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The design and performance of an inductively fed low-pass be built for application in a vertical-bore 9.4-T MRI system,
birdcage radiofrequency (RF) coil for applications at 9.4 T are thus alleviating the need to place adjustable capacitors on
described where tuning is accomplished by mechanically moving the legs of the coil. Their use, however, would still place
a concentric RF shield about the longitudinal axis of an RF coil. physical limitations on construction and degrade coil perfor-
Moving the shield about the RF coil effectively changes the mutual mance.
inductance of the system, providing a mechanism for adjusting

RF shields are typically used to reduce the interactionthe resonant frequency. RF shield tuning eliminates adjustable
between an RF coil and other hardware within the MRIcapacitors on the legs of the RF coil, eliminates current imbalances
system. RF shields reduce noise and therefore help to im-and field distortions, and results in improved B1 field homogeneity
prove the signal-to-noise ratio (SNR) of the NMR experi-and high quality (Q ) factors. RF shield tuning and inductive
ment. RF shields also provide a stable environment to tunematching provide an isolated resonance structure which is both

physically and electrically unattached. Experimental analysis of and match the RF coil. RF shield technology was employed
shield position on both B1 field homogeneity and resonant fre- to effectively change the inductance of a low-pass birdcage
quency is provided. Computer simulations of B1 field homogeneity coil to circumvent the need for adjustable tuning capacitors.
as a function of shield position and shield diameter are also pre- Shielding decreases the effective inductance of a circuit,
sented. Magnetic resonance microimaging substantiates the use- causing the resonant frequency to increase (3, 4) .
fulness of this design. q 1998 Academic Press In this work, a low-pass birdcage coil with an RF shield
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on a cylindrical former which mechanically moves coaxialnetic resonance imaging.
about the longitudinal axis of an RF coil was constructed.
The resonant frequency changes as a function of the shield’s
position in relation to the RF coil. Tuning of the circuit can

INTRODUCTION
be controlled by changing the effective inductance. Simple
mechanical tuning by use of an adjustable RF shield elimi-

Birdcage radiofrequency (RF) coils are preferred for use
nates the physical constraints of adjustable tuning capacitors

in MRI because of their excellent RF magnetic (B1) field
and more effectively maintains the sinusoidal distributed

homogeneity (1) . Building these types of coils for applica-
current pattern necessary for optimum B1 field homogeneity.

tions at higher static magnetic field strengths (9.4 T) is more
This design has led to a useful RF coil for applications in

difficult than for larger coils operating at lower frequencies
neonatal rat pup brain imaging and gradient-localized spec-

(1–2 T). This difficulty arises because the capacitance (as
troscopy at 9.4 T.

well as the inductance) of the circuit must be made quite
small to ensure that the coil will resonate at the required

THEORYfrequency. At these high frequencies, the impedance of all
legs should be equivalent in order to provide the proper
sinusoidal current distribution necessary to produce excellent Although the exact analytical solution to explain the

change in resonance frequency with shield coverage aboutB1 field homogeneity.
Small low-pass birdcage RF coils (diameter Å 1–3 cm) an RF coil is beyond the scope of this paper, it can be most

easily understood as a change in mutual inductance betweenwith adjustable capacitors for tuning and matching on the
legs are difficult to construct. Adjustable capacitors require a the RF coil and shield. A detailed analysis of mutual induc-

tance and shield geometry on resonant frequency has beensignificant amount of a space for their placement. Adjustable
capacitors also add inductance, create a larger circuit path, addressed previously (3, 5–9) and the relationships between

birdcage coil circuit parameters and the resonant frequencyand create field distortions arising from current imbalances
in birdcage coils (2) . High-pass birdcage coils could also have been described in detail elsewhere (6–11) .
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33A BIRDCAGE COIL TUNED BY RF SHIELDING

For our purpose, a qualitative relationship between the
coil’s resonant frequency, n, and the effective inductance,
Leff , can be simply expressed as

n }
1√
Leff

. [1]

