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Numerical and workbench design of 2.35 T double-tuned
("H/**Na) nested RF birdcage coils suitable for animal size MRI
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Agostino Monorchio and Marcello Alecci *

Abstract— The birdcage Radio Frequency (RF) coil is one of the
most used configurations in Magnetic Resonance Imaging (MRI)
scanners for the detection of the proton ('H) signal over a large
homogeneous volume. More recently, birdcage RF coils have been
successfully used also in the field of X-nuclei MRI, where the signal
of a second nucleus (e.g. *C, **Na, 3'P, and many others) needs to
be detected with high sensitivity and spatial homogeneity. To this
purpose several technical solutions have been adopted to design
Double Tuned (DT) volume RF coils, including the recent
configuration of the nested birdcage RF coils. One of the main
problems in the design of DT RF coils is the decoupling between
the 'H and X channels, and a number of solutions have been
adopted over the years. In this work, based on numerical and
workbench methods, we report the decoupling optimization of DT
('H/*Na) nested RF birdcage coils suitable for 2.35 T MRI
scanners encompassing an inner Low-Pass (LP) birdcage used for
X- nuclei, an outer High-Pass (HP) birdcage for 'H and an external
cylindrical RF shield. We show that a suitable geometrical
selection of the two coaxial RF birdcage coils (relative angular
orientation, diameters and lengths) and RF shield (diameter,
length) allows a significant decoupling optimization. We also
provide valuable information about the RF B;* field homogeneity
and efficiency. QOur approach was validated both with numerical
simulations and workbench testing using DT nested RF coil
prototypes.

Index Terms—MRI, RF coil, birdcage, double tuned, nested,
decoupling.

I. INTRODUCTION

HE development of ultra-high-field (= 3 T) Magnetic

Resonance Imaging (MRI) is driving an increasing interest

for the detection of X-nuclei (e.g. *C, #*Na, 3'P, and many
others) [1-2] that play an important role in biological systems.
The utility of X-nuclei MRI and spectroscopy is enhanced, for
assessing normal physiology, diseases and therapeutic
responses, when it is paired with co-registered anatomical
proton (‘H) images. The best outcome is achieved when
anatomical (‘H) and physiological (X-nucleus) images are
acquired simultaneously or subsequently using a DT RF coil
[3]. This avoids sample re-positioning problems occurring
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using separate RF coils in subsequent acquisition scans [4] but
introduces some degree of signal losses in the X-nuclei channel.
A recent design of DT RF coils proposed the use of PIN-diode
switches at 9.4 T [5-6].

Over the years, many surface, volume and array DT RF coil
designs have been described in the literature. Surface [3, 7-11]
and array [12-13] DT RF coils present high sensitivity (and
hence improved Signal-to-Noise Ratio, SNR) in sample regions
close to the surface of the RF coil element but shows poor RF
B1" spatial homogeneity. As for single tuned RF coils, volume
DT RF coils [14-30] have the advantage of a more
homogeneous RF Bi" spatial distribution as compared to
surface DT RF coils, ensuring imaging of the whole sample
without image intensity artifacts, albeit with a lower SNR than
surface RF coils. In general, when a homogeneous RF Bi*
spatial distribution is paramount, the use of a transmit-only
volume DT RF coil is necessary to ensure the same flip angle
in the entire Field of View (FOV), while for signal detection
either a surface, an array or a volume DT RF coil can be used.

Among the variety of volume RF coils proposed over the past
three decades, the birdcage RF coil is one of the most used
because of: (i) its circularly symmetric structure which, in turn,
allows to achieve excellent RF Bi" field homogeneity; (ii) its
ability to be driven in circular polarization modality, increasing
the SNR; and (iii) its easy manufacturing process. Due to its
versatility the birdcage RF coil is used in many laboratories and
represents the first option to be considered for 'H and X-nuclei
applications.

To this purpose, several DT birdcage RF coil designs have
been described in literature [14-16, 18-20, 24-30]. One
approach is based on the alternate tuning, at the two desired
frequencies, of the N legs comprising the coil structure [18-19,
27]. In this case trap circuits have to be inserted in the N/2 legs
tuned at the lower frequency for X-nuclei detection. The main
drawbacks are a complex tuning procedure, some difficulty in
realizing circular symmetry (because of the lumped elements
tolerances), and a significant degradation of the RF coil quality
factor (Q).
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An alternative solution is the four-ring birdcage RF coil, with
a LP birdcage positioned, along the coil axial direction, in
between two HP birdcages, the latter sharing the inner end-
rings with the former [16]. This solution, although elegant,
could give a reduced RF coil efficiency for the 'H channel due
to the increased distance among the external HP structures,
a reduced access to the sample (head and shoulders) along the
coil longitudinal axis and the presence of unwanted coupling
among resonant modes when the sample is not symmetric along
the axial direction. Recently, a folded version of the DT four-
ring birdcage RF coils has been described [30] with the aim to
reduce sample length restrictions.

Another design described in the literature is based on the use
of two nested coaxial birdcages, including an inner LP used for
X-nuclei, an outer HP for 'H and an external cylindrical RF
shield [24-27, 29]. In the original paper [24] introducing the
nested DT birdcage design, with both X-nuclei and 'H operating
on both channels in quadrature, it was already noted that the
performance of the X-nuclei channel is near ideal, while the 'H
useful mode suffers from a relatively large degree of
inefficiency due to counter-rotating currents flowing in the
other birdcage. Moreover, it was also already noted [24] that
due to this residual coupling, the 'H RF field spatial
homogeneity is strongly affected with respect to the isolated 'H
birdcage design. This solution, simpler to manufacture, is
considered the first option for a do-it-yourself approach,
retaining many advantages of the single-tuned birdcage RF coil:
construction simplicity, excellent RF field homogeneity over a
large FOV, high Q, and good RF efficiency. However, so far, a
full methodological study related to the quantitative
optimization of the decoupling between the 'H and X-nuclei
channels of the nested DT birdcage RF coil has not been
reported. This coupling is a relevant feature to be considered
because significantly shifts the resonant frequencies of the two
birdcages with respect to the isolated condition, making the
design process cumbersome, and reducing sensitivity. As
reported in [24] it was noticed that in the nested DT coil the
frequency shift due to mutual coupling is relatively small and
negative for the X-nuclei, and positive and larger for the 'H
channel, as predicted within the framework of transformer
coupled resonant circuits [24; 31]. In the literature it was only
reported, without theoretical and/or experimental evidence, that
coupling is reduced by positioning the legs of the inner LP
midway between the legs of the outer HP [25].

