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1
IMPLANTABLE WIRELESS SENSOR

FIELD OF THE INVENTION

The application is directed to an implantable wireless sen-
sor. More particularly, this invention is directed to a wireless,
unpowered, micromechanical, flexible sensor that can be
delivered using endovascular techniques, to measure a cor-
poreal parameter such as pressure or temperature.

BACKGROUND OF THE INVENTION

Abdominal aortic aneurysms represent a dilatation and
weakening of the abdominal aorta which can lead to aortic
rupture and sudden death. Previously, the medical treatment
of abdominal aortic aneurysms required complicated surgery
with an associated high risk of injury to the patient. More
recently, endografts (combining stents and grafts into a single
device) have been developed that can be inserted through
small incisions in the groin. Once in place, these endografts
seal off the weakened section of the aorta. The aneurysms can
then heal, eliminating the risk of sudden rupture. This less
invasive form of treatment for abdominal aortic aneurysms
has rapidly become the standard of care for this disease. An
example of an endograft device is disclosed in Kornberg, U.S.
Pat. No. 4,617,932.

A significant problem with endografts is that, due to inad-
equate sealing of the graft with the aorta, leaks can develop
that allow blood to continue to fill the aneurysmal sac. Left
undiscovered, the sac will continue to expand and potentially
rupture. To address this situation, patients who have received
endograft treatment for their abdominal aortic aneurysms are
subjected to complex procedures that rely on injection of
contrast agents to visualize the interior of the aneurysm sac.
These procedures are expensive, not sensitive, and painful. In
addition, they subject the patient to additional risk of injury.
See for example, Baum R A et al., “Aneurysm sac pressure
measurements after endovascular repair of abdominal aortic
aneurysms”, The Journal of Vascular Surgery, January 2001,
and Schurink G W et al., “Endoleakage after stent-graft treat-
ment of abdominal aneurysm: implications on pressure and
imaging—an in vitro study”, The Journal of Vascular Sur-
gery, August 1998. These articles provide further confirma-
tion of the problem of endograft leakage and the value of
intra-sac pressure measurements for monitoring of this con-
dition.

Thus, there is a need for a method of monitor the pressure
within an aneurysm sac that has undergone repair by implan-
tation of an endograft to be able to identify the potential
presence of endoleaks. Furthermore, this method should be
accurate, reliable, safe, simple to use, inexpensive to manu-
facture, convenient to implant and comfortable to the patient.

An ideal method of accomplishing all of the above objec-
tives would be to place a device capable of measuring pres-
sure within the aneurysm sac at the time of endograft inser-
tion. By utilizing an external device to display the pressure
being measured by the sensor, the physician will obtain an
immediate assessment of the success of the endograft at time
of the procedure, and outpatient follow-up visits will allow
simple monitoring of the success of the endograft implanta-
tion.

An example of an implantable pressure sensor designed to
monitor pressure increases within an aneurysmal sacis shown
in Van Bockel, U.S. Pat. No. 6,159,156. While some of the
above objectives are accomplished, this device has multiple
problems that would make its use impractical. For example,
the sensor disclosed in the Van Bockel patent relies on a
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mechanical sensing element. Elements of this kind cannot be
practically manufactured in dimensions that would allow for
endovascular introduction. In addition, this type of pressure
sensor would be subject to many problems in use that would
limit its accuracy and reliability. One example would be expo-
sure of the mechanical sensing element to body fluids which
could disrupt its function. Also, by failing to take advantage
of specific approaches to electronic component fabrication,
the Van Bockel device requires a complex system for acquir-
ing data from the sensor necessary for the physician to make
an accurate determination of intra-aneurysmal pressure. The
Van Bockel device would inherently not be as flexible as
required for certain endovascular or percutaneous proce-
dures.

OBJECTS OF THE INVENTION

It is an object of this invention to provide an implantable
wireless sensor.

It is also an object of this invention to provide a wireless,
unpowered micromechanical, flexible sensor that can be
delivered endovascularly.

It is a further object of this invention to provide an implant-
able, wireless, unpowered sensor that can be delivered endo-
vascularly to measure pressure and/or temperature.

It is a yet further object of this invention to provide a
method of preparing a micromechanical implantable sensor.

These and other objects of the invention will become more
apparent from the discussion below.

SUMMARY OF THE INVENTION

The present invention comprises a device that can be
implanted into the human body using non-surgical techniques
to measure a corporeal parameter such as pressure, tempera-
ture, or both. Specific target locations could include the inte-
rior of an abdominal aneurysm or a chamber of the heart. This
sensor is fabricated using MicroElectroMechanical Systems
(MEMS) technology, which allows the creation of a flexible
device that is small, accurate, precise, durable, robust, bio-
compatible, radiopaque and insensitive to changes in body
chemistry, biology or external pressure. This device will not
require the use of wires to relay pressure information exter-
nally nor need an internal power supply to perform its func-
tion.

The MEMS approach to sensor design lends itself to the
fabrication of small, flat flexible sensors that can be formed
using biocompatible polymers as substrate materials. The
pressure sensor described above can then be manipulated into
asmaller shape and size by rolling, bending, or folding it into
a cylindrical form. This smaller object can be introduced into
the sac of an abdominal aneurysm at the time an endograft is
deployed within the aorta by using standard endovascular
catheter techniques. Once inserted in the abdominal aneu-
rysm sac or in a chamber of the heart, the device either on its
own or through the addition or inclusion of metallic elements
fabricated from stainless steel or super-elastic or shape
memory nitinol alloys can unfur! into a preferred flat shape.
The metallic components may also include anchors, hooks,
harpoons, coils, barbs or other shapes and configurations
designed to secure the pressure sensor to the wall on the
aneurysm sac or a chamber of the heart. In addition, appro-
priately biocompatible coatings may be applied to the surface
of the sensor to prevent adhesion of biological substances or
coagulated blood to the sensor that could interfere with its
proper function.
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Delivery of the device of the invention to an aneurysm may
be accomplished as follows: Using the standard Seldinger
technique, the physician gains access to the patient’s femoral
artery and places a vessel introducer with a hemostatic valve.
Under direct fluoroscopic visualization, a flexible guidewire
is inserted through the introducer catheter and maneuvered
such that its tip is stationed within the sac of the aortic aneu-
rysm. A coaxial delivery catheter consisting of two hollow
extruded polymeric catheters, the smaller of the two disposed
inside the larger one, is inserted over the guidewire and
through the introducer and advanced distally until its tip is
within the aneurysmal sac. The smaller catheter has an annu-
lar space to hold a folded sensor, which is released when the
outer catheter is withdrawn proximally.

