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7) ABSTRACT

The progress of a endovascular cardiac repair can be moni-
tored by inserting a pressure transducer sensor using a
catheter into a chamber of the heart during endovascular
repair and then using a small, hand-held read out device to
measure pressure casily, safely, inexpensively and accu-
rately. In one aspect a sensor is introduced into the body by
the steps of folding or rolling the sensor into a cylinder,
loading it into a catheter, and deploying into the heart
chamber by allowing it to unroll or unfold, either by itself or
facilitated by the incorporation of a super-clastic alloy
component.
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IMPLANTABLE WIRELESS SENSOR FOR
PRESSURE MEASUREMENT WITHIN THE
HEART

FIELD OF THE INVENTION

[0001] This invention relates to chronically implanted
sensors for wirelessly sensing pressure, temperature and
other physical properties within the human body. More
particularly, the invention concerns a wireless, un-powered
micromachined pressure sensor that can be delivered using
endovascular techniques to the interior of the human heart.

BACKGROUND OF THE INVENTION

[0002] The measurement of blood pressure within the
human heart provides critical information regarding the
organ’s function. Many methods and techniques have been
developed to give physicians with the ability to monitor
heart function to properly diagnose and treat various dis-
eases and medical conditions. For example, a sensor or
transducer placed within the chambers of the heart can be
used to record variations in blood pressure based on physical
changes to a mechanical element within the sensor. This
information is then transferred from the sensor to external
device that is capable of translating the data from the sensor
into a measurable value that can be displayed. The drawback
of this type of sensor is that there must be a physical
connection between the sensor and the external device, thus
limiting its use to acute settings.

[0003] Many types of wireless sensors have been proposed
that would allow implantation of the device into the body
and then through the appropriate coupling means, pressure
reading can be made over longer periods of interest. The
primary limitation to these type of sensors are the fabrication
methods used to manufacture them do not provide sufficient
miniaturization to allow them to be introduced and
implanted into the heart using non-surgical, catheter based
techniques.

[0004] For a sensor that is designated to be placed within
the heart, additional considerations are required. A feature
must be provided that will allow the sensor to be perma-
nently secured to the wall of the heart in a manner that will
exclude any possibility of movement of the sensor or
displacement out of the heart. Finally, an implantable sensor
of this type must be assembled using the materials and
fabrications methods that ensure appropriate biocompatibil-
ity and long term mechanical and electrical durability.

[0005] One method of manufacturing a sensor capable of
measuring pressure is to use a capacitor that is assembled
such that the capacitive plates will deform as a result of
exposure externally applied stress. This deformation will
result in a change in the capacitance that will be proportional
to the applied stress. Various patents describe the fabrication
and use of capacitor based pressure sensors. The primary
limitation of many of these inventions is that the techniques
used to fabricate the sensors do not lend themselves to
miniaturization necessary for it to be configured as an
implantable medical device.

[0006] The fabrications methodologies that have been
developed in the field of Micro-Electro-Mechanical Sys-
tems, however, do specifically provide the means for assem-
bling miniaturized sensors capable of measuring a variety of
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properties including pressure. MEMS devices as described
in these patents traditionally use silicon as a substrate for
construction of miniature electrical or mechanical structures.
The resulting sensors are inherently rigid severely limiting
the ability to manipulate them into temporarily small pack-
ages that would provide the means for non-surgical implan-
tation into the human body.

[0007] A number of patents detail pressure sensors (some
capacitive in nature, some manufactured using MEMS based
technology) that are specifically designed for implantation
into the human body. These sensors suffer from many of the
limitations already mentioned with the additional concerns
that they require either the addition of a power source to
operate the device or the need for a physical connection to
a device capable of translating the sensor output into a
meaningful display of a physiologic parameter.

[0008] To overcome these two problems (power and
physical connection), the concept of a externally modulated
LC circuit has been applied to development of implantable
pressure sensors. Of a number of patents that describe a
sensor design of this nature, Chubbuck, U.S. Pat. No.
6,113,553 is a representative example. The Chubbuck patent
demonstrates how a combination of a pressure sensitive
capacitor placed in series with an inductor coil provides the
basis of a wireless, un-powered pressure sensor that is
suitable for implantation into the human body. Construction
of an LC circuit in which variations of resonant frequency
correlate to changes in measured pressure and which these
variations can be detected remotely through the use of
electromagnetic coupling are further described in Allen et
al., US. Pat. No. 6,111,520, incorporated herein by refer-
ence.

