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ABSTRACT
Amicroscale resonator tuned to an MRI Larmor frequency
during MRI imaging may be implanted in tissue tomonitor
ion concentration using the MRI imaging system detecting
changes in the resonant frequency of the microscale reso-
nator caused by coupling to tissue ions. The application of
a radiofrequency electrical field to themicroscale resonator
may permit ablation of local tissue.
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IMPLANTABLE SENSOR FOR USE WITH
MAGNETIC RESONANCE IMAGING

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit ofU.S. provi-
sional application 63/566,249 filed Mar. 16, 2024, and
hereby incorporated by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under NS122605 awarded by the National Institutes of
Health and under N00014-22-1-2371 and N00014-23-1-
2006 awarded by the NAVY/ONR. The government has
certain rights in the invention.

BACKGROUND OF THE INVENTION
[0003] The present invention relates generally in vivo
sensors and in particular to an implantable in vivo sensor
that can be interrogated using MRI imaging equipment.
[0004] Glioblastoma multiforme (GBM) remains themost
common and the most aggressive form of brain cancer
especially in older adults, having a short average survival
time andpoor prognosis, with reoccurrence in 90% ofcases.
Despite advancements in both established clinical para-
digms forGBM treatment such as radiation, chemotherapy,
and surgical resection, andmore recent experimental thera-
pies such as immunological disruption and application of
tumor treating fields, early detection remains paramount for
more effective therapy leading to increased long-term sur-
vival rates.

SUMMARY OF THE INVENTION
[0005] The present invention provides a biocompatible,
implantable sensor that in one example embodiment, can
monitor reoccurrence ofGBM by tracking concentrations of
extracellular potassium ions [K+]. These ions modify a
passive circuit that can be imaged and interrogated by
standard MRI systems. More generally, the sensor can be
used for a variety of similar detection tasks, for example,
monitoring glutamate for assessing traumatic brain injury,
and holds promise for local area ablation.
[0006] In one embodiment, the invention provides a
method of in vivo tissue monitoring and/or treatment using
an implantable circuit assembly providing an interconnected
electrical inductive element and an electrical capacitive
element cooperating to produce an electrically resonant
circuit having a natural resonant frequency within a range of
60MHz to 300MHz in the presence of surrounding tissue.
The implanted circuit assembly can be imaged with anMRI
machine to detect changes in the natural resonant frequency
of the circuit assembly and these latter changes used to
determine a measure of ion concentrations in the surround-
ing tissue.
[0007] Itis thus a feature ofat least one embodiment ofthe
invention to provide the ability to monitor local tissue
conditions deeply within tissue using implantable sensors
readable with MRI equipment.
[0008] The injectable circuit assemblymay have a volume
that will not fitwithin a 0.05 mmcube and a volume that will
fit within a 2 mm cube.
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[0009] Itis thus a feature ofat least one embodiment ofthe
invention to providea circuit that is both small enough to be
readily implanted and retained in the tissue and yet which
has sufficient area to interact with ions within the tissue to
promote appreciable detuning.
