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Asymmetric Birdeage Coil for a Magnetic Resonance Imaging (MRI)

Cross Reference 1o Related Applications

{0001} The current apphication claims priority to U.S. Provisional Application, Ser. No.
62/683,252, filed June 11, 2018, the entire disclosure of which is mcorporated herein by
reference.

Background
{0002} Magnetic Resonance Imaging (MRI) emplovs a strong magnetic field, BO, that 1s use
to polarize the spin magnetization in a patient’s body. The spin magnetization that is most
often used in MRI arises from the nuclet of hydrogen atoms within the body. Although the
highest concentration of hydrogen atoms within the body is found in water molecules, other
compounds found in the body (¢.g. lipids, glucose, eic.) are present m sufficient concentration
to provide a detectable MR spin magnetization. MRI can be performed on a number of nucles
such as hydrogen-1 (referred to as proton), helium-3, lithium-~7, carbon-13, fluorine-19,
oxygen-17, sodinm-23, phosphorus-31 and xenon-129. In most MRI applications, hydrogen-
I can be preferred due to its high gyromagnetic ratic and abundance in most tissues in the
body, which can translate into high signal-to-noise ratio ("SNR"}.
{6003} When spin 1/2 nuclei of a patient's body are introduced into the polarizing magnetic
field, the spin magnetization of the nucler align in one of two states: with the magnetic field,
or against the magnetic ficld. These two states occupy slightly different energy levels ina
quantum mechanical system. By convention, the lowest energy level is called the ground
staie. It should be noted that the population of nuclear spins in the ground state 1s shghtly
higher than that of the higher energy state, resulting in anet magnetization of the macroscopic
group of nuclei.
{06004] The energy difference between the two energy levels is directly proportional to the
strength of the polanizing magnetic field. Thus, as the strength of the magnetic ficld s
increased. the energy difference between the two states increases. The cnergy differences
associated with typical MRI syeiems correspond to electromagnetic waves in the
radiofrequency range. The specific frequency associated with the difterence is called the
Larmor frequency (tvpically given in MHz}. The constant of proportionality that defines the
relationship between the polarizing field {typically given in Tesla} and the Larmor frequency
is a natural constant called the gyromagnetic ratio. This constant is unique for cach MR active

element. For Magnetic Resonance Imaging systems used in medicing, polanzing magnetic
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field ficlds are typically between 0.5 and 3.0 Tesla. For hydrogen atoms, these polarizing
magnetic field strengths result in Larmor frequencies between 213 and 127.8 MHz. For
xenon-129, these polarizing magnetic field strengths result in Larmor frequencies between
589 and 3533 MHz. For xenon-129 a dedicated transmit coil 18 requived with 35.3MHz
resonance at 3T.

{0005} If the nuclear spin system immersed 1n a polanzing magnetic ficld 1s subjected to a
rotating magnetic field at the Larmor frequency, 81, the spin system will absorb energy and
the distribution of nuclear spins 1o the two cnergy states will be disturbed. The duration of the
rotating magnetic field used to change the distribution of nuclear sping m the two energy
states is typically limited, and applied with a strength sufficient to mstate the net spm
magnetization from the longitudinal axds (i.¢. parallel with the applied polarizing magnetic
field) to the transverse plane {i.¢. perpendicular to the applied polarizing field). The terra "RF
pulse” 1s conventionally used to describe this process since mutation 18 accomplished with a
rotating magnetic field in the radiofrequency range and having a finite duration.

{0006} Wuh time, the cnergy will be emitted by the spin system in a fashion that can be
detected with a sensitive pickup coil. The absorption and re-emuission of an RF signal is kev
to the formation of an MR image. This phenomenon is typically called "resonance™.

10007 When an MR signal is created, the frequency of the signal is precisely proportional
to the strength of the magnetic field expenienced by the vuclear spins. If all of the spins in a
patient's body are n an identical magnetic field, then all the spins will resonate with the same
frequency. Even though signals come from many different portions of the body, the MR
imaging system has no way to distinguish one signal from another.

