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Abstract

RF coil design for human ultra-high field (7 T and higher) magnetic resonance (MR)
imaging is an area of intense development, to overcome difficult challenges such as
RF excitation spatial heterogeneity and low RF transfer efficiency into the spin sys-
tem. This article proposes a novel category of multi-channel RF volume coil struc-
tures at both 7 T and 10.5 T based on a subject-loaded multifilar helical-antenna RF
coil that aims at addressing these problems. In some prior applications of helix anten-
nas as MR RF coils at 7 T, the imaged sample was positioned outside the helix. Here,
we introduce a radically different approach, with the inner volume of a helix antenna
being utilized to image a sample. The new coil uniquely combines traveling-wave
behavior through the overall antenna wire structure and near-field RF interaction
between the conducting elements and the imaged tissues. It thus benefits from the
congruence of far- and near-field regimes. Design and analysis of the novel inner-
volume coils are performed by numerical simulations using multiple computational
electromagnetics techniques. The fabricated coil prototypes are tested, validated, and
evaluated experimentally in 7-T and 10.5-T MR human wide bore (90-cm) MR scan-
ners. Phantom data at 7 T show good consistency between numerical simulations and
experimental results. Simulated B, transmit efficiencies, in T/ \/ W, are comparable
to those of some of the conventional and state-of-the-art RF coil designs at 7 T.

Experimental results at 10.5 T show the scalability of the helix coil design.

KEYWORDS
10.5-T MR scanner, 7-T MR scanner, Bl+ transmit efficiency, multi-channel helical-antenna inner-

volume RF coils, RF volume coils, ultra-high field MRI

because the higher signal-to-noise ratio (SNR) at the UHF
B, field strength can be traded for higher spatial resolution

Ultra-high field (UHF), high field, and low field magnetic
resonance (MR) scanners are usually referring to the main
polarizing static magnetic field values of B, > 7 T (ie, Larmor
frequency f, > 300 MHz), 3T <B;<7 T, and By <3 T, re-
spectively. Whereas most clinical scanners operate at either
1.5 T or 3 T, cutting-edge research centers in neuroscience
and/or MR imaging (MRI) tend to favor UHF-MR scanners

(hundreds of microns), as well as higher parallel imaging
performances allowing for higher acquisition acceleration
factor."® Successful results with this recent technology,l‘z’7’8
especially in the human brain, have convinced several tens of
top-level biomedical research centers throughout the world
to acquire 7-T scanners; promising human brain MRI data
have been obtained at 9.4-T,”"'? and even higher field human
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scanners are being built or installed for advanced neurosci-
ence research.

Since its inception, MRI has operated in the long-
wavelength (quasi-static) regime where radio-frequency (RF)
wavelength is much larger than the imaged sample. With the
advent of UHF-MR human imagers, however, given the high
dielectric constant, g, of tissues, the excitation wavelength
becomes on the order of, or smaller than, the imaged sam-
ple, resulting in a fairly complex mix of near-field and far-
field RF behaviors. Namely, at B,=7 T, with ¢, typically
about 50-55 in biological samples at this Larmor frequency
(~300 MHz), the RF wavelength inside tissues is about
14 cm or less. Owing to this short wavelength, complex RF
phase modulation and interference phenomena, commonly
observed at microwave and optical frequencies but tradition-
ally negligible in MR experiments, are readily observed in
tissues at UHF. In practice, biological tissues behave like
lossy dielectrics, resulting in a complex superposition of
multiple propagating mode excitations intermixed with RF
penetration attenuation, yielding highly non-uniform ex-
citation magnetic field (B;) distribution, an issue quickly
identified as one of the main challenges to develop UHF-MR
technology in humans.>®"*"'® Whereas in MR scanners oper-
ating at 3 T or lower magnetic field, the RF exciter is almost
exclusively in the form of a whole body birdcage coil,'’ gen-
erating a homogeneous right-hand circularly polarized (CP)
RF magnetic field, usually denoted as B,*, using a volume
RF coil at UHF, especially in the body, basically seems to
be an impossible task. Notable attempts to generate a more
uniform B, field with a body coil at 7 T with a TEM body
coil ** were not successful. Twisting a birdcage volume coil
structure toward a spiral shape *! has been proposed to dis-
tribute RF phase through space; however, this was for head
RF excitation and only at 4 T, thus in this instance, RF in-
teractions were still dominated by a near-field or quasi-static
regime.

