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TITLE
RADD FREQUENCY RECEPTION COIL NETWORKS FOR SINGLE-SIDED MAGNETIC RESONANCE
IMAGING

CROSS-REFERENCE TO RELATED APPLICATION
[6861]  This apphication claims the benefit of priority under 35 U.S.C § 119{e) to U.S. Provisional Patent
Application Serial No. 62/979,332, titled SYSTEM AND METHOD FOR UTILIZING RADIO FREQUENCY
EIVE NETWORK FOR SINGLE-SIXED MAGNETIC RESONANCE IMAGING, filed February 20, 2020,

the entire disclosure of which is herein incorporated by reference.

BACKGROUND
f0002] Magnetic resonance imaging (MHRI) systems have primarily been focused on leveraging an enclosed form
factor. This form factor includes surrounding the imaging region with electromagnetic field producing materials and
imaging system components. A typical MEI sysiem includes a cylindrical bore maguet where the patient is placed
within the tube of the magnet for imaging. Components, such as madio frequency (RF) trarsmission coil{s) (TX) and
reception coil(s) {(RX) are then placed on many sides of the patient to effectively surround the patient in order to
perform the imaging.
[083]  Typically, the RF-TX coils are large and fully surround the field of view (¢, the imaging region), while
the RF-RX coils are small and placed right on the field of view. In various existing MRI systems, the placement of
these componeuts and other components, which virtually surmound the patisnt, severely limits the movement of the
patient. The positioning of the RF-TX and/or RF-RX coils relative to the patient can cause additional burdens
during situating the patient within the imaging region and/or removing the paticnt from within the 1maging region.
For example, the RF-RX coils are often placed directly onto the patient before the patient is inserted into the
imaging bore of the magnet. These cotls can restrain patient motion and, as a result, only certain orientation of the
patient aud coils relative {o the patient can be obtained. n other MRI systerus, the patient {s placed between two
large plates to relieve some physical restrictions on paticnt placement. Regardiess, a need exists to provide modern
imagiug configurations ju next genewtion MRI systews that further alleviate the aforementioned issues with regavds

to patient comfort and burdensome positional limitations.

SUMMAR
{00041  Inove general aspect, the present disclosure provides a single-sided reaguetic imaging appamatus,
comprising a permanent magnet, wherein a Z axis is defined through the permanent magnetic into a field of view.
The single~sided magnetic imaging apparatus further comprises an cleciromagnet, a gradient coil set, a radio
frequency transmission coil, a radio frequency reception coil, and a power source. The power source is configured
to gencrate an clectromagnetic field in the field of view along the Z axis. The clectromagnetic field comprises a
field gradient in the field of view, wherein a tuuing of the radio frequency trausmission coil is configured to target a
location within the field gradient in the field of view.
{68051 [nanother aspect, the present disclosure provides a method of taning a single-sided ruagretic invaging
apparatus comprising a permanent magnet, an cleciromagnet, a gradient coil set, a radio frequency transmission coil,

a radio frequency reception coll and a power sonree configured to gensraie an slecirornagnetic field ina region of



WO 2021/168291 PCT/US2021/018834

interest. The method of funing comprises ¢ sing a ficld gradient 1n the eleciromaguetic field, and adjosting a

paraweter of the radio frequency reception coil to target an imaging location within the field gradient.

BRIEF DESCRIFTION OF THE DRAWINGS
[0006] The novel featnres of the various aspects are sct forth with particularity in the appended claims. The
described aspects, however, both as to organization and methods of operation, mayv be best nnderstood by reference
to the following description, taken in conjunction with the accompanving drawings.
{0007 FIG. | is a schematic iHusiration of a magretic resonance imaging svstera, according to varnous aspects of
the present disclosure.
[6008] FIG. 2 is an exploded, perspective view of the magnetic resonance imaging system shown in FIG. 1,
according to vadous aspects of the presewt disclosure.
[0009]  FIG. 3 is an elevation view of the magnetic resonance imaging system shown in FIG. 1, according to
various aspects of the present disclosure.
[6018] FIG. 4 is an clevation view of the magnetic resonance imaging system shown in FIG. 1, according to
vanous aspects of the present disclosure.
[0011] FIG. 5 illusirates exemplary positioning of a patient for imaging by a magnetic resonance imaging system

for certain surgical procedures and interventions, according to various aspects of the present disclosure.

[8012] FIG. 6 is anexawple schematic of an RF-RX amay including individual coll elements and a vadiable
magnetic field, in accordance with various aspects of the present disclosure.
2 X
¢013] FIG. 7 is an example illustration of a loop coil along with example variables for a loop coil magnetic ficld,
gl >
according to various aspects of the present disclosure.
[0614] FIG. 8 is anexample X-Y char {ihustrating the maguetic field as a function of radins of a loop coil,
according to various aspects of the present disclosure.

{60151 FIG. 915 a cross-sectional tlustration of a portion of the human body including an area around the prostate,

according to vadous aspects of the presewt disclosure.

[0016] FIG. [0 is an elevation view of an RF-R¥ array in a housing, depicting the housing as a transparent
component for Hustrative purposes (o order to expose the individual coil elexuents therein, according o vanous
aspects of the present disclosure.

{60317 FIG. 11 is another elevativn view of the RF-EX array of FIG. 16, according to varons aspects of the
present disclosure.

[0018] FIG. 12 15 a perspective view of the RF-R¥ arrav of FIG. 190, acconding to various aspects of the present
disclosure.

[0018] The accompanying drawings are not intended to be drawn to scale. Corresponding reference characters
indicate coresponding paxts throughout the several views. For purposes of cladty, not every compouent may be

labeled in every drawing. The exemplifications set out herein illustrate certain embeodiments of the invention, in one

forra, aud such exemplifications are not to be coustrued as Tmiting the scope of the lovention in any wmanuer.

