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IMPLANTABLE ZERO-WIRE COMMUNICATIONS SYSTEM

CROSS-REFERENCE TO RELATED APPLICATIONS

Pursuant to 35 U.S.C. § 119 (e), this application claims priority to the filing

date of: United States Provisional Patent Application Serial No. 60/713,881 filed

September 1, 2005; United States Provisional Patent Application Serial No.

60/713,680 filed September 1, 2005 and United States Provisional Patent

Application Serial No. 60/739,174 filed November 23, 2005; the disclosures of

which applications are herein incorporated by reference.

INTRODUCTION

Field of the Invention

The present invention relates to medical apparatuses and methods, and in

particular to methods and apparatuses for communicating information wirelessly

within an organism, such as a patient.

Background of the Invention

Pacemakers and other implantable medical devices find wide-spread use

in today's health care system. A typical pacemaker includes stimulating

electrodes that are placed in contact with heart muscle, detection electrodes

placed to detect movement of the heart muscle, and control circuitry for operating

the stimulating electrodes based on signals received from the detection

electrodes. Thus, the pacemaker can detect abnormal (e.g., irregular) movement

and deliver electrical pulses to the heart to restore normal movement.

In most pacemakers in use today, the control circuitry is contained within a

"can," a small device that is implanted in the chest near the heart. The can

typically also includes radio frequency (RF) transmitting and/or receiving circuits

that enable communication between the can and an external device such as a

conventional pacemaker control "wand." A physician can obtain data from the

pacemaker and/or reprogram its control settings by operating the external device.

Pacemakers generally transmit and receive data in a frequency band of the

electromagnetic spectrum at around 405 MHz, a band designated by federal

regulations for medical device use.



A variety of other implantable or ingestible medical devices are also known

in the art. Such devices include sensors that collect information about the

structure and/or functioning of a patient's organs. For instance, ingestible

capsules capable of imaging the patient's gastrointestinal tract are known. Other

devices, such as neural stimulators used to treat back pain and related ailments,

can affect physiological activity, e.g., by delivering electrical pulses. Some

ingestible or implantable devices can communicate in real time with external

devices. For instance, some such devices include magnetic induction coils that

allow physicians to detect the position of the device within the patient's body at a

given time using appropriate external sensors; the operating principle is similar to

that of RFID tags. Other devices include RF transmitters and/or receivers similar

to those used in pacemakers.

In order to generate a signal strong enough to be detected externally,

RF-capable medical devices require milliwatts of power and relatively long

antennas (usually at least several centimeters). These requirements place a

lower bound on the size of the devices, making them impractical for many

applications.

Thus, it would desirable to provide alternative techniques for

communicating with an Implantable medical device.

SUMMARY

The present invention allows, for the first time, an implantable system that

can be made up of conveniently small communications devices which

nonetheless effectively communicate with each other in the body. Accordingly, an

implantable communications platform is provided which is amenable to a

multitude of different applications, including both diagnostic and therapeutic

applications. The small size of the individual components of the system in

accordance with embodiments of the invention and the ability of the components

to effectively communicate wirelessly with each other through the body enables a

number of different applications not heretofore possible.

According to one aspect of the present invention, a platform for

communicating information within the body of a patient includes a first device and

a second device. The first device includes a transmitter configured to transmit



power and/or information via a quasi electrostatic coupling to the body of the

patient. The second device includes a receiver configured to receive the

transmitted power and/or information via a quasi electrostatic coupling to the

body of the patient. The transmission frequency is selected such that the

corresponding wavelength is significantly larger than the patient's body. For

instance, a frequency of 100 kHz corresponds to a wavelength of 300 meters,

over 100 times longer than the height of a typical human patient. In certain

embodiments, the frequency is chosen to provide a wavelength that is more than

10 times longer, such as more than 50 time longer, including more than 100

times longer, than a largest dimension, e.g., height, of the body of the patient of

interest, Where the first device transmits information, the second device may also

be configured to retransmit the information to a location external to the body of

the patient, e.g., via RF signaling to an external wand, or internal to the patient,

e.g., an internal receiver.

According to another aspect of the present invention, a communications

device for use within a body of a patient includes a power supply, a signal

generating circuit, and an antenna. The signal generating circuit is coupled to the

power supply and is configured to generate a signal. The antenna is coupled to

the signal generating circuit and is configured to transmit the signal via quasi

electrostatic coupling to the body of the patient.

According to still another aspect of the present invention, a method for

communicating information within a body of a patient is provided. A transmitter

unit is disposed within a body of the patient such that an antenna of the

transmitter unit is in contact with the body. The transmitter is operated to

generate a quasi electrostatic signal, and the quasi electrostatic signal is

detected using a receiver. The receiver is advantageously at least partially

internal to the patient's body.

Additional aspects of the invention include fluid flow sensors which may be

present on one or more of the devices of the above described systems, or

present on other platforms, such as lead platforms, e.g., multiplex leads.

The following detailed description together with the accompanying

drawings will provide a better understanding of the nature and advantages of the

present invention.



BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 is a block diagram of a medical diagnostic and/or treatment platform

according to an embodiment of the present invention;

FIG. 2 shows a patient with multiple remote devices implanted at various

locations in his or her body according to an embodiment of the present invention;

FIG. 3 shows a remote device that includes an effector unit configured to

deliver electrical stimulation to a patient's tissue according to an embodiment of

the present invention;

FIG. 4 shows a power source adapted for wireless power delivery

according to an embodiment of the present invention;

FIG. 5 is a block diagram of a transmitter unit for a remote device

according to an embodiment of the present invention;

FIG. 6 is a circuit diagram showing details of a dipole electrode driver

implemented using conventional CMOS driver circuits for use in a transmitter

according to an embodiment of the present invention;

FIG. 7 illustrates a driver circuit for a monopole antenna that can be

implemented in conventional CMOS integrated circuits for use in a transmitter

according to an embodiment of the present invention;

FIG. 8 is an experimental apparatus for testing a principle related to

broadcasting power wirelessly through the body according to an embodiment of

the present invention;

FIG. 9 illustrates a clinical use of an apparatus similar to that of FIG. 8

according to an embodiment of the present invention;

FIG. 10 illustrates a remote device powered by reverse electrolysis

according to an embodiment of the present invention;

FIG. 11 illustrates a remote device disposed inside a pill according to an

embodiment of the present invention;

FIG. 12 is a block diagram of an electronic circuit that may be included in

the remote device of FIG. 11 according to an embodiment of the present

invention; and

FIG. 13 is a block diagram of a blood flow sensor according to an

embodiment of the present invention.



FIGS. 14A to 14C are results obtained from experiments using a

resistance blood flow sensor as described in the Experimental Section, below.

FIGS. 15A to 15E provide a diagram of the Hall principle effect

on fluid and particles in the flowing blood.

FIGS. 16A and 16B provide diagrams of planar implementations

of an internal electromagnetic blood flow sensor in accordance with

embodiments of the invention.

FIG. 17 provides a view of application of internal electromagnetic

blood flow sensor where the magnetic field is produced using external

coils, in accordance with an embodiment of the invention.

FIG. 18 provides a view of an internal electromagnetic blood flow

sensor in a rnulti-electrode lead, in accordance with an embodiment of

the invention.

FIG. 19 provides a view of a stent-style blood flow sensor, in

accordance with an embodiment of the invention.

FIG. 20 shows the stent-style blood flow sensor of FIG. 19 placed

in the aorta of a patient.

FIG. 2 1 provides a method of fixation providing an advantageous

position foT the sensor, in accordance with an embodiment of the

invention.

FIG. 22 shows a placement approach of sensors on either side of

a cardiac valve in a patient, according to an embodiment of the

invention.

FIG. 23 shows an embodiment of a resistance blood flow sensor according

to an embodiment of the present invention.

FIGS. 24A to 24C provide depictions of the type of data that may be

obtained with a sensor as shown in FIG. 23.

DETAILED DESCRIPTION

As summarized above, the present invention provides implantable

systems that communicate wirelessly with each other (e.g., one-way or two-way)

using a unique format that enables devices configurations and applications

heretofore not possible. Embodiments of the present invention provide



communication apparatuses and methods for exchanging information with

implantable medical devices. In some embodiments, two implantable devices

communicate with each other using quasi-electrostatic signal transmission in a

long wavelength/low frequency electromagnetic band, with the patient's body

acting as a conductive medium. In one embodiment, the signals have a

frequency of about 100 kHz, wavelength on the order of 300 meters. One of the

devices can be equipped with additional RF circuitry for communicating with an

external device such as a conventional wand. Alternatively, one of the devices

can be an external device that includes electrodes capable of detecting and/or

generating quasi-electrostatic signals through the patient's skin.

I . Platform Overview

FIG. 1 is a block diagram of a medical diagnostic and/or treatment platform

100 according to an embodiment of the present invention. Platform 100 includes

a power source 102, a remote device 104, a data collector 106, and an external

recorder 108. In operation, remote device 104 is placed inside a patient's body

(e.g., ingested or implanted) and receives power from power source 102, which

may be located inside or outside the patient's body.

Remote device 104, described further in Section Il below, is an electronic,

mechanical, or electromechanical device that may include any combination of

sensor, effector and/or transmitter units. A sensor unit (Section ILA) detects and

measures various parameters related to the physiological state of a patient in

whom remote device 104 is implanted. An effector unit (Section ILB) performs an

action affecting some aspect of the patient's body or physiological processes

under control of a sensor unit in the remote device or an external controller. A

transmitter unit (Section ILC) transmits signals, including, e.g., measurement data

from a sensor unit or other signals indicating effector activity or merely presence

of the remote device, to data collector 106. In certain embodiments, transmission

is performed wirelessly.

Power source 102, described further in Section III below, can include any

source of electrical power that can be delivered to remote device 104. In some

embodiments, power source 102 may be a battery or similar self-contained power

source incorporated into remote device 104. In other embodiments, power



source 102 is external to the patient's body and delivers power wirelessly (see,

e.g., Section III.A).

Data collector 106, described further in Section IV below, may be

implanted in the patient or external and connected to the patient's skin. Data

collector 106 includes a receiver antenna that detects signals from a transmitter

unit in remote device 104 and control logic configured to store, process, and/or

retransmit the received information. In embodiments where remote device 104

does not include a transmitter, data collector 106 may be omitted.

External recorder 108 may be implemented using any device that makes

the collected data and related information (e.g., results of processing activity in

data collector 106) accessible to a practitioner. In some embodiments, data

collector 106 includes an external component that can be read directly by a

patient or health care practitioner or communicably connected to a computer that

reads the stored data, and that external component serves as external recorder

108. In other embodiments, external recorder 108 may be a device such as a

conventional pacemaker wand that communicates with an internal pacemaker

can or other data collector, e.g., using RF coupling in the 405-MHz band.

Communication between data collector 106 and an external device is described

in Section IV-below.-

Platform 100 can include any number of power sources 102 and remote

devices 104, which may be viewed as implantable medical devices. In some

embodiments, a sensor/effector network (system) can be produced within the

patient's body to perform various diagnostic and/or treatment activities for the

patient. For instance, FIG. 2 shows a patient 200 with multiple remote devices

204, 205, 206 implanted at various locations in his (or her) body. Remote

devices 204, 205, 206 might be multiple instances of the same device, allowing

local variations in a parameter to be measured and/or various actions to be

performed locally. Alternatively, remote devices 204, 205, 206 might be different

devices including any combination of sensors, effectors, and transmitters. In

certain embodiments, each device is configured to at least one of: (i)

transmit a signal via a quasi electrostatic coupling to the body of the

patient; and (ii) receive the transmitted signal via a quasi electrostatic coupling to

the body of the patient. The number of remote devices in a given system may

vary, and may be 2 or more, 3 or more, 5 or more, about 10 or more, about 25 or



more, about 50 or more, etc. A data collector 208 is equipped with an antenna

210 and detects the signals transmitted by remote devices 204, 205, 206. Since

the remote devices advantageously transmit signals wirelessly, applications of

the platform are not limited by the difficulty of running wires through a patient's

body. Instead, as will become apparent, the number and placement of remote

devices in a patient's body is limited only by the ability to produce devices on a

scale that can be implanted in a desired location. Specific examples of sensor

networks are described in Sections V and Vl below.

The following discussion is provided with reference to a patient. As used

herein, the term "patient" refers to a living entity such as an animal. In certain

embodiments, the animals are "mammafs" or "mammalian," where these terms

are used broadly to describe organisms which are within the class mammalia,

including the orders carnivore (e.g., dogs and cats), rodentia (e.g., mice, guinea

pigs, and rats), lagomorpha (e.g. rabbits) and primates (e.g., humans,

chimpanzees, and monkeys). In certain embodiments, the subjects, e.g.,

patients, are humans.

II. Remote Device

As used herein, a "remote device" includes any electronic,

electromechanical, or mechanical device that can enter a patient's body, e.g., via

implantation or ingestion, and perform some activity with diagnostic and/or

therapeutic significance while inside the body. In certain embodiments, a remote

device does not require a wired connection to any other device located elsewhere

inside or outside of the body.

A remote device can be located anywhere in the body, provided it is

suitably sized, shaped and configured to operate without disrupting a desirable

physiological function. Examples of areas in which remote devices may be

located include but are not limited to inside or outside the gastrointestinal tract,

inside or outside the urinary tract, inside or outside a reproductive tract, inside or

outside blood vessels, inside or outside various organs (e.g., heart, brain,

stomach, etc.), at or near surgical sites or wound locations, at or near a tumor

site, within the abdominal cavity, in or near joints, and so on.

Within the scope of the present invention, different embodiments of a

remote device may perform different actions. For purposes of the present



description, these actions are characterized as different "units" within a remote

device: sensors, which measure some aspect of physiological function; effectors,

which perform an action affecting some aspect of physiological function; and

transmitters, which transmit information from the remote device to a data

collector. The following sections describe examples of each type of unit. It is to

be understood that a given embodiment of a remote device may include any

combination of these units and any number of instances of one type of unit.

For instance, a first class of remote devices includes a sensor unit coupled

with a transmitter unit. The sensor measures some physiologically relevant

parameter, and the transmitter transmits the measurement to a data collector for

further use. A second class of remote devices includes an effector unit which is

actuated in response to a received signal, e.g., either from a sensor present on

the device and/or from a remote unit. In certain of these classes of devices, the

device includes a sensor unit coupled to an effector unit. The sensor measures

some physiologically relevant parameter, and the effector unit is actuated (or not)

based on the sensor measurement. In some embodiments in this class, a

transmitter unit is also included and may transmit sensor data and/or signals

indicating activity of the effector unit. A third class of remote devices includes

an effector unit-that is-actuated whenever power is provided by the power source

(see FIG. 1). In this class of embodiments, the power source might be under the

control of a physician or the patient, or it might be controlled by a data collector

that receives signals from a sensor in a different remote unit elsewhere in the

patient's body and determines, based on the received sensor signals, whether to

actuate the effector. Some embodiments in this class may also include a

transmitter that generates signals indicating, e.g., the presence of the effector or

whether the effector is in operation at a given time. A fourth class of remote

devices includes only a transmitter that generates a signal (e.g., an identification

signal) whenever power is provided by the power source (see FIG. 1). An

example embodiment in this class is described in Section V.A below.

A . Sensors

As used herein, a "sensor" (or "sensor unit") includes any component of a

remote device that is capable of measuring a property relevant to physiological

function of the body. (The measurement is referred to herein as "data.") A



sensor may transmit the data to a suitable data collector, or it may control

operation of an associated effector unit in the same remote device based on the

data, or it may do both of these. Examples of sensor units include but are not

limited to the following:

(1) A fluid-flow sensor. One embodiment of sensors that may be

employed in the present invention is a fluid flow sensor, where such sensors

measure a parameter of fluid flow of a physiological fluid. While in general

sensors may be configured to determine a parameter of fluid flow of any of a

variety of different physiological fluids, of interest in certain embodiments are

sensors configured to determined a parameter of blood flow. Accordingly, for

ease of description the fluid flow sensor embodiments of the invention are further

described primarily in terms of blood flow sensors.

As such, one embodiment of the present invention relates to a blood flow

sensor that can measure flow velocity and/or hematocrit (the percentage, by

volume, of the patient's blood that is made up of red blood cells). These

measurements can be used to detect various physiological conditions. For

instance, "stroke volume" — i.e., the volume of blood flowing into or out of the

heart per cardiac cycle — can be determined by measuring blood flow velocity in

an artery (e.g.,- the aorta) or vein (e.gr, the vena cava) and using the

cross-sectional area of the blood vessel and duration of the cardiac cycle to

compute stroke volume. As another example, circulatory problems (e.g.,

blockages) can also be detected through blood flow measurements. Localized

changes in physiological activity (e.g., digestion, brain activity, tumor growth or

shrinkage, and so on) can be detected by changes in blood flow in the relevant

region of the body, since body systems require more oxygen (and hence greater

blood flow) when they are more active. Any of these or other uses can be made

of blood flow data, and the particular application for which a sensor is employed

is not relevant to the present invention.

In one embodiment, a blood-flow sensor is a resistive blood flow sensor. In

another embodiment, a blood-flow sensor is an electromagnetic blood flow senor.