For a shielded RF coil, Leff can be written as

Leff Å L * 0 kM , [2]

where L * is the coil inductance without any RF shielding
present, and M is the mutual inductance between the con-
ducting elements of the RF coil and the RF shield. The
L* term includes the contribution of the self-inductance of
conducting elements and the mutual inductance contribution
between these elements and excludes the effects of the
shield. Mathematically, the RF shield can be replaced by the
mirror image of the conducting elements and M then be-
comes the mutual inductance between the coil elements and
the mirror elements. The factor k denotes the ratio of the

FIG. 1. Schematic cross-sectional representation of the RF coil with ancurrent in the mirror elements to the current in the conduct-
RF shield and an inductive coupler. The RF shield was used to tune theing elements. The currents in the mirrored coil elements flow
coil to the appropriate resonant frequency by changing the effective induc-

in the opposite direction to the current in the coil’s elements tance. The position of the inductive coupler determines the 50-ohm match
which is indicated by the negative sign in Eq. [2] . of the circuit. The polycarbonate former containing RF coil and sample

When the shield is moved along the longitudinal axis can be removed from the bottom of the magnet without removing the
microimaging gradient insert.away from the geometrical center of the RF coil the mutual

inductance between the coil elements and shield decreases.
This increases the effective inductance and lowers the reso-
nant frequency. When the RF shield is symmetrically cen- same capacitors. The shield (25.4 mm in length) was con-
tered about the RF coil, the mutual inductance is maximum, structed from copper foil tape fixed around a polycarbonate
which results in the minimum effective inductance and the former. Matching was accomplished through inductive cou-
highest resonant frequency. pling as illustrated in Fig. 1. This diagram represents the

Recently, Collins et al. have modeled and experimentally cross section of the RF probe with an adjustable shield used
verified the effects of shield geometry on both the B1 field for tuning (resonant frequency) adjustment. The RF shield
strength and the homogeneity in the birdcage coil (8) . Not of the microimaging gradient insert is not shown in the dia-
only is the length of the shield important in assessing coil gram.
performance but the relationship between the shield and coil Measurements of frequency versus shield position were
diameters is also significant. Their results indicate that the performed using an HP 4195A Network/Spectrum analyzer.
B1 field strength diminishes as shield diameter decreases and The reference point, z Å 0 mm, for these measurements was
shield length increases. This knowledge of field behavior as where the shield was symmetric about the longitudinal axis
a function of shield geometry has led to the design and of the RF coil (Fig. 2) with respect to the longitudinal center
fabrication of an RF birdcage coil for application at 9.4 T of the RF coil. The z position is defined to increase from
where tuning is accomplished by an adjustable RF shield. zero when the center of the longitudinal axis of the RF shield

moves toward the end ring of the RF coil. Shifts in frequency
versus position were measured for two different shield diam-MATERIALS AND METHODS
eters (Ds ) , 31 and 36 mm or 1.3 and 1.5 times the diameter
of the RF coil (Dc ) , respectively. Measurements were per-A 26 1 24-mm (length 1 diameter) Delrin former was

machined to construct a low-pass birdcage coil. Eight non- formed both with and without the 45-mm-diameter shield
(length Å 170 mm) of the microimaging gradient insert.magnetic capacitors (3.3 pF; TTI, Moorestown, NJ) were

placed at equidistant positions around the cylindrical former. Images were acquired on a Bruker AM400 wide-bore spec-
trometer operating at 400 MHz for 1H.Coil elements were composed of only the disc capacitors.

End-ring segments were constructed from the leads of the By combining birdcage theory and a method of three-
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chip capacitors, which normally have better tolerances,
providing the preferred current distribution and increased
B1 field homogeneity.

Measured resonant frequency change versus shield posi-
tion is depicted in Fig. 4a. Data in Fig. 4a were made for
two different shield diameters. The relative position of the
coil to the shield is depicted in Fig. 2. For the small-diameter
shield (Ds /Dc Å 1.3, s) , the resonant frequency can be
changed by over 40 MHz. The highest resonant frequencyFIG. 2. Three-dimensional representation of both the RF shield and the
is achieved when the shield is symmetric about longitudinalRF coil as a function of position along the longitudinal (z) axis of the RF
axis of the coil (z Å 0 mm). With the larger shield diametercoil. As z is made greater than zero the mutual inductance between the coil

and shield decreases, increasing the effective inductance which will lower (Ds /Dc Å 1.5, l) the tuning range decreases by a factor of
the resonant frequency. This model was used for computer simulations. 2 because of the increase in the effective mutual inductance.
The zÅ 0 position is defined as the position where the RF shield is symmet-

Decreasing the shield diameter effectively increases the tun-ric about the longitudinal axis of RF coil and is referenced to the geometrical
ing range at the expense of B1 field magnitude (8, 9) . Thecenter of the RF coil.
Ds /Dc ratio was 1.5 for the coil pictured in Fig. 3.

