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Magnetic Resonance Apparatus and Method
FIELD
Embodimenis described herein generally relate o magnetic resonance
apparatus. More specifically, embodiments described herein relate to magnelic
resonance apparatus and methods inwhich a coil used for receiving magnetic resonance

signal also serves o provide a polarising quasi-static magnetic field.

BACKGROUND
Known magnetic resonance apparaius generate a static magnetic field using
gither a coil or a permanent magnet. The static magnetic field is intended o be
homogenous over a volume of inferest. A separate, electrically independent coll is used

{o detect a magnetic resonance signal generated in the volume of interest.

BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 llustrates an NMR system according to an embodiment;
Fig. 2 llustrates an aclivation sequence for coils used in an embodiment;
Fig. 3A illustrates spin polarisation under the influence of the fieid Bi}mpmm;;

Fig. 3B iHlustrates spin polarisation under the influence of the field 8, .

Fig. 3C illusirates spin polarisation behaviour following the application of the field

Fig. 4 shows a coupling circuitry for a dual use coll;
Fig. & shows ancther coupling circuitry for a dual use coll;

Fig. 6 illustrates a cross section of an axisymmetric simulation of a dual use coll

of an embodiment;

Fig. 7 shows the properiies of a material used in a magnstic core of an

embodiment;

Fig. 8A is a schematic Hlustration, showing right half cross-sectional view of an

axisymmelric NMR system according to an embodiment;

Fig. 8B is a 3-dimensional isometric projection of an NMR system according to

an embodiment;

Fig. 8C is a close-up view of part of the NMR system shown in Fig. 8a;
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Fig. 9A illustrates a dual use coil separated into multiple paris, according to an

embadimant;

Fig. 9B illustrates a circuit for connecting coiis L1 to L4 of a dual use coll

according to an embodiment;

Fig. 10A and 10B Hllustrate cross sections of a Z-dimensional axisymmetric
simulation of the safety exclusion zone for embodiments of the NMR system with (Fig.

10b) and without (Fig. 10a) a counter coil and a magnetic structure;

Fig. 11 is a schemalic illustration of an inferdigitated arrangement for the passive
cooling element 1010 and the magnetic structure 1020 of the NMR system, according to

an embodiment;

Fig. 12 is a schematic illustration that shows a cross section of the dual use coll

1110, according {0 an embodiment.

Fig. 13 shows a simulated temperature profile of the bed, magnetic structure and
dual use coil 1110 over the course of 7 measurement cycles, according o an

embadimant;

Fig. 14 illusirates the temperature distribution of the simulated NMR system

showrt in Fig. 13 at time = 2.725hr;

Fig. 15 shows the result of a simulation of coil sensitivity spatial profiles,

according to an embodiment;

Figs. 16a and 16b show the result of a simulation of the ioss of SNR of the NMR

signal using active noise cancellation, without and with a gap, respectively;
Fig. 17 iliustrates a magnetic struciure according to an embodiment,

Fig. 18a and 18b shows the eddy current back fisld resulting from the casing top
of the metal enciosure 1702, without and with a passive coil 1802, respectively,

according to an embodiment; and

Fig. 19 shows the eddy current back field resulting from eddy currenis
propagating in the casing fop of the metal enclosure below the dual use coll, in the
presence of a magnetic structure but in the absence of a passive colf, according {o an

embodimant,

DETAILED DESCRIPTION
According to embodiments there is provided a nuclear magnetic resonance coil,

configured to, in a first mode, receive at @ drive port and conduct a current for generating
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a stalic magnetic field in a space adjacent 1o the coil and, in a second mode, receive and
oulpul to a receive port a nuclear magnetic resonance signal generated in said space.

The first and second maodes are consecutive o each other.

in an embodiment the coil comprises a plurality of inductors, wherein all of the
inductors of the plurality of inductors are used when generating the static magnetic fisid
but only a subset or only one of the inductors of the plurality of inductors is used for
sensing an NMR signal. The pluralily of inductors may be discrelely provided or may

share the same winding core.

In an embodiment only a subset of induclors of the plurality of inductors or only
ong inductor of the plurality of inducters that are/is closest (0 a patient contact surface of
the coil and/or that is closest to a cenire line of the coil are/is used for sensing the NMR

signal.

i an embodiment the coil comprises a plurality of inductors that are electrically
connected in serigs for a DO current and slectrically connectad such that, during signal
reception the signal is not amplified by the plurality of inductors that do not form part of

the subset or only one of the inductors of the plurality of inductors.

in an embodiment the coil comprises an electric circuit electrically isolating the

drive port and the receive port from each other.

in an embodiment, the coil is dimensioned so a3 (o generale the siatic magnetic
field in a volume of inferest that permits acquiring nuclear magnetic rescnance (NMR)
signals throughout the depth of a torso or other body part of an adult human subject

located prone or supine on a face of the coil.

In an embediment, the NMR signals are magnetic resonance imaging (MR

signals.
I an embodiment, the electric circuit is a passive circuil.

According to another embodiment there is provided a nuclear magnelic
resonance coil, wherein the coil comprises a ferromagnetic core surrounded by windings
of the coll. In an embodiment, the nuclear magnstic resonance coll is a nuclear magnestic
resonance coll as hereinbefore described, i.e. a nuclear magnetlic resonance coil that is

configured to operate at the described first mode and the described second mode.

in an embodiment, an amplification of the NMR signal vollage received by the
coil is amplified by a factor of 20 or less, preferably by a factor & or less. Put in other

words, in this embodiment the amplification applied {0 a received NMR signal is low. This
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is advantageous in situation where the eniirety of the dual use coil described herein is

used for signal reception.

I ancther embodiment in which only a smaller portion of the dual use coil is used
for signal reception the NMR signal voltage received by the coll is amplified by a factor

of 1000 or more.
100 in another embodiment, the coll is non-resonant.
in another embodiment, itis used a standard amplified coil in MR

in ancther embodiment, the seif-resonance frequency of the coil is chosen so

that the highest Larmor fregquency 1o be observed is close to the self-resonance
frequency of the coil whilst maintaining & high sensitivity of incoming signal. In an

105 embodiment, the seif-resonance frequency of the coil is chosen so that the highest
Larmor frequency 1o be observad using the coil is no higher than 0.9 times, preferably

no higher than 0.8 times, the self-resonance frequency of the coll.

According to another embodiment there is provided a nuclear magnetic

resonance coll, comprising a patient side, adjacent {0 which a patient is {0 be located

110 during a magnetic resonance examination and soft ferromagnetic shielding on at least
cone side of the coil other than the patient side. In an embodiment, the nuclear magnestic

resonance coil is a coil as described hereinbeforea.

According tov another embodiment there is provided a nuclear magnetic
resonance apparatus comprising a slatic magnetic field driver, a receive chain and

115 nuclear magnetic resonance coil as claimed in any of the preceding claims.

In an embodiment the nuclear magnetic resonance apparatus further comprises

a static magnetic field coil configured to, when energised, generale a stalic magnstic

field substantially orthogonal o the stalic magnetic field generated by the nuclear
magnetic resonance coil in a region of interest of the apparatus and a driver for driving

120 the static magnetic field coil. In the embodiment, the nuclear magnetic resonance
apparatus is configured to adiabatically switch belween the stalic magnetic fisld
genarated by the nuclear magnetlic resonance coil and the siatic magnetic field

generaied by the static magnetic field coil.

in the embodiment, the region of inferest is located on a patient side of and at a

125 distance of 20 cm from a patient facing front face of the nuclear magnetic resonance coil.

in an allernative embodiment, the static magnetic field that is substantially

orthogonal 1o the static magnetic field gensrated by the nuclear magnetic resonance coll
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is not generated by a coll but is instead generaled by a permanent magnet thai does not
need o be selectively energised. It will be appreciated that, in this embodiment, the
130 prepolarising field is the sum of the siatic magnetic field gensrated by the nuclear
magnetic resonance coll and the stalic magnetic field generated by the permanent
magnel. In one embodiment, this sum may be dominated by the siatic magnelic field
generaied by the nuclear magnetic resonance coll to a degres that the summed field is
still substantially orthogonal to the static magnetic field gensrated by the permansnt
135 magnet. For sexample, the static magnetic field generated by the nuclear magnetic
resonance coil may be 200 mT in a predeiermined location in the coil’s volume of interest,
whilst the static magneltic field generaled by the permanent magnet may have a strength
of 1mT. In ancther embodiment, the static magnsetic field generated by the nuciear
magnetic resonance coil and the static magnetic field generated by the permanent
140 magnet have relalive sirength such that the sum of both fields are no longer substantially
orthogonal to the static magnetic field generated by the permanent magnel. For example,
the relative strength of the fields may be such that the sum of the fields is inclined by 45
{o 135 degrees relative o the direction of the stalic magnetic field gensrated by the
permanent magnet. in this example, the sum of the fields has a considerably higher
145 magnitude than the field generated solely by the nuciear magnatic resonance coil, hence
achieving a higher degree of prepolarisation. it will be appreciated that, even in this
example the magnetisation will precede around the dirsction of the siatic magnetic field
genarated by the permanent magnet during the acquisition of nuclear magneltic
resonance signal. As the geomelry of the nuclear magnetic resonance coil is unaffected
150 by the choice of a permanent magnet for creating the measurement static magnetic field

the nuclear magnetic resonance coil is equally sensitive to this signal.

According o ancther embodiment there is provided @ nuclear magnetic
resonance coif comprising a ferromagnetic core and coll windings wound around the

ferromagnelic core.

155 i an embodiment the ferromagnetic core comprises a plurality of contaching

ferromagnelic componenis that are slectrically insulated from each other.

I an embodiment the components are electrically insulated from each other by

an insulator extending in a radial plane thatl includes a longitudinal axis of the coil.

in an embodiment the coil system comprises a first coll as descrived above that
180 has a first diameter and a first longitudinal axis. The system further comprises a second

cell with 3 second diameter and a second longitudinal axis, wherein the first and second
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longitudinal axes substantially coincide and wherein the second diameter is larger than
the first diameter, the first and second coils arranged so that at a distance from the

longitudinal axis that is greater than the second diameter, the second coil generates a

185 field that counteracts the field generated by the first coil.

in an embodiment the coll system further comprises flux guiding components
arranged to guide the magnetic flux generaied by the second coil away from the

longitudinal axes.
in an embodiment the fiux guiding components comprise one or more or ail of:

170 a flux quiding plate amanged below the second coil and having footprint
contiguous with the second coil or protruding beyond the second coil either or
both of radially inwardly and radially outwardly;

a fiux guiding plate between the first and second coll, preferably adiacent
and radially inwardly of the second coil;

175 a flux guiding plate configured o extend in a deployed position from a
point at or beyond the maximum diameter of the second coil, in a radially outward
direction as well as in a direction from the first coll towards an region of interest.
in an embodiment the flux guiding plate that is configured to extend in a radially

putward direction as well as in a direction from the first coil towards an region of interest

180 is further configured to be moved © a stowed away position in which the flux guiding

plate no longer extends in the radially outward direction from the point at or beyond the

maximum diameter of the second coil.