(2) Pressure sensor. One embodiment of the present invention relates to

a pressure sensor that can detect pressure or changes in pressure at some

location inside the body. Pressure sensors can be implemented using, e.g.,

piezoelectric crystals, which generate an electrical charge when deformed as is



I!

known in the art. The electrical charge can be collected and measured. In some

embodiments, a pressure sensor includes a compliant member (e.g., a planar

structure) mounted on a substrate. The compliant member has two exposed

surfaces, and a strain transducer (which may be, e.g., a piezoelectric transducer)

is mounted on or indirectly attached to one of the exposed surfaces. The

transducer generates an electrical signal in response to deformation of the

compliant member resulting from pressure changes. In these embodiments, the

pressure sensor can be implemented with low drift, so as to provide stable

readings over an extended period. Examples of pressure sensors that may be

used in embodiments of the present invention include, but are not limited to,

those described in United States Patent Nos. 7,073,387; 7,066,031; 7,028,550;

7,013,734 and 7,007,551 ; the disclosures of which are herein incorporated by

reference. Other types of pressure sensors may also be used.

In some embodiments, the sensor simply registers the presence or

absence of a pressure change; in other embodiments, the sensor quantifies the

pressure change, e.g., by determining the amount of charge collected, the

amount of current or potential difference, or the like. Pressure sensors have

numerous uses. For example, the heart regularly expands and contracts, and the

changing pressure on a pressure sensor can be used to measure the movement

of the heart. Blood pressure can also be measured. In addition, any other

muscle movements can be detected using suitably placed pressure sensors,

including but not limited to stomach and intestinal contractions, uterine

contractions (e.g., during pregnancy), muscle spasms, and so on. Pressure

sensors placed at a tumor site can also be used to measure the growth or

shrinkage of a tumor: as the tumor grows, its pressure on surrounding tissues

increases, and as it shrinks, the pressure decreases.

(3) Chemical properties and composition. Additional embodiments of the

present invention relate to sensors designed to detect chemical properties and/or

composition of substances in the body (e.g., blood, gastric fluids, and so on).

One category of chemical sensors relates to general chemical properties such as

pH. Other categories of chemical sensors relate to detecting the presence,

absence or concentration of specific substances. For instance, oxygen, carbon

dioxide, glucose, enzymes, clotting factors in blood, antibodies, bacteria, cancer

markers, and so on can all be detected using suitably configured sensors. In one



embodiment, antibodies can be detected by designing a nanoscale sensor with a

nanotube to which a receptor molecule for the antibody is attached. The sensor

is arranged such that when the antibody binds to the receptor molecule, current

flows in the nanotube and is detected. Examples of such sensors are known in

the art and may be employed in embodiments of the invention.

Chemical sensors have a wide array of applications. For instance, in a

diabetic patient, if a sensor detects an unacceptably high glucose level, it can

actuate an effector that releases insulin into the patient's body, or it can transmit

a signal via a data collector to an external device that advises the patient to inject

insulin. Sensors configured to detect antibodies and/or bacteria might be used at

surgical or wound sites to detect infection before the signs become apparent to

an external observer. Sensors configured to detect cancer markers could be

implanted in cancer survivors or high-risk patients to facilitate early detection of

recurrence or initial onset. Many other applications will be apparent to those of

ordinary skill in the art with access to the present disclosure.

(4) Electrical properties. Another embodiment of the present invention

relates to electrical properties, such as conductivity, resistivity, electrical potential,

etc. In some instances, these properties are used as indirect measurements of

physiological parameters;- for instance, the resistivity of blood can be used to

determine flow rate as described above. In other embodiments, electrical

properties can be used for "electrical tomography," measuring positions and/or

displacements of the heart or other structures in the body. In one such system,

three (or more) electrodes are used, with at least one being intracardiac (i.e.,

implanted within the heart) and the others ("field electrodes") being positioned in

areas that are relatively stationary (i.e., that do not move with the heart). An

electrical field is generated betwen the field electrodes, and the intracardiac

electrode senses the amplitude of the electrical field. As the intracardiac

electrode is moved relative to the field electrodes by the contractions of the heart,

the sensing electrode moves within the electric field, and the sensed potential

varies. From these variations, information about cardiac function, including

contractile magnitude and timing can be derived and used for diagnostic and/or

therapeutic purposes. Examples of continuous field, including electrical,

tomography systems and methods are described in pending application no.



PCT/US2005/036035 published as WO 2006/042039, the disclosure of which

including priority applications thereof is incorporated by reference.

In other embodiments, e.g., with application in neurology, electrical

properties may be directly of interest. For instance, nerve function in repetitive

stress injury (RSI) patients can be monitored to determine whether various

therapies are improving or aggravating the condition.

(5) Thermal properties. Still another embodiment of the present invention

relates to thermal properties such as temperature, thermal conductivity and so

on. Microscale or smaller thermoelectric devices can be made using techniques

known the art and implanted in the body at various sites. Temperature changes

or absolute temperature measurements can be used to identify increased

physiological activity in some tissue, organ or system (e.g., blood flow and

therefore temperature in the Gl tract generally increase during digestion). At a

wound site or surgical site, a localized temperature increase could also be

detected and recognized as a sign of possible infection.

(6) Radiation exposure. Another embodiment relates to sensing radiation

exposure in some tissue. Radiation sensors may be implanted into tumor sites

and/or surrounding tissues during radiation therapy; readout from the sensors

can provide real-timeinformatio ή as to whether the radiation is being delivered to

the intended target or to healthy tissue, allowing the delivery system to be

adjusted.

Sensors of interest further include, but are not limited to, those sensors

described in the following applications by at least some of the inventors of the

present application: U.S. Patent Application Nos. 10/734,490 and 11/219,305;

International Application No. PCT/US2005/046815; U.S. Patent Application No.

11/324,196; U.S. Patent Application No. 10/764,429; U.S. Patent Application No.

10/764,127; U.S. Patent Application No.10/764, 125; International Application No.

PCT/ US2005/046815; U.S. Application No. 11/368,259; International Application

No. PCT/US2004/041430; U.S. Patent Application No. 11/249,152; and

International Application Serial No. PCT/USUS05/39535. These applications are

incorporated in their entirety by reference herein.

It will be appreciated that the foregoing list is illustrative and that sensors

within the scope of the present invention may be configured to monitor any

property of interest, including but not limited to optical properties (e.g., remote



cameras, wireless laparoscopes, etc.), mechanical properties (e.g., strain on a

muscle or tendon), dimensions or volume properties, electrical conductivity data,

electrical potential data, thermal conductivity data, viscosity data, and the like.

B. Effectors

As used herein, an "effector" (or "effector unit") includes any component of

a remote device that is capable of performing, in response to a control signal, an

action affecting some aspect of the patient's physiological function. In some

embodiments, the control signal is generated by a sensor unit on the same

remote device. For instance, FIG. 3 shows a remote device 300 that includes a

sensor 302, control logic 304 (e.g., in the firm of circuitry/hardware and/or

software implementation), and an effector 306 that includes in this instance

electrodes 308 placed in contact with the patient's tissue (not shown) so as to be

able to deliver an electrical stimulation (e.g., current or voltage pulse) to the

tissue. It is to be understood that an effector might perform functions other than

electrical stimulation (some examples are described below), and accordingly not

all effectors would include stimulating electrodes as shown in FIG. 3.

In operation, when power is applied to remote device 300, sensor 302

performs a measurement of a physiological parameter (or a quantity such as

resistivity that relates to a physical parameter) and provides the measurement

result (M) to control logic 304. Control logic 304 processes the result M to

determine whether effector 306 should be actuated. If so, control logic 304 sends

an activation signal on line 310 to effector 306, which operates electrodes 308 to

apply a stimulus to the patient's tissue. The activation signal can be a binary

(on/off) signal, or it may have multiple levels, e.g., the intensity of the stimulation.

The duration of stimulation can also be varied in response to the control signal.

In other embodiments, the effector receives a control signal wirelessly

from some other implanted or external device. For example, a sensor located in

one place in the body may transmit a signal wirelessly (e.g., as described below)

to an effector located elsewhere. This configuration may be useful in situations

where the optimal location for detecting occurrence a physiological condition is

different from the optimal location for applying a treatment.

In still other embodiments, the effector operates whenever it receives

sufficient power, and application of power to the effector serves as a control



signal. For instance, FIG. 4 shows a power source 400 that delivers power

wirelessly (e.g., as described in Section III.A below) to an effector 402.

Whenever effector 402 has sufficient power to operate electrodes 404, it does so.

(Again, it is to be understood that stimulating electrodes are used for purposes of

illustration and are not limiting of the scope of the invention.)

In some embodiments, an effector can also be paired with a transmitter

unit that transmits an identification signal and/or a signal carrying information

about operation of the effector (e.g., when the effector is actuated, at what level

the effector is actuated, etc.). Examples of effector units include but are not

limited to:

(1) Drug delivery. One embodiment of an effector includes a chamber that

is filled with a drug (i.e., any pharmacologically active substance) and a

mechanism for releasing or ejecting the drug from the chamber into the patient's

body in response to a control signal. The drug can be released in controlled dose

sizes, and the effector may be loaded with multiple doses. For instance, the

effector might be filled with insulin and coupled to a sensor that measures a

glucose level in the blood. When the glucose level rises above some threshold,

the effector is actuated and delivers a dose of insulin. Other materials (e.g.,

chemical and/or neurological elating materials) can be similarly delivered through

an implanted remote effector.

(2) Electrical stimulation. Another embodiment of an effector includes

electrodes that can be controllably charged to deliver an electrical stimulation

(current and/or voltage) to a desired point in the body in response to a control

signal. Such electrical stimulation may be used, e.g., to initiate or counteract

contractions of a muscle, to stimulate nerves for therapeutic or diagnostic

purposes (e.g., to prevent or detect nerve damage in a particular area or nerve),

for cardiac defibrillation, and so on.

(3) Mechanical stimulation or manipulation. Another embodiment of an

effector includes deformable or moveable parts that can apply mechanical

stimulation or pressure to a desired area. For example, piezoelectric crystals that

deform when a current is applied can be used to apply pressure to a blood vessel

or muscle, to manipulate various organs, etc. In addition, the emerging

technology of microscale or nanoscale robotic systems could be employed as

effectors within the scope of the present invention.



(4) Temperature control. Another embodiment of an effector includes a

heat source (e.g., a resistive element) that can generate heat when a current or

voltage is applied. Such effectors can be used, e.g., in applying heat directly to

an injured muscle to facilitate healing and so on.

(5) Capture of material. Another embodiment of an effector includes a

chamber that is initially empty but that can be filled with material by activity of the

effector. For instance, the effector might be ingested into the patient's digestive

tract and actuated under some suitable conditions to open its chamber, allowing

the chamber to be filled with a sample of the contents of the patient's stomach or

intestine. The effector may be paired with a sensor that analyzes the contents in

situ, or the effector may be in a capsule that passes through the digestive tract

and is recovered for analysis after it exits the body.

(6) Radiation emission. Another embodiment of an effector includes a

shielded radiation source and a mechanism for removing and replacing at least a

portion of the shield in response to a control signal. Such an effector can be

used to provide radiation for diagnostic or therapeutic purposes.

It will be appreciated that the foregoing list is illustrative and that effectors

within the scope of the present invention may be configured to perform any type

of-operation forany diagnostic or therapeutic purpose. For instance, effectors

may also perform actions such as setting an electrical potential, emitting light,

emitting sonic or ultrasound energy, emitting radiation and the like.

C. Transmitter

As used herein, a "transmitter" (or "transmitter unit") in a remote device is

a component that transmits signals through the body wirelessly using direct or

near-field electrical coupling to the conductive tissues of the body. The signals

carry some amount of information. Examples of information include, but are not

limited to: a presence indicator (e.g., identification code) that indicates that the

device is operational; a measurement value generated from a sensor unit in the

remote device; a signal indicating occurrence of activity and/or level of activity of

an effector unit in the remote device; a control signal that controls an effector

located in a remote device elsewhere in the body; and so on. Any information

related to the state or operation of the remote device can be formed into a signal

and transmitted by the transmitter unit.



FIG. 5 is a block diagram of a transmitter 500 for a remote device

according to an embodiment of the present invention. In this embodiment,

transmitter 500 receives a signal M representing a measurement made by a

sensor unit (not shown) of the remote device. Transmitter 500 includes control

logic 502, an oscillator 504, an electrode driver 506, and an antenna 508 (in this

instance, a pair of electrodes operated as an electric dipole antenna), in

operation, oscillator 504 generates an oscillating signal (waveform) in response

to signals from control logic 502. The signals from control logic 502 can start or

stop the oscillator and in some embodiments can also shape one or more

aspects of the oscillatory signal such as amplitude, frequency, and/or phase.

Oscillator 504 provides the waveform to electrode driver 506, which drives

current or voltage on antenna 508 to transmit a signal into the conductive

medium of body tissues or fluids.

In certain embodiments, a "quasi-electrostatic" or "near-field" coupling

protocol is used to transmit information, as described in Section 1. Section 2

describes examples of small antennas designed for near-field coupling, and

Section 3 describes modulation techniques that can be used to encode

information content in the transmitted signal.

1. Near-Field Transmission

As is known in the art (see, e.g., J.D. Jackson, Classical Electrodynamics,

2nd Edition, pp. 394-396 (1975)), the electric (E) and magnetic (B) fields for

radiation of an oscillating electric dipole antenna with an angular frequency ω and

corresponding wave number k (where k = ωlc, with c being the speed of light in

the relevant medium) are given by the equations:

where n is a unit vector in the direction from the center of the dipole source to a

location x at a distance rfrom the source, and p is a space-integrated density of

electric charge given by p d x' .



As can be seen from Eqs. (1) and (2), in the "far field" region, where r » λ

(where the wavelength λ = 2π//c), the electric and magnetic fields are dominated

by terms that decrease with distance as 1/r. In this region, mutually

perpendicular electric and magnetic fields feed off one another to propagate the

signal through space. Where λ ~ r , the 1/r2 ("induction") terms in Eqs. (1) and (2)

become significant, and where λ » r, an additional quasi-electrostatic term that

varies as 1/r3 also becomes significant.

Conventional RF communication takes place at distances r ~ λ to r » λ .

For instance, implantable medical devices such as pacemakers typically

communicate in the 405-MHz frequency band, corresponding to wavelengths of

0.75 meters, somewhat smaller than the scale of a human body. As is known in

the art, higher frequencies are advantageously not used because structures

within the body begin to absorb radiation, leading to undesirable signal loss;

substantially lower frequencies (longer wavelengths) are generally regarded as

undesirable because much of the energy is redirected into the induction and/or

quasi-static field components rather than the far-field component that can be

sensed using conventional antennas. It should also be noted that RFID

applications with a transponder and a base unit typically use wavelengths such

that r ~ λ and generally rely on magnetic induction to transmit power from the

transponder to the base unit.

In contrast to these approaches, transmitter embodiments of the present

invention advantageously operate at wavelengths much larger than the human

body (λ » 1 meter) to communicate information within the patient's body. For

instance, in some embodiments, frequencies on the order of 100 kHz,

corresponding to wavelengths of around 3 km (in air), are advantageously used.

At distances r that are short as compared to the wavelength λ, the quasi-static

electric field term in Eqs. (1) and (2) dominates, and thus the propagating signal

is predominantly electrical rather than electromagnetic. Such signals readily

propagate in a conductive medium such as the human body. For instance, at a

frequency of 100 kHz and distances on the order of 1-2 meters, the quasi-static

(1/r3) component of Eq. (2) is estimated to be on the order of 106 times stronger

than the far-field (1/r) component. Thus, long-wavelength signaling using

near-field coupling is efficient. Further, because the signals are required to travel



relatively short distances (typically 2 meters or less), detectable signals can be

transmitted using very small antennas.

A wide range of frequencies may be used for transmission of signals. In

some embodiments, the transmission frequency is within the "LF" band (low

frequency, defined as 30-300 kHz) of the RF spectrum, below the frequency

range of AM radio (around 500 to 1700 kHz). Within the LF band, the range from

160-190 kHz has been designated by the FCC for experimental use, with

specified upper limits on external signal strength. In embodiments of the present

invention where the signals are largely confined within the patient's body as

described below, this experimental band can be used.

However, the invention is not limited to the 160-190 kHz band or to the LF

(30-300 kHz band). Lower bands may also be used; for instance, in the VLF

band (3-30 kHz, wavelengths of 10-100 km in air), signals can penetrate water to

a distance of 10-40 meters. Since the electrical properties of the human body are

similar to those of salt water, signals in this band also readily propagate through

the body and may be employed. Thus, any frequency band corresponding to a

wavelength that is at least an order of magnitude larger than the human body —

e.g., λ ~ 10 m or longer, or frequencies on the order of 30 MHz or below — can

be used.