In an alternative delivery procedure, a sensor is attached to
a small diameter, proximally extending “safety” or tether
wire. The sensor and safety wire are also positioned in the
annular space between two coaxial catheters, but the safety
wire runs the entire length of the smaller delivery catheter and
extends proximally past the proximal end of that catheter
outside the patient. In this configuration, the sensor remains
secured to the tether wire after the coaxial delivery catheter is
removed from the patient. Following the insertion and
deployment of the stent-graft, the sensor is detached from the
tether wire using any of the methods known in the art, and the
wire is removed.

In a further alternative delivery procedure the sensor can be
loaded into the annular space between the inner and outer
catheters by inserting the sensor into a longitudinal slit cut
into the outer catheter and attaching a tab on the sensor’s
surface into a slot cut into the inner coaxial catheter. By
rotation of the inner tube, the sensor will be retracted through
the slit and positioned in the annular space between the two
tubes. To deploy the device, the rotation of the inner tube is
reversed and the sensor emerges through the slit of the outer
catheter. There are two specific advantages to this deployment
mechanism. First, the sensor can be packaged and stored in a
flat configuration. This is desirable since long term storage in
apre-loaded curved geometry could make it more difficult for
the sensor to re-establish the flat arrangement that is optimal
for effective electromagnetic inductive coupling with the
external read-out unit. The second advantage is that by cutting
the longitudinal slit at angle that is offset from the main axis
of the outer tube, the sensor will be biased into a planar
configuration as it is forced through the slit during the deploy-
ment process.

A safety wire system can also be used with this mechanism,
although the wire may be external to the outer coaxial tube. As
described above, the wire will remain attached to the sensor
during the deployment process and will stay within the aneu-
rysm sac while the delivery catheter is removed. Subsequent
to insertion and deployment of the stent-graft, the wire will be
detached from the sensor and pulled out of the body.

The detachment of the wire from the sensor can be accom-
plished in several ways. The wire may be simply glued to the
sensor using an adhesive. To separate the sensor from the
wire, a thin-walled, metal or polymer tube is passed along the
length of the wire and positioned at the adhesive joint. While
holding this tube steady, the wire is then retracted into the
tube. Sufficient traction can be applied to the segment of the
wire that remains outside of the body to cause the adhesive to
joint to fail and allow removal of the wire.

An alternative method would rely on a mechanical connec-
tion between the wire and sensor such as adding threads to the
end of the wire which could then be connected to a matching
threaded female receptacle on the sensor. To separate the wire
from the sensor, counter-rotation would be applied to the wire
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4

until the threads disengage. One could envision many varia-
tions of this design that would involve the mechanical locking
and un-locking of two mating components.

In a delivery system intended more for cardiac applica-
tions, a “daisy shape” sensor is positioned in the distal end of
a catheter lumen so that the middle, flat section of the sensor
1s essentially normal to the longitudinal axis of the catheter. A
solid or hollow member fitting within the catheter lumen is
used to push the sensor distally. If the sensor has an anchor
membet, it is meant that the anchor member will pierce or
otherwise attach itself and the sensor to the wall of a chamber
of the heart.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.1isapartly cross-sectional view of an aortic abdomi-
nal aneurysm stent after placement in a patient;

FIG. 2 is a front view of an embodiment of the invention;

FIG. 3 is a lateral view of the embodiment of the invention
shown in FIG. 2;

FIG. 4 is a lateral view of an embodiment of the invention
of F1G. 2 folded for delivery;

FIG. 5is a front view of another embodiment of the inven-
tion;

FIG. 6 is a front view of further embodiment of the inven-
tion;

FIG. 7 is a lateral view of a yet further embodiment of the
invention;

FIGS. 8A and 8B are each a lateral view of an embodiment
of the invention with an anchoring mechanism;

FIG. 9 is a schematic of an alternate shape for a sensor of
the invention;

FIG. 10 is a cross-sectional view of a delivery catheter
according to the invention;

FIG. 11 is a schematic depicting placement of an embodi-
ment of the invention in an aneurysm;

F1G.12 is a schematic representation of an embodiment of
the invention with distributed capacitance;

FIG. 13 is a cross-sectional view of the distal end of a
delivery catheter with the embodiment shown in FIG. 9

FIGS. 14 to 19 are schematic representations of different
steps of the delivery of a sensor according to the invention,

FIG. 20 is an exploded schematic representation of con-
struction of one embodiment of a sensor;

FIG. 21 is a schematic representation of an embodiment of
the invention with distributed capacitance;

FIGS. 22 and 23 are each a schematic, partial cross-sec-
tional view of an embodiment of a sensor according to the
invention;

FIG. 24 is a schematic representation of an alternate shape
for an embodiment of the invention;

FIG. 25 is a cross-sectional view of the distal end of a
delivery catheter with the embodiment shown in FIG. 24;

FIG. 26 is a schematic of another sensor according to the
invention;

FIG. 27 is a cross-sectional schematic of the distal end of a
delivery catheter;

FIG. 28 is a longitudinal cross-sectional view across line
28-28 in F1G. 27,

FIG. 29 is a top view of an embodiment of the delivery
system shown in FIGS. 27 and 28;

FIG. 30 is a perspective view of an embodiment of the
invention having three sensors;

FIG. 31 is a cross-sectional lateral view of the embodiment
of FIG. 30 in a catheter;

FIG. 32 isapartly cross-sectional schematic of the embodi-
ment of FIG. 27 as placed in an aneurysm;
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FIG. 33 is a variation of the embodiment of the invention
shown in FIG. 30;

FIG. 34 is a drawing of a read-out device employed accord-
ing to the invention; and

FIG. 35 is a block diagram of an electrical circuit useful
according to the invention.