[0009] The device embodied by the Chubbuck patent is
manufactured using conventional techniques, thus requiring
surgical implantation and thus limiting its applicability to
areas that are easily accessible to surgery (i.e., skull).

[0010] Thus, the need exists for a biocompatible, wireless,
un-powered pressure sensor that for the purposes of intro-
duction and delivery within the human heart can be manipu-
lated into a smaller shape and size by rolling or folding it
into a cylindrical form and loaded into a small diameter
catheter. Then upon positioning the catheter within the
desired chamber of the heart, the sensor can be deployed and
through the use super-elastic alloy components in the form
of anchors or hooks secured to the interior wall of the heart.

OBJECTS OF THE INVENTION
[0011] It is an object of this invention to provide an
implantable wireless sensor.

[0012] Tt is also an object of this invention to provide a
wireless, unpowered micromechanical, flexible sensor that
can be delivered endovascularly to a heart chamber.

[0013] It is a further object of this invention to provide an
implantable, wireless, unpowered sensor that can be deliv-
ered endovascularly to a heat chamber to measure pressure
and/or temperature.

[0014] These and other objects of the invention will
become more apparent from the discussion below.

SUMMARY OF THE INVENTION

[0015] The present invention describes a sensor that can
be fabricated using micro-machining techniques and can be
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implanted into the human body using non-surgical methods
for the measurement of physical parameters. This sensor is
fabricated using MicroElectroMechanical Systems (MEMS)
technology, which allows the creation of a flexible device
that is small, accurate, precise, durable, robust, biocompat-
ible, radiopaque and insensitive to changes in body chem-
istry, biology or external pressure. This device will not
require the use of wires to relay pressure information
externally nor need an internal power supply to perform its
function.

[0016] The MEMS approach to sensor design lends itself
to the fabrication of small, flat sensors that can be formed
using biocompatible polymers as substrate materials. The
pressure sensor described above can then be manipulated
into a smaller shape and size by rolling, bending, or folding
it into a cylindrical form. This smaller object can then be
introduced into the chambers of the human heart using
endovascular catheter techniques.

[0017] Once positioned within the heart, the device
unfurls into a preferred flat shape. Super-elastic alloy com-
ponents may be incorporated into the device such as hooks,
anchors, harpoons or coils are designed to secure the pres-
sure sensor to the wall of the heart and resist displacement
due to movement of the heart wall or from the interaction of
blood being pumped through the heart. In addition, appro-
priately biocompatible coatings may be applied to the sur-
face of the sensor in order to prevent adhesion of biological
substances to the sensor that could interfere with it proper
function.

[0018] The pressure sensor can be manufactured using
Micro-machining techniques that were developed for the
integrated circuit industry. An example of this type of sensor
features an inductive-capacitive (L.C) resonant circuit with a
variable capacitor and is described in Allen et al., U.S. Pat.
No. 6,111,520 incorporated herein by reference. In this
sensor, the capacitance varies with the pressure of the
environment in which the capacitor is placed.

[0019] Consequently, the resonant frequency of the LC
circuit of the pressure sensor varies depending on the
pressure of the environment. The pressure sensor is made of
completely passive components 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 tempera-
ture by the addition of a resistor to the basic L.C circuit.

[0020] When introduced into heart, 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. For
example, the sensor can be electromagnetically coupled to a
transmitting antenna. Consequently, a current is induced in
the sensors, which oscillates at the resonant frequency of the
sensor. This oscillation causes a change in the frequency
spectrum of the transmitted signal. From this change, the
bandwidth and resonant frequency of the particular sensor
may be determined, from which the corresponding change in
pressure can be calculated.

[0021] Accordingly, the present invention provides for an
impedance system and method of determining the resonant
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frequency 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 pre-
determined spectrum. The current passing through the trans-
mitting 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.

