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Abstract

Typically 31P in vivo magnetic resonance spectroscopic studies are limited by SNR considerations. Although phased arrays can
improve the SNR; to date 31P phased arrays for high-field systems have not been combined with 31P volume transmit coils. Additionally,
to provide anatomical reference for the 31P studies, without removal of the coil or patient from the magnet, double-tuning (31P/1H) of the
volume coil is required. In this work we describe a series of methods for active detuning and decoupling enabling use of phased arrays
with double-tuned volume coils. To demonstrate these principles we have built and characterized an actively detuneable 31P/1H TEM
volume transmit/four-channel 31P phased array for 4 T magnetic resonance spectroscopic imaging (MRSI) of the human brain. The coil
can be used either in volume-transmit/array-receive mode or in TEM transmit/receive mode with the array detuned. Threefold SNR
improvement was obtained at the periphery of the brain using the phased array as compared to the volume coil.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Optimal signal-to-noise ratio (SNR) for in vivo studies is
typically obtained when a homogeneous volume coil is used
for transmission and a receive-only phased array is utilized
for reception [1]. Although 31P in vivo magnetic resonance
spectroscopic imaging (MRSI) is often limited by the avail-
able SNR, there are few reports of the use of 31P phased ar-
rays to increase sensitivity for human brain studies [2,3].
Although receive-only 31P phased arrays in combination
with larger transmit-only surface coils have been reported
[2,3]; to our knowledge their use with homogeneous trans-
mit volume coils has not been yet reported. To provide
high-resolution anatomical imaging and shimming with a
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homogeneous volume coil without removal of the coil or
patient from the magnet, double-tuning of the transmit vol-
ume coil is required. To avoid interaction between volume
and surface coils resonating at the same frequency, active
detuning of both coils must be incorporated. In spite of
the fact that 1H and 31P frequencies differ substantially at
4 T (170 MHz versus 69 MHz), interactions between the
1H volume coil and the 31P surface coils produces RF field
distortions and, therefore, the volume coil is also required
to be actively detuned at both frequencies. The presence
of multiple surface coils and as a result, multiple cables con-
nected to these coils, results in noise injection and cable
interaction. This interaction, in turn, produces additional
coil coupling and reduces the SNR. This problem is com-
monly dealt with by cable routing [1,4] and the use of
lumped-element or coaxial tri-axial baluns [5]. Double-tun-
ing of the volume coil further complicates this issue by
inducing additional coupling between the elements of the
1H volume coil and the 31P phased array.
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In this work we describe the design and construction of
an actively detuneable 1H/31P double-tuned transverse elec-
tromagnetic (TEM) [6] transmit-receive volume coil and a
31P receive-only phased array for 31P spectroscopic imaging
(SI) of the human brain at 4 T. Depending upon the target
application (minimizing acquisition time (SENSE), maxi-
mizing SNR for peripheral or central locations) and hard-
ware configuration (number of receiver channels), arrays
with larger numbers of coils, differing geometries and sizes
will most likely provide superior performance. An exten-
sive discussion of the various design criteria for each spe-
cific application is not possible in this work, but has been
discussed extensively elsewhere [1,7–18]. However, inde-
pendent of the specific design of the array, isolation be-
tween the volume coil and the array is critical to
maintaining SNR and B1 field profiles. The new design of
double-tuned tri-axial baluns, capable of producing high
impedance between the two braids at both frequencies, al-
lows us to effectively suppress shield currents and cable
interactions at both 170 and 69 MHz.
2. Methods

