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INSTRUMENTED IMPLANTABLE STENTS, VASCULAR GRAFTS AND
OTHER MEDICAL DEVICES

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims priority to copending U.S. Provisional Patent Application,
60/722,361 filed on September 30, 2005 to Stark et al., entitled "Instrumented Implantable
Stents And Other Medical Devices," and U.S. Provisional Patent Application 60/628,050
filed on November 15, 2004 to Stark et al., entitled "Instrumented Implantable Medical

Devices," both of which are incorporated herein by reference.

FIELD OF THE INVENTION

The invention relates to a new generation of implantable medical devices, in
particular stents, that provide treatment functions and/or detection functions within a

compact format that allows placement in a range of locations within a patient.

BACKGROUND OF THE INVENTION

Innovative approaches have presented considerable opportunity to revolutionize

medicine through providing more automated and/or remote treatment options in a variety
of contexts. The objectives are to provide improved care and accelerated treatment
delivery while increasing efficiency to keep costs down. With two way communication
channels, the medical professionals can be apprised of the patient's condition without an
office visit or invasive procedure, and medical devices can be remotely reprogrammed.

In an orthopedic treatment context, physical therapy can be performed, monitored
and/or administered remotely relative tot he clinician. An instrumented orthopedic system
can prompt the patient for therapy, monitor the therapy, warn the patient of any dangerous
conditions and/or record the patient's performance of the therapy for compliance
monitoring and protocol evaluation. The instrumented orthopedic system can be designed
to download therapy performance data with or without initial evaluation and/or upload
protocol reprogramming. Suitable orthopedic parameters related to rehabilitation include,
for example, stresses, range of motion, exerted energy levels, pulse, blood pressure, and
the like.

Another area of significant remote monitoring and evaluation involves implantable
cardiac devices. In particular, implantable pacemakers and cardiac defibrillators have

been designed to transmit parameters external to the patient's body for communication to
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health care professionals, e.g. the appropriate physician. Functions relating to device

operation can be communicated.

SUMMARY OF THE INVENTION

In a first aspect, the invention pertains to a stent comprising a support structure, a

sensor or sensors and an implantable wireless communication system. The support
structure comprises a biocompatible material with a structure suitable for placement within
a mammalian vessel without significantly blocking flow. The sensor(s) is attached to the
support structure. The implantable wireless communication system is operably connected
to the sensor(s) such that data from the sensor can be transmitted with the wireless
communication system. Suitable sensors include, for example, a sensor comprising a
pressure sensor, an acoustic sensor, an accelerometer, a capacitor, an induction coil,
resistors within a bridge structure, a vibration detector, a Doppler shift detector or
combinations thereof. In some embodiments, the communication system is electrically
connected to the sensor but is not physically connected to the support structure.

In a further aspect, the invention pertains to an implantable medical device
comprising an implantable scaffold, a reservoir and a microelectromechanical delivery
system. The reservoir comprises a bioactive agent and is attached to the implantable
scaffold. The microelectromechanical delivery system is attached to the implantable
scaffold and controls elution from the reservoir.

In another aspect, the invention pertains to a stent comprising a support structure, a
reservoir and a control system. The frame comprises a biocompatible material with a
structure suitable for placement within a mammalian vessel without significantly blocking
flow. The reservoir comprises a bioactive agent and is operably connected to the support
structure. The control system is operably connected to the reservoir to control the release
of the bioactive agent from the reservoir. In some embodiments, the reservoir comprises a
cover with a material dissolvable upon exposure to an electrical current, and the control
system comprises a microprocessor with memory and a conduction pathway configured to
deliver a current to dissolve the cover material under instructions from the microprocessor,
and a plurality of such reservoirs can be included in the stent that are separately controlled
to independently dissolve the cover material of each reservoir. The bioactive agent can
comprise an antimicrobial agent, a hormone, a cytokine, a growth factor, a hormone
releasing factor, a transcription factor, an infectious agent or vector, an antithrombogenic

agent, an anti-restenosis agent, a calcium channel blocker, an antirestenosis agent, a blood
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pressure reducing agent, an ionic forms thereof, an unmixed combination thereof or a
mixture thereof.

In other aspects, the invention pertains to a stent comprising a support structure, a
power source and a surface. The support structure comprises a biocompatible material
with a structure suitable for placement within a mammalian vessel without significantly
blocking flow. The surface is configured to be charged by the power source at least over a
portion of the surface, and the surface is supported by the frame. The power source can be
an implanted battery or a system that received external energy through RF, magnetic or
other electromagnetic source. In some embodiments, the surface comprises an inner
surface and an outer surface that can be charged with a positive or negative charge. In
alternative embodiments, the surface comprises an inner surface that can be charged
positive and an outer surface that can be charged negative, or an inner surface that can be
charged negative and an outer surface that can be charged positive. In some embodiments,
the power source can be recharged through an antenna. The power source can comprise a
battery.

Moreover, the invention pertains to a stent comprising a support structure, a
microprocessor and a transducer. The support structure comprises a biocompatible
material with a structure suitable for placement within a mammalian vessel without
significantly blocking flow. The transducer is operably connected to the microprocessor.
In some embodiments, the transducer is an electrical induction coil, although other
suitable transducers are broadly described herein. In some embodiments, the stent may
further comprise a power supply that is operably connected to the induction coil such that
the power supply can be recharged, and in some embodiments the microprocessor is
powered with electrical current generated with the induction coil. In other embodiments,
the stent may further comprise a power supply in which the microprocessor is configured
to measure the current induced in the coil with a magnetic or electromagnetic field.

In additional aspects, the invention pertains to a stent comprising an expandable
structure with a generally cylindrical shape suitable for placement within a vessel. The
expandable structure has a plurality of layers that can be selectively removed in the
expanded configuration while leaving the remaining layer(s). In some embodiment, the
plurality of layers is three layers. In other embodiments, at least one layer has a lever
connected to the particular layer.

Furthermore, the invention pertains to a method for performing measurements

within a mammalian vessel, e.g., a tissue with a lumen. The method comprises
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transmitting from an implanted device a measurement of a sensor within the vessel. The
implanted device does not have any external physical connections.

In further aspects, the invention pertains to a method for performing a treatment
within a mammalian vessel. The method comprises actuating an output transducer to
perform the treatment. The transducer is deployed within the vessel without any external
physical connections. The output transducer can be associated with a stent.

Also, the invention pertains to a medical device comprising a sensor and an
ambulatory transmitter operably connected to the sensor. In general, the sensor can
perform a measurement of skin or tissue motion that varies if an aneurysm is present. In
some embodiments, the sensor is designed for contact mounting on a patient's skin. In
further embodiment, the sensor is attached to an article that can be worn by the patient. In
other embodiments, the medical device further comprises a biocompatible material
associated with the sensor and transmitter to form an implantable structure that can be
placed in the vicinity of a blood vessel.

In general, the various stent embodiments can be similarly adapted for forming
similar structures within a prosthetic vessel, i.e., a biocompatible vessel suitable for
implantation as a shunt or replacement vessel. For example, in other aspects, the invention
pertains a biocompatible vessel suitable for implantation comprising a generally tubular
material having a central lumen and a wireless communication system operably connected
with the generally tubular material.

In further embodiments, the invention pertains to a central server comprising a
processor connected to a communication channel. The communication channel is
connected to an instrumented stent implanted within a patient. The communication
channel can be connected, for example, to an internet connection, a WiFi connection, a
satellite communication channel, a mobile phone connection or a combination thereof.
The processor can be further connected to additional communication channels, as

described further below, and to one or more databases, as described further below.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a schematic diagram depicting the components of smart/remote medical

treatment system displaying the interaction of a medical device, a patient computer, a
central server/database and medical professionals.

Fig. 2A is a schematic diagram of an implantable medical device.
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Fig. 2B is a schematic diagram of the electronics module and other electrical
components suitable for use with an implantable medical device.

Fig. 3 is a schematic perspective view of a first embodiment of a smart implantable
stent.

Fig. 4 is a schematic perspective view of a second embodiment of a smart
implantable stent. |

Fig. 5 is a schematic perspective view of a third embodiment of a smart
implantable stent.

Fig. 6 is a schematic perspective view of a fourth embodiment of a smart
implantable stent.

Fig. 7 is a side perspective view of a prosthetic vessel.

Fig. 8A is a sectional view of a first embodiment of an instrumented prosthetic
vessel with the section taken along line 8-8 of Fig. 7.

Fig. 8B is a sectional view of another embodiment of an instrumented prosthetic
vessel with the section taken along line 8-8 of Fig. 7.

Fig. 8C is a sectional view of a further embodiment of an instrumented prosthetic
vessel with the section taken along line 8-8 of Fig. 7.

Fig. 8D is a sectional view of an additional embodiment of an instrumented
prosthetic vessel with the section taken along line 8-8 of Fig. 7.

Fig. 8E is a sectional view of yet another embodiment of an instrumented
prosthetic vessel with the section taken along line 8-8 of Fig. 7.

Fig. 9 is a top view of hand held computer/personal digital assistant for patient use
to interface with a medical device and/or a remote central server, with an insert on the
right schematically depicting the interconnections of electrical components.

Fig. 10 is a sectional view of a MEMS based drug delivery system with the section
taken through the center of the MEMS device.

Fig. 11A is a sectional side view of a stent deployed in a blood vessel that sensitive
to visualization through ultrasound.

Fig. 11B is a sectional end view of the deployed stent of Fig. 11A taken along the
line B-B of Fig. 11A and with the interaction with an ultrasound device depicted
schematically.

Fig. 12A is a schematic sectional side view of a stent deployed in a blood vessel in
which the stent is configured to make measurements of capacitance with the section taken

through the center of the vessel.
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Fig. 12B is a sectional end view of the stent of Fig. 12A with the section taken
along line B-B of Fig. 12A.

Fig. 13 is a schematic depiction of two pressure sensors mounted within a stent and
deployed in a blood vessel with one sensor being deployed downstream from the other
Sensor.

Fig. 14A is a schematic side view of a stent forming an induction coil within a
blood vessel with the right view representing a later time relative to the left view.

Fig. 14B depicted the application of a magnetic pulse to the induction coil which
induces different current signals depending on the presence (lower plot of current
response) or absence (upper plot of current response) of plaque.

Fig. 15 is a schematic depiction of a stent-based measurement system deployed in
a blood vessel with electrically resistive elements that are configured as a Wheatstone
bridge such that plaque build up alters the electrical resistance of some elements to
unbalance the bridge.

Fig. 16 is a sectional side view of an acoustic transmitter/receiver embodied within
a stent and deployed within a blood vessel along with an acoustic reflector such that the
acoustic properties in the blood vessel can be measured with the section taken through the
center of the vessel.

Fig. 17 is a sectional side view of an acoustic sensor within a stent and deployed
‘within a blood vessel configured to measure Doppler shifts of acoustic waves within the
blood vessel with the section taken through the center of the vessel.

Fig. 18A 1s a schematic side view of transducers deployed in a stent that is
deployed within a blood vessel to induce vibration of the vessel and measure the
vibrational response of the vessel in which the section is taken through the center of the
vessel.

Fig. 18B is a schematic sectional end view depicting a transducer contacting the
stent in a configuration to induce vibrations of the blood vessel with the section taken
along line B-B of Fig. 18A.

Fig. 19A is a schematic perspective view of a stent configured to induce a positive
surface charge on the surface of the stent.

Fig. 19B is a sectional end view of the stent of Fig. 19A with the section taken
along line B-B of Fig. 19A, in which the insert depicts the layered structure of the stent.

Fig. 20A is an end view of a stent with a layered structure and optional lever arms

to facilitate separation of the layers following deployment.
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Fig. 20B is a side view of the layered stent of Fig. 20A.

Fig. 21A is a side perspective view of a stent configured for drug delivery
controlled with a MEMS structure.

Fig. 21B is an end sectional view of the stent of Fig. 21A with the section taken
along line B-B of Fig. 21A.

Fig. 21C is an end sectional view of the stent of Fig. 21A with the section taken
along line C-C of Fig. 21A.