In this work, based on numerical and workbench methods,
we report the decoupling optimization of DT nested RF
birdcage coils suitable for MRI scanners. The optimized design,
validated at 2.35 T, is based on the use of an inner LP for »Na
(26.5 MHz), an outer HP for 'H (100.3 MHz) and an external
cylindrical RF shield. We show that a suitable geometrical
design (birdcages relative angular orientation, diameters and
lengths; RF shield diameter and length) allows a significant
reduction of the coupling, which simplifies the tuning
procedure. We also provide valuable information about the RF
B: field homogeneity and efficiency. Our approach was
validated both with numerical simulations and workbench
testing on DT nested prototypes.

II. METHODS

A. Finite Element Method (FEM) Simulations

FEM is a fundamental computational tool for RF coils
prototyping [32]. We used Ansys Electronics Desktop v. 17.2
(previously known as HFSS) running on a PC with an i7
processor (3.5 GHz) and 32 GB of RAM in both Eigenmode
and Modal Network Analysis (MNA) modalities. The former
can be used for eigenfrequency analysis (resonant modes
frequencies and corresponding  electromagnetic  field
distributions) without the need of port insertion, thus preserving
the intrinsic symmetry of the RF coil. The latter requires the
insertion of one or more ports and is designed for frequency
domain analysis, providing scattering parameters (S-matrix
elements) and electromagnetic field distributions at any desired
frequency. A minimum of 2x10° tetrahedra elements were
considered in the integration region, while the convergence
criteria, defined as maximum change between the last three
successive iterations, was at least 0.2 % for the Eigenmode
resonant mode frequencies and 0.01 for the MNA maximum
variation in the S-matrix elements. The Eigenmode simulation
takes about 20 min for the single birdcage and about 30 min for
the nested DT configuration. The MNA simulation requires
approximately 50 % less CPU time.

Other methods based on the 3D EM and RF circuit co-
simulation have been described allowing the fast analysis of
multi-element MRI coils [33].

B. FEM Models and Coupling Calculation

The '"H/?*Na nuclei combination has been previously used for
several MRI studies of stroke, ischemia, articular cartilage,
osteoarthritis, transplanted kidney, and cancer, both in animal
models and humans [34-42].

When using the nested DT design, in principle, there are four
possible configurations for the X-nucleus and the 'H RF coil
birdcages, respectively: LP-LP; LP-HP; HP-LP; HP-HP. To
minimize coupling, the two regions of high electric-field
(middle plane for the LP birdcage; endrings for the HP
birdcage) have to be quite far apart from each other [24, 43].
This restricts the choice to the LP-HP and HP-LP
configurations, with the LP-HP usually preferred making easier
the tuning of the useful resonant modes for both the X-nuclei
and 'H birdcage coils in a wide range of magnetic fields.

We considered a transceiver system composed by: (i) an
inner LP for 2*Na with 8 legs, length Lip and diameter Drep; (ii)
a larger HP for 'H with 8 legs, length Lup and diameter Drp;
and (iii) an external RF shield with diameter Ds and length Ls.
Whereas the width of legs and end-rings is fixed to 5 mm, and
the thickness of copper strip to 35 pm, several values are
considered for Lrp, Drp, Lup, Dup, Ds and Ls. The inner position
of the LP was chosen to maximize the intrinsic lower SNR from
the *Na nuclei in biological tissues. The considered dimensions
are suitable for preclinical MRI studies with whole rats.
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To study the dependence of coupling between the 'H and
2Na channels from the geometrical configurations we used the
following FEM models (see Fig. 1):

1) Variation of the LP rungs angular position (6) with
respect to the HP ones for 0° < 6 < 45°, using a step size AG
= 3.75°. Fixed HP size (Dup = 105 mm, Lup = 160 mm) and
different lengths of the LP (Drp= 90 mm, Lie/Lup= 6, 4, 3, 2,
1.67, 1.34, 1, 0.81, 0.65, 0.50). Figure 1 shows the LP
configurations corresponding to the “long length LPL” (130
mm), “middle length LPym” (104 mm) and “short length LPs”
(80 mm).

2) Fixed LP size (Dcrp=90 mm, Lip= 104 mm) and
different diameters of the HP (Lup 160 mm, Drp/Dup = 0.25,
0.50, 0.70, 0.86, 0.93).

3) Fixed HP size (Dup = 105 mm, Lup = 160 mm), with RF
shield of different lengths (Ls/Lup = 2.00, 1.62, 1.31, 1.00,
0.65,0.43, 0.22) and diameters (Ds/Dup=1.58, 1.43, 1.29,
1.14), to address the perturbation of coupling due to the
introduction of the RF shield.

In the nested DT birdcage RF coil the coupling between the
two birdcages is responsible for the modes’ frequency
repulsion, giving a frequency shift (Af) with respect to the
isolated birdcage RF coils. The frequency shift depends on both
the degree of coupling and the intrinsic losses of the nested RF
coils. Thus, in general it is not possible to convert the degree of
coupling from the measured frequency shift alone. For this
reason, the frequency shift parameter is commonly used by the
designers to fine tune the DT coils [43].