While there is no necessary lower limit on the frequency of signals used,

several practical considerations may affect into the choice of frequency. For

instance, it is well known that the human body carries low-level oscillating signals

induced by nearby AC-powered devices, which operate at 60 Hz (US) or similar

frequencies in other parts of the world. To avoid interference caused by AC

electrical power systems, frequencies near 60 Hz1 such as from about 55 to

about 65 Hz, are not used employed in certain embodiments. In addition, as is

known in the art, longer wavelengths correlate with lower information transfer

rates, and the information-transfer capacity at long wavelengths (e.g., below the 3

kHz-30kHz VLF band) may be too small for the amount of information that is to

be transferred in a particular system. Further, longer wavelengths generally

require longer dipole antennas to produce a detectable signal, and at some point

the antenna size may become a limiting factor in frequency selection.



According to some aspects of the invention, given a suitable choice of

frequency, a signal strong enough to travel to a receiver within the body can be

generated using a very small antenna. For instance, 100 kHz signals generated

by a dipole antenna just a few millimeters long can be propagated to a receiver

antenna placed 1-2 meters away. This quasi-electrostatic transmission is

believed to be aided by the fact that the implanted antenna is directly in contact

with a conductive medium, specifically, the patient's tissues. For purposes of

analyzing electrical properties, human tissue can be approximated as an

electrolyte solution with electrical properties comparable to those of salt water.

Thus, as in an electrolyte bath, the quasi-electrostatic field created by an

oscillating dipole antenna induces an oscillating current in the body. As a result

of the inherent electrical resistivity of the body (comparable to salt water), the

oscillating current creates oscillating potential variations within the body that can

be sensed using a suitable receiver. (See, e.g., L.D. Landau et al.,

Electrodynamics of Continuous Media, Ch. 3 (1960)). Examples of suitable

receivers include the leads of a pacemaker, which create a dipole with an axis of

about 20 cm or any other implanted wires with length from about 10 to about 100

cm.

It- should be- noted that these currents are undesirable fn the cόhtexF bf

conventional RF communication, in which current flow in the near field leads to

power loss in the far-field. In fact, many RF transmitters include devices

designed to minimize near-field current leakage. In near-field transmitters of the

present invention, maximizing such currents is desirable.

Further, for quasi-electrostatic signals, the patient's skin advantageously

acts as a conductive barrier, confining the signals within the patient's body. This

confines the signals within the body and also makes it difficult for stray external

signals to penetrate the body and create noise or interference in the transmitted

signals. Confinement of the signals can mitigate, to some extent, the 1/A3 falloff of

the near-field signal, further reducing power requirements. Such effects have

been observed in the laboratory, e.g., in a salt water bath, in which the water/air

interface acting as a conductive barrier. Similar effects have been observed in

communicating with submarines via RF transmission in the ELF (3-30Hz) and

SLF (30-300 Hz) bands. These effects have also been observed in sonar

communications; although sonar uses acoustic, rather than electrical or



electromagnetic, fields to transmit information, the surface of the water acts as a

conductive barrier for acoustic energy and mitigates the fall-off of signal intensity

with distance.

As a result of these phenomena, a transmitter with a very small antenna

and a small power source are sufficient to create a near-field signal that is

detectable within the patient's body. For instance, the antenna can be formed by

a pair of electrodes a few millimeters or less in length, spaced apart by a few

millimeters, with oscillating voltages of opposite phase applied to create an

oscillating electric dipole. Such antennas can be disposed almost anywhere

within the body.

Further, in some embodiments, the frequency, transmitter antenna length,

and receiver antenna length are selected such that only microwatts of power are

required to produce a detectable signal, where conventional RF communication

(e.g., at around 405 MHz) would require at least milliwatts. Accordingly, very

compact power supplies that produce only small amounts of power can be used;

examples are described in Section IV below.

A quasi-electrostatic transmitter can be incorporated into various

implantable or ingestible remote devices, either in combination with a sensor

and/or an effector. A transmitter can also be configu?ed as a remote device

without a sensor or an effector; in this case, the transmitter transmits whenever

power is supplied or when a control signal is received.

The transmitter may transmit any type of information desired. In some

embodiments, the transmitter may simply act as a presence indicator, e.g., by

transmitting a predefined identification signal. In other embodiments, the

transmitter is incorporated into a sensor device and transmits sensor data in

addition to or instead of an identification signal.

In addition, in some embodiments, the transmitter may also be operated

as a receiver, e.g., to receive instructions for activating or deactivating an effector

unit or sensor unit in the remote device of which the transmitter is a part. Such

instructions may be transmitted using quasi-electrostatic near-field coupling as

described above.



2. Antennas

In some embodiments, the transmitter unit uses an electric dipole or

electric monopole antenna to transmit signals. FIG. 5 (described above)

illustrates a dipole antenna. Oscillator 504 provides driving signals (φ and an

inverted signal denoted herein as /φ) to an electrode driver 506. FIG. 6 is a circuit

diagram showing details of a dipole electrode driver 600 implemented using

conventional CMOS driver circuits. Electrode 602 is driven to a potential Eo by

transistors 604, 606 in response to driving signal φ while electrode 608 is driven

to a potential Ei by transistors 610, 612 in response to inverted driving signal /φ.

Since driving signals φ and /φ oscillate with opposite phase, potentials E0 and Ei

also oscillate with opposite phase. It will be appreciated that driver 600 and all

other electronic circuits described herein can be implemented using sub-micron

CMOS processing technologies known in the art; thus, the size of the circuitry is

not a limiting factor on the size of a remote device.

In some embodiments, a monopole antenna can be substituted for the

dipole antenna of FIG. 5 . FIG. 7 illustrates a driver circuit for a monopole

antenna that can be implemented in conventional CMOS integrated circuits. This

antenna driver is generally similar to one half of the driver circuit of FIG. 6 , with

drive? transistors 702, 704 driving a single electrode 706 to a potential Em in

response to driving signal φ.

In either the dipole or monopole case, the driver circuit is powered by a

potential difference (∆V) between terminals V+ and V-. This potential difference,

which can be constant or variable, as desired, is advantageously provided by a

power source as described in Section III below.

3. Modulation Techniques

Referring again to FIG. 5, in some embodiments, oscillator 504 operates at

a constant frequency. The receipt of a constant-frequency signal in and of itself

can provide useful information, e.g., that a remote device is present and

operational. In some embodiments, oscillator 504 modulates its signal to encode

additional information.

Information can be encoded in various ways, generally by modulating

(varying) some property of the transmitted signal, such as frequency, amplitude,



phase, or any combination thereof. Modulation techniques known in the art may

be employed.

In general, information can be transmitted using analog or digital

techniques. "Analog techniques" refers generally to instances in which the

modulated property is varied in different degrees, with the degree of variation

being correlated to a value representing the information to be transmitted. For

instance, suppose that transmitter 500 is transmitting a quantity M measured by

an associated sensor in the remote device. Oscillator 504 can be designed to

operate over some range of frequencies, with a minimum frequency

corresponding to a minimum value of the quantity M and a maximum frequency

corresponding to a maximum value of the quantity M; frequencies between the

maximum and minimum values map to intermediate values of M (e.g., using

linear interpolation, exponential interpolation, or the like).

"Digital techniques" refers generally to instances in which the information

to be transmitted is represented as a sequence of binary digits (bits), and the

signal is modulated based on the bit stream. For instance, suppose again that

transmitter 500 is transmitting a quantity M measured by an associated sensor in

the remote device, but using digital techniques. Oscillator 504 can be designed

to operate at least-two different frequenciesrwith one frequency corresponding to

bit value 0 and another frequency corresponding to bit value 1.

In embodiments of the present invention, either analog techniques, digital

techniques, or a combination thereof can be used to transmit information. In

addition, various types of modulation may be implemented.

For instance, in one embodiment, frequency modulation is used.

Oscillator 504 can be a voltage-controlled oscillator (VCO), a well-known

oscillator circuit in which the oscillation frequency depends on an applied voltage.

Control logic 502 supplies an appropriate voltage (e.g., reflecting the value of the

measurement data, M), and the frequency of the signal indicates the value of the

data.

In another embodiment, amplitude modulation is used; for instance, the

amplitude of the driving signals φ and /φ can be varied, or the positive and

negative rails of the driver circuit (V+ and V- in FIGS. 6 and 7) can be varied to

control the amplitude.



In another embodiment, phase modulation is used. For instance, in digital

signal transmission, one phase corresponds to bit value 0 , an opposite phase

corresponds to bit value 1, and the phase shifts represent transitions. Oscillator

504 can include a switch circuit that either directly connects or cross-connects the

driving signals φ and /φ to the inputs of a driver circuit such as that shown in FIG.

6 . Control logic 502 controls the switch circuit to establish and switch the

connections to correspond to the bit stream.

Combinations of frequency modulation, amplitude modulation, and/or

phase modulation may also be used as desired.

In some embodiments, the transmitter may transmit a "packet" that

includes a unique identifier for the remote device and that also provides

information from the remote device (e.g., a measured or operating parameter M).

Transmitting a unique identifier can be particularly useful when multiple remote

devices with transmitters are present in the same patient. Other techniques for

distinguishing different transmitters may also be used, including: operating

different transmitters in different frequency bands, allowing each transmitter to be

identified by its frequency and/or configuring different transmitters to transmit at

different (and known) times, allowing the transmitter to be identified by when it

transTnits.

D. Further Aspects of Remote Devices

More generally, any number of remote devices may be provided, and each

remote device may be include one or more units (sensors and/or effectors and/or

transmitters in any combination). Transmitters may transmit signals to, and in

some embodiments also receive signals from, a central data collector and/or one

or more other remote devices. In some instances, different units on a remote

device will be identifiable in some way by the central collector. For example,

different sensor or effector units of a single remote device may be addressable,

may transmit signals using different frequencies, at different times, and/or the

like, and the transmissions from different transmitters may include identification

codes identifying a sensor, effector or transmitter to which the transmission

pertains. In some instances at least, addressable units, particularly addressable

effectors, are preferred where a digital or other switching circuit is provided at or



on the unit to allow external digital or other controllers or circuitry to selectively

power, actuate, or otherwise initiate operation of the unit.

A remote device can be fabricated on a carrier such as a semiconductor

substrate, and the various units (sensors and/or transmitters and/or effectors)

may be mounted to a surface of the carrier and/or disposed within the body of the

carrier as appropriate. Remote devices of appropriate size and shape can be

placed virtually anywhere in the body, including in one or more chambers of the

heart, in arterial or venous vasculature, in or on brain tissue, in the urinary,

gastrointestinal or reproductive tracts, in the abdominal cavity, in a joint space

and so on. The devices can be operated to diagnose, monitor, and/or treat a

wide array of medical conditions.

III. Power Source

Remote devices of the kind described in Section Il in certain embodiments

require power to operate any sensor unit, effector unit, or transmitter unit that

may be included therein. The invention is not restricted to using particular power

sources, and any power source suited for a particular application may be

employed.

A . Near-Field Broadcast Power

In one embodiment, power is delivered wirelessly using quasi-electrostatic

coupling. The operation is generally similar to the signal transmission described

in Section II.O.1 . The receiver in this instance includes circuits that are powered

by the received current. In some embodiments, the receiver also includes a

storage device (e.g., capacitor, chemical battery or the like) that is charged up by

the received current and later discharged to extract useful work (e.g., sensing,

effecting, and/or transmitting).

The possibility of broadcasting power wirelessly through the body has

been demonstrated in an experimental apparatus shown in FIG. 8. Large copper

electrodes 802, separated by about 20 cm, are immersed in a saline bath 804

and connected to a conventional wave generator 806. A small dipole antenna

808 was constructed of fine twisted-pair wire split into a "T" about 5 mm wide with

about 1 mm of insulation stripped off each end and immersed in saline bath 804

at a location remote from electrodes 802. Antenna 808 was connected across a



full-bridge rectifier 810 built with Schottky diodes (each of which has a threshold

voltage of about 0.5 V, so that the rectifier is operational when the potential

difference across antenna 808 exceeds about 1 V). Across the other arms of the

bridge was connected a variable load including a 2-MΩ variable resistor 812 in

series with an ammeter 814. A differential amplifier 816 was connected across

the load to measure any potential difference.

This arrangement is similar to the clinical use embodiment illustrated in

FIG. 9 . A patient 900 has a remote device 902 implanted somewhere in his (or

her) body. Wave generator 904, which is external to the patient 900, has

electrodes 906 that attach to the patient's skin at a convenient point. Remote

device 902 includes an antenna component 910 that may be of comparable

dimensions to antenna 808 of FIG. 8 and a load consisting of sensing, effecting,

and/or transmitting circuitry that consumes power. If remote device 902 includes

a transmitter unit, antenna component 910 may or may not also be used as the

transmitter antenna, as desired. In another embodiment, wave generator 904 is

implanted in the patient's body; for instance, the leads of a pacemaker can might

be used as the electrodes, and the can may be configured to generate a

waveform of suitable frequency across the leads.

Referring again to FIG. 8 , in operation of the experimental apparatus, a

sinusoidal voltage of 5 V or 10 V (peak-to-peak) with frequency of 100 kHz was

applied to electrodes 802, and ammeter 814 and amplifier 816 were operated to

detect current and voltage respectively, from which power could be determined.

For a 10-V input oscillation, a peak power of 4 µW was detected at a potential of

about 1 V across amplifier 816. It is believed that higher power output could be

attained by replacing the high-threshold rectifier 810 with a more sophisticated

design optimized for lower power. It is also believed that the current-handling

capacity of antenna 808 could be increased by replacing the fine wire with

electrodes having a larger surface area, such as a metallized surface of an

integrated circuit chip.

In any case, the power generated would likely remain relatively small, but

would be sufficient for many applications. For instance, as noted above,

transmitters with a few microwatts of signal strength are sufficient for

quasi-electrostatic communication within the body. In addition, for some



applications it may be desirable to power the remote unit intermittently. The

remote unit can be equipped with a charge storage device (e.g., a capacitor,

chemical battery, etc.) so that it charges up for some period of time, then

discharges, drawing power to perform its sensing, effecting, and/or transmitting

operations. Where the duty cycle of a device might be small, the peak power

available can be further increased by discharging the storage device faster.

B. Reverse Electrolysis

Another class of power sources exploits reverse electrolysis in an ionic

solution such as gastric fluid, blood, or other bodily fluids and some tissues. It is

well known in the art that two electrodes made of different metals and placed

some distance apart in an ionic solution develop a potential difference as the

ionic materials in the solution recombine. (This is the operating principle behind,

e.g., hydrogen fuel cells).

FIG. 10 illustrates a remote device 1000 powered by reverse electrolysis.

Remote device 1000 is electrically connected to metal electrodes 1002 and 1004,

which are made of two different metals and are electrically insulated from each

other. As is known in the art, when metal electrodes 1002 and 1004 are

immersed in an ionic solution 1006, a poiential αϋfference develops between

them; for instance, electrode 1000 rises to a higher potential V+ while electrode

1004 falls to a lower potential V-. This potential difference can be used to power

circuitry in remote device 1000.

Electrodes 1002 and 1004 can be implemented in various ways; for

instance, areas on opposing surfaces of an integrated circuit chip can be coated

with two different metals, and the entire chip can be placed in the ionic solution.

Alternatively, electrodes 1002 and 1004 may extend away from remote device

1000 as shown. Other arrangements may also be used.

Electrodes 1002 and 1004 can be made of any two metals appropriate to

the environment in which remote device 1000 will be operating. For instance, in

some embodiments where ionic solution 1006 comprises stomach acids,

electrodes 1002 and 1004 may be made of a noble metal (e.g., gold, silver,

platinum, palladium or the like) so that they do not corrode prematurely.

Alternatively, the electrodes can be fabricated of aluminum or any other



conductive material whose survival time in the applicable ionic solution is long

enough to allow remote device 1000 to perform its intended function.

Additional types of power sources such as those described above that are

of interest include, but are not limited to, those described in pending PCT

application serial no. PCT/US2006/016370, the disclosure of which and priority

applications thereof are incorporated herein by reference.

C. Other Sources

Other sources, internal or external to the remote device, may also be

employed in addition to or instead of those described above. For example,

chemical or radioisotope batteries with a suitable form factor may be used to

power some remote devices. Recently-developed fuel cells that use blood as an

energy source can be miniaturized and used to provide electrical energy for a

low-power microchip. Piezoelectric crystals that convert mechanical energy (e.g.,

compression) to electrical energy can be employed for remote devices disposed

where suitable mechanical forces can be brought to bear, such as in or around

the heart, stomach, joints, or other moving parts of the body. See e.g., pending

United States application serial no. 11/385,986, the disclosure of which is herein

incorporated by reference. IN addition, power sources modeled on the cellular

energy factory, with power being extracted from ATP in the blood so that blood, in

effect, "nourishes" the remote device, may be employed. In other embodiments,

acoustic energy (e.g., ultrasound) can be coupled into a remote device through

piezoelectric or similar converters.

IV. Data Collector

Referring again to FIG. 1, platform 100 also provides a data collector 106.