I an embodiment the flux guiding plate that is configured to extend in a radially
outward direction as well as in a direction from the first coil towards an region of interest
185 is planar and is hingedly connected to the point at or beyond the maximum diameter of

the second coil.

in an embodiment the coll system is further configured, 1o energise and/or de-

gnergise the first and second coil simultanecusly.

in an embodiment the second coil has better sensitivily {o noise sources in the
190 far field than the first coil.

In an embodiment, the ferromagnetic material is ferrite.

In an embodiment preferred ferromagnetic materials include those that have a

resistivity of above 10770m and/or a relative permeability of > 100 andfor Q = my'/mu”
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of >10 or, more preferably of Q = mu/my” of »100. Any ferromagnetic materials having

185 any of the possible combinations of these properties are suitable for use in embodiments.

According to another embodiment there is provided a magnelic rescnance

method comprising generating a first static magnetic field in an area of inlerest using a

cell by applying a current through the coil, discontinuing application of the current flowing

through the coil, generating a second static magnelic field in the area of interest, applying

200 a radicfreguency magnetic field {0 the area of interest al & frequency based on the
strength of the second stalic magnetic field in the area of inlerest and receiving any

nuclear magnetic resonance signal generated in the area of interest.

In an embodiment the discontinuing of the application of the current 1o the coil

and the generating of the second static magnetic field is performed such that, in a region

205 of interest of @ magnetic resonance apparatus performing the method, an adiabatic
switching between a stalic magnetic fisld generated by the current flowing the coil and

the second static magnetic field is performed. It will be appreciated thal, in an
embodiment, this swilching is achieved by at least a partial overlap between a ramp-

down of the current flowing to the coill and a ramp-up of a current in a coll that generates

210 the second static magnetic fieid.

In an embodiment, the nuclear magnelic resonance signal is acguired

simuiftaneously with the application of the radiofrequency magnetic field.

According to an embodiment there is provided a nuclear magnetic resonance coil

system comprising a coll on a ferromagnetic core, wherein the ferromagnetlic core has a

215 plurality of spokes, each extending below the coil from a centre below the coil to a radial
end at a radial distance that exceeds a diameler of the coil, some or each spoke of the

plurality of spokes further extending upwardly from the radial end {o form an upwardly
extending part cutside of a maximum diameter of the coil. Gaps between the spokes

and/or between the upwardly exiending parts comprise a malerial that has a thermal

220 conductivity that exceeds the thermal conductivity of the ferromagnetic core.

In an embodiment the material that has a thermal conductivity that excesads the
thermal conductivity of the ferromagnetic core is further provided above the coil and/or

in a centre of the coil.

In an embodiment the coll comprises g longitudinal axis and a plurality of layers

XV
[R8]
o

stacked in the longitudinal axis and/or a plurality of windings adjacent each otherin a

radial direction, wherein the coil further comprises a material that has a thermal
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conductivity that exceeds the thermal conductivity of windings of the coil and/or the

thermal conductivity of the ferromagnetic core.

According to an embodiment there is provided a magnetic resonance system

230 comprising an first coll having a longitudinal axis and sensitive to radiofrequancy signals
emanating from a region of interest as well as to electromagnetic noise emanating

outside of the region of interest, the system further comprising a noise cancellation coll

having a longitudinal axis that substantially coincides with the longitudinal axis of the coil,

the noise cancellation coil sensitive to slectromagnelic noise emanating outside of the

235 region of interest; the system configured 1o sense noise emanating outside of the region
of interest and subtract it from signal received by the first coll using a predetermined

scaling factor.

i an embodiment a ferromagnetic shield positioned 1o reduce the sensitivity of

the noise cancellation coll to signals emanating from the region of interest.

240 in on2 embodiment a ratio of a sensitivity to background ncise of the noise
cancellation coll relative to the sensitivity to background noise of a coll used for sensing

NMR signals, such as the dual use coll, is desirable greater than one.

in an embodiment g ratio of a sensitivity to NMR signals of the noise canceliation
coil relative to the sensitivity 1o NMR signals of a coll used for sensing NMR signals, such

245 as the dual use coil, is desirable lower, desirably far lower than one.

In an embodiment a sensilivity of the noise cancellation coil {0 a far field noise

source is higher than a sensitivity of the first coil.

In an embodiment the system comprises a second noise canceliation coil. The

second noise canceliation coil has a sensitivity profile that allows sensing of noise in a

250 spatial area in which the noise canceligtion coil is insufficiently sensitive to allow
canceliation of noise detected by the first coil. Noise sensed by the second noise
canceliation coil is sublracted from signal received by the first coll using a second

predetermined scaling factor.

in an embodiment the predelermined scaling factor and/or the second

255 predetermined scaling faclor is a scaling factor determined using experimental
determination of the relative sensitivities of the first coil and the noise canceilation coil.

in another embodiment the predetermined scaling factor and/or the second
predetermined scaling faclor is a scaling factor determined using simulation to determine

the relative sensitivities of the first coil and the noise cancellation coil
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260 According to an embodiment there is provided a NMR system comprising a coil
configured to gensrate a time varving magnetic field, a conductive structure and a
passive coif located betwesn the coill and the conductive structure, wharein the
cenductive structure is located within a time varying magnetic field that would be
generaied by the coil in the absence of the passive coil, wherein the passive coil is

265 positioned in the time varying magnetic field so thal the time varying magnetic field
induces a curent in the passive coil, wherein the passive coll comprises a variable

resistance.

In an embodiment, the variable resistance is configured 1o present a resistance
to the coil that allows an eddy current to form and thereafter a higher resistance that

270 dissipates the eddy current.

I an embodiment, the variable resistance is configured to present an initial
resistance to the coil that allows an eddy current to form and thereafler a higher
resistance that dissipates the eddy current. In an embodiment the variable resistance is

graduaily increased from its initial resistance o the higher resistance.

275 According to an embodiment there is provided a method of operating an NMR
system comprising using a coil (o generate a time varying magneiic field, wherein a
passive coil is located between the coil and a conductive structure, wherein the
conductive structure is located within a time varying magnetic field that would be
generated by the coil in the absence of the passive coll, wherein the passive coll is

280 positioned in the time varying magnetic field so that the time varying magnetic fisld
induces a current in the passive coll, the method comprising varying the resistance of
the passive coil to dampen or stop an eddy current flowing in the coll after the eddy

current has developed.

in an embodiment, the variable resistance is configured {o present an inilial
285 resistance o the coil that allows an eddy current to form and thereafter an open circuit
that prevents eddy current flow in the passive coil. Preferably a voltage limiling circuit

that allows the energy stored in the passive coll 1o dissipate is also provided.

In an embodiment there is provided a method of operating any of the above

described coils or systems.

280 According o ancther embodiment there is provided a nuclear magnetic
resonance coil or a method of operating the nuciear magnetic resonance coll, the nuclear

magnetic resonance coil configured (o allernately generate a static magnetic field and io
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receive nuciear magnetic resonance signals, the coil comprising a conduclor and a

cooling arrangement configured (o flow cooling fluid past the conductor.

295 I an embodiment, the conductor is provided in a fluid conduit and wherein the

coil is arranged to flow the fluid through the fluid conduit.

in an embodiment, the coll comprises a pump that pumps the fluid through the

conduit.

in an embodiment, the conducior is a tube and wherein the fluid flows inside of &
200 lumen of the tube.

in an embodiment, at least a part of the conductor is placed in a fluid tight

container comprising the fluid.

in an embodiment, the conductor forms windings, wherein the windings are

spaced apart from each other, so that the fluid can circulate between adjacent windings.

305 it was realised that, in known magnetic resenance apparatus, numerous coils
compeate to maximise the field strength generated in a volume of interest or (o maximise
their sensitivity to magnetic resonance signal generated in the volume of interest
respeciively. In the following, a magnetic resonance apparatus thal mitigates this
competition for magnetic or slectromagnetic access 1o a volume of interest by using a

310 single coil for the purpose of generating a pre-polarising static magnetic fisld in a volume
of interest as well as for sensing magnetic resonance signal generated in the volume of

interast is disclosed,

Figure 1 illustrates an NMR system 100 according to an embodiment. The NMR

system 100 comprises a dual use coil 110 for creating a static magneiic field, B,

Yprepolarise”
315 This field is shown 1o exiend in the vertical direction in Fig. 1, although this is not
essential. As is described further below, the dual use coil 110 can be energised and de-

energised so that the figld B, can be activated and deactivated accordingly.

prepolarise

The system 100 further comprises twe coils 120 and 120, The coil 120 also

generates a siatic magnstic field, By,

measureme

e As can be seen from Fig. 1, this field
320 exiends substantially orthogonally to the field Bgmmmm. As is the case for dual use coll
110, the coil 120 can be energised and de-energised so thatthe field B, can

be gctivated and deactivated accordingly.

The coil 130 creates a 5, radio frequency (RF) magnetic field at the precession

frequency generated by the field B,

Ymeasuregment”

The B, field exiends substantially
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orthogonally o Bommamas well a5 to the field B, As is also the case for

Ymeasurement”

known NMR RF coils the B, field can be activated and deactivated.

The dual use coil 110 and the two colls 120 and 130 are configurad so that the

magnetic fields B, B and B, are generated in a space occupied by

OT.“»EGSHTE‘?TLG?!K

an object 140, such as a patient, that is to be made the subject of the NMR measurement.

330 In an embodiment, Bammmme may vary between about 50 mT and about 300
mT within the space 140 In an embodiment, 8, may be about 1 mT within the

space 140. In an embodiment, B, may be about 2 mT within the space 140,

Whilst a particuiar configuration of the system 100 is shown in Fig. 1, the spatial

arrangements of the magnet and coils shown in Fig. 1 is not essential. in the illustrated

335 embodiment the generated magnetic fislds are substantially mutually orthogonal to sach
other. In ancther embodiment the directions of the two fields are aligned. It will equally

be understood that, whilst dual use coil 110 and coils 120 and 130 are illusirated in Fig.

1 as being spaced apart by gaps, theses gaps are only shown for illusirative purposes

and that any or all gaps shown may be omitled in a physical implementation of the

3440 iliustrated system 100 or that some or all of the dual use coll 110 and coils 120 and 130
may instead be provided in a single unit. In one example, the coils 120 and 130 may

form part of a single prinied circuit board (PCB).