Fig. 22A is a schematic cross section of a body portion with sensors configured to
detect aneurysms, with two stent-based sensors deployed within the vessel and two sensors
deployed on the skin.

Fig. 22B is a perspective view of a band to be worn by a patient with sensors
suitable for detecting aneurysms.

Fig. 22C is a fragmentary view of an article of clothing fitted with sensors suitable
for detecting aneurysms.

Fig. 22D is a side view of an implantable device configured with sensors suitable
for detecting aneurysms in nearby blood vessel(s).

Fig. 22E is a schematic view of the neck of a patient with an implanted device of
Fig. 22D placed near a carotid artery.

Fig. 22F is a plot of pressure pulses measured in a blood vessel with two sensors A
and B with sensor B being downstream form sensor A, such as shown in Fig. 22A, in
which the right plot is at a later time relative to the left plot indicating the development of
an aneurysm at the time t, that was not present at time t;.

Fig. 22G is a schematic depiction of a plot of acoustic measurements in a blood
vessel as a function of frequency.

Fig. 22H is a schematic depiction of a plot of acoustic measurements as a function
of time showing two pulses of the vessel.

Fig. 221 is a schematic depiction of measurements of an accelerometer configured

to measure responses in nearby tissue or skin as a result of a vessel pulsing.

DETAILED DESCRIPTION OF THE INVENTION

Smart stent structures and other small implantable medical devices can incorporate

a miniature processor to coordinate functions associated with sensing, electrical, and/or
electromechanical components of the device. The devices can be used for monitoring

bodily functions, for drug delivery and/or for other treatment delivery approaches.
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Similarly, devices can be installed within and/or on the wall of a prosthetic vessel such
that the devices can be operated following implantation of the prosthetic vessel. The
processor associated with a stent, prosthetic vessel or other small implantable device can
facilitate and/or adjust the function of a treatment structure associated with the implantable
device and/or facilitate the performance of measurements. In some embodiments, the
implantable devices have the ability to communicate exterior to a patient following
implantation within a patient. This communication ability provides for transmission of
measurements taken from within the body to an outside receiver for processing and/or to
mediate treatments provided through the implantable device. Similarly, communication to
the implanted structures provide for modifications of treatments within the patient
implemented by the implanted structure,  generally through  the
programming/reprogramming of the device. The communication into and from the patient
generally can be mediated by a local communication system. However, either directly or
indirectly, it is desirable for the communication in one or both directions from/to the
implantable device and a remote communication system. The remote communication
system can be associated with a remote central server(s) and corresponding databases. In
addition, the remote communication system can facilitate communication between the
implantable device/local communication system and a remote health care professional
and/or insurance providers, reviewers, regulators and the like.

Due to instrumentation of the devices, the implantable devices can provide new
functionalities within an implanted device to provide corresponding improved treatment
options and/or diagnostic abilities. Improved diagnostic abilities can be based one or more
measurement capabilities incorporated into the measurement device. Treatment structures
can be interpreted broadly to cover structures that provide drugs or therapeutic forces to
the surrounding environment within the patient. In some embodiments,
microelectromechanical structures facilitate drug delivery from a stent or other small
implantable structure. Furthermore, implantable power sources can be used to induce
charged surfaces on the implant to influence the interaction of the surface with the native
environment within the patient, although the device can be built without a power source if
suitable components can be used to obtain power from sources external to the patient.

Available miniaturization approaches can be used to make very small smart
devices that are controlled in some sense with a microprocessor. In some embodiments,
the implantable device comprises a transducer. The transducer can be configured to

produce electrical signals in response to conditions at the device, ie., to make



10

15

20

25

30

WO 2006/055443 PCT/US2005/041021

measurements within the patient, or the transducer can be configured to respond to
electrical signals from an internal power source to induce a response, such as movement.
Movement or other actuation of a transducer within the device can be used to deliver
treatment such as drug delivery, to inhibit plaque deposition, accelerate revascularization,
stabilize aberrant signals and/or to induce an alternative treatment function.

Similarly, communication systems can be made very small. These devices can be
integrated directly onto the implanted medical device in some embodiments and may be
integrated with the processor/controller. Small power systems are available for low power
consumption applications, and auxiliary devices are available to recharge an implanted
power system from outside of the body or to provide all of the power requirements to the
mmplanted device from exterior to the patient.

In some embodiments of particular interest, it is desirable to interface the smart
implantable devices with remote health care professionals to facilitate treatment and
monitoring with fewer office visits. While remote monitoring can be advantageous with
direct communication to health care professionals, there can be significant advantages in
mediating communication through a central system, which can comprise one or more
servers along with corresponding databases/distributed databases. Communication can be
through radio transmission, phone transmission, satellite transmission, or the like or a
combination thereof, and can be directed through the World Wide Web and corresponding
Internet service, or more generally through some similar, possibly secure, private or public
local or wide area communications network, such as a WiFi network or cellular network,
at some stage in the transmission process.

Automation through a central server, generally with a corresponding medical
database, can be used to communicate with a large number of patients along with a large
number of clinicians to coordinate the treatment, outcomes monitoring, billing and other
functions. Automation can also involve self-correction and/or automatic shut down and
the like such that response time can be shortened to provide more effective response to
changing conditions. The central server can also be used to facilitate and evaluate the
fundamental selection of treatment protocols, and improve selection and/or design of
treatment protocols through the analysis of a large number of treatment results to improve
treatment outcomes as well as reduce costs through efficiencies. Description of medical
databases and central servers is provided further in U.S. Patent 6,827,670 to Stark et al.,
entitled "System For Medical Protocol Management" and WO 00/40171A to Oyen et al.,

entitled "Remote Monitoring of an Instrumented Orthosis," both of which are incorporated
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herein by reference. In some embodiments, the implantable devices can be
reprogrammed, either by the clinician or automatically/dynamically by a processor using
an appropriate algorithm, to alter their function through protocol adjustments and the like.

The improved devices described herein expand the capabilities for remote medical
treatment in several dimensions. In some embodiments, therapeutic delivery is moderated
by instrumentation within implantable devices, for example, based on miniaturized
components. In additional embodiments, stents can be instrumented to provide desirable
monitoring functions and/or therapy management, active restenosis avoidance or active
stenosis treatment. A particular implanted medical device/system can comprise
components to perform the particular functions that may be physically attached within a
monolithic structure or otherwise connected, physically near each other or positioned
remotely from each other to yield a desired result, in which nonattached elements may be
connected physically, such as with a wire or the like, or electromagnetically for wireless
communication. In some embodiments, the devices can be designed to communicate, to
be controlled and/or to be powered externally using micro scale, generally radio-frequency
(RF), communication systems and appropriate corresponding power systems.
Communication enabled devices can be tied to appropriate communication channels for
remote transmission of the measurements as well as reprogramming of the device from a
remote location. The communication channel can proceed through a central database that
coordinates treatment and monitoring functions for a plurality of patients and a plurality of
health care professionals. Thus, the system can be used to coordinate communication and
transfer of data between health care professionals, patients, insurers, regulators and others
involved in the administration of health care.

More specifically, in some embodiments, the medical treatment system can have
an implanted medical device optionally with its own processor and/or its own
communication elements, and a local controller, for example, a personal digital assistant or
the like, that can communicate with the implanted medical device as well as with a remote
computer(s) connected to a suitable communication channel. Remote communication can
be performed through access to a remote communication channel, for example, through a
hardwire connection or through wireless communication. The remote "computer" can be a
central server or set of servers that maintain a central database or a distributed database, or
it can be a computer at the site of a treating health care professional. For convenience,
central server refers to one or a set or servers, and central database refers to a single

database or a distributed network of databases, containing a plurality of data
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representations and/or modalities. The central server can provide access by a number of
patients as well as a number of health care professionals and/or insurance carriers and/or
regulator agencies. Thus, the system forms a multilayered hub and spoke model with the
central server and/or central database at the hub and each layer corresponding to patient's,
health care providers, insurers, regulators, etc., respectively. Similarly, the implantable
device and its externally related elements, may be configured or broken into elements to
alternatively amplify and transmit a raw signal, raw data, processed data, data from
memory, Built In Test (BIT) data, data under specific contingent situations of the body's
parameters, the device's parameters, data describing specific actions of the device, or
combinations thereof.

With respect to implantable devices generally, in some embodiments the devices
comprise of one or more sensors generally with a corresponding transducer(s). The
transducers can reduce an analog or other physical parameter signal associated with the
sensor that can be subsequently converted into a digital or other electrical signal suitable
for further processing if appropriate. The electrical signal can be transmitted from the
body to an external receiver, for example, using wireless communication. In some
representative embodiments of interest, the signals are stored for transmission at a later
time, although the signals can be transmitted intermittently without any prompting. In
general, the implantable device may have a microprocessor, an appropriate power source
and appropriate memory to mediate the interface between the transmitter and the sensor.
In some embodiments, the implantable device can further include a receiver. Other
embodiments have an output transducer that propagates energy in response to an electrical
signal, which correspondingly may be generated in response to a biological condition, a
radio transmission and electromagnetic signal or other biological or physical condition.

Drug or other chemical delivery for various implants can be facilitated through the
use of micro-electromechanical systems (MEMS). In some embodiments, these drug
clution devices can be programmed to deliver the therapeutic agent under prescribed
conditions, with or without clinician intervention. For example, the drug delivery rate can
be according to a programmed rate, such as a constant rate or a rate that is varied in a
systematic way. Alternatively, the drug delivery parameters can be established within the
device based on measurements within the device or an associated device. For example,
the parameters related to drug elution rate may be physical parameter, for example, blood
pressure, pulse rate or other similar parameter, or a chemical parameter, such as pH,

oxygen concentration or serum glucose concentration. In some embodiments, the drug
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elution can be controlled through external stimulation or programming through transmitted
instructions. In addition, a patient treatment protocol controlling the drug delivery rate can
be occasionally evaluated, and the device's dispensing program can be reprogrammed
through wireless communication with the implanted device. In some embodiments, the
drug can only be dispensed upon receipt of an external signal providing an instruction to
dispense the drug. In other embodiments, the action may be triggered directly in response
to body chemistry, activation of a switch or through a computer algorithm.

Stents, as described herein refer to devices that insert within a vessel of the body
such that flow in the vessel is maintained or improved. Stents of particular interest are
stents suitable for placement within a blood vessel, lymphatic vessel, such as a lymphatic
vein, reproductive vessel or the urinary tract vessel. Stents in various contexts have found
considerable commercial acceptance and high clinical value. Drug coated stents are
commercially available for use in coronary arteries. Specifically, commercial stents
include, for example, the pacitaxel eluting Taxus™™ stent from Boston Scientific and the
sirolimus eluting Cypher™™ stent from Johnson & Johnson. Other stents are available for
placement in other vessels. |

In general, stents can be used to open the vessel at the site of a blockage or partial
blockage. Alternatively or additionally, a stent can be implanted solely to introduce
functionality associated with the stent, such as a measuring/monitoring capability or
treatment capability, at the location of the stent. In addition to commercial drug coatings,
stents can be coated with metals, such as silver or platinum, that introduce, respectively,
an antimicrobial effect and catalytic effects. As described herein, the stents can have
measurement capabilities that are communicated external to the patient using
communication channels described herein. In addition, the stents can have the capability
to direct treatment of local or systemic conditions, for example, using one or more of the
approaches described herein. Furthermore, through an appropriate communication
channel the stent measurement and/or treatment functions can be reprogrammed from
external to the body either at the direction of a physician, in response to feedback from a
patient and/or due to monitoring by a local control apparatus or a central server. In some
embodiments as described herein, instrumented stents comprise instrumentation that make
measurements, absorb energy, emit energy, provides for controlled release of a drug or the
like.

Available drug coatings are based on chemical elution. As described above,

MEMS devices and other microelectrical devices can be used to control drug elution
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electronically or physically, such as through electrical, magnetic or other means/
combination of means. In some embodiments, the electrical current can be used to
stimulate drug release either through a MEMS effect or by initiating the biodegradation of
apolymer. These approaches can be adapted for use with a stent.