In the following we quantify only the frequency shift of the
useful MRI modes of the nested birdcages. For small
interaction, the shift is proportional to the original frequency: a
larger (and positive) value for the higher HP; a smaller and
negative value for the LP [44-46]. Since the Af/f of the LP is
less than 1 % for the whole range of design conditions, our
whole data set focuses on the HP response alone. Thus, the HP
frequency shift is the most sensitive parameter to estimate the

(d)

Fig. 1. (a)-(b)-(c) Geometrical configurations of the double-tuned (DT)
nested RF birdcage coil considered in the FEM modeling and made by a
Low Pass (LP) birdcage RF coil, a High Pass (HP) birdcage RF coil, and
a cylindrical RF shield. Simulated sizes are reported in section II.B. The
LP lengths Lip= 130, 104, 80 mm are shown in the pictures and referred
as “long”, “middle” and “short”. (d) Central transverse cross section of the
DT nested RF birdcage coil showing the relative angle 6 and diameters
between the LP and HP coils.

coupling and it was computed by means of the Eigenmode FEM
simulations. The evaluation of the frequency shifts provides
valuable information about mutual coupling in a nested DT
birdcage coil, and this in turn is useful to optimize the tuning
procedure.

The isolated birdcages were first tuned by means of: 8
identical capacitors inserted in each end-ring of the HP; 2
identical capacitors inserted in series within each leg of the LP
(each capacitor positioned at one third of the leg length, such to
reduce the electric field in the central section of the RF coil).
Since results are based on the frequency shift calculation, no
efforts were made to fine-tune the resonant frequencies of the
isolated birdcages, which were very close (within 1%), but not
necessarily coincident, to the '"H and 2Na resonances at 2.35 T.

The effect of loading was comprised in the FEM simulations
by means of a short (length 80 mm) and long (210 mm)
cylindrical (diameter 59 mm) phantoms containing
physiological saline (g, = 78; o = 1.67 S/m).

C. FEM Simulations of RF Field Homogeneity and Efficiency

The numerical FEM simulations were used for the
quantitative evaluation of the RF B field profiles and RF coil
efficiency. To this purpose, the field profile was calculated
along the RF coil symmetry axes (longitudinal and radial
directions) crossing the isocenter. The RF field profile
(Eigenmode simulation) was normalized to its value at the
isocenter, for a better comparison of spatial homogeneity.
When comparing the absolute B; field results from different
geometrical configurations we discovered unreliable results in
the Eigenmode simulation outputs. We concluded that, while
the normalized RF field profiles were useful, the absolute
intensity values provided by the Eigenmode modality are not,
thus preventing a fair comparison among different simulation
runs.

To assess the RF coil efficiency, defined as Bi" field
amplitude (T) produced by 1 W driving input power in matched
condition, we used the MNA tool by inserting at least one
driving port (output impedance 50 2) connected in parallel to a
birdcage tuning capacitor through a suitable impedance
matching circuit. In the MNA simulations, we adopted linear
driving of each RF birdcage coil. In this condition the birdcage,
as seen from the port, behaves as an equivalent parallel LC
resonator, with diverging real part of the impedance at the
characteristic resonant frequency. After the identification of the
useful resonant peak, we determined the unique frequency
value fj such that, close to the resonant frequency, Re[Z(f,)] =
50 2 and Im[Z(f,)] > 0 2. The RF coil matching was achieved
by inserting a single lumped capacitor Cm= 1/{2 foIm[Z (f,)]}
in series with the port, such as to compensate the inductive
reactance at f,. The MNA simulation is iterated to achieve an
optimal matching condition of at least Sy, (fy) = - 25 dB. In this
condition, the absolute RF B field at the coil isocenter (power
input of 1 W on the port) was used to quantify the RF coil
efficiency. Clearly, a small change of the tuning frequency (less
than 2 %) appears after the insertion of the matching capacitor
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Cwm. The RF coil can be fine-tuned with an iterative procedure
to the exact desired frequency. We checked that the fine-
retuning procedure gives a non-detectable effect on the RF B1*
field numerical results. The above procedure can be applied
both in the unloaded and loaded condition.

FEM simulations included the following steps: first, the HP
coil, both isolated and in the presence of the RF shield, was
tuned and matched, and the RF fields (E, Bi") distributions
calculated; then, the LP coil (tuned but without driving port)
was inserted, the HP coil was re-matched, and the perturbed RF
fields calculated. The same procedure was followed to study the
effect of the HP coil inserted around the LP coil.

D. Workbench Testing of the 'H/**Na Birdcage RF Coil

| |
Fig. 2. Nested DT RF birdcage coil prototypes suitable for 2.35 T applications
(geometrical details in section I1.D). Left to right: short and long samples; short
and long *Na LP; 'H HP; and RF shield. The coupling loop is also shown.

The nested DT RF coil prototypes used for workbench testing
were dimensioned such us to be suitable for whole rat MRI at
2.35 T, i.e. insertion diameter of about 7 cm and useful FOV
along the longitudinal direction of at least 5 cm (Fig. 2). For
practical reasons, few of the actual physical dimensions were
slightly different from the one used in the FEM simulations.
The first prototype is composed by: a long LPr for 2Na (8 legs,
length 130 mm, 75 mm diameter, 6 mm width of legs and end-
rings, 35 um copper strips thickness) tuned to about 27 MHz; a
HP for 'H (8 legs, 160 mm length, 100 mm diameter, 13 mm
width of legs and end-rings, 35 um copper strips thickness)
tuned to about 100 MHz; and an external RF shield (140 mm
diameter, 210 mm length, 100 pm copper thickness). A second
shorter (length 80 mm) LPs prototype suitable for *Na
workbench testing was also made for comparison with the
theoretical FEM models. PVC mechanical forms (thickness 2
mm) were used for positioning the RF coils and the shield. The
tuning capacitors for the HP, long LP and short LP RF coils are
47 pF, 470 pF and 690 pF, respectively. Balanced inductive
coupling loops of 4 cm diameter were used to drive and
critically match (at least -15 dB) the RF coils [46]. In order to
obtain optimal power transfer to the RF coil it is necessary to
match the input impedance to the transmission line impedance
and the input reactance to zero at the resonant frequency. In our
experimental setup we choose the inductive loop matching
system because of its practical advantages when designing and
testing a large set of DT nested RF coils. Other matching

circuits, including balanced capacitive networks are described
in the literature [46] and could be adopted as well. A Network
Analyzer (Rhode&Swartz, ZVL3) allowed measuring the Si:
parameter and the resonant frequency of the prototypes in
geometrical conditions corresponding to the FEM models: (i)
isolated birdcages without and with the RF shield; (ii) variable
azimuthal angle between the LP and HP legs; and (iii) the above
configurations with loading phantoms.