{0008} In order to provide spatial encoding of the MR signals (and hence enable the formation
of an image}, it is useful {o create a transient inhomogeneity in the magnetic field. In typical
MRI imaging systems this is accomplished with maguetic ficld gradient coils. Gradient coiis
tvpically are designed to create a magnetic field whose strength varies 1o a lincar fashion over
a selected volume within the magnet. Gradient coil sets are tvpically constructed to permit
gradient fields to be created i three orthogonal directions within the bore of the magnet.
Typical gradient coils driven by typical gradient amplifiers can generate a magnetic ficld
gradient of 20 mT/m in less than 1ms, and maintain that gradient with high fidelity for an

extended period limited only by the heat dissipation of the gradient cotls and amplifier.
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{0009} A typical mmaging system creates an image by cmploying a sequence of RF and
magnetic ficld gradient pulses to establish a detectable MR signal 1o a selected plane. This
signal 1s then spatially encoded using magnetic ficld gradient pulses to impart phase and
frequency shifts to the MR signal which reveal the location of the signal source within the
bore of the magnet. By selecting pulse sequence repetition times {TR}, echo times {(TE) and
other pulse sequence parameters, the operator can tune the pulse sequence to be sensitive to
a vanety of mitrinsic MR paramecters found in the tissue of the patient {¢.g. longitudinal
relaxation time, T1, Transverse relaxation time, T2, and the like}. Many pulse sequences arc
known to those skilled n the state of the art. These puise sequences can collect data in two or
three dimensions. They can also collect data in Cartesian, radial or spiral frameworks.
[0010] Hyperpolarized "Xe imaging is increasingly viewed as a viable tool for assessing
lung structure and function i patients!. Additionally, HP *"Xe is moderately soluble in
tissues and possesses a large (3200 ppm) n-vivo chemical shift range, making dissolved-
phase 1Xe MR uniquely sensitive to regional gas-exchange dynamics®*. Selective
excitation of dissolved *"Xe requires that large flip angle and frequency selective RF pulses
be applied homogeneously across the entire thorax to avoid unintentionally exciting the gas-
phase ¥Xe. In general, the flip angle of an RF pulse increases with the duration of the
pulse. With 1¥Xe MRI, however, a pulse duration that is longer than the gas exchange time
loses its selectivity. Thus. there is a need for high B1 fields during excitation of *Xe in the
dissolved state. Furthermore, ***Xe body coils that fail to provide sufficiently uniform B1
fields will provide a spatially dependent B1 field. Since the tlip angle of the RF pulse is an
important contributor to the quantitative measurements of gas exchange, a homogencous
19X body coil 1s desired.

{00111 Body coils in the form of birdcage coils are traditionally constructed using a
cyvlindrical birdcage design with equidistant rung-spacing centered in the magnet’s RF
shield. Bue to the restricted space available for placing a '?Xe body coil in a general-
purpose MRI system, asymmetrical ?7Xe birdcage coils have been developed to fit within
the magnet bore and vet account for the presence of the patient table. Sach asymmetrical
coils have a generally flat bottom for riding on top of the patient table®”, producing a
generally domed shape in cross-section (generally flat bottom to account for patient table
but a cvhindrical side and top to match the curvature of the magnet bore). However, the Bl

homogencity of theses designs was evaluated with the coil unloaded and only within the
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cendral slice locations. Thus, it remains unclear if these designs are suitable for truly
guantitative dissolved-phase *Xe MRIL

{00121 Thas, there 13 a need to develop such asymmetrical birdcage coil designs for
homogencous volume excitation for 12*Xe imaging (and nuclei).

[0013] To develop a suitable large and homogeneous '¥Xe 3T birdeage coil, the volume
excitation performance of multiple coil designs was analyzed with electromagnetic
stmuations. The influence of the shicld size and position of the cotls were analyzed in
detail. Results of the analysis were used to confirm exemplary optimized designs for
homogeneous volume excitation necessary for ?°Xe imaging.

10014} As a result of such analysis, a first aspect of the current disclosure is to provide a
birdcage coil for a magnetic resonance imaging (MRE1) system that includes: (a) a pair of
conductive end nings, cach having a generally domed shape 1 axzal cross section; (b) a
plurality of conductive, elongated rungs extending between the pair of condustive end rings
in an axial direction; and {¢) an LC delay circuit incorporated into the pair of rings and the
plurality of elongated rungs, where the LC delay circuit includes a plurality of capacitive
clements and a phivality of inductive clements; where circamferential spacing between
adjacent elongated rungs is varied to improve homaogeneity of the volume excitation.
{0015} In adetailed embodiment of this first aspect, the length of the clongated rungs is
varied so that the arca between adjacent clongated rungs 1s substantially the same. Ina
further detailed embodiment, one or both of the pair of end rings are non-planar 0 account
for the varied lengths of the clongated mngs.

{0016} In another detailed embodiment of this first aspect, the capacitive elements m the
L delay circuit are varied. In a firther detailed embodiment, the capacitive elements in the
LC delay circutt are varied to maintain a steady spead of delay abowt a circumference of the
birdcage coil.

{0017} In another detailed embodiment of this first aspect, the varied circumferential
spacing between adjacent clongated rungs s svmmetrical between the left side and right
side of the birdcage coil (where the bottom is the generally flat portion}. Altematively, orin
addition, the varied circumferential spacing is wider on a bottom half and closer on a top

half.