Figure 4a does not include the coupling effects of the
microimaging gradient insert. When the gradient insert is

dimensional (3D) finite element analysis, B1 field strength included the tunable range is reduced from 20 to 7 MHz for
was calculated in all space as a function of shield position
and shield to coil diameter ratio (Ds /Dc ) . All calculations
of field patterns were made using Maxwell 3D field simulator
software (Ansoft Corp., Pittsburgh, PA) on an IBM RISC
6000, Model 550, computer with 256 MB of DRAM (8) .

Shaded contour plots were then made on a sagittal (x–z)
plane through which end-ring currents were at a minimum.
Five different contours were chosen to represent the relative
deviation of the B1 field magnitude in reference to the center
of the coil: 0–10, 10–30, 30–50, 50–70, and ú70%. The
area and centroid of these contours were calculated to com-
pare B1 field homogeneity as a function of shield diameter
and shield position.

RESULTS AND DISCUSSION

Photographs of the RF coil and RF coil with an adjustable
RF shield are shown in Figs. 3a and 3b, respectively. The
coil was simply and inexpensively constructed from eight
disc capacitors as depicted in Fig. 3a. Capacitance or coil
length can be adjusted to ensure the proper resonant fre-
quency. The shielding effect of the microimaging gradients
must be accounted for when choosing proper coil length and
capacitance. The inductive feed and RF shield are moved
simply by mechanical rods. The RF coil and shield are posi-
tioned within a polycarbonate tube which is then inserted
into the vertical-bore magnet from the bottom. This allows
the sample to be easily and reproducibly changed without
removal of the microimaging gradient insert.

Jin et al. have indicated that the current imbalance in
the legs of a birdcage coil can lead to loss of field homoge-
neity (2 ) . This is especially true for the coil presented
here in the low-pass configuration. Each capacitance was
only 3.3 pF and a small deviation can lead to imperfect FIG. 3. (a) Photograph depicting low-pass birdcage RF coil built using

disc capacitors and (b) RF coil with an adjustable RF shield used for tuning.operation. The coil can also be constructed using ceramic
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35A BIRDCAGE COIL TUNED BY RF SHIELDING

FIG. 4. (a) Graph of frequency change vs shield position (z) without the microimaging gradients in place. The frequency change vs shield position
curve for the small-diameter shield, Ds , when compared to the diameter of the RF coil, Dc (Ds /Dc Å 1.3, s) , and frequency change vs shield position
curve for when the shield diameter is 1.5 times the coil diameter (Ds /Dc Å 1.5, l) . Increasing the shield diameter increases the effective inductance
and reduces the tuning range by one-half. (b) Plot of resonant frequency vs shield position (z) for the RF probe with the microimaging gradients and
Ds /Dc Å 1.5. Measurements were made using the same experimental configuration as for in vivo microimaging. Plot of resonant frequency vs shield
position (z) of the unloaded coil (l) and when the RF coil was fully loaded with 9 ml of a 5 mM copper sulfate solution (s) . The measured Q was
600 and 500 for the unloaded and loaded coil, respectively. The dashed line represents the desired resonant frequency.

the large-diameter shield (Ds /Dc Å 1.5) (Fig. 4b). The two in vivo microimaging. An example of a contiguous multislice
diffusion-weighted image of a 7-day-old rat pup brain iscurves depict resonant frequency when the coil was both

loaded and unloaded. The Q for the unloaded coil was 635 shown in Fig. 6. These images have a typical SNR of greater
than 400 and illustrate the utility of this design. Animals canand was lowered to 490 for the fully loaded coil (9 ml of