Real breakthrough solutions for UHF-MR were demon-
strated with the advent of RF coil arrays, based on loop,
stripline or dipole elements, fed multi-channel RF technology
such as B; shimming and transmit SENSE,**? triggering a
large number of coil element designs to be compared, most
of the latter still dominated by the near-field rather than far-
field regime. Despite numerous multi-channel coil designs
proposed, transmit By (B,") spatial heterogeneity and RF in-
duced local tissue heating (specific absorption rate — SAR)
are still dominant issues, responsible for the relatively limited
scope of clinical applications pursued at 7 T and higher fields.
In addition, it should be emphasized that coil arrays can be
cumbersome to setup on a human body; namely, setting up a
patient with multi-channel, high RF powered transmitter coil
arrays surrounding the torso is far less simple than setting up
arrays of receiver coils routinely utilized in standard clinical
MR scans.

In an original approach that generated a lot of interest, a
traveling-wave (TW) antenna was used and it was shown that
RF signals could reach organs located quite far away from
the antenna itself31; however, this technique was almost aban-
doned a few years later because of extremely low RF power
efficiency.” It should be noted that most TW-based attempts
in UHF MRI, trying to exploit far-field RF components and
provide long ranged excitation profiles, used patch antennas
that excite CP TW fields inside a scanner's bore.*® This ex-
citation, however, if not aided by additional electrodynamic
elements (dielectrics or metamaterials), stay highly localized,
resulting in rapid power dissipation in the body and quick at-
tenuation with distance away from the antenna. It should also
be noted that there are novel methods that can significantly
improve the efficiency of conventional TW coils, at 7 T, such
as using the dielectric pad placed “beyond” the region of in-
terest °* and the passive resonators in the form of local loop
and dipole arrays.3 3

Overall, RF coil design for human UHF scanners remains
an area of intense development,s’g’zz’36 especially regarding
the most challenging targets, namely those requiring torso RF
excitation,”®*"* also known as “body imaging.” Yet, some
coil structures have not been thoroughly investigated. Helix
antennas are well known for producing a CP field in their
axial mode (in free space) while, at the same time, behav-
ing as a TW antenna when considering the current traveling
along the wire.*” In fact, helix antennas have been proposed
as TW CP sources for MR at 7 T with the imaged sample
being positioned outside the helix.*'** Here, we introduce a
radically different approach, aiming at exploiting the prop-
erties of the inner volume of a helix antenna to tackle the
difficult issue of RF penetration at UHF.

We propose a novel category of multi-channel RF coil
structures with volume coverage for UHF MRI, based on
helix conducting elements, the helix coil, namely, subject-
loaded multifilar helical-antenna RF volume coil, with its
inner volume being utilized to image a sample. The new coil
is initially designed according to the procedure set forth in,*
for narrow band far-field operation, and then re-optimized to
yield required near-field properties in the MRI bore. Namely,
the new coil exploits the favorable near-field properties of
the helix and allows for uniquely combining traveling-wave
behavior through the overall coil wire structure while pre-
serving near-field RF interaction between the inner side of
the conducting elements and the imaged tissues.

The basic idea of the novel multi-channel helical-
antenna inner-volume UHF-MR RF coil and initial re-
sults are preliminary presented in a summary form in. 434
A novel method for excitation of RF By field in high-field
MRI systems at B, =3 T using a subject-loaded quadrifi-
lar (4-channel) helical antenna as an RF coil is proposed,
evaluated, and demonstrated, by numerical simulations, in
Ref. 47 The main differences of the 3-T coil in Ref. 47 with
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respect to the UHF-MR helical-antenna RF coils, at By= 7
T (f, =300 MHz) and B, = 10.5 T (f, = 443 MHz), are as
follows. The helical antenna in a 3-T MR bore, at an oper-
ating frequency of f, = 127.8 MHz, is not a traveling-wave
antenna, and the helix RF coil at 3 T is not a TW coil. It also
does not operate in the axial mode of a helical antenna, but in
the normal (“low-frequency’’) mode. The 3-T helix coil does
not support a far-field regime in the bore, or a combination of
far- and near-field behaviors; it still is a near-field or quasi-
static coil. In addition, the CP RF magnetic field, B1+, of the
quadrifilar helical-antenna RF coil in *’ is generated, essen-
tially, by the four channels fed in time-phase quadrature, and
not as the CP fields of the four individual helices, operating
in the normal mode.