2.1. Design of the RF coils and evaluation procedures

A double-tuned 31P/1H (69 MHz/170 MHz) TEM head
coil was built using 24 coaxial resonant elements with alter-
nate elements tuned to the two frequencies (31P and 1H) [6].
The coil measured 23.9 cm in length with an RF shield o.d.
of 38 cm and an element i.d. (diameter at the centers of the
elements) of 31.8 cm. To improve the RF homogeneity in
the axial direction, the coil had a shielded back wall [6].
The volume coil was driven in quadrature using two-port
drives for both frequencies (Fig. 1A). The ratios of un-
loaded to loaded Q-factors (QU/QL) measured on a human
head for 1H and 31P portions of the TEM coil were 740/130
and 550/140, respectively. Active detuning of the volume
coil at both frequencies was provided using PIN diodes
similar to that described previously [19,20]. In these
schemes, each resonant element of the TEM coil can be
viewed as a separate resonant circuit consisting of an
inductor and two variable coaxial capacitors connected in
series. In previous work [19,20] the TEM volume coil was
Fig. 1. (A) Back and (B) front views of 1H/31P actively detuneable TEM
volume coil with the four-channel 31P phased array located inside of the
volume coil.
detuned by shorting a PIN diode connected across one of
the coaxial capacitors. Thus, the coil was tuned when the
PIN diodes were negatively biased. To improve the detun-
ing of the volume coil during reception, the PIN diodes
across each element were connected in series with inductors
to form resonant tank circuits [21] as shown in Fig. 2. Tank
circuits for 1H and 31P elements were tuned to produce high
resistive impedances at 170 and 69 MHz, respectively. All
the PIN diodes were connected in parallel through RF
chokes and, therefore, could be activated simultaneously.
A home-built PIN diode driver provided a current of about
100 mA per diode and a negative bias of �300 V. Addition-
ally, instead of placing the PIN diodes near the back wall as
in [19], they were mounted at the coil entrance where the
capacitance of the TEM elements were adjusted to tune
the tank circuits. Coaxial capacitors near the shielded back
wall were utilized to tune the TEM volume coil using a pro-
cedure developed in our lab and described previously [22].
This procedure provides a more direct and efficient way to
measure the distribution of RF current in all the TEM ele-
ments simultaneously as opposed to measuring the imped-
ance of each individual resonance element individually [22].

We evaluated the effect of increasing the diameter of the
volume coil (to accommodate the phased array) on the sen-
sitivity of the volume coil. The sensitivity of the coils was
evaluated by measuring the RF power required to produce
a 90� square pulse in the transaxial slice in the center of a
human head. The coil produced RF magnetic field of 1 kHz
(23.5 lT) in amplitude per 1 kW of power at 1H frequency
and 1.1 kHz (63.8 lT) per 1 kW at 31P frequency. The sen-
sitivity decreased by �1 dB as compared to a smaller
1H/31P double-tuned TEM volume coil (element i.d.
�28 cm, shield �33.5 cm, length �20 cm).