DETAILED DESCRIPTION OF THE INVENTION

The invention can perhaps be better understood by refer-
ring to the drawings. FIG. 1 represents a typical abdominal
aortic aneurysm stent 2 that has been inserted into an abdomi-
nal aorta 4. Stent 2, which typically comprises a polymeric
material, creates passageways within an aneurysm sac 6.

One embodiment of a sensor according to the invention is
shown in FIGS. 2, 3, and 4, where a disc-shaped sensor 10
comprises a capacitor disk 12 and a wire spiral 14. FIG. 3 isa
lateral view of sensor 10, and F1G. 4 is a lateral view of sensor
10 in a folded configuration for insertion. The fact that sensor
10 is sufficiently flexible to be folded as shown in FIG. 4 is an
important aspect of the invention.

InFIG. 5 aring 20 comprised of a shape memory alloy such
as nitinol has been attached to, for example, with adhesive, or
incorporated into, for example, layered within, a sensor 22,
and in FIG. 6 strips 24 comprised of a shape memory alloy
such as nitinol have been attached to a sensor 26.

FIG. 7 is a lateral cross-sectional view of a circular sensor
30 having a ring 32 comprised of a shape memory alloy such
as nitinol encompassing the outer edge 34 of sensor 30. Ring
32 preferably is attached to outer edge 34 by a suitable physi-
ologically acceptable adhesive 36, such as an appropriate
epoxy or cyanoacrylate material. Preferably the ring will be
radiopaque.

The size of the circular sensors of the invention will vary
according to factors such as the intended application, the
delivery system, etc. The circular sensors are intended to be
from about 0.5 to about 3 cm in diameter, with a thickness of
from about 0.05 to about 0.30 in. When a ring 32 is employed,
the thickness of the ring, i.e., the width of the outside surface
38, will preferably be from about 1.5 to about 3.5 times the
thickness of the sensor.

FIGS. 8A and 8B each represent a lateral view of a sensor
with an anchoring member. In FIG. 8A sensor 40 has a screw/
coil 42, and in FIG. 8B sensor 40 has an anchor 44 with
umbrella-like projections 46. When pressure is applied to the
flat side 48 of sensor 40, anchor 42 or 44 will penetrate a
vessel wall, organ wall, or other substrate to cause sensor 36
to remain in a desired position or location. Alternatively, an
anchoring mechanism such as is shown in FIGS. 8A and 8B
could be attached to ring 32 in FIG. 7.

In the embodiment of the invention shown in FIG. 9, a
sensor 52 has an outer flat surface 54. A safety or tether wire
56 is attached to sensor 52 at an adhesive point 58, and tether
wire 58 is positioned slidably within a tether detachment
sheath 60. Adhesive point 58 will preferably comprise a
physiologically acceptable settable adhesive material such as
an epoxy or a cyanoacrylate. When sheath 62 is moved dis-
tally, tether wire 56 is severed from sensor 52. A loading tab
62 is useful for positioning sensor 52 in a delivery catheter
(not shown here); however, loading tab 62 is designed or
intended to be broken off] or sacrificed, during delivery. An
optimal shape memory alloy ring element, such as a nitinol
disk 64 attached to surface 54 or layered therein, assists the
sensor in attaining a flat shape upon release.

Prior to insertion of the coaxial catheter, as shown in FIG.
10, a sensor 70 is rolled into the shape of a small diameter
cylinder and placed into the annular space 72 defined by the
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outside wall 74 of'a smaller diameter catheter 76 and the inner
wall 78 of a larger diameter catheter 80. Once in position
within an aneurysm sac, force is applied in the proximal
direction to outer coaxial catheter 80. This action exposes
cylindrically shaped sensor 70, which, free of the constraint
of outer catheter 80, springs into its initial flat shape and is
deposited within an aneurysm sac prior to the introduction of
a stent-graft. If the sensor has any of the anchors, hooks,
harpoons, coils, barbs or other shapes and configurations of
metallic elements described above, the catheter may be
pressed to secure the pressure sensor to the aneurysm sac
wall, as shown in FIG. 11, wherein a sensor 82 is positioned
within aneurysm sac 84 adjacent aortic stent 86.

A better appreciation of certain aspects of the invention,
especially of a delivery system, can be obtained from FIG. 12,
where a catheter 92 comprises an outer tubular member 94
and an inner coaxial shaft member 96. The distal end of shaft
member 96 comprises an atraumatic tip 100. A sensor 110 is
positioned around shaft member 96 in an annular space 102
proximal to atraumatic tip 100. When outer tubular member
94 is withdrawn in the proximal direction, sensor 110 is
released and uncoils. Preferably a tether wire 98 attached to
sensor 110 extends proximally in a groove 112 in shaft mem-
ber 96. Coaxial shaft member 96 preferably has a lumen 114
so that the delivery system can be advanced over a guidewire
(not shown).

In another embodiment of the invention, seen in FIG. 13, a
sensor 122, preferably with a nitinol ring 124 that biases the
sensor into a flat configuration after deployment, is positioned
within a delivery catheter 126 comprising outer tubular mem-
ber 128 and inner catheter shaft member 130. Sensor 122 is
coiled in an annular space 132 formed between an atraumatic
tip 134 and a stop member 136. An adhesive attachment point
140 attaches sensor 122 to a tether wire 142, which extends
into a proximally extending tether detachment sheath 144.
Preferably inner shaft member 130 has a lumen 146 so that the
delivery catheter 126 depicted can be advanced over a
guidewire (not shown).