[0022] The method of determining the resonant frequency
and bandwidth using an impedance approach may include
the steps of transmitting an excitation signal using a trans-
mitting antenna and electromagnetically coupling a sensor
having a resonant circuit to the transmitting antenna thereby
modifying the impedance of the transmitting antenna. 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 deter-
mined.

[0023] 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 particular sensor. According to this method, an
excitation signal of white noise or predetermined multiple
frequencies is transmitted from a transmitting antenna, the
sensor being electromagnetically 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 electromag-
netically 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 experi-
ences a dip or notch at the resonant frequency of the sensor.
The resonant frequency and bandwidth are determined from
this notch in the power.

[0024] The transmit and receive method of determining
the resonant frequency and bandwidth of a sensor circuit
includes the steps of transmitting a multiple frequency signal
from transmitting antenna, and, electromagnetically cou-
pling a resonant circuit on a sensor to the transmitting
antenna thereby 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.

[0025] Yet another system and method for determining the
resonant 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 electromagnetically coupled to the resonant circuit
of the sensor. An excitation signal of white noise or prede-
termined multiple frequencies is applied to the transmitting
antenna for a predetermined 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. The resonant frequency and band-
width of the resonant circuit are determined from the return
signal.

[0026] The chirp interrogation method for determining the
resonant frequency and bandwidth of a resonant circuit
within a particular sensor includes the steps of transmitting
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a multifrequency signal pulse from a transmitting antenna,
electromagnetically 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 reso-
nant frequency and bandwidth from the return signal.

[0027] In addition, the present invention provides an ana-
log system and method for determining the resonant fre-
quency of a resonant circuit within a particular sensor. The
analog system comprises 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 deter-
mined 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 frequency discriminator which in
turn provides a signal from which the resonant frequency of
the sensor circuit is determined.

[0028] The analog method for determining the resonant
frequency and bandwidth of a resonant circuit within a
particular sensor includes the steps of generating a trans-
mission signal using a tank circuit which includes a trans-
mitting antenna, modifying the frequency of the transmis-
sion signal by electromagnetically coupling the resonant
circuit of a sensor to the transmitting antenna, and convert-
ing the modified transmission signal into a standard signal
for further application. The above methods lend themselves
to the creation of small and simple to manufacture hand-held
electronic devices that can be used without complication.

[0029] Other features and advantages of the present inven-
tion will become apparent to one with skill in the art upon
examination of the following drawings and detailed descrip-
tion. It is intended that all such additional features and
advantages be included herein within the scope of the
present invention, as defined by the claims.

[0030] Thus, this patent discloses a simple method of
monitoring the pressure within the human heart by inserting
a pressure transducer using a catheter and using a small,
hand-held read device to measure the pressure easily, safely,
inexpensively and accurately. It also includes a method of
introducing the sensor into the body by using the steps of
folding or rolling the sensor into a cylinder, loading it into
a catheter and deploying into the heart by allowing it to
unroll or unfold, either by itself or facilitated by the incor-
poration of a superelastic alloy component. The same super-
elastic element also provides the means to permanently
securing the device to the interior of the heart.

[0031] Delivery of the device of the invention to a heart
chamber may be accomplished as follows: Using the stan-
dard Seldinger technique, the physician gains access to the
patient’s jugular 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 a
chamber of the heart. In a preferred delivery system a
catheter has a “daisy shape” sensor folded into its distal end,
so that the middle, flat section of the sensor is essentially
normal to the longitudinal axis of the catheter.

[0032] A solid or hollow cylindrical rod or member is
pushed distally to push the sensor from the distal end of the
catheter and, optionally, to attach to an inner wall of the
heart chamber with an anchor member.
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[0033] Optionally, 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 heart chamber.

[0034] The smaller catheter has an annular space to hold
a folded sensor, which is released when the outer catheter is
withdrawn proximally.

[0035] In a preferred 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 a lumen in a catheter or in the annular space between two
coaxial catheters, but the safety wire runs the entire length
of the 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. 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.