For metal stents, the entire stent can function as an induction coil for receiving an
RF signal. Thus, the stent can function as an antenna. The stent as an antenna can be
electrically connected to suitable transmitter and/or receiver. In addition, the
electromagnetic interaction with a metal coil stent can be used to direct an electric current
in association with the stent. This can be used, for example, to recharge a battery or to
direct a current into tissue or to directly power a device such as a pacing or defibrillation
device. The field applied to the coil can be a static field or an oscillating field, such as an
RF field. A magnetic field can be applied with the large magnets of an MRI instrument or
the like.

In general, all of the structures described herein for incorporation into stents can be
similarly directly incorporated into synthetic vessels that can be used to replace diseased
or damaged vessels in the patient and/or as shunts to bypass diseased or damaged or
blocked vessels, such as in coronary arteries. As described further below, prosthetic
vessels can be formed from tissue-based materials and/or synthetic polymers or the like or
combinations thereof. Transducers, processors, communication systems and/ or other
desirable device components can be assembled with the prosthetic vessels. The ability to
interface the components with the prosthetic vessels prior to implantation can simplify the
procedure as well as provide increased versatility relative to stents deployed within living
vessel. In particular, components can easily be assembled with certain components on the
exterior of the vessel that interface, for example, with electrical connections with
transducers and the like along the interior wall of the vessel. More intricate connections
can be formed in a clean facility with skilled technicians than can easily be performed by a
clinician during the pressure of a medical procedure with the patient possibly under
sedation or anesthesia. I

For use with implantable devices, physical constraints on the systems provide
performance guidelines for the electronics used to control the device. With respect to the
power consumption if batteries are used, very thin batteries can be formed, as described
further in published PCT application WO 01/35473A to Buckley et al., entitled
"Electrodes Including Particles of Specific Sizes," incorporated herein by reference.

These thin batteries can extend over a significant fraction of the device surface to extend
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the capacity of the battery. Also, if battery storage is used, the battery can be recharged
using an RF signal to supply power to the device. See, for example, U.S Patent 6,166,518
to Guillermo et al., entitled "Implantable Power Management System," and Published U.S.
Application 2004/0106963A to Tsukamoto et al., entitled "Implantable Medical Power
Module," both of which are incorporated herein by reference.

Small radio frequency antennas can be used, or in some embodiments the antenna
function can be the primary function of the device. Suitable antenna are described, for
example, in U.S. Patent 6,563,464 to Ballantine et al., entitled "Integrated On-chip Half-
Wave Dipole Antenna Structure,” and U.S. Patent 6,718,163 to Tandy, entitled "Method of
Operating Microelectronic Devices, and Methods of Providing Microelectronic Devices,"
both of which are incorporated herein by reference.  Currently, the Federal
Communication Commission has set aside a frequency band between 402 and 405 MHz
specifically for wireless communication between implanted medical devices and external
equipment. Based on the description above, the RF antenna can be incorporated on the
chip with the processor and the battery can be integrated into a device with the chip.
Suitable sensors and the like are described further in published PCT application WO
00/12041 to Stark et al., entitled "Orthoses for Joint Rehabilitation," and U.S. Patent
6,689,056 to Kilcoyne et al., entitled "Implantable Monitoring Probe," both of which are
incorporated herein by reference.

The smart implantable devices described herein I;rovide a significant advance in
treatment and monitoring capabilities. In addition, the communication capabilities provide
for efficient management of the devices as well as suitable notification of health care
professionals without the need for the patient to go to a health care facility. Thus, the
devices provide improved care with increased efficiency to keep cost at a manageable

level.

Patient Management Through a Central Server-Database

In general, the smart implant systems can be implemented in a basic format
allowing for interfacing directly or indirectly with a health care professional in their office
or other medical facility during a visit or stay. However, an implementation of the smart
implant systems built upon an integrated communication system can achieve a much more
effective and convenient system while possibly saving cost and achieving significantly
improved patient results. In its full implementation, the system is built upon a central

server or distributed servers with multiple layers of spokes extending from the server(s).
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The server(s) can interface with one or more databases, which can be distributed
databases. Of course, in intermediate implementations, layers of spokes and/or
components of the interface can be eliminated while still achieving an effective system.
While the systems described herein are directed to implantable devices, the centralized
management can similarly be effective with non-implantable devices as well as hand held
devices that interrogate the psychological and/or paih condition of a patient through a
personal computer, which may or may not be ambulatory, in conjunction with another
medical device or as a stand alone treatment device. Such psychological and/or pain
interrogation of the patent can have broad applicability not only in the psychological
treatment of the patient but also for facilitating treatment of the patient across a range of
acute and chronic medical conditions, which almost invariably have a psychological
component of the recovery process. Redundant hardware, software, database and/or
server components may be part of the overall system in order to ensure system reliability.

The integrated communication system organization for interfacing with smart
medical devices, whether implanted or not, is summarized in Fig. 1. Fig. 1 shows both a
linear communication channel involving four linked components I, II, ITII and IV, as well
as four layers of hubs and spokes 1, 2, 3, and 4 based off of the central server(s). The hub
and spoke structure is discussed after a discussion of the linear linked components.
Communications enabled medical devices 100 can be, for example, implantable, wearable
and/or otherwise ambulatory with a patient. Medical device 100 can optionally comprise a
processor 102 and/or sensors 104/treatment elements 106. Medical device 100
communicates along communications channel 108. Collectively, medical device 100,
processor 102 and sensors 106/treatment elements 108 can be referred to as component I,
to the extent the optional elements are present.

As shown in Fig. 1, communication channel 108 communicates with a patient
communications hub 120. Patient communication hub 120 can interface with a patient
computer 122, which can be an ambulatory computer such as a hand held computer, which
can have a patient output channel 124, such as a screen or speaker to communicate with
the patient. Collectively, patient communication hub 120, patient computer 122 and
patient output channel 124 can be referred to as component II, to the extent that optional
clements are present. Patient communication device 120 can further support entry of
information through a keyboard, speaker or the like to communication information from
the patient. The patient's communication hub further communicates through

communications channel 126 with central server(s) 130.
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Central server(s) 130 generally comprise communications elements 132, a
computer system 134, a central database 136 with corresponding collected information
138, as well as algorithms and related software tools to perform a diagnosis and/or
represent, evaluate, and/or modify or progress a patient's treatment protocol 138 or the
like. Collectively, the central server(s) and its components can be referred to as
component III, to the extent that optional components are present. Collected information
within the database can comprise, for example, patient identification information, patient
medical histories, medical literature, medical best practice data, institutional best practice
data, patient specific data, diagnosis algorithms, treatment protocols, general treatment
result summaries correlated with treatment protocols, device operating parameters, drug
mteraction data, and the like.

Algorithms and related software tools can comprise, for example, statistical
analyses, simulation tools, workflow algorithms, and the like. Output from the central
database can comprise updated patient protocol data streams that are transmitted to the
smart stent or other instrumented implant. Outputs can also comprise tools to help
clinicians with patient treatment including progress reports for inclusion in a patient
medical record, visualization tools to monitor smart stent performance and simulation
tools for protocol modeling, analysis and improvement.

The Central Server can also provide maintenance and administration facilities,
comprised of interactive software tools, interfaces, and/or data entry facilities to help the
clinician, authorized specialists within an entity that has licensed the system such as a
hospital, or the engineers of a given device’s manufacturer, to set up, test, modify, or
delete clinical protocols or the parameter ranges and operating characteristics associated
with a particular device being managed by the system. These tools can be implemented as
a simple form that lists parameters and values, visual drag-and-drop tools that enable the
clinical professional to select parameters from a list of parameters and drag the selected
parameters into a visual representation of the treatment protocol, or as an application
program interface that allows external software tools and programs to interact with the
database.

Furthermore, the central server can monitor compliance and result evaluation
related to the execution of self-diagnostic algorithms within the remote instrumented
medical device, whether or not an implanted device. For example, at prescribed intervals,
the central server can instruct and/or interrogate the remote medical device to initiate a

self-diagnostic routine or request information regarding a previously executed routine.
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Records on the self diagnosis can be stored for future references. If an error condition is
encountered, the central server can initiate an appropriate response, such as request that
the patient notify their clinician, directly notifying the clinician, reprogram the device or
other appropriate response.

The Central Server can also provide tools to help with the on-going operations and
administration of the system, including security administration tools to manage the access
and authority permissions of system users, firewall administration facilities, network
performance monitoring facilities, interfaces to other systems within a medical institution
or a manufacturer, server and database performance monitoring facilities, database
administration facilities, system configuration management tools, tools to manage and
update the software resident on the remote managed devices, back-up and recovery tools,
as well as device logging and tracking facilities, including adverse event logging
capabilities for government and manufacturer monitoring, and the like.

Central server(s) 130 further communicate through communications channel 140 to
a clinician station 150. Clinician's station 150 can comprise a computer with an output
channel to provide notification and/or to convey received information visually, audibly, in
printed output, via email, via a wireless handheld device, such as Palm Corporation's Treo
or Research in Motion's Blackberry device, via interactive video conference with the
patient and possibly other local or remote members of the clinician team, or otherwise to
the physician, clinician or other health care professional 152. Collectively, the clinician's
station and associated components can be referred to a component IV, to the extent that
optional components are present.

Components (I or II) and III of the system are optional in that one or the other or
both of these components can be absent. Fig. 1 easily displays the resulting simpler
systems by conceptually removing the missing component and connecting the in-line
communication channels to close the resulting gap. Thus, if component II is absent,
component I communicates directly with component III such that communication channels
108 and 126 merge, while if component I is absent, component I servers to provide
patient input directly relating to pain or psychological condition of the patient. Similarly,
if component III is absent, component II communicates directly with component IV, and
communication channels 108 and 140 merge. If both components II and III are absent,
component I communicates directly with component IV, and communication channels 108
and 140 merge. The remote communication of pain and psychological state of a patient to

health care professionals is described further in copending U.S. Patent application
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10/997,737 to Stark et al., entitled "Remote Psychological Evaluation," incorporated
herein by reference.

In some embodiments, the heart of the system is the central server(s) (component
III) that coordinates communication in a multiple layered spoke structure. One layer of
spokes (1) extends to a plurality of patients and corresponding components I and
optionally II. The patients may or may not be equipped with the equivalent medical
devices as each other, and similarly the patients may or may not be evaluated for similar
types of medical conditions. Thus, the treatment of a large number of patients can be
monitored and coordinated through one particular central database and associated
server(s). A second layer of spokes (2) indicates connections with health care
professionals represented through their corresponding communication channels by
component IV. A large number of health care professionals may have access to the
system, and these health care professionals may or may not be located at widely dispersed
geographic locations. These health care professionals may be based in professional
offices, or they may be located at hospitals, clinics or the like. If a particular patient is
being treated by a plurality of health care professionals or clinicians, such as physicians
with different specialties, the central database can provide easy access to the data to all
attending health care professionals. To maintain appropriate privacy guarantees,
appropriate password or other access control can be implemented to ensure that only
appropriate information is dispensed to particular persons.

To facilitate administration of the health care system at reduced costs, the system
can be designed such that information on treatment and results can be forwarded to payers,
including, for example, government payers, such as Medicare and Medicaid, or private
insurance providers and/or other health care administrators 160 from the central database
server. Generally, access would be provided to a large number of administrative entities.
This communication dimension corresponds with a third layer of spokes (3). This layer of
communication spokes can improve efficiency and oversight while providing expected
reimbursement of the healthcare professionals with efficient processing.

Furthermore, in some embodiments, the robustness of the system warrants system
review. ~ While individual health care professionals and possibly regulators 162
responsible for the overall care of a particular patient may have latitude to alter the
treatment protocol for a particular patient, the range of protocols for a particular device,
for example, as established by the manufacturer via engineering or clinical testing, as well

as the treatment intervention function of the central database server itself, perhaps as
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established as clinical best practice by a health care provider that has licensed the system
for internal use, generally cannot be changed in some embodiments. This practice ensures
that most accepted treatment available to patients, which correlate with improved
treatment results. To update and continuously improve the operation of the treatment
protocols and accepted automated intervention by the central server, one or more selected
professionals can have the responsibility for updating and improving the protocols and
automated response of the server. These professionals interact with the server to evaluate
protocols, ensure quality control and review best practices. This dimension of
communication channels corresponds with a fourth layer of spokes (4).