As used herein, a "data collector" is any device equipped with receiving antenna

to detect the potential differences created in the body by a transmitter as

described above, thus receiving the information transmitted. A data collector may

handle received data in various ways. In some embodiments, the collector

simply retransmits the data to an external device (e.g., using conventional RF

communication). In other embodiments, the data collector processes the

received data to determine whether to take some action, such as operating an

effector that is under its control, activating a visible or audible alarm, transmitting



a control signal to an effector located elsewhere in the body, or the like. In still

other embodiments, the data collector stores the received data for subsequent

retransmission to an external device or for use in processing of subsequent data

(e.g., detecting a change in some parameter over time). In yet other

embodiments, the data collector may retransmit the data to another internal

device, which then relays the information to yet another device, as desired, e.g.,

where a plurality of such devices are distributed throughout the body of a patient

and the plurality of such devices serves to relay information from one location to

another. It is to be understood that data collectors may perform any combination

of these and/or other operations using received data.

While the receiving antenna is advantageously inside the patient or in

contact with the patient's skin, it is not required that data collector 106 be entirely

internal to the patient. For instance, a watch or belt worn externally and equipped

with suitable receiving electrodes can be used as a data collector in accordance

with one embodiment of the present invention.

The data collector may provide a further communication path via which

collected data can be extracted by a patient or health care practitioner. For

instance, an implanted collector may include conventional RF circuitry (operating,

e.g.., in.. the 405-MHz medical device band) with which a practitioner can

communicate using a wand as is known in the art. Where the data collector

includes an external component, that component may have output devices for

providing, e.g., audio and/or visual feedback; examples include audible alarms,

LEDs, display screens, or the like. The external component may also include an

interface port via which the component can be connected to a computer for

reading out data stored therein.

In some embodiments, the data collector is implanted. For instance, as

noted above, pacemaker leads provide a suitably sized receiving antenna.

Typical pacemakers include a control unit (referred to as a "can") that

incorporates logic circuits configured to perform various data collection and

processing operations. The can is also connected to RF transmitter/receiver

circuitry that allows communication between the pacemaker and an external

wand operated by a health care practitioner. Thus, where the patient has a

pacemaker, leveraging the existing unit as a data collector for platform 100 of

FIG. 1 may be an efficient choice.



Other devices may also be implanted, and within the meaning of platform

100 the same device might operate as both a remote unit (e.g., an effector) and a

data collector that uses received signals to determine whether and how to

operate the effector.

V. Example Systems

The preceding sections describe a general-purpose platform, e.g., for

medical diagnosis and/or treatment of a patient, using one or more implantable

devices that are capable of communicating with each other. Numerous examples

of various components of and uses for such platforms have already been

described, and it is contemplated that persons of ordinary skill in the art with

access to the present teachings will readily develop other examples of

components and uses.

To further illustrate the platform described herein, specific examples of

diagnostic and/or therapeutic systems built on this platform will now be described.

It is to be understood that these examples are illustrative and not limiting of the

invention.

A. SmartJPill (Pharma-lnformatics System)

In one embodiment, the remote device 104 of FIG. 1 comprises an

ingestible pill that contains a transmitter unit. As the pill is digested, the

transmitter is activated and transmits a signal, allowing ingestion of the pill to be

detected and reported by a data collection unit 102. Examples of such pills are

described in pending PCT application serial no. PCT/US2006/016370, the

disclosure of which and priority applications thereof are incorporated herein by

reference. In some embodiments, the pill includes an integrated circuit chip that

implements a transmitter for an embodiment of platform 100. The chip is

advantageously compact enough to fit completely inside a pill that a patient can

swallow.

FIG. 11 illustrates a remote device 1100 disposed inside a pill 1102.

Device 1100 is an integrated circuit. The backside (bottom) of circuit 1100 is at

least partially coated with a first metal 1103, and a portion of the front (top) of

circuit 1100 is coated with a different metal 1104, allowing circuit 1100 to be



powered by reverse electrolysis as described in Section 111. B above. Also on the

top surface are two transmitter electrodes 1106, 1108.

When pill 1102 is fabricated, integrated circuit 1100 is surrounded by at

least one external layer that may include pharmacologically active and/or inert

materials in any combination. The external layer dissolves in the stomach

through a combination of the mechanical action of the stomach and the action of

various chemical constituents (e.g., hydrochloric acid) in stomach fluids.

As pill 1102 is dissolved, areas of integrated circuit 1100 become exposed

to the stomach contents, which for present purposes can be regarded as an

electrolyte solution. As dissolution of the pill exposes metal layers 1103 and

1104, power is supplied to circuit 1100, which begins to operate and continues to

operate until metal layers 1103 and 1104 or the circuit itself are sufficiently

dissolved by digestive processes and acids to become non-functional.

Eventually, the remains of the chip are excreted from the body.

In an alternative embodiment, integrated circuit 1100 is attached to, rather

than encapsulated in, pill 1102. For instance, circuit 1100 might be placed at one

end of the pill as the pill is being prepared, in a soluble coating on the surface of

the pill, or the like. In embodiments where circuit 1100 is wholly or partially

exposed, integrated circuit 1100 begins to operate sooner after the pill enters the

stomach rather than after the pill dissolves.

In one embodiment, circuit 1100 transmits a signal identifying pill 1102.

The identifier may indicate the type (active ingredient(s), brand, etc.) and/or

dosage of pill 1102 and may also provide a lot number, serial number, or similar

identifying information that would allow particular pills to be traced.

FIG. 12 is a block diagram of one embodiment of electronic circuit 1100.

In this embodiment, circuit 1100 is a transmitter unit that sequentially transmits a

predetermined series of address (identifier) bits using frequency shift keying, with

a first oscillation frequency corresponding to bit value 0 and a second oscillation

frequency corresponding to bit value 1.

As described above, metal layers 1103 and 1104 supply power to circuit

1100. The power (not explicitly shown in FIG. 12) is supplied to an oscillator

1202, a counter 1204, a readout circuit 1206, and an electrode driver 1208 that

drives transmitter electrodes 1106, 1108 to transmit the signal.



Oscillator 1202 may be of generally conventional design (e.g., a ring

oscillator) and is advantageously configured to operate in the quasi-electrostatic

frequency region as described above. Oscillator 1202 generates a driving signal

φ that oscillates between high and low voltage levels and an inverted driving

signal /φ that is opposite in phase to driving signal φ. In one embodiment,

oscillator 1202 is a voltage-controlled oscillator (VCO) with an oscillation

frequency that depends on a control voltage provided on a signal path 1210.

Counter 1204 counts the oscillations of driving signals φ and /φ and

provides the current count to readout circuit 1206. In one embodiment, counter

1204 is an eight-bit counter of generally conventional design; other types of

counters (including counters with different widths) may also be used. Readout

circuit 1206 is configured with a set of address (identifier) bits 1212 that are

advantageously fixed, e.g., at the time circuit 1100 is fabricated; as noted above,

the bits can be unique to a particular instance of pill 1212 or common to a lot of

pills fabricated under the same conditions or common to all pills containing a

particular pharmacological agent. Address bits 1212 can be stored in nonvolatile

storage circuits of generally conventional design, and any number of address bits

(e.g., 8 , 16, 32, 48, ...) may be provided.

Readout circuit 1206 generates an oscillator control signal (e.g., a voltage)

on line 1210 that controls the frequency of VCO 1202. In one embodiment,

readout circuit 1206 is configured to select a current address bit, e.g., based on

the current count provided by counter 1204, and to generate a control signal on

signal line 1210 that selects a frequency corresponding to the value of that bit.

After some number of cycles (as determined by counter 1204), readout circuit

1206 selects the next address bit and generates the corresponding control

voltage on signal line 1210.

Various frequencies may be used to represent the address bit values "1"

and "0." In one embodiment, frequencies of 100 kHz and 200 kHz may be used

to represent values "0" and " 1 ," respectively. Other values (e.g., 1 MHz and 2

MHz or 1 kHz and 5 kHz) may also be used. The chosen frequencies

advantageously are well below the absorption modes of human tissues, which

are typically above 400 MHz. In certain embodiments, VCO 1202 is configured to

operate at a frequency of about 10 MHz or less, such as about 1 MHz or less. In



certain embodiments, the oscillator is configured to operate at frequency between

about 300 Hz and about 1MHz.

As described above, VCO 1202 generates complementary signals φ, /φ

that oscillate at a frequency determined by the control signal on signal line 1210.

The signals φ, /φ are used to control an electrode driver 1208, which may be

implemented, e.g., as shown in FIG. 6 .

It should be noted that since electrodes 1106 and 1108 are in contact with

stomach fluids when circuit 1100 is operative, the near-field component is

coupled directly into the conductive medium of the patient's body and can be

detected by a suitably configured data collector as described above. In one

embodiment, the collector is configured to log the received address (identifier)

and the time of receipt. The data collector can also be configured to retransmit

this information to an external device, either in real time or while the patient is in a

medical facility.

It will be appreciated that the transmitter described herein is illustrative and

that variations and modifications are possible. For instance, other encoding

schemes could be used to transmit the data; in one such embodiment, phase

shift keying rather than frequency keying is used. In some embodiments, multiple

address bits can be encoded into a single symbol that is transmitted using

various keying schemes known in the art.

Such transmitters encapsulated in or attached to a pill have a number of

uses. For instance, by reference to data collected and reported externally, it can

be determined whether a patient is following a prescribed drug regimen. In

addition, the timing of pill ingestion can be correlated with changes in other

physiological parameters (some or all of which might be monitored, e.g., by other

remote devices implanted in the patient's body as described above), and the

correlations can be used to assess the effectiveness of a particular drug or

dosage. Further, in cases where the transmitter becomes active only as the pill

dissolves (e.g., where the transmitter is initially completely encapsulated in the

pill), the transmitted signal can indicate dissolution of the pill. As another

example, if the data collector includes a component worn by the patient, an alarm

can be activated if the pill's presence is not detected at the appropriate time,

reminding the patient to take the medication. Further examples of uses for such



'

transmitters are described in pending PCT application serial no.

PCT/US2006/016370, the disclosure of which and priority applications thereof are

incorporated herein by reference.

B. Fluid Flow Sensors

Embodiments of the present invention provide fluid, e.g., blood, flow

sensors that can be used for measurement of various physiological parameters

under a wide array of conditions. Although the assessment of blood flow is

emphasized in the following description, it will be understood that the flow of

many other physiological fluids can be determined by the internal electromagnetic

flow sensor taught herein. For instance, the flow of cerebral spinal fluid, lymph

fluids, fluids in the pleural cavity, lachrymal gland flow, intraocular fluid in the

case of glaucoma, urine from the kidneys, among many can be assessed.

The present invention provides data completely independent of the nature

of the fluid allowing this broad applicability. In some embodiments, the blood flow

sensor can be implanted into a blood vessel and left in place indefinitely and will

unobtrusively measure and record data as the patient engages in regular daily

activities. The data can later be read out by a clinician using a suitable interface.

In other embodiments, the data is collected and analyzed within a data collection

device implanted in or attached to the patient's body, and the collection device

can report to the patient on an ongoing basis or in the form of alerts issued when

conditions requiring medical intervention are detected. The blood flow

measurements can be used to detect, evaluate and treat numerous conditions,

examples of which are described below.

In one embodiment, a remote device 104 of FIG. 1 includes a blood flow

sensor that can measure flow velocity and/or hematocrit (the percentage, by

volume, of the patient's blood that is made up of red blood cells). These

measurements can be used to detect various physiological conditions. For

instance, "stroke volume" — i.e., the volume of blood flowing into or out of the

heart per cardiac cycle — can be determined by measuring blood flow velocity in

an artery (e.g., the aorta) or vein (e.g., the vena cava) and using the

cross-sectional area of the blood vessel and duration of the cardiac cycle to

compute stroke volume. As another example, circulatory problems (e.g.,

blockages) can also be detected through blood flow measurements. Localized



changes in physiological activity (e.g., digestion, brain activity, tumor growth or

shrinkage, and so on) can be detected by changes in blood flow in the relevant

region of the body, since body systems require more oxygen (and hence greater

blood flow) when they are more active. Any of these or other uses can be made

of blood flow data, and the particular application for which a sensor is employed

is not relevant to the present invention.

In certain embodiments, a remote device including the blood flow sensor is

implanted in a blood vessel and measures blood flow and/or hematocrit at the

target fluid flow location. The remote device also includes a transmitter that

periodically or continuously transmits the measured data to a data collector using

quasi-electrostatic signaling techniques as described above.

Fluid flow sensors in accordance with the present invention may have a

variety of different configurations. In certain embodiments, the sensors are

present on remote, stand alone devices that are implantable and communication

with each using a wireless communications protocol, such as the quasi-

electrostatic protocol as described above. Such remote stand-alone devices are

implantable and in certain embodiments small, e.g., having a longest dimension

that does not exceed about 5 cm, such as does not exceed about 1 cm, such as

does not exceed about 10 mm, such as does not exceed about 1 mm, where in

certain embodiments the longest dimension of the implantable stand-alone

device may be much shorter than 1 mm. These embodiments may viewed as

devices that are not present on another implantable device, such as a lead.

In yet other embodiments, the sensors may be part of an implantable

device, such as a lead, which is connected to other implantable devices, e.g., a

can. Of interest in these embodiments is the use of multiplex lead configurations,

such as multiplex lead configurations in which each sensor is part of an

addressable satellite on the lead. Such multiplex leads include those described in

U.S. Application Serial Nos. 10/734,490 published as 20040193021 ; 10/764,429

published as 20040220637, 10/764,127 published as 20040254483; and

10/764,125 published as 20040215049 (the disclosures of which applications are

herein incorporated by reference); and PCT application serial nos.

PCT/US2005/031559 published as WO/2006/029090, PCT/US2005/04681 1

published as WO/2006/069322 and PCT/US2005/046815 published as

WO/2006/069323, the disclosures of which applications and priority applications



thereof are incorporated herein by reference. Depending on the nature of the

sensor and operation thereof, in certain embodiments the multiplex leads are

those described in these pending applications, where the leads are configured to

obtain fluid flow data.

In the broadest sense, the fluid flow sensor may be any convenient

sensor. In certain embodiments, the blood flow sensor is a fluid flow resistance

sensor. In certain embodiments, the blood flow sensor is a fluid flow

electromagnetic sensor. Embodiments of each of the illustrative embodiments of

fluid flow sensors are now described in greater detail.

1. Resistance Fluid Flow Sensor

In some embodiments, the sensor exploits the well-known property that

the resistivity of blood varies directly with the flow velocity and inversely with

hematocrit, i.e., the percentage, by volume, of whole blood that is made up of red

blood cells. (See, e.g., Hoetnik et al., IEEE Trans. Biomed. Engr. 51:.7, 1251

(2004); Sigman et al., Amer. J. Physiol., 118, 708 ( 1937)).

In one embodiment, a blood flow sensor includes a sensor module

configured to apply a current between two terminals that contact the blood

stream. Sensing-electrodes and a differential amplifier are arranged nearthe

terminals to detect a potential difference created by the resistivity of the blood.

This potential difference is related to the resistivity, which in turn correlates with

the blood flow velocity.

In another embodiment, the blood flow sensor includes a wireless

transmitter configured to communicate the measured potential difference to a

data collection device that may be implanted in or attached to the patient's body.

The wireless transmitter advantageously uses quasi electrostatic near field

coupling to send the data to the data collection device. At the data collection

device, the data can be recorded for later reporting to a clinician, used to

compute additional physiological parameters, and/or used to determine whether

to take some automated action, such as alerting the patient, dispensing a dose of

a medication, stimulating the heart muscle, or the like.

FIG. 13 is a block diagram of blood flow sensor 1300 according to an

embodiment of the present invention. Sensor 1300 includes a current source

1304 connected between terminals 1306 and 1308, sensing electrodes 1310 and



1312, a differential amplifier 1314, a transmitter section 1316, and a power supply

1318. Sensor 1300 can be implemented, e.g., as an integrated circuit on a

semiconductor substrate using conventional fabrication techniques. Power supply

1318 provides power to all of the other components (the connections are not

shown but will be well understood by those of ordinary skill in the art) and may be

implemented in various ways, including any of the techniques described in

Section III above. For instance, in some embodiments, power supply 1318

includes a conventional battery. In other embodiments, power supply 1318

includes electrodes of two different metals exposed to the flowing blood, and

power is generated through reverse electrolysis. In still other embodiments,

power supply 1318 collects energy from a remote source, e.g., via near field

quasi electrostatic coupling (e.g., as described above). In embodiments with a

remote power source, blood flow sensor 1300 can be activated at desired times

by transmitting power from the remote power source. It will be appreciated that a

particular power source or power supply configuration is not critical to the present

invention, and a detailed description is omitted.

In operation, sensor 1300 is placed inside a blood vessel, preferably at a

fixed location, with terminals 1306, 1308 and sensing electrodes 1310, 1312

exposed to the flowing blood,τ epresenfed in FIG. 13 by red blood cells 1322.

Current source 1304, when powered by power supply 1318, applies a constant

current / between terminals 1306 and 1308. The current passes through the

blood, which has a resistivity p that depends in part on the flow rate and in part

on hematocrit. The flowing current creates a potential difference (∆V) across

sensing electrodes 1310, 1312 that depends on the current / , the resistivity p of

the blood, and the distance S between sensing electrodes 1310 and 1312. In

one embodiment, ∆V = pl/2 πS, as described in Barber & Brown, J. Phys. E. Sci.