The discrete azimuthal rotational symmetry of the LP and HP
birdcage legs reduces the independent angular positions to the
interval [0°, 22.5°]. Nevertheless, we extended the measuring
range to [0°, 45°], considering 5 equally angular sampling
points. The first and last angular positions correspond to the
legs of the HP and LP perfectly superimposed. The extended
measurement range interval allows to check the expected
resonators symmetry with respect to the central value, 6 =
22.5°.

III. RESULTS

A. FEM Simulations for Coupling Determination

Figure 3a summarizes the Af /f frequency shift derived from
the Eigenmode FEM simulations for the nested DT birdcage RF
coil comprising the long LP and the HP birdcage coil (Lip/Lup
=0.81) without and with RF shield (Ls/Lup=1.31) of various
diameters versus the relative azimuthal angular position. Due
to the RF coils symmetry and the absence of driving ports an
even function describing the frequency shift in the 8 = [0, 45°]
range is expected. We observe that without RF shield the
frequency shift ranges from about 21 to 16 % as the azimuthal
angle is adjusted in the full range, with the minimum value
observed at 8 = 22.5°, a result in agreement with previous
qualitative studies [25, 26]. We interpret this as corresponding
to the condition of minimal magnetic flux linkage between the
two RF birdcage coils. The residual asymmetry, with respect to
the central angular value, of the observed Af /f in Fig. 3a gives
an estimate of the numerical accuracy of the FEM results.
Surprisingly, the insertion of the RF shield significantly reduces
the frequency shift, while leaving the minimum at the critical
angle of 22.5°. It can be seen that the frequency shift at the
critical angle decreases from about 8 % to 1 % when Ds/Dup is
reduced from 1.58 to 1.14. Similar results, shown in Figs. 3b
and 3¢, were obtained with two shorter LP RF coil models. We
observe that the value of the shifts is significantly reduced for
shorter LP coils, e.g. without shield the shift is reduced from
about 16 % to 7 % as the LP coil length is reduced from about
81 % to 50 % of the length of the HP coil.

These findings suggest that, assuming a given geometry
(diameter and length) for the LP and HP birdcage RF coils
associated to the specific application, the mutual orientation at
the critical angle of 22.5° and the presence of a RF shield having
an appropriate diameter and length with respect to the HP
birdcage coil, allow to minimize the frequency shift of the HP
coil in the nested condition. In our specific geometry we
observed a significant reduction, and in some case a nulling
(within the numerical accuracy of the simulations estimated
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below 1%), of the frequency shift for Ds/Dup < 1.29 (Fig. 3b
and 3c).

To better understand the relevance of the contribution of the
end-rings of the LP (Drp = 90 mm) and HP (Dyp= 105 mm)
birdcages, the Af /f was calculated, without RF shield and for
6 = 22.5°, considering an HP coil of fixed length (160 mm)
and an LP coil of variable length (from 0, corresponding to the
HP alone, to 6-Lup). The results, reported in Fig. 4a, show that
the frequency shift has a maximum of about 22 % for Lip/Lup=
1, a condition corresponding to the closest position between the
end-rings. As Lrp > 3-Lnp the frequency shift is reduced to a
much smaller value. In this condition the end-ring coupling can
be considered negligible and the residual frequency shift (about
2 %) can be associated to the legs mutual coupling only. It is
worth noting that Fig. 4 (a) reports ratios of the length of the LP
coils up to six time that of the HP one. Although this condition
of long LP with respect HP has shown some practical
applications [43], we are interested in the more commonly used
configuration of LP shorter than HP, useful to maximize low
gamma SNR. Since we are interested in estimating the legs
residual coupling in the nested DT coil, in Fig. 4 (a) we reported
also the 'H % frequency shift for LP/HP length ratio larger than
2 to reduce the end-ring coupling contribution at a negligible
level. We observe that in this condition the residual frequency
shift is about 2 %.

Figure 4b reports the frequency shift, without the RF shield
and for 8 = 22.5°, calculated with DLp/Dup ranging from 0 (HP
coil alone) to 0.93, while keeping constant Lip/Lup = 0.81. It
can be seen that, as Dip/Dupr — 1, the HP frequency shift
increases up to a maximum level of about 18 %, suggesting that
a compromise must be set between the relative diameter of the
two birdcage coils and the degree of decoupling.

Since the RF shield diameter significantly affects the
coupling (Fig. 3), we have also investigated the Af/f
dependence from the length of the RF shield. Figure 4¢ reports
the frequency shift observed for Ls/Lup ranging from 0 (no
shield) to 2, while keeping constant Lip/Lup= 0.65 and Ds/Dup
= 1.43. It can be seen that Af /f decreases monotonically as Ls
increases and, as the RF shield length equals the HP birdcage
length, the frequency shift practically reaches a plateau of about
3 %, demonstrating the efficacy of the RF shield in improving
decoupling.

It is interesting to consider whether the coupling between the
'H and »*Na birdcage coils in the nested design, measured by
means of the % frequency, shift may be field dependent. To the
best of our knowledge there is no previous work dealing with
this question for the nested DT birdcage RF coil design in the
whole range of useful preclinical fields (2.35T-21.1T). We may
give a partial answer by our additional FEM simulations of the
“short” nested DT birdcage coil model performed at 2.35T,
4.7T and 7.0T. We observe that the coupling between the 'H
and 2*Na birdcage coils, measured by means of the % frequency
shift, does not varies as the field is adjusted from 2.35T to 7.0T.
So, we can conclude that, within this frequency range, the
coupling is practically frequency independent.
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Fig. 3. Eigenmode FEM simulations of the percent frequency shift Af/f
for the 'H useful MRI mode versus the relative azimuthal angular position
without and with RF shield of various diameters (Dyp = 105 mm; Lyp =
160 mm) in the presence of the HP birdcage (Ls/Lyp= 1.31) and with: (a)
the long LP birdcage RF coil (L p/Lyp=0.81); (b) the medium LP birdcage
RF coil (Lpp/Lyp= 0.65); and (c) the short LP birdcage RF coil (Lpp/Lyp=
0.50).
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Fig. 4. Eigenmode FEM simulations of the Af /f for the 'H useful MRI
mode of the nested HP and LP birdcage RF coils (8 = 22.5°): (a) without
RF shield versus Lyp/Lyp (Dyp= 105 mm; Dip= 90 mm); (b) without RF
shield versus Dyp/Dyp (Lip/Lyp = 0.81); and (c) with RF shield versus
Ls/Lup (Lyp= 160 mm; Lip= 104 mm; Dg= 150 mm; Dyp= 105 mm).