An additional role of the central system can be to provide emergency notification
of a received parameter outside of an acceptable range. The particular response can be
selected based on the particular condition. In some circumstances, the patient can be
notified through the patient interface of the patient's computer. The patient can be told a
suitable response such as go to the doctor, take a certain drug, lie down, etc. In some
circumstances, an ambulance or other emergency response vehicle can be called to go to
the location of the patient, and the patient can also be notified in these circumstances if
appropriate. In other circumstances, a clinician can be notified, although notification of a
physician, nurse, technician or other health care professional can also be ancillary to other

responses above.

General Implant Structure

A general smart implant is shown schematically in Fig. 2A. This implant can be a
stent or other suitable medical implant, such as a drug or intervention delivery device
implanted at or near an organ or other suitable location within a patient. Implant 180 can
comprise, for example, one or more components, such as a frame or support structure 182,
electronics 184, a sensor 186 and an output transducer 188. Electronics can comprise, for
example, one or more of a power supply 192, a processor 194, memory 196 and a
communication element 198, which can perform transmitting and/or receiving.

In some embodiments of particular interest, support structure 182 has structure
corresponding to a stent. As noted above, a stent is a structure that can be inserted within
a vessel without significantly blocking flow. Thus, in many embodiments, support
structure 182 has a generally tubular structure. The stent generally can have a first low
profile configuration for delivery and a second deployed configuration that contacts the

vessel walls to stabilize the stent in the desired location. A wide range of stent designs are
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available. Representative stents are described, in U.S. 5,133,732 to Wiktor, entitled
"Intravascular Stent,” U.S. 5,135,536 to Hillstead, entitled "Endovascular Stent And
Method," U.S. 5,843,120 to Israel et al, entitled "Flexible-Expandable Stent," U.S.
5,935,162 to Dang, entitled "Wire-Tubular Hybrid Stent,” and U.S. 6,790,227 to
Burgermeister, entitled "Flexible Stent," all of which are incorporated herein by reference.
While some stent designs are self-expanding for deployment, others use a balloon or the
like to impart expansion forces. Deployment with a balloon is described further in U.S.
Patent 6,610,069 to Euteneuer et al., entitled "Catheter Support for Stent Delivery,"
incorporated herein by reference.

The frames/support structure can be formed from a range of materials, such as
metals, ceramics, polymers and a combination thereof. Suitable metals include, for
example, a range of metals that have been used for medical applications, such as stainless
steel, tantalum and various alloys, for example, shape memory alloys, spring metal alloys
and/or Nitinol®, a nickel titanium alloy. As used herein, metal refers to metal elements in
a metallic form, generally substantially unoxidized. Metal may be selected based on
mechanical and/or electromagnetic properties. Suitable polymers include, for example,
elastomers and plastics, such as polyethylene, polypropylene, polyurethanes, polyesters,
and the like. The stents can be formed partially or completely from a bioresporbable
polymer, such as those known in the art, for example, homopolymers or copolymers of
lactic acid, glycolic acid and acetic acid. More complex stents may have a substructure
with elements, such as wire, laminations, voids, mechanical elements, and/or electronic or
magnetic active or passive elements. The materials can be processed, for example, using
conventional techmiques, such as extrusion, molding, machining, calendering, and
combinations thereof. The structure may be configured effectuate particular selected
functions of the devices, as described in detail herein.

In general, most stent designs can be adapted for use as a support structure for an
impantable device as described herein. For example, the other components can be
mounted on one of these stent designs, for example, along the length of the stent at one
edge. Thus, the remaining circumference of the stent is the expandable material. If a
reasonable fraction of the stent circumference is not expanding, the stent generally still has
proper expansion upon deployment. However, since stents described herein may or may
not provide a function related to the enhancing or maintenance of flow through the vessel,
the mechanical performance characteristics of a smart stent may be less or more

demanding than for some conventional stents, depending on the particular embodiment.
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Prosthetic vessels, which can be implanted as vascular grafts or the like, may or
may not have a more rigid frame. However, with respect to the general implant structure,
the entire prosthetic vessel can be considered support structure 182 with the remaining
functional components suitably attached to the support structure. In generally, the walls of
the vessel can be synthetic materials, tissue materials or combinations thereof Suitable
synthetic materials include, for example, suitable woven polymers, such as Dacron®
polyester or the like. Vascular grafts formed with polyethylene terephthalate (PET)
polyester with a polyurethane coating is described further, for example, in U.S. patent
6,939,377 to Jayaraman et al., entitled "coated Vascular Grafts And Methods Of Use,"
incorporated herein by reference. Suitable tissue can be decellularized tissue or relatively
intact tissue. Tissue is often crosslinked, for example, with glutaraldehyde or other
suitable biocompatible crosslinking agent, to provide a non-allergenic material with
suitable mechanical strength. Suitable tissue for forming prosthetic vessels is described
further, for example, in U.S. Patent 6,471,723 to Ashworth et al., entitled "Biocompatible
Prosthetic Tissue," incorporated herein by reference.

A schematic diagram of the interconnections of electrical components within a
smart stent or other smart implantable device is shown in Fig. 2B. These devices can be
placed within a single platform or housing, split between a plurality of platforms or
housings, or directly mounted on a device or set of devices at suitable locations and with
suitable connections. Referring to Fig. 2B, electronic architecture 183 comprises a central
processor 185 operably connected to a memory device 187, which can be volatile and/or
non-volatile memory, transmitter/receiver 189 with antenna 191 and power supply/battery
193, which can be connected to a charge device 195 and optional antenna 197 to received
external recharging. Furthermore, processor 185 can be connected optionally to various
transducers, such as one or more measurement/input transducers 197, a drug delivery
device 199, which can comprise a MEMS transducer or the like, and/or other output
transducers 201, such as a contact device to vibrate a vessel.

For metal stents or partly metal stents, the entire stent or a significant portion
thereof can function as an induction coil for receiving an RF signal. Polymer can be used
to provide structural features and appropriate electrical insulation. Thus, the stent can
function as an antenna. The stent as an antenna can be electrically connected to suitable
transmitter and/or receiver. In addition, the electromagnetic interaction with a metal coil
stent can be used to direct an electric current in association with the stent. This can be

used, for example, to recharge a battery or to direct a current into tissue or to directly
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power a device, such as a pacing device, defibrillation device or other implantable device.
The field applied to the coil can be a static field or an oscillating field, such as an RF field.
A magnetic field can be applied with the magnets of an MRI instrument to induce a
current. In some embodiments, an electrical current can be used to stimulate drug release
either through a MEMS effect or by initiating the biodegradation of a polymer. Similarly,
such coil structures or the like can be implanted within or on a prosthetic vessel to provide
comparable functions.

One representative stent embodiment is shown schematically in Fig. 3. In this
embodiment, smart stent 210 comprises a functional carriage 212 and an expandable mesh
214. Expandable mesh 214 can take any convenient form such as known stent mesh
forms. Functional carriage 212 can support electronics 184, sensors 186 and/or functional
transducers 188. Functional elements can be divided among a plurality of carriages or the
like. Also, a carriage may or may not extend over the entire length of the stent.

An alternative representative stent embodiment is shown in Fig. 4. Smart stent 220
comprises a first expandable segment 222, a second expandable segment 224 and a
functional carriage 226. Expandable segments 222 and 224 can have structures
corresponding, for example, to existing stent structures or newly developed stent
structures, which may or may not be self-expanding. Carriage 226 is attached to first
expandable segment 222 with bridge 228, and carriage 226 is attached to second
expandable segment 224 with bridge 230. Additional carriages can be attached to the
structure. Carriage can comprise, for example, electronics, sensors and/or functional
transducers.

A further alternative stent embodiment is shown in Fig. 5. In this embodiment,
stent 240 comprises an expandable support structure 242 and a transducer 244.
Expandable support structure 242 can be adapted from a conventional stent design.
Transducer 244 can be a MEMS device or other transducer. Transducer has a suitable
electrical connection 246. Electrical connection 246 connects to a wire 248 that is
connected to a controller 250. Controller 250 can have a processor, transmitter, receiver,
power supply and other suitable electrical components. Upon deployment, rigid electrical
connection 246 can pierce the vessel. Then, wire 248 can be surgically connected, and
controller surgically implanted.

An alternative stent embodiment with a fundamentally different structure is shown
in Fig. 6. Smart stent 260 may not be designed generally to facilitate the opening of a

vessel with respect to its flow. Smart stent 260 is directed to a device that is designed for
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measurement or treatment delivery. As such, smart stent 260 only covers a fraction of the
vessel's circumference. Smart stent 260 comprises at least one transducer 262, which can
be a treatment transducer or a measurement transducer, and electronics 264. Electronics
264 can comprise one or more convenient electronic components discussed above. Smart
stent 260 is anchored within the vessel. A shown in Fig. 6, four barbed anchors 266 are
shown. These anchors can be supplemented with a surgical adhesive or the like. Different
numbers of anchors, different placement of anchors and different anchor designs can be
used as desired.

While four representative stent structures are shown in Figs. 3-6, features of these
stents can be combined as desired. In addition, other smart stent designs can be adapted
based on these structures in the spirit of the various stent designs and particular features of
the figures. Also, these stents can incorporate radiopaque markers to enable visualization
of the smart stent following deployment. Suitable radiopaque materials include, for
example, radiopaque polymers, metals, such as platinum-iridium or platinum-tungsten,
and metal compositions in polymers, such as radio-pacifiers, for example, barium sulfate,
bismuth trioxide, bismuth subcarbonate, powdered tungsten, powdered tantalum or the
like. Radiopaque polymers include, for example, iodinated and brominated polymers, as
described in U.S. Patent 6,475,477 to Kohn et al., entitled "Radio-Opaque Polymer
Biomaterials," incorporated herein by reference.

A representative prosthetic vessel is shown in Fig. 7. Prosthetic vessel 270
comprises a generally tubular graft 272 and optional sewing cuffs 274, 276. Sewing cuffs
274, 276 can be formed from fabric or the like to facilitate suturing or otherwise fastening
the vessel to a native vessel. Instrumentation described herein is generally positioned such
that a component is in contact with the interior flow of the vessel, although in some
embbdiments, the instrumentation can be isolated from the interior surface of the
prosthetic vessel. Various representative embodiments are shown in sectional views 8A-
8E.

Referring to a first representative embodiment of a prosthetic vessel in Fig. 8A,
instrumentalities are mounted on a support structure 280 contacting the inner surface 282
of tubular element 272. Support structure 280 can be similar to a conventional stent
structure, although a wide range of structures are suitable for support structure 280 since it
can be sutured or otherwise fastened to tubular element 272. Referring to Fig. SB,
mstrumentalities 286, such as 'a transducer and/or other electronics, are embedded within

the wall of tubular element 272, with a transducer surface 288 exposed to the interior flow
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through the vessel. Referring to another alternative smart prosthetic vessel embodiment in
Fig. 8C, instrumentalities 290 are mounted on the side of tubular element 272 with a
transducer surface 292 penetrating to the interior surface of tubular element 272. A further
alternative embodiment of a smart prosthetic vessel is depicted in Fig. 8D in which
transducer 294 is mounted with exposure to the inner surface of tubular element 272 and
with a wired or wireless electrical connection 296 with electronics 298. Electronics 298
may or may not be supported by tubular element 272. Referring to an alternative
embodiment of a smart prosthetic vessel in Fig. 8E, instrumentalities 299 are completely
embedded within tubular element 272.