Actual delivery of a sensor according to the invention is
shown in FIGS. 14 to 20. A loaded delivery system 150 has an
outer tubular member 152 coaxial to an inner catheter (not
shown) that terminates in a distal atraumatic tip 154, and
atraumatic tip 154 is advanced into an abdominal aortic aneu-
rysm area 156, as shown in FIG. 14. Then, outer tubular
member 152 is retracted to expose an annular area 158 in
inner catheter 160 and release a sensor 162 attached to a tether
wire 164 through adhesive area 166, as shown in FIG. 15.
Tether wire 164 extends into tether sheath 168.

In FIG. 16, a coaxial delivery system 182 comprising an
outer tubular member 184 and an inner catheter (not shown)
and having a tether wire 186 with a tether sheath 188 and an
atraumatic tip 190 is advanced into an abdominal aortic aneu-
rysm area 192. The coaxial catheters are rotated to cause a
sensor 194 to pass through a slit 196 in outer coaxial catheter
184, as shown in FIG. 17. Sensor 194 is attached to tether wire
186 at adhesive point 198. Sensor 194 is then tested, with the
option that if sensor 194 is inoperative, it can be rolled back
into slit 196.

When either delivery system 150 or 182 is retracted, sensor
162 or 194 is left positioned to the side of an aneurysm. Then,
as shown in FIG. 18, a stent graft 222 is deployed in an
aneurysm sac 224. Where a sensor 226 was attached to tether
wire 228 at adhesive point 230, a tether sheath 232 is moved
distally to free sensor 226 from tether wire 228. See, F1G. 19.

The pressure sensor of the invention can be manufactured
using Micro-machining techniques that were developed for
the integrated circuit industry. An example of this type of
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sensor features an inductive-capacitive (LC) resonant circuit
with a variable capacitor, as is described in Allen et al., U.S.
Pat. No. 6,111,520, all of which is incorporated herein by
reference. The sensor contains two types of passive electrical
components, namely, an inductor and a capacitor. The sensor
is constructed so that the fluid pressure at the sensor’s surface
changes the distance between the capacitor’s parallel plates
and causes a variation of the sensor’s capacitance.

In a preferred embodiment the sensor of the invention is
constructed by laminating several layers of material together,
as shown, for example, in FIG. 20. A first layer 242 is fabri-
cated from a sheet of polyimide film (e.g. KAPTON, avail-
able from Du Pont) upon which a micro-machined copper
pattern 244 is deposited. Pattern 244 preferably consists of a
circular conductive segment in the center of the sheet sur-
rounded by a spiral coil. A second layer 248 comprises a sheet
of flexible adhesive through which hole 250 has been cut in
the center. (Optionally there may be more than one such layer
248.) A final layer 252 is another sheet of polyimide film with
a copper pattern 254 that is a mirror image of pattern 244.
When assembled, the first, second, and third layers are
aligned such that the holes in the middle adhesive layers are
centered between the circular conductive segments in the
middle of the two outer polyimide layers 242 and 252. In this
way a capacitor (defined as an electric circuit element used to
store charge temporarily, consisting in general of two metallic
plates separated and insulated from each other by a dielectric)
is formed. At the same time, the two metal spirals on the
polyimide sheets 242 and 252 form an inductor component of
a miniature electrical circuit.

The sensor exhibits the electrical characteristics associated
with a standard LC circuit. An LC circuit is simply a closed
loop with only two elements, a capacitor and an inductor. If a
current is induced in the LC loop, the energy in the circuit is
shared back and forth between the inductor and capacitor. The
result is an energy oscillation that will vary at a specific
frequency. This is termed the resonant frequency of the circuit
and it can be easily calculated as its value is dependent on the
circuit’s inductance and capacitance. Therefore, a change in
capacitance will cause the frequency to shift higher or lower
in linear proportion to the change in the value of capacitance.

As noted above, the capacitor in the assembled pressure
sensor consists of the two circular conductive segments sepa-
rated by an air gap. If a pressure force is exerted on these
segments it will act to deform the outer polyimide sheet and
move the two conductive segments closer together. This will
have the effect of reducing the air gap between them which
will consequently change the capacitance of the circuit. The
result will be a shift in the circuit’s resonant frequency that
will be in direct proportion to the force applied to the sensor’s
surface.

Because of the presence of the inductor, it is possible to
electromagnetically couple to the sensor and induce a current
in the circuit. This allows for wireless communication with
the sensor and the ability to operate it without the need for an
internal source of energy such as a battery. Thus, if the sensor
1s located within the sac of aortic aneurysm, it will be possible
to determine the pressure within the sac in a simple, non-
invasive procedure by remotely interrogating the sensor,
recording the resonant frequency and converting this value to
a pressure measurement. The readout device generates elec-
tromagnetic energy that penetrates through the body’s tissues
to the sensor’s implanted location. The sensor’s electrical
components absorb a fraction of the electromagnetic energy
thatis generated by the readout device via inductive coupling.
This coupling induces a current in the sensor’s circuit oscil-
lates at the same frequency as the applied electromagnetic
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energy. Due to the nature of the sensor’s electro-mechanical
system there exists a frequency of alternating current at which
the absorption of energy from the readout device is at a
minimum. This frequency is a function of the capacitance of
the device. Therefore, if the sensor’s capacitance changes, so
will the frequency at which it minimally absorbs energy from
the readout device. Since the sensor’s capacitance is
mechanically linked to the fluid pressure at the sensor’s sur-
face, a measurement of this frequency by the readout device
gives a relative measurement of the fluid pressure. If calibra-
tion of the device is performed, then an absolute measurement
of pressure can be made. See, for example, the extensive
discussion in the Allen et al. patent, again incorporated herein
by reference, as well as Gershenfeld et al., U.S. Pat. No.
6,025,725, incorporated herein by reference.