B. RF Bj Field Profiles and Coil Efficiency

As reported in textbooks [47], to better visualize the
interactions between the LP and HP coils we considered only
one of the two orthogonal degenerate useful MRI modes
(Eigenmode FEM) to compute the modulus of the 2Na and 'H
transverse magnetic (Bi") field maps at 8 = 22.5°. Figure 5
shows the results (in arbitrary units) for the nested HP (Ls/Lup
=1.31) and long LP (LLr= 130 mm; Ds/Dup= 1.14) or short LP
(Lrp= 80 mm; Ds/Dup = 1.29) configurations in the central axial
and sagittal planes.

For a better quantitative comparison Fig. 6 shows the RF B1*
field profiles, normalized to the value at the isocenter, along the
radial and longitudinal directions for the isolated HP, isolated
long LP, isolated short LP, nested HP and long LP, nested HP
and short LP. All data are relative to the useful 2Na and 'H
modes at the critical angle of 22.5° for Ds/Dup=1.14 and Ls/Lup
=1.31. From Figs. 6a and 6c it is evident that the 2Na B:" field
profiles of the long and short LP, along the radial and
longitudinal directions, are not affected by the insertion of the
HP coil. On the contrary, the presence of the long or short LP
has an impact on the 'H B1" field profiles and, as expected, the
actual length of the LP plays a relevant role. Along the radial
direction the presence of the long or short LP decreases the RF
field homogeneity of the HP within 80 mm of the diameter.
Along the longitudinal axis both long and short LP worsen the
field profile (between 20 % and 40 % variation within a 100
mm interval around the isocenter).

From our FEM simulations we have compared the unloaded
Q factor of the isolated »Na and 'H RF coils versus the
optimised short nested RF coil shown in Fig. 5 (c-d),
considering the presence of the RF shield. We found that the
unloaded Q factor of the isolated *Na and 'H RF coils are 459
and 851, respectively. In the case of the nested RF coil, the
unloaded Q factor of the *Na and 'H RF coils are 436 and 811,
respectively. We notice that the Q factor decreases by about 5%
for both channels, a value comparable with previous designs
[24]. It is worth pointing that the plots in Fig. 6 report the
normalised B1* distributions having taken as reference the B1*
value at the isocenter. However, taking into account the peak
values of Bi* (see Table I), we observe that the absolute B1*
value in any spatial position of the HP alone (Fig. 6d) is higher
or equal to the values of the nested HP+LPL and HP+LPs.

The RF coils efficiency, defined from the Bi* value at the
isocenter, obtained from the MNA simulations, without and
with RF shields (Ds/Dup comprised between 1.58 and 1.04) for
the 2*Na and 'H useful modes, are summarized in Table 1. We
observe that, with the short LP, the 2*Na channel efficiency is
reduced from about 29 (uWT/A'W) (no shield) to 13 (WT/AW)
when the smaller diameter RF shield is inserted. A slightly
smaller efficiency (about 10 (uT/N'W)) is observed for the
long LP in the presence of the smaller diameter RF shield
(Ds/Dup = 1.04). The HP insertion has very little effect on the
2Na efficiency, thus confirming the previous findings from the
frequency shift values.
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Fig. 5. Eigenmode FEM simulations: B;* field maps (arbitrary units; Ls/Lup= 1.31; 8 = 22.5°). 2’Na (a, ¢) and 'H (b, d) useful MRI modes in the axial
(left) and sagittal (right) planes for: the nested HP (Ds/Dyp= 1.14; Dyp = 105 mm; Lyp = 160 mm) and the long LP (length 130 mm; Dip = 90 mm); and
the nested HP (D</Dup= 1.29; Dup = 105 mm: Lup = 160 mm) and short LP (length 80 mm: Dip = 90 mm).

The data of Table I also show that, without RF shield,
increasing the LP length introduces significant reduction of the
'H RF efficiency: from about 8 (WT/NW) to about 5 (WT/NW)
for the short LP and long LP coils, respectively (to be compared
with the value of about 16 (WT/NW) of the HP alone). We also
observe that the presence of the RF shield of decreasing
diameter has a large effect in reducing the HP efficiency. For
example, for the short LP, the HP efficiency decreases from
about 6 (WT/NW) to 0.8 (uT/N'W) when the RF shield diameter
ratio is reduced from 1.58 to 1.04. Similar trends are observed
for the medium and long LP. The mirror currents induced on
the RF shield are responsible for this efficiency decrease, and
the closer distance from the shield makes the effect stronger for
the HP.