For use with implantable devices, physical constraints on the systems provide
performance guidelines for the electronics used to control the device. Suitable power
supplies may or may not be based on delivery of power from outside of the patient. With
respect to the power consumption if batteries are used, very thin batteries can be formed,
as described further in published PCT application WO 01/35473A to Buckley et al.,
entitled "Electrodes Including Particles of Specific Sizes,” incorporated herein by
reference. These thin batteries can extend over a significant fraction of the device surface
to extend the capacity of the battery. Also, if battery storage is used, the battery can be
recharged using an RF signal to supply power to the device. See, for example, U.S Patent
6,166,518 to Guillermo et al., entitled "Implantable Power Management System," and
Published U.S. Application 2004/0106963A to Tsukamoto et al.,, entitled "Implantable
Medical Power Module," both of which are incorporated herein by reference.

Processors with corresponding memory can be adapted for these uses. In general,
the processors/controllers can have considerably less performance capabilities than readily
available hand held computers since they can download information external to the patient
for more sophisticated processing. Suitable miniature processors and memory can be
formed. U.S. Patent 6,140,697 to Usami et al, entitled "Semiconductor Devices,"
incorporated herein by reference, describes integrated circuits with a'thickness on the
order of 250 microns. Commercial microprocessors include, for example, ARM?7
processors (from ARM Limited) with areas as small as 0.26 square millimeters. For both
the controller for the implanted device and for the hand held controller described below,
security codes can be used to restrict instructions from unauthorized sources that can alter
the performance of the devices in an inappropriate way.

With respect to communication elements, small radio frequency antennas can be

used, or in some embodiments the antenna function can be the primary function of the
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device. Suitable antenna are described, for example, in U.S. Patent 6,563,464 to
Ballantine et al., entitled "Integrated On-chip Half-Wave Dipole Antenna Structure," and
U.S. Patent 6,718,163 to Tandy, entitled "Method of Operating Microelectronic Devices,
and Methods of Providing Microelectronic Devices,” both of which are incorporated
herein by reference. Antenna with sub-millimeter dimensions can be formed. These
devices can involve very small structures with suitable antenna. Currently, the Federal
Communication Commission has set aside a frequency band between 402 and 405 MHz
specifically for wireless communication between implanted medical devices and external
equipment. Based on the description above, the RF antenna can be incorporated on the
chip with the processor and the battery can be integrated into a device with the chip.

Suitable sensors and the like are described further in published PCT application
WO 00/12041 to Stark et al., entitled "Orthoses for Joint Rehabilitation," and U.S. Patent
6,689,056 to Kilcoyne et al., entitled "Implantable Monitoring Probe," both of which are
incorporated herein by reference. Suitable MEMS devices, which can be adapted as
sensors or as output transducers, are described below and can be adapted for other
mechanical applications within the implantable devices. In general, sensors comprise
transducers that reduce a physical signal associated with the sensor into an analog, a
digital or other electrical signal suitable for further processing. The electrical signal can
be transmitted from the body to an external receiver, for example, using wireless
communication. In some representative embodiments of interest, the signals are stored for
transmission at a later time, although the signals can be transmitted intermittently without
any prompting. In general, the implanted device may have a microprocessor, an
appropriate power source and appropriate memory to mediate the interface between the
transmitter and the sensor.

Furthermore, output transducers can be associated with the medical device implant
in addition to or as an alternative to measurement transducers. An output transducer
propagates energy in response to an electrical signal, which correspondingly may be
generated in response to a biological condition, a radio transmission and electromagnetic
signal or other biological or physical condition. The output transducers can be energy
propagating transducers. Suitable energy propagating transducers can be RF transmitters,
heaters, and/or electrodes that apply, receive or transduce a constant or pulsed current over
a selected time frame. Electric currents, heat and/or other biological stresses that may
stimulate healing or other biological activity, such as synthesis of biological compositions,

secretion of compositions and/or generation of biological electrical impulses. Energy
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propagating transducers are described further for external orthopedic devices, which can
be adapted for implantable based on the teachings herein, in published PCT application
WO 96/36278 to Stark, entitled "An Orthopedic Device Supporting Two Or More
Treatment Systems and Associated methods," incorporated herein by reference.

Similarly, drug delivery can be associated with a medical implant. Suitable drugs
include, for example, a metabolically active agent, as steroids, endocrine or pain
medication, bone growth hormones, insulin, cellular cytokines and the like and
combinations thereof. Suitable drug delivery systems are described in the following.
Separate drug delivery units can be selectively used to deliver a particular drug based on a
sensed desire for the particular drug or based on external instructions. Drug delivery can

be initiated automatically, by the physician via remote controls or by the patient.

External Controller

In general, an external controller coordinates collection of data from the implant,
the communication method of the implant, communication of instructions to the implant
and communication between the instrument and health care professionals and may
comprise an appropriate amplifier for signals received from an implantable device. A
standard microcomputer or workstation with an appropriate processor/microprocessor can
be adapted for use as an external communicator through the connection of an appropriate
transmitter and/or receiver to the computer through a suitable port. In some embodiments,
the external coordination instrument comprises an ambulatory communicating and/or
computing device, such as a personal digital assistant, for example, a Treo™ or other
similar commercial devices, adapted for this use or a specially designed hand held device.

A suitable device is shown schematically in Fig. 9. External controller 300
comprises a case 302, a display 304, a keyboard 306, additional optional switches 308 and
one or more optional ports 310, such as USB, ethernet, a power supply port and other
suitable ports. A schematic depiction of the interior of the device is shown in the insert of
Fig. 9. As shown in the insert, controller 300 comprises a power supply 316, a processor
318, additional memory 320, a receiver 322, a transmitter 324 and suitable buses 326 to
interconnect the components.

A separate antenna can be attached if desired to facilitate receiving and/or
transmitting a weak signal from an implanted device. Some possible additional features of
the device is described further in published PCT application WO 00/12041 to Stark et al.,

entitled "Orthoses for Joint Rehabilitation," incorporated herein by reference. Use of
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sensors with external orthopedic devices is described further in published PCT application
WO 00/12041 to Stark et al,, entitled "Orthoses for Joint Rehabilitation," and in U.S.
Patent 6,540,707 to Stark et al., entitled "Orthoses," both of which are incorporated herein
by reference. These sensors and associated electronics can be adapted for use within
implants based on the description herein. Energy propagating transducers are described
further for external ofthopedic devices, which can be adapted for implantable based on the
teachings herein, in published PCT application WO 96/36278 to Stark, entitled "An
Orthopedic Device Supporting Two Or More Treatment Systems and Associated
methods," incorporated herein by reference.

In general, controller of the implanted medical device and/or the hand held
controller of Fig. 9 can be remotely monitored and or reprogrammed. In general, the hand
held controller and/or a laptop and/or table top computer can be used to network the
system for communication with a remote healthcare professional, such as a physician,
and/or with a central monitoring station with a central database, which can be useful for
remote reprogramming and/or self-adjustment via data collection and application of
appropriate algorithms. The network can be a dedicated network/communication channel,
the internet/world-wide-web, other existing networks or a yet to be developed network.
Communication can be through satellite, wifi, microwave transmission, radio
transmission, acoustic, phone lines, optical fiber, other electrical wire, a combination
thereof or the like. Suitable control and communication protocols for medical devices,
their networking and database manipulations are described further in the patents and
applications described above and incorporated herein by reference. For both the controller
for the implanted device and for the hand held controller of Fig. 3, security codes can be
used to restrict instructions from unauthorized sources that can alter the performance of

the devices in an inappropriate way.

Drug Delivery Systems And MEMS Applications

As described above, stents and other implantable medical devices are suitable for
the delivery of drugs, other compounds and the like. Microelectromechanical (MEMS)
devices are particularly suited for control of the delivery of bioactive agents, such as
drugs, within small devices. MEMS devices within small implantable medical devices can
also be used for the performance of measurements and/or for the delivery of other
treatments. MEMS devices can be considered transducers within the context of the

general figures above relating to smart implantable stent structures. Other release systems
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for bioactive agents can be directly controlled through the application of an electric field,
as described further below.

An implantable medical device capable of controlled drug delivery is shown
schematically in Fig. 10. Implantable device 340 comprises a support structure 342, a
reservoir of a bioactive agent 344, a cover 346 that blocks an opening 348 into reservoir
344 in a closed configuration, a MEMS device 350 that is operably connected to cover 346
and an electronics module 352 operably connected to MEMS device 350. Support
structure 342 can be a stent frame or other convenient implantable structure. Reservoir
344 can hold a bioactive agent, such as a drug, in a suitable form for delivery into a
patient. The bioactive agent can be in a form that slowly dissolves into the blood stream
upon contact, a composition with a sufficient viscosity such that the composition diffuses
slowly from the reservoir, or other suitable form for controlled delivery. Cover 346 can be
made from a suitable material, such as a metal, an elastomer polymer, a ceramic or a
combination thereof. The MEMS device is constructed to open and close the cover to
allow for disbursal of the bioactive agent. The electronics module can be based on the
electronics components described above.

Suitable drugs/bioactive agents include, for example, antimicrobial agents,
hormones, cytokines, growth factors, hormone releasing factors, transcription factors,
infectious agents or vectors, antithrombogenic agents, anti-restenosis agents, calc’ium
channel blockers, antirestenosis agents, such as pacitaxel and sirolimus, blood pressure
reducing agents, ionic forms thereof, combinations thereof and the like. Many of these
drugs are protein based, and other protein based drugs can be used as well as the nucleic
acids coding for these drugs. Formulations for controlled delivery are well known in the
art. Biological formulations generally comprise fillers, conditioners, diluents, controlled
release agents, carriers and the like, which may be well known in the art. Further
discussion of bioactive agent/drug formulations is found, for example, in the following
references: 7 Modern Pharmaceutics, Chapters 9 and 10 (Banker & Rhodes, Editors,
1979); Pharmaceutical Dosage Forms: Tablets (Licberman et al, 1981); Ansel,
Introduction to Pharmaceutical Dosage Forms 2nd Edition (1976); Remington's
Pharmaceutical Sciences, 17th ed. (Mack Publishing Company, Easton, Pa., 1985);
Advances in Pharmaceutical Sciences (David Ganderton, Trevor Jones, Eds., 1992);
Advances in Pharmaceutical Sciences Vol. 7. (David Ganderton, Trevor Jones, James
McGinity, Eds., 1995); Aqueous Polymeric Coatings for Pharmaceutical Dosage Forms
(Drugs and the Pharmaceutical Sciences, Series 36 (James McGinity, Ed., 1989);
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Pharmaceutical Particulate Carriers: Therapeutic Applications: Drugs and the
Pharmaceutical Sciences, Vol. 61 (Alain Rolland, Ed., 1993); Drug Delivery to the
Gastrointestinal Tract (Ellis Horwood Books in the Biological Sciences. Series in
Pharmaceutical Technology; J. G. Hardy, S. S. Davis, Clive G. Wilson, Eds.); Modern
Pharmaceutics Drugs and the Pharmaceutical Sciences, Vol. 40 (Gilbert S. Banker,
Christopher T. Rhodes, Eds.), incorporated by reference for their teachings on suitable
formulations of bioactive agents.

The MEMS device can be programmed, for example, using Aspect Oriented
Programming, Object Oriented Programming or other industry standard techniques to
open the cover to expose a drug or release the agent chemically or physically within the
reservoir to the surrounding fluid for controlled delivery of the drug/therapeutic agent. An
acoustically actuated MEMS device suitable for this application is described further in
published U.S. patent application 2002/0017834A to MacDonald, entitled "Acoustically
Actuated MEMS Devices," incorporated herein by reference. Similarly, a MEMS based
pump element can be used. Suitable MEMS pumps are described in U.S. Patent 6,531,417
to Choi et al., entitled "Thermally Driven Micro-Pump Buried In A silicon Substrate and
method For Fabricating the Same," and published U.S. Patent Application 2004/0073175
to Jacobson et al., entitled "Infusion System," both of which are incorporated herein by
reference. These systems can be used to open and close the drug reservoir, or prepare or
release the bioactive agent, or provide a substrate or sink for collecting bodily chemicals,
therapeutic agents or toxins.