The pressure sensor is made of completely passive com-
ponents having no active circuitry or power sources such as
batteries. The pressure sensor is completely self-contained
having no leads to connect to an external circuit or power
source. Furthermore, these same manufacturing techniques
can be used to add additional sensing capabilities, such as the
ability to measure temperature by the addition of a resistor to
the basic LC circuit.

Several alternative configurations of the LC circuit design
can be considered to address specific biological and manu-
facturing issues. For example, in one embodiment of the
sensor the capacitor element consists of two plates that are
separated by a suitable dielectric material, such as air, inert
gas, fluid or a vacuum. To ensure the long term integrity of the
sensor, various coatings could be applied to the surface or
between the polymeric layers used to form the sensor. These
coating can be used to provide a hermetic seal that will pre-
vent leakage of body fluids into the cavity or permeation of
the cavity material (gas, vacuum or fluid) out of the sensor. In
an another embodiment of the invention, shown in FIG. 21, a
sensor 270 has a multitude of capacitors 272 formed either as
separate elements or as an array. In such a distributed capaci-
tance configuration, there can be a more accurate and more
sensitive measurement of pressure.

It is within the scope of the invention that the frequency
response to the sensor will be in the range of from about 1 to
about 200 MH,, preferably from about 1 to about 100 MH_,
and more preferably from about 2 to about 90 MH,, with a Q
factor from about 5 to about 80, preferably from about 10 to
about 70, more preferably from about 10 to 60.

In a further embodiment of the invention there is no direct
electrical connection between the two sides of the L.C circuit.
Referring again to the sensor described in the Allen et al.
patent, the device is constructed using multiple layers upon
lie the necessary circuit elements. Disposed on the top and
bottom layer are metal patterns constructed using micro-
machining techniques which define a top and bottom conduc-
tor and a spiral inductor coil. To provide for an electrical
contact between the top and bottom layers small vias or holes
are cut through the middle layers. When the layers are
assembled, a metal paste is forced into the small vias to create
direct electrical connections or conduits. However, experi-
mentation has shown that due to parasitic capacitance that is
created between the top and bottom inductor coils, a vialess
operational LC circuit can be created. This absence of via
holes represents a significant improvement to the sensor in
that it simplifies the manufacturing process and, more impor-
tantly, significantly increases the durability of the sensor
making it more appropriate for use inside the human body.

FIG. 22 is a partial cross-sectional review of the sensor
shown in FIG. 20, where first layer 242, second layer 248, and
third layer 252 are sandwiched together. A cylindrical space
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256 comprises a pressure sensitive capacitor. No via holes are
present. The sensor 278 shown in FIG. 23 comprises a first
polyimide layer 280, a second, adhesive layer 282, and a
third, polyimide layer 284. First layer 280 has a copper pat-
tern comprising a coil 286 and a disk 288, and third layer 284
comprises a coil 290 and a disk 292. A cylindrical space 296
comprises a pressure sensitive capacitor. A diode 294 con-
nected between coils 286 and 290 creates a non-linear sensor,
1.e., a sensor where the frequency change is non-linear as
compared to a change in pressure.

The design of the sensor is not limited to a specific geo-
metric configuration. In the specific example noted above the
inductor component is described as a spiral coil. Other
embodiments of the sensor could utilize oval, rectangular or
an amorphous shape. Specific electrical, mechanical and bio-
logic advantages could be obtained by employing these vari-
ous geometric designs. By way of example, a rectangular
shaped sensor in which the ratio of length to width was greater
than four would greater lend itself to catheter based delivery
as is would minimize the radius of curvature required to
position the folded device within a small diameter catheter.
Alternatively, a more elaborate shape, such as one resembling
the petals of a flower, would lend itself to more complex
folding patterns that could facilitate delivery to specific areas
ofan aneurysm sac or an organ such as the heart. For example,
in FIGS. 24 and 25, a flower-shaped sensor 308 has a capaci-
tor surface 310 connected to a wire 312 that partly follows the
outer configuration of sensor 308. Petals 314 fold so that
sensor 308 with a distal anchor 316 can be “loaded” into a
catheter 318. When the distal end 320 of catheter 318 is in
position, a pushing rod member 322 is pushed distally to
cause sensor 308 to be released from catheter 318 and attach
1o the inner surface of an organ such as the heart (not shown).

Another, preferred embodiment of a sensor is shown in
FIG. 26, where circular sensor 330 comprises flexible cut-
outs 332. The first outer layer 334 comprises a polymide
substrate with a copper pattern comprising a coil 340 and
several, from 2 to 6, disks 342 to form pressure sensitive
capacitors. Sensor 330 also comprises at least one adhesive
layer (not shown) and a third outer layer corresponding to the
first outer layer (not shown). Preferably sensor 330 has atleast
one diode connecting the copper coils of the first and third
layers.

The flexible cut-outs 352 facilitate, among other things,
folding of sections of sensor 370 for placement in, or arrange-
ment upon, a delivery catheter. The sections can be folded to
create either a “Z” shape or, for example, a “U” shape. It is
within the scope of the invention that variously numbered and
shaped cut-outs could be used for particular applications.

Sensor 330 could be employed in the delivery catheters
shown in FIGS. 12, 13, and 17, with a tether wire affixed by
adhesive, as shown for sensor 52, for example. Sensor 330
could be used in either a Z- or U-configuration.

In a delivery system shown in FIGS. 27 to 29, the distal
portion 350 of the inner catheter 352 of a delivery catheter
system comprises a slot 354 to receive sensor 356. Inner
catheter 352 has a longitudinally extending lumen 358 to
receive a guidewire (not shown).

During delivery to a desired location, such as an abdominal
aortic aneurysm, an outer catheter sheath 360 encompasses
distal portion 350 to hold sensor 356 in position. As shown in
F1G. 28, sections 362 of sensor 356 extending outside slot 354
are held between the outer surface 364 of inner catheter 352
and the inner surface 366 of catheter sheath 360.