[0036] There are two specific advantages to this deploy-
ment mechanism. First, the sensor can be packaged and
stored in a flat configuration. This is desirable since long
term storage in a pre-loaded curved geometry could make it
more difficult for the sensor to re-establish the flat arrange-
ment that 1s optimal for effective electromagnetic inductive
coupling with the external read-out unit. The second advan-
tage 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 deployment process.

[0037] 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 heart chamber while the delivery cath-
eter 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.

[0038] The detachment of the wire from the sensor can be
accomplished in several ways.

[0039] 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.

[0040] An alternative method would rely on a mechanical
connection between the wire and sensor such as adding
threads to the end of the wire which could then be connected
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to a matching threaded female receptacle on the sensor. To
separate the wire from the sensor, counter-rotation would be
applied to the wire until the threads disengage. One could
envision many variations of this design that would involve
the mechanical locking and un-locking of two mating com-
ponents.

BRIEF DESCRIPTION OF THE DRAWINGS

[0041] FIG. 1 is a front view of an embodiment of the
invention;

[0042] FIG. 2 is a lateral view of the embodiment of the
invention shown in FIG. 1;

[0043] FIG. 3 is a lateral view of an embodiment of the
invention of FIG. 1 folded for delivery;

[0044] FIG. 4 is a front view of another embodiment of
the invention;

[0045] FIG.51is a lateral view of a yet further embodiment
of the invention;

[0046] FIGS. 6 and 7 arc cach a lateral view of an
embodiment of the invention with an anchoring mechanism;

[0047] FIG. 8 is an exploded schematic representation of
construction of one embodiment of a sensor;

[0048] FIG.9 is a schematic representation of an embodi-
ment of the invention with distributed capacitance;

[0049] FIGS. 10 and 11 are each a schematic, partial
cross-sectional view of an embodiment of a sensor accord-
ing to the invention;

[0050] FIG. 12 is a schematic representation of an alter-
nate shape for an embodiment of the invention;

[0051] FIG. 13 is a cross-sectional view of the distal end
of a delivery catheter with the embodiment shown in FIG.
12;

[0052] FIG. 14 is a schematic of another sensor according
to the invention;

[0053] FIG. 15 is a drawing of a read-out device
employed according to the invention; and

[0054] FIG. 16 is a block diagram of an electrical circuit
useful according to the invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0055] The invention can perhaps be better understood by
referring to the drawings. One embodiment of a sensor
according to the invention is shown in FIGS. 1, 2, and 3,
where a disc-shaped sensor 10 comprises a capacitor disk 12
and a wire spiral 14. FIG. 2 is a lateral view of sensor 10,
and FIG. 3 is a lateral view of sensor 10 in a folded
configuration for insertion. The fact that sensor 10 is suffi-
ciently flexible to be folded as shown in FIG. 4 is an
important aspect of the invention.

[0056] In FIG. 4 a ring 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.

[0057] FIG. 5 is a lateral cross-sectional view of a circular
sensor 30 having a ring 32 comprised of a shape memory
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alloy such as nitinol encompassing the outer edge 34 of
sensor 30. Ring 32 preferably is attached to outer edge 34 by
a suitable physiologically acceptable adhesive 36, such as an
appropriate epoxy or cyanoacrylate material. Preferably the
ring will be radiopaque.

[0058] The size of the circular sensors of the invention
will vary according to factors such as the intended applica-
tion, 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.

[0059] FIGS. 6 and 7 each represent a lateral view of a
sensor with an anchoring member. In FIG. 6 sensor 40 has
a screw/coil 42, and in FIG. 7 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. 6 and
7 could be attached to ring 32 in FIG. 5.

[0060] The pressure sensor of the invention can be manu-
factured using Micro-machining techniques that were devel-
oped for the integrated circuit industry. An example of this
type of sensor features an inductive-capacitive (LC) reso-
nant 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.

[0061] In a preferred embodiment the sensor of the inven-
tion is constructed by laminating several layers of material
together, as shown, for example, in FIG. 8. A first layer 242
is fabricated from a sheet of polyimide film (e.g. KAPTON,
available 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 surrounded 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.

[0062] 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 clectric 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.

[0063] The sensor exhibits the electrical characteristics
associated with a standard L.C 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
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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 capaci-
tance. 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.