DETALL

D DESCRIPTION
[0920] The following international patent applications are incorporated by reference herein in their respective

entiretics:
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¢ Intemational Application Mo, PCT/US2020/018352 titled SYSTEMS AND METHODS FOR
ULTRALOW FIELD RELAXATION DISPERSION, filed Febmary 14, 2020, now Internationat
Publication No. W(2026/168233;
¢ Intemational Application Mo, PCT/US2020/019530, titled SYSTEMS AND METHODS FOR
PERFORMING MAGNETIC RESONANCE IMAGING, filed February 24, 2026, now International
Publication No. W(O2028/172673;
¢ International Application No. PCT/US2026/019524, titled PSEUDO-BIRDCAGE COIL WITH
VARIABLE TUNING AND APPLICATIONS THEREQF, filed Febrmary 24, 2026, now Infermational
Fublication No. W(2020/172672:
¢ International Application No. PCT/US2020/024776, titled SINGLE-SIDED FAST MRI GRADIENT
FIELD COLLS AND APPLICATIONS THEREOQF, filed March 25, 2020, now International Publication
No. WO2020/198395;
¢ International Application No. PCT/US2020/024778, titled SYSTEMS AND METHODS FOR
VOLUMETRIC ACQUISITION IN A SINGLE-SIDED MRI SYSTEM, filed March 25, 2020, now
International Publication No. WQ2026/198396;
¢ International Application No. PCT/US2020/039067, title SYSTEMS AND METHODS FOR IMAGE
RECONSTRUCTIONS IN MAGNETIC RESONANCE IMAGING, filed Jone 28, 2028, now
International Publication No. WQO2026/264194; and
¢ International Application No. PCT/US2021/014028, titled MRI-GUIDED ROBOTIC SYSTEMS AND
METHODS FOR BIOPSY, filed January 22, 2023,
[6021] U.S. Patent Application No. 16/003,585, titled UNILATERAL MAGNETIC RESONANCE IMAGING
SYSTEM WITH APERTURE FOR INTERVENTIONS AND METHODOLOGIES FOR OPERATING SAME,
filed June 68, 2018, is tucomorated by rwference herein in its entivety.
f0022] The following U.S. provisional patent applications are incorporated by reference herein in their respective
entireties:

» U.S. Provisional Patent Apphication No. 62/987,286, titled SYSTEMS AND METHODS FOR ADAPTING
DRIVEN EQUILIBRIUM FOURIER TRANSFORM FOR SINGLE-SIDED MR, filed March 9, 2020;
and

s U.S Provisional Patent Application No. 62/987,292, titled SYSTEMS AND METHODS FOR LIMITING
K-SPACE TRUNCATION IN A SINGLE-SIDED MRI SCANNER, filed March 9, 2020,

[8023] Before explaining various aspects of an MRI systeru and methods in detail, it should be noted that the
illustrative examples are not limited in application or use to the details of construction and arrangement of patts
ilinstrated in the accompanying drawings and description. The iiustrative examples may be ineplemented or
incorporated in other aspects, variations, and modifications, and may be practiced or carried out in various wavs.
Further, naless otherwise indicated, the terms and expressions emploved herein have been chosen for the purpose of
describing the ilustrative examples for the convenieunce of the reader aud are not for the purpose of Tmitation
thereof. Also, it will be appreciated that one or more of the following-described aspects, expressions of aspects,
and/or examples, can be combined with any oue or ruore of the other following-described aspects, expressions of

aspects, and/or examples.
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[6024]  Typcal MRI systerns create a undform field within the imaging region. This umfoou field then generates a
rarrow band of waguetic resonance frequencies that can theu be captured by a weetve coil (RF-RX), amplified, and
digitized by a spectrometer. Since frequencies are within a narrow well-defined bandwidth, hardware architecture is
focused on creating a statically twued RF-RX cotl with an optimal coil quality factor. Many vadatious in coil

architectures have been created that explorc large single volume coils, coil arrays, paraliclized coil arrays, or body

specific coil arravs. However, these structures are predicaied on ireaging a specific frequency close o the inferest at
high field strengths and are as small as possibie to it within the magnetic bore or tube of an enclosed MRI
apparatus.

[6025] In accordance with various aspects, an MRI system is provided that can include a unique imaging region
that can be offset from the face of a magnet. Such offset and single-sided MRI sysiems are less restrictive as
compared to traditional scanners. In additon, this form factor can have a butlt-in magnetic Gield gradient that creates
a range of field values over the region of interest. Morcover, this system can operaie at a lower magnetic field
streugth as compared to typical MRI systems allowing for a relaxation on the RX coil design constratuts and/or
allowing for additional mechanisms, like robetics, for example, to be used with the MRI. Exemplary MRI-guided
robotic systems are further described in International Application No. PUT/US2021/4  region of4628, titled MRI-
GUIDED ROBOTIC SYSTEMS AND METHODS FOR BIOPSY, filed January 22, 2021, for example,

{00261 The unigue architecture of the main maguetic field of the MRI system, in accordance with vadous aspects
of the present disclosure, can create a different set of optimization constraiuts. Because the imagiug volume now
extends over a broader range of magnetic resonance frequencics, the hardware can be configured to be sensitive to
and capture the specific frequencies that are geverated across the field of view, This frequency spread is usually
much larger than a single receive coil tuned 1o a single froquency can be sensitive to. In addition, because the field
strength can be much lower than iraditional systems, and becanse signal intensity can be proportional to the field

strength, it is generally considered to be beneficial to maximize the Signal-io-Noise Ratio (SNR) of the receive coil

network. Methods are therefore provided, in accordance with various aspects, 10 acquire the foll range of
frequencies that are generated within the field of view without a loss of sensitivity.
[0027) FIGS. 1-5 depict a magnetic resonance imaging system 100, As shown in FIGS. | and 2, the magnetic

ot surface 125, In accordance

sonance iruaging systeru 100 chudes a bousing 120, The housing 120 inclodes a fr
with various aspects, the front surface 125 can be a concave and/or recessed front surface.

[0028]  Asshown in FIGS. | and 2, the bousing {20 includes a permacent magnet 136, a radio frequency transmit
coil 140, a gradient coil set 150, an electromagnet 160, and a radio frequency receive coil 170, As shown in FIGS. 3
and 4, the permanent magnet 130 cau inchude a phurality of magnets disposed in an array configuration. The
plurality of magnets forming the permanent magnet 130 are configured to cover an entire surface as shown in the
front elevation view of FIG. 3 and illustrated as bars in a horizontal direction as shown in the side election view of
F1G. 4. Referring primanly to FIG. 1, the ruain permanent maguet aay can juchide at Jeast one access aperture or

bore 133, which can provide access to the patient through the housing 120 from the opposite side of the housing

120. In other aspects of the present disclosure, the penmanent magnetic array may be bore-tess and define a
uninterrupted arangement of permanent magnets without a bore defined therethrough

{60291 Inaccordance with vadous aspects of the present disclosure, the penmanent mageet 130 provides a static
magnetic field in a region of interest 190, In accordance with various embodiments, the permanent magnet 130 can

inclode a plarality of cylinddeal peranent magnets in parallef configueation as shown in FIGS. 3 and 4. In
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accordance with varions embodiments, the permacent magnet 130 can include any suitable magnetic matedals,
inchuding but ot lmited to rare-earth based magunetic materials, such as for example, Nd-based waguetic materials,
and the like..