When the distal end of the delivery catheter is properly
positioned, outer catheter sheath 360 is moved proximally to
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release folded sections 362. Then, outer catheter sheath 360 is

moved distally to engage sections 362 and cause sensor 356 to
disengage from slot 354.

At least one of sections 362 has a tether wire 370 attached
at an adhesive point 372, as can be seen in FIG. 29. Tether
wire 370 is slidably contained within tether sheath 374, which
can be moved distally to disengage sensor 356 from tether
wire 370. Tether wire 370 and tether sheath 374 preferably
extend proximally to the proximal end of the delivery system.
Tether wire 370 and tether wire 374 are positioned between
outer catheter sheath 360 and inner catheter 352, preferably in
a groove (not shown).

Further, the invention is not limited to the implantation of
a single sensor. Since the biological environment within an
aortic aneurysm is not necessarily homogeneous, multiple
pressure sensors may be introduced into the aneurysm space,
each being positioned at different locations. In this situation,
each sensor may be designed with a unique signature (ob-
tained by changing the resonant frequency of the sensor), so
that the pressure measurement derived from one sensor can be
localized to its specific position within the aneurysm.

Clearly, if multiple sensors are used the same type of wire
delivery system described above can also be employed to
position the sensors within the aneurysm sac. For example, as
shown in FIGS. 30 to 32, three sensors 390 can be linearly
disposed along the length of a wire 392. All three sensors 390
would be deployed from a coaxial delivery catheter 394 as
previously described, an endo-graft 396 would be introduced,
and then the non-implantable segment 398 of the wire would
be detached from the sensor array and removed from the
body. The sensors 390 would remain secured to wire 392.
This configuration would be advantageous for several rea-
sons: pressure could be sensed from multiple areas of the
aneurysm, the spacing between the sensors would remain
constant and the sensors could not be displaced from the
aneurysm sac during and after endo-graft implantation. In
another embodiment of the same concept, wire 392 could be
manufactured using a shape-memory or super-elastic alloy
such as Nitinol. The wire could then be formed into a prede-
termined shape so that upon removing the sensors from the
constraint of the coaxial catheter delivery system, the array of
three (or more) sensors could take one of several preferred
shapes within the aneurysm, as shown in FIG. 33.

When introduced into the sac of an abdominal aorta, the
pressure sensor can provide pressure related data by use of an
external measuring device. As disclosed in the Allen et al.
patent, several different excitation systems can be used. The
readout device generates electromagnetic energy that can
penetrate through the body’s tissues to the sensor’s implanted
location. The sensor’s electrical components can absorb a
fraction of the electromagnetic energy that is generated by the
readout device via inductive coupling. This coupling will
induce a current in the sensor’s circuit that will oscillate at the
same frequency as the applied electromagnetic energy. Dueto
the nature of the sensor’s electro-mechanical system there
will exist a frequency of alternating current at which the
absorption of energy from the readout device is at a minimum.
This frequency is a function of the capacitance of the device.
Therefore, if the sensor’s capacitance changes so will the
frequency at which it minimally absorbs energy from the
readout device. Since the sensor’s capacitance is mechani-
cally linked to the fluid pressure at the sensor’s surface, a
measurement of this frequency by the readout device can give
a relative measurement of the fluid pressure. If calibration of
the device is performed then an absolute measurement of
pressure can be made
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The circuitry used to measure and display pressure is con-
tained within a simple to operate, battery powered, hand-held
electronic unit 400, as shown in FIG. 34. This unit 400 also
contains the antenna 402 needed to perform the electromag-
netic coupling to the sensor. The antenna may be integrated
into the housing for the electronics or it may be detachable
from the unit so that it can be positioned on the surface of the
body 404 in proximity to the implanted sensor and easily
moved to optimize the coupling between antenna and sensor.
The antenna itself may consist of a simple standard coil
configuration or my incorporate ferrous elements to maxi-
mize the coupling efficiency. The electronic device would
feature an LCD or LED display 406 designed to clearly dis-
play the recorded pressure in physiologically relevant units
such as mm HG. In an alternative embodiment, the display
may be created by integrating a commercially available hand-
held computing device such as a Palm® or micro-PC into the
electronic circuitry and using this device’s display unit as the
visual interface between the equipment and its operator. A
further advantage of this approach is that the hand-held com-
puter could be detached from the read-out unit and linked to
a standard desktop computer. The information from the
device could thus be downloaded into any of several commer-
cially available data acquisition software programs for more
detailed analysis or for electronic transfer via hard media or
the internet to a remote location.

Accordingly, the present invention provides for an imped-
ance system and method of determining the resonant fre-
quency and bandwidth of a resonant circuit within a particular
sensor. The system includes a transmitting antenna, which is
coupled to an impedance analyzer. The impedance analyzer
applies a constant voltage signal to the transmitting antenna
scanning the frequency across a predetermined spectrum. The
current passing through the transmitting antenna experiences
a peak at the resonant frequency of the sensor. The resonant
frequency and bandwidth are thus determined from this peak
in the current.

The method of determining the resonant frequency and
bandwidth using an impedance approach may include the
steps of transmitting an excitation signal using a transmitting
antenna and electromagnetically coupling a sensor having a
resonant circuit to the transmitting antenna thereby modify-
ing the impedance of the transmitting anternna. Next, the step
of measuring the change in impedance of the transmitting
antenna is performed, and finally, the resonant frequency and
bandwidth of the sensor circuit are determined.