WO 2019/241194 PCT/US2019/036472

{0018} In another detailed embodiment of this first aspect, the birdcage coil is a high-pass
birdcage coil, or the birdcage coil 1s a low-pass birdcage coil, or the birdeage coil is a band-
pass coil. Altematively, or in addition, the birdeage cotl includes sixteen of the conductive,
clongated rungs extending between the pair of conductive end rings in an axial direction.
{0019} A second aspect of the current disclosure is to provide a birdcage coil for a magneue
resonance imaging (MR} system that inchides: {a} a pair of conductive end rings, each
having a generally domed shape in axial cross section; (b} a plurality of conductive,
clongated rungs extending between the pair of conductive end tings m an axial direction;
and (¢} an LC delay circuit incorporated into the pair of rings and the plurality of elongate
rnungs, where the LC delay circuit includes a plurality of capacitive ¢lements and a phurality
of mductive clements; where at the capacitive elements and/or inductive elements are varied
to provide a unifonm rotational velocity of the magnetic ficld about a circumference of the
birdcage coil. In a more detailed embodiment, the generally domed shaped end rings have a
generally flat botiom, a generally rounded top, a left side and a right side; and the varied
capacitive elements and/or inductive clements are symumetrical between the left side and
right side. Alternatively, or in addition, the varied capacitive/mductive elements imvolves
varied mnductive elements. In a more detailed embodiment, the varied inductive clements
involves varied dimensions of the clongated rungs. In a more detailed embodiment, the
varied dimensions of the clongated rungs mvolve varied lengths of the clongated rungs
and/or varied diameters of the elongated rungs.

{0020} A third aspect of the current disclosure is 1o provide a birdcage coil for a magnetic
resonance mmaging (MRI) system that includes: a pair of conductive ond rings, cach baving
at least one asymmetric dimension in axial cross section; a plurality of conductive,
clongated rungs extending between the pair of conductive end rings i an axial direction;
and an LC delay circuit incorporated into the pair of rings and the plurality of elongated
rungs, where the LC delay circuit includes a plurality of capacitive ¢lements and a plurality
of mductive elements; where circumferential spacing between adjacent elongated rmungs is
varied to improve homogeneity of the vohume excitation.

{0021} In adetailed embodiment of the third aspect, the length of the elongated rungs 1s
varied so that the arca between adjacent clongated rungs 1s substantially the same. Ina
further detailed embodiment, the pair of end rings are non-planar to account for the varied

lengths of the elongated rungs.
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{0022} In another detailed embodiment of the third aspect, the capacitive elements in the
LC delay circuit arc vared. In a further detailed embodiment, the capacitive elements in the
LC delay circuit are varied to maintain a steady speed of delay abowt a circumference of the
birdcage coil.

{0023} These and other aspects and objects of the current disclosure will be apparent from
the following description, the appended claims and the attached drawings.

BREIF DESCRIPTION OF THE DRAWINGS

{0024} Fig. 1is a block diagram representation of an MRI svstem environment for use with
embodiments of the current disclosure;

{00251 Fig. 2 1s a perspective view of an exemplary birdcage coil according to an
embodiment of the current disclosure;

[0026] Fig. 3 is an end view of the exemplary birdcage coil of Fig. 2;

{0027} Fig. 4 is a sude view of the exemplary birdcage coil of Fig. 2,

{0028} Fig. 5 is a bottom view of the exemplary birdcage coil of Fig. 2;

{0029} Fig. 6 is a circutt capacitance diagram representation of the birdeage coil of Fig. 2;
{00307 Fig. 719 a representation of the simulation set-up using an elhiptical phantom for
developimg birdcage coil designs disclosed herein;

{0031} Fig. % is a representation of three initial analyzed coil designs in the analysis;
{00321 Fig. 9 1s a representation of the coil positions inside the RF shicld for the analyzed
cotl designs of Fig &;

{0033} Fig. 10 shows the B ficld distnbution for the central axial slice with the coils of
Fig. 8 centered inside the RF shield.

{0034} Fig. 11 shows the percentage of By within +/~ 3% from mean and larger than +/-
5% from mean for the coils of Fig. 8 centered inside the RF shield;

{00351 Fig. 12 shows the B volume histogram split into 100 bins for the coils of Fig. 8
centered inside the RF shield;

{0036} Fig. 13 shows the B1™ field distnbution for the central axial stice with the cotls of
Fig. 8 adusted to the patient table;

{0037} Fig. 14 shows the percentage of Bi™ within +/- 5% from mean and larger than +/-
5% from mean for the coils of Fig. 8 adjusted for the patient table;

{0038} Fig. 15 shows the Bi™ volume histogram split into 100 bins for the coils of Fig. 8

adjusted for the patient table;
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{0039} Fig. 16 is a reprosentation of two exemplary improved (i.¢., “optimized”) coil
designs according to the current disclosure;
[00407 Fig. 17 shows the B:™ field distribution for the central axial slice with the exemplary
coils of Fig. 16 adjusted to the patient table;
[0041] Fig. 18 shows the percentage of Bi™ within +/- 3% from mean and larger than +/-
3% from mean for the exemplary coils of Fig. 16 adjusted for the patient table; and
{0042} Fig. 19 cshows the Bi™ volume histogram split into 100 bins for the exemplary coils
of Fig. 16 adjusted for the patient table.