[038]  In accordance with varions aspects, using the maguetic resonauce imaging svstem 100 Hustrated in FIGS.
i-4, a paticnt can be positioned in any number of different positions depending on the type of anatomical scan. As
an example, as ihustrated in FIG. 5, when the pelvis is scanned with the magnetic resonance imaging systers 160,
the patient can be laid on a surface in a lithotomy pesition. As illustrated in FIG. 3, for the pelvic scan, & patient can
be positioned to have their back resting on the table and legs raised up to be resting against the top of the system
100, The pelvic region can be positioned directly in front of the bore 135.

{6031} Inaccordance with varions aspects, several methods are provided that can enable imaging within the MRI
system 100, These methods can inclade combiming one or more of a vanable tuoed RF-RX coil, a RF-RX coil array
with elements tuned to frequencics that are dependent upon the spatial inhomogeneity of the magnetic field, a
ultralow-neise pre-amplifier design, aud an RF-RX amay with nultiple receive coils designed to optindze the signal
from a defined and limited field of view for a specific body part. These methods can be combined in any
combination as necded.

[0032] Invarious aspects of the present disclosure, a variable tuned RF-RX coil can by incorporated in the MRI
systera 100, For example, the radio frequency receive coil 170 can inclode a vanable turmed RF-RX coil, A
variable turned RF-RX coils can coraprise one or more electronic compouents for tuning the electromagnetic receive
field. Invarious implementations, the one or more clectronic componenis can include at least one of a varactor, a
PIN diode, a capacitor, an inductor, a MEMS switch, a solid state relay, or a mechanical relay. [n various
implementations, the one or more clectronic components used for funing can inchude at least one of dielectrics,
capacitors, nduciors, conductive metals, metamaterials, or magnetic metals. In various implementations, tuing the
clectromagnetic receive field can be achieved with different methods, such as a voltage adjustment method which
mvolves changing the voltage to activate a compotent or a physical relocation method which involves changing
phivsical lecations of the one or more electronic components to thereby adjust capacitive or inductive charactexstics.
[0033] The voltage adjusiment method involves using a passive device with switching capabilitics. The most
cormunen device used for this is a PIN diede. By applying a forward voltage, the PIN dicde is biased forward, which
means the PIN diede is turned on thereby aliowing the passage of current o the device to which it is connected. This
raethod can be useful to selectively turn oo coils by sending a forward voliage {0 the coil which should be used.
However, a disadvantage of this method is that the PIN diodes can be guite expensive compared to the cost of the
actnal receive coil and can be prone to breaking duting transoussion due to voltage spikes from the TX coil. The
physical relocation method requires moving the coils physically to change their inductive and capacitive
chamcteristics. Since this process involves physical movement of the coil, it may create additional burdens to the
patient during a scan in certain instances. Both methods will adjust the inhierent resonant frequency or coil
bandwidth.

[8034] o varous implementations, the coil is cryogenically cooled to reduce resistance and tmprove efficiency.
[0035] Invarious aspects of the present disclosure, the MR system 100 can include an RF-RX array including
individual coil elements that are tuned 1o a variety of frequencies. The appropriate frequency can be chosen, for
example, to match the frequency of the magnetic field located at the specific spatial location where the specific coil

is Jocated.
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[0036] Refewing now to a schematic 300 of F14G. 6, a RF-RX array 308 and a maguetic field 310 axe shown. The
ruagnetic field 310 canvary as a function of space, and the field and frequency of the coil(s) 302, 304, 306 i the
RF-RX array 3 be adjusted to approximately match the spatial focation. Here the coils 302, 304, 306 can be
designed to image the field locations B, B2, and B3, which are physically separated along a single axis B inthe 2
direction. In FIG. 6 the coils 302, 304, 306 overlap adjacent coil{s), as shown by the ovals crossing each other.
{60377 The RF-RX amay 308 of FIG. 6 can be incorporated tnio the magnetic imaging system 100, For exampie,
the radic frequency receive coil 170 can further include a tunable RF-R¥ array along a Z-axis.
[0038] Foralow magnetic field svstem, such as the systern 100, for example, a low-noise preamplifier can be
designed and configured to leverage the low signal environment of the MRI system. This low-noise amplifier can be
configured io utilize components that do not generate significant clectronic and voltage noise at the desired
frequencies (for example, < 4 MHz and > 2 MHz). When there is an ioput signal o the preamplifier, the signal and
noise get amplified by the same amount {gain) of the preamplifier. To obtain nseful low noise amplification, the
signat axaplitude should be high while waintainiug low goise. To keep the noise 1o a ruinimuny, the SNR of the
preamplifier should be high. One method of achieving good SNR, while keeping the noise levels low is to add
operational ampixfiers Copamps”) in parallel. Typical junction field effect transistor designs (J-FET) genemlly do
not have the appropriate noise characteristics at this frequency and can create high frequency instabilities at the GHz
ange that can bleed iuto, although several decades of dB lower, the measured frequency range. Since the gain of the
systern can preferably be, for example, > 80 dB overall, any small {nstabilities or intrinsic electrical noise can be

amplified and degrade signal integrity

limited field of

[093%1  Invarious aspects of the present disclosure, RF-RX ¢ saxt be designed to image spec
views based npon the target anatomy. For example, referring to a diagram 600 in FIG. 9, the prosiate is about 60
mihimeters deep within the hwrsan body. To design a RF-RX coil for prostate imaging, the coil should be
configured to enable imaging 60 mm deep inside human body. Referring to the variables and coil schematic 300 in
FI1G. 7, and according to Biot-Savart law, the magnetic field of a loop coif can be caloulated by the following
squation:

Mo, 2m = R = /

B’4 =
“ 47!