Fig. 2 illlustrates an aclivation seguence 200 for the dual use coil 110 and coils
120 and 130. Figs. 3A) to 3C) Hlustrate the changs in the state of the polarisation vectors
245 resulting from the various state of the fields applied. In an initial step 210, the dual use

coll 110 is energised so that the Bﬁmmlame field is generated as shown in Fig. 3A). The

duration for appiying the fisld ngrepomise can be chosen to accommodale desired

imaging parameters. For example, if generating T1 contrast is 1o be avoided, then the

field B{,pmwwm may be applied for a duration that exceeds the longest T1 expected in a

350 sample 1o be investigated. If T1 contrast between different spin species is 10 be

generaied then Bommwm is applied for a duration that is smaller than the T1 relaxation

time of one spin species but larger than the T1 relaxation time of the other spin species.
As is well known, a static magnetic field applied to spin species causes the magnetisation
to form as Hiustrated by the arrows shown in Fig. 3A). In a step 220, the dual use coll
355 116G is deactivated and the coil 120 is aclivated. As discussed above, the respective static

magnetic fields B{,mpmm and By ... Ccreated by the dual use coil 110 and the coil

120 extend substantially orthogonally to each other. The deactivation of the dual use coli
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110 and the activation of the coil 120 take place in a short timeframe, in particular in a
time t« T;, wherein T, is the shorfest longiudinal relaxation time associated with either

360 {as T1 is a function of field intensity}, so that the polarisation

“Oorepolarise “Dmeasurement

generaied by the field B is transferred 1o the horizontal plang in alignment with

(J'prepalarzse

The switch of the magnetisation from alignment with the field ng to

Umeasurement rrepolarise

alignment with the field B, is shown in Fig. 3B} and takes place without
precessing, so that the constituents forming the net magnetisations remain in phase with

365 each other. This is known as an adiabalic pulse/transfer/swiich,

As the dual use coil 110 is de-energised at the end of step 220 it can now be
switched o a receive mode in step 230. In an embodiment, once the dual use coll 110
is in receive mode the RF B, field can be applied in step 240. This tills the magnetisation
veciors towards a plane that is substantially orthogonal o the direction of the fisld

370 with magnetisation precessing about the direction ofthe field 8, .

Umeasurement

as shown in Fig. 3C). As the dual use coil 110 has created a field in the direction shown
in Fig. 34}, the dual use coll 110 is sensitive 1o the precessing magnetisation vectors
shown in Fig. 3C), so that the dual use coil 110 can be used to detect the magnetic
resonance signal generated in this manner. By using an eleciromagnet for generating

375 the By .. field, the intensity, direction and duration of the prepolarising field can be

altered by changing the current applied o the dual use coil.  This allows measuring
different T1 weighted MR signals in combination with gradients, providing imagss that
have an intensity variation corresponding o the longitudinal relaxation time T1 of the
tissue that gives rise to the magnetic resonance signal. In one embodiment, the
380 prepolarising field is applied for a time thal exceeds the expected T1 in the tissue, 50
that the acquired signal is maximised. Conversely, in another embodiment, the
prepolarising field may be applied for a shorter period of time. This comes at the cost of
signal intensity but also reduces the time required for longitudinal relaxation, providing
the ability lo perform subsequent prepolarisation and associated imaging steps more

385 rapidiy than would be possible if the prepolarising field was activated for longer than T1.

in another embodiment, images are acquired for different current amplitudes
being used in generaling the prepolarising field. With the resulting variation in the
intensity of the prepolarising fisld between images, the image contrast also varies

between images as a function of T1.
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The difference in the respective populations of the n” and n* spin states of a
nucleus with spin % at a given field strength B, and a given temperature T can be

expressed as:

n- —AE =Y#By
@ KT g KT
gt

-~

where AF is the energy difference between two nuclear spin stales, v is the
gyromagnetic ratio of the spin and & is the reduced Planck constant it will therefore be
appreciated that, al a constant temperature, the difference in spin population increases
with increasing static magnetic field strength B,. An increasing difference in the spin
populations means that a greater net magnetisation is available for the generation of

magnetic resonance signal.

The coil of the dual use coil 110 can carry a considerably higher current than coil

120. As a result, the pre-polarising fisld B, has a higher field strength than the

larise

measurement field B, . As aconsequence, the difference in the spin population

|4

states whilst the spins are at steady state in the fisld ngrmmme is larger then the

difference in the spin population stales whilst the spins are al steady stale in the field

Fut in other words, a sample subjected o B, provides larger net
prepotarise

Umeasurement

magnetisation than a sample subjected o B,

Ymeasuregment”

The above said, a change in the differences in spin population siates that inevitably

occurs when switching the slatic magnetic field from B, By 88
prepul..),r 18e measurement

discussed above with reference 1o step 220, is not instantaneous and is, insiead,
characierised by the longitudinal relaxation time T,. It will conseguently be undersiood

that the advantages achieved in net-magnetisation at the Hommmm field strength is

retained for some time after having switched the static magneticfieldto 8, . a&s

discussed above with reference 1o step 220. it is this advantage that allows obtaining

higher signal strength from exposing the spins 1o By

neasurement

than would normally be
available from spins exposed to By in a steady state. Consequently, NMR

measuraments can be underfaken using a B, field with a resonant frequency determined

DY By o cremens: 1OF & time following the switching from B , thatis

Sprapoiarise © DOmensuremen
governed by the 7, relaxation time of the spins. The small normof B, of ~1mT
aflows the B, . magnelic fied to have a low absclute inhomogenity, but a large
relative inhomogeneity. Consequently, loss through signal dephasing in there herein

disclosed projected field configuration can be avoided. This aliows for the nomm of the
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longitudinal magnetization 1o be proportional o the norm of B and not

(J'prepalarzse

.. which can be made arbitrarily smaill, as long as the adiabatic switching is

Omensuremen

made within a period much shorter than 7;, and for the frequency of precession/signal-

425 readout to be chosen to be propottionat to &, . ltis desirable for the adiabatic
switching 1© be completed as quickly as possible, albeil without viclating Peripheral

Nerve Stimulation regulations. in one embodiment, the adiabatic switching from

10 By vcremens: 15 fiNished in a time frame that is less than the shoriest

B{’prepoim‘ise
longitudinal relaxation time T, of all of the spin species from which NMR signal is 1o be
430 acquired. Adiabatic swilching bebtween the two fislds may involve a gradual reduction of

the field B accompanied by a gradual increase in By in one

(J'prepoiaﬂ'se ent”

embodiment NMR signals are acquired from the point in time where Bﬁm‘mlarisc has been
fully ramped downand By has been fully ramped up for a period of time thatis

shorter than the shortest longitudinal relaxation fime T, of all of the spin species from
435 which NMR signal is {o be acquired. In another embodiment NMR signals are additionally
acguired after the shortest longitudinal relaxation time Ty of ali of the spin species from
which NMR signal is 1o be acquired has passed and until the end of a longer or of the
longest longitudinal relaxation time Ty of ancther species of spins of the spin species
from which NMK signal is to be acquired. Thereafter, a further measurement cycle can

440 be started by re-activating the field BGWWMSE {0, again, prepolarise the spins 10 be

examined.
in an allernative embodimant the field switching is not adiabatlic. Instead, the field

is reduced to 8 non-zero valug in a timeframe that does not allow for a re-

Oprcpoiarise

distribution of the spin distributions generated at the full strength of Bomvemw. Once

445 the field By .. 15 sufficiently small, for example 10% of ds full strength, By

repolarise

is activated rapidly, whilst ngrmim_m is deactivated eguaily rapidly. In this manner, the
magnitude of the magnetisation generated through B, is not only maintained but

the magnetisation aiso starts precessing about By . without the need to apply a

Byexcitation pulse.
450 Fig. 4 iHustrales an example of a network 500 that can be used for connecting
the dual use coil 110 of an embodiment to a prepolarising driver 570 for generating the

prepolarising field B and, allernalely, switching the dual use coil 110 inlo

C‘prepalarzse
receive mode. As can be seen from the figure, the network 500 does not comprise any

active component and instead is a passive network.
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455 The connection 510 o the prepolarising driver comprises two pairs of cross-
coupled diodes 520 connecied between each terminal of the dual use coil 110 and &
respective port {0 the prepolarising driver. Also provided is a capacitor 540 across the
terminals leading to the port for the prepolarising driver. The capacior 540 forms a low
pass filier with a cut off frequency below the frequencies of magnelic resonance signals

460 the system 100 is designed (o generaie or receive o prevent higher frequency signals
that may be generated by the driver 570 from propagating to the coil 110, In an
embodiment, this low pass may be omitted if no high frequency is expecied to come from
the driver 570 and the port’s inpul impedance is sufficiently high to avoid changing the
rasonance behaviour of the coil 110, In this manner, whilst direct currents can be

485 provided to the dual use coll 100 from the port connectable 1o the prepolarising driver via
the dicdes 520, magnetic resonance signals are also prevented from leaking to the
prepolarising driver. The cross-coupled diodes 520 moreover permit signais with
amplifudes higher than the dicdes’ threshold voltage {o pass {i.e. the signals creating

3, whilst blocking lower amplitude signals, such as received magnsetic

)OPTBpoiarise
470 resonance signals and creating a very high impedance path / filter when the coil is in

reception mode, removing or at least miligating noise generated by driver 570,

On the receive side 550 two capacitors 560 prevent direct current and large DC

veltages applied to the dual use coll via the connection/network 510 from being applied

{0 the receive chain 580. In a further embodiments further cross-coupled diodes may be

475 provided o connect the lerminal of each of the two capacitors 560 that is connected to
the receive port to ground. In this manner, whilst low amplitude magnetic resonance

signals received using the dual use coll 110 would progress o the receive port, any

higher amplilude signal spikes that may be caused by a prepolarising current applied to

the dual use coil 110 or by the currents swiiching flanks, is conducted to ground.

430 Fig. 5 illustrates ancther example of a network 700 that can be used for
connecting the dual use coil 110 of an emboediment © a prepolarising driver 710 for

generating the prepolarising field ng and, alternately, switching the dual use ol

repolarise
116 into receive mode and permitting NMR signals received by the dual use coil 110 {o
be transmiited o the low noise amplifier 720. The dircuil llustrated in Fig. & also oniy
485 comprises passive componenis. As shown in Fig. 5, the circuit comprises diodes 730.
Whilst single diodes are shown connected {o the terminals of the prepolarising driver 710
in an alternative embodiment a pair of cross-coupled dicdes may instead be provided for

each terminal in the manner illustrated in Fig. 4. Each of the two further diodes 740
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comprises a parasilic capacitance. The total capacitance presenied to the dual use coil
480 110G determines, together with the inductance of the coil 110, ils resonance frequency. it
is desirable in the embodiment 1© ensure that the resonance frequency of the colt 110 is
above but does not ocour at or near the NMR frequencies that are o be observed. The
capacitor C2 is in series conneclion with the parasitic capacifances of the diodes 740,
thereby presenting a low overall capacitance to the dual use coil 110, This resulis in &

485 high resonance frequency of the coil 110,

The dicdes 730 and 740 present a high impedance to NMR signals received by
the dual use coll 110, to present signal leakage into the prepolarising coff driver 710, In
an alternative embodiment, the diodes 730 can be replaced by inductors, depending on
the desired cut-off frequency of the network connecting the prepolarising driver 710 with

500 the dual use coll 110, In an alternative embodiment the dicdes are replaced by a paralisl

LC tank circuif that is funad 1o the operational frequency.