5 mM CuSO4 solution). For the standard manufacturer’s be exchanged by removal of the probe insert (RF probe
only) from the bottom of the magnet in less than 5 min.high-resolution 25-mm-diameter probe, the unloaded and

loaded Q were 440 and 370, respectively. This represents a Images depict excellent B1 field homogeneity with no signal
loss or distortion associated with other designs employing15% increase in the SNR for the RF shield tunable probe

when compared to the standard microimaging probe. The Q adjustable tuning capacitors.
To simulate the effects of the adjustable RF shield usedvalue was similar when the coil was loaded with the head

of a 12-g, 7-day-old neonatal rat pup. Although the fre- for tuning on B1 homogeneity, 3D field calculations were
performed on a model of the coil derived from the experi-quency range can be increased with a smaller diameter RF

shield, the center field magnitude is reduced by 25% when mental coil. Figure 7 demonstrates contour plots of the B1

field intensity through the longitudinal axis of the RF coilcompared to a shield with a larger diameter (8) .
Experimental results from images are illustrated in Figs. for the case when the RF coil is shielded by the adjustable

RF shield in three different configurations. Shown are B15 and 6. Figure 5a is a plot of the magnitude signal intensity
taken from an axial (x direction) spin-echo profile (20-mm- field distributions for the large-diameter (Ds /Dc Å 1.5)

asymmetric (z Å 13 mm) RF shield in Fig. 7a, the largediameter phantom; 9 ml of 5 mM CuSO4-doped H2O). The
intensity is very uniform over 18 mm of the coil diameter. symmetric shield (z Å 0.0 mm) in Fig. 7b, and the small

(Ds /Dc Å 1.3) asymmetric shield (z Å 13 mm) in Fig 7c.The peaks at the edges of the profile were due to the in-
creased leg currents in the elements through which this pro- Calculations of the area and centroid of the 0–10% B1

homogenous region from Fig. 7 are given in Table 1 andfile was obtained. Figure 5b shows signal intensity taken
from a longitudinal profile of the same phantom along the provide a more quantitative comparison between the three

cases. For the large asymmetric shield, the 0–10% homoge-z axis which was parallel to B0 . Again the signal intensity
is quite uniform over 20 mm in length. nous region increases by 3.8% and the centroid is skewed

to the right from the true center by 3.5%. For the largeThe goal for the design and construction of this probe was
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FIG. 5. (a) Profile of normalized signal intensity vs short axis (x) position of the RF coil. This profile was obtained from a spin-echo image acquired
in the central axial (x–y) plane in order to demonstrate B1 field homogeneity. The field of view was 24 mm. The peaks at the edges of the profile are
due to the current in the leg elements through which this profile was obtained. (b) Profile of normalized signal intensity vs longitudinal (z) position of
the RF coil. This profile was obtained from a spin-echo image acquired in the central sagittal (x–z) plane in order to demonstrate B1 field homogeneity.
The field of view was 40 mm.

FIG. 6. Diffusion-weighted magnetic resonance images of a 7-day-old neonatal rat pup subjected to 3 h of hypoxia–ischemia to demonstrate image
quality. Images were acquired 1 h post hypoxia–ischemia with a pulsed field gradient multislice interleaved spin-echo imaging sequence with TR/TE
Å 2000/70 ms, field of view Å 24 mm, pixel resolution Å 128 1 128, slice thickness Å 1.0 mm, slice separation Å 1.0 mm, number of averages Å 2,
bandwidth Å 25 kHz, and b value Å 1000 s/mm2. The hyperintensity, ipsilateral to the right common carotid artery ligation, reflects the reduction in
the apparent diffusion coefficient of endogenous tissue water accompanying cytotoxic edema. For more details on this animal model of neonatal hypoxia–
ischemia consult Ref. (12) .
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37A BIRDCAGE COIL TUNED BY RF SHIELDING

covering the RF coil. For the work described here the SNR
would be reduced by less than 13% since the adjustable
shield partially covers the RF coil. Most coils used in micro-
imaging are subject to similar shielding because of physical
constraints. The RF homogeneity and convenience of tuning
is worth this small loss in SNR.