2 | MATERIALS AND METHODS

It is well known that helical antennas in their axial mode in
free space (unbounded air-filled space), radiate a circularly
polarized (CP), eg, right-hand CP (RCP), endfire beam, ie,
RCP electromagnetic wave, along and near the helix axis
far away from the helix.*®* In addition, the helical antenna
is essentially a traveling-wave (TW) antenna — the current
along the wire of the antenna, when operating in free space,
behaves like a traveling current wave (except in the regions
close to the beginning and the end of the helical winding).
The expectation is that the TW current of the helical an-
tenna, when placed in the MRI bore as an RF exciter and
loaded with a phantom or a subject that is being imaged, will
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produce — inside the phantom (subject) — an RF magnetic
field B, that is RCP and more spatially uniform than with
other RF body coils, thereby further enabling large FOV
(>30 cm) clinical applications at UHF. Note that in other
UHF attempts that also used helix coils at 7 T, the imaged
sample was placed outside of the coil, and thereby exposed to
the abovementioned extremely low RF power efficiency.‘“’42

Single-channel — or monofilar — (uniformly wound)
helical antenna (in free space) is the simplest of all helical-
antenna designs, summarized as a metallic wire antenna
wound periodically with N wire turns and a pitch P about
an imaginary (or dielectric) cylinder of diameter D, and
length Ly, = P,** and shown as Helix 1 (a single filament)
in Figure 1A. Instead of thin cylindrical wires, of radius r,
one can use thin narrow strips, of width w, where the relation-
ship between the two parameters for an approximately equiv-
alent performance is given by r,, = w/4. The pitch P relates
to the pitch angle, a, as P = Gy, tan a, where Cyjix = D qix
is the helix circumference. The antenna is fed at one wire end
against a circular back plate, Figure 1A, acting as a ground
plane, ie, the input power is supplied at a lumped excitation
port between the wire end and the plate. Taking advantage of
the multi-channel RF technology available at 7 T and 10.5
T, we propose and present a more advanced RF coil design
approach, based on either a quadrifilar (4-channel) or an
octafilar (8-channel) helical antenna, where four (or eight)
helices [eg, Helices 1-4 in Figure 1A] are wound coaxially
and fed in time-phase quadrature, that is, with [360°/M]
phase increments (M = 4 or 8, number of channels) with re-
spect to each other in azimuthal order against the common

(A) Sketch of a quadrifilar axial mode helical antenna in free space. The antenna consists of four helices (Helices 1-4) fed by four

generators (Excitations 1-4) 90° out of phase with respect to each other against the common back plate (complex RMS voltages of the generators

are V + 50,0 —jV, =V + jO, and 0 + jV, respectively, where j = \/ —1 is the imaginary unit). (B) Higher order MoM-SIE simulation model of an

UHF MRI metallic bore with a 4-channel RF volume coil in the form of a phantom-loaded helical antenna
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back plate. Note that in,*’ the 3-T quadrifilar helical-antenna shown in Figure 1B is an UHF-MR system with a bore in the
coil cannot produce a CP RF magnetic field without being fed ~ form of a metallic cylinder of diameter Dy and length L.
in quadrature. Namely, at 3 T (f; = 127.8 MHz), a monofilar (simplified model of a clinical scanner). Computations and
helical-antenna RF coil does not produce a CP magnetic field  experiments are performed on a phantom in the form of a cyl-
at its axis. On the other hand, at UHF (eg, 7 T and 10.5 T), inder of diameter Dp and length Ly, filled with a homogeneous
each helical arm produces a CP RF magnetic field along its lossy dielectric of relative permittivity (dielectric constant)
axis even if operated individually. Driving the four arms of &, conductivity &, and relative permeability (magnetic con-
a 7-T or 10.5-T quadrifilar helix in quadrature enhances this stant) p, = 1. The RF magnetic field B, in the bore and in the
effect. The goal of this multi-channel approach is to enable phantom is excited by a phantom-loaded quadrifilar helical

multi-channel RF methods (eg, B, shimming) to further mit- antenna, of diameter Dy, and length L., with the pitch
igate B, field heterogeneity. and wire radius (strip width) of each of the four helices being
Design of the proposed multifilar helical-antenna excit- P and r,, (w,), respectively, placed coaxially with respect to

ers, as well as analysis of the RF electromagnetic field in 7-T the bore and fed as in Figure 1B, against the back plate of
and 10.5-T MRI bores generated by the exciters, is based on diameter D, at an operating frequency f,. The phantom is
mathematical modeling and simulation using computational placed coaxially with the helical-antenna coil and the bore at
electromagnetics (CEM) techniques that rigorously take into a distance d from the back plate.