DETAILED DESCRIPTION

[0043] MR imaging of internal body tissues may be used for numerous medical procedures,
including diagnosis and surgery. In general terms, MR imaging starts by placing a subject in
a relatively uniform, static magnetic ficld. The static magnetic field causes MR-active nuclet
spins to align and precess about the general direction of the magnetic field. Radio frequency
(RF) magnetic field pulses are then superimposed on the static magnetic field to cause some
of the aligned spins i alternate between a temporary high-energy nonaligned state and the
aligned state. thereby inducing an RF response signal, called the MR echo or MR response
signal. It is known that different tissues in the subject produce different MR response signals,
and this property can be used to create condrast in an MR mnage. An RF receiver detects the
duration, strength, and source location of the ME respouse signals, and such data are then
processed o genorate tomographie or three-dimensional images.

{0044} FIG. 1 shows an excraplary MRI system 100 10 or for which MR imaging
accondance with the present disclosure may be mmplemented. The dlustrated MRI system 100
comprises an MR magnet assombly 102, Since the components and operation of the MRI
scanner are well-known i the art, only some basic components helpful in the anderstanding
of the system 100 and its operation will be desenbed herain,

{00441 The MR magnot assembly 107 typically comprises a cvlindrical superconducting
magnet 104, which generates a static magnetic ficld within a bore 103 of the superconduciing
magnet 104 The superconducting magnet 164 generates a substantially homogeneous
magnotic ficld within an imagiog region 116 inside the magnet bore 105 The superconducting
magnet 104 may be enclosed in a magnet housing 106 A support table 108, upon which 3

7

patient 110 Hes, i disposed within the magnet bore 105 A region of interest 118 withun the
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patierd 110 may be wentified and postiioned within the imaging region 116 of the MRI
raagnel assembly 102,

{00451 A set of evlindrical magnenc field gradient coils 112 mayv also be provided within the
wmagnet bore 103 The gradicnt cotis 117 aiso surround the patient 110, The gradient coils 1172
can generate magnotie feld gradicnts of predetermined magnitudes, at predeicrouned nmes,
and in three mutually orthogonal divections within the magnet bore 105, With the ficld
gradionts, differond spatial locations can be associated with different precession frequencics,
therchy giving an MR image s spatial resohition. An BF transmitter coil §14 surrounds the
ymaging region 116 and the region of nterest 118, The RF tranamitter coi! 114 emits RF
energy in the form of a rotating magnetic field info the imaging region 116, melading into the
region of mterest 118,

{0046} The EF transputter ool 114 can also rocoive MR response signals omitted from the
region of interest 118, The MK response signals are amphiicd, conditioned and digitized into
svstem 128, as 1s knows by those of ordinary skill in the

raw data using an HNage processin

-
&

art. The umage processing

2 systors 120 furthor processes the raw data using keown
computational methods, including fast Founer transform (FFT), into an aray of image data,
The image data may then be displaved on a monitor 122 sach as a computer CRT, LCD
displav or other suitable display.

[0047] Due to the size required for a ?”Xe MRI body coil, asymmetrical birdcage coils
have been developed that allow the *Xe coil to fit within the bore and yet account for the
presence of the patient table. Such asymmetrical coils have a generally flat botion: for
riding on top of the patient table®”, producing a generallv domed shape in cross-section
{generally flat bottom to account tor patient table but a cvhindrical side and top to maich the
curvature of the magnet bore). The asymmetrical domed shape i cross-section allows the
birdcage coils o it snugly within the bore 103 opening over the support table 108,

{0048} Figs. 2-5 provide various views of an example asymmetrical birdcage coil 200
according the current disclosure. The asymmetrical birdcage coil 200 has a pair of
conductive end rings 202, each having a generally domed shape in axial cross section {as
best seen m Fig. 3}, and a plurality of conductive, clongated nings 204, extending between
the conductive end rings 202, While the cotl 200 in Figs. 2-5 1s a high-pass birdcage, it is
within the scope of the current disclosure that the coil may be in the form of a low-pass

birdcage or a band-pass birdcage.
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{0049} The example birdcage cotl 200 of Figs. 2-5 has a top portion 206 and a bottom
portion 208 that are coupled together to form the enclosing coil structure. A surface 210 1s
provided on the mtertor portion of the bottom portion 208 for the patient to lie upon.
Handles 212 are provided to allow case in separating, handling and coupling together the
top and bottom portions 206, 208,