Instrum., 17, 723 (1984).

The potential difference ∆V is detected and amplified by differential

amplifier 1314. A measurement M , proportional to ∆V , is generated on a signal

line 1324 that connects to transmitter section 1316.

It should be noted that the distance S between sensing electrodes 1310

and 1312 may be varied as desired. Where S is comparable to the size of a red

blood cell (e.g., 6-8 microns), it becomes possible to count individual red blood



cells flowing past. In a "cell-sized" configuration, a discrete pulse in ∆V occurs as

red blood cells pass close to the device, analogous to shot noise in electronic

circuits in other contexts. In certain embodiments, the distance S is about 20

microns or less, such as about 10 microns or less, including about 8 microns or

less. Amplifier 1314 can be connected to a counter that counts the pulses,

thereby counting red blood cells and providing a measurement of hematocrit. In

some embodiments, flow velocity and hematocrit can be measured separately.

The measurement value M can be reported to another device located

within the patient's body. In some embodiments, as shown in FIG. 13, sensor

1300 includes a transmitter section 1316 that transmits the value M wirelessly,

using quasi electrostatic transmission techniques, e.g., as described in above.

Transmitter section 1316 receives the measurement data (e.g., signal M

on line 1324) and transmits the data using near-field coupling as described

above. In one embodiment, transmitter section 1316 transmits at a frequency

determined by M. In this embodiment, transmitter section 1316 includes a

voltage-controlled oscillator (VCO) 1326 and an electrode driver 1328, which may

be generally similar to the oscillator and electrode drivers described above. VCO

1326 oscillates at a frequency determined by the measurement signal M ,

generating signals ψand /φ. These signals induce electrode driver 1328 to drive

transmission electrodes 1330, 1332 at a corresponding frequency.

Transmitter section 1316 may also implement other techniques for

encoding and transmitting data. For instance, amplitude modulation based on

the measurement data M might be substituted for frequency modulation. In

another embodiment, transmitter section 1316 might include an analog-to-digital

converter that converts the measured signal M to a corresponding digital value.

This digital value can be encoded and sent similarly to the address bits described

above with reference to FIG. 12, using amplitude modulation, frequency

modulation, phase modulation, or any combination thereof. In addition, in some

embodiments, an identifier of the sensor may be encoded and transmitted along

with the measurement value. Transmitting an identifier allows multiple sensors

placed at different locations in the patient's body to report measurements, with

each reported measurement being associated with its source.



The signal from sensor 1300 is detected by a data collector 106 (see FIG.

1) and the information therein is handled appropriately. For instance, the data

collector may store the information for later reporting to the patient's health care

practitioner, or it may use the information to control a pacemaker, release an

anti-clotting agent into the blood, detect blockages developing in real time and

generate appropriate alarms, and so on.

In certain embodiments of the present invention, the inventive blood flow

sensor includes a plurality of electrodes located on a surface of a solid support,

such as a silicon chip, e.g., as shown in FIG. 23.

FIG. 23 shows an embodiment of the inventive blood flow sensor, which

consists of a silicon chip 2301 with fourteen electrodes 2303-2316 located on its

surface. Each electrode 2303-2316 is separated by a uniform distance, d. The

outermost electrodes 2303 and 2316 are configured as a current source to drive

current through the fluid. The other electrodes 2304-2315 are configured as

voltage sensing electrodes. The voltage signals at all neighboring electrodes are

passed through differential amplifiers 2319-2329 to obtain the voltage difference

between the two electrodes. The voltage at the output of each amplifier 2319-

2329 is passed to processing circuitry, where it is analyzed. As red blood cells

2331 pass each pair of electrodes, the resistance between the pair of electrodes

is increased. This creates a spike in the voltage difference measured between

the electrodes.

FIG. 24A shows theoretical data for the voltage signal measured by the

device shown in FIG. 23 at the output of amplifier 2319, which outputs the voltage

difference between electrodes 2304 and 2305. This waveform 2401 would be

expected when a group of red blood cells passes the space between electrodes

2304 and 2305. Each peak 2405-2409 is caused by one red blood cell passing

electrodes 2304 and 2305. The control circuitry counts the peaks to give an

estimation of hematocrit on a continuous, in vivo basis.

FIG. 24B shows theoretical data for the voltage signal measured by the

device shown in FIG. 23 at the output of amplifier 2320, which outputs the voltage

difference between electrodes 2305 and 2306. This waveform 2411 would be

expected when the same group of cells that created waveform 2401 from FIG.

24A passes the space between electrodes 2305 and 2306. Waveform 241 1 is

very similar to waveform 2401 in FIG. 24A, except it is delayed by a time, t|. The



process circuitry receives waveforms 2401 and 241 1 and correlates them using

techniques well known in the art to recognize the analogous waveform, and find

the time difference, t|. The velocity, v, of the blood from the area between

electrodes 2304 and 2305 and the area between electrodes 2305 and 2306 can

then be calculated using the following formula:

v = d/ t1 (3.1)

FlG. 24C shows theoretical data for the voltage signal measured by the

device shown in FIG. 23 at the output of amplifier 2321, which outputs the voltage

difference between electrodes 2306 and 2307. This waveform 2413 would be

expected when the same group of cells that created waveform 2401 from FIG.

24A passes the space between electrodes 2306 and 2307. The waveform is

very similar to waveform 2401 , except that it is delayed by a time t.2. The

correlation techniques are used to compare waveform 2413 with either waveform

2401 from FIG. 24A, waveform 2411 from FIG. 24B, or both. This will be used to

calculate t2. A roughly instantaneous velocity, v, of the blood from the area

between electrodes 2305 and 2306, and the area between electrodes 2306 and

2307 can ba calculated -using the following formula:

v = d/( t2 - t1) (3.2)

Alternatively, the average velocity, v, of the blood over a distance of 2d from the

space between electrodes 2304 and 2305 from the device shown in FIG. 23 and

the space between electrodes 2306 and 2307 can be calculated using the

following formula:

v = 2d/ t2 (3.3)

This inventive technique can be used to calculate hematocrit and blood velocity

at and between every electrode pair along the length of the sensor. Using

different electrode pairs, the spacing between the two data points can be varied

depending on the desired information. Each successive neighboring pair can be

used to track changes in blood flow over the length of the sensor. Alternatively,



for a measure of the average blood flow over the length of the sensor, two

electrode pairs that are spaced further apart may be used.

Other features of the cells may also be determined using the inventive

sensor. For instance, the shape of the spikes can be used to determine the size

of the cells. A larger cell would produce a broader spike, while a smaller cell

would produce a sharper spike. By looking at the distribution of the spike width

over a large number of cells, statistics such as the relative size of the minor axis

of the cell to the major axis of the cell can be generated. This information can be

used to evaluate the health of the cells. A further description of embodiments of

blood flow sensors and medical applications of blood flow measurement can be

found in above-referenced Provisional Application No. 60/824,308, the disclosure

of which is herein incorporated by reference.

A further description of embodiments of blood flow sensors and medical

applications of blood flow measurement can also be found in above-referenced

Provisional Application No. 60/713,881, the disclosure of which is herein

incorporated by reference.

2 . Electromagnetic

As mentioned above, another type of fluid flow sensor provided by

embodiments of the invention is an internal electromagnetic fluid flow sensor. The

internal electromagnetic blood flow sensor of the present invention allows, for the

first time, the accurate determination of internal fluid, e.g., blood, flow

electromagnetically. This innovation enables the calculation of clinically useful

physiological parameters, such as heart stroke volume.

The internal electromagnetic flow sensor of embodiments of the present

invention has unique advantages over prior art methods. It is typically non¬

invasive or minimally invasive, and does not require changing blood temperature

or physically impacting the blood. This aspect allows, for the first time, chronic

monitoring of blood flow, even as patients go about their daily routines. This

aspect is a very important feature for cardiac disease assessment.

The underling approach of the inventive internal electromagnetic flow

sensor may be viewed as utilizing the Hall Effect. Many literature sources

erroneously ascribe the Hall Effect to Faraday's law of induction. However, in the

context of the present invention, the underlying physics basis for the internal



electromagnetic flow sensor differs from Faraday's law. A key advantage of the

internal electromagnetic blood flow sensor is that its signal is completely

independent of the nature of the fluid being assessed, as long as it is of sufficient

conductivity. The measure of flow is independent of factors such as hematocrit

and blood makeup. As such, the sensors of these embodiments may be viewed

as fluid composition independent fluid flow sensors.

FIGS. 15A to 15E show the Hall Effect as it is used in the present

invention. The Hall Effect is provided in the literature in the context of a current

flowing through a solid conductor. Such articles demonstrate the broad Hall

Effect principle. By example see Electricity and Magnetism Edward M Purcell,

Berkeley Physics Course, Vol. 2 , 2nd Ed. McGraw Hill, Boston 1985, The

Magnetic Field, page 243, Fig. 6.28. This chapter of the Purcell reference is

incorporated in its entirety herein by reference. However, in the present invention,

the Hall effect is considered in the very different context of the mixed solids and

liquids of body fluids, such as blood physically flowing though veins and arteries.

In Fig. 15A, the electrons in the ions of the blood are shown as white circles,

which are flowing through the conductive blood. When a magnetic field is applied

transverse to the vein or artery in FIG. 15B, the negatively charged electrons in

the ions, and-the ions themselves, deflect-downward. The positively charged ions

deflect upward. These electrons in the blood ions cannot travel very far

downward because they hit the internal surface of the blood vessel. As a result,

layers of charge are produced both on the bottom internal surface of the blood

vessel and the top internal surface of the blood vessel. These two charge layers

generate a transverse electromagnetic field in z direction in the figure. It is this

electrical field which is detected by the present invention. While the Hall principle

has previously been applied to conductive solids, the present inventors have

discovered that it can also be applied to a conductive moving fluid. There are

specific distinctions between these two cases. By example, in a conductive

liquid, instead of only the electrons moving as in the case of the Hall principle in

solids, both the electrons and the positive charge carriers move. Thus, in FIGS.

15A to 15C, the blood ions shown diagrammatically as black dots migrate

upwards, which is not the case in electrons migrating in solid structures. The

particles shown diagrammatically as white dots are deflected downwards.

Ultimately, the end charge effect is somewhat analogues between the Hall Effect



in the solid conductor and in a flowing conductive liquid. That is, a positive

charge is generated on the up side, and the negative charge on the down side.

Similar methods are used to detect the potential. FIGS. 15D and 15E provide

diagrammatic views of how the molecules within larger blood inclusions have

their molecules align when in the field of the internal electromagnetic blood flow

sensor. As opposed to the case of blood ions migrating within the fluid, the

molecules align in their set positions within solid blood inclusions. Red blood

cells are provided as illustration in FIGS. 15D and 15E. However, platelets and

other blood particles will be similarly affected. Despite the differences in the

positioning of ions and solid inclusions when subjected to the fields of the internal

electromagnetic blood flow sensor, the net effect on making flow determination

does not vary with the fluid content. Bevier presented a particularly relevant

theory for appreciating these charge phenomena, (Bevier, The Theory of Induced

Voltage Electromagnetic Flow meter, Vol. 43, 1970, pp 577-590, incorporated in

its entirety herein by reference). Bevier's theory of the virtual current has been

useful to the inventors in practically understanding how the inventive device

functions and providing its optimization.

The operation of the electromagnetic flow sensor of embodiments of the

invention-depends on the fact that when -an electrical conductor moves through a

magnetic field at right angles to the lines of magnetic force, a potential difference

is produced within the conductor at right angles to both the direction of the

magnetic lines of force and the direction of motion of the conductor. Thus, if the

ends of the conductor are connected through an external circuit, a current will

flow, i.e., an electromotive force will be induced.

The magnitude of the induced electromotive force depends on the strength

of the magnetic field, the extent of the conductor in the direction of the potential

gradient and the velocity of motion of the conductor in the direction at right angles

to the lines of magnetic force. Importantly, the strength of the induced

electromotive force is independent of the nature of the material composing the

conductor.

Mathematically, the strength of the induced electromotive force may be

expressed:

E=HLvI O8 (4)

where:



E is the electromotive force set up in volts,

H is the magnetic field strength in oersted,

L is the length of the conductor in centimeters at right angles to the

direction of motion and the direction of the magnetic lines of force, and

v is the velocity of motion of the conductor in cm/sec in a direction at right

angles to the lines of magnetic force.

If the electrodes are immersed in the flowing liquid, the physical length L will be

modified to become an effective length, not necessarily equal to the electrode

spacing.

As soon as the conductor moves out of the magnetic field, the

electromotive force vanishes. If, however, the conductor is an electrolyte

streaming in a tube of constant diameter between the magnetic poles, a potential

gradient will be maintained in the electrolyte as long as it is flowing. In this case

equation (4) above also applies. However, if the strength of the magnetic field

and the diameter of the flowing stream at the point where the recording

electrodes are attached are both maintained constant, the resulting electromotive

force will vary only with the velocity and in a linear fashion. In this instance, the

induced electromotive force can be described by the formula:

E = (H/1fJ8)v = Kv (5)

where

/ is the internal diameter of the tube, and

E is the potential difference at the ends of a diameter which forms a right

angle with the lines of force.

Thus, in order to record by this method an accurate velocity curve of the

blood flow within a blood vessel, the vessel may be placed in a constant and

uniform magnetic field with the axis of the vessel at right angles to the lines of

magnetic force. In these embodiments, the cross-sectional area of the vessel

may be held constant in the plane of the electrodes.

The electrodes are then connected to a suitable recording system and the

resulting variations in potential that result (e.g., and are recorded) provide a true

picture without lag of the velocity variations of the blood flow within the vessel.



Use of a suitable amplifier allows one to employ suitable small and weak

magnets, as desired.

Embodiments of the electromagnetic sensors may be characterized as

sensors that operate under conditions in which the magnetic, fluid flow and a

electrode vectors span three-dimensional space, such that all three of these

vectors are not coplanar.

In certain embodiments, the implantable electromagnetic fluid flow sensor

includes: a pair of sense electrodes and a detection circuit, where the detection

circuit is configured to: (i) detect a potential difference between the sense

electrodes, the potential difference resulting from an applied magnetic field to

flowing fluid at the target site of interest, and (ii) produce an output signal at an

output node, the output signal correlating to the detected potential difference.

In certain embodiments, the applied magnetic field is an alternating current

magnetic field having an alternating frequency and the detection circuit is

configured to detect the potential difference at the alternating frequency, i.e., the

same frequency as the alternating current magnetic field that is applied.

As reviewed below, the magnetic field that applied during operation may

be applied from a source that is internal to the body or external to the body. As

such, Jn certain -embodimentsr the- sensor itself includes a magnetic field

production element, e.g., one or more coils.

In certain embodiments, the sensors may be characterized in that the

various elements of the device are present on a surface of a solid support. The

solid support may have a variety of different configurations, such as planar, e.g.,

chip like, curvilinear, e.g., cylindrical (e.g., a cardiovascular lead) and tubular

(e.g., a stent) etc., where the surface on which the various elements are present

may be an internal surface or an external surface, depending on the particular

embodiment.

FIGS. 16A and 16B show two different embodiments of planar

implementations of an internal electromagnetic blood flow sensor in accordance

with the invention. The embodiments of these figures have a microchip

configuration, as shown, wherein circuitry (e.g., in the form of coils and

electrodes) for implementing the sensors is present on the same planar surface

of a planar substrate 1601 . The devices shown in these figures include a coil

1602 for applying a magnetic field. A current source 1603 drives current around



the coil. A series of electrodes are situated around the coil, shown in an X+ and

an X- and a Y+ and a Y- electrode. FIG.16A shows a configuration where the

electrodes are external to a circular coil 1602. FIG. 16B show a configuration

where a square coil 1602 is situated around the four electrodes.

During use of the internal electromagnetic blood flow sensor, the magnetic

field induces an electromagnetic potential in the blood fluid. The induced potential

is detected on the electrodes. Because there are two pairs of sensing electrodes,

the direction in the plane of the electrodes that the fluid is flowing may also be

determined, as desired. The strengths of these fields can be described in SI

Units using the following formulas:

Zi = v x -5

B = l
d

This implies

AV =2dvB

=µovNI

which is completely scale independent.

For v = l m/s, = I O3, /=10 3 A , a sensitivity of 1.26-^— is achieved.
mis

This analysis demonstrates that the internal electromagnetic blood flow

sensor is completely scale independent. By example, large or small internal

electromagnetic blood flow sensors will provide the same magnitude of signal.

The magnitude of the signal is only determined by the number of turns in the coil

and the amount of current that is pushed through the coil. Therefore, if the device

were initially designed on a large scale, this design can be arbitrarily miniaturized,

while providing the same signal, with the proviso that the number of turns and the

amount of current going through the coil is maintained.

The calculation using a hundred turns in the coil and ten µamps current

going through the coil and the signal comes out to be quite small, that is 10 11

volts. Microvolt sensitivities are possible with a thousand turns in the coil and the



current of a milliamp. This provides one microvolt per meter per second of flow

sensitivity, which is clinically very useful. As a point of reference, aortic blood flow

rates are typically a few meters per second.