The SNR can be improved by lowering the inductance of
the conducting elements of the birdcage coil. This would
also reduce the stray capacitance since larger leg capacitance
would be needed for proper resonance. For the coil presented
here, if the conducting element diameter is increased by
400% (decreasing the self-inductance by 68%), the leg ca-
pacitance necessary for proper resonance would only in-
crease by 146% (3.3 to 4.8 pF). Optimization of the conduct-
ing element inductance and/or coil configuration would be
necessary for operation above 400 MHz.

Another example of employing RF shield tuning was de-FIG. 7. Simulated B1 field contour plots derived from computer simula-
tions. (a) B1 field contour plots for Ds /Dc Å 1.5 and z Å 13 mm. (b) B1 scribed by Lu and Joseph where they illustrate a technique
field contour plots for Ds /Dc Å 1.5 and z Å 0 mm. (c) B1 field contour for double-resonant operation in birdcage coils (4) . Tuning
plots for Ds /Dc Å 1.3 and z Å 13 mm. The two cross-hatched white bars was accomplished by inserting an additional RF shield of
represent the RF shield position while the white circles indicate the end

smaller diameter to increase the resonant frequency from 19Frings of the RF coil. The contours represent the relative deviations of the
to 1H. This configuration did not allow for continuouslyB1 field when referenced to the field calculated at the center of the RF coil

without an adjustable RF shield present. Included in these calculations but adjustable RF shield tuning, and this design still required
not shown is the long symmetric RF shield of the microimaging gradient adjustable tuning capacitors and physical electrical attach-
insert. ment. Birdcage coil tuning can be achieved by an adjustable

diameter RF shield but would provide stringent physical
limitations on coil construction.

symmetric shield, the 0–10% homogenous region increases
by 13.3% with no skewing. For the small asymmetric shield, SUMMARY
the 0–10% homogenous region is similar to an unshielded

A simple effective low-pass birdcage coil which tunesresonator, and the centroid of the homogenous region has a
through the application of a mechanically adjustable concen-larger relative shift than that for the RF coil covered by the
tric RF shield was easily and inexpensively constructed forlarge asymmetric shield. Figure 7c and Table 1 indicate
in vivo microimaging and spectroscopy. Tuning of the circuitthat a smaller asymmetric diameter shield will not improve
was achieved by simply changing the overall effective induc-homogeneity and will introduce a gradient in the RF profile

or skewing of the contours toward the right of the geometri-
cal center of the RF coil, away from the adjustable shield.

TABLE 1The results of the computer simulations in Table 1 and
B1 Field Homogeneity Calculations for an Adjustable RF Shielddepicted in Fig. 7 are in reference to the 0–10% homogenous

within the Microimaging Gradientregion of the same RF coil without any adjustable RF
shielding but includes the shielding effect of the microimag-

B1 field calculations (0–10%)b

ing gradients. Tunable shield Homogenous region
Ignoring the shielding effects of the microimaging gradi- configuration and

relative shield positiona Area change (%) Centroid change (%)ent insert decreases the overall B1 field homogeneity and
increases the skewing of the center contours (results not

Ds/Dc Å 1.5, z Å 13 mm 3.8 3.5shown). Figure 7 indicates that the larger diameter adjust-
Ds/Dc Å 1.5, z Å 0 mm 13.3 00.7

able shield will produce negligible experimental artifacts. Ds/Dc Å 1.3, z Å 13 mm 0.5 9.7
Minimal differences between these two results can be attrib-

Note. These data were derived from the contour plots shown in Fig. 7.uted to the homogenizing effect of the long symmetric shield
a The relative shield position (z) is defined as zero when the RF shieldof the microimaging gradient insert.

is symmetrically centered about the longitudinal axis of the RF coil, asThe large adjustable RF shield can potentially reduce the
measured from the geometrical center of the RF coil. Ds, adjustable shield

center field strength by 13% (8) and therefore SNR when diameter; Dc Å RF coil diameter.
compared to the RF coil shielded by only the gradient insert. b All values are standardized to the resonator shielded by only the micro-

imaging gradients.These calculations are based on the RF shield completely
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