[0010] The electrical inductive element may be a pancake
coil providing a substantially planar spiral conductor.
[0011] Itis thusa feature ofat least one embodiment ofthe
invention to provide an inductor that can be readily fabri-
cated, for example but not limited to, using photolitho-
graphic techniques, and that provides a broad coupling with
local tissue.
[0012] A surface of the exposed injectable circuit assem-
bly may be functionalized to promote attraction of prede-
termined ions, for example, potassium ions overexpressed in
GBM or glutamate anions associated with traumatic brain
injury or secondary injury.
[0013] The method may include inserting the circuit
assembly into a hypodermic needle for introduction into
tissue through a hypodermic needle.
[0014] Itis thus a feature ofat least one embodiment ofthe
invention to provide a circuit assembly that can be readily
managed using a hypodermic needle for deep tissue inser-
tion.
[0015] The method may attach a vane element to the
injectable circuit assembly promoting a predetermined ori-
entation of the injectable circuit, for example, aligned with
the B, field of the MRI machine, when passing through a
hypodermic needle.
[0016] Itis thus a feature ofat least one embodiment ofthe
invention to provide control of the circuit orientation pro-
moting sensitivity during MRI imaging.
[0017] The method may insert multiple circuit assemblies
into the tissue and use the MRI machine to both spatially
map the location of the multiple circuit assemblies and to
output an image of ion concentration as a function of
location. Such mapping can be extended over time.
[0018] Itis thus a feature ofat least one embodiment ofthe
invention to provide for an improved spatial understanding
oftissue ion concentrations, for example, in the region ofan
excised tumor or brain injury and how they change with
time.
[0019] The method may include the step of applying a
radiofrequency field to the circuit assembly to ablate local
tissue.
[0020] It is thus a feature of at least one object of the
invention to permit both monitoring and treatment of tissue
using embedded circuit elements.
[0021] These particular objects and advantages may apply
to only some embodiments falling within the claims and thus
do not define the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0022] FIG. 1 is a simplified block diagram of an MRI
system suitable forpractice ofthepresent invention showing
the implantable resonator in an expanded detail view;
[0023] FIGS. 2a and 26 are respectively a top plan view in
partial cutaway of the implantable resonator positioned in
alignment over an expanded elevational cross-section ofthe
implantable resonator of FIG. 1 and a schematic represen-
tation of the same;
[0024] FIG. 3 is a plot of frequency versus amplitude
showing the effect of resonant frequency shifting on appar-
ent pixel brightness;
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[0025] FIG. 4 is a cross-sectional view through a distal tip
ofa hypodermic needle used for implantation ofthe implant-
able resonator and showing an orienting vane structure;
[0026] FIG. 5 is a flowchart of a program executable on
theMRI system ofFIG. 1 for concentration mapping ofan
arbitrarily arrayed set of implantable resonators;
[0027] FIG. 6 is a phantom view of tissue about an
implantable resonator showing the concentration of electri-
cal field lines for ablation; and
[0028] FIG. 7 is a flowchart showing a successive use of
different imaging protocols to image/measure ion concen-
tration and ablate tissue.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