Such an embodiment of the internal electromagnetic blood flow sensor

easily detects such physiological parameters as aortic blood flow rates. As by

the above analysis, the device can be constructed to an arbitrarily small

miniaturization, the device can be constructed as a chip one centimeter across.

Such a chip can be pushed up against the aortic wall to provide an ongoing blood

flow rate reading. The device can also be scaled to the size of a grain of dust

attached into an area of interest with a catheter-based deployment mechanism.

FIG. 17 is a view of an embodiment of the internal electromagnetic blood

flow sensor where the magnetic field is applied using external coils. These large

coils generate a larger magnetic field than could be produced by coils integrated

on the same chip as the sense electrodes. This embodiment works under the

same general principle described above, but the application is somewhat

different. Typically, a tenth of a Tesla is employed. FIG. 17 shows two pairs of

electrodes. One pair of electrodes is provided in the superior vena cava. A

second pair of electrodes is provided in the inferior vena cava. With these two

pairs-of electrodes, the total venous blood flow into the heart is measϋfedr The

calculations are so provided to neglect the contribution from the inter-cardiac

circulation, which is a small correction not difficult to make. Using the device as

described, the total flow into the heart is provided. From this data, by integrating

over a cardiac cycle, the stroke volume is calculated. This has the advantage that

the hardware that needs to be implanted in the patient is minimal. All that is

required is two pairs of electrodes and some amplifiers. Most of the work is done

by the external coils, which may easily be provided in a doctor's office. Such

devices can be designed and built into an operating table. Such devices allow

monitoring blood flow during a surgical procedure. The layout can be very straight

forward, similar to airport metal detectors. The patient can simply walk through

such devices which then measure the blood flow. In acute implementation,

external coils are required for the device to provide the desired data.

FIG. 18 shows an example of lead embodiment of the sensors, where

multiple electrodes on a multiplex lead, such as those described above, are used

to provide the electrode pairs, analogous to those shown in FIG. 17. This



embodiment is one illustration of a sensor in which the components are present

on a surface of a curvilinear solid support (e.g., a lead), where the components

are present on the outer curvilinear surface of the solid support. It is

advantageous to situate the electrodes on the edges of the blood vessel, spread

far apart. This configuration provides most of the current flowing through the

blood vessel, providing higher sensitivity. Where multiplex leads with quadrant

electrodes are employed, opposing quadrants of satellite electrodes are

employed to give a detectable signal. In certain embodiments, some signal may

be lost because the current comes up out of the electrodes, and then comes

around and loops back to the negative electrode. However, a significant signal is

still generated. By simply adding an external magnetic field and a difference

amplifier, multi-electrode lead quadrant electrodes function as blood-flow

sensors. Wherever quadrant electrodes have been deployed in the body, with a

minimal extra hardware, they can be configured as blood flow sensors in

accordance with the invention.

FIG. 19 provides a stent-style blood flow sensor 1900 embodiment of the

present invention. This embodiment represents another embodiment of a

curvilinear solid support, where the components are present in a inner curvilinear

surface of the support. This tubular structure is inserted into a blood vessel. Once

inserted, the sensor pushes up against the walls. On two opposing sides of the

stent substrate 1901, coils 1902 and 1903 are provided which generate the

magnetic field. On the other two opposing sides of substrate 1901, electrodes

1904 and 1905 sense the induced voltage. The stent 1900 may be coated with a

non-conductive material, as sing a standard metal stent may short out the effect.

The stent-style blood flow sensor embodiment of the present invention has

special features which gives it many advantages. The mechanical stability of the

stent holds the geometry in place, making the sensor very stable over time. Any

change in distance between the sense electrodes results in a change in signal,

which would appear as a drift. The stent implementation of the present invention

can be mechanically fixed so that there is very little motion. The coils 1902 and

1903 in the stent-style blood flow sensor embodiment of the present invention

can provide geometry advantages. The coils can be provided as multi-turn coils.

This geometry allows the opportunity to put significant current through the coils,

generating a large signal. Such a stent-style sensor can be placed in the aorta.



An advantageous use of such a device would be as part of an aneurism repair

operation. In this case, the device would be built into the stent that is used to

patch the aneurism. Alternately, a stent embodiment of the internal

electromagnetic blood flow sensor is placed into a carotid artery or vena cava.

The ease of placement at virtually any relevant cardiac position where a stent is

installed as part of the stent device provides added functionality of blood flow

measurement.

A monitoring device would be provided in a stent positioned embodiment

of the internal electromagnetic blood flow sensor. A number of transmission

mechanisms are useful in this system. The simplest is a wired mechanism where

wires are going back to central controller, such as a pacing can. Transmission

technology disclosed previously by the present inventor in various patent

applications can also be employed, such as the method for transmitting

information through the body wirelessly, e.g., as described above.

FIG. 20 provides an example of an internal electromagnetic blood flow

sensor 2001 built onto a fixation mechanism 2002 of a lead 2003 going down the

superior vena cava through the vestibule into the heart. A fixation mechanism

can optionally be provided to hold this lead in place, many of which are well know

to the-ordinary skilled artisan. In the present illustration, an umbrella opening

type device is shown. Other mechanisms are provided with prongs coming out

and pushing against the vein wall to hold it in place. Whatever fixation

mechanism elected, at the end of the device are provided sense electrodes for

detecting the blood flow from the magnetic field. A variation on the FIG. 20

implementation is shown in FIGS. 21 and 22, and is also advantageous. In the

implementation shown in FIG. 22 the blood flow is sensed as it passes from the

right atrium into the right ventricle. In cardiac resynchronization procedures it is

common to bring a lead down the superior vena cava through the vestibule into

the right atrium and then down into the coronary sinus. In reviewing a three

dimensional model of the heart, the opening for the coronary sinus 2006 is quite

close to the valve which connects the right atrium to the right ventricle. Such a

position is a natural place to measure blood flow because all systemic circulation

passes through this valve. To enjoy the benefit of this advantageous positioning,

sense electrodes 2004 and 2005 are affixed on this lead 2003 at either side of

the tricuspid valve. The flow is then detected using an external magnetic field.



That is, the blood flow passing from the right atrium into the right ventricle is

used. This provides a measure of the systemic circulation deriving stroke volume

by integrating over a cardiac cycle, and so forth. This embodiment of the internal

electromagnetic blood flow sensor can be accomplished with the multielectrode

lead, such as those described above, by simply placing two additional electrodes

in the appropriate place. The doctor would install these electrodes in the most

advantageous position. The electrodes would then be fixed to prevent their

movement over the course of not only the procedure but over the entire time

when measurements were taken. Otherwise, there is the risk of the shifting

appearing as a drift of some sort. The mechanism to understand the placement of

these electrodes is to use the virtual current formalism to look at how the virtual

current flows. A configuration is then derived where the current flow is stable

over time and not sensitive to small displacements of the electrodes.

Fig. 2 1 provides a method of fixation providing an advantageous position

for the sensor. The tip of the lead is lodged in the coronary sinus, suspending the

sensing electrodes 2004 and 2005 to sense the flow through the blood flow

through the atrium. Fig. 22 shows an additional, advantageous placement

approach. In this case, the electrodes 2004 and 2005 are attached on either side

of the valve, with the end-of the lead placed in the coronary sinus for added

stability. Here, the sensing has high clinical pertinence, and the blood flow

directly through the valve is accurately assessed.

The application of the magnetic field in the internal electromagnetic blood

flow sensor can be accomplished using any convenient approach. In FIG. 17 the

application of the magnetic field is shown simply as two Helmholtz coils, but

many other configurations can be implemented in the internal electromagnetic

blood flow sensor. The applied magnetic field may be an AC or DC magnetic

field. In certain embodiments, the magnetic field is aligned in a perpendicular

fashion relative to (or at least substantially orthogonal to) both the flow direction

and the sense electrode axis. In general two coils may not accomplish this aim in

every position. In such cases, the patient may be instructed to change position to

optimize the signal. However, there are other implementations which will limit or

eliminate the need for patient repositioning. By forming three pairs of Helmholtz

coils, an X pair, a Y pair and a Z pair, and balancing these appropriately, the

direction of the magnetic field vector can, in effect, be changed while maintaining



constant strength and magnitude of the field. In this way, the direction of

magnetic field which corresponds to maximum signal strength across the

electrodes can be determined. Once this condition of maximum signal strength is

established, one can ensure that the magnetic field is perpendicular to the plane

defined by the flow direction and the electrode axis. As such, certain

embodiments include positioning the electrodes of the sensor, applying the

magnetic field and determining the position of the sensor electrodes relative to

the field. This approach would accomplish a set up and calibration mechanism to

achieve the optimum direction to apply the magnetic field.

3 . Additional Fluid Flow Sensor Considerations

It is to be understood that the sensor embodiments described herein are

illustrative and that variations and modifications are possible. Further, multiple

sensors can be implanted at different locations in a patient's circulatory system to

measure localized blood flow parameters in a variety of different locations, e.g.,

sequentially or simultaneously. All of the sensors may transmit their data directly

to a central data collection device (e.g., a pacemaker control can) using wireless

signaling as described above or through a conductive member in a multiplex

lead, depending on the configuration of the system in which the sensors are

employed. From the central collection point, the data may be processed and/or

forwarded to an external device for processing. The data collection device can

be internal or external as desired; for instance, a collection device can be

implemented as a watch or belt with electrodes that contact the patient's skin

while the patient wears the device. An external device may provide audible

and/or visual information to the patient or clinician, including alerts, measurement

data and the like. Such a device may also include a communication port via

which the device can be connected to a computer to which data collected by the

device can be transferred.

It should be noted that the sensor embodiments described herein can be

implanted and operated for an indefinite period, including while the patient goes

about his or her normal activities. Depending on how power is supplied to the

sensor, the sensor can be operated continuously or on some duty cycle selected

by the clinician. Data reported by the sensors can be stored in the collection

device until the patient visits the clinician, at which time the clinician can read out



the data and evaluate the patient's condition. In some embodiments, the

collection device may also be able to generate an audible or visible alert to the

patient if data indicating an abnormal condition are received; the alert prompts

the patient to seek medical care.

In certain embodiments, measurements are obtained at two different

frequencies and the sensor is appropriately configured to obtain measurements

at two different frequencies. In such embodiments, a first frequency may be

higher than a second frequency. For example, a first higher frequency may range

from about 100 kHz to about 1 MHz, and a second frequency may range from

about 30 kHz to about 5OkHz. Based on the detected signals at each frequency,

one can detect the presence of cells present in the target fluid site, e.g., either

qualitatively or quantitatively. For example, if no cells are present, there is

substantially no difference in detected signal at the different frequencies.

However, if cells are present, the signal detected at each frequency will differ. In

this manner, the presence of cells in the target fluid flow site under analysis can

be determined, either quantitatively or qualitatively.

4 . Applications of Blood Flow Measurements

With the above blood flow-sensor devices τ a number of physiological

parameters can be derived from the measurements (e.g., blood resistivity,

induced EMF) reported by sensors of the type described herein. These

parameters can be used to diagnose a patient's condition, determine a treatment

plan, and modify the treatment plan based on the response as determined from

continued use of the sensors.

For example, "stroke volume" refers to the amount of blood moved into

and out of the heart over a cardiac cycle. In one embodiment, a sensor is

positioned to detect flow velocity of blood through a blood vessel located near the

heart. From the perspective of accuracy, the aorta is a desirable location for

implanting the sensor; however, medical considerations may make an implant

into the aorta impractical. The vena cava, which is generally accessible during

catheterization procedures, is another suitable site for the implant. The diameter

or cross-sectional area of the selected blood vessel at the implant site is

measured, e.g., directly (while the vessel is being accessed for the implant), by

statistical estimation (e.g., based on an average over a suitable population of



patients), by electrical tomography, or by any other suitable technique. The flow

rate multiplied by the cross sectional area provides a flux measurement that can

be integrated over the duration of a cardiac cycle to determine the total volume of

blood passing through the vessel. Stroke volume provides one measure of heart

health.

As another example, blood vessel blockages can be detected by

implanting a flow sensor in any location where development of a blockage (or

worsening of a partial blockage) is anticipated. Occlusion of the blood vessel will

affect the blood velocity profile for the vessel, with the effect being stronger as the

degree of occlusion increases. Thus, a flow sensor as described herein can be

used to monitor a blood vessel for blockages, either acute or chronic. For

example, an acute thrombosis could be detected in this manner, with detection

triggering an alert to the patient and/or automatic release of an anti-coagulant.

Chronic growth of a plaque deposit in a blood vessel can also be measured by

detecting changes in the resistivity as the flow rate changes over time.

Additional metrics of heart health can also be defined. For example, as

noted above, blood resistivity varies directly with flow velocity and inversely with

hematocrit. As a result, it can be difficult to separate the effects of flow velocity

and hematocrit on a resistivity measurement: In the short term, hematocrit is

effectively constant and this is not an issue, but for longer term monitoring, the

possible variation of hematocrit and its effect on resistivity should be considered.

Metrics in which the hematocrit dependence is removed (e.g., by cancellation in a

ratio) can advantageously be used to facilitate long-term monitoring of changes in

heart health. For instance, if vmax is the maximum flow velocity during a cardiac

cycle and vm-m is the minimum flow velocity, one can define a flow ratio η as:

η = - . (6)
mm

One might expect η to be large for a healthy heart and small for a weak or

diseased heart. An advantage of such a metric is that in resistivity-based blood

flow sensors (e.g., as described above), it can be difficult to disentangle the

effects of flow velocity and hematocrit; in Eq. (6), any hematocrit dependencies

would cancel out. Other similar metrics could also be constructed and validated

through clinical observation.



In other embodiments, hematocrit and flow are measured separately. In

one embodiment, hematocrit is determined by measuring resistivity in a region

where flow velocity is known (and preferably fixed). In another embodiment,

small flow sensors detect the passage of individual red blood cells. For instance,

the sensor embodiment shown in FIG. 13 above can be fabricated on a

semiconductor substrate with the distance S in the 6-8 micron range.

For a semi-infinite medium, the voltage V measured by a device of this

kind is given by:

■ ■ ( 7 >

where p is the resistivity of the medium and / is the applied current. (See Barber

& Brown, J. Phys. E: Sci. Instrum., 17, 723 (1984).) In physiological situations,

the approximation of a semi-infinite medium can be questionable, but Eq. (7)

becomes reliable as the device size S becomes small relative to other

dimensions (e.g., diameter of the blood vessel). In this context, departures from

Eq. (7) will tend to be characterized by a geometrical factor of order unity, making

the approximation reliable.

When the dimension S becomes comparable to the size of a red blood

cell (RBC), a new effect becomes detectable. -As individual RBCs pass close to

the sensor, they create discrete disruptions in the potential field, analogous to

shot noise in electronic circuits. This effect may be used to count individual

RBCs, giving an absolute measure of hematocrit. The variation in the resistance

arising from different orientations of the RBCs gives a measurement of the flow,

separating the hematocrit and flow-velocity effects on resistivity. See e.g., FIGS.

23 and 24A to 24C. These two parameters can then be used as distinct

measures of a patient's health.

In other embodiments, blood flow sensors are used in detection of injury

(e.g., bleeding) and wound management. Any injury that results in internal or

external bleeding will also change the flow profile in biood vessels surrounding

the injury site. According, flow sensors can be implanted at or near an injury site

or surgical site to detect whether bleeding has stopped. In the case of surgical

sites, it may be useful to implant such sensors to detect internal bleeding after the

surgery so that action can be taken even before symptoms are apparent.



Still other embodiments use blood flow as an indicator of physiological

activity in body tissues or organs to which blood is supplied. It is generally known

that as systems, organs or tissues in the body become more active, blood flow to

those locations increases in order to satisfy the increased metabolic demand.

For instance, blood flow to various areas of the brain increases when those areas

are active (e.g., during various kinds of mental activity). Blood flow sensors in or

around the brain can be used to detect such activity and to associate various

mental activities with the relevant regions of the brain. Absence of increased

blood flow in situations where it would be expected may also indicate an

abnormality.

In a related embodiment, sensors as described herein are employed to

construct a "lie detector." By studying subjects engaged in deceptive and

non-deceptive behavior, characteristic differences in blood flow patterns (e.g.,

certain areas of the brain might become more active) are identified; and these

differences are then used to detect deceptive behavior in other subjects.

Similarly, the stomach and intestines receive increased blood flow during

digestion; thus, digestive processes can be detected and monitored using

sensors placed in gastric blood vessels.

Abnormal tissues r such as malignant tumors, can also be monitored, as

blood flow to the tumor will depend on the size of the tumor and whether it is

growing or shrinking. Changes in blood flow in a vessel feeding the tumor can

provide an indication as to how effectively a given course of treatment is working.

This information can be used by a clinician in determining whether to continue or

change the treatment.

It will be appreciated that the uses described herein are illustrative and

that the invention is not restricted to particular uses for blood flow measurements.