As will be appreciated from the above, the passive isolation of the prepolarising
driver from the receive chain and vice versa is possible because of the difference in
operating frequancies of the two branches as well as the different signal amplitudes used

505 {which intrinsically turn the dipde switches on and off).

The use of coil 110 under reception mode, past the passive switch (i.e. the DC-
blocking capacitors and the dicdes protecting the reception stage) can be interfaced with
any normal reception glectronics desired, depending on frequency. This is because in
an embodiment where the nodes of the coil only touch the cross-coupled diodes and the

510 DC block capacitor, the coil acts substantially as any other reception coil in NMR/MRI,
and can therefore bhe uned and matched, made resonant at one or more frequencies or

simply connected directly 1o an amplifier, for example.

in another embodiment, the diodes 730 and 740 may be replaced by simple

active swilches that can interrupt the connection of the driver 710 from the coil 110
815 Magnefic core of the dual use coil

Fig. 6 illusirates a cross section of an axisymmetric simulation of a dual use coil
11C of an embodiment. The dual use coil 110 of the embodiment is rotationally symmetric
about an axis that coincides with the ordinate of Fig. 8. it will consequently be appreciated
that only the rightmost half of the cross-section of the dual use coil 110 is shown in Fig.

520 §. The dual use coil 110 comprises windings 610, forming a solenocid coil. Further
provided is a magnetic core 820 at the centre of the solencid. in the embodiment, the

magnetic core is cylindrical. Also shown in Fig. 6 are the resulls of a simuiation of the
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static magnetic field B, generated by the dual use coll 110, In this simuiation,

the magnetic core 820 is comprised of a ferrite compound. High B values (approx. 0.5T)
525 show the rough outline of the ferrite material. Current density in the coll windings is shown
on the inset image, highlighting the cross saction of individual copper windings. In one
embodiment the individual coll windings are themselves made of a litz cross-sactionlitz

Wirs,

This magnetic core 620 acts as a flux concentralor for concentrating the magnestic

530 flux generated by the solenocid 610 in the area 830 to be occupied by a patient during
use and in particular in the field of interest 640 up {0 approximately 20 om above the

upper surface of the dual use coll 110, The magnetic core 620 has a high magnetic

permeability to both the guasi-static magnetic field ng and to high frequency

repolarise
magnetic fieids generated in the region of interest 630 during use of the dual use coil
535 116, It will be appreciated that the frequency of the magnelic resonance signals
generated in the region of interest 630 is dependent on the sirength of the magnedtic field

By The strength of the field By

reasurement’?

pasirement” in turn, depends on the geometry of
and the current applied to the coil 120, In one configuration, the frequency of the
magnetic resonance signal may be on the order of 200 kHz, although different centre-
540 frequencies can also be imagined. In one embodiment, & cenire frequency of about

40kHz may be used.

If the iosses generated by mu' /mu” are of a lower order of magnitude as those
infroduced by the coil resistance R, wi/R (i.e. in the absence of the magnatic core), it
increases the overall Q-value of the dual use coil for the magnetic resonance signal

545 frequancy range. The choice of the material for the magnetic core 620 is consequently
imporiant. In one embodiment, the magnetic core 820 is made of a soft ferromagnetic
material, such as ferrite, for example Ferroxcube 3¢95. Fig. 7 shows the real and
imaginary permeability, u’ and g’ respectively, of this material. The real permeability ¢/
coniributes to the inductance achievabie with a coil using the malerial as its core and the

550 imaginary permeability ¢ contributes o the magnetic losses of the material. As such,
the material is chosen to maximise real permeability ¢’ whilst keeping the imaginary
permeability 4" low over a frequency range from 0 Hz to the maxdmum freguency of the
NMR signal that is to be received using the coil. It is, moreover, desirable for the
saturation field of the malerial {o be higher than the field generaled at the coil core/in the

555 material, when Hgmpomm is generated at 8 predetermined point in the volume of

interestitarget volume. The conductivity of ferrile may be sufficiently low o not carry
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eddy currents or only eddy currents with a small amplitude. Consequently, the amount
of induction losses suffered during reception is limited in this embodiment. In one
embodiment eddy current flow within the ferrite is further reduced by segmenting the
5840 ferrite into a plurality of smaller parts that are elecirically insulated with respect to sach

other,

The use of the magnetic core 620 supports a strong field amplification of the

magnetic field used for polarization. The resulling increase in 8 increased the

Oprepolarise
available magnetic resonance signal lingarly, as will be appreciated from the discussion
565 above. The presence of the magnstic core 820 moreover increases the receive
sensitivity of the coil 610, This in tum improves signal reception without appreciably
increasing noise in the signal. In one embodiment, this technique is used together with
other MRI-required peripherals {e.q. gradient coils) with the effect of the core on the
gradient magnelic fislds being either accounted for in design or post-processing or with
570 their sffect being counterad by corrective procedures (2.9, a shim-like procedure for the

gradient fields).

By using a core the magnetic fisld generated by the coll (or ils sensitivity to
magnetic resonance signals) can be direcied towards a desired volume of inlerest.
Conversely, it allows o prevent field being generated in areas outside of the coil that are

575 of no interest to the magnetic resonance measurement or that may even be a potential
scurce of interference. The core may therefore be used 1o shape the magnetic
field/sensifivity of the coll and be used as or expanded {o act as a magnetic shield. In
this manner, the prepolarising field can be directed only toward the patient/designated
measurament volume of the coll, therefore reducing potentially hammiul or at least

580 undesirable fringe field in the rest of an examination room.

It will be appreciated that, whilst a particular geomelry for coll 810 and magnstic
core 620 are shown in Fig. 8, these geometries are not essential and other coil and core
geometries may instead be chosen. More generally, but without wishing o be bound by
theory, the magnetic core 620 advantageously is located at a distance from the field of

585 inferest 640 that is less than the largest dimension of the receive coll (i.e. the coil
diameter in the Fig. € exampie). In this manner, an amplification of RF sensitivity can be
achieved in the field of interesi, when compared o a coil of equal geometry but omitling
the ferromagnetic core. In other embodiments, the shape of the magnetic core may be
non-cylindrical. For example, in one embodiment, the core may have a frustoconical

580 shape, with a smaller one of the twe circular faces of the frustum facing the volume of
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interest. In other embodiments, the core shape is not symmetrical or not rotationally
symimetrical. In one embodiment, the shape of the core is irregular and may have been
chiained as the result of a numerical design oplimisation process of the core and/or coll
shape 1o maximise the magnetic field strength per unit sqrt\Watt achieved by the coll and

585 core combination in a volume of interest.

in addition to the magnetic core 820 shown in Fig. 6, in one embodiment the dual

use coil 110 further comprises a shield 850. In the embodiment shown in Fig. 8, the

shield is provided such that it surrounds the solenoid 810 and the magnetic core 620 on

all sides that are not facing the region of interest 630, 1.e. a region on which a patient

500 may be placed for nuclear magnelic resonance examination. In this manner, leakage of
fringe magnetic fields can be supressed. The shield 850 can be made of sof
ferromagnetic material. Although Fig. 6 lllustrates a shield that is a continuous structure,
surrounding the solenoid 610 on three sides, it will be appreciated that this structure is

not essential. instead, the shield 650 can be provided on fewer sides, for example only

805 on the side of the solencid 810, that is opposite the region of interest 630 or only on one
or more sides surrounding the solencid 610, In another embodiment, the shield 650 can

be made of mulliple parts that are sither joined to each other or held in a fixed relationship

relative 1o each other by means of fixing elements, withoul, however, fixedly joining
individual componentis of the shield 650 direclly to each other. Simullaneously, the use

510 of the magnetic core below and o the side of the reception coil alsc created a directional
selectivity of the signal, projecting the fisld inte a predetermined volume of interest where

only field lines coming from dipoles roughly above the coilin the volume of interest

manage to creaie a flux variation in the centre of the coll and therefore induce a vollage

in the coil. This can be undersiooad through the reciprocal field of the coil. A coil creating

615 a negligible field in a location will also mean a dipole in that location cannot induce an

appreciable voltage in the coll, for the same dipole amplitude.

In ancther embodiment, a further, thinner shield is provided surrounding the
shield 850 shown in Fig. 6 to the sides and below. This further shield further reduces
stray fields outside of the volume of interest and increases the safety of the system. In

620 cone embodimeant, this further shield extends vertically higher than the patient facing face
of the coil 110, so that stray fields 1o the side of the volume of inferest are also shielded.

in one embodimeant, the further shigld is detachabls from the coit 110 andior shield 850.

in portable NMR systems, magnetic shielding is especially important as there is

less control over the surrounding environment.  Many jurisdictions impose a safely
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exciusion zone around operating NMR systems. This zone is typically defined by the
contour at which the fringe field has decayed 0 5 Gauss (0.5 mT). Legislation aside,
magnetic fisld strengths greater than 5 Gauss can adversely affect surgical implants,

such as pacemakers, which is, of course, undesirable.

Embodiments of the NMR system which make use of eleciromagnetls, as
830 opposed 1o persistent superconducling magneis or permanent magnels, are
advantagecus because they do not have a fringe field in their de-energised state. This

facilitates transportation.

Fig. 8a is a schematic llustration, showing half a cross-ssctional view of an

axisymmetric NMR system according to an embodiment. The NMR system 700 includes

535 a dual use coil 710 with a magnetic core 770, a counter coil 720, an active noise
cancellation (ANC) coil 730 and a magnetic structure 760, In the embodiment shown,

the NMR system 700 further includes a bed 740 upon which a patient {o be tested can

lie within the image volume 750, Fig. 8b shows a 3-dimensional isomelric projection of

an NMR system according to an embodiment, similar to that shown in Fig. 8a but

540 comprising flaps 7800 that extend along part of the lengih of the patient bed, with a
patient’s head positioned in the central field of the dusal use coil 710, Fig. 8¢ shows a

close-up view of part of the NMR system shown in Fig. 8a. As shown in Fig. 8a, the

ceniral part of the magnetic 770 core is hollow in approximately the lower half of the

core’s thickness. Providing a high permeability material in this area provides little or no

545 benefit {0 the operation of the dual use coll but would add undesirable weight. In one
embodiment this space is filled with a material that has a thermal conductivity exceeding

that of the material of the magnetic core 770.
Duai use coif 710

As has zlready been set oul in detail above, the dual use coil 710 Is operated

&850 under DC conditions for prepolarisation and under AC conditions for receiving the NMR
signal. However, since the optimal parameters Tor a coil for prepolarisation and for
receiving the NMR signal can differ, the dual use coll 710 is separated info muitiple parts

(L1, L2, L3, L4 and LS) in one embodiment, as shown in Fig. 8a.