[0029] Referring now to FIG. 1, a magnetic resonance
imaging (MRI) system 10 suitable for use with the present
invention may provide a scanner 12 incorporating a magnet
assembly. The magnet assembly produces a static magnetic
field (B,) oriented along a principal field axis 14 typically
aligned with the axis of a bore 16 through the scanner 12.
The bore 16 provides an opening into which a patient 18
may be received supported on a patient table 20. In useful
examples, the magnet assembly will provide a supercon-
ducting electromagnetic solenoid wound about the field axis
14 producing a static magnetic field, for example, from 0.5
to 7 Teslas.
[0030] Asis generally understood in the art, the scanner 12
will also include gradient coils for modifying the static
magnetic field (B,) and radiofrequency coils for exciting
tissue protons of the patient 18 into magnetic resonance.
This magnetic resonance will occur at a Larmor frequency
dependent on the field strength ofthe magnet assembly and
typically ranging from 60 MHz to 300 MHz.
[0031] The components of the scanner 12 may be associ-
ated with electronic circuitry (for example, gradient ampli-
fiers and radiofrequency amplifiers) communicating with an
electronic computer 22 or similar control circuit. The elec-
tronic computer 22may provide one ormore processors 24
connecting to interface lines to the scanner 12 and with a
storedmemory 26holding an imaging program 28 providing
for the acquisition ofMRI data as is understood in the art.
The computer 22 may also include program 30 assisting in
the use of the present invention and as will be discussed in
more detail below.
[0032] A user terminal 32 providing, for example, a
graphic display 34 for displaying MRI images augmented
according to the present invention and interface input
devices such as a keyboard 36 mouse trackball or the like,
may communicate with the computer 22 for receiving data
there from and providing control instructions thereto.
[0033] The patient 18, prior to scanning, may receive one
or more implantable passive circuit assemblies 38. These
circuit assemblies 38 may be inserted into tissue during
surgery, for example, manually placed in an open cavity with
forceps or the like, or injected with a hypodermic needle as
will be discussed below. In a nonlimiting example, the
circuit assemblies 38 may be distributed in the area of an
excised GBM tumor formonitoring and possible treatment
ofbrain tissue after surgery ormay be located in a region of
brain injury to monitor secondary injury.
[0034] The implantable passive circuit assemblies 38 are
desirably sufficiently large to interact with the tissue and to
provide a signal that can be interrogated using the MRI
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system 10 and yet sufficiently compact to be retained in the
tissue without tissue injury and in some cases to be con-
ducted through a hypodermic needle for insertion into the
tissue. For this purpose, generally the circuit assemblies 38
will have a volume that will not fit within a 0.05 mm cube
but will fit within a 2 mm cube. The outer surfaces of the
circuit assemblies 38 will be biocompatible, for example,
using relatively inert materials such as gold, glass, titanium,
or the like.
[0035] In one embodiment, the passive circuit assembly
38maybe constructed, for example, using photolithographic
techniques, on an inert substrate 40 such as glass. The
substrate 40may present a planar surface 41 to surrounding
tissue on which circuit components 42 are deposited to be
exposed to the surrounding tissue 44. In practice, multiple
passive circuit assemblies 38 may be fabricated on a single
substrate that is then scored and broken into individual
passive circuit assemblies 38. In some embodiments, a
spaced array of passive circuit assemblies 38 may also be
constructed and used without separation, either rigidly
attached to each other or attached together by means of a
flexible network ormesh, to provide for a desired spacing or
dispersal within tissue.
[0036] Referring now to FIG. 2, the circuit components 42
will include an inductive element 50 and a capacitive
element 52 connected together in a series resonant circuit
and experiencing inherent distributed resistance 54 from the
conductivematerials ofthe inductive element 50 and capaci-
tive element 52 and their interconnections. The resistive
element 54 is desirably minimized so as to provide a high Q
resonant circuit with a Q of above 10 or more.
[0037] The capacitive element 52 may provide for an
upper plate 55 and a lower plate 56 ofa conductive material
such as gold or titantum in close proximity separated by a
dielectric material or insulator 57. The upper plate 55 and
lower plate 56 are generally parallel to the planar surface 41
on which they are fabricated.
[0038] The inductive element 50 may be a so-called
pancake or fingerprint coil providing for a spiral ofconduc-
tive material confined largely to the plane ofthe surface 41
thus presenting a broad area toward the tissue that will be
most sensitive to magnetic fields oriented along the surface
normal 46. The surface normal 46 and hence the normal to
the plane of the inductive element 50 is desirably closely
aligned with axis 14 of the MRI scanner 12 to provide
improved coupling between an inductive element of the
circuit components 42 and the field aligned with axis 14.
[0039] In this regard, the particular values of the capaci-
tive element 52 and the inductive element 50 are selected to
provide a natural resonant frequency of the resulting reso-
nant circuit comparable to the Larmor frequency oftheMRI
scanner 12, specifically between 60 MHz and 300 MHz.
[0040] Notably the implantable passive circuit assembly
38 may employ only passive components, excluding ele-
ments such as transistors, photodiodes, or the like, greatly
simplifying its fabrication, reducing its cost, and limiting the
necessary power levels for interrogation of the circuit
assembly 38 as a sensor by the MRI system 10.
[0041] Referring also to FIG. 3, when the circuit assembly
38 is embedded in tissue 44, the inductive element 50 will
inductively couple to dielectric material of the tissue 44 as
affected by a concentration of ions 60, for example, potas-
sium ions [K+] or glutamate anions. Changes in the dielec-
tric ofthe tissue 44 alter the tuning ofthe resonant circuit of