C. Implantable Drug Delivery

In certain embodiments, the system include drug delivery capability, e.g.,

where one or more of the devices of the system act as drug delivery devices. For

example, one of the devices may be an implantable drug delivery device as

described in U.S Provisional Patent Application Serial No. 60/824,1 19 titled

"Personal Implantable Paramedic" and filed August 3 1, 2006; the disclosure of

which is herein incorporated by reference. As such, one or more of the devices



ot the system may include an implantable medical device, one or more of which

may be implanted into a patient's body to allow controlled release of a biologically

active agent into the body. The device(s) may comprise one or more drug filled

reservoirs, an administration mechanism, a battery and/or energy capture circuit,

and a microchip. Further, the device may comprise sensors which measure

conditions in the body and transmit the information to a control unit which

performs diagnostics. If the control unit determines that a drug should be

administered, it can transmit a signal to one or more drug reservoirs to release a

specific drug. The device may energize the reservoirs and/or sensors by

harvesting ambient electrical energy from a source such as a defibrillator pulse.

In other embodiments, the reservoirs and/or sensors may be powered by an

intrinsic power source, such as a battery or radioisotope.

In one embodiment of the inventive personal implantable paramedic, the

personal implantable paramedic can be built into a stent that is to be placed in

the body during surgery. For example, stents are often placed in the left coronary

artery of cardiac patients at risk of a heart attack. Incorporating the personal

implantable paramedic into a stent that is to be inserted in the artery anyway

allows for placement of the personal implantable paramedic in a highly desirable

area with minimal added stress on-the body. Placement in the left coronary

artery also allows for delivery of a smaller drug dosage than if it were delivered

from outside the body. When delivered in the left coronary artery, the drug is

almost immediately drawn into the heart.

In another embodiment of the invention, the personal implantable

paramedic includes a loop or other attachment that allows it to be sewn into

tissue anywhere in the body. This allows it to be placed in areas of particular

interest such as in the heart tissue in order to deliver drugs in case of heart

attack, or in an area where a tumor is thought to be in order to deliver anti-cancer

drugs.

An embodiment of the present invention may comprise any methods of

administration of drugs through implantable medical devices known in the art as

well as osmotic pumps, motor pumps, electrical release of wax encapsulated

pharmaceuticals, and electrical release of waxed surface skin patches. Further,

a method of administration may comprise a piezoelectric crystal that harvests

energy and breaks a seal to release a drug. In another embodiment of the



present invention, a system of more than one individually encapsulated reservoirs

like that taught by Santini et al., in U.S. Pat. No. 6,849,463 filed 02/01/05 and

6,551 ,838 filed 04/22/03, may be used. Also, a method of administration may

comprise a magnetic needle that injects a drug.

Materials used and methods for administration should be designed such

that the personal implantable paramedic has a lifetime in the body of at least 10

years, and when needed can administer the drug in 1 second or less. These

numbers are just guidelines, and are not meant to be limiting.

In one embodiment of the personal implantable paramedic, a metal or

polymer layer can be placed on top of the reservoir to keep the drug inside.

When it is desired for the drug to be released, the personal implantable

paramedic can activate the reservoir. A current can be sent across the metal,

causing it to dissolve. In the case of a polymer, the current may make it become

permeable to the drug. Any metal or polymer suitable for implantation can be

used. The important characteristics of the material used is that it be able to last a

long time in the human body in order to avoid unwanted dispersal of the drug,

while dissolving quickly when the right conditions are placed on it. The properties

of the material and the thickness of the layer will determine these characteristics.

Possible materials to use-include any metal suitable for use in the human body,

such as titanium and platinum and their alloys. The thickness should be as small

as possible while still being able to last a long time in the body, i.e. at least 10

years. A thin layer allows the layer to be dissolved quickly, and also limits the

amount of metal or polymer released into the body, limiting any issue with

toxicity.

Another embodiment of the personal implantable paramedic uses a film,

such as a metal or polymer, placed over the reservoir, which can be dissolved

when the drug is desired to be released by creating a local region of different pH.

For example, an electrical potential can be placed across microfabricated

electrodes, releasing H+ ions, therefore lowering the pH. This can be done in a

very local region, immediately surrounding the layer to be removed. The pH of

blood is about 7.4, and the pH in the region local to the electrodes can be brought

down to about 2 or below. A metal or polymer can be used which has a stability

or solubility that is very sensitive to pH. When it is exposed to a very low pH, the

material would dissolve. Alternatively, a material can be used which expands as



a result of a change in pH, which increases the materials permeability enough to

release the drug. Since the pH change can be done on a small scale and would

occur in an area of flowing blood, the pH near the other reservoirs and in the

surrounding areas would not be affected. Once the drug is released, the pH

would return to normal very quickly.

In another embodiment of the personal implantable paramedic, local heat

generation can be used to dissolve the encapsulation layer. For example, two

electrodes with a thin wire between them can be used. When a sufficiently high

current is applied between the electrodes, a high temperature can be generated

locally in the vicinity of the wire. This heat can cause a polymer to dissolve or

become permeable, releasing the drug. Some polymers expand as a result of

temperature increase, which would increase the permeability of the encapsulation

layer and allow the drug to pass through.

Another embodiment of the personal implantable paramedic utilizes one or

more windows of metal or polymer that are distinct from the rest of the

encapsulation layer. The window can be designed such that the release stimulus

can be applied locally to the window rather than to the entire device. The window

may be a region of thinner material. Alternatively, the window may be made up

of a different metal or-polymer-cornposition specifically designed to rapidly

release the drug in response to a stimulus, such as electrical current, pH, or

temperature. This allows a small window of material that can be dissolved away,

while using a more stable material for the rest of the body. The window should

be as small as possible while still allowing the drug to quickly exit the window

when it opens. A smaller window allows for a larger window thickness to be used

with the same stimulus strength used to open it. The area of the window can be

about 0.001 mm2 to about 10 mm2, more specifically about 0.01 mm2 to about 5

mm2, most specifically about 1 mm2. For a window area of mm2, the window

thickness can be about 0.02 µm to about 200 µm , more specifically about 0.05

µm to about 20 µm, most specifically about 0.2 µm. The thickness used can be

larger for a smaller window area, and smaller for a larger window area.

In another embodiment of the personal implantable paramedic, drug

molecules can be covalently bonded to a surface using techniques well known in

the art. When it is desired for the drug to be released, the covalent bond can be



broken through oxidation or reduction. One possible bond to use is a carbon-

silicon bond, which can be broken using techniques well known in the art.

Another embodiment of the personal implantable paramedic utilizes a membrane

for the encapsulation layer, and when the drug is desired to be released, a

current can be applied across the membrane to drive the drug through the

membrane. For example, if the drug is positively charged, and a high enough

positive current is applied from the inside to the outside of the membrane, the

drug can be forced out. Membrane permeability can be increased at the time of

drug release by changing the local pH or temperature.

Possible polymers to use for the encapsulation layer include pH sensitive

polymers which will dissolve or expand in response to a change in pH,

temperature sensitive polymers which will dissolve or expand in response to a

temperature change, and ion exchange membranes which will allow for the drug

to pass through only when a transmembrane potential is applied.

Other embodiments of the personal implantable paramedic utilize more

than one of the above mentioned mechanisms in combination to release the

drug. With many drugs and encapsulation materials, one of the mechanisms

may not be enough to release the drug. However, when two of the mechanisms

are applied inxombination, the drug may be released. For example, Titanium is

a very good implant material because it has a very stable oxide layer on top of it.

However, it's very difficult to dissolve the oxide layer just by applying an electrical

current. If it were coupled with a change in the solution pH to a low pH, such as

about 1 or 2, in the vicinity of the titanium surface, the oxide layer and the

Titanium can be dissolved more easily. Other metals show similar behavior.

This has the added benefit of providing a safety mechanism for the release of the

drug, since it would take more than one mechanism applied in combination for

the drug to be released. This would prevent unwanted release of the drug. Even

if the pH were changed locally, such as from a neighboring reservoir, a current

would still need to be applied across the encapsulation film for the drug to be

released.

In other embodiments, any combination of any number of the mechanisms

described above can be used in combination to activate the release of the drug.

One embodiment of the present invention comprises an electrical circuit

which shunts ambient electrical energy emitted from a source such as a



defibrillator pulse. Another embodiment of the present invention contains

antennas that pull in ambient energy from a source such as a defibrillation pulse.

Further, during installation of the invention, a physician could orient these

reservoirs while sending a weak current through the energy source, such as the

defibrillation coils, to place the reservoirs for optimum alignment to harvest

energy from the defibrillation pulse. In one embodiment of the personal

implantable paramedic, the energy harvesting circuit can include a bridge

rectifier. In another embodiment, an active rectifier can be used.

Other power sources, such as those described above, are also of interest.

Another embodiment of the invention comprises sensors which are

energized by a defibrillation pulse and broadcast data to the pacemaker which

analyzes the data and sends a signal to the reservoirs to release a drug with

specific dosage and timing based on the data collected from the sensors.

In one embodiment of this invention the patient will have sensors in the

heart which measure blood flow through the arteries. During a defibrillation pulse

the sensor is energized and measures the blood flow through the artery where

the sensor is positioned. The sensor broadcasts the blood flow data to the

pacemaker computer and the pacemaker computer runs diagnostics to determine

the optimal therapy. The computer then sends a signal to the reservoirs to

deliver the therapy. For example, if the computer diagnostics determine that the

artery is clogged, the computer may signal a reservoir in the clogged artery to

release some Heprin to dissolve the clot.

An embodiment of this invention comprises sensors which include, but are

not limited to, sensors for blood flow, pressure and temperature as described in,

but not limited to "Pressure Sensors Having Stable Gauge Transducers" U.S.

Pat. No. 7,013,734 filed 03/21/06, "Pressure Sensors Having Transducers

Positioned To Provide For Low Drift" U.S. Pat. No. 7,007,551 filed 03/07/06,

"Implantable Pressure Sensors" U.S. Pat. No. 7,028,550 filed 04/18/06, "Pressure

Sensors Having Spacer Mounted Transducers" U.S. patent application

11/025793 filed 12/28/04, "Internal Electromagnetic Blood Flow Sensor" U.S.

provisional patent application 60/739174 filed 11/23/05, "Measurement of

Physiological Parameters Using Dependence of Blood Resistivity on Flow" U.S.

provisional patent application 60/713881 filed 9/1/2005, and "Continuous Field



Tomography" PCT application PCT/US2005/036035 filed 10/6/2005, all of which

are incorporated herein by reference in their entirety.

An embodiment of this invention also comprises sensors positioned in

various places of the body. Additionally, an embodiment of the present invention

comprises sensors which are energized by harvesting energy from an outside

event, such as a defibrillation pulse.

In one embodiment of the present invention, signal transmission and

reception between the control unit, such as the pacemaker, and the reservoirs

and sensors occurs according to the methods described in "Pharma-lnformatics

System," pending PCT application PCT/US2006/016370, filed 04/28/2006 and as

described above.

In one embodiment of the personal implantable paramedic, the

communication system can be used to send a coded signal from a control unit to

the personal implantable paramedic to deliver a specific drug. The

communication system can be used to simultaneously manage a plurality of

personal implantable paramedics located at different locations throughout the

body.

An embodiment of this invention comprises agents often administered in

drug therapies in conjunction with defibrillation pulses in emergency situations.

Such drug therapies typically include, but are not limited to, 1 mg of epinephrine,

1 mg atropine, 40 mg vasopressin, 150 mg amiodarone, 70 to 100 mg lidocane,

and 6 to 12 mg adenosine. The amounts of these drugs administered through

the personal implantable paramedic may vary from the amounts typically

administered in emergency situations due to factors like proximity of the location

of the personal implantable paramedic to the heart.

In an embodiment of this invention where the target organ is the heart,

exemplary drugs for delivery include, but are not necessarily limited to, growth

factors, angiogenic agents, calcium channel blockers, antihypertensive agents,

inotropic agents, antiatherogenic agents, anti-coagulants, β-blockers, anti-

arrhythmia agents, cardiac glycosides, antiinflammatory agents, antibiotics,

antiviral agents, antifungal agents, agents that inhibit protozoan infections, and

antineoplastic agents.

An embodiment of this invention comprises anti-coagulant factors.



Anti-coagulants include, but are not limited to, heparin; warfarin; hirudin;

tick anti-coagulant peptide; low molecular weight heparins such as enoxaparin,

dalteparin, and ardeparin, ticlopidine, danaparoid, argatroban, abciximab, and

tirofiban.

An embodiment of this invention comprises agents to treat congestive

heart failure. Agents to treat congestive heart failure include, but are not limited

to, a cardiac glycoside, inotropic agents, a loop diuretic, a thiazide diuretic, a

potassium ion sparing diuretic, an angiotensin converting enzyme inhibitor, an

angiotensin receptor antagonist, a nitrovasodilator, a phosphodiesterase inhibitor,

a direct vasodilator, an .alpha. .sub.1 -adrenergic receptor antagonist, a calcium

channel blocker, and a sympathomimetic agent.

An embodiment of this invention comprises agents suitable for treating

cardiomyopathies. Agents suitable for treating cardiomyopathies include, but are

not limited to, dopamine, epinephrine, norepinephrine, and phenylephrine.

An embodiment of this invention comprises agents that prevent or reduce

the incidence of restenosis. Agents that prevent or reduce the incidence of

restenosis include, but are not limited to, taxol (paclataxane) and related

compounds; and antimitotic agents.

One embodiment-of this invention comprises anti-inflammatory agents.

Anti-inflammatory agents include, but are not limited to, any known non-steroidal

anti-inflammatory agent, and any known steroidal anti-inflammatory agent. Anti¬

inflammatory agents include, but are not limited to, any known nonsteroidal anti¬

inflammatory agent such as, salicylic acid derivatives (aspirin), para-aminophenol

derivatives(acetaminophen), indole and indene acetic acids (indomethacin),

heteroaryl acetic acids (ketorolac), arylpropionic acids (ibuprofen), anthranilic

acids (mefenamic acid), enolic acids (oxicams) and alkanones (nabumetone) and

any known steroidal anti-inflammatory agent which include corticosteriods and

biologically active synthetic analogs with respect to their relative glucocorticoid

(metabolic) and mineralocorticoid (electrolyte-regulating) activities. Additionally,

other drugs used in the therapy of inflammation or anti-inflammatory agents

including, but are not limited to, the autocoid antagonists such as all histamine

and bradykinin receptor antagonists, leukotriene and prostaglandin receptor

antagonists, and platelet activating factor receptor antagonists.



One embodiment of this invention comprises antimicrobial agents.

Antimicrobial agents include antibiotics (e.g. antibacterial), antiviral agents,

antifungal agents, and anti-protozoan agents. Non-limiting examples of

antimicrobial agents are sulfonamides, trimethoprim-sulfamethoxazole,

quinolones, penicillins, and cephalosporins.

An embodiment of this invention comprises anti-inflammatory agents.

Antineoplastic agents include, but are not limited to, those which are

suitable for treating tumors that may be present on or within an organ (e.g.,

myxoma, lipoma, papillary fibroelastoma, rhabdomyoma, fibroma, hemangioma,

teratoma, mesothelioma of the AV node, sarcomas, lymphoma, and tumors that

metastasize to the target organ) including cancer chemotherapeutic agents, a

variety of which are well known in the art.

An embodiment of this invention comprises angiogenic factors (e.g., to

promote organ repair or for development of a biobypass to avoid a thrombosis).

Angiogenic factors include, but are not limited to, basic fibroblast growth factor,

acidic fibroblast growth factor, vascular endothelial growth factor, angiogenin,

transforming growth factor α and β, tumor necrosis factor, angiopoietin, platelet-

derived growth factor, placental growth factor, hepatocyte growth factor, and

proliferin.

An embodiment of this invention comprises thrombolytic agents.

Thrombolytic agents include, but are not limited to, urokinase plasminogen

activator, urokinase, streptokinase, inhibitors of α 2-plasmin inhibitor, and

inhibitors of plasminogen activator inhibitor-1 , angiotensin converting enzyme

(ACE) inhibitors, spironolactone, tissue plasminogen activator (tPA), an inhibitor

of interleukin 1β converting enzyme, and anti-thrombin III.

An embodiment of this invention comprises calcium channel blockers.

Calcium channel blockers include, but are not limited to, dihydropyridines

such as nifedipine, nicardipine, nimodipine, and the like; benzothiazepines such

as dilitazem; phenylalkylamines such as verapamil; diarylaminopropylamine

ethers such as bepridil; and benzimidole-substituted tetralines such as mibefradil.

An embodiment of this invention comprises antihypertensive factors.

Antihypertensive agents include, but are not limited to, diuretics, including

thiazides such as hydroclorothiazide, furosemide, spironolactone, triamterene,



and amiloride; antiadrenergic agents, including clonidine, guanabenz,

guanfacine, methyldopa, trimethaphan, reserpine, guanethidine, guanadrel,

phentoiamine, phenoxybenzamine, prazosin, terazosin, doxazosin, propanolol,

methoprolol, nadolol, atenolol, timolol, betaxolol, carteolol, pindolol, acebutolol,

labetalol; vasodilators, including hydralizine, minoxidil, diazoxide, nitroprusside;

and angiotensin converting enzyme inhibitors, including captopril, benazepril,

enalapril, enalaprilat, fosinopr ϋ, lisinopril, quinapril, ramipril; angiotensin receptor

antagonists, such as losartan; and calcium channel antagonists, including

nifedine, amlodipine, felodipine XL, isadipine, nicardipine, benzothiazepines (e.g.,

diltiazem), and phenylalkylamines (e.g. verapamil).