Fig. Sb illustrates a circuit for connecting the paris L1 to L4 of ancther dual use

855 coll 710 to a power supply and to a preamplifier respectively. The dual use coil of Fig. 8b
does not comprise LS. However, the inductor L5 of the dual use coll ilustrated in Fig. Sa

is connected in the same manner shown for inductors L1 to L3 in Fig. Sh. The circuitry

in Fig. 8 is connected {0 a power supply (not shown) via an anti-noise circuit. Anti-noise



WO 2023/192668 PCT/US2023/017300

21
circuils are known fo the skilled reader, for example from Fig. 8 and the accompanying

8560 description of US48908821 (the entirety of which is incorporated herein by this reference).

I some embodiments, each coil (L1, L2, L3, L4} comprising the dual use coil 710
has comparable parameters (e.¢., radi, winding tums, material, etc). I will be
appreciated that the invention is not so limited and that, alternatively, some or all of the
coils may have different parameters, such as different radii, different thickness along

865 their axis of rotational symmetry, different number of winding turns, different materials.
in addition, the height of individual windings/wire thickness can differ within a coil. Htis
moreover emphasised that, although dual use coils with four or five sub-colls are shown
i the embaodiments, the invention is not 3o limited and instead a different number of sub-

coils may be used o form the dual use coil.
870 DC operation

As shown by the circuitry in Fig. 8b, each coil {11, L2, L3, L4} is connected in
series via respective diodes (D1, D2, D3) so that a DT current can pass through each of
the coils. The coils (L1, L2, L3, L4) can therefore function o generale the siatic
prepolarising field. The mutual inductive coupling between colls (L1, L2, L3, L4},

875 depends on the coil design, but is typically strong. For the purposes of DC operation the
capacitors C1 to C8 can be considered to have a high impedance or even represent an

open circuit.
AC gperation

For AC operation, the impedance of the diodes 1o the very small signals received

680 by the induclors is of such magnitude that they can be considersd substantially non-
conductive. As will be clear to the person skilled in the art, for AC operation, the circuit

shown in Fig. Bb is reduced to a circuit whereby each inductor (for example L4) is
connected in series with two capacitors (T4 and C5 for conductor L4} on either end

thereof and where the four resulting series CLU circuils are connected to each other in

585 paraliel. This parallel connection ensures that the effective inductance of the dual use
coit 710 during AC reception is far lower than its effective induciance during DC
operation. This increases the self-resonance frequency of the coil but doss not reduce

the sensitivity of the receive saction even when the diodes are open.

For the purpose of receiving the NMR signal, a part of, or a whole of, one of the
580 colls {e.q., L4) is used. A capaciior {not shown) is connected in parallel with this coil in

order to une i {0 a resonance at the operation frequency. This tuning requires the self-
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resonance of the dual use coil 710 be greater than the operation freguency. Meeting

this reguirement is within the capabilities of the skilled reader.

The NMR signal received by the coll {i.e., L4) is then fed through DC-blocking

885 capacitors to a preamplifier. Optionaily, the preampilifier is noise-maiched and the NMR
signal is further fed through a filtering network and/or a blanking switch. In one
embodiment, a swilched damping or detuning circuit is connacted between the common

node of capacitors (C1, C2, C3, C4} and the common node of capacitors (C8, C8, C7,

8} o shorten ringdown of currents induced in the coils (L1, L2, L3, L4} during excitation

700 puises,

A part of or a whole of, one of the colls {e.q., L3} can also be used for excitation.

if the same part of the coll is used for excitation and for sensing (in the iHustrated example

L4}, a T/R switch is connected o the same port of the coil (i.e., L4) after the DC-blocking
capacitors and a controlier is used to control a reverse bias applied to the diodes fo

705 ensure that conduction during excitation pulses is minimised. In a different embodiment
a different part of the coils is used for excilation than is used for receiving and circuibry

that isolates a transmitter chain from the coil in a receive mode and circuitry that isclales

a preamplifier from the coll in a transmit mode are provided. In an alternative embodiment

circuits that actively cancel transmit signal that has leaked inte the receive chain is used

710 {o isclate the transmit chain and preamplifiers.
Counter coil 720

In some embodiments, the NMR system includes a counter coil 720 to reduce
the magnelic foolprint of the dual use coil 710 by compensating for the fringe field
generated by the dual use coil 710, In the embodiment shown in Fig. 8a, the counter

715 coil 720 is wound concentrically around the dual use coll 710,

Preferably, the magnetic dipole moment of the counter coll 720 is configured to
be the same or similar to that of the dual use coil 710, albeit of opposing sign. This can
be achieved through conirol of the radii and number of windings. In some use cases,
however, the upper Hmil for this radii is limited by physical constraints {e.g., available

720 space). The counter coil 720 is then able to, at least partially, cancs! the fringe magnetic
field generated by the dual use coll 710 when egual and opposite currents are supplied
{0 the coils 710, 720.

I some implementations, the magnetic Tield profile of the dual use coll 710 varies
with time. Preferably, the magnelic field produced by the counter coil 720 exhibits the

725 same time-varying profile in order to effectively compensate for the fringe field. In one
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embaodiment, the dual use coll 710 and counter coll 720 are conneciad in series 5o that
the current amplitude supplied to each coil at any given time is identical. In such
implementations, the input power is divided betwesn the coils 710, 720 in dependence
on their relative resistances. As signal quality improves with larger magnetisations, the
730 resistance of the counier coil 720 is, preferably, minimised so that the power drawn by
the dual use coil 710 can be maximised. In one embodiment, the wires used for the
windings of the counter coil 720 have a larger cross section than those of the dual use
coll 710, thereby reducing the counter coff resistance. in an allermative embodiment, the
counter coil 720 has fewer windings than the dual use coil 710 o reduce ifs resistance.
735 in another embodiment, the counter coil 720 has fewer windings and a larger wire cross

saction than the dual use coil 710.

in one embodiment, the counter coll 720 and dual use coll 710 ars concentric
with one ancther se that their dipole vectors coincide. The coils 710, 720 may have the
same or different shape, when viewed in plan. For example, they may be circular,

740 poivgonal or the like.

it is further desirable that the region of interest 750 be shielded from the magnetic
field generated by the counter coil 720 so as not 1o reduce the prepolarising field for the
measurament. Embodiments of the NMR system include a magnetic structure 760 which

is configured fo shape the magnetic field prefile of the counter coil 720 in a way that

=4
N
o

guides the flux away from the region of inlerest 750, Further delails of the magnelic

structure 760 are provided below.
Magnelic structure 760

The magnetic struclure 760 comprises various components that magnetically

couple to the magnstic core 770 of the dual use coll 710, As will be understood, the

750 magnetic structure 760 concentrates magnetic fiux within iis volume, thereby influencing
the paths of fiux lines in other parts of the NMR apparatus, the field of view or free space.

As discussad above, the counter coil 720 is configurad to generale a static magnetic field

that, in the fringes of the stalic magnetic field generated by the dual use coil 710, is

substantially equal and opposite 1o the static magnetic field generaled by the dual use

=~
(93]
o

coll 710 o thereby cancel or at least reduce the fringes of the static magnetic field
generated by the dual use coil 710. By providing a low resistance magnetic flux path, in
particular through the plate 760a shown below the counter coil 720 and the flap 760b
shown on an outside of the counter coll 720 when viewed relative {o the region of interest

750, the flux lines generated by the counter coill 720 are focused towards and ouiside of



WO 2023/192668 PCT/US2023/017300

24

760 the counter coil 720 when viewed relative to the region of interest 750 (RO1Y/imaging
volume. In this manner, the counter coil 720 can produce a field that reduces/counteracts
the fringe field gensrated by the dual use coil 710 whilst the negative/destructive
influence of the field generated by the counter coil 720 in the ROI is reduced o an

acceptable level.

765 in an embodiment, the magnetic structure 780 further comprises an upper casing
760¢ that helps in reducing the generation of a stalic magnetic field below it, one or more
casing sides 760d and/or an annular inner magnetic structure 7602 provided on an inside
of ANC coit 730, Individual use of any of components 780a to 760e in the absence of
any of the other components 780a to 780e is expressly contemplaled. Moreover, il is

770 expressly contemplated that componenis 780a and 760b are used in combination with
each other as described above bul without components 760 to 760e. In an embodiment,
coemponent 780¢ connects the magnetic core 770 {o the other componenis of the

magnetic structure 760.

Fig. 8¢ shows a further beneficial modification 1o the magnetic struciure 760 of
775 an embodiment. As shown in Fig. 8¢, a further annular core 780f is provided inside of
the counter coil 720, This further annular core 780f serves o further reduce the field

strength produced by the counter coil 720 in the ROL

Fig. 10a and 10b illustrale cross sections of a Z-dimensional axisymmetric

simulation of the safety exclusion zone (as defined by the 5G or 0.5mT contour) for

780 embodiments of the NMR system with (Fig. 10b) and without {Fig. 10a) the counter coil
720, In Fig. 10a, the magnetic structure 780 consists only of the magnetic core 770

carrying the dual use coil, whereas in Fig. 10b the magnetic structure 760 further

comprises components 780z {o 7802 and the counter coll 720,

As can be seen by comparing Fig.10a and 10k, the approximate radius of the

785 safely exclusion zone decreases from around 80cm 1o 70cm. In both simulations, the
{otal power consumption was fixed at 4000 kKW and the counter coll drew less than 200W.
Embodiments of NMR system that include the counter coil 720 and magnstic structure

780 can, therefore, reduce the footprint of the fringe field significantly at modest cost to

power consumption.

780 Referring back to Fig. 8b, it can be seen that a flap portion 780b of the magnsiic
structure exiends along at least part of each long edge of the patient bed 740. Each flap
portion 760k can extend along the entirely of the long edge of the bed or aiong a part

thereof. In a preferred embodiment, a fiap portion 760b that does not extend along the



WO 2023/192668 PCT/US2023/017300

25

entire length of the patient bed 740 extends the same length on either side of a vertical

795 cenire line of the dual use coil 710,

in some embodimenis, each flap portion 760b is foldable belween an extended
position for use {as shown in Fig. 8b) and a stowed away position for transit and to
provide access for the patient fo the patient bed. As can be deduced from Fig. 8a, the
width of the system is reduced from around 1.2m o around 1m in the stowed away
800 position.  This helps o improve manocsuvrability of the system through doorways,
corridors, elevators and the like, which is important for porfable NMR systems. In the
exiended position the flap portions 760b extend upward and outward from the patient
bed 740,

I some embodiments, each flap portion 780b weighs less than 10kg, more
805 preferably less than 5kg, so that a single operating person can move the flaps 760b

between extended and stowed away positions.