account the geometry and material composition of the struc- We have designed and fabricated several quadrifi-
ture and include all field and wave effects by numerically lar (4-channel) and octafilar (8-channel) helical-antenna
solving the underlying Maxwell's equations and associated RF coil prototypes at 7 T and 10.5 T, respectively, in
field boundary conditions at any frequency.50 Specifically, Electromagnetics Laboratory at Colorado State University, as
modeling and analysis of the MRI structures are performed  depicted in Figures 2 and 3. The prototypes are a 4-channel
using a full-wave numerically rigorous CEM technique based ~ helical-antenna coil at 7 T (L, = 60 cm, Dy i = 32 cm),
on the method of moments (MoM) in conjunction with the ~ shown in Figure 3A, an 8-channel 7-T coil (L, =65 cm,
surface integral equation (SIE) approach,”’ implemented in Dy = 32 cm), Figure 3B, a 4-channel coil at 10.5T
a numerically higher order fashion.”” In this technique, all  (Lyg;x = 60 cm, Dy = 21 cm), Figure 3C, and an 8-channel
material (metallic and dielectric) surfaces in the structure are 10.5-T coil (L = 60 cm, Dy =21 cm). In these pro-
modeled using generalized parametric quadrilateral patches totypes, the individual helical spirals are narrow strips
and all metallic wires are modeled by means of straight wire (wg = 6 mm) realized from a 35-pm thick copper tape, and
segments, electric and magnetic equivalent surface currents the weights are ~11.3 kg and ~6.8 kg for the 7-T and 10.5-T
over elements (quadrilateral patches and wire segments) are prototypes, respectively.

modeled by polynomial vector basis functions, and SIEs Another interesting feature of our designs is that in all
based on boundary conditions for electric and magnetic field  helical-antenna RF coil prototypes we designed and built,
vectors are solved employing Galerkin method.”! In addition, the exciters are internally matched and they do not need any
the results obtained by the higher order MoM-SIE technique matching circuits — in free space, outside of the MRI bore
are thoroughly verified and validated by comparison with re- and prior to being loaded with a phantom or subject. This

sults using two well-established commercial full-wave CEM is done, at both 7 T and 10.5 T, by including specially de-
codes, a MoM code WIPL-D > and a finite element method signed matching plates at each of the four/eight helices [each

(FEM) code ANSYS-HFSS.>* plate is about a quarter/eighth of the helix circumference
To demonstrate the novel method for RF excitation at  long and starts right after the respective connector (excitation
UHF using a subject-loaded helical antenna as an RF exciter, port) and ends right before the next port in a quadri/octafilar
Phantom.
| | Lp _
° P .”/ -?2’\/ \ .
=& 7o AU \ SIS &
z = Po|® / v ‘£ =
\ PVC pipe Saline \\_ulcr
Lhelix (£,=8l.6=0.06 8m)
L Bore
! L

FIGURE 2 Sketch of an octafilar (8-channel) phantom-loaded helical-antenna UHF (at 7 T and 10.5 T, respectively) MRI RF volume coil
prototype, with M helices wound coaxially and fed 360°/M phase increments (M = 8) against the common back plate (ports P1-P8), used in CMRR
experiments; saline-water cylindrical “bottle” phantom is at the far end inside the coil
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FIGURE 3

(A) Multi-channel helical-antenna inner-volume RF coil prototypes during CMRR experiments: (A) 4-channel (M = 4) 7-T,

300-MHz, prototype (Figure 1), (B) 8-channel (M = 8) 7-T, 300-MHz, prototype (Figure 2), (C) 4-channel 10.5-T, 443-MHz, prototype (Figure 1),
and (d) specially designed matching plates at each of the four/eight helices of the 4-channel (left) and 8-channel (right) 7-T prototypes — internally

matched antennas in free space

antenna arrangement], as shown in Figure 3D. Variation of
widths and lengths of the matching plates together with fine
tuning of coil wire (strip) lengths, is conducted to optimally
match the coils internally, before further tuning the coil once
placed in the scanner bore and loaded for MRI experiments.
The return loss, measured in free space, is better than 10 dB
for all ports, for all quadrifilar coils, and better than 8 dB for
all ports, for all octafilar coils. Hence, the reflected power is
only 10% or 15% or less in all cases. In addition, the coupling
between the channels is below —10 dB for both quadrifilar
and octafilar helical-antenna coils. In general, by tuning the
matching at the ports, input VSWR (voltage standing wave
ratio) can always be kept below 2 for quadrifilar helices and
below 2.5 for octafilar helices.