The results of Table I show that the RF efficiency decreases
as an RF shield is used and that such reduction increases as the
shield diameter gets closer to the HP coil diameter. From the
literature [48], we know that the presence of an RF shield
induces some degree of increase in the resonant frequency of an
isolated single-tuned RF birdcage coil, this increase being
larger as the RF shield diameter is closer to the birdcage
diameter. This is due to the overall decrease of the birdcage
inductance due to the mutual inductive coupling between
birdcage and RF shield. We may ask what degree of frequency
shift is observed when an RF shield of decreasing diameter is
used in the case of nested DT birdcage coils, like the one
corresponding to the geometries of Table I. We will limit our
analysis to the frequency variation of the 'H HP coil, since for
the *Na LP coil the frequency variation is much smaller (due
to its larger distance from the shield). First, we notice that the
data reported in Fig. 3 (a)-(c) for the nested birdcages (at the
optimal azimuthal angle) without the presence of the RF shield
(black points), show a positive increase of the 'H frequency,

ranging from about 16 % (long LP) to 5 % (short LP). This
implies that the mutual inductive coupling between the HP and
LP birdcages reduces the overall inductance of the 'H HP
birdcage coil. Thus, we expect that the introduction of an RF
shield of a given diameter will have a smaller effect on the
resonant frequency of the nested 'H birdcage coil with respect
to the case when the 'H coil is isolated. From our FEM
simulations we verified that, in the case of the nested birdcage
made by the HP and LPL (HP and LPs) the frequency increase
of the 'H resonant frequency related to the presence of a RF
shield, is about 18 MHz (13 MHz) in the presence of an RF
shield such that Ds/Dup=1.58. Such frequency increases to 38
MHz (35 MHz) when Ds/Dnp=1.04. It is worth noting that the
presence of an RF shield is a normal requirement during the coil
construction and standard tools, like the Birdcage Builder

TABLEI
ZSNa lH
HP HP HP | HP | HP
Ds/Dup LPs + LPL + HP + + +
LPs LP, LPs | LPu | LPL
Without | 95 | 293 | 284 | 282 | 163 | 77 | 63 | 52
Shield

1.58 255 | 252 | 229 | 229 | 11.1 6.3 5.3 44
1.43 23.6 | 23.7 | 21.0 | 21.0 | 95 5.6 4.8 4.0
1.29 213 ] 21.0 | 182 | 182 | 7.2 4.6 4.0 3.4
1.14 172 | 17.1 | 14.1 | 14.1 4.1 2.8 2.6 2.2
1.06 13.6 | 13.5 | 10.8 | 10.7 1.5 1.3 1.1 1.0
1.04 13.0 | 12.8 | 10.1 | 10.1 1.1 0.8 0.7 0.7
B,* (uT/NW) field at the isocenter from FEM MNA simulation for the
isolated short LPg, isolated long LPy, isolated HP, nested HP and short LPs,
nested HP and medium LPy, nested HP and long LP. Data are relative to
the useful 2’Na and 'H MRI modes considering Ls/Lyp=1.31, 8 = 22.5° and
arange of Dg/Dyp. The geometry of the LPg, LP; and HP RF coils were kept
fixed (Dyp = 105 mm; Lyp = 160 mm; Dip = 90 mm; length LP. = 130 mm;
length LPy = 104 mm; length LPs = 80 mm).
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software, help in setting an approximate value of the capacitors.
However, there are little or no guidelines to help when
considering the interaction with a nested additional birdcage.
For this reason, our work focused on the LP insertion effects
with respect to the HP, including the RF shielded case.

C. Workbench Validation of Simulations

Figure 7 summarizes the frequency shift, from VNA
measurements (symbols) and numerical FEM analysis (lines),
for the nested DT RF coil prototypes in the presence of the long
and short LP birdcages. The Af /f is measured for 0° < 8 < 45°,
with step A8 =11.25°, without and with RF shield (Ds/Dup
=1.40, Ls/Lup=1.31). The Af /f for the 2*Na mode is below 1
% and it is not reported. We observe a remarkable agreement
between the numerical and measured data sets, with differences
within 1 % consistent with the estimated precision of the FEM
simulations. Both data sets, clearly display a minimum coupling
for 6 = 22.5°. Moreover, the experimental data confirm that the
coupling is strongly reduced in the presence of the RF shield
and the effect depends on the LP length: about 50 % and 40 %
reduction for the long and short LP, respectively.

Table II shows the theoretical and measured resonant
frequencies, and the corresponding frequency shifts, for the
shielded HP alone and the shielded HP in the presence of the
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short LP (for 8 =22.5°) prototypes, both conditions without and
with load (saline: &, = 78; ¢ = 1.67 S/m). It is worth noting
that as shown in Table II the tuning of the 'H RF coil prototype
was not accurate (114.44 MHz rather than 100.33 MHz).
However, since we are interested in comparing the HP 'H %
frequency shift due to the interaction with the 2*Na LP coil, this
small inaccuracy is not affecting the design guidelines reported
here.

We observe that, for the shielded HP, the insertion of the load
leads to a decrease of the frequency shift by about 0.2 % and
0.4 % for the short and long samples, respectively. We observe
also that the LPs insertion leads to a frequency increases of
about 1.4 %, as expected. Interestingly, the insertion of the short
or long saline samples leads to a decrease of the resonant
frequency of the nested DT RF coil, and the resultant frequency
shift is less than about 0.9 %. The experimental results are in
qualitative agreement with the FEM simulations and
discrepancies are due to small geometrical differences between
the prototypes and the FEM models.

1
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Fig. 6. Eigenmode FEM simulations: normalized B," field profiles across the birdcage RF coils isocentre along the radial (a, b) and longitudinal (c, d)
directions for the isolated HP, isolated long LP, isolated short LP, nested HP and long LP, nested HP and short LP. Data are relative to the useful >*Na (a,
¢) and 'H (b, d) MRI modes considering: Ds/Dyp = 1.14; Ls/Lyp= 1.31; and 6 = 22.5°. The geometry of the LPs, LP and HP RF coils were kept fixed (Dyup
=105 mm; Lyp = 160 mm; Drp = 90 mm; length LP. = 130 mm; length LPs = 80 mm).
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Fig. 7. Workbench measurements (symbols) and eigenmode FEM
simulations (lines) of percent frequency shift Af /f of the 'H useful MRI
mode of the nested HP with the long (filled circles) or short (filled
triangles) LP prototypes without RF shield. The corresponding data in the
presence of a RF shield (Ds/Dyp= 1.40, Ls/Lyp= 1.31) are reported with
open symbols.

