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Abstract— An essential feature of magnetic resonance (MR)
probes for magnetic resonance imaging and spectroscopy is the
ability to generate uniform B, excitation in a volume of
interest. When the magnetic field strength is increased, leading
to an increase in resonance frequency, the constraints on the
MR probes size, the sample size and the associated radiation
losses caused by conductor elements are higher. In this study we
simulate, test and construct two birdcage coils for imaging
rodents operated at 14.1 T. Bench experiments and imaging
tests show that at 14.1 T dielectric resonance effect is the
dominant factor accounting for B," field inhomogeneity but
remained achievable for imaging rodent brains.

[. INTRODUCTION

Magnetic Resonance Imaging (MRI) is one of the most
powerful non-invasive biomedical imaging methods which
play an increasingly important role in clinical and research
environments. To deliver morphological images with superb
Signal-to-Noise (SNR) ratio, a good radio-frequency (RF)
probe with a desired homogenous coverage is an essential
compartment. As one of the classical designs of the RF
probes, birdcage coil was first developed to deliver
homogeneous whole body human images at relatively low
magnetic field (1.5T) for clinical diagnostics several decades

ago [1].

With the recent advent of ultra-high field (UHF)
superconductive magnets and amplified interests in both
human and animal models, the design of birdcage coils has
become more technically challenging since the proton
resonance frequency increases and the wavelength of the
proton signal becomes shorter in air, and even shorter in
biological tissue due to the high dielectric constant. When
the sample size is comparable to this shortened wavelength,
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the dielectric resonance effect appears, which leads to a
bright spot in the image [2-4]. Meanwhile RF radiation
losses cannot be neglected due to a comparable conductor
length to a fraction of the corresponding wavelength
(normally A4/20) [5]. Indeed the birdcage coil has been
limitedly used in the UHF for the human applications.
Nevertheless for the pre-clinical research small animal,
birdcage coils with a classical design can deliver sufficient
RF homogeneity at 900MHz [6]. Besides the development of
the multiple resonant birdcage coil also extends the
applicability of the birdcage coil[7-9].

Two common architectures of the birdcage coil, namely
high-pass (HP) and low-pass (LP) have been widely used for
applications at numerous field strengths [10-12]. Besides the
HP and LP, band-pass (BP, also called hybrid) coil, a
mixture of HP and LP types, has segmentations on all coil
elements [13, 14] and therefore can effectively reduce the RF
losses at very high frequency. Till now such advantage of the
BP in UHF applications has never been compared to either
the HP or the LP. In this study we aimed to compare two
different birdcage coils (HP and BP) with same dimensions
for small animal MRI at 14.1T.

II. METHODS

A. RF design and simulations of birdcage coils for rodent
brains

Two birdcage resonators, one HP and one BP, were
designed with 16 rungs (Outer diameter OD=50 mm, length
L=32 mm, width of the rung W,,,=2 mm, width of the end
ring Wiin,=3 mm) and a RF shield (OD=94 mm, L=70 mm).
RF models including each birdcage resonator with
dimensions mentioned above and a phantom (L=80mm, elec.
cond. 0.5 S/m) were built [7] (see Figure 1). After roughly
calculating the tuning capacitor with Birdcage Builder [15],
the RF model was simulated in 3D Electromagnetic
simulation software (CST Microwave Studio, Darmstadt,
Germany) to precisely approach the desired mode (m = 1) at
600MHz. Hexahedral mesh with 60 lines per wavelength was
set to simulate the electrical and magnetic field distribution
of the RF model with an accuracy of -40 dB in the transient
solver. After fine tuning and matching both channels were
decoupled at the desired frequencies by altering the
balancing capacitor values. All calculated capacitor values
were kept and used for building the coil prototype.

Due to the presence of the capacitors on the rungs in the
BP model, an additional gap (W=2 mm) was added in the
middle of the rungs. It has been reported previously that the
BP mode distribution is dependent on the ratio between
capacitance on the rung and capacitance on the end ring,
Crung /Cring : When Cyyyg /Ciing »1 the BP coil behaves as a HP
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coil; when Cp, /Cying «1 the BP coil tends to be a LP
coil[13]. In practice Crung =2 pF was chosen for building the
BP coil so that the capacitor value on the end rings could be
within the range of available capacitance values.

Figure 1.

High-pass resonator with tuning and matching network.