The helical-antenna RF coil prototypes are tested, vali-
dated, and evaluated experimentally in 7-T and 10.5-T MR
scanners at the Center for Magnetic Resonance Research
(CMRR), University of Minnesota [see Figures 3A,C,and 5A].
The MRI experiments are performed using phantoms in
the form of a cylindrical “bottle” filled with saline water

[see Figure 5A], and using the phantom-loaded multi-
channel helix coil as a transceiver (Tx and Rx simultane-
ously). Saline-water phantoms are standard phantoms used
at the CMRR. Moreover, some of the examples from the lit-
erature, used here for comparison, also employ saline-water
phantoms. The saline solution, although not an ideal substi-
tute for human tissue, is an excellent medium widely used
to observe the mode structures in UHF MRI. The electrical
properties of the saline solution are such that they efficiently
model the loss and small enough wavelengths arising from its
high permittivity. In the saline solution, whose permittivity
is higher than or equal to any other material tissue inside a
human body, the wavelength is smaller than the wavelength
in the human body, so it provides a worst case scenario.

The RF coil used in the analysis with the human body
model presented in the article is 54 cm wide. The narrower
helix RF coils characterized in the article are presented ei-
ther in comparison with coils from the literature adopting
the same/similar coil sizes or as an illustration of potential
head imaging or other non-body imaging or as a step in the
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direction of exploring wider RF coils using the multifilar
helical-antenna design.

3 | RESULTS AND DISCUSSION

As the first structure within the presented framework of
multi-channel helical-antenna inner-volume RF coils, we
consider a 7-T MRI system as shown in Figure 1. Figure 4
shows experimentally and numerically obtained data for
a 4-channel helical-antenna 7-T RF coil prototype with a
“bottle” phantom (Figure 1: Ly, = 336 cm, Dy, =90 cm,

Lyeiix = 60 cm, Dy =32 cm, P =10.7 cm, w, = 6.35 mm,
Dpjye =38 ¢cm, fo = 300 MHz, Lp=37cm, Dp= 17 cm,
e, =81, 0 =0.6 S/m), depicted in Figure 3A. The phantom
is placed at the far end inside the RF coil (d = 22 cm), as in
Figure 2. The return loss, measured in free space, amounts
to 13 dB, 10.61 dB, 28.72 dB, and 14.41 dB, respectively,
at the four ports of the antenna prototype at f;, = 300 MHz
w.rt. 50 Q. Shown in Figure 4 are CMRR-measured and
simulated central coronal and axial B; maps of the phan-
tom, along with measured relative B, field distributions in
four different coronal slices with all four channels transmit-
ting together. More specifically, Figures 4B and C show the

B:/JPa [T/ W]

0.3
0.2
0.1
0
0 5 10 15 20 25 30 35
z [em]
BIIVP. [uTIYW]
1 a 03
0.2
04
= 0
0 5 10 15 20 25 30 35
Z [em] ©)

(B)

x [cm]

B:/\/Pa [T/ W]

X [cm] (D)

FIGURE 4 Experimental and simulated central coronal and axial 2-D B,-maps for a 4-channel helical-antenna 7-T RF coil prototype, in
Figure 3A, with a saline-water “bottle” phantom placed at the far end inside the coil (as in Figure 2): (A) CMRR measurements (relative maps), (B)
ANSYS-HFSS-computed B,* / \/ P, (transmit efficiency), and (C) MoM-SIE-computed B, / \/ P, (transmit efficiency) in coronal and axial planes,

respectively (P, is the total accepted power); the computed maximum efficiency should be compared with the efficiencies in.