The 31P phased array consisted of four 9 · 10 cm surface
coils circumscribing the head at approximately 45� to hor-
izontal and vertical axes. The coils were built using 6.4 mm
wide copper tape and placed on acrylic holder of 20 cm in
diameter, Fig. 1B. To accommodate various head sizes the
holder was split into two halves with the position of the top
portion being adjustable in the vertical direction. Depend-
ing on a head size, the distance between the coils located on
the separate formers (i.e., isolation between coils #1 and
# 2, and coils #3 and #4, Fig. 1B) was about 1.5–3.5 cm
greater than the distance between the adjacent coils located
Fig. 2. Circuitry for the active detuning of the TEM volume coil. Inductor
L forms a resonance tank circuit together with the coaxial capacitor of the
TEM resonance element. When PIN diode D is shorted the tank circuit
detunes the TEM element.
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on the same former. When loaded with a human head, the
intrinsic isolation between the coils on the top and bottom
formers (coils #1 and #2, and coils #3 and #4) was �13 dB
to �17 dB. The isolation between coils on the same former
halves was initially �11 dB and improved by connecting a
pair of small (�9 mm in diameter) loops in series with each
surface coil [23] (Fig. 3). This produces a voltage of an
opposite phase as compared to voltage induced due to mu-
tual inductive coupling between the surface coils. After this
inductive decoupling, the isolation between surface coils lo-
cated on the same formers was better than �20 dB when
loaded with either a head or a head-mimicking 2.0 L
(50 mM NaCl) spherical phantom. This decoupling tech-
nique would be difficult to apply for the surface coils
mounted on the different halves of the holder, which, how-
ever, was not required due to sufficient intrinsic isolation.
For a phased array with a larger number of coils and smal-
ler distances between them, preamplifier decoupling could
be used to increase the inter-coil isolation [1,24]. Tri-axial
baluns were used for each channel to prevent shield cur-
rents [5] (Fig. 3). To suppress cable interactions at both
the 1H and 31P frequencies, the tri-axial baluns were con-
structed so as to provide high resistive impedance at both
69 and 170 MHz. The ratio of unloaded to loaded Q-fac-
tors (QU/QL) measured 290/75 on a human head for the
31P surface coils located at the bottom part of the holder
and 290/90 for the top surface coils. Introduction of the
double-tuned triaxial baluns did not change the QU/QL ra-
tio measured for a single surface coil on a human head and
head-mimicking 2.0 L phantom (50 mM NaCl). All the
surface coils were actively detuned using the PIN diode res-
onance tank circuit described previously [20,21]. The isola-
tion between the TEM and surface coils at the 31P
frequency was more than �35 dB when the phased array
was actively detuned and more than �45 dB when the
TEM was actively detuned. Since detuning the tank circuits
in both the volume coil and in the surface coils produce
high impedance only at a single frequency (69 MHz in
the surface coils or 170 MHz in the TEM) we also tested
Fig. 3. Schematics of two surface coils including matching and PIN diode
driving network. For simplicity only two surface coils located at the same
portion of the coil holder are shown.
the isolation between the phased array and the volume coil
at 170 MHz. With the array detuned, the isolation was
greater than �30 dB and greater than �40 dB with the
TEM detuned. With the phased array detuned, the isola-
tion between 31P and 1H parts of the TEM measured about
�25 dB at both frequencies. The power required to achieve
a 90� square pulse with and without phased array inserted,
was the same within the error of measurements (±1 dB).
The absence of effect on the transmission efficiency also
supports the effectiveness of the detuning network. We also
evaluated the effectiveness of the phased array detuning by
acquiring B1 maps on a human head at the 1H frequency
with and without phased array inserted [25]. Both maps
were practically the same and for that reason are not
shown. The active detuning network for the phased array
was constructed as shown in Fig. 3 and mounted on the
shell of the volume coil (Fig. 1A). The network consisted
of two sets of four BNC connectors (one set for each reso-
nant frequency) located on the right side of the back of the
TEM coil (Fig. 1A) and DC wiring to activate the PIN
diodes. Thus, either a 31P (69 MHz), or a 1H (170 MHz)
phased array, or even an array consisting of four double-
tuned surface coils [26,27] for acquiring data at both fre-
quencies could be used without repositioning the patient.

All images and spectroscopic data were acquired on a
Varian INOVA 4 T whole-body system. 31P spectroscopic
images were acquired using a non-selective 37.5� excitation
pulse and 13 · 13 · 13 spherical encoding over a FOV of
24 · 24 · 24 cm3. The data was acquired using 6 averages
and a TR of 0.5 s for an acquisition time of 48 min. The
data was zero-filled to 16 · 16 · 16, apodized with a Han-
ning filter and transformed in four dimensions (three spa-
tial and one spectral) yielding an effective volume of
�9 cm3.

RF safety was maintained by use of: (1) software calcu-
lations, (2) RF deposition measured at the amplifier and (3)
maximum peak output limitations at the RF amplifier.