Embodiments of the NMR system which include a magnetic structure 760 with
foldable flap portions 780b may require a gap bebtween that portion 760b and the
remainder of the magnetic structure 780 to allow for the folding motion. In embodimenis

810 with a gap width of less than 1cm the effect the gap has on performance is acceptable.
in some embodiments, there may exist gaps between cother parts of the magnetic
structure 780, In some embodiments the width of these gaps is less than 1 cm, causing

the effect the gaps have on performance {0 be acceplable.

In a specific embodiment, the magnetic structure 780 is made from g ferrile

815 compound. Other materials with a high magnetic permeability are, however, possible.
Parts of the magneatic structure, for example the magnetic core 770 carrying the dual use

coil 710 and the magnetic structure 7680, are composed of the same or different magnelic

material. For example, in ong embodiment, different parts 760a to 790e of the magnetic

core 760 may be made of different ferrite materials. More generally, the parts 7603 to

820 760e of the magnetic core 760 may comprise any combination of the same or different
high-permeability materials. In this manner the choice of material and in particular the
permeability of the material can be matched to the technical reguirements of the
component for which the malerial is used. The material choice therefore allows using

cost effective materials for components with less strict permeability requirements.

825 In some embodiments, the magnetic structure 780 is an assembly of paris that
are coupled together for use. This decreases the cost of manufacturing and improves

ease of assembly. Kach part in turn can be composed of ong or more sub-parts. In one
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embodiment, the core 770 carrying the dual use coil 710 is, for example, made of a
plurality of components that are elecirically insulated against each other. In one
830 embodiment an insulating layer between individual components extends in a radially
extending plane that includes the longitudinal axis of the dual use coil 710, Optionally,
the parts {or sub-parts) of the magnetic struclure 760 and/or the core 770 are coated
with an electrically resistive layer {o restrict conduction between adjaceni componenis,

thereby limiting the size of possible eddy current loops.
835 Coif cooling and thermal management

The strength of the field Bop

enoirice ICTEESES With the amplitude of the current
used in the dual use coil 110 when the dual use coil 110 is used o generale the

prepolarising field BOP?_E Given that higher Bop field strength provides a

nolarise’ repolarise
larger available difference in the populations of the spin states and consequently a larger
840 available magnetic resonance signal, it follows that it is desirabie to use as high a current

as is possible in the dual use coil 110 to generate the 8 field. The use of high

Oprepoiarise
currents will lead 0 a temperature increase of the dual use coill 110 through resistive
heating. In embodiments, the dual use coil 110 can benefit from active cooling to further
increase the direct current that can be applied to it Other coils, for example the counter

845 coit 720, the ANC coils 730, and the PCB used for imaging pulses, present in some

embodiments, also benefit from thermal management.

In particular, over the course of an imaging measurement, resistive heating can,
if left unmanaged, increase the temperature of the coils 1o a point at which performance
is adversely affected. Other components, such as the magnetic structure 760 or the bed

850 740 of the system, may also be adversely affected by and/or even exacerbate healing.

in some embodiments, the permeability and power loss for the magnetic structure

760 and core 770 is temperature dependent. In embodiments with ferrite~-compound

based magnetic structures 780 or core 770, heatl outflow is resiricted by the relatively

poor thermal conductivity of the ferite-compounds, to the extent that the magnetic

855 structure 760 and cora 770 act as a barrier to haat outflow. 1t is, of course, of ulmost
imporiance that the temperature experienced by the patient on the bed 740 is maintained

at a safe and comfortable level. A thermal management system, either making use of

passive cooling elements and/or aclive cooling slements is, therefore, desirable.

In some embodiments, the NMR sysiem includes one or more heat exchanger,

860 as active electrical and/or mechanical elements, 1o remove heal away from the coils and
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the bed. Such active elements may be located so that any EMI noise or eddy current
back fields produced by consequence of the extractor(s) are, at least partially, shielded
by the magnetic structure 760. In one embodiment, the heat extractor{s) are enclosed
or partially enclesed by the magnetic structure 760, In one embodiment, the heat
865 extractor(s) are located beneath the bed, inside an elecironics box, optionally on an

aluminium plate.

Preferably, the active elements are placed sufficiently far away from the coil and
bed that their effect on the NMR output signal is minimised. This said, the dimensions of
the NMR apparatus may not make this possible. In such situations it is advantageous io

870 place the active elements within an enclosure for magnetic shielding, such as an
enclosure formed by magnetic components 7680c and 760d. Further details of this
enciosure are provided below. One or more passive cooling elements with high thermal
cenductivity are then arranged o direct heat fowards those active elements. Example
passive cooling elements are provided below, but any material exhibiting high thermal

875 conductivity but negligible electrical conductivity and magnetic permeability can be used.

Fig. 11 is a schemalic iliustration of an interdigitated arrangement for the passive

cooling element 1010 and the magnetic structure 1020 of the NMR system, according o

an embodiment. The magnetic structure 1020 comprises a plurality of radially extending

portions 1022 which extend from the magnetic core 1024 in a star shape and respsective

830 upwardly extending tall portions 1026 which depend from radially distal ends of portions
1022. The passive cooling element 1010 is amanged {0 occupy the spaces between

portions 1022 and 1028. The interdigitated arrangement facilitates effective heat transfer

away (i.e., downwards) from the bed. Although the aclive cooling elements are not

shown in Fig. 10, it will be understood that the passive cooling elements exiend from the

285 coils {e.q., the dual use coil} to the active slements and away from the bed. It will be
appreciated that, whilst an arrangement with 8 extending portions 1622 is shown in Fig.

11, different numbers of exdiending portions and associated {ail portions 1026 are equally

possible and envisaged.

While the discretised nature of the magnetic structure 1020 around its

880 circumference causes s flux concentration in areas immediately above the portions 1028,
it was found that local flux concentration of this nature nevertheless does not cause
inhomogeneity of the prepolarising field in the RO or imaging volume 750 that negatively

affects performance. The performance of the dual use coil 710 for receive purposes

remains equally unaffected.
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895 The interdigitated arrangement shown in Fig. 11 moreover makes more efficient
use of thermally conductive material, in terms of volume, weight and cost, than an

aporoach whereby the entire magnetic structure and dual use coil are surroundsad.

Fig. 12 is a schematic Hllustration that shows a cross section of the dual use coll

1110, according to an emboediment. As has already been described, the dual use ool

Q0o 1110 comprises a plurality of separate coils 1120, As shown, these colls are spaced
apart from ong another by a respective passive cooling layer 1130, These layers serve

{o draw heat away from seclions of the coif, which would otherwise require heat
conduction through the coli itself. The thickness of these layers is selected according o

the required heat outflow and the volume allocated to the dual use coll 110 in the NMR

905 system. YWhen used in combination with the embodiment illustrated in Fig. 11, the layers
1130 are connected to the thermally conducting structure of Fig. 11 in a highly thermally

conductive manner.

in some embodiments, the passive cooling elements 1110 of Fig. 11 and/or
layers 1130 of Fig. 12 are made of thermally conduciive ceramics, such as aluminium

10 nitride, boron nitride, alumina or a combination thereof.

Fig. 13 shows a simulated temperaiure profile of the bed, magnelic siructure and
dual use coil 1110 over the course of 7 measurement cycles, for an NMR sysiem
operating with a 38560 W polarization coil, 140 W counter-coil, and the interdigitated
arrangement shown in Fig. 11 and further comprising the passive cooling layers 1130

815 shown in Fig. 12. The simulation also accounted Tor the duty cvcle of the sysitem, since
the NMR system is envisaged to operate with downtime between measurements. As
showr, after 3 measurement cycies, the system achieves an sequilibrium whersby the
temperature reaches the same maximum value on each subseguent measurement
cycle. Room temperature is assumed o be 24°C. The temperature on the surface of

920 insulation covering the bed reaches a maximum of 38°C, which is within safety limits,
while temperatures inside the coll 1110 and magnetic structure remain within acceptable
limits. Fig. 14 shows the temperature distribution of the simulated NMR system shown in
Fig. 13 at time = 3.725hr, which coincides with the maximum temperalure for the last
simulated measurement cycle. Hol spots are seen {0 develop inside the dual use coll

025 1110 but temperatures drop off, showing the effectivensss of the arrangement in Fig. 11

and 12 to remove heat out from the system.

Other ways of actively cooling the dual use coll are envisaged. In one

embodiment, the conductor that forms the windings of the dual use coil 110 is located,
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preferably concenirically, inside the tubing. Cooling fluid is pumped through the tubing to
930 remove excess haat. In another embodiment, the coll windings are made of electrically
conductive tubing, such as copper tubing, through the lumen of which cooling fluid can
be pumped/can flow. In vet another embodiment the dual use coil 110 may be
submerged in g fluid tight container through which cooling fluid is circulated. Windings of
the dual use coil 110 may be spaced apart from each other {0 aliow penetration of cooling
935 fluid between the windings. In one smbodiment, any coolant that evaporates is caplured
and cooled/condensed back into liquid form before being re-supplied to a container

holding the dual use coll 110 and the coolant.
Active noise cancellation (ANC) coit 730

In some embodiments, the NMR system includes one or more ANC coils 730, In the
940 embadimeant shown in Fig. 8a, the system includes one ANC coil 720, The ANC coil(s)
730 are configured {0 have maximal sensitivity to distant sources of noise (i.e., those in
the far fisld) while having minimal sensitivity 1o the region of interest 750, it wili be
appreciated that, because the ANC coil 730 shown in Fig. 8a surrounds the dual use coil
710, the ANC coil 730 can detect unwanted external noise emanating from any direction
045 around the dual use coil 710 from which the dual use coll 710 is likely to pick up noise.
The background noise measured at the ANC coil 730 can then be subtracted from the
measurad NMR signal, taking info account sensitivily scaling faclors, in order o more

accuraiely determine the aciual NMR signal.

it will be understood that noise in this context includes any coherent
950 electromagnstic interference (EMI) source that is detectable by the ANC coil{s) 730 and
the detection portion of the dual use coil 710. It does not, however, include incoherent

noise sources, such as Johnson noise from the colls themselves.