In addition, the present invention provides for a transmit
and receive system and method for determining the resonant
frequency and bandwidth of a resonant circuit within a par-
ticular sensor. According to this method, an excitation signal
of white noise or predetermined multiple frequencies is trans-
mitted from a transmitting antenna, the sensor being electro-
magnetically coupled to the transmitting antenna. A current is
induced in the resonant circuit of the sensor as it absorbs
energy from the transmitted excitation signal, the current
oscillating at the resonant frequency of the resonant circuit. A
receiving antenna, also electromagnetically coupled to the
transmitting antenna, receives the excitation signal minus the
energy which was absorbed by the sensor. Thus, the power of
the received signal experiences a dip or notch at the resonant
frequency of the sensor. The resonant frequency and band-
width are determined from this notch in the power.

The transmit and receive method of determining the reso-
nant frequency and bandwidth of a sensor circuit includes the
steps of transmitting a multiple frequency signal from trans-
mitting antenna, and, electromagnetically coupling a reso-
nant circuit on a sensor to the transmitting antenna thereby
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inducing a current in the sensor circuit. Next, the step of
receiving a modified transmitted signal due to the induction of
current in the sensor circuit is performed. Finally, the step of
determining the resonant frequency and bandwidth from the
received signal is executed.

Yet another system and method for determining the reso-
nant frequency and bandwidth of a resonant circuit within a
particular sensor includes a chirp interrogation system. This
system provides for a transmitting antenna which is electro-
magnetically coupled to the resonant circuit of the sensor. An
excitation signal of white noise or predetermined multiple
frequencies is applied to the transmitting antenna for a pre-
determined period of time, thereby inducing a current in the
resonant circuit of the sensor at the resonant frequency. The
system then listens for a return signal which radiates from the
sensor. Theresonant frequency and bandwidth of the resonant
circuit are determined from the return signal.

The chirp interrogation method for determining the reso-
nant frequency and bandwidth of a resonant circuit within a
particular sensor includes the steps of transmitting a multi-
frequency signal pulse from a transmitting antenna, electro-
magnetically coupling a resonant circuit on a sensor to the
transmitting antenna thereby inducing a current in the sensor
circuit, listening for and receiving a return signal radiated
from the sensor circuit, and determining the resonant fre-
quency and bandwidth from the return signal.

A representative block diagram of an electrical circuit that
can be used to interrogate the sensor and determine the reso-
nant frequency is shown in FIG. 35. A transmitter and
receiver, 1.e., a transceiver 422, has an antenna 424 for gen-
erating and receiving signals from a sensor 426. Transceiver
422 is an electronic or digital connection with a phase detec-
tor 430, a microprocessor 432, and a frequency synthesizer
434. Microprocessor 432 is in turn connected to an interface
436 such as a terminal. Power supply 438 regulates and pro-
vides electrical power to the system.

The present invention also provides an analog system and
method for determining the resonant frequency of a resonant
circuit within a particular sensor. The analog system com-
prises a transmitting antenna coupled as part of a tank circuit
which in turn is coupled to an oscillator. A signal is generated
which oscillates at a frequency determined by the electrical
characteristics of the tank circuit. The frequency of this signal
is further modified by the electromagnetic coupling of the
resonant circuit of a sensor. This signal is applied to a fre-
quency discriminator which in turn provides a signal from
which the resonant frequency of the sensor circuit is deter-
mined.

The analog method for determining the resonant frequency
and bandwidth of a resonant circuit within a particular sensor
includes the steps of generating a transmission signal using a
tank circuit which includes a transmitting antenna, modifying
the frequency of the transmission signal by electromagneti-
cally coupling the resonant circuit of a sensor to the transmit-
ting antenna, and converting the modified transmission signal
into a standard signal for further application.

The invention further includes an alternative method of
measuring pressure in which a non-linear element such as a
diode or polyvinylidenedifloride piezo-electric polymer is
added to the LC circuit. A diode with a low turn-on voltage
such as a Schottky diode can be fabricated using micro-
machining techniques. The presence of this non-linear ele-
ment in various configurations within the LC circuit can be
used to modulate the incoming signal from the receiving
device and produce different harmonics of the original signal.
The read-out circuitry can be tuned to receive the particular
harmonic frequency that is produced and use this signal to
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reconstruct the fundamental frequency of the sensor. The
advantage of this approach is two-fold; the incoming signal
can be transmitted continuously and since the return signal
will be at different signals, the return signal can also be
received continuously.

The above methods lend themselves to the creation of
small and simple to manufacture hand-held electronic
devices that can be used without complication.

One additional concern regarding devices designated for
long term implantation in the human body is maintenance of
electrical stability over time as the environment the sensor has
been placed in changes. Under this scenario the sensor’s
accuracy may drift from its original baseline. It would thus be
desirable to have available to the user of the device, a method
for determining if the sensor 1s functioning properly and also
to be able to recalibrate the device anytime after it has been
implanted. This invention therefore also includes a method of
using acoustic energy to challenge the sensor and determin-
ing to what degree (if any) sensor performance has been
degraded. In this method, energy in the ultrasound range is
directed towards the sensor and a measurement is made of the
mechanical resonance of the sensor membrane. This same
measurement can be made at point after the sensor has been
implanted. By comparing the values of these two measure-
ments a determination of the degree of change in mechanical
resonance frequency can be established. This value can then
beused to create a calibration factor that can be applied to the
pressure reading taken post-implantation in order to adjust
the measured value to reflect the actual pressure within the
aneurysm.

The preceding specific embodiments are illustrative of the
practice of the invention. It is to be understood, however, that
other expedients known to those skilled in the art or disclosed
herein, may be employed without departing from the spirit of
the invention of the scope of the appended claims.

We claim:

1. A flexible sensor for wirelessly determining a physical
property of a patient, which sensor comprises a self-contained
resonant circuit comprising a capacitor and an inductor, and

wherein the circuit is variable in response to the physical

property of the patient,

wherein the sensor is comprised of biocompatible materi-

als,

wherein the sensor is sufficiently flexible to be folded for

delivery percutaneously,

wherein the sensor is disk-shaped, and

wherein the sensor has an anchoring system attached to a

flat surface of the sensor.