2.2. Double-tuned tri-axial baluns

A regular single-tuned tri-axial balun is typically con-
structed from a coaxial cable having two braids insulated
from each other [5]. The outside shield is shorted with
the inner shield at one quarter wavelength (k/4) distance
from the end of the cable. This produces high impedance
between two braids at the resonance frequency and effec-
tively suppresses the voltage from being induced across
the cable due to coupling with the surface coil [5]. To con-
struct a double-tuned tri-axial balun, high impedance be-
tween two braids is required at both frequencies of
interest. The distance from the end of the cable to the posi-
tion where braids were connected was chosen to be a few
cm longer than the quarter wavelength at 170 MHz
(k/4 �30 cm). The impedance measured at the end of the
cable between the two cable shields at 170 MHz can be
presented by its capacitive equivalent 1/jxC1, while at
69 MHz it has inductive equivalent of jxL1 due the longer



Fig. 4. Schematic of the double-tuned tri-axial balun with the series
resonant circuit, formed by inductor L0 and capacitor C0, connected
between two cable braids. Equivalent schematics of the entire circuit at
both frequencies are shown on the right side.

Table 1
Parameters of the series resonance tank circuit

f0 (MHz) C1 (pF) L1 (nH) C0 (pF) L0 (nH)

84.3 20.8 27.7 63.9 55.7

Fig. 5. Spectroscopic imaging data acquired using the four-channel 31P
phased array and the TEM volume coil for reception at 9 different
locations in the periphery and the center of the human brain.
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wavelength (k/4 �73 cm at 69 MHz). To produce high-
impedance at both frequencies of interest, a series resonant
circuit, formed by C0 and L0, was connected between the
two shields as shown in Fig. 4. ‘‘Double tuning’’ of the
balun is obtained when the impedance of this resonance
circuit equals to j/xC1 at 170 MHz and �jxL1 at 69 MHz.
Thus, L0 and C0 are given by

C0 ¼
1

x2
2

� 1
x2

1

1
x2

1
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þ L1

; ð1Þ
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1

x2
1

1
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where x1 = 69 MHz and x2 = 170 MHz. Values of C1 and
L1 were measured at 170 and 69 MHz, respectively, using a
network analyzer in the impedance meter mode. L1 and C1

were measured individually for each of the four tri-axial
baluns and then L0 and C0 were calculated using Eqs. (1)
and (2). Table 1 presents an example of calculated values
for one of the four tri-axial baluns where x0 ¼ 1ffiffiffiffiffiffiffi

C0L0

p pre-

sents the resonance frequency of the series resonance cir-
cuit. Parameters calculated for the other baluns were
within the range of 5–7% of the values shown in the table.
Finally, the impedances of all the tank circuits were mea-
sured using a network analyzer and optimized by adjusting
the inductance L0. This method allowed us to effectively
suppress cable interactions at both frequencies.
3. Results and discussion

Fig. 5 displays spectroscopic imaging data acquired
using either the four-channel 31P phased array or the
TEM volume coil for reception from the same subject dur-
ing the same session. In both cases the TEM volume coil
was used for transmission. The spectroscopic data were
reconstructed by summing the individually phased spectra
weighted by its SNR [9]. Well resolved resonances from
phosphocreatine, ATP, inorganic phosphate and phosphor
mono- and di-esters are seen. These data were then com-
pared to the data obtained by TEM volume coil used in
transmit/receive (T/R) mode. For the locations 2,4,6 and
8 the major contribution to array data was from a single
surface coil closest to the location. For locations 1,3,5
and 7, areas in the gaps between the coils, the signal is
dominated by two coils. Finally, near the center of the
brain, location 9, all four coils provided similar contribu-
tions. In comparison to the TEM volume coil, the SNR
of the periphery of the brain near the surface coils im-
proved threefold for the 31P phased array, approximately
twofold in the ‘‘gap areas’’, while similar sensitivity was
achieved in the center of the brain. SNR in these ‘‘gap
areas’’ can be further increased by adding more coil ele-
ments to the array and providing more complete coverage.
Sensitivity near the center of the brain was near optimal



Fig. 6. Map of a ratio of the SNR of the 4-channel 1H phased array to the
SNR obtained by the 1H part of the double-tuned TEM volume coil. 1H
phased array had the same size and geometry as the 31P array described in
the text.
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since it has been demonstrated previously that a phased
array with full coverage of a head provided similar sensitiv-
ity as an optimized quadrature volume coil [10,28]. Since
the 1H portion of the volume coil can also be used for
reception at the proton frequency, anatomical images from
the entire brain can also be acquired in the same setting
without the need for patient repositioning or changes in
hardware configuration.