(z2 + RZ)Z

where g0 = 43 * 107H/m is the vacunm permeability, R is the radius of the loop coil, zis nce along the center
line of the coil from its center, and I is the current on the coil. Assuming I = | Ampere, with the goal of locating a
figure of yeagnetic field (Bz} at 2 = 60 rum, the maximnum position is when R 1s 85-mum according to a chaxt 500
shown in FIG. 8

[6040] A low-impedance preamplifier design with an input impedance below 5 Chms can be used in scries with

the raatching network of a coil in a receive coil array to provide active decouphing from adjacent coils 1o the same

array. This technique does not rely upon geometric decoupling to cancel out muiual inductance between coils, and

allows tundividual coils in the arty to be decoupled from each other using the low noise preamplifier itself Eachco

hat is used to matich the resistance of the

in a receive coil array has an inductive and capacitive matching networ
coil to S0 Ohras for maximom power transfer. When a Jow impedance preamplifier is connected to the matching
network of a coil, the low impedance acts as a short, thereby making the impedance seen into the coil infinite and

trapping any coil currents
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{60411 Based upou the geometrical constraints of the body, a loop coil canbe set up at the space between the
human legs upon the torss. As such, it is extrernely difficult, if not mupossible, to fit a 170-mru dlameter coil at that
location. According to FIG. §, the Bz field value is increases in relation to the radius of the loop when R is less than
85w As such, it is advauntageous that the coil be as lavge as it can be. For example, the largest loop coil that can
be placed between the human legs is about 10~cm in diameter.
{60421 As the size of the coil can be generaily limited by a space, ¢.g. between a persor’s legs, the maguetic field
of a 10-cm diameter coil is generally not capable of reaching to the depth of the prostate. Therefore, a single coil
may not be enough, for example, for prostate imaging. Thus, in this case, rmnltiple coils conld prove beneficial in
tiing signals from different directions. In various aspects of the MRI system, the magnetic field is provided in the
z~direction and RF coils are sensitive to x~ and y-direction. In this example case, a loop coil in x~y plane would not
collect RE sigaal from a human since it is seusitive to z-direction, while a vutterfly coil can be used in this case.
Then based on the location and orientation, the RF coil conid be a loop coil or a butterfly coil. In addition, a coil can
be placed inunder the body aud there is no liruitation for its size. FIGS. 10-12, which are further descdbed herein,

depict an RF array 700 including a combination of different types of coils, for example.

{60431  As for the needs of multiple RX coils, 1o various aspects of the present disclosure, deconpling between
them can prove beneficial for various aspects of an MRI system R¥X coil array. In those cases, each coil can be de-
coupled with the other coils, and the deconpling techniques can include, for example, 1) geometry decoupling, 2)
capacitive/inductive decoupling, and 3) low-/high impedance pre-aruplifier couphing

[0044] Geometric decoupling can be the simplest decoupling technique as it does not invelve any active or passive
circuit elements to achieve the reguired decouphing. Each coil ina receive coll amay is a carrent carty ing wire,
meaning each coil has its own self inductance and mutual inductance. When a receive coil is excited with voltage, it
creates a maguetic field which is effectively “seen” by any coils adjacent to i, which in turn creates noise. To reduce
this effect, coils are geometrically arranged in such a way that the mutnal inductance between them is the lowest. A
disadvantage 1o this method is that the coils are constrmned by geometry and any additioral motion or manipulation
of the geometry of the coils (e.g. from beunding) will change the coil inductance aud the wutual inductance leading to
a change in the decoupling.

[8045] The MRI systew, 1n accordance with various aspects, can bave a vadant wagnetic field from the magnet,

and its strength can vary linearly along the = direction. The RX coils can be located in different positions in z-
direction, and cach coil can be tuned to differcut frequencies, which can depend on the location of the coils 1o the
system.

[0046] Based upon the simplicity of single coil loops, these coils can be consiructed from simple conductive traces
that can be pre-tuned to a desired frequency and printed, for example, on a disposable subsirate. This cheaply
fabricated technology can allow a clinician to place the R¥ coil {or coil arrav) upon the body at the region of interest
for a given procedure and dispose of the coil afterwards. These coils can be coustructed from 313 printing copper,
sitver, or other electrically conductive inks onto a plastic or woven material, for example. Alteratively, electrically
conductive wires can be woven inte a fabric to create a coil robust to deformation. Forexample, the RX coils can be
surface coils, which can be worn or taped to a patient’s body. For certain body pasts, ¢.g. an ankle ora wrist, the
surface cotl might be a single loop, figure § design, or butterfly coil wrapped around the region of interest. For

regions that require significant penetration depth, e.g. the torso or knee, the coil might consist of a Helmholtz coil
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pair. As with receive coils of other MRI systems, the coil 1s optimally sensitive {0 a plane that is orthogoral to the
ragin magnetic field, BO of FIG. 6, axis.

[0047] In some instances, the coils might be inductively coupled to another loop that is clectrically connected to

the receive preamplifier. This design would allow for easier and unobstructed access of the receive coils. In receive
coils from other MRI systems, the preamplifier might be on the coil to reduce any signa!l loss due to cable loss,
insertion loss, eic. This alse means that the prearapiifier will be present close to or on the patiend, thereby being an
clectrical hazard. By moving the receive preamplifiers away from the receive coil, the patient can have an
unobstructed access o the receive coil invarious aspects of the present disciosure

[0048] In accordance with various aspects of the present disclosure, the size of coils can be limited by the structure
of human body. For exampie, the coils’ size should be positioned and confignred to fit in the space between haman
legs when tinaging the prostaie

[0049] Referring to FIGS. 10-12, a RF-RX array 700 is shown. The RF-RX array 700 is positioned within a
housing or enclosure 702, which bouses the different coils that make up the RE-RX ary 700, n the example
embodiment shown in FIGS. 10-12, the RF-RX array 700 comprises five coils 704, 706, 708, 710, and 712. The
coils 704, 706, 708, 710, aud 712 are butiedly coils comprising 2 pair of lobes. The first coil 704 forms a first lobe
or loop at an upper portion of the array and a second lobe or loop in a middie portion of the array. The first loop of
the first coil 704 surrounds the second coil 706, The second loop of the first coil 704 surrounds a through hole 714
in the enclosure 702, The second coil 706 is located above the through hole 714, The third cotl 708 extends around

the upper half of the through hole 714. The fourth coil 710 extends around the lower half of the through hole 714,

Ends of the loops of the third and fourth coil 708, 710 overlap at a vertical centerline through the through hole 714
The first coil 704 also overlaps/inderlaps a portion of the second coil 706, the third coil 708, and the fourth coil 710,
The fifth coil 712 1s positioned along a lower pottion of the enclosure 702 below the through hole 714, Al of the
coils 704, 708, 710, and 712 overlap each other in areas so that at least a portion of each coil sits on top of a portion
of one other coil in order 1 form an overlapping aray.