For placement in a blood vessel or other vessel within the patient, the stent
structures described above with respect to Figs. 2-6 can be adapted to incorporate a
MEMS device described herein. The MEMS devices are described above and can be
adapted for other mechanical applications within the implantable devices. For example, a
MEMS structure can be used to dislodge thrombus built up on or in the stent for removal
in a thrombectomy procedure.

Electric fields can be used directly for drug delivery release from micro-reservoirs
covered with appropriate electrically responsive materials. The reservoirs can be formed
using microfabrication techniques, such as photolithography and other conventional
techniques. A matrix for the bioactive agent in the reservoir can comprise a polymer.
Suitable biodegradable polymers include, for example, polyamides, poly(amino acids),
poly(peptides), polyesters, copolymers thereof, and mixtures thereof Suitable non-

degradable polymers include, for example, polyethers, polyacrylates, polymethacrylates,
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polyurethanes, cellulose, derivatives thereof, copolymers thereof and mixtures thereof.
Suitable cap materials can dissolve upon application of a current. Suitable materials
include, for example, gold, silver, zinc and erodable polymer gels. Suitable release
systems from micro-reservoirs adaptable for stents are described further, for example, in
U.S. Patent 6,875,208B to Santini Jr., et al., entitled, "Microchip Devices With Improved
Reservoir Opening," U.S. Patent 6,123,861 to Santini Jr., et al., entitled Fabrication of
Microchip Drug Delivery Devices," and U.S. Patent 6,858,220B to Greenberg et al.,
entitled Implantable Microfluidic Delivery System Using Ultra-Nanocrystalline Diamond
Coating," all three of which are incorporated herein by reference. A stent structure can
comprise a plurality of reservoirs, such as two, five, ten or more, with comparable caps

such that the release of the individual reservoirs can be controlled individually as desired.

Smart Stent and Prosthetic Vessel Structures

Some specific stent structures of interest are described further in this section.
Stents described herein include, for example, stents that facilitate occlusion sensing, stents
that perform electromagnetic treatment, multiple layered stents, stents with controlled drug
delivery and stents suitable for detecting aneurysms. While several of these stent
embodiments make use of the smart stent technology described herein, some embodiment
of the stents make use of external measurements or are non-instrumented embodiments.
In general, each of these stent structures can be adapted for incorporation into a
corresponding smart prosthetic vessel. Specifically, transducers associated with the
specific embodiments can be incorporated into prosthetic vessels in the configurations
shown in Figs. 8A-8E.

With respect to measurement capability, several stent embodiments for
measurements related to occlusion are shown schematically in Figs. 11-22 for several
different measurement approaches. These approaches can be specifically directed to
evaluate plaque or other thrombus build up or to detect aneurysms. Plaque and thrombus
are used generally to refer to any material built up within the vessel regardless of the
composition of the material. These different sensor designs use a range of different
physics-based techniques to sense vessel blockage, build up and/or aneurysms.

Referring to Figs. 11A and 11B, a first embodiment of a stent is shown that is
suitable for occlusion sensing. Stent 360 comprises a material that is easy to detect
through ultrasound. The acoustic impedance changes as plaque 362 builds up within the

blood vessel 364 indicating restenosis at the stent. Stent 360 comprises a plurality of
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acoustic reflectors 366. Suitable acoustic reflectors 366 can be, for example, air-filled
spheres embedded in the wall of the stent. In Fig. 11B, an ultrasonic transducer 368 is
shown reflecting off of points 1 and 2 corresponding to two reflectors 366 of stent 360.
The acoustic response of point 1 relative to point 2 changes as plaque accumulates in the
vessel.

Another embodiment is shown in Figs. 12A and 12B. The principle of this
embodiment is shown schematically in Fig. 12A. Referring to Fig. 12A, stent 380 is used
to generate an electric field across the vessel and between two plates. The field can be
generated with ac current, such as an RF frequency or with direct current. The capacitance
and/or electrical impedance can be measured to determine the presence of plaque build up.
A power source 382 and switch 384, such as an rf switch and/or an on/off switch, are
depicted schematically connected to stent 380. Referring to Fig. 12B, an end view is
shown of an embodiment of a stent to implement the schematic arrangement in Fig. 12A.
Stent 390 comprises a first plate 392, a second plate 394 and electrically insulating
sections 396, 398. A controller/electronics can be structurally connected to the other stent
components using any of the arrangement in Figs. 3-5 or two components as shown in Fig.
6 where a controller is electrically connected to the two components.

An embodiment designed to measure pressure changes within a vessel is shown in
Fig. 13. As shown in Fig. 13, blood vessel 410 has plaque build up 412. Flow within the
vessel is indicated with flow arrow 414. As shown in Fig. 11, two pressure sensors 416,
418 are placed in vessel 410 with sensor 416 being upstream from sensor 418. Values
from the pressure sensors 416, 418 can be compared with comparator 420. Comparator
420 can be external to the patient in wireless communication with pressure sensors 416,
418, or comparator 420 can be implanted. If comparator 420 is implanted, it can be
physically associated with a structure at one of the pressure sensors with wired or wireless
communication channels 422 between the spaced apart sensor and the communicator. If
the communicator is implanted and not directly physically associated with structures
housing the pressure sensors, wired or wireless communication can connect the sensors
with the comparator. While two pressure sensors are shown in Fig. 13, more than two
pressure sensors can be used if desired, such as three, four or more pressure sensors. The
pressure sensors can be mounted on stent supports, such as the structures shown in Figs. 2-
6. The comparator can be based on electronics such as that described above, or the
comparator can be a function or algorithm calculated real time in a microprocessor located

adjacent to the stent. Pressure differentials between the two or more sensors can be

31



10

15

20

25

30

WO 2006/055443 PCT/US2005/041021

indicative of a pressure drop associated with plaque deposits. Specifically, a downstream
pressure drop can be indicative of constriction between the two sensors.

A system that is based on changes over time is depicted in Fig. 14A. An
electrically conductive induction coil 430 is placed within vessel 432. The induction coil
is connected to a voltage device 434, such as a voltmeter. The coil and voltmeter can be
incorporated, for example, into one of the stent structures depicted above in Figs. 2-6. The
left view in Fig. 14A shows the vessel at a first point in time, while the right view shows
the vessel following the passage of time (t) over which plaque has built up in the vessel.
Referring to Fig. 14B, the left view schematically depicts the application of a magnetic
pulse 436 external to the patient. This magnetic pulse 436 stimulates current in induction
coil 430 in the blood vessel. The magnitude of the electrical inductance resulting from the
magnetic pulse is a function of the plaque build up as indicated schematically in the two
different current signals 438, 440 on the right of Fig. 14B due to a change in the material
properties within the interior of the coil. Alternatively, voltage device 434 can be a
voltage generator of an AC, DC or transient signal that periodically generates a signal.
The measured coil impedance or impulse response after application of current from the
voltage generator is then a function of the plaque volume. Voltage generator 434 can be
triggered externally to poll the device or can be under microprocessor control.

A stent for detecting plaque from changes at different positions in the vessel is
shown in Fig. 15. In this embodiment, stent 450 comprises a Wheatstone bridge 452. A
Wheatstone bridge comprises five electrical resistors connected to a voltage supply 454.
Other resistance bridges are known in the art and can be substituted for the Wheatstone
bridge. The electrical resistance will be a function of plaque build up. Voltmeters 456,
458 are used to measure the voltage at points V; and V,. If the voltage values from
voltmeters 456, 458 are equal, then the resistances are balanced across the bridge and there
is no plaque on the side of the bridge inside the vessel. A resistive imbalance indicates
plaque build up. This is due to a change in the electrical resistance due to the association
of the plaque with the resistor. Each resistor can be formed from resistive wire in contact
with the interior of the vessel such that the surface coating (for example, plaque build-up)
can alter the electrical conductivity.

If, as shown schematically in Fig. 15, one side of the bridge is associated with
plaque but the other side is associated with a significantly different amount of plaque or no
plaque, the voltage measurements from voltmeters 456, 458 are different. Changes of the

bridge balance over time may be further indicative of plaque build up or the like. The
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components can be assembled into the stent structures described above with respect to
Figs. 2-6. Specifically, the entire bridge can be assembled into a single stent with
appropriate conductive and electrically insulating components. Alternatively, each side of
the bridge can be assembled into a stent, which are placed in a spaced apart configuration,
and appropriate electrical connections connect the two sides of the bridge. Similarly, a
number of separate components can be placed into the vessel to form the bridge, where
each component may or may not be associated with a stent structure. Thus, there are a
number of suitable configurations for forming the bridge within the vessel.

Stent embodiments are shown in Figs. 16 and 17 for plaque detection based on
acoustic properties within a blood vessel. Referring to Fig. 16, stent 470 is located within
vessel 472, Stent 470 comprises an acoustic emitter and detector 474. Similarly, the
emitter and detector can be separated. Piezoelectric materials and/or electroactive
polymers can be used to form the acoustic transducers. Acoustic transducers formed with
piezoelectric films are described further in U.S. Patent 6,937,736 to Toda, entitled
"Acoustic Sensor Using Curved Piezoelectric Film," incorporated herein by reference.
Acoustic sensors formed with electroactive polymers are described further in U.S. Patent
6,781,284 to Pelrine et al., entitled "Electroactive Polymer Transducers and Actuators,"
incorporated herein by reference. Stent 470 also comprises an acoustic reflective element
476. Reflective element 476 can include one or more air filled bladders, hollow polymer
balls, bladders filled with another fluid with sufficiently different properties than blood or
the like or combinations thereof. Acoustic waves will reflect back differently depending
on whether or not plaque 478 is present in vessel 472. In addition, the measurements can
be monitored for changes in the measurements over time, which may be indicative of
plaque build up or the like. Suitable electronics can be used to analyze the signal. Smart
stent structures in Figs. 2-6 can be adapted for these uses.

Referring to Fig. 17, stent 490 comprises an acoustic emitter and detector 492,
although there can be a plurality of emitters and/or detectors along the length of the stent.
Emitted sound waves are reflected off of blood cells and are Doppler shifted due to the
blood flow velocity. If an occlusion 494 is present as a result of plaque or the like in
vessel 496, blood flows faster through the occluded region resulting in a greater degree of
Doppler shifting from the portion of the signal reflected from that portion of the vessel.
The received acoustic wave at acoustic receiver 492 can be analyzed with respect to
Doppler shift to detect the presence or absence of plaque. These Doppler shifts can be

monitored over time to detect changes in the Doppler shift that would be indicative of
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plaque build up or the like. Suitable time periods can be selected to be reasonable under
the particular circumstances.

An embodiment in Figs. 18A and 18B, detects the vibrations transmitted through
the vessel wall. Stent 510 and stent 512 are placed within vessel 514. Stent 510
comprises a contact plate 516, which can be a MEMS structure or other suitable
transducer. Stent 512 comprises an acoustic receiver 518 that receives vibrations
transmitted along the vessel due to vibration of the vessel by the contact plate. Acoustic
receiver 518 can be formed from piezoelectric material, from an accelerometer or from
other suitable materials such as the materials described above for use in acoustic
transducers. The signal received by acoustic receiver 518 can be Fourier transformed to
yield the vibrational spectrum that is diagnostic of the mechanical properties of the vessel
including, for example, the presence or absence of plaque. A clear vessel resonates with a
resopance frequency that changes in frequency if plaque is present. Furthermore, changes
can be monitored over time to measure changes that can be indicative of the build up of
plaque or the like. Again, the smart stents of Figs. 2-6 can be adapted for these stents.

A further embodiment of an implant, such as a stent, is shown in Figs. 19A and
19B that introduce a treatment approach based on altering the chemistry within the vessel
through the electrical properties at the surface of the stent. Device 530 in Figs. 19A and
19B has a positive surface charge along inner surface 532 and outer surface 534, which is
balanced with an internal negative charge along a layer 536, shown in Fig., 19B. Thus, the
structure has the form of a capacitor with appropriately placed insulating layers 538, 540
to prevent short circuit. A controller 542 can be used to control the operation of the
device. Controller 542 can incorporate electrical components as discussed above.