[0064] As noted above, the capacitor in the assembled
pressure sensor consists of the two circular conductive
segments separated 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.

[0065] 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 is located within the chamber of
the heart, it will be possible to determine the pressure within
the chamber in a simple, non-invasive procedure by
remotely interrogating the sensor, recording the resonant
frequency and converting this value to a pressure measure-
ment. The readout device generates electromagnetic 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 that is
generated by the readout device via inductive coupling. This
coupling induces a current in the sensor’s circuit oscillates
at the same frequency as the applied electromagnetic energy.
Due to the nature of the sensor’s electromechanical system
there exists a frequency of alternating current at which the
absorption of energy from the readout device is at a mini-
mum. 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
surface, a measurement of this frequency by the readout
device gives a relative measurement of the fluid pressure. If
calibration 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 incor-
porated 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 compo-
nents 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 configu-
rations of the LC circuit design can be considered to address
specific biological and manufacturing 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
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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 prevent 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. 9, a
sensor 270 has a multitude of capacitors 275 formed either
as separate elements or as an array. In such a distributed
capacitance configuration, there can be a more accurate and
more sensitive measurement of pressure.

[0066] 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.

[0067] Ina further embodiment of the invention there is no
direct electrical connection between the two sides of the LC
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 con-
ductor 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,
experimentation 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 importantly, significantly increases the durability of
the sensor making it more appropriate for use inside the
human body.

[0068] FIG. 10 is a partial cross-sectional review of the
sensor shown in FIG. 8, where first layer 242, second layer
248, and third layer 252 are sandwiched together. A cylin-
drical space 256 comprises a pressure sensitive capacitor. No
via holes are present. The sensor 278 shown in FIG. 11
comprises a first polyimide layer 280, a second, adhesive
layer 282, and a third, polyimide layer 284. First layer 280
has a copper pattern 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 capaci-
tor. A diode 294 connected between coils 286 and 290
creates a non-linear sensor, i.e., a sensor where the fre-
quency change is non-linear as compared to a change in
pressure.

[0069] The design of the sensor is not limited to a specific
geometric configuration. In the specific example noted
above the inductor component is described as a spiral coil.
Other embodiments of the sensor could utilize oval, rectan-
gular or an amorphous shape. Specific electrical, mechanical
and biologic advantages could be obtained by employing
these various 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
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small diameter catheter. Alternatively, a more c¢laborate
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 of a chamber of the heart.

[0070] In a preferred embodiment of the invention a
foldable sensor is delivered to the chamber of a patient’s
heart in the distal end of a delivery catheter. The sensor can
be regularly or irregularly shaped so that outer portions of
the sensor can fold to about a 90° angle as compared to a
relatively flat, middle portion of the sensor. For example, in
FIG. 12, a daisy or flower-shaped sensor 308 has a capacitor
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, as shown in FIG. 13. 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 to the inner surface of the wall of a
heart chamber (not shown).

[0071] 1t is especially preferred that rod member 322 will
be temporarily affixed to sensor 308 for at least two pur-
poses. First, rod member 322 functions as a safety or tether
wire. And second, rod member 322 will be capable of
twisting or otherwise maneuvering sensor 308 so that anchor
368 will attach to the heart chamber wall. Once sensor 308
is attached, rod member 322 is disengaged from sensor 308
and withdrawn proximally.

[0072] Another, embodiment of a sensor is shown in FIG.
14, where circular sensor 330 comprises flexible cut-outs
332. The first outer layer 334 comprises a polymide sub-
strate 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
at least one diode connecting the copper coils of the first and
third layers.

[0073] The flexible cut-outs 352 facilitate, among other
things, folding of sections of sensor 370 for placement in, or
arrangement upon, a delivery catheter, such as in FIG. 13.
The sections can also be folded to create either a “Z” shape
or, for example, a “U” shape, for other applications. It is
within the scope of the invention that variously numbered
and shaped cut-outs could be used for particular applica-
tions.

[0074] While a preferred delivery system is described
above, it is within the scope of the invention that other
delivery systems could be employed. Other such delivery
systems are described in, for example, co-pending, com-
monly assigned U.S. patent application Ser. No.
[24301.10], filed Jan. 22, 2002, incorporated herein by
reference.