{09387 The enclosure 702 also defines & curve, which is best shown in FIG. 11 1o other enbodiments, the
enciosure 702 and coils therein can define a different radius of curvatare or multiple different radii of curvature. A
differsnt number of cotls could be included in alternative RF-RX arays and/or the cotls could compuse different

geometries and/or sizes, for example.

Examples
[0031] Varous aspects of the subject matter described herein are set out in the following nurabered exampies.
[06032] Example I ~ A single-sided magnetic imaging apparatus, comprising a permanent magnet, wherein a Z axis
is defined through the permanent magnetic into a field of view. The single-sided magnetic imaging apparatus
further comyprises an electromaguet, a gradient coil set, a radio frequency trassmission coil, 2 mdio freguency
reception coil, and a power source. The power source is configurcd to generate an clectromagnetic ficld in the ficld
of view along the Z axis. The electromagnetic field comprises a fisld gradient in the field of view, whersin a tuning
of the radio frequency transmission coil is configured to target a location within the field gradient in the field of
view
[0033] Example 2 - The single-sided magnetic imaging apparatus of Example 1, wherein the tuning of the radio

frequency transmissios coil comprises reposttioning the radio frequency transndssion coil along the Z axis.
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[6054] Example 3 - The single-sided magnetic Umaging apparatus of Examples 1 or 2, wherein the tuning of the
radic frequency transmission coil comprises adjnsting a curent supplied to the radio frequency reception coil,

[0055] Example 4 - The single-sided magnetic imaging apparatus of Examples 1, 2, or 3, wherein the tuning of the

rdio frequency transmission coil comprises relocating at feast one electronic coruponent selected from a group
consisting of a varactor, a pin diode, a capacitator, an inductor, a MEMS switch, a solid state relay, and a
raechanical relay.

[0036] Example 5 - The single-sided magnetic imaging apparatus of Examples 1, 2, 3, or 4, wherein the radio
frequency reception coil compnses a coil prnied on a disposable subsirate.

{6057} Example 6 -~ The single-sided magnetic imaging apparatus of Examples 1, 2, 3, 4, or 5, wherein the radio
frequency reception coil comprises an array of radio frequency reception coils.

[G938] Example 7 - The single-sided magnetic imaging apparatus of Exaraple 6, wherein the avay of radio
frequency reception coils comprise a first coil and a second coil, and wherein the first coil and the second coil are
decoupled.

[0039] Example 8 -~ The single-sided magnetic imaging apparatus of Examples ¢ or 7, wherein the array of radio
requency reception coils comprise a first coil and a second coil, and wherein the first coil and the second coil are
positioned to receive signals from different directions.

[0066] Example 9 - The single-sided magnetic imaging apparatus of Examples 7 or 8, wherein the first coil and
the second coil comprise different geometnes,

[0061] Example 10 - The single~-sided magnetic imaging apparatus of Examples 6, 7, 8, or 9, wherein the array of
radio frequency reception coils comprise a first coil and a4 secound coil, and wherein the fist coil and the second coil
are longitudinaily-staggered along the Z axis.

[0062] Example {1 - The single-sided magnetic imaging apparains of Examples 7, 8, 9, or 10, wherein the first
coil and the second ceil partially overiap.

{60631 Example 12 - The single-sided magnetic iimaging apparatus of Examples 7, 8, 9, 10, or 11, wherein the first
cotl aud the second coil are tuned to diferent freguencies.

[0064] Example I3 -~ The single-sided magnetic imaging apparaius of Examples 7, , 10, 11, or 12, wherein the
fiest coil is tuned to cowespond to a first frequency of the Held gradiewt field at the location along the 7 axis, aud
wherein the second coil is tuned to match a sccond frequency of the field gradient at a second location along the Z
axis.

[0065] Example 14 - The single-sided magnetic imaging apparatus of Examples 1,2, 3,4,5,6,7, 8,9, 10, 11, 12,
and 13, further compusing a bousing comprising a concave outer surface, wherein the permanent magnet is
positioned within the housing, and wherein the field of view is external to the housing and offset from the concave
outer surface.

[0066] Example 15 - A method of tuning a single-sided magnetic imaging apparatus comprising a permanent
magnet, an electromagnet, a gradient coil sct, a radio frequency transmission coil, a radio frequency reception coil

and a power source configured to genewate an electornagnetic field ina region of interest. The method of tuning

coniprises accessing a field gradient in the electromagnetic field, and adjusting a parameter of the radio freguency

reception coll to target an imaging location within the fiekd gradient.
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{6067 Example 16 - The method of Example 15, wherein adjusting a parameter of the radio frequency reception
coil to target an imaging location within the field gradient comprises repositioning the radio frequency transmission
coil.

[0068] Exawple 17 - The wethod of Examples 15 or 16, wherein adjusting a parameter of the radio frequency

reception coil to target an imaging location within the field gradient comprises adjusiing a current supplied io the
radio frequency reception coil

[006%] Example 18 - The methed of Examples 13, 16, or 17, wherein adjusting a parameter of the radic frequency

recepiion coil to target an imaging focation within the ficid gradient comprises relocating at jeast one elecironic
component sclected from a group consisting of a varactor, a pin diode, a capacitator, an inductor, a MEMS switch, a
solid staie relay, and a mechanical relay.

[e9781  Example 19 - The methed of Examples 13, 16, 17, or 18, wherein adjusting a parameter of the radic

frequency reception coil 1o target an imaging location within the field gradient comprises tuning the radio frequency
eeption coil 1 & predefived frequency based o the target anatoruy

{6071} Example 20 - The method of Examples 15, 16, 17, 18, or 19, wherein the magnetic imaging apparatus
compises an agay of radio frequency reception coils, and wherein the method of furning further comprises
adjusting the coils in the array of radic frequency coils to different frequencies.