B. RF coil components

The conducting structures of the coil prototypes were
manufactured from flexible printed circuit board (0.1 mm
FR4, 35 pm Cu) and then fixed on the inner support tube
with an outer diameter of 50 mm (Acrylic glass (PMMA),
Angst-Pfister, Switzerland). Ceramic chip capacitors (ATC-
100B, American Technical Ceramics, USA) with the values
properly simulated and five variable capacitors
(NMKJ10HV, Voltronics, New York, USA) were used to
tune birdcage coils to proper frequencies. 50-coaxial cables
(Huber-Suhner, Switzerland) with pre-tuned bazooka
baluns[16] were attached to the matching network of the coil
to transmit/receive RF signals. RF shield of the coil was
constructed by printing coaxial copper strips with small gap
on both sides to reduce the eddy current and then taped
inside the outer support tube with an inner diameter of 94
mm (PMMA, Angst-Pfister, Switzerland). The two support
tubes were coaxially fixed by two plastic cover plates and
non-magnetic screws.

C. Bench tests of the RF coils

To test the bench performance of these coils, a
cylindrical phantom (OD=27 mm, L=100 mm) containing
physiological saline solution (Sigma-Aldrich, USA) was
fixed in the center of the coils. A plastic tube (L=250 mm,
OD=120 mm) covered by copper sheet was used to cover the

birdcage coil and simulate the magnet bore. Q-values were
measured with a network analyzer (ES071C, Agilent, USA),
with and without loading the phantom, by dividing the
central frequency by the bandwidth measured at -7 dB [17]
after tuning and matching two coils in which way full quality
factor can be measured. Note that all the Q-values shown in
this study were measured on-resonance with a -30 dB
matching level.

D. Imaging and B," field mapping

All MR images were acquired in a horizontal 14.1 T
magnet (31-cm-diameter, Agilent, USA). RF power
calibrations were carried out using a STEAM sequence[18]
with 0.5 ms asymmetric pulses. The maximum water peak
intensity implied 90° power, Poe. SNRs of the phantom
images were determined by comparing the average intensity
of multi-slice gradient echo (GRE) images with 90° flip
angle in 5 different regions within a circle of 5 mm diameter
with the noise acquired in the same areas after switching off
the RF power amplifier. /n vivo SNR maps at both field
strengths were generated by using 60° GRE images through
comparing the signal of each pixel to the standard deviation
of noise in the artifact free corner region. Both SNR maps
were rescaled by the maximum SNR value calculated. To
maintain the thermal noise for both field strengths at the
same level, spectral bandwidth of 69 kHz was set for both
images.

To generate B, " field maps, the double angle method [19,
20] was used. As the MR signal generated after a RF pulse
with a flip angle « is proportional to sin ¢, the flip angle
(FA) a can be calculated through comparing the signals
acquired using two different FAs, o and 2 ¢, and is given by,

a = arccos(I,/21)). (1)

where /; and /I, represent the signal intensity from coronal
GRE images with flip angles of 60° and 120°, respectively
(imaging parameters shown in Table I). A long enough
repetition time of 20s was set to recover the proton
magnetization. The region of interest in both phantom and in
vivo brain measurements were shimmed using the fastestmap
method [21]. Both images were post-processed using a
MATLAB script which calculated the image intensity ratio
from both acquisitions performed with different FAs and
further determined the ratio pixel by pixel. An image mask
was created by zero filling all the pixels with intensity less
than 10% of the maximal pixel intensity and used to filter out
noise on the B;" distribution map.

TABLE L GRE PARAMETERS USED FOR B 14r MAPPING
TR/TE [ms] | FOV [mm’] | Resolution
Phantom | 20,000/2.83 40*40 128*128
in vivo 20,000/3.31 20%20 128*128
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III. RESULTS AND DISCUSSION

A. Simulations of RF model

For both coils the capacitor values used in practice (Ciing
= 8.2 pF and 12.6 pF HP and BP respectively) fit to the
simulated capacitor values (Cyi,, = 8.5 pF and 12.5 pF for HP
and BP respectively) very well. The small error comes from
the stray capacitance caused by the matching network which
was simulated separately in the CST Design Studio and not
accounted for in the CST Microwave Studio simulation. This
also explains the different matching capacitor values used in
practice. In Figure 2, RF simulation of the B," field in
cylindrical phantom positioned in the center of both coils are
shown. It is apparent that the BP coil generates more
homogeneous B, field.
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Figure 2.  RF coil performance comparison (Results acquired with HP

coil is shown in first row and with BP coil in second row): a) RF simulation
(scaled from 0 to 15 A/m); b) B;" mapping with a saline phantom using
double angle method; c) in vivo B;" mapping of mouse brains. Imaging
parameters are given in table I. Due to the dielectric resonance of the
phantom, only the central part can be taken as homogeneous. A slightly
more homogeneous B;" field was measured using BP coil.