[0075] Further, the invention is not limited to the implan-
tation of a single sensor. Since the biological environment
within a patient’s heart is not necessarily homogeneous,
multiple pressure sensors may be introduced into a patient’s
heart, each being positioned at different locations. In this
situation, each sensor may be designed with a unique
signature (obtained 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
heart.
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[0076] When introduced into the chamber of a patient’s
heart, 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 compo-
nents can absorb a fraction of the electromagnetic energy
that is generated by the readout device via inductive cou-
pling. This coupling will induce a current in the sensor’s
circuit that will oscillate at the same frequency as the applied
electromagnetic energy. Due to the nature of the sensor’s
electromechanical 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 mechanically linked to the fluid
pressure at the sensor’s surface, a measurement of this
frequency by the readout device can give a relative mea-
surement of the fluid pressure. If calibration of the device is
performed then an absolute measurement of pressure can be
made

[0077] The circuitry used to measure and display pressure
is contained within a simple to operate, battery powered,
hand-held electronic unit 400, as shown in FIG. 15. This
unit 400 also contains the antenna needed to perform the
electromagnetic coupling to the sensor.

[0078] 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 402 in
proximity to the implanted sensor and easily moved to
optimize the coupling between antenna and sensor.

[0079] The antenna itself may consist of a simple standard
coil configuration or my incorporate ferrous elements to
maximize the coupling efficiency. The electronic device
would feature an LCD or LED display 404 designed to
clearly display the recorded pressure in physiologically
relevant units such as mm HG. In an alternative embodi-
ment, the display may be created by integrating a commer-
cially 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 computer 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 commercially available data
acquisition software programs for more detailed analysis or
for electronic transfer via hard media or the internet to a
remote location.

[0080] Accordingly, the present invention provides for an
impedance system and method of determining the resonant
frequency 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 pre-
determined spectrum. The current passing through the trans-
mitting antenna experiences a peak at the resonant frequency
of the sensor.
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[0081] 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 elec-
tromagnetically coupling a sensor having a resonant circuit
to the transmitting antenna thereby modifying the imped-
ance of the transmitting antenna. Next, the step of measuring
the change in impedance of the transmitting antenna is
performed, and finally, the resonant frequency and band-
width of the sensor circuit are determined.

[0082] 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 particular sensor. According to this method, an
excitation signal of white noise or predetermined multiple
frequencies is transmitted from a transmitting antenna, the
sensor being electromagnetically 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 electromag-
netically 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 experi-
ences a dip or notch at the resonant frequency of the sensor.
The resonant frequency and bandwidth are determined from
this notch in the power.

[0083] The transmit and receive method of determining
the resonant frequency and bandwidth of a sensor circuit
includes the steps of transmitting a multiple frequency signal
from transmitting antenna, and, electromagnetically cou-
pling a resonant circuit on a sensor to the transmitting
antenna thereby 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.

[0084] Yet another system and method for determining the
resonant 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 electromagnetically coupled to the resonant circuit
of the sensor. An excitation signal of white noise or prede-
termined multiple frequencies is applied to the transmitting
antenna for a predetermined 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. The resonant frequency and band-
width of the resonant circuit are determined from the return
signal.

[0085] The chirp interrogation method for determining the
resonant 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,
electromagnetically 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 reso-
nant frequency and bandwidth from the return signal.

[0086] A representative block diagram of an electrical
circuit that can be used to interrogate the sensor and deter-
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mine the resonant frequency is shown in FIG. 16. A trans-
mitter and receiver, i.¢., a transceiver 422, has an antenna
424 for generating and receiving signals from a sensor 426.
Transceiver 422 is an electronic or digital connection with a
phase detector 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 provides electrical power to the system.

[0087] 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 comprises 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 deter-
mined 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 frequency discriminator which in
turn provides a signal from which the resonant frequency of
the sensor circuit is determined.