The positive charge attracts anions and repels cations, such as calcium cations, to
inhibit their deposition on the surface of the device as part of a calcification process or
other undesirable process. If desired, the charge can be reversed to have a negative
surface charge that attracts cations and repel anions, which can prevent other deposits onto
the surface, such as positively charged proteins from the blood. Similarly, the inner and
outer surface of the stent can have opposite charges from each other with an inner surface
that is either positive or negative as selected through the reduction in the number of layers.
As shown in Figs. 19A and 19B, the device is a vascular stent. However, a surface charge
can be applied based on this description for any reasonable implant including, for
example, other types of implants described herein. Thus, undesirable deposits can be

inhibited based on the use of a surface charge. Alternatively, the stent of Figs. 19A and
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19B can be used as a diagnostic tool by detecting the ionic strength, i.e., the amounts of
positive ions and negative ions, in the blood through changes in the resulting capacitance
of the stents.

Another embodiment of a stent is shown in Figs. 20A and 20B. In this
embodiment, stent 550 has a plurality of layers 552, 554, 556. Each layer can be formed
appropriately similarly to a conventional stent with an appropriately thinner wall
thickness, in which the layers are then placed inside subsequent layers. The layers can be
separated from each other. As shown in Figs. 20A and 20B, each layer has lever arms 558
to facilitate removal of a layer from the interior of the combined structure. The removal of
an interior layer can remove associated deposits and or expose a fresh drug coated surface
to the blood flow. The stent walls can be formed to fold upon pulling on a lever arm.
Suitable grippers can be delivered from a catheter with examples of suitable gripper
described in U.S. Patent 6,695,866 to Keune et al., entitled "Mitral and Tricuspid Valve
Repair," incorporated herein by reference. Since the layers of the device are designed for
removal, the surface of the device can be designed to attract undesirable components of
the associated bodily fluids, such as plaque or emboli, for collection on the surface. Then,
the undesirable composition can be removed along with the removal of the layer of device
structure. While the stent is shown with three layers, other embodiments can have two
layers or more than three layers, such as four or more layers, with the thicknesses reduced
accordingly. The multiple layers provide structural integrity for deployment that may not
be needed subsequent to deploylﬁent.

A general MEMS structure for an implanted medical device is shown
schematically in Fig. 8. A specific embodiment incorporated into a stent is shown in Figs.
21A-21C. Referring to Figs. 21A-21C, stent 570 comprises a support structure 572, a
reservoir 574, a MEMS structure 576, and a controller 578 electrically connected to
MEMS structure 576 with a wire 580 or the like. Reservoir 574 comprises a reservoir
with the desired drug/bioactive agent within the reservoir. As shown in Figs. 21A-21C,
reservoir 574 extends over only a portion of the circumference while the remaining
portions of the stent can be a mesh, weave, braid or the like, although other configurations
can be used. Walls of reservoir 574 can be formed from spring metals, polymers or other
materials suitable for use in a stent, as described above. The MEMS structure is shown in
Fig. 21C, and can take the specific forms described above in the context of Fig. 10.

Suitable electronics for the controller are described above.
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Aneurysms are an abnormal blood filled dilation of the wall of an artery due to a
defect or disease of the blood vessel. Aneurysms can develop quickly and can result in a -
hemorrhage that can lead to stroke or even death. Aneurysms can occur in the aorta and
can be very serious. Instrumented implants can be placed within or in close proximity to a
vessel to detect and/or monitor for aneurysms. For example, stents described above can be
adapted for this purpose. Similarly, external sensors connected to a comparable
monitoring system can also be used for detecting aneurysms.

Suitable systems for detecting aneurysms are described further within Fig. 22A.
These detection systems generally are based on either variations in blood pressure as a
function of time, based on acoustics related to blood flow, accelerometer measurements of
skin motion responding to blood flow and the like. Referring to Fig. 22A, a schematic
cross section of a body part 600 of the patient, such as a limb or neck, with a blood vessel
602 is shown schematically along with corresponding devices. Blood vessel 602 has an
aneurysm 604. Blood flow can be laminar 606 away from aneurysm 604 and turbulent
608 at the aneurysm. Implanted sensors 610, 612 can be mounted separately on a stent or
the like. Sensors 610, 612 are generally spaced apart from each other a suitable distance
for meaningful measurements at different locations of the vessel. Sensors 610, 612 are
operably connected to electronics 614 with a wired and/or wireless connection. While .
shown in Fig. 22A with a single electronics module, sensors 610, 612 can be operably
connected to separate electronics modules that independently transmit sensor
measurements external to the patient. Electronics 614 can be mounted on a stent along
with or separately from a sensor 610 or 612, and electronics 614 comprises an antenna 616
that can transmit information on the measurements of the sensors external to the body.
Additional sensors can be used as desired. Suitable stents and electronics are described
above with respect to Figs. 2-6.

Additionally or alternatively, sensors 626, 628 are mounted on skin 630. Sensors
628, 630 can be operably connected to electronics 632 with a wireless or wired connection
for collecting, transmitting and/or analyzing the measurements of sensors 626, 628. While
a single electronics module is shown connected to sensors 626, 628, each sensor can be
operably connected with a separate electronics module. While Fig. 22A shows two
implanted sensors or two skin mounted sensors, more than two sensors can be implanted
or skin mounted, such as three, four or more sensors.

Additionally or alternatively, sensors can be placed on a collar or other band such

that they are in contact with the skin when the band is worn by the patient. Referring to
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Fig. 22B, collar 640 comprises a band 642, sensors 644 and an electronic module 646
operably connected to sensors 644 with a wired or wireless connection. Band 642 can
comprise one or more elastic portions 648 as well as an optional closure 650 that can be
used to open the collar to facilitate placement on the patient. Optional closure can
comprise, for example, a hook-and-loop fastener, a zipper, snaps, buttons or other suitable
closures. Suitable sensors and electronics modules are described above with respect to
Fig. 22A. Rather than using a band, the sensors can be similarly incorporated into an
article of clothing. Referring to the fragmentary view in Fig. 22C, a sweater/shirt 660 is
shown with sensors 662 and electronics module 664 with a wired or wireless connection
with sensors 662. While six sensors are shown in Fig. 22B and two sensors are shown in
20C, the number and placement of sensors can be determined to obtain the desired
measurements upon placement within the patient. Similarly, the sensors can be
repositionable, for example, with a hook-and-look fastener or the like, such that a health
care professional can locate the sensors at suitable locations to obtain the desired
measurements.

As an addition or an alternative to the placement of sensors in a blood vessel or on
the skin, the sensors can be implanted at a suitable location to sense the pulse of the vessel
of concern. Referring to Fig. 22D, an implantable sensing device 670 comprises a flexible
support 672, sensors 674 and electronics module 676 with wired or wireless
communication with sensors 674. Electronics module 676 comprises an antenna 678.
Flexible support 672 can comprise an elastomeric biocompatible polymer, such as a
silicon polymer or a polyurethane, although metals or combinations of metals and polymer
can be used. In some embodiments, a rigid support can be used as an alternative to a
flexible support, which can be formed, for example, from metal, polymer, ceramics or
combinations thereof. Suitable sensors 674 and electronics module 676 are described with
respect to Figs. 22A-C. Referring to Fig. 22E, an embodiment of implantable sensing
device 670 is depicted implanted within the neck 680 of a patient with suitable placement
to measure pulsing of a carotid artery 682. Device 670 can be implanted in a surgical
procedure or with a less invasive procedure through a small incision using a cannula or the
like, which opens up a small channel 684.

As noted above, the sensors can be based on a range of principles. Referring to
Fig. 22F, pressure measurements from two sensors are depicted. The pressure at the
downstream sensor is labeled A, and the pressure at an upstream sensor is labeled B. Xa

and Xp denote the peak pressure values from the two sensors, respectively, and a time t
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represents the time delay between the two peak measurements. The measurements of a
normal vessel are depicted in the left diagram, and the measurements for a vessel with a
potential aneurysm is depicted in the right diagram. If the vessel is normal, the peak
pressure values are approximately equal. If the vessel has an aneurysm, the pulse is
delayed relative to a normal vessel (t; > t;), and the peak height is lowered since the
presence of an aneurysm slows the propagation of the pressure pulse and dissipates some
for the force of the pulse resulting in a lower pressure reading.

Furthermore, acoustic sensors can be used. Referring to Figs. 22G and 22H, the
acoustic measurements can be analyzed as a function of frequency (Fig. 22G) and/or time
(Fig. 22H). If an aneurysm is present, the acoustic measurements can have characteristic
plots indicative of a hiss that can be deduced from the frequency or time measurements.
The hiss can be a result of turbulence of the flow due to the presence of the aneurysm.
Accelerometers can be used to replace the acoustic sensors. The use of a plurality of
sensors increases the likelihood of "hearing" the sounds of an aneurysm. Accelerometers
measure movement associated with the pulse of the vessel. There is a movement outward
from the vessel with the pulse followed with a return to the original position.
Accelerometer measurements are shown schematically in Fig. 221. The readings of two
different accelerometer signals are shown in Fig. 221 with one being above the other. The
presence of an aneurysm can be detected either by differences between the measurements
of the two sensors and/or through changes in the measurements over time, as noted with
the arrows in the figure.

The embodiments described above are intended to be illustrative and not limiting.
Additional embodiments are within the claims below. Although the present invention has
been described with reference to specific embodiments, workers skilled in the art will
recognize that changes may be made in form and detail without departing from the spirit
and scope of the invention. In addition, the terms including, comprising and having as
used herein are intended to have broad non-limiting scope. References cited above are

incorporated to the extent that they are not inconsistent with the explicit disclosure herein.
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What is claimed is:

L. A stent comprising a support structure comprising a biocompatible material with a
structure suitable for placement within a mammalian vessel without significantly blocking
flow, a sensor attached to the support structure and an implantable wireless
communication system operably connected to the sensor in which values from the sensor

can be transmitted with the wireless communication system.

2. The stent of claim 1 wherein the support structure comprises an expandable

structure with a generally cylindrical shape.

3. The stent of claim 1 wherein the support structure comprises a structure with

fasteners that can attach to a vessel wall.

4. The stent of claim 1 wherein the support structure comprises a metal,

5. The stent of claim 1 wherein the support structure comprises a polymer.
6. The stent of claim 1 wherein the sensor comprises a pressure sensor.

7. The stent of claim 1 wherein the sensor comprises an acoustic sensor.

8. The stent of claim 1 wherein the sensor comprises an accelerometer.

9. The stent of claim 1 wherein the sensor comprises a capacitor.

10.  The stent of claim 1 wherein the sensor comprises an induction coil.

11.  The stent of claim 1 wherein the sensor comprises resistors within a bridge

structure.

12, The stent of claim 1 wherein the sensor comprises a vibration detector.

13, The stent of claim 1 wherein the sensor comprises a Doppler shift detector.
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14. The stent of claim 1 wherein the communication system comprises an antenna

assembled onto a chip.

15. The stent of claim 1 wherein the communication system is attached to the support

structure.

16.  The stent of claim 1 wherein the communication system is electrically connected to

the sensor but is not physically connected to the support structure.

17. The stent of claim 1 further comprising a microprocessor with memory operably

connected to the sensor and the communication system.

18.  The stent of claim 17 further comprising a drug delivery device with a delivery rate

controlled through the microprocessor.

19. Animplantable medical device comprising an implantable scaffold, a reservoir of a
bioactive agent attached to the implantable scaffold and a microelectromechanical delivery

system attached to the implantable scaffold and controlling elution from the reservoir.

20. A stent comprising a support structure comprising a biocompatible material with a
structure suitable for placement within a mammalian vessel without significantly blocking
flow, a reservoir of a bioactive agent attached to the support structure, and a control
system that is operably connected to the reservoir to control the release of the bioactive

agent from the reservoir.

21.  The stent of claim 20 wherein the control system comprises a microprocessor with
memory and a microelectromechanical device operably connected to the processor and

mechanically controlling access to a port into the reservoir.