{06721 While several forms have been illnstrated and described, it is not the intention of Applicant to restiict or
tirait the scope of the appended claiws to such detail, Numerous medifications, varlations, changes, substitutions,
combinations, and equivalents to those forms may be implemented and will occur to those skilled in the art without
departing from the scope of the present disclosure. Moreover, the structure of each eleruent associated with the
described forms can be alternatively described as a means for providing the function performed by the clement.
Also, where materials are disclosed for certain components, other materials may be used. It is therefors to be
undersiood that the foregoing description and the appended claims are intended to cover all such modifications,
combinations, and vananons as falling within the scope of the disclosed forms. The appended claims are intended 1o
cover all such modificatious, vartations, changes, substitutions, modificatious, and equivalews.

f0G73] The foregoing deiniled description has st forth various forms of the devices and/or processes via the use of

tlock diagrarus, flowchatts, and/or examples. Insofar as such block diagrams, flowcharts, aud/or exaruples contain

one or more functions and/or operations, it will be understood by those within ihe art that cach function and/or
operation within such block diagrarss, flowchars, and/or exampies can be implemented, individually and/or
collectively, by a wide range of hardware, software, firmware, or virtually any conibination thereof. Those skilled in
the art will recognize that some aspects of the forms disclosed herein, 10 whole or v part, can be equivalently
implemented in integrated circuits, as one or more COMPBICT Programs running on one or more computers (¢.g., as
OROC OF MOTEC PIOZams MNNIng 0N ON¢ O MOIT COmpuicr sysicms), a8 one of MOYe Programs mnning on one or More
PLocessars {2.2., as 0ne OF MO Programs ruiming on one or more microprocessors), as firmware, or as virually any
combination thereof, and that designing the circuitry and/or writing the code for the seftware and or firmware would
be well within the skill of one of skill ju the art in light of this disclosure. Ju addition, those skilled in the axt will
appreciate that the mechanisms of the subject matier described herein are capable of being disiributed as one or
more program products it a vanety of forres, and that an iHlustrative form of the subject ratter described heren

applies regardless of the particular type of signal bearing medium used to actually carry out the distribution.

10
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[6374]  Instnuctions used to progmm Jogic to perform various disclosed aspects can be stored within 2 mermow in
the system, such as dynamic randor access memory (3RAM), cac:'he, flash memery, or other storage. Purthermore,
the instructions can be distributed via a network or by way of other computer readable media. Thus a machine-

readable medium may include any mechanism for storug or trausmitting infoumation 1 a form readable by a

machine {¢.g., a computer), but is not limited to, floppy diskettes, optical disks, compact disc, read-only memory
(CD-ROMs), and magneto-optical disks, read-only memory (ROMs}, random access memory (RAM), erasable

programmable read-only memory {(EPROM), clectrically erasable programmable read-only memery (EEFROM},

magnetic or optical cards, flash memory, or a tangible, machine-readabie storage used in the transmission of
information over the Internet via electrical, optical, acoustical or other forms of propagated signais {e.g., carrier
waves, infrared signals, digital signals, etc.). Accordingly, the non-~ransitory compnier-readable medinm inchudes
any type of tangible ruachine-readable ruedivm suitable for storing or trusmitiog electounic instuctions or
information in a form readable by a machine {e.g., a computer).

[8075]  Asused 1o auy aspect berein, the texm “contro] circuit” may refer to, for example, bavdwired circuitry,
programmable circuitry (¢.g., a4 computer processor including one or more individual instruction processing cores,

processing unit, processor, microcontroller, microcontrolier unit, controller, digital sigual processor (DSP),

programmiable logic device (PLD), programmable logic armay (PLA), or field programmable gate array (FFGA)),

state machine cirenitry, finnware that stores instoactions executed by programyuable circuilty, and any cornbination
theweof. The coutrol circuit may, collectively orjudividually, be embodied as circuitty that forms part of a larger
system, for example, an integrated circuit (IC), an application~-specific integrated circuit {ASIC), a system on-chip

{Sot’y, desktop computers, laptop computers, tablet computers, servers, smart phones, ¢tc. Accordingly, as used

) 1

herein “contrel circuit” inchades, but is not lmited to, electrical circuitty having at least ong discrete electrical

rcult, electrical circuttyy having at least one integrated cirenit, electrical clicuitty having at least one application
specific integrated circuit, electrical circuitry forming a general purpose computing device coufigured by a computer
program {e.g., a geneial purpose computer configured by a computer program which at least partially carries out
processes and/or devices described herein, or 3 mcroprocessor configured by a computer program which at Jeast
partially carrics out processes and/or devices described herein), clectrical circuitry forming a memory device (2.2,
forrus of random access memory ), and/or electdical cieuitry forming a comumuications device {e.g., a modery,
communications switch, or optical-elecirical equipment). Those having skill in the ant will recognize that the subject
maiter described herein may be implemented in an analog or digital fashion or some corbination thereof.
[0876] Asused in anv aspect herein, the term “logic” may refer to an app, software, firmware and/or circuitty
configured to perform any of the aforementioned operations. Software may be embodied as a software package,
code, instructions, instruction sets and/or data recorded on non-iransitory computer readable storage mediumn,
Firmware may be embodied as code, instructions or instruction scts and/or data that arc hard-coded (e.g.,
nenvolatile) in ruemory devices.

2

f0677]  Asused in any aspect herein, the terms “componert,” “system,” “module” and the Like can referto a
coraputer-related entity, either hardware, a4 combination of hardware and software, software, or software in
execution.

[6378]  Asused inany aspect hereie, an “algorithm” refers to a self-consistent sequence of steps leading to a
desired result, where a “step” refers to a manipulation of physical guantities and/or logic states which may. though

nead not necessanly, take the fom of electrical or magnetic signals capable of being stored, transferred, combined,
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compared, aud otherwise mampulated. It is common usage to refer to these signals as bits, values, elements,
symbols, characters, terrus, numbers, or the like. These and siwilar terms way be associated with the appropriate
physical guantitics and are merely convenicnt labels applied to these quantities and/or states.