US 2025/0291009 Al

the circuit assembly 38, for example, fromafirst frequency
response 62 having a peak or center frequency of f, closely
matching the Larmor frequency of the MRI system 10 to a
second detuned frequency response 64 normally having a
lower Q and shifted downward in frequency with increased
ionic concentrations. The effect of this detuning will be to
change the apparent intensity of a voxel ormultiple voxels
in the vicinity of the passive circuit assembly 38 in a
produced MRI image. MRI spectrographic methods may
also be used to characterize this frequency shift. These
changes in signal intensity or frequency shift may be
mapped to ion concentrations, for example, using an empiri-
cally derived lookup table, function, or the like and
expressed quantitatively or qualitatively on an output to the
user terminal 32 as will be discussed below.
[0042] Referring again to FIG. 2a, in some embodiments,
greater selectivity or sensitivity to tissue ions may be
provided by functionalizing the surface 41 to promote
accumulation of the ions of interest. In one example, the
surface 41 may be functionalized as taught by T. Li, X. Jin,
L Tang, W.-L Lv, M.-M. Xiao, Z.-Y. Zhang, C. Gao, G.-J.
Zhang, Receptor-mediated field effect transistor biosensor
for real-time monitoring of glutamate release from primary
hippocampal neurons, Anal. Chem. 91 (2019) 8229-8236,
https://doi.org/10.1021/acs.analchem.9b00832, hereby
incorporated by reference.
[0043] Referring now to FIG. 4, a convenient delivery
system for the circuit assembly 38 may employ a hypoder-
mic needle 66 connected to a syringe (not shown), the latter
containing a saline solution 67 or the like to propel the
contained circuit assembly 38 through the hypodermic
needle 66 into tissue at a desired location. In order toprovide
a controlled orientation of the circuit assembly 38 as it
passes through the hypodermic needle 66, the circuit assem-
bly 38 may be embedded in a vane material 70, sized and
shaped to orient the circuit assembly 38 in a predetermined
direction with respect to the axis of the needle 66, either by
mechanical interference with the internal diameter of the
hypodermic needle 66 or through alignment with fluid flow
during the injection process. In one example, the vane
material 70 may be a partially solidified hydrogel material
into which the circuit assembly 38 is embedded, for
example, so as to orient the surface normal 46 of the circuit
assembly along the axis of the needle 66. Appropriate
angulation of a hypodermic needle 66 may then align the
surface normal with the static magnetic field Bo.
[0044] The vanematerial 70may also serve to stabilize the
circuit assembly 38 in the tissue andmay be selected to be
absorbed and dissipated after a period of time. In some
embodiments, the vane material 70 may be permeable or
selectively permeable to ion species of interest.
[0045] Referring now to FIG. 5, the program 30 may, in
conjunction with program 28, operate theMRI system 10 to
process the imaged voxel signals in the regions around the
circuit assembly 38 to extract and output ion concentrations,
for example, mapping changes in signal intensity or fre-
quency peak to ion concentrations using empirically derived
formulas. In one embodiment, depicted in FIG. 5, multiple
circuit assemblies 38 may be deposited, as indicated by
process block 72, within a volume of interest 71 within the
tissue of the patient 18. This volume of interest 71, as
discussed above, may be a region of surgical excision of a
tumor oran injured region where it is desired tomonitor that
tissue and possibly provide future treatment. After such
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deposition as indicated by process block 72, anMRI image
may be obtained of the volume of interest 71 to identify the
locations in three dimensions ofthe deposited circuit assem-
blies 38.
[0046] A similar or separate imaging protocol may be
adopted per process block 74 to then measure the ion
concentrations at each region to link an ion concentration to
a spatial location. Knowledge of the locations and concen-
trations allow concentration zones to be described providing
a mapping 75 per process block 76 of any changes in ion
concentration that suggest a recurrence of a tumor or other
neurological defect.
[0047] This mapping 75 may be displayed in conjunction
with otherMRI imaging data (for example, superimposed on
a conventional MRI image) for context on display 34
(shown in FIG. 1). Process blocks 74 and 76 may be
repeated over a span of time to provide, for example, an
animated depiction of the evolution of ion concentrations.
[0048] Referring to FIG. 6, the presence of embedded
circuit assemblies 38 is expected to interact with the radiof-