The relative sensitivity of the colls to signal and noise sources as a function of
that source location can be simulated or measured. The scaling coefficient a for the
055 background noise is given by the ratio of reciprocal fields of the ANC coil 730 at the
location of the noise source (8%). The scaling coefficient 8 for the signal from the patient
is given by the relative sensitivity of the ANC coil to the NMR signal produced by the
patient (87),

That is, for the simplified case where there are three coils: two detector coils
960 {dencted, in this example, main and head, which may, for example, be coils L3 and L4
from Fig. Sb, aithough any available detection coll may be used, on s own or in

combination with other detection coils, such as the dual use coil) and one ANC coll 730
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For effective noise sublraction from the measured NMR signal, the system is

Q65 ideally designed so that a > 1 and B < 1. Thatis, the ANC coil 7320 is configured {o be
more sensitive o background noise {far field sources) than the detection coil 710, but
configured to be less sensilive o the NMR signal from the patient. it will be appreciated

that, in the above equations, the ratios g and B are expressed with reference to the sum

of sensitivities in the denominator, the sensitivity of the dual use coll 710 or other

97¢ detection coil may be expressed differently in this context, depending on the electrical

configuration of the dual use coil or any other detection coil.

it can be shown that, for a single background noise source, subtracting the signal

detected by the ANC coil 730 from the signal detected by the main and head detector

coils sliminates the background noise, but reduces the signal by a facior equal o (1- £>

975 At the same time, including an ANC coil 730 into the system for the purpose of
subtracting background noise introduces incoherent noise (.g., Johnson neise) o the

NMR signal measurement, intrinsic to the ANC coil 730 itself. The Johnson noise, N, is

equal to v4&TR, where T is the absolute temperature, k is the Boltzmann constant and

R is the resistance of the coil. I can be shown that the fractional increase in incoherent

N{after)
Ni{before)

TancRane

is equal to \}!1 + -:; where Zis —

TsainRMaint gead Ryeaa

980 noise,

The fractional increase can therefore be minimisad by configuring the ANC coil{s)

730 with a resistance that is much smaller than the detector coii(s) of the dual use coil

710. Passive cooling elements 1010, described in more detail elsewhere, can also be

used to ensure the temperature of the ANC coil 730 is kept to a minimum. 1t is further

085 noted that the fractional increase in incoherent noise of having an ANC ceil 730 in the
system is reduced if the operating temperature of the dual use coils 710 increases (all

else unchanged).

When comparing an NMR system with the ANC coil 730 with an ideal system
without background noise and limited onily by Johnson noise {of the delector coils), it can
980 alse be shown that the signal-to-noise ratic (SNR) decreases to a value of

(1 - 5?)/ ;!1 +Z times that of the ideal system.
& \‘ ¢4

That said, as the background EMI signal power is expected to be much larger

than the additional Johnson noise power for the ANC coil, the elimination of the coherent
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background noise leads to an overall improvement in the SNR of the NMR signal. in

995 most cases, a loss of 1-10% of the SNR caused by the Johnson noise of the ANC coll

730 will be less than the loss caused by background EMI noise.

Similar to the counter-coil 720, the magnetic core 770 carrying the dual use coil
at least partially shields the ANC coil 730 from the region of interest 750 and the flap
portions 760b help to guide magnetic flux from the image volume 750 away from the

1000 ANC coll 730, In an embodiment, the ANC coil 730 is arranged beneath the flap portion
780k and exterior to the magnetic structure 760, Optionally, the ANC coil 730 is wound
concentrically around the dual use coil 710. The far field sensitivity of the ANC coll 730
then has a similar spatial profile to the dual-use coil 710, albeit preferably with a scaling

factor o>1.

1005 Fig. 15 shows the result of a simulation of coil sensitivity spatial profiles,
according to an embodiment including two detector coils (the dual use coil and an
additional coil placed on the head of the simulated patient) and one ANC coit 730, The
ratic of SNR from these two detection coils and from the ANC coll is plotted, Le., 1/a. As
desired, in the region of interest 750, the ratio is much larger than 1, whereas outside

1010 that volume, the ratio drops rapidiy {0 a value much less than 1. This demonstirates that
the placement of the ANC coill 730 exterior 10 the magnetic structure and bensath the
flap portions 780b is a highly effeclive configuration. This is also demonstrated by the
fact that, in areas shielded from the ANC coll 730, including in the shielded housing below
the core 770 and element 780¢, the ratio is much larger than 1 signifying that the ANC

1015 coll 730 is substantially less sensitive to fields from these areas.

in some embodiments, a gap is present adjacent {0 the flap portion 760b of the

magnetic structure. This gap acts as a channel through which magnetic flux from the

region of interest 750 can impinge upon the ANC coil 730 and thereby increase the
sensitivity ratio, B. 1t has been found thai, despite this increase in B caused by the gap,

1020 the overall decrease of the SNR for the NMR signal is acceptable, at least for gaps of
1om or less. Figs. 16a and 16b show the result of a simulation of the SNR loss factor

(1 - é)/\jl + ; for the NMR signal, according to an embodiment without (Fig. 18a) and

with (Fig. 18b) such a gap. In the simulation, a coherent noise source was positioned 4
meires above the bed 740 in the system. This direction of the noise source placement
1025 above the bed gives the worst SNR performance. As can be seen, the SNR without a
gap is reduced to about 88.5% of its original value after ANC subltraction, whereas a gap

of 1em decreases the SNR to 87.8% of its original value. As above, background EMI
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signal power is expecied o be significant and so the elimination of the coherent
background noise leads to an overall improvement in the SNR, with or without the gap

1030 being present.

in some embodiments, the ANC coil 730 includes its own magnatic core, distinet
from the magnetic structure. In other embodiments, annular portion 7602 of the magnstic
structure, which are described further herein, forms part of the magnetic core carrying
the ANC coil 730,

1035 in some embodiments, the NMR system includes a plurality of ANC coils (not
shown). This helps to improve cancellation of EMI noiss, since each ANC coil can then
be configured o detect different coherent sources (8.g., noise sources at different
locations). itis envisaged, for example, that such ANC coiis could be arranged in different
locations within the NMR system and/or at different inclinations relative to the primary

1040 axis of the dual use coll 710 in order to improve their collective sensitivity for far-field
noise sources. In some embodiments, the position and inclination of each of the plurality
of ANC coils may be adjustable {0 optimize collective sensitivity to the ohserved far-field

NoisSe SOUrCas.

1045 Eddy current mitigation

As has been already been described in detall above, the operation sequence of

the NMR system includes energising and de-energising (ramping down) a dual-use coil

710 to switch on and off a prepolarising field. Preferably, the ramping down of the
prepolarising field to zero happens fast encugh that the NMR measurement can be {aken

1050 with minimal loss of spin polarisation. However, rapid changes in magnetic field {on the
order of 10 T/s or more) can resull in peripheral nerve stimulation, causing pain or
discomfori to the patient. The maximum ramp rales, for a given maximum magnetic field

strength within the patient, are known 10 the skilled reader. In any case, intermediate

ramp down rates stili {ead to significant back action fields caused by the eddy currents

1055 that develop on electrically conduclive objects close 10 the coil 710 upon switching.

The presence of electrically conductive obijects in the NMR system is unavoidable as the
system is confrolled electronically. While i is preferable that the elecironics be kept
away from the coils, this is, at least {o an extent, at odds with & compact and portable
NMR system.

1080 The back-action field, or back field, from these eddy currents adversely affects

NMR measurements if. (1) the amplitude of the back figld, in the region of intersst, is
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comparable 1o, or larger than the amplifude of the holding field, By measuremens, @andior (2)
the gradient of the back field within any given voxel of the region of interest is comparable
to, or larger than the ambient or shimmead inhomogeneity of the holding field with the
relevant gradients applied. This is because (1) the back field modifies the magnetic
resonance frequency in an unprediciable and time-varying way, making NMR resulis
less accurate, and (2) gradients in the back field can cause spin dephasing and loss of

magnetization.

In some ambodiments, the NMR system further comprises a passive coil that is
arranged in-between the dual-use coll 710 and an electrically conductive object upon
which eddy currents are expected fo develop. The passive coil may simply be a
conductive loop positioned between the source of the magnetic field and an object that
would carry developed eddy currents in the absence of the passive coil. Because of the
back field generated by induced currents in the passive coil, the object that would carry
developed eddy currents in the absence of the passive coil experiences a reduced
change in field strength. Any eddy currents induced in this object will therefore be
reduced when compared 1o a scenaric where the passive coil is not present. From the
perspective of the conductive object, the passive coll therefore slows the change in fieid
amplitude from the dual-use coil caused by switching and the amplitude of induced eddy
currents in the conductive object is thereby reduced. ltis preferable fo induce the eddy
currents in the passive coil instead because the eddy currents can be more easily
controlled. Various ways of conirolling the eddy currents are envisaged. As an example,
the eddy currents could be caused o decay more quickly through control of the
resistance of the passive coll, up fo and including an open circuit configuration. In some

embodimenis, the system comprises more than one of these passive coils.

In one embodiment, the coll is a band of meial, as opposed 1o a thinher wire
arrangement, in order to increase the cross section of the coll and hence the efficacy of
its inductive response. Example metallic materials include copper, aluminium or alloys

thereof.

I some embodiments, the NMR system further inciudes the addilional active
courter-coil for mitigating eddy currents. The configuration whereby the additional active
counter coll and dual use coil 710 are connected in series is especially advantageous
because the time-variations in magnetic field can be better compensated. The induced
eddy currents on eleclrically conductive objects in these reduced field regions will, in

turn, be reduced. In embodiments with the magnetic structure 780 and active counter
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coil, a further passive coil is unnecessary. That said, the combination of counter coll 720
and passive coil is especially effective at mitigating the effects of back aclion fields from
eddy currents and is adopted in one embodiment. In one embodiment the above
discussed courder ool 720 is used {o additionally provide the function of the active

1100 counter coil.

in some embodiments, a metal enclosure 1702 is emploved to screen magnelic
fields and noise within the detection bandwidth of the NMR system between the
glectronics and receiving portion of the dual use coil. In one embodiment, the metal
enclosure 1702 is located beneath the dual use coll 710 for this purpose, and the system
1105 electronics housed therein. In an embodiment, the metal enclosure 1702 has at least
one open-end s0 as {o provide a partial enclosure for the system electronics. Back action
fields from eddy currents developing on surfaces of this metal enclosure are expacted.
The metai enclosure may be in contact with the magnetic structure 760 or spaced from
the magnetic structure by a gap. In some embodiments, as shown in Fig. 17, the
1110 magnetic structure 780 al least partially envelops the metal enciosure 1702 in order (o
guide flux around, but not through, the enclosure via casing sides 780d and casing
botiom 780g. This helps to suppress the induction of eddy currents in the enciosurs

1702,
Fig. 18a and 18b shows the eddy current back field resulting from the casing on
1115 top of the metal enclosure 1702, without and with a passive coil 1802, respechively. As
can be seen by comparing the scale bars, the maximum back field in the region of interest
750 in the absence of the passive coil is around 2mT, and around 50uT with the passive

cell, representing a reduction by around 20 times.