{0050} The birdcage coil 200 also includes an LC delay circutt incorporated into the coil as
is well known to those of ordinary skill. The LC delay circuit will include a plurality of
capacitive components and a plurality of inductive clements. In the embodiment shown in
Fig. 2-5 circumferential spacing between adjacent elongated rangs 204 is varied to improve
homogenetty of the volume excitation.

10051} The specific measured circumferential spacing between elongated rungs 204 of the
ermbodiment shown in Figs. 2-5 {and the associated inductance as a result of such spacing)

is provided in the followmng Table 1 and 2

Table 1: Top-Portion Birdcage End-ring Lengths
Length Inductance
Front Rack Front Back
I:54 mom 54 rom 21 mH 21 mH
278 mm 78 mm 36 mH 36 raH
3 81 mm 81 rom 38 mH 38 mid
4:85 mm 85 mm 4% mi 4} yaH
588 mm 88 mm 43 mH 43 mi
6:8% mm 89 mm 44 mH 44 mH
788 mm 89 mm 44 mH 44 mi
8:85 mm 83 mm 41 mH 41 mH
981 mm 81 mm 38 mH 38 mH
1678 mun 78 um 36 mH 36 mH
11: 3535 mm 35 mm 22 mH 22 i
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Table 2: Bottom Portion Birdeage End-ring Lengths
Length Inductance
Front Rack Front Back
b:73 oo 73 yom 33 maH 33 mH
2136 oo 136 ram 77 miH 76 yaH
3149 mm 149 mm 87 mH 87 mH
4135 mm 135 mm 77 mH 77 mH
5:71 mm 71 mm 32 mH 32 mH

{0052} Each of the rungs 204 in the embodiment shown in Figs. 2-3 is approximately
547w long and 6.36mm in diameter.

{0053} As can be scen in Tables 1 and 2, the dimensions between the front and back
segments for this embodiments are intended to be 1dentical. However, actual measurements
may produce mamufacturing or assembly variation differences of two or three millimeters.
Referring to Fig. 3, the end ring segmoents listed in Tables 1 and 2 run in a clockwise
direction, with the first segment of the upper portion located behind the left handle 212 and
the last segment behind the right handle. For the bottom portion, the first segment 1s below
the right handle 212 and the last segment is below the left handle.

{0054} Fig. 6 provides the specific varying capacttance values for the LC circuit of the
embodiment of Figs. 2-5. These capacitance values were determined empirically on the
bench to tune the coil to the '*Xe Larmor frequency at 3 Tesla. Note that Figure 6
ilhistrates how a birdcage coil can be modeled as a delay line in which the inductances
(rungs 1 through 16) and capacitances are selected to provide one full wavcelength along the
circumference of the coil. In the present embodiment of the imvention, the capacitance
values and spacing of the rungs s varied using electromagnetic stnmulations to optimize Bl
homogeneity. In alternate embodinments the length of the inductive rungs is also vaned.
{00551 With this embodiment, the varied circumferential spacing between the rungs 204 s
generally symmetncal (as discussed above, with the exemplary embodiment there can be 2-
3mm variance) between the feft and right sides (locking end-on as shown in Fig. 3). The
varied spacing between the rungs 204 is wider in the bottom portion as compared to the top
portion. The capacitances shown in Fig. 6 are chosen based upon an algorithm designed to
maintain the steady speed delay abowut a circumference of the birdeage coil 200 based upon

the inductance values measured 10 Tables | & 2.
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{0056} In an embodiment, the rung spacing is a function of the location of the birdcage
ingide the RF shield, the distance of cach rung 1o the RF shueld, and the shape of the ellipse
that the rung location follows. For example, in the section of the birdcage cotl where the
shape foliows an ¢llipse that is close to a cylindrical shape and the proximity of the rungs is
close to the RY shield, the spacing/distance between the rungs is smaller — the rung density
1s farger. And in the section of the birdeage coil where the shape follows an ellipse that is
stretched {more flat) and rungs are farther away from the RY shield, the spacing/distance
between the rungs is larger — the rung density is smaller,

{00571 An important aspect of certain embodiments is that dynamic detuning of the
birdcage coil is possible using approaches well known to those skilled in the state of the art.
Dynamic detuning is uscfid for preventing inductive coupling of the birdcage coil with
receive coils placed inside the birdeage coil. The use of receive coils that are smaller than
the body cotl permits greater sensitivity to the MR signal and offers higher Signal to Noise
Ratios. The use of receive cotl arrays offers the additional advantage of enabling image
acquisition acceleration. Dvnamic detuning is typically performed using resonant traps
placed at various locations in the body coil. These traps are typically activated with bias
currents that turn on diodes placed in the trap circuitry. In one embodiment, one trap is
placed in the center of each rung of the body coil.

