rows P:Al-4 and H:Al-4 contain the data that re-
sulted from repeating the FA mapping data acquisitions
on the same subjects (P:A and H:A) on four separate
occasions. The remaining rows contain the FA informa-
tion for the remainder of the subjects (P:B-D and H:B-
E). The largest CV for the *'P FA maps was 7.6%, and
the largest CV for the 'H maps was 7.3%. The variation
in the mean values of the FAs is likely due to differences
in the manual adjustment of the RF power input to the
coil.

FA maps acquired in the axial plane at the metatarsal
head region of the foot at the center of the dual-tuned
31p/'H birdcage coil and FA map histograms are shown
in Fig. 2. Figure 2a shows a *'P FA map, and Fig. 2b
shows a 'H FA map. The scale on the right side of each
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Figure 2. The distribution of FAs in an axial slice located at the center of the dual-tuned birdcage coil. Maps of the range of FAs
across the metatarsal head region of the foot at the (a) 3T *'P (51.7 MHz) and (b) 'H (127.7 MHz) frequencies are shown. c:

Histogram of a. d: Histogram of b.

FA map associates a color with FAs ranging from 0° to
110°. Figure 2c and d are histograms of the FA maps in
Fig. 2a and b, respectively. The histograms indicate
that most of the FAs across the anatomy are within
+10° of the central peak. According to Ref. 9, using a
RARE sequence with an echo train length of 32 (as used
for the RARE image acquisition in this work), this cor-
responds to a variation in signal intensity of +3%.

A CSI data set obtained using the composite SE pulse
sequence is shown in Fig. 3. The PCr peak heights
(largest peaks in muscle anatomy) are very uniform in
the voxels that contain mostly muscle. The PCr peaks
are lower in voxels that contain a combination of mus-
cle and fat or connective tissue.

Figure 4 compares the three types of SE scans that
were performed during an examination of one subject.
Figure 4a is a 'H T2-W SE image, b is a *'P RARE
image, and c is a PCr image that was generated from the
composite SE CSI pulse sequence by integrating the
area under the PCr spectral peak in each voxel.

DISCUSSION

A 3'P/'H MRI/MRS study of the lower extremities, spe-
cifically focused on the first metatarsal joint, can pro-
vide information about the deep-lying muscle tissue of
the diabetic foot (2,3). This information can supplement
the information obtained using standard clinical tests
(1). We constructed a double-tuned *'P/'H birdcage

Figure 3. A CSI data set acquired using a pulse sequence with
a composite SE pulse. The CSI data are registered to a T2-W 'H
SE axial image using a fiduciary marker (220 mM solution of
inorganic phosphate) attached to the birdcage coil (left of foot
anatomy in image). The spectral peak heights are uniform
across the anatomy and reference standard except in the edge
voxels, where partial volume effects are present.
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Figure 4. Axial views of the foot acquired through the metatarsal head region in one normal subject: (a) T2-W 'H SE image, (b)
31P RARE image, and (¢) PCr CSI image created by integrating the areas of the PCr peaks in the composite SE CSI data set shown
in Fig. 2 after zero-filling to create a 32 X 32 matrix data set. The circular object to the left of the anatomical data in a and b is

the 220 mM inorganic phosphate reference standard.

coil for an MRI/MRS study of the forefoot of diabetic
patients at 3T. We then generated FA distribution maps
at the 'P and 'H frequencies that demonstrate a high
degree of B1 homogeneity, and acquired 'H T2-W SE
images, ®'P RARE images, and ®'P composite SE pulse-
pair CSI data using this coil.

Some institutions have access to custom-designed
adiabatic pulses. However, other institutions have the
ability to construct a double-tuned birdcage coil on-
site, and there now exist a large number of third-party
RF coil vendors. Generally, adiabatic pulses must be
custom designed for each pulse sequence. In addition,
there are often applications for which the long duration
of adiabatic pulses is not acceptable. Once a highly
homogeneous volume coil is constructed for imaging/
spectroscopy of a given anatomy, any pulse sequence
can be used, depending on the goal of the investigation.

The concentrations of the 3!'P metabolites can be cal-
culated from MRS data using the signal amplitudes of a
reference standard of known concentration and a voxel
that contains the tissue of interest. Measurement of the
absolute 3P concentrations from RARE image intensi-
ties has also been demonstrated (9). Substantial spatial
variations in the B1 field and the receive sensitivity of
the RF coil make these measurements more difficult to
obtain and more prone to errors. The FA distribution
across the metatarsal head region using the *'P/'H
birdcage coil constructed for this work will result in a
variation of =3% in signal intensity for a RARE image
acquired using a train of 32 echoes (9). In most previ-
ously published reports of unlocalized 'P metabolite
concentration measurements in normal muscle, the SD
values of the PCr concentration ranged from 8% to 15%
of the mean value (9). Errors in concentration calcula-
tions will be directly proportional to variations in im-
age/localized spectra signal intensity that are due to
variations in FA uniformity. The 3% variation in signal
intensity demonstrated here is well within the range of
variation found in previous 3P concentration measure-
ment studies (9). Therefore, one can obtain sufficiently
accurate concentration measurements using this bird-
cage coil without having to make corrections based on
the local B1 field or FA variations. On the basis of these
results, we believe that RF field mapping for the pur-
pose of signal-intensity correction is not a necessary

component of an MRI/MRS examination protocol for
diabetic patients.

The long T1 relaxation times of phosphocreatine (PCr)
and inorganic phosphate (Pi) necessitate the use of long
data acquisition times. The RARE pulse sequence,
which has the ability to acquire multiple data points
after a single excitation, can substantially reduce ac-
quisition times. However, the signal produced by SE
and RARE sequences varies as a complex combination
of trigonometric functions of the excitation and refocus-
ing FAs raised to various powers, depending on the
number of refocusing echoes that are used (9,10). The
signal produced by these sequences is therefore highly
dependent on variations in the FA of the refocusing
pulses. The high B1 field homogeneity afforded by the
double-tuned birdcage coil described here minimizes
FA variations across the metatarsal head anatomy.

Figure 4b and ¢ show a total 3'P RARE image and a
PCr CSI image, respectively. While the total *'P image
has limited clinical value, the RARE sequence has
been used to acquire pure PCr and Pi images with
spectrally selective excitation (5). The absolute con-
centration values of PCr and Pi, as well as the Pi/PCr
ratio, can be used to identify ischemic muscle and
differentiate viable from unviable tissue (8). A 3'P/'H
MRI/MRS examination may allow the early detection
of ischemia and muscle atrophy, and aid in the plan-
ning of interventional strategies and monitoring of
therapies.

The large spatial variations in the B1 field produced
by surface coils result in large spatial variations in the
image signal intensity of SE acquisitions. We have dem-
onstrated that a very uniform FA can be achieved
across the metatarsal head region of the foot despite its
elliptical shape and unpredictable orientation within a
double-tuned birdcage RF coil. A larger double-tuned
birdcage coil would allow a *'P/'H examination of anat-
omy ranging from the toes to the knee. Such a coil
design could be used in an examination to assess pe-
ripheral vascular disease as well as the complications
associated with diabetes. The use of double-tuned bird-
cage RF coils can improve the quality of MRI/MRS ex-
aminations of the lower extremities.
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