Fig. 19 shows the eddy current back fields simulated in a NMR system, without

1120 a counter coll 720 or passive coil 1802, As can be seen, in an embodiment the magnetic
structure 760 alone is capable of reducing the badk field in the region of interest to less

than 4 uT. The magnetic structure 780 {including the core 770} shields the region of

interest 750 from the back field and redirects that field elsewhere. I can be appreciated

that & properly configured magnetic structure 760 can be more effective al reducing the

1125 back field in the region of interest, compared to the use of a counter coil 720 or passive
coil 1802, It can be appreciated by comparing Fig. 18 to Figs. 18a and 18b that the

magnelic structure componant 760e, present in the embodiment shown in the former but

absent in the embodiments shown in the latier, is especially impaciful on achieving this

reduction.
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1130 As mentioned above, in some embodiments the windings of the dual use coil 110
are spaced apart from each other. Whilst this is advaniageous in the context of cooling
{as discussed above}, such spacing between windings is also used and advantageous
in uncooled dual use coils 110. This is because by spacing the windings apart from each
other the amount of inter-winding parasilic capacitance of the coil is reduced. This intum
1135 increases the seif-resonance frequancy of the dual use coll 110, allowing the use of
large number of windings whilst keeping the self-resonance frequency of the dual use

coll 110 above the frequency of the nuclear magnetic resonance signal.

In a further embodiment, the coil windings are embedded in a solid temperature

conducting material. A face of this material, for example the face of the material facing

1140 away from the volume of interest, may be connected {0 a heat sink, preferably an actively
coolad heat sink. In one embodiment, solid state cooling is used to provide such active

ceoling.

The self-resonance frequency of the coff is influenced by the parasilic

capacitance of the coil. By reducing € of the dielectric between coll windings the parasitic

1145 capacitance of the coll is reduced. By ailso reducing £ electrical losses in the dielectric
medium and noise associated with them are further reduced. As such, in an embodiment,

a high guality cooling medium flooding the coil or solid material into which the coil is

embeddead is chosen o reduce elecinical iossas of the coil.

While certain arrangements have been described, the arrangements have been

1150 presented by way of example only, and are not intendead o Himil the scope of protection.
The inventive concepts described herein may be implemented in a variety of pther forms.

in addition, various omissions, substitutions and changes to the specific implementations

described herein may be made without departing from the scope of protection defined in

the following claims.

1155
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CLAIMS:

1.

~}

A nuclear magnetic resonance coil, configured to, in a first mode, receive at a
drive port and conduct a current for generating a static magnetic field in a space
adjacent to the coil and, in a second mode, receive and oulput 1o a receive port
a nuclear magnetic resonance signal generated in said space; wherein the coll
comprises a plurality of inductors, wherein all of the inductors of the plurality of
inductors are used when generating the static magnetic field bul only a subset or
only one of the inductors of the plurality of inducters is used for sensing an NMR
signal.

A nuclear magnetic resonance coil, comprising a patient side, adjacent to which
a patient is 1o be located during a magnetic resonance examination and soff
ferromagnetic shislding on atleast one side of the colil other than the patient side;
wherein the coil comprises a ferromagnetic core surrounded by windings of the
coil.

A nuclear magnetlic resonance apparailus comprising a static magnetic field
driver, a receive chain and nuclear magnstic resonance coil as claimed in any of
the preceding claims.

A nuclear magnetic rescnance apparatus as claimed in claim 4, further
comprising a static magnetic field coil configured to, when energised, generate a
static magnetic field orthogonal to the static magnetic field gensrated by the
nuclear magnetic resonance coil in region of interest of the apparatus and a driver
for driving the static magnetic field coill

wherein the nuclear magnetic resonance apparatus is configured to adiabatically
switch belween the static magnetic field generated by the nuclear magnstic
resonance coil and the static magnetic fisld generated by the static magnetic fisid
coll.

A nuclear magnetic resonance coll comprising a ferromagnetic core and coil
windings wound around the ferromagnetic core.

A coil as claimed in claim 6, wherein the ferromagnetic core comprises a plurality
of contacting ferromagnetic components that are electrically insulated from each
ather.

A coil system comprising a first coil as claimed inclaim 8 or 7, the first coll having
a first diameter and a first longitudingl axis, the system further comprising a
sacond coll with a second diameter and a second longitudinal axis, wherein the

first and second longitudinal axes substantially coincide and wherein the second
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1185 diameter is larger than the first diameter, the first and second colls arranged so
that at a distance from the longitudinal axis that is greater than the second
diameter, the second coll generates a fisld that counteracts the field generated
by the first coil.

8. A coil system as claimed in claim 8, further comprising flux guiding componenis

1200 arranged to guide the magnetic flux generated by the second coil away from the

longitudinal axes.

w

A coll system as claimed in claim 9, further configured, 1o energise and/or de-
energise the first and second coil simulianaously.

10. A coil system as claimed in claim 2 or 10, wherein the second coil has better

1205 sensitivity to noise sources in the far field than the first coil.

11. A nuclear magnetic resonance coll as claimed in claim 6, wherein the
ferromagnetic material is ferrite.

12. A magnetic resonance method comprising:
generating a first stalic magnstic field in an area of interest using a coll by

1210 applying a current through the coil;
discontinuing application of the current flowing through the coll;
generating a second static magnetic field in the area of inlerest;
application of a radiofrequency magnetic field {0 the area of inierest at a
frequency based on the strength of the second static magnetic fisld in the area of
1215 interest;
receiving any nuclear magnelic resonance signal generaled in the area of
irterest;
wherein the coil comprises a plurality of inductors, wherein all of the inductors of
the plurality of inductors are used when generating the first static magnetic field but
1220 only a subset or only one of the inductors of the plurality of induciors is used for
receiving the nuclear magnetic resonance signal.

13. A mathod as claimed in claim 12, wherein the nuclear magnetic resonance signal
is acguired simulianeously with the application of the radiofreguency magnetic
field.

1225 14. A nuclear magnetic resonance coll system comprising a coil on a ferromagnetic
core, wherein the ferromagnetic core has a plurality of spokes, sach extending
below the coil from a centre below the ¢oill {0 a radial end at a radial distance that

exceeds a diameter of the coll, some or each spoke of the plurality of spokes
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further extending upwardly from the radial end to form an upwardly extending part
putside of @ maximum diametsr of the coil;

wherein gaps betwesn the spokes and/or between the upwardly extending paris

comprise a material that has a thermal conductivity that exceeds the thermal

conductivity of the ferromagnstic core.

15.

17.

18.

18.

A coil system as claimed in claim 14, wherein the coil comprises g longitudinal
axis and a plurality of layers stacked in the longitudinal axis and/or a plurality of
windings adjacent e=ach other in & radial direction, wherein the coll further
comprises a malerial that has a thermal conduclivity that exceeds the thermal
conductivity of windings of the coll and/or the thermal conductivity of the

ferromagnetic core.

A magnetic resonance system comprising an first coll having a longitudinal axis

and sensitive to radiofreguency signals emanating from a region of inlerest as
well as 1o electromagnetic noise emanating ouiside of the region of interest, the
system further comprising a noise canceliation coil having a longitudinal axis that
substantially coincides with the longitudinal axis of the coil, the noise cancellation
coll sensitive to slectromagnetic noise emanating outside of the region of interest;
the system confiqured {o sense noise emanating ouliside of the region of interest
and subtract it from signal received by the first coil using a predetermined scaling
factor.

A system as claimed in claim 16, further comprising a magnetic shield positioned
fo reduce the sensitivilty of the noise cancellation coil to signals emanaiing from
the region of interest.

A system as claimed in claim 18 or 17, where a sensitivity of the noise
canceliation coil 10 a noise source in the far field is lower than the sensitivity of
the first coil.

An NMR system comprising a coil configured to generate a time varying magnetic
fisld, a conductive structure and a passive ¢oil located between the coil and the
conductive structure, wherein the conductive structure is located within a time
varying magnetic field that would be generated by the coil in the absence of the
passive coil, wherein the passive coil is positioned in the time varying magnetic
field so that the time varving magnetic field induces a current in the passive coil,

wherein the passive coil comprises a variable resistance.
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This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1(completely); 3, 4(partially)

A nuclear magnetic resonance coil, configured to, in a first
mode, receive at a drive port and conduct a current for
generating a static magnetic field in a space adjacent to
the coil and, in a second mode, receive and output to a
receive port a nuclear magnetic resonance signal generated
in said space; wherein the coil comprises a plurality of
inductors, wherein all of the inductors of the plurality of
inductors are used when generating the static magnetic field
but only a subset or only one of the inductors of the
plurality of inductors is used for sensing an NMR signal.

2. claims: 2, 5-11, 14, 15(completely); 3, 4(partially)

A nuclear magnetic resonance coil, wherein the coil
comprises a ferromagnetic core surrounded by windings of the
coil.

3. claims: 12, 13

A magnetic resonance method comprising generating a first
static magnetic field in an area of interest using a coil by
applying a current through the coil; discontinuing
application of the current flowing through the coil;
generating a second static magnetic field in the area of
interest; application of a radiofrequency magnetic field to
the area of interest at a frequency based on the strength of
the second static magnetic field in the area of interest;
receiving any nuclear magnetic resonance signal generated in
the area of interest; wherein the coil comprises a plurality
of inductors, wherein all of the inductors of the plurality
of inductors are used when generating the first static
magnetic field but only a subset or only one of the
inductors of the plurality of inductors is used for
receiving the nuclear magnetic resonance signal.

4. claims: 16-18

A magnetic resonance system comprising an first coil having
a longitudinal axis and sensitive to radio frequency signals
emanating from a region of interest as well as to
electromagnetic noise emanating outside of the region of
interest, the system further comprising a noise cancellation
coil having a longitudinal axis that substantially coincides
with the longitudinal axis of the coil, the noise
cancellation coil sensitive to electromagnetic noise
emanating outside of the region of interest; the system
configured to sense noise emanating outside of the region of
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claim: 19

interest and subtract it from signal received by the first
coil using a predetermined scaling factor.

An NMR system comprising a coil configured to generate a
time varying magnetic field, a conductive structure and a
passive coil located between the coil and the conductive
structure, wherein the conductive structure is located
within a time varying magnetic field that would be generated
by the coil in the absence of the passive coil, wherein the
passive coil is positioned in the time varying magnetic
field so that the time varying magnetic field induces a
current in the passive coil, wherein the passive coil
comprises a variable resistance.
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