[0058] Development of the asyvmmetrical birdcage design according to the current
embodiment is now described.

{0059] Methods:

{0060} Electromagnetic field simulations were performed for three different 16-rung
birdcage coil designs n electromagnetic simulation, as shown in Fig. 8 Design 1 -
cylindrical birdcage, Design 2 ~ symmetrical elliptical birdcage: and Design 3 - elliptical
birdcage combined with two ¢lipse-halves with different cshort axes with rungs spaced
equidistant. As shown in Fig. 9, cach coil design was simulated with two RF shield
diameters, 70cm and 78cm, at two locations, centered and adjusted to the patient table
instde the RF shicld.

{0061} Asshown in Fig. 7, coils were loaded with a centerad torso-shaped eHiptical
phantom 300 (sr = 77.53 conductivity 0.45/m) with two cvlinders 302 (& = 1) mnside the

phantom representing adult-sized xenon-air filled hmgs.

-11-
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{0062} The birdcages of Fig. 8 were excited with 35 3MHz, 6A current sources placed at
the center of cach rung with phase shift increments of 22.5°. Field maps of the center axial
slice and B1™ histograms for a 17em x 25¢m < 25¢m VOI centered inside the phantom were
used for analyiical comparison. A preferred deviation range inside the VOI of +/-3% from
the mean Bi" was chosen as the target margin for companison. Fig. 10 shows the By field
deviation for the central axial slice with the coils of Fig. 8 centered mside the RF shield.
All of the three birdcage designs centered have a homogeneous By™ axial slice profile. Figs.
11 and 12 show the B1" volume deviation with coils centered inside the RF shicld. Again,
all three of the birdcage designs of Fig. 8 have a homosgeneous Bi™ volume distribution
when centered within the RF shield, where the cvhindrical birdcage (Design 1) s the most
efficient.

{6063} AH birdcage designs for the centered shield case show a homogeneity >83% for the
target margin of +/-3% trom the mean B1™ inside the VOI Design 1 has the highest
homuogencous profile at 95%, m addition to being the most efficient of the designs. The
{arger shield diameter improved VO! homogeneity for design 3. Coil mean B, ™ efficicncy
mmproved by 33uT for design 1, 4.8uT for design 2, and 4.9uT for design 3.

{00641 But results changed when the birdcage designs of Fig. 8 were moved up i the RF
shield to adjust to the patient table. Fig. 13 shows the field distribution for the central axial
shice with the coils adjusted to the patient table. All three of the birdcage designs adjusted
to the patient table have an inhomogencous B1™ axial slice profile. Figs. 14 and 15 show the
B1" volume deviation with the coils of Fig. 8 adjusied to the paticnt table. All three
birdcage designs of Fig. 8 adjusted to the patient table have an ishomogencous B1™ volume
distribution, where the cvlindrical (Design 1) 1s the most efficient.

{00651 Designs adjusted to the table position, however, showed highly inhomogeneous
excitation profiles. In the patient table configuration, design 1 retained the highest
homogencous Bi™ profile with 30% inside the margin for the 70cm shield.

[0066] To mmprove B:" homogeneity inside the VOI two optimized designs, shown in Fig.
16, were analyzed using a model that adjusted the coil to the patient table for both RY shield
diameters. Optimized Design 1 is an elliptical birdcage with two ellipse-halves with
different short axes with rungs spaced wider on the bottom half and closer on the top half

Optimized Design 2 1s a stretched end-ring birdeage (non-planar end ring to account for
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varving length rungs) combined with two ellipse-halves with different short axes with rungs
spaced wider on the bottom half and closer on the top haif.

{00671 Fig. 16 shows the field distribution for the central axial stice with the optimized
design cotls of Fig. 15 adjusted to the patient table. Both of the optimized birdcage designs
of Fig. 16 adjusted to the patient table have a homogencous B17 axial shice profile. Figs. 18
and 19 show the B1™ volume deviation with the cotls of Fig. 16 adjusted to the patient table.
Both of the optimized birdcage designs of Fig. 16 have a very homogencous B1™ volume
distribution. The shield size affected the cfficiency.

[0068] lterative movements of rung positions and decreasing the short axis of the top-half
cllipse improved the Bi™ homogenetty to 88% for the smallest and largest shicld. Stretching
the endings and maintaining equal arcas of opposing rungs tmproved the homogeneity for
the larger shield size, increasing to 93% inside the VYOI The mean Bi" increased by 0.2uT-
0.6uT.