[0088] The analog method for determining the resonant
frequency and bandwidth of a resonant circuit within a
particular sensor includes the steps of generating a trans-
mission signal using a tank circuit which includes a trans-
mitting antenna, modifying the frequency of the transmis-
sion signal by electromagnetically coupling the resonant
circuit of a sensor to the transmitting antenna, and convert-
ing the modified transmission signal into a standard signal
for further application.

[0089] 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 element 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 readout circuitry can be tuned to receive
the particular harmonic frequency that is produced and use
this signal to 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.

[0090] The above methods lend themselves to the creation
of small and simple to manufacture hand-held electronic
devices that can be used without complication.

[0091] One additional concern regarding devices desig-
nated for long term implantation in the human body is
maintenance of electrical stability over time as the environ-
ment 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 is
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 determining 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
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the sensor membrane. This same measurement can be made
at point after the sensor has been implanted. By comparing
the values of these two measurements a determination of the
degree of change in mechanical resonance frequency can be
established. This value can then be used to create a calibra-
tion 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 heart chamber.

[0092] The preceding specific embodiments are illustra-
tive 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 in a patient’s heart chamber, which sensor com-
prises a self-contained resonant circuit comprising a capaci-
tor 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.

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 1, wherein the sensor is disk-
shaped.

7. The sensor of claim 6, wherein the sensor has one or
more metallic members attached to a flat surface of the
Sensor.

8. The sensor of claim 6, wherein the sensor has one or
more metallic members layered within the sensor.

9. The sensor of claim 6, wherein the sensor has a metallic
ring surrounding a portion of the edge of the sensor.

10. The sensor of claim 1, wherein the sensor has a daisy
or flower shape.

11. The sensor of claim 1, wherein the sensor has a shape
so that portions of the sensor can be folded at an approxi-
mately 90° angle to a substantially flat middle section.

12. The sensor of claim 1, wherein the sensor has an
anchoring system attached to a flat surface of the sensor.

13. The sensor of claim 12, wherein the anchoring system
is a coil.

14. The sensor of claim 12, wherein the anchoring system
has a projection with umbrella-like radial projections.

15. The sensor of claim 1, wherein the sensor has one or
more cut-outs to facilitate folding.

16. The sensor of claim 1 or 185, which can be folded into
a U-shape.

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

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

19. The sensor of claim 18, wherein the sheath can be slid
distally to free the safety wire from the sensor.
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20. The sensor of claim 17, wherein the safety wire is
attached to the sensor at an adhesive point.

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

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

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

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

25. The sensor of claim 1, which contains a non-linear
element and responds in a non-linear manner to an excitation
signal.

26. The sensor of claim 1, wherein the capacitance is
distributed across an array of smaller capacitors.

27. The sensor of ¢laim 1, which can be folded so that a
middle section remains substantially flat, the outer edges or
surfaces are at substantially a 90° angle to said middle
section, and a portion of the inductor is substantially coex-
tensive with the outer edge.

28. The sensor of claim 27, which is substantially daisy-
shaped.

29. A sensor delivery system comprising:

a sensor of claim 1,

an outer catheter having at least one lumen and a distal
open end, and

an inner cylindrical member,

wherein the sensor is folded within the distal end of the
outer catheter and the inner cylindrical member pushes
the folded sensor out at a desired location.

30. The delivery system of claim 29, wherein the inner
catheter has a longitudinally extending lumen so that the
delivery system can be slidably positioned over a guidewire.

31. The delivery system of claim 29, wherein the sensor
of claim 1 has a safety wire attached thereto and said safety
wire extends proximally in a longitudinally extending
groove or lumen.

32. Aflexible sensor for wirelessly determining a physical
property in a patient’s heart chamber, which sensor com-
prises a self-contained resonant circuit a variable in response
to said physical property, wherein the sensor is sufficiently
flexible to be folded for delivery percutaneously.

33. Aflexible sensor for wirelessly determining a physical
property in a patient’s heart chamber, which sensor com-
prises a self-contained resonant circuit comprising a capaci-
tor and an inductor, wherein the circuit is variable in
response to said physical property, wherein the capacitor is
variable in response to the physical property of the patient,
of the patient, 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,
and wherein the sensor is sufficiently flexible to be folded for
delivery percutaneously.
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