22.  The stent of claim 20 wherein reservoir comprises a cover with a material
dissolvable upon exposure to an electrical current, and the control system comprises a
microprocessor with memory and a conduction pathway configured to deliver a current to

dissolve the cover material under instructions from the MICrOProcessor.
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23.  The stent of claim 22 further comprising one or more additional reservoirs with
covers that can be dissolved when current is applied under the control of the

MICroprocessor.

24.  The stent of claim 20 wherein the bioactive agent comprises an antimicrobial
agent, a hormone, a cytokine, a growth factor, a hormone releasing factor, a transcription
factor, an infectious agent or vector, an antithrombogenic agent, an anti-restenosis agent, a
calcium channel blocker, an antirestenosis agent, a blood pressure reducing agent, an ionic

forms thereof, or a combination thereof

25. A stent comprising a frame comprising a biocompatible material with a structure
suitable for placement within a mammalian vessel without significantly blocking flow, a
power source and a surface that can be charged by the power source at least over a portion

of the surface, the surface being supported by the frame.

26.  The stent of claim 25 wherein the surface comprises an inner surface and an outer

surface that can be charged with a positive or negative charge.
27.  The stent of claim 25 wherein the surface comprises an inner surface that can be
charged positive and an outer surface that can be charged negative, or an inner surface that

can be charged negative and an outer surface that can be charged positive.

28.  The stent of claim 25 wherein the power source can be recharged through an

antenna.

29.  The stent of claim 25 wherein the power source comprises a battery.

30. A stent comprising a frame comprising a biocompatible material with a structure
suitable for placement within a mammalian vessel without significantly blocking flow, a

microprocessor and an electrical induction coil operably connected to the MICrOProcessor.

31.  The stent of claim 30 further comprising a power supply that is operably connected

to the induction coil such that the power supply can be recharged.
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32.  The stent of claim 30 wherein the microprocessor is powered with electrical

current generated with the induction coil.

33.  The stent of claim 30 further comprising a power supply and wherein the
microprocessor is configured to measure the current induced in the coil with a magnetic or

electromagnetic field.

34. A stent comprising an expandable structure with a generally cylindrical shape
suitable for placement within a vessel, the expandable structure having a plurality of layers
that can be selectively removed in the expanded configuration while leaving the remaining

layer(s).
35.  The stent of claim 34 wherein the plurality of layers is three layers.

36.  The stent of claim 34 wherein at least one layer has a lever connected to the

particular layer.

37. A method for performing measurements within a mammalian vessel, the method
comprising transmitting from an implanted device a measurement of a sensor within the -
vessel wherein the implanted device does not have any external physical connections.

38.  The method of claim 37 wherein the sensor is associated with a stent.

39. A method for performing a treatment within a mammalian vessel, the method
comprising actuating an output transducer to perform the treatment wherein the transducer
is deployed within the vessel without any external physical connections.

40.  The method of claim 39 wherein the output transducer is mounted on a stent.

41. A medical device comprising a sensor and an ambulatory transmitter operably

connected to the sensor wherein the sensor can perform measurements of skin or tissue

motion that vary if an aneurysm is present.
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42.  The medical device of claim 41 wherein the sensor is designed for contact

mounting on a patient's skin.

43, The medical device of claim 41 wherein the sensor is attached to an article that can

be worn by the patient.

44.  The medical device of claim 41 further comprising a biocompatible material
associated with the sensor and transmitter to form an implantable structure that can be

placed in the vicinity of a blood vessel.

45. A biocompatible vessel suitable for implantation comprising a generally tubular
structure having a central lumen and a wireless communication system operably connected

with the generally tubular structure.

46.  The biocompatible vessel of claim 45 further comprising a sensor operably

connected to the wireless communication system.

47.  The biocompatible vessel of claim 45 further comprising a MiCroprocessor

operably connected with the wireless communication system.

48.  The biocompatible vessel of claim 45 further comprising a reservoir of a bioactive
agent attached to the generally tubular structure and microelectromechanical device

configured to control the release of the bioactive agent from the reservoir.

49.  The biocompatible vessel of claim 45 wherein the generally tubular structure

comprises tissue.

50.  The biocompatible vessel of claim 45 wherein the generally tubular structure

comprises a woven synthetic polymer.
51. A central server comprising a processor connected to a communication channel

wherein the communication channel is connected to an instrumented stent implanted

within a patient.
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52.  The central server of claim 51 wherein the communication channel comprises an

mternet connection.

53.  The central server of claim 51 wherein the processor is connected to a database

comprising a range of acceptable performance parameters for the stent.

44



.H @HL 8€El

PCT/US2005/041021

1/15

WO 2006/055443

s 901 e Y01 Wy 4106y [03010.4 ,
iy sisoubpiq JuaWiDal |
2AI|2p
pup umc._oh.m 291 250qui0q |9
LUBWLDRL SJ0SUag \m21A3y 522149044 4529 pauad | | %ﬂwwm_\_m%cw«vus J
pasbg-SWaw 7]044u0D ALpnd :
$E1 | /M2pIAOUd 2oubansuy | 091
uoljuaAsajuT /SJ0JDNIDAT (0301044 / waishs \\
1o241q . 0cl | seyndwon :
L | o [ 0 [
01 3|qoJvam suo1ol 9 suouoomnwwoy | <— | “\oinduios J
J0 pajupjdw > {ua1{og > Jo2uoyg | 0Gr
(| (s)ea1hep porpaw Y A ® — ® 7
001 » Ja4ndwon cel
U340 ™ oﬂ\ Oyl / | [Puoiss2joug [N
3jqowwinubo.g 441 UaW|oaJ
(S)dona2 WetHD3IL | 261
3q Aow pup pajqoul 1nding Juaing | "\ mg
mzows_%se@ 174} co_\ﬁcu_ﬁ:e_u, msH
DJaUD !
I T 7 A, /SISA[DUY /101492}[00
20D}J24uT JuUaniog DiDQ [DdiU3) M3IATY JU21404
40} 221A2Q AJDUOIIDLS JO - pup ju2wabouoyy
2|qoJD2) ‘P[2YPUDH 24 UD) [02040.44g JUWIDALY
T AT
wpJbiq

WaLSAG 4up|dT 4JDWS ([DJ2AQ

SUBSTITUTE SHEET (RULE 26)



WO 2006/055443

2/15

188

186

FIG. 2A

184

210

FIG. 3

PCT/US2005/041021

| V
jo

182

\:I 198

A—~—194

L

192

212

214

222

SUBSTITUTE SHEET (RULE 26)



WO 2006/055443

PCT/US2005/041021

3/15

201

|
189 [

183

SUBSTITUTE SHEET (RULE 26)




WO 2006/055443

PCT/US2005/041021
4/15
302
/// 30
300 {
318 320
\ ™\ l
) \
]
308 “*:l
\\__ 322
- g
306 324
. t ‘%\ |V
316
\\\\~326
1

B, FIG.9

250 240
244

248 246

FIG.5

242

FIG. 6

SUBSTITUTE SHEET (RULE 26)



WO 2006/055443 PCT/US2005/041021

5/15

/ 270 —>8 / 272

276 J \ 274

—>» 8

257 RN | )
‘a‘ S 288
N\

FIG. 8A FIG. 8B

. 272 208 296 272 "
DERE'S
290

FIG. 8C FIG. 8D

29@2

FIG. 8E

272

SUBSTITUTE SHEET (RULE 26)



WO 2006/055443 PCT/US2005/041021

6 /15

340 \

344

> 360 362
( LI A - )
> e 364
XEKK Dy —>
Fi /’(/)/ (@) /{/‘/R?——‘
__ / Y \] ) K g f
é 1%2. —>-B 362

"/ FI6. 11B

368 1 ¥,
FIG. 11A \/%

SUBSTITUTE SHEET (RULE 26)



WO 2006/055443 PCT/US2005/041021

7115
NN
> NXXX XXX XY
S) e M <
3 L
i/
, FIG. 12A
A
392
398
o 39
394
FIG. 12B
410\ 414

= A

416 e 418

SUBSTITUTE SHEET (RULE 26)



WO 2006/055443 PCT/US2005/041021

8/15

t

430 —>» 430
)/\/‘\f\
W > ] by
= 7 0%

/+ +

~V

N4z e FIG. 14A

/\ 7
Y N
436 430 ;\
FIG. 14B 440

| 456
52 § / 450
Y
Ry u

1 R,

SUBSTITUTE SHEET (RULE 26)



WO 2006/055443 PCT/US2005/041021

9/15
472A , 470 /478 |
{ P /M/////x) 7
o oyl (
\474 \476 |
FIG. 16
496
490/\/ : \ Vo i/!l/////// ==
1 oo‘; °, V "
492) = K 494 =
FIG. 17
512 - 510 514
N (p [
) D il
/] /L\ + / 2 \\\\
518~ ‘31'6 g =
FIG. 18A 514 316

FIG. 18B

SUBSTITUTE SHEET (RULE 26)



WO 2006/055443 PCT/US2005/041021

10/15

FIG. 198B

550
s 550

558
558 552 k%aj

o FIG. 20B
FIG. 20A |

]
il

SUBSTITUTE SHEET (RULE 26)



WO 2006/055443 PCT/US2005/041021

11/15

AVAVAVANAVAVAVAVAVAVAY 15703

FIG. 21B
FIG. 21C

SUBSTITUTE SHEET (RULE 26)



WO 2006/055443 PCT/US2005/041021

12/15

_ FIG. 22A

Jat
I

Pa ! Xg | X
. /1 P

%t 4

FIG. 22F

SUBSTITUTE SHEET (RULE 26)



WO 2006/055443 PCT/US2005/041021

13/15

! 646 640
7 A v’
‘ﬁ Z
ﬁil'!'-* ANV
7, uP
. 4

7 B '

FIG. 22B

662

SUBSTITUTE SHEET (RULE 26)



WO 2006/055443 PCT/US2005/041021

14/15

680

- FI6. 22E

678

670

) Fre. 220

SUBSTITUTE SHEET (RULE 26)



WO 2006/055443

PCT/US2005/041021
15/15
A
Amplitude /// //
———
fy fa
FIG. 226
A
Sound : '
Level M. .
i
: : > time

FIG. 22H

Aou'r

Accel J\[ [b -
Ain \}(_
Accel J\[ Jb —

FIG. 221

SUBSTITUTE SHEET (RULE 26)



LR EH(F)

RE(EFR)AGE)

HAT R E(ZFRR)AGE)

FRI& B A

KRN

S\EReERE

BEG®)

B LEAR T , MEBEYMEMETIZZ
EP1816951A2 K (aH)A
EP2005849753 % A
IZEX TECHNOLOGIES , INC.

IZEX TECHNOLOGIES , INC.

MARTINSON JAMES B
STARK JOHN G
HANSON TIMOTHY J B
BACKES STEVEN J

MARTINSON, JAMES B.
STARK, JOHN G.
HANSON, TIMOTHY J.B.
BACKES, STEVEN J.

A61B5/00

2007-08-15

2005-11-14

A61F2/82 A61B5/07 A61B5/411 A61F2250/0002 A61F2250/0068 AG1N1/30

60/722361 2005-09-30 US
11/267386 2005-11-04 US
60/628050 2004-11-15 US

Espacenet

BRTIHARNEREXREUNATHREEBADIWHMES, XEE
FALEFNBATHRTME PR EHF BRNBLERMNEETLL
fRRbE, £-EXRHP  IREMERPITAS HF BETURMLE
BRIEE , BB AUFTURUALTLFRBRE, —EARARESE
HYRERS  AET AN E FIRAHRERMERANTTNE
Fo ALEAERRRKRE  flm , BREFORNIRY , RETHHIE
HARTHRI B H ISR,

patsnap


https://share-analytics.zhihuiya.com/view/9eca58a8-da01-46ed-b7ff-c318c97f6a4f
https://worldwide.espacenet.com/patent/search/family/036407659/publication/EP1816951A2?q=EP1816951A2