{0069} Analysis of the three common birdcage designs showed By homogeoeity and
ctficiency 1s strongly dependent on the position of the birdeage within the RF shield and the
distance between the rungs and the shield. Optimization of the rungs” position and the coil
dimensions homogenized the field distribution significantly under loaded condition.
Furthermore, end-ring stretching improved the field homogeneity, approaching sinular
homogencity for the desired target margin as on a traditional centered cyhindrical birdcage,
at the cost of efficiency and A-P dimensions. Data analysis of commonly used birdcage
designs provided the msight in field pattern distribution under a loaded condition mchuding
dielectric effects. This resulted in optimizing rung spacing and end-ring shape for
homogencous Br excitation profiles across the entire thorax volume and ultimately
identifying two potential designs for construction.

100701 Based upon the above disclosure, i can be scen that mproved homogeneity for such
non-cylindrical birdcage coils may be provided by varving the capacitive elements and/or
inductive elements of the L delay circuit {(with our without varying the spacing between
the rungs} to provide a uniform rotational velocity of the magnetic ficld about a
circamference of the birdeage coil in various alicrnate embodiments. In an embodiment, the
varied capacitive elements and/or inductive clements are svmmetrical between the left side
and right side of the birdcage coil. Alternatively, or in addition, the varied

capacitive/inductive elements mvolves varied inductive elements. For example, the varied
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inductive elements involves varied dimensions of the clongated rungs, such as, varied
lengths of the elongated rungs and/or vaned diameters of the elongated rungs. Various
dimensions of the clongated rungs may be varied to accommeodate/gencrate a cortain
mductance provided by the elongated rungs. In an embodiment, the spacing from center to
center between rungs remains uniform about the circumference of the birdcage, but the
dimensions of the rungs are varied (such as by varving the lengths of the rungs and/or the
diameters of the rungs and/or by varying other sizes/shapes of the rungs).

{0071} Having described the inventions by reference to example embodiments, 1t will be
obvious that modifications can be made to such embodiments without departing from the
scope of the nvention as claimed.

{0071} The following References are incorporated by reference:

I Walkup L L, Woods J C. Translational applications of hyperpolarized *He and
27%e. NMR in Biomed Volume 27, Issue 12 December 2014 Pages 14291438,
2. Stewart N J Horn F C, Norguay G, et al. Reproducibility of Quantitative fndices of

Lung Function and Microstructure from 2*Xe¢ Chemical Shift Saturation Recovery (CSSR)
MR Spectroscopy. Magn Reson Med 77:6 (2017) 2107-2113.

3. Kaushik 8 S, Robertson S H, Freeman MS et al, Single-Breath Clinical Imaging of
Hyperpolarized 2*Xe in the Atrspaces, Barrier, and Red Blood Cells Using an Interleaved
3D Radial 1-Point Dixon Acguisition. Magn Reson Med 75:4 (2016) 1424-1443.

4, Ruppert K, Altes T, Mata J F, et al., Detecting Pulmonary Capillary Blood
Pulsations Using Hyvperpolarized Xenon-129 Chemical Shift Saturation Recovery (CSSR)
MR Spectroscopy. Magn Reson Med 75:4 (2016) 1771-1780.

5. Wetterling F, Corteville D M, Kalaycivan Roet al. Whole body sodium MRI at 37T
using an asymmetric birdcage resonator and short echo time sequence: first images of a
male volunteer. Phys. Med. Biol 57 (2012} 4555-4567.

6. Zanche N D, Chhuna N, Teh K, et al. Asvoumetric Quadrature Split Birdcage Coil
for Hyperpolarized “He Lung MRI at 1.5T. Magn Reson Med 60:431-438 (2008).

7. Divegely | Ruset 1 C, 2 Wigging (3, et al. 32-Channel Phased-Array Receive with
Asymmetric Buirdcage Transmit Coil for Hyperpolanzed Xenon-129 Lung Imaging. Magn