32,55-57

(D) CMRR-measured relative B, field distributions in four different coronal slices with all four channels transmitting together
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FIGURE 5 (A) CMRR experiments at 7 T with the saline-water “bottle” phantom placed half inside and half outside the 4-channel helical-
antenna RF coil prototype. (B) CMRR B, measurements (relative maps). (C) MoM-SIE-computed B,*/ \/ P, (transmit efficiency) in coronal and
axial planes of the phantom

Poynting

[w/m2]

1. DPOOE +001
9, 3333E+000 -
8. 6667E+000
8. DOODE +000
7.3333E+000
6. 6667E+000
6. DPOOE +000

5. 3333E+000
. 4, B6B7E+000 -
4, DBEOE +200

3. 3333E+000
2. B667E+B00
2. BD00E+008
1.3333E+000
6. 6667E-B81
0. B00BE+B00

FIGURE 6 Simulated Poynting vector in the coronal plane inside an unloaded 4-channel helical-antenna RF coil at 7 T

transmit efficiency evaluated using ANSYS-HFSS (FEM, the individual power accepted by the i-th coil (i =1, 2, 3,
volumetric, field modeling, code) and MoM-SIE (MoM, sur- 4). We observe qualitative agreements between the two sets
face, current modeling, code), respectively, as B,*/ \/ P, in of simulation results obtained using two completely different
coronal and axial planes, where P, = P, + Py, + Pz + Py computational techniques and between simulation results and
is the total accepted power for the coil, with P,; standing for =~ measurements. The measured power efficiency is acceptable
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FIGURE 7

(D) (E) (F)

Simulated axial 2-D B, "/ \/ P, efficiency maps for the 4-channel helical-antenna coil at 7 T loaded with a cylindrical saline-filled

phantom, with (A-C) the entire phantom inside the RF coil and (D-F) half of the phantom inside and half outside the coil, for cuts at (A,D) the
proximal end, (B,E) the central location, and (C,F) the distant end, respectively. The maximum B, */ \/ P, efficiency results should be compared with

those in Figure 4 of ** for a standard traveling-wave setup

Bi* NP, [TNW)]

1. 0000E—0B6
9. 3333E-007
§.6667E—-087
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FIGURE 8 Simulated (A) proximal-end axial and (B) sagittal 2-D B,/ \/ P, efficiency maps of a cylindrical phantom as in °® placed inside
a 4-channel 7-T helical-antenna coil. The maximum B,*/ \/ P, efficiency should be compared with that in figure 12 of Ref. 58 for the microstrip

transmission line (MTL) coil



ATHALYE ET AL.

and the amount of power delivered to the imaged phantom
is sufficiently high for all experiments and MRI processing.
The computed maximum efficiency is comparable with those
reported for other state-of-the-art coils at 7 T in 323557
Figure 5 shows the experimental and simulation results,
namely, CMRR-measured relative B, distribution and MoM-
SIE-simulated BIJ“/\/Pa efficiency maps, for the phantom
placed half inside and half outside the coil (d =41 cm). For
this phantom placement, the power delivered to the half of
the phantom inside the helix is noticeably higher than the
power delivered to the half that is outside. On the other hand,
these results demonstrate the far-field component of the B

WILEY-L2

field as it excites spins outside the coil volume. In addition,
when the phantom is placed completely outside the coil, at its
opening (d = 60 cm), the power delivered to the phantom is
still sufficient but considerably lower than when the phantom
is completely inside the coil.

Figure 6 shows simulation results for the Poynting vector
inside the 4-channel (M = 4) 7-T helical-antenna RF coil de-
scribed in the previous case but without any phantom inside
the coil. The Poynting vector, for the most of the region in-
side the coil, is strongly aligned along the z-direction, indi-
cating an overall forward traveling wave inside the antenna
volume. This demonstrates utilization of the principles of a
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traveling-wave MRI coil, that is, it shows that the coil is a
traveling-wave antenna.

We then compare the efficiency of the helical-antenna
design with some of the conventional and state-of-the-
art designs at 7 T. We first compare our design with that
of Brunner et al.,**> which may be considered a standard
traveling-wave setup. Figure 7 shows simulation results for
BlJ“/\/Pa efficiency maps of a 4-channel helical-antenna
coil in axial cuts at three positions, namely, at the proxi-
mal end, central location, and distant end. The coil is the
same as in the previous case and it is loaded by a cylin-
drical saline-filled phantom with Ly = 34 cm, Dp = 10 cm,
e, = 81, and 6 = 0.84 S/m in Figure 1B. Figures 7A-C show
BlJ“/\/Pa efficiency maps for the phantom placed at a dis-
tance d = 16.1 cm from the back plate, with the entire phan-
tom inside the RF coil, while Figures 7D-F show efficiency
maps for the phantom placed at a distance d = 43.1 cm from
the back plate, with half of the phantom inside and half out-
side the coil. The maximum B,*/4/P, efficiencies in both
these cases are similar and comparable to the efficiency
shown in figure 4 of Ref. 32