[8078] A network may inclade a packet switched network, The corumunication devices may be capable of

communicating with each other using a selected packet switched network communications protocol. One example
commuuications protocol may chude an Ethernet communications protocol which may be capable permitting

communication using a Trausmission Control Protocol/Internet Protocol (TCP/IP). The Ethernet protocol may

comply or be compatible with the Ethernet standand published by the Institute of Electrical and Electrouics
Engineers (IEEE) titled "IEEE 802 .3 Standard”, published in December, 2008 and/or later versions of this standard.
Alternatively or additionaily, the communication devices may be capabie of conumunicating with each other using

an X.25 comumuications protocol. The X.23 comuunications protocol may conply ot be cowpatible witlia

standard promnigated by the International Telecommunication Union-Teleconumunication Standardization Sector
(ITU-T). Alternatively or additionally, the comumuication devices may be capable of communicating with each
other using a frame relay communications protocol. The frame relay communications protocol may comply or be
compatible with a standard promuigated by Cousultative Comuntiee for International Telegraph and Telephone
(CCITT) and/or the American National Standards Institute (ANSI. Alternatively or additionally, the transceivers
may be capable of commumceating with each other using av Asynchronous Transfer Mode {(ATM) communications
protocol. The ATM commmuuicatious protocol may comply or be compatible with an ATM standard published by the
ATM Forum titied "ATM-MPLS Network Interworking 2.0” published Angust 2001, and/or iater versions of this
standard. OF course, different and/or after-developed conuection-onented network corununication protocols are
cqually contempiated herein,

{00861  Unless specificallv stated otherwise as apparent from the foregoing disclosure, it is appreciated that,
throughout the foregoing disclosure, discussions using terms such as “processing,” “computing,” “calculating,”

3

“deternuning

“displaying,” or the like, refer 1o the action and processes of a computer system, or similar electronic
computing device, that manipulates and transforms data represented as phvsical {electronic) quantities within the
computer sysiem's registers and memories into other data simifarly represented as physical quantitics within the

computer sysiexn memornies or registers or other such information storage, trausmission or display devices.

{66811 One or more components may be referred to herein as “configured to,” “confignrable to,”
“pperable/operative to,” “adapted/adaptable,” “able to,” “conformable/conformed to,” etc. Those skilled in the art
will recognize that “configured to” can generally encompass active~-state components and/or inactive-state

coraponents and/or standby ~state components, onless context requires otherwise,

[0082] The terms “proximal” and “distal” are used hercin with reference to a clinician manipulating the handie
portion, or housing, of a surgical instrament. The term “proximal” refers to the portion closest to the clinician and/or
to the robotic arm and the term “distal” refers to the portion located away from the clinician and/or from the robotic

arm. It will be further appreciated that, for convenience and clarity, spatial terms such as “vertical”, “horizontal”,

“up”, and “dowy” may be used hersin with respect to the drawings. However, robotic surgical tools are used in
many orientations and positions, and these terms are not intended to be limiting and/or absolute.

[6083]  Those skilled 1n the art will recognize that, in general, terms used herein, and especially in the appended
claims (e.g., bodies of the appended claims) are generally intended as “open” terms {e.g.. the term “including”

shouldd be interpreted as “inchuding bat not hinited to,” the term “having” should be interpreted as “having at least,”
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the term “techudes™ should be interpreted as “incindes but 1s not hmted to,” etc). It will be further muderstood by

those within the art that i a specific number of au introduced claim eeitation is jutended, such an intent will be

explicitly recited in the claim, and in the absence of such recitation no such intent is present. For example, as an aid

to understanding, the following appended claims may contain usage of the introductory phrases “at least ong” and

“one or more” to introduce claim recitaiions. However, the use of such phrases should not be construed to imply that
the introduction of a claim recitation by the indefinite articles “a” or “an” s any particaiar claim contaimng such
introduced claim recitation to claims containing only one such recitation, even when the same claim includes the

<« @

introductory phrases “one or more” or “at Jeast oue” and indefiuite articles such as “a” or "an” {e.g., “a” and/or "an”

S

should typically be interpreted to mean “at least one”™ or “one or more™); the same holds true for the use of definite
articles nsed fo introduce claim recitations.

{03841  [naddition, even if a specific nunber of an introduced claim recitation is explicitly recited, those skilled 1o
the art will recognize that such recitation should typically be interpreted fo mean at least the recited mumber (e.g.. the
bare recitation of “two recitations,” without other medifiers, typically means at least two reciiations, or {two or mo
recitations). Furthermore, in those instances where a convention analogous 1o “at least ong of A, B, and C, etc.” is
used, 1t general such a construction 1s intended 1o the sense one baving skill 1o the ant wonld understand the
convention {¢.g., "a system having at least one of A, B, and {7 would include but not be limited to systems that have
A alone, B alone, Calong, A and B together, A and C together, B and C together, and/or A, B, and C fogether, etc. ).
in these ustances where a convention analogons to “at least oue of A, B, or C, et¢.” is used, in general such a
consiruction is intended in the sense one having skill in the art would understand the convention {c.g., “a system
having at least one of A, B, or 7 would include but vot be lirsited to systems that have A alone, B alone, C alone, A
and B together, A and C together, B and C together, and/or A, B, and C together, ctc.}. Tt will be further understood
by those within the art that typically a disjunctive word and/or phrase presenting two or more aliernative terms,
whether in the description, claims, or drawings, should be understood to contemplate the possibilities of including
oue of the terms, either of the terms, or both termus axdess context dictates otherwise. For exaraple, the phrase “A or

Tor“Aand B

B” will be typically understood to include the possibilities of "A” ot ™8
[0685] With respect to the appended claims, those skilled in the art will appreciate that recited operations therein
may geuerally be perforued in auy order. Also, although varicus opewtional flow diagrams are presented in a
sequence(s), it should be understood that the various operations may be performed in other orders than those which
are Hinstrated, or may be performed concurrently. Examples of such alternate orderings may include ovedapping,
interleaved, interrupted. reordered, incremental, preparatory, supplemental, simultancous, reverse, or other variant
orderings, nuless context dictates otherwise, Furthermore, terus ke “responsive 10,7 “related t0,” or other past-

tense adjectives are gencrally not intended to exclude such variants, unless context dictates otherwise.