IV. DISCUSSION

The design of the nested DT birdcage design was introduced
for the first time by Fitzsimmons et al [24] and over the years
used by several groups [25-29, 43]. It was demonstrated [24]
that the performance of the nested DT coil is near optimal for
the X-nuclei frequency but suffers from some degree of
inefficiency in the 'H mode due to residual coupling. However,
the previous analysis did not take into account the full range of
design parameter, including the presence of the RF shield. Our
results show that Eigenmode FEM simulation is a useful tool to
evaluate mutual coupling in nested DT birdcage RF coils, via
the observable frequency shift. This approach preserves the
(discrete) azimuthal rotational symmetry of the nested birdcage
RF coils and also the z - —z discrete symmetry, without
introducing symmetry-breaking RF driving ports necessary in
the MNA FEM simulations.

The results of Figs. 3 and 7 show that the coupling between
the RF coils is minimized when the legs of the LP are midway
between the HP legs, i.e. at the critical angle 8 = 360°/(2N),
assuming the same number of legs N for both birdcages. This
result, already stated on a qualitative basis in the literature, has
been quantified here both theoretically and experimentally for
the first time. Moreover, we have shown, as from Figs. 4 and 7,
that other geometrical parameters (diameter and length of the
nested birdcages; RF shield diameter and length) are quite
relevant for coupling optimization. For the relative length of
the LP and HP birdcages, Fig. 4a shows that the maximum
coupling, related to a large interaction between the end-rings, is
observed for Lip = Lup, while it is strongly reduced when
Lrp/Lup# 1. Usually an LP coil shorter than the HP one is used
for X-nuclei signal detection, such as to maximize the filling
factor thus compensating, partially, the low X-nuclei natural
abundance. Depending on the specific application, our result
show that it may be useful to adopt an Lre/Lup less than 0.8.
This suggests a clear design strategy for the nested DT RF coil:
an inner LP birdcage as short as possible to cover the desired

target volume for the X-nuclei, an outer HP birdcage of larger
length for 'H imaging, since the HP can tolerate a moderate RF
efficiency decrease.

The above strategy has a price to pay in terms of RF B;" field
homogeneity. The B:1* field profiles, Figs. 5 and 6, show that
the 2Na field is unaffected by the insertion of the HP coil,
while the RF Bi* homogeneity of the 'H coil is more sensitive
to the presence of the LP of various lengths. We notice that the
'H field homogeneity along the radial axis varies more in the
presence of the longer LP, while the opposite behaviour is
observed along the longitudinal axis. Thus, to this respect, the
design strategy needs to account also the specific RF field
requirements.

The FEM simulations (Figs. 4 and 5; Table I) and the
experimental data (Fig. 7; Table II) demonstrate that an RF
shield of suitable diameter and length is the most important
component that allows to minimize and, in some condition,
even to null the RF coupling. The results reported in Figs. 4, 5,
7, and Tables I, II represent a useful resource for the practical
design of nested DT RF coils. However, we have also shown
that the presence of the RF shield may introduce a significant
reduction of the RF coil efficiency. The data of Table I
demonstrate that without and with the RF shield of smaller
diameter (Ds/Dup= 1.04) the RF coil efficiency of the 2*Na and
'H channels is reduced up to about 66 % and 88 %, respectively.
As shown in Fig. 5, when the RF shield gets closer to the LP
and HP coils, an increasing intensity of the 'H Bi" field is
present in between the HP and RF shield. Thus, an increasing
fraction of the magnetic energy is confined in the space between
the HP and the shield, while a smaller fraction of energy is
stored in the central region. This turns out in a reduction of
flux linkage between the nested LP and HP birdcages,
hence a smaller frequency shift. The same, albeit smaller, effect
is present for the »Na Bi" field, because of the larger ratio
between the inner LP and RF shield diameters. Finally, the
results reported in Fig. 4c show that when Ls = Lup, the
frequency shift is minimized. This is a typically required
condition to guarantee also good isolation from close-by
conductive structures.

The results and design guidelines presented in this work were
obtained for the nested *Na/'H numerical models and
prototypes suitable for 2.35T preclinical scanners. However,
they should remain qualitatively similar if the LP birdcage is
tuned at frequencies other than 2*Na, with the condition that the
LP resonant frequencies are far away from the HP resonant
modes. In the most conservative approach, this happens when
the higher resonant frequency (fres) of the LP gets very close to
the lowest resonant frequency (fups) of the HP. The full
bandwidth of the LP (BWrp=fLps-fLr1) and HP (BWup=fupi-
fup4) RF coils are determined by the respective geometries (legs
number; coil diameter and length). At 2.35T and with our
geometrical conditions (8 legs; 2*Na diameter 90 mm and length
130 mm; 'H diameter 105 mm and length 160 mm) we have
BWLr=18 MHz and BWur=37 MHz. Those values set the limit
of the useful X-nuclei resonant frequency to be about 45 MHz
having considered the 'H nuclei as the other desired nuclei of
the DT nested coil. The analysis of the most used X-nuclei for
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biomedical applications shows that all X-nuclei can be
observed, except '°F and *He. This makes the nested design
described here of general use.