(A)

®) B:/\/Pa [uT//W]

0 5 10 15 20 25 30 35
Z [em]

FIGURE 10
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Next, shownin Figure 8 are simulation results for proximal-
end axial and sagittal B,*/ \/ P, efficiency maps of a 4-channel
7-T helical-antenna design (Figure 1: L. =336 cm,
Dyore =90 cm, Lygi = 30 cm, Dy = 27 cm, P = 10.67 cm,
wy=6.35mm, D, =40cm, f,=300MHz) aimed for
comparison with the results of the microstrip transmission
line (MTL) coil shown in Sohn et al’® (their figure 12). The
phantom inside the helix coil is modeled to mimic the cy-
lindrical phantom from 8 as accurately as possible with
Lp=21lcm, Dp=22cm, g =58.1, and 6 =0.539 S/m in
Figure 1B, and is positioned at a distance d = 9.1 cm from
the back plate, that is, at the far end of the helix (the far end
of the phantom is at the far end of the coil). Note that this case
also represents a potential head imaging situation. We see
that the maximum B, */ \/ P, efficiency of the helical-antenna
coil in Figure 8, being 1.15 pT/ \/ W, is comparable to that of
the MTL coil.*®

In order to demonstrate the applicability of the helical-
antenna coil as a volume body UHF coil, Figures 9A and B
show simulation results for Bl+/\/ P, efficiency maps of a
wider variant of the 4-channel 7-T helical-antenna coil design,

B:/\/Pa [T/ W]

(A) CMRR-measured relative B, maps and (B) MoM-SIE-simulated B, */ \/ P, efficiency maps in central coronal and axial

planes for an octafilar (8-channel) helical-antenna coil prototype at 7 T, in Figure 3B, with the saline-water “bottle” phantom placed at the far end

inside the coil (Figure 2). (C) Experimental relative B, field distributions in ten different coronal slices with all eight channels transmitting together
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FIGURE 11
helical-antenna RF coil prototype at 10.5 T, in Figure 3C, with the

CMRR-measured relative B,-maps for a 4-channel

saline-water “bottle” phantom placed at the far end inside the coil (as
in Figure 2): (A-D) magnitude image (GRE, sagittal slice) from each
of the four receive channels (RF transmission on all channels without
specific transmit phase adjustment)

namely, of a 54-cm wide helix (Figure 1: Ly, = 336 cm,
Dyore =90 cm, Ly 5 = 60 cm, Dy i = 54 cm, P = 10.67 cm,
wg = 6.35 mm, D, = 60 cm, f, = 300 MHz), loaded with a
human body model. The model used for the simulation is a de-
tailed inhomogeneous layered model of a human body made
of 30 different lossy dielectrics (plus air) for various tissues,
cavities, fluids, etc. The model is that of a male human and is
183 cm (6 feet) at its longest, that is, from the head top to feet
bottom, and 52 cm at its widest, that is, from one arm to the
other. The body model is placed inside the coil at a distance
d = 6 cm away from the back plate. The B,*/ \/ P, efficiency
results are similar and comparable in value and distribu-
tion to those calculated from the results and input power of
Zhang et al’® in their Figure 7, where a similar human body
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model was used and it was shown that the B;* field is suffi-
cient for successful imaging. Moreover, it can be seen from
Figures 9A and B that the field efficiency in the bulk of the
torso is higher in the case of the helical antenna, that is, ~0.09
pT/ \/ W, compared to ~0.075 pT/ \/ W in ¥ (Figure 9). With
reference to the SAR maps shown in Figures 9C and D, we
can see that the SAR values for the helical-antenna coil are
for the most part lower than or equal to those of Zhang et al®
in their Figure 11.

Figure 10 shows CMRR-measured relative B, distribu-
tion and MoM-SIE-simulated BIJ'/\/Pa efficiency maps in
the central coronal and axial slices for an octafilar, 8-channel
(M = 8), helical-antenna coil prototype at 7 T (Figures 1 and 2:
Lyore =336 cm, Dy .. = 90 cm, Ly 5, = 65 cm, Dy .5 = 32 cm,
P =10.7 cm, wy = 6.35 mm, Dy, = 38 cm, f, =300 MHz,
Lp=37cm, Dp=17cm, e, =81, 6 =0.6 S/m, d =22 cm),
depicted in Figure 3B, as well as the measured B, field distri-
butions in ten different coronal slices with all eight channels
transmitting together. Similar observations, as for Figure 4,
are made, from Figure 10, for the 8-channel helical-antenna
7-T coil. The computed transmit efficiency of the octafilar
helix is better than that of the quadrifilar one.