requency fields 83 of the MRI system 10 to potentially
produce areas of concentrated electrical fields 80 providing
for non-thermal ablation of tissue in those regions. In such
a situation, as indicated in FIG. 7, theMRI system 10 may
first conduct an imaging per process block 82, for example,
implementing process blocks 72-76 and subsequently may
implement a different protocol 84 intended to promote the
concentrated electrical fields 80 for thepurposes ofablation.
[0049] When multiple circuit assemblies 38 are implanted
into tissue, they may each be independent of each other, or
they may be assembled together or loosely interconnected in
an array. Pairs of connected circuit assemblies 38 may be
employed, for example, so that one circuit assembly 38
provides a measure of ion concentrations and the other
circuit assembly 38 provides a decoupled circuit assembly
38 offering a reference signal. Alternatively, or in addition,
pairs of circuit elements may be interconnected at different
orientations to reduce angular sensitivity in the received
signals.
[0050] The term “passive circuit” as used herein refers to
circuits composed of electrical components that consume
energy but do not switch or produce energy, and generally
include linear components showing a linear relationship
between voltage and current such as inductors, resistors, and
capacitors and excluding power sources, transistors, and the
like.
[0051] Certain terminology is used herein for purposes of
reference only, and thus is not intended to be limiting. For
example, terms such as “upper”, “lower”, “above”, and
“below” refer to directions in the drawings to which refer-
ence is made. Terms such as “front”, “back”, “rear”, “bot-
tom” and “side”, describe the orientation ofportions of the
component within a consistent but arbitrary frame of refer-
ence which is made clear by reference to the text and the
associated drawings describing the component under dis-
cussion. Such terminology may include the words specifi-
cally mentioned above, derivatives thereof, and words of
similar import. Similarly, the terms “first”, “second” and
other such numerical terms referring to structures do not
imply a sequence or order unless clearly indicated by the
context.
[0052] When introducing elements or features ofthe pres-
ent disclosure and the exemplary embodiments, the articles
669? 66a’, “an”, “the” and “said” are intended to mean that there
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are one or more of such elements or features. The terms
“comprising”, “including” and “having” are intended to be
inclusive andmean that there may be additional elements or
features other than those specifically noted. It is further tobe
understood that themethod steps, processes, and operations
described herein are not to be construed as necessarily
requiring their performance in the particular order discussed
or illustrated, unless specifically identified as an order of
performance. It is also to be understood that additional or
alternative steps may be employed.
[0053] References to “a microprocessor” and “a proces-
sor” or “the microprocessor” and “the processor,” can be
understood to include one ormore microprocessors that can
communicate in a stand-alone and/or a distributed environ-
ment(s), and can thus be configured to communicate via
wired or wireless communications with other processors,
where such one or more processor can be configured to
operate on one ormore processor-controlled devices that can
be similar or different devices. Furthermore, references to
memory, unless otherwise specified, can include one ormore
processor-readable and accessible memory elements and/or
components that can be internal to the processor-controlled
device, external to the processor-controlled device, and can
be accessed via a wired or wireless network.
[0054] Itis specifically intended that the present invention
not be limited to the embodiments and illustrations con-
tained herein and the claims should be understood to include
modified forms of those embodiments including portions of
the embodiments and combinations ofelements ofdifferent
embodiments as come within the scope of the following
claims. All of the publications described herein, including
patents and non-patent publications, are hereby incorporated
herein by reference in their entireties.
[0055] To aid the Patent Office and any readers of any
patent issued on this application in interpreting the claims
appended hereto, applicants wish to note that they do not
intend any of the appended claims or claim elements to
invoke 35 U.S.C. 112) unless the words “means for” or
“step for” are explicitly used in the particular claim.