B. Workbench measurements

Table II shows the measured Q-values of the built coils
and their relative sensitivities. Since the coils were driven in
a quadrature mode, good isolation between both channels is
indeed necessary for reducing electric losses. The best
isolation levels acquired by bench measurement were
measured at -18 dB for loaded HP coils and at -30 dB for
loaded BP coil. This means that only 1.6% of the RF power
was dissipated not for RF excitation. Even when all the coils
work in transceiver mode, the electric loss from the coils can
be neglected. The low relative sensitivity in small animals is
related to the small size of the brain causing a relatively low
loading factor. Assuming the mouse brain has a cylindrical

form with a diameter of 15mm, the filling factor is only
around 9%.

TABLE II. SUMMARY OF COIL BENCH MEASUREMENTS AND
CALIBRATION IN PHANTOM (Qur AND Qr STAND FOR UNLOADED AND
LOADED QUALITY FACTORS. Pgge REPRESENTS THE POWER NEED FOR
GENERATE 90° GAUSSIAN PULSE WITH 2MS PULSE LENGTH).

Rel. Pgy o
Ou % Sen. | [dB] FAr SNR
HP 200 | 176 | 035 42 5146 22074252
BP 364 | 242 | 0.58 44 5545 23694232

C. B, field mapping

The RF power calibration was normalized to 2ms 90°
Gaussian pulse and the measured FAs and SNRs are
comparable as listed in table II. B," field mapping of both
coils in coronal planes was performed with a saline phantom
(27 mm OD) and in vivo in mouse brains at 14.1 T. Similar
to the simulated results, the B;" field measured in the
phantom has a hot spot and only the coil center had the
correct FA (Figure 2). Unlike the HP coil with such
homogenous B, field covering a 11 mm OD area (~ 40% of
27 mm OD) , the BP coil presented the slightly larger
homogenous B," field, i.e. 16 mm OD (~ 60% of 27 mm
OD), as shown in Figure 2. This dimension is sufficient to
cover the entire rat brain (i.e. 15*10%*20 mm’) and was
confirmed by in vivo mouse brain results (Figure 2). Taking
the relative electric permittivity € =80 and conductivity o=
0.5 S/m from the biological tissue into account, the
wavelength in the tissue is reduced to 56 mm at 14.1 T.
Thus, the hot spot was mainly due to the dielectric resonance
effect.
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Figure 3. RF simulation of a BP type birdcage coil in coronal (left) and
sagittal (right) direction at 14.1 T with longer rung (L=70 mm): Bi"
mapping showed a more homogeneous B\ field for BP coil along coronal
direction.

In our study, the BP coil didn’t show great difference in
the total length of the coil comparing to the HP coil. Indeed,
we aimed to reduce the required RF power and radiation
effect of the conductors, the length of the coil was designed
enough for imaging small rodent brains, i.e. 20-25 mm in rats
and 10-12 mm in mice. Thus, both coils built in this study
have the same length 30 mm so that the difference of the B,
field in coronal direction was not striking between HP and
BP coils (Figure 2).

The advantage of the BP coil can be first unveiled when
the coil length is longer than the coil diameter or even
wavelength. Simulation results showed that the B," field
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distribution of long BP coil can be homogenous in the entire
coil (Figure 3).

IV. CONCLUSION

In this study we demonstrate that it is possible to build
transceiver bird cage coils suitable for imaging rodent brain
at 14.1 T. The RF simulation was shown as a powerful tool
for searching the right birdcage mode and can be trusted for
further developments of the birdcage coils. The B;" field
homogeneity of the BP coil is better than the HP one used at
14.1 T due to less dielectric resonance effect and image SNR
in the BP coil become also slightly better than that in the HP
type. With the increase of the physical size of the coil and
the working frequency, BP birdcage coil could be an
alternative for wultra-high magnetic field small animal
imaging.
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