2. The sensor of claim 1, wherein the capacitor is variable
in response to the physical property of the patient.

3. The sensor of claim 1, wherein the inductor is adapted to
allow inductance of a current in the resonant circuit when the
sensor is subjected to a time-varying electromagnetic field.

4. The sensor of claim 1, wherein the physical property is
pressure or temperature.

5. The sensor of claim 4, wherein the physical property is
pressure.

6. The sensor of claim 5, wherein sensor is designed to
respond to a range of pressure corresponding to a range of
pressure normally found within a vascular aneurysm.

7. The sensor of claim 5, wherein the sensor is designed to
respond to a range of pressure corresponding to a range of
pressure normally found in a chamber of the patient’s heart.

8. The sensor of claim 1, wherein the sensor has one or
more metallic members attached to a flat surface of the sensor.

9. The sensor of claim 1, wherein the sensor has one or
more metallic members layered within the sensor.
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10. The sensor of claim 1, wherein the sensor has a metallic
ring surrounding a portion of the edge of the sensor.

11. The sensor of claim 1, wherein the anchoring system is
acoil.

12. The sensor of claim 1, wherein the anchoring system
has radial projections in an umbrella shape.

13. The sensor of claim 1, wherein the sensor has at least
one cutout to facilitate folding.

14. The sensor of claim 1, wherein the sensor is capable of
being folded into a Z-shape.

15. The sensor of claim 1, wherein the sensor is capable of
being folded into a U-shape.

16. The sensor of claim 1, wherein a safety wire is attached
to one surface of the sensor.

17. The sensor of claim 16, wherein the safety wire has a
sheath.

18. The sensor of claim 17, wherein the sheath is capable of
being slid distally to free the safety wire from the sensor.

19. The sensor of claim 16, wherein the safety wire is
attached to the sensor at an adhesive point.

20. The sensor of claim 19, wherein the adhesive point
comprises an epoxy or a cyanoacrylate material.

21. The sensor of claim 1, wherein the primary material of
construction is flexible, biocompatible polymer or co-poly-
mer.

22. The sensor of claim 21, wherein the polymer or co-
polymer is selected from the group consisting of polyamide,
polyethylene teraphthalate, polytetrafluoroethlyene, and co-
polymers thereof.

23. The sensor of claim 1, wherein there are no conductive
connections or via holes to provide a direct electrical conduit
between an upper inductor coil and a lower inductor coil.

24. The sensor of claim 1, further comprising a non-linear
element that responds in a non-linear manner to an excitation
signal.

25. The sensor of claim 1, wherein the capacitor comprises
an array of smaller capacitors.

26. The sensor of claim 1, wherein the sensor has a loading
tab member.

27. The sensor of claim 1, wherein the sensor is capable of
being folded so that a middle section remains substantially
flat and the outer edges or surfaces are at substantially a 90°
angle to said middle section.

28. The sensor of claim 27, wherein the sensor is substan-
tially daisy-shaped.

29. A sensor delivery system comprising;

a sensor comprising a self contained resonant circuit com-
prising a capacitor and an inductor, wherein the circuit is
variable in response to the physical property of the
patient, and wherein the sensor is sufficiently flexible to
be folded for delivery percutaneously, and

a delivery catheter comprising an inner tubular member
having an outer surface and an outer tubular member
having an inner surface, the outer surface of the inner
tubular member and the inner surface of the outer tubular
member defining an annular space therebetween;

wherein the sensor is contained within said annular space.

30. The delivery system of claim 29, wherein the outer
tubularmember is slidable in the proximal direction to release
the sensor.

31. The delivery system of claim 29, wherein the delivery
catheter has an atraumatic tip.

32. The delivery system of claim 31, wherein the atrau-
matic tip is attached to the distal end of the inner tubular
member.

33. The delivery system of claim 29, comprising an annular
stop proximal to the sensor in the annular space.
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34. The delivery system of claim 29, wherein the annular
space in the delivery catheter is configured such that several
sensors can be contained within the catheter.

35. The delivery system of claim 29, wherein the sensor has
a safety wire attached thereto and said safety wire extends
proximally in a longitudinally extending groove in the inner
surface of the outer catheter, the outer surface of the inner
catheter, or both.

36. The delivery system of claim 29, wherein the sensor is
one of a plurality of sensors, and wherein each of said plural-
ity of sensors is tuned to operate at a different resonant fre-
quency.

37. The delivery system of claim 36, wherein said plurality
of sensors comprises two sensors.

38. The delivery system of claim 36, wherein said plurality
of sensors comprises three sensors.

39. The delivery system of claim 29, wherein the sensor is
in a curved configuration within the delivery catheter.

40. The delivery system of claim 29, wherein the sensor is
in a Z-shaped configuration within the delivery catheter.

41. The delivery system of claim 29, wherein the sensor is
in a U-shaped configuration within the delivery catheter.

42. The delivery system of claim 29, wherein the inner
catheter has a longitudinally extending lumen so that the
delivery system is capable of being slidably positioned over a
guidewire.
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43. A sensor delivery system comprising;

a sensor comprising a self-contained resonant circuit com-
prising a capacitor and an inductor, wherein the circuit is
variable in response to the physical property of the
patient, and wherein the sensor is sufficiently flexible to
be folded for delivery percutaneously; and

a delivery catheter comprising an inner tubular member
having an outer surface and an outer tubular member
having an inner surface, the outer surface of the inner
tubular member and the inner surface of the outer tubular
member defining an annular space therebetween;

wherein the sensor is contained within the annular space,

wherein the sensor has a tab member that engages a recip-
rocal slot in the inner tubular member,

wherein the outer tubular member has a slit, and

wherein rotation of the inner tubular member causes the
sensor to advance through the slit.

44. The delivery system of claim 43,

wherein the inner catheter has a longitudinally extending
lumen so that the delivery system is capable of being
slidably positioned over a guidewire.
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