[0086] It is worthy to note that any reference to “one aspect,” “an aspect,” “an exemplification,” “one
exemplification,” and the like means that a particular feature, structure, or characteristic described e counection

with the aspect ig included in at least one aspect. Thus, appearances of the phrases “in one aspect,” “in an aspect,”

“in an exemphfication,” and “inone exemplification” in vadous places threughout the spe ation are not
necessarily all referring to the same aspect. Furthermore, the particular features, structures or characteristics may be
combined i any suitable manner in 0ne Or MIOFE aspects,

[0087] Any patent application, patent, non-patent publication, or other disclosure material referred to in this

specification and/or listed in any Application Data Sheet is incorporated by reference herein, to the extent that the
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incorporated matenals is not inconsistent herewith, As sach, and to the extent necessary, the disclosure as explicitly
set forth hereiu supersedes any couflicting material incorporated hewin by reference. Any material, or portion
thereof, that is said o be incorporated by reference herein, but which conflicts with existing definitions, statements,
or other disclosure ruatedal set forth berein will only be incorporated to the extent that no conflict arises between
that incorporated material and the existing disclosure material.

[6088] I summary, munerous benefits have been deseribed which result from eraploving the concepts deseribed
herein. The foregoing description of the one or more forms has been presented for purposes of illustration and
description. It s not intended to be exhaustive or Hmiting to the precise form disclosed. Modifications or vanations
are possible in light of the above teachings. The one or more forms were chosen and described in order to illustrate
principles and practical application to thereby enable one of ordinary skill in the art to ntilize the various forms and

with various modificat

ons as are suited fo the particular use coxteruplated. 1t is intended that the clairas submitted

herewith define the overall scope.



WO 2021/168291 PCT/US2021/018834

WHAT IS CLAIMED 1S:

1. A single-sided magnetic imaging apparatus, comprising:

4 peranent waguet, whereln a Z axis is defined through the permanent magnetic into a field of view;

an clectromagnet;

a gradient coil set;

a radio frequency transmission coil;

a radio frequency reception coil;, and

@ power source, wherein the power source is configured to generate an electromaguetic field in the field of
view along the Z axis, wherein the electromagnetic field comprises a field gradient in the field of view, and wherein
a tuning of the radio frequency transuission codl is configured to target a lecation within the field gradient inthe

ficld of vicw.

2. The single-sided magnetic imaging apparatus of Claim I, wherein the tuning of the radio frequency

fransmission coil compyises repositionug the wdio freguency transmission coil along the Z axis.

953

The single-sided ruaguetic imaging apparatus of Claim [, wherein the tuning of the radio frequency

transmission coil comprises adjusting a current supplied to the radio frequency reception coil.

4. The single-sided magnetic imaging apparatus of Claim 1, wherein the taning of the wdio frequency
transmission coil comprises relocating at least one electronic component selected from a group consisting of a

i

varactor, a pin diode, a capacitator, an inductor, a MEMS switch, a solid state relav, and a mechanical relay.

5. The single-sided magnetic imaging apparaius of Claim 1, wherein the radio frequency reception coil

comprises 4 coll ponted on a disposable subsirate

6. The single-sided rug

ng apparatus of Claim 1, wherein the wdio frequency reception coil
comprises an array of radio frequency recepiion coils.
7. The single-sided magnetic imaging apparatus of Claim 6, wherein the array of radio frequency reception

cotls comprise a first cotl and a second coil, and wherein the first coil and the second cotl are decouplied.

3. The singic~sided magnetic imaging apparatus of Claim 6, wherein the array of radio frequency reception

cotls comprise a first coil and a second coil, and wherein the first coil and the second coil are positioned to receive

signals from rent directions.

9, The sin irst coil and the second coil

¢-sided magnetic imaging apparatus of Claim 8, wherein the

comprise different georetries.
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10, The single-sided magnetic imaging apparaius of Claim 6, wherein the array of radio frequency reception coils
comprise & first coil aund a second coil, and wherein the first coil aud the second coil are Jongitudinally-staggered

-

along the Z axis.

il

~sided magnetic imaging apparatus of Claim [0, wherein the first coil and the second coil

pattially overlap

12, The single-sided magnetic imaging apparatus of Claim 10, wheretn the first cotf and the second cotl are

tuned to different frequencies.

2

3. The single-sided magnetic inagiug appatatus of Claim 10, wherein the first coil is tuned o correspond to a

first frequency of the field gradient field at the location along the Z axis, and wherein the second coil is tuned to

match a second frequency of the field gradient at a secound location along the Z axis.

4, The single~sided magnetic imaging appawatus of Claim {, huther coreprising a housing comprising a
concave outer surface, wherein the permanent magnet is positioned within the housing, and wherein the field of

view is external 1o the housing and offset from the concave outer surface.

IS, A method of tuning a single-sided magnetic imaging apparatus comprising a permancni magnet, an
slectromagnet, a gradient coil set, a radio frequency transwmission coil, a radio frequency reception coil and a power
source configured 1o generate an clectromagnetic ficld in a region of interest, the method of tuning comprising:

3

d; and

accessing a field gradient 1o the eleciromaguetic £
adjusting a parameter of the radio frequency reception coil to target an imaging location within the field

gradient.

16. The method of Claim 15, wherein adjusting a parameter of the radio frequency reception coil to target an

imagiug location within the field gradient comprises repositioning the radio frequency transwission coil.

i7. The method of Claim 13, wherein adjusting a parameter of the radio frequency eception coil to target an
imaging location within the ficld gradient comprises adjusting a current supplied to the radio frequency reception

coil.

I8, The method of Claim 13, wherein adjusting a parameicr of the radio frequency reception coil to target an
H 4 F J

imaging location within the field gradient comprises relocating at least one electronic coruponent selected from a

group consisting of a varactor, a pin diode, a capacitator, an inductor, a MEMS swiich, a solid state rclay, and a

mechanical wlay.

19, The method of Claim 15, whercin adjusting a parameter of the radio frequency reception coll to target an
imaging location within the field gradient comprises tuning the radio frequency reception coil to a predefined

frequency based on the target avatony.
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20. The methed of Claiw 15, wherein the magnetic imaging appatatus comptises au array of radio frequency
reception coils, and wherein the method of tuming further comprises adjusting the coils in the array of radio

frequency coils to different frequencies.

fee
~3