What we claim is:
1. A method of in vivo tissue monitoring comprising:
(a) implanting within the tissue at least one circuit assem-
bly providing biocompatible outer surfaces and includ-
ing an interconnected electrical inductive element and
an electrical capacitive element cooperating to produce
an electrically resonant circuit having a natural reso-
nant frequency within a of range 60MHz to 300 MHz
in a presence of a surrounding tissue;

(b) imaging the tissue and implanting at least one circuit
assembly with an MRI machine providing an axis,
defining a B, field, to detect changes in the natural
resonant frequency ofthe at least one circuit assembly;
and

(c) determining a measure of ion concentrations in the
surrounding tissue dielectric based on the change in
natural resonant frequency.

2. Themethod ofclaim 1 wherein the circuit assembly has
a volume that will not fit within a 0.05 mm cube and a
volume that will fit within a 2 mm cube.

3. Themethod ofclaim 1 wherein the electrical inductive
element is a pancake coil providing a substantially planar
spiral conductor.
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4. The method of claim 1 including functionalizing a
surface of the circuit assembly exposed to tissue to promote
attraction of predetermined ions.
5. The method ofclaim 4 wherein predetermined ions are

selected from the group consisting of glutamate ions and
potassium ions.
6. The method of claim 1 wherein (a) includes inserting

the at least one circuit assembly into a hypodermic needle
for introduction into tissue through a hypodermic needle.
7. The method of claim 6 further including attaching a

vane element to the circuit assembly promoting a predeter-
mined orientation of the injectable circuit when passing
through a hypodermic needle.
8. The method of claim 1 further including the step of

aligning an axis of the electrical inductive element for
greatest sensitivity to variations in amagnetic field along the
axis.
9. The method ofclaim 1 wherein the at least one circuit

assembly is multiple circuit assemblies and including the
step of spatially mapping locations of the multiple circuit
assemblies to output an image of ion concentration as a
function of location.
10. The method of claim 1 wherein including the step of

repeating (b) and (c) to output an indication of ion concen-
tration change as a function of time.
11. The method of claim 1 wherein including the step

applying a radiofrequency field to the at least one circuit
assembly to ablate local tissue.
12. An MRI resonator comprising:
an injectable passive circuit assembly providing biocom-
patible outer surfaces, the circuit assembly including:

(a) an insulating substrate;
(b) an electrical inductive element deposited on the sub-
strate and having an area greater than 0.05 mm” and
less than 2 mm? adjacent to surrounding tissue when
inserted in tissue;

(c) an electrical capacitive element deposited on the
substrate and communicating with the electrical induc-
tive element and operating therewith to produce an
electrically resonant circuit having a natural resonant
frequency within a range of 60 MHz to 300 MHz ina
presence of the surrounding tissue; and

wherein the circuit assembly is configured to couple to the
surrounding tissue dielectric to change its natural reso-
nant frequency depending on ion concentrations in the
surrounding tissue dielectric.

13. The MRI resonator of claim 12 wherein the circuit
assembly has a volume that may be subtended by a 2 mm
cube.
14. The MRI resonator ofclaim 12 wherein the electrical

inductive element is a pancake coil providing a substantially
planar spiral conductor.
15. The MRI resonator of claim 12 wherein a surface of

the injectable circuit assembly exposed to tissue is function-
alized to promote attraction ofpredetermined ions.
16. The MRI resonator of claim 12 wherein the ions are

glutamate ions.
17. The MRI resonator of claim 12 further including a

vane element attached to the injectable circuit assembly
promoting a predetermined orientation of the injectable
circuit when passing through a hypodermic needle.
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18. The MRI resonator ofclaim 17 wherein the vane is a
bioabsorbable material.
19. The MRI resonator ofclaim 18 wherein the vane is a

hydrogel.
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