As the last structure, we consider a 4-channel helical-
antenna RF coil prototype at 10.5 T with the saline-water
“bottle” phantom placed at the far end inside the coil
(Figures I and 2: M =4, L,,.=410cm, Dy, =90cm,
Licix=60cm, Dy, =21cm, P=16cm, w,=6.35 mm,
Dpjye =38 cm, fy=443MHz, Lpy=37cm, Dp=17cm,
e, =81, 6=0.6S/m, d=22cm), shown in Figure 3C.
The free-space return loss w.r.t. 50 € is measured, at
fo=443MHz, to be 10.63dB, 11.83 dB, 14.48 dB, and
20.4 dB, respectively, at the four ports of the antenna proto-
type. Shown in Figure 11 are the results from CMRR experi-
ments for the relative B, field distribution in the sagittal cross
section of the phantom — magnitude images from each of the
four receive channels, with RF transmission on all channels.
Note that 10.5-T experiments are done without proper phas-
ing of the four excitation ports of the coil, with which circular
polarization would be further enhanced. Overall, experimen-
tal results at 10.5 T demonstrate the scalability and versatility
of the UHF-MR helix coil design.

4 | CONCLUSIONS

This article has proposed a novel category of multi-channel
RF coil structures with volume coverage for UHF MRI based
on a subject-loaded multifilar helical-antenna exciter. The
main outcome of the multi-channel helical-antenna inner-
volume coil development is to provide improved RF perfor-
mance for UHF MRI while preserving the easiness of use of a
volume coverage coil. The inner volume of a helical-antenna
structure is utilized to image a sample (conventional helix
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coils are utilized as a TW CP source with the target sample
outside of the coil). This design benefits from the congruence
of two regimes: a far-field regime that concerns the current
path over the wires of the coil and a near-field regime that
is involved in local interactions between the sample and the
coil wires. Furthermore, multiple channels are utilized (4 and
8 in the prototype configurations) to enable all multi-transmit
channel RF technology.

The presented phantom data obtained at 7 T show good
qualitative consistency between numerical simulations and
experimental results with 4- and 8-channel helix coils. The
numerical results for the maximum B,*/ \/ P, efficiency of
helical-antenna RF coils are comparable to or higher than
those of some of the conventional and state-of-the-art coil
designs at 7 T. The 10.5-T machine at CMRR used for this
work is the first (and only, as of today) operational human-
size MRI scanner reaching 10.5 T. The experimental results
show the scalability of the helix coil design to 10.5 T.

Our future work will also include further characteriza-
tion and quantification of RF efficiency, SAR distribution,
and spatial B," encoding of the novel 4- and 8-channel
helix RF UHF-MR volume coils in phantom experiments
and in simulations. It will also include further improve-
ments of the designs; namely, the proposed and presented
framework of multi-channel helix coils provides ample
room for further RF coil design optimization. Using sys-
tematic variation of antenna parameters, with the focus on
the near-field operation inside the antenna structure, pa-
rameters that can be considered in optimization include
the helix circumference, pitch, length (number of turns),
wire thickness (strip width), additional lumped impedance
loads along the way, number of channels, position of the
coil in the bore, and position of the phantom with respect
to the coil and the bore, as well as many other parameters
and modifications of the structure. Furthermore, flexible
and wearable helical-antenna RF coils are also possible.
In addition to using the helix coil as a transceiver, as in
experiments in Figures 4, 5, 10, and 11, our future work
will also include demonstration of the new coil as trans-
mit only body coil, with various surface coils as receive
coils, which will require proper detuning of the helix using
PIN diodes. This could increase the SNR and hence the
quality of the image. Another possible improvement is to
change the helical-antenna inner-volume coil designs so to
include a mesh or slotted back plate or a hollow back plate
(metallic ring) — to eliminate or significantly reduce any
surface eddy currents induced on the copper back plate in
Figures 1-3. Namely, the large continuous solid back plate
is prone to creating strong eddy currents during fast gra-
dient coil switches occurring during MR scans, which can
translate into signal losses and spatial distortion when a
sample is too close to the plate, and can potentially gener-
ate acoustic noise due to vibrations.
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