Reson Med 70:576-583 (2013).
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What is claimed is:
1. A birdcage coil for a magnetic resonance imaging (MRI) system, the birdcage coil
comprising:

a pair of conductive end nings, each having a gencrally domed shape in axial cross
section;

a plurality of conductive, elongated rungs extending between the pair of conductive
end rings in an axial direction; and

an LC delay circuit incorporated into the pair of rings and the plurality of clongated
rungs, the LC delay circuit comprising a plurality of capacitive elements and a plurality of
inductive elements;

wherein circumferential spacing between adjacent clongated nings is varied to
waprove homogenetty of the volume excitation.
2. The birdcage coil of claim 1, wherein the length of the elongated rungs is varied so that
the area between adjacent elongated rungs is substantially the same.
3. The birdcage coil of claim 2, wherein one or both of the end rings are non-planar to
account for the varied lengths of the elongated rungs.
4. The birdeage coil of claim 1, wherein the capacitive elements in the LC delay circuit are
varied.
5. The birdeage coul of claim 4, wherein the capacitive clements in the LC delay circuit are
varied to maintam a steady speed of delav about a circumference of the birdcage coil.
6. The birdcage coil of claim 1, wherein:

the generally domed shaped end rings have a generally flat bottom, a generally
rounded top. a left side and a night side; and

the varied circumferential spacing between adjacent elongated rungs is symmetrical
between the left side and right side.
7. The birdcage cotl of claim 6, wherein the varied circumferential spacing 1s wideron a
bottom half and closer on a top half.
&. The birdcage coil of claim 1, wherem:

the generally domed shaped end rings have a generally flat bottom, a generally
rounded top, a left side and a right side; and

the varied circumferential spacing is wider approximate the bottom and closer

approximate the top.
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9. The birdcage coil of claim 1, wherein the birdcage coil is a high-pass birdcage coil.
10. The birdcage coil of claim 1, comprising sixteen of the conductive, elongated rungs
extending between the pair of conductive end rings in an axial direction.
11. The birdcage coil of claim 1, wherein the birdcage coil 1s a low-pass birdcage coil.
12. The birdcage coil of claim 1, wherein the birdcage cotl 15 a band-pass birdcage coil.
13. The birdcage coil of claim 1, wherein circuitry 1s added to dynamically detune the
birdcage coil to prevent inductive coupling of the birdcage coil to one or more roceive coils
placed mside of the birdcage coil during MK signal reception.
14. A birdcage coil for a magnetic resonance imaging (MRI) system, the birdcage coil
comprising:

a pair of condustive end rings, each having a gencrally domed shape in axial cross
section;

a plurality of conductive, elongated rungs extending between the pair of conductive
end rings in an axial direction; and

an LC delay circuit incorporated into the pair of rings and the plurality of elongated
rungs, the LC delay circuit comprising a plurality of capacitive elements and a plurality of
inductive elements;

wherein at least one of the capacitive elements or inductive elements is varied to
provide a uniform rotational velocity of the magnetic ficld about a circumference ot the
birdcage coil.
15. The birdcage coil of claim 14, wherein:

the generally domed shaped end rings have a generally flat bottom, a generally
rounded top. a left side and a night side; and

the varied at least one of capacitive elements or inductive elements is symmetrical
between the left side and right side.
16. The birdcage coil of claim 14, wherein circuitry is added to dynamically detune the
birdeage coil to prevent inductive coupling of the birdeage coil to one or more receive coils
placed mside of the birdeage coil during MR signal reception.
17. The birdcage coil of claim 14, wherein the varied at least one of capacitive clements or
mductive clements comprises varied mductive elements.
18. The birdeage coil of claim 17, wherein the varied mductive elements comprises varied

dimensions of the elongated rungs.
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19. The birdcage coil of claim 18, wheremn the varied dimensions of the elongated rungs
comprises varied lengths of the elongated rungs.
20. The birdcage coil of claim 19, wherein the varied dimensions of the elongated rnungs
comprises varied diameters of the clongated rungs.
21. A birdcage coil for a magnetic resonance imaging {MRI) system, the birdcage coil
comprising:

a pair of conductive end rings, each having at least one asymmetric dimension in
axial cross section;

a plurality of conductive, clongated rungs extending between the pair of conductive
end rings in an axial direction; and

an LC delay circutt incorporated ingo the pair of rings and the plurality of elongated
rmungs, the LC delay circutt comprising a plurality of capacitive clements and a plurality of
nductive elements;

wheretn circamferential spacing between adjacent elongated rongs is varied {o
improve homogeneity of the volume excitation.
22. The birdcage coil of claim 21, wherein the length of the elongated rungs 1s varied so
that the area between adjacent elongated nings 15 substantially the same.
23, The birdcage coil of claim 22, wherein the pair of end rings are non-planar to account
for the varied lengths of the clongated rungs.
24. The birdcage coil of claim 21, wherem the capacitive elements in the LC delay circuit
are varied.
25. The birdcage coil of claim 24, wherein the capacitive elements in the LC delay cirenit
are varied to maintain a steady speed of delay about a circumference of the birdeage coil.
26. The birdcage coil of claim 21, wherein circuttry 18 added to dynamically detune the
birdcage coil to provent inductive coupling of the birdeage coil 1o one or more receive coils

placed mside of the birdcage coil duning MR signal reception.
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