It is interesting to consider whether it may be possible
applying the quantitative numerical and workbench findings
obtained at 2.35T to a wider range of UHF preclinical MRI
scanners (3.0T, 4.7T, 7.0T, 9.4T, 11.7T, 15.2T, 21.1T) and
possibly also to clinical (3.0T, 7.0T, 9.4T, 10.5T) MRI systems.
First, we notice that the 2.35T preclinical findings are already
applicable to the novel class of low-cost preclinical bench 3.0T
MRI commercial systems (Bruker Biospec; MRSolutions 1td)
suitable for rats and mice applications, and also for combined
3.0T preclinical MRI/PET studies. In fact, we do not expect
significant design changes as the operating frequencies shift
from about 100/27 MHz (‘H/*Na at 2.35T) to 128/34 MHz
(*H/®Na at 3.0T). So, we believe our results are useful for an
expanding community of researchers working on preclinical
3.0T bench MRI systems. To further develop on this specific
point, we have performed a full FEM simulation of the nested
DT RF coil design with the short LP birdcage at higher
frequencies, such us to verify the ability to work at UHF,
leaving the geometrical parameters unchanged. This goal seems
feasible from a practical point of view, since the current tuning
capacitors for the 2.35T 'H birdcage coil are about 53 pF
(tuning about 100 MHz). By reducing the 'H tuning capacitors
to about 12 pF or 5 pF (feasible values in practical conditions)
the resonant frequency shifts to about 200 MHz or 298 MHz,
allowing operation of the 'H birdcage at 4.7T or 7.0T,
respectively. Our FEM simulations show that at 4.7T and 7.0T
the 'H frequency shift remains below 1 %, thus confirming that
the current nested DT RF coil design is suitable for MRI
systems operating up to 7.0T. The use at higher fields would
require some degree of adjustment of the nested DT RF coil
geometry, with the aim to reduce the overall inductance of the
"H HP birdcage. Accurate designs for the LP and HP birdcages
are reported in the literature for the single tuned birdcage coil
[46] and could be adapted for the current DT nested
configuration. Finally, an interesting question is related to the
translation value of the 2.35T preclinical findings with respect
to clinical UHF MRI systems (3.0T, 7.0T, 9.4T, 10.5T). We
believe it may be relatively straightforward to adapt our 2.35T
design guidelines to the specific case of 3.0T MRI scanner used
for human head applications. As before, we do not expect
significant design changes as the operating field shifts from
2.35T to 3.0T. Rather, we are aware that the main critical issues
would be the self and mutual inductance of the nested RF
birdcages coils as we scale up the coil diameters, say from our
reported size of 7 cm (rats) to about 16 cm (human head) or 70
cm (whole-body). In this case we should also consider the
necessary increase of the number of birdcage coil’s elements
(rungs) necessary to maintain a good transverse RF field
homogeneity and also additional coupling effects due to
presence of the loading sample [49]. However, a full description
of the optimized design for clinical UHF (7.0-10.5T) MRI
systems is beyond the aims of this current work. A preliminary
account of 7.0T human head nested RF birdcage coils has been
reported elsewhere [50-51]. An alternative design suitable for

7.0T human head applications using the four-ring birdcage coil
geometry has also been recently reported [51].

TABLEII
HP+
L HP+ 1 HP + short LP +
'H HP ongsramp ¢ short Long sample
Short sample Lp or
P Short sample
£, (MHz) 99.67 100.79
FEM | 2086 99.47 101.25 100.72
Af/ (%) ] -0.19 % 1,40 % 0.93 %
FEM -0.39 % ) 0.86 %
£, (MHz) 114.34 117.57
Meas. 114.44 114.08 17.57 117.20
Af/f(%) 0.09 % . 273 %
Meas. ] -0.32 % 273 % 241 %

Simulated (FEM Eigenmode) and experimental dependence of the resonant
frequency (6 = 22.5° for the nested configurations) of the shielded RF coils
in the presence of a physiological saline samples (&, = 78; o = 1.67 S/m).
FEM model has: short LP (length 80 mm; diameter 90 mm; strip width 5
mm); HP (length 160 mm; diameter 105 mm; strip width 5 mm); RF shield
(length 210 mm; diameter 150 mm); and sample (diameter 80 mm; short
length 80 mm; long length 210 mm). The experimental prototype has: short
LP (length 80 mm; diameter 75 mm; strip width 6 mm); HP (length 160
mm; diameter 100 mm; strip width 13 mm); RF shield (length 210 mm;
diameter 140 mm) and sample (diameter 59 mm; short length 80 mm; long
length 210 mm).

One of the main drawbacks of the nested DT birdcage
configuration, despite its conceptual simplicity and easy
construction, is the small residual HP frequency shift due to
non-compensated RF coupling in the presence of the loading
sample. This effect can be corrected with a fine-tuning of the
HP birdcage with respect to the isolated configuration.
However, the large number of capacitors used for the HP
birdcage realization makes this procedure cumbersome, unless
the residual frequency shift is small (less than few %) and can

be compensated acting on a single tuning capacitor.

V. CONCLUSIONS

This work presents, for the first time, a detailed analysis of
nested DT birdcage RF coil configurations. Workbench tests
have been performed to confirm the accuracy of the numerical
FEM simulations such as to provide evidence of coupling
minimization with respect to: (i) azimuthal angular orientation;
(i) length and diameter of the birdcage coils; and (iii) length
and diameter of the RF shield. FEM simulations were used to
expand the results to a large range of geometrical
configurations, so to give quantitative guidelines to the RF coil
designers. We have shown that in favourable geometrical
conditions the use of a RF shield is able to null the mutual
coupling between the 2*Na and 'H birdcages.

However, we have shown that this optimal decoupling
condition comes with a price to pay, i.e. the decreased 'H RF
B1" efficiency. We have provided extensive guidelines on how
to set a reasonable compromise between improved isolation and
decreased efficiency, and for each specific application it will be
necessary to evaluate which one is to be considered as
prominent. It is worth mentioning that 'H traps could be placed
into each, or some, of the 2*Na RF coil legs such us to reduce
coupling, as suggested in past work for surface RF coils [8].
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This could somehow release the condition about the close-
fitting RF shield diameter, with an advantage in terms of
improved RF efficiency. Future work will be necessary to
explore this interesting option.

In conclusion, RF coils design is often a tricky optimization
process where trade-off between RF homogeneity, RF
efficiency and practical constrains occurs. In the case of the
nested DT design presented here, we demonstrated that the
relative angular position could be optimized to reduce coupling
without adverse effects. The other geometrical parameters
studied here (RF coil length, shield diameter and length) also
affect the RF coupling, the homogeneity and the efficiency. We
have reported extensive guidelines to select the best solution
depending on the specific application. The indications provided
here should help and speed-up the design process of nested DT
RF coils, avoiding pitfalls and pursing the best conditions. The
results presented here were obtained for 'H/?Na prototypes
suitable for a 2.35 T preclinical scanner. However, the
presented design guidelines can be easily adapted to other X
nuclei, coil sizes and operating frequencies.
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