Our major goal was not to find an optimal SNR geom-
etry for all types of applications but rather to overcome the
technical difficulties associated with double-tuning the ac-
tively detuneable transmit coils and their use in conjunction
with phased arrays. Depending upon the specific applica-
tion the size, geometry and number of receiver coils to yield
an ‘‘optimum result’’ whether it be homogeneity, localized
SNR or acceleration for parallel imaging will vary, and has
been extensively discussed in the literature [1,7–18] and re-
mains an active area of research. In our case the number of
elements in the array was limited by the number of receiv-
ers on our system (n = 4). However, the issues associated
with surface coil decoupling in the case of different array
geometries can be overcome using methods we applied in
this work or other recipes previously described [1,29,30].
The inductive decoupling method we utilized in this work
is similar in physical principle to coil overlapping [1] but
can be applied for coils located at a distance and allows
more accurate adjustment of the coil isolation by changing
the distance between the decoupling loops. The loops were
mounted at the opposite side of the acrylic holder away
from a load (a human head). Moving the loops away from
the load allowed us to preserve loaded Q-factors, QL by
keeping sample losses unchanged. Loaded Q-factors, mea-
sured for an individual surface coil and a pair of coils with
decoupling circuit installed, using the head-mimicking
phantom were the same. Using this method previously to
construct arrays consisted of surface coils of different size
and geometry we were able to achieve very good (better
than �20 dB) decoupling between adjacent nonoverlapping
coils at various distances between the surface coils (as close
as 1 cm) and various sizes of the surface coils (from about 7
to 14 cm). Varying the distance and the surface coil’s size,
however, requires adjustment of the size of the decoupling
loops as well as coupling between them by adjusting the
distance between the loops.

Due to limited in vivo sensitivity at 31P frequency the
accuracy of the measurements of the sensitivity of the
phased array and the volume coil is limited. To access
the sensitivity of the 31P phased array we also utilized a
1H phased array constructed identically. The 1H portion
of the TEM coil, which has the same geometry as the 31P
part of the TEM, was used as a reference. However, the
field profiles of the surface and the volume coil change with
increasing frequency due to interaction of the RF field with
the tissue. For example, it has been reported that the asym-
metry of the B1 field profile of a 12 cm surface coil changes
from 15% to 33% going from 1.5 T to 4 T [31]. The homo-
geneity of a head size volume coil also changes from ±5%
to ±15% in going from 1.5 T to 4 T [6,20,22,32]. This alter-
ation of the RF magnetic filed profile may complicate the
use of 1H data for quantitative assessment of sensitivities
at the 31 P frequency, however, it still can be utilized for
qualitative evaluation and optimization of the 31P array
geometry. As an example Fig. 6 demonstrates a map of a
ratio of the SNR of the 4-channel 1H phased array to the
SNR obtained by the 1H part of the double-tuned TEM
volume coil. In spite of substantial differences in the fre-
quency the values obtained were similar to measured at
31P frequency for locations 1–8 shown in Fig. 5. The ratio
between SNR values measured near the coils and in the
‘‘gaps’’ was about 20% larger for the 1H array. This differ-
ence is within the expected error taking into account the
difference in frequency and the larger voxel size for 31P
spectroscopic images.

In conclusion, an actively detuneable 31P/1H double-
tuned TEM volume transmit/four-channel 31P array
receive RF system was developed for 4 T MRSI of the
human brain. It can be used either in volume-transmit/
array-receive mode or in TEM transmit/receive mode with
the array detuned. Double-tuned tri-axial baluns con-
structed to provide high impedances between two insulated
cable braids at both frequencies of interest allowed us effec-
tively suppress shield currents and cable interaction at both
170 and 69 MHz.
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