An embodiment of this invention comprises antiarrhythmic agents.

Antiarrhythmic agents include, but are not necessarily limited to, sodium

channel blockers (e.g., lidocaine, procainamide, encainide, flecanide, and the

like), beta adrenergic blockers (e.g., propranolol), prolongers of the action

potentila duration (e.g., amiodarone), and calcium channel blockers (e.g.,

verpamil, diltiazem, nickel choride, and the like). Delivery of cardiac depresssants

(e.g., lidocaine), cardiac stimulants (e.g., isoproterenol, dopamine,

norepinephrine, etc.), and combinations of multiple cardiac agents (e.g.,

digoxin/quinidine to.treat atrial fibrillation).

D. Smart Parenteral Delivery System

In certain embodiments, the communication system of the present

invention is employed in a smart parenteral delivery system, e.g., as described in

pending U.S. Provisional Application Serial No. 60/819,750 titled "Smart

Parenteral Delivery System" and filed on July 7 , 2006, the disclosure of which is

herein incorporated by reference. The inventive smart parenteral delivery system

of these embodiments provides specific identification and detection of parenteral

beneficial agents or beneficial agents taken into the body through other methods,

for example, through the use of a syringe, inhaler, or other device that

administers medicine. The smart parenteral delivery system can include a

beneficial agent with a chip. The chip can contain information about the type of

beneficial agent to be administered to the patient. Upon extracting the beneficial

agent from the holding container, e.g., a vial, a signal can be sent from the vial to

a chip within the syringe. The broadcasted signal can indicate the type of



beneficial agent extracted from the vial. Upon injection into the patient, the

information can be sent from the syringe to an information management database

located in, on, or near the patient.

Vl. Additional System Considerations

While the invention has been described with respect to specific

embodiments, one skilled in the art will recognize that numerous modifications

and other embodiments are possible. An endless variety of networks including

sensors, data collectors and effectors in any combination, communicating

wirelessly in the quasi-electrostatic region, can be created and tailored to detect

or treat nearly any medical condition. Examples are described above. More

generally, it will be appreciated that a small autonomous chip including a power

source (or power receiver), sensor, effector and/or transmitter can be placed

virtually anywhere in the body. Since the chips do not have to be connected by

wire to a data collection or control system, entirely new diagnostic and treatment

models can be developed. Sensors can be disposed throughout the body to

measure various parameters, with the data being transmitted wirelessly through

the body to a central collector. Collected data can be used to automatically

initiate or suspend a- therapeutic activity (e.g., release of a drug, electrical or

mechanical stimulation, etc.); it can also be stored for later reporting to a clinician

or used to generate a real-time alert advising the patient of a developing

condition even before the patient experiences symptoms.

The following are provided as further illustration of the scope of diagnostic

and therapeutic techniques that can be implemented in accordance with

embodiments of the present invention.

In some embodiments, one or more remote devices can be implanted in

and/or around a patient's heart and/or neighboring blood vessels and used to

monitor various parameters related to cardiac function on an ongoing basis,

including but not limited to stroke volume (the amount of blood that moves

through a vessel during a cardiac cycle), blood flow rate, hematocrit, oxygen

content of blood in the aorta, and so on. Changes in any of these parameters

can signal a deteriorating cardiac condition that warrants intervention.

Conventionally, however, these parameters have not been available to

cardiologists on a continual basis; they can be measured only during invasive



procedures that generally need to be performed in a laboratory. A cardiac

monitoring system implemented on the platform herein enables the cardiologist to

monitor the patient's condition on an ongoing basis. Further, since data can be

collected while the patient goes about her (or his) normal daily activities, the

cardiologist may obtain more accurate information about how the patient's heart

is actually operating on a day-to-day basis.

Further, in embodiments where a data collector capable of generating

alarms is included in the system, the patient can be immediately alerted when an

event requiring immediate attention (e.g., ischemia) occurs. In still other

embodiments, effectors may be automatically operated when such an event

occurs, in addition to or instead of alerting the patient.

One cardiac parameter of interest is stroke volume which can be

measured in various ways. For instance, a blood flow sensor as described above

can be implanted in the aorta or vena cava at a region of known cross-section,

and the flow rate can be integrated over a cardiac cycle, then multiplied by the

cross-sectional area to determine the volume of blood passing through. Pressure

sensors, electrical tomography, or strain gauges can also be employed.

Flow variation over a cardiac cycle is another indicator of heart health that

can be measured effectively using the blood flow sensors described above. For

instance, if vmax is the maximum flow velocity during a cardiac cycle and vmm is

the minimum flow velocity, one can define a flow ratio η as:

One might expect η to be large for a healthy heart and small for a weak or

diseased heart. An advantage of such a metric is that in resistivity-based blood

flow sensors (e.g., as described above), it can be difficult to disentangle the

effects of flow velocity and hematocrit; in Eq. (6), any hematocrit dependencies

would cancel out. Other similar metrics could also be constructed and validated

through clinical observation.

Blood vessel blockages can be detected using changes in a variety of

parameters, such as flow velocity, blood viscosity, blood pressure temperature,

oxygen content, and presence or absence of various cellular waste products,

clotting factors, and so on, any or all of which can be detected using remote



devices implanted in or around blood vessels where blockage is a potential

concern. In some embodiments, detection of an acute blockage may be used to

actuate an effector that releases an anti-coagulant, or it may result in an alert to

the patient to seek medical attention. Chronic blockage can be monitored over

time to determine whether and what type of intervention is warranted.

Another area of application is in wound management and injury detection.

For example, sensors in accordance with the present invention can provide

measurement data that would provide an early indication as to infection and/or

healing in a wound. Chemical sensors might be implanted at a wound site to

detect, e.g., clotting agents, antibodies, and the like; variations might indicate

infection or other problems. Temperature sensors could also be implanted at a

wound site, with a temperature increase at the site providing an early indication of

infection. Further, blood flow sensors can be placed at sites where internal

bleeding is a potential risk and use to detect when bleeding in an area has

stopped. In addition, sensors equipped to detect signs of injury or infection could

be implanted in patients with impaired nerve function; a data collection device

would alert the patient in the event of injury or infection, potentially avoiding loss

of fingers, toes, or limbs due to unnoticed infections.

Similarly sensors configured to detect cancermarkers migh be implanted

in the bloodstream or elsewhere of patients at risk for occurrence or recurrence of

cancer. The presence or level of a cancer marker over time can be studied by a

clinician, or a rise in the level of a marker might be used to signal the patient to

seek medical attention. Where tumors are present, sensors can be implanted to

monitor growth or shrinkage of the tumor, e.g., based on changes in blood flow,

pressure exerted by the tumor on surrounding tissues, or the like.

Cancer therapies, such as radiation therapy, can also be managed using

an embodiment of the present invention. For instance, radiation sensors can be

placed in a tumor or in surrounding healthy tissue, and the levels of radiation

detected by different sensors can be used to adjust the aim or focus of radiation

beams to more selectively target tumor cells, preserving healthy tissue.

In still other embodiments, physiological activity levels of systems, organs

and tissues can be monitored on an ongoing basis using suitably configured and

placed sensors with transmitter capability. For instance, temperature increases

typically accompany increased activity in an organ; alternatively or in addition,



Dlood now sensors might also be used to register increased blood flow as tissues

become more active; such sensors can be used, e.g., for monitoring brain

activity. Pressure sensors, strain sensors or the like can also be employed to

detect wanted or unwanted muscle contractions, including stomach and/or

intestinal contractions, uterine contractions, muscle spasms (e.g., in the back),

and the like. It may be possible to detect certain conditions, e.g., irritable bowel

syndrome, muscle spasms, or the like well before pathologic sequeli, such as

diarrhea or back pain, are ascertainable by the patient. In some instances,

detection of unwanted activity increases might trigger automatic release of a

counteractive agent (e.g., a muscle relaxant) even before the patient becomes

aware of symptoms.

The platform described herein also has applicability to medical research.

For instance, data from the pill-ingestion system described above can be

correlated with data from other sensors and used to evaluate the effectiveness of

new pharmaceuticals or other therapies. In addition, data from healthy patients

could be collected and compared to data from diseased patients, providing a

better understanding of which parameters are the most reliable indicators of

disease.

Embodiments of the invention further include implantable diagnostic and/or

therapeutic platforms in which the disparate components of the system

communication wirelessly with each other and/or to a central device, where the

central device (hub) includes a processor which causes an action based on

information provided from one or more implanted remote devices. For example, a

plurality of disparate remote sensor devices may be implanted throughout the

body of a patient and communicate physiological data to a central processing

unit, e.g., present in a "can" or some other internal processing device. Based on

the communicated information, the processor may then send out an activation

signal to one or more effector remote devices to perform some remedial action,

e.g., administer a quantity of drug, apply an electrical stimulus, etc. In this

fashion, a highly controlled diagnostic and/or therapeutic system can be provided

to a patient which provides therapeutic treatment to a patient based uniquely on

the patient's individual physiological parameters and in real time when the

therapy is most needed. In addition, therapy can be modulated or titrated based

on detected parameters, e.g., more or less agent can be administered based on



a detected physiological parameter. For example, a cardiac system may be

deployed with a plurality of remote devices, including both sensor and effector

devices, positioned around the hear, e.g., as described above. The sensor

devices may wirelessly relay physiological data, e.g., fluid flow date, pressure

data etc., to a central processor present in a can. Based on the received data, the

can may make therapeutic treatment decisions, e.g., how much cardiac drug to

administer from an effector, what kind of electrical stimulation to administer and

where, and then communicated signals to appropriate effectors to achieve the

desired therapeutic treatment.

VII. SYSTEMS

Aspects of the invention include systems, including implantable medical

devices and systems, which include the devices of the invention, e.g., remote

devices that wirelessly communication with each using a quasi-electrostatic

protocol (as described above); fluid flow sensors, e.g., resistive flow sensors,

electromagnetic flow sensors, etc. The systems may perform a number of

different functions, including but not limited to: diagnostic applications,

therapeutic applications, etc.

.The systems may have -a number of different components or elements,

where such elements may include, but are not limited to: sensors; effectors;

processing elements, e.g., for controlling timing of cardiac stimulation, e.g., in

response to a signal from one or more sensors; telemetric transmitters, e.g., for

telemetrically exchanging information between the implantable medical device

and a location outside the body; drug delivery elements, etc.

In certain embodiments, the implantable medical systems are ones that

are employed for cardiovascular applications, e.g., pacing applications, cardiac

resynchronization therapy applications, etc.

Use of the systems may include visualization of data obtained with the

devices. Some of the present inventors have developed a variety of display and

software tools to coordinate multiple sources of sensor information which will be

gathered by use of the inventive systems. Examples of these can be seen in

international PCT application serial no. PCT/US2006/0 12246; the disclosure of

which application, as well as the priority applications thereof are incorporated in

their entirety by reference herein.



Data obtained using the implantable embodiments in accordance with the

invention, as desired, can be recorded by an implantable computer. Such data

can be periodically uploaded to computer systems and computer networks,

including the Internet, for automated or manual analysis.

Uplink and downlink telemetry capabilities may be provided in a given

implantable system to enable communication with either a remotely located

external medical device or a more proximal medical device on the patient's body

or another multi-chamber monitor/therapy delivery system in the patient's body.

The stored physiologic data of the types described above as well as real-time

generated physiologic data and non-physiologic data can be transmitted by uplink

RF telemetry from the system to the external programmer or other remote

medical device in response to a downlink telemetry transmitted interrogation

command. The real-time physiologic data typically includes real time sampled

signal levels, e.g., intracardiac electrocardiogram amplitude values, and sensor

output signals including dimension signals developed in accordance with the

invention. The non-physiologic patient data includes currently programmed

device operating modes and parameter values, battery condition, device ID,

patient ID, implantation dates, device programming history, real time event

markers, and the-like. -In the context of implantable pacemakers and ICDs, such

patient data includes programmed sense amplifier sensitivity, pacing or

cardioversion pulse amplitude, energy, and pulse width, pacing or cardioversion

lead impedance, and accumulated statistics related to device performance, e.g.,

data related to detected arrhythmia episodes and applied therapies. The multi-

chamber monitor/therapy delivery system thus develops a variety of such real-

time or stored, physiologic or non-physiologic, data, and such developed data is

collectively referred to herein as "patient data".

VIII. KITS

Also provided are kits that include one or more components of the

systems, e.g., as described above. For example, the kits may include a device,

e.g., either implantable or ingestible, that is configured to at least one of: (i)

transmit a signal via a quasi electrostatic coupling to the body of the patient; and

(ii) receive the transmitted signal via a quasi electrostatic coupling to the body of

the patient. In certain embodiments, the kits may include two or more such



devices. In certain embodiments, the kits may include fluid flow sensors as

described above, e.g., present on a lead or as a remote implantable device.

In certain embodiments, the kits further include at least a control unit, e.g.,

in the form of an ICD or pacemaker can. In certain of these embodiments, the

structure and control unit may be electrically coupled by an elongated conductive

member. In certain embodiments of the subject kits, the kits will further include

instructions for using the subject devices or elements for obtaining the same

(e.g., a website URL directing the user to a webpage which provides the

instructions), where these instructions are typically printed on a substrate, which

substrate may be one or more of: a package insert, the packaging, reagent

containers and the like. In the subject kits, the one or more components are

present in the same or different containers, as may be convenient or desirable.

The following examples are offered by way of illustration and not by way of

limitation.

EXPERIMENTAL

Example: Blood Flow in Vena Cava

An experiment was performed using a blood flow sensor of the type

described herein. The experimental setup and results are presented by way of

illustrating the efficacy of an embodiment of the present invention, and this

description is not intended to limit the scope of the claims.

Resistivity blood flow sensors as described above were employed. Using a

pig as the test subject, one sensor (with a pair of electrodes) was placed in the

superior vena cava (SVC) and another in the inferior vena cava (IVC), and a

two-point measurement was performed. Constant voltage was applied between

each pair of electrodes, and the voltage across a 10-ohm resistor in series was

measured. The measured voltage is proportional to current and thus inversely

proportional to impedance between the two electrodes in the pair.

FIGS. 14A and 14B are results obtained from experiments in an

anesthetized pig. The top panel (S1) corresponds to the SVC, and the second

panel (S2) corresponds to the IVC. The bottom panel (ECG) corresponds to an

electrocardiogram taken at the same time as the data. Panels in the left column

show a time trace of about 12 seconds, and the right column shows data for



several cardiac cycles (as determined from the ECG readings) overlaid. In this

setup, it is expected that increased blood velocity should correspond to more

positive readings, and indeed one sees that the blood velocity varies

systematically across a cardiac cycle.

FIG. 14C shows results from an experiment in which a balloon was inflated

to occlude the IVC, blocking blood flow. The experiment began with the balloon

deflated; after about 2 seconds, the balloon was inflated over 2-3 seconds, held

full for 2 seconds, then deflated over 2-3 seconds. The SVC panel (S1) shows

that the flow rate in the SVC generally increased when the IVC was blocked,

since the SVC must provide more blood to fill the heart when the IVC is blocked.

When the IVC was unblocked, restoring the flow, the flow rate in the SVC

decreased. The dip at around 4 seconds is believed to be due to a systemic

effect: the increased flow "sucked the SVC dry" until hemodynamic systems

could compensate.

The IVC panel (S2) shows that the flow rate in the IVC spiked as the

vessel was pinched off by the inflating balloon, with blood rushing through the

narrow opening between the vessel wall and the balloon. The blood flow

generally decreased below baseline (see FIGS. 14A and 14B) when the vessel

w.as completely- blocked, although the effect is not as dramatic as might have

been expected. The results also show that the variation of flow rate within a

cardiac cycle is decreased when the vessel is occluded.

Thus, measuring electrical resistivity (or conductivity) as described herein

is a viable tool for monitoring the patient's circulatory system, including the

development of vessel blockages.

It is to be understood that this invention is not limited to particular

embodiments described, as such may vary. It is also to be understood that the

terminology used herein is for the purpose of describing particular embodiments

only, and is not intended to be limiting, since the scope of the present invention

will be limited only by the appended claims.

Where a range of values is provided, it is understood that each intervening

value, to the tenth of the unit of the lower limit unless the context clearly dictates

otherwise, between the upper and lower limit of that range and any other stated



or intervening value in that stated range, is encompassed within the invention.

The upper and lower limits of these smaller ranges may independently be

included in the smaller ranges and are also encompassed within the invention,

subject to any specifically excluded limit in the stated range. Where the stated

range includes one or both of the limits, ranges excluding either or both of those

included limits are also included in the invention.

Unless defined otherwise, all technical and scientific terms used herein

have the same meaning as commonly understood by one of ordinary skill in the

art to which this invention belongs. Although any methods and materials similar

or equivalent to those described herein can also be used in the practice or testing

of the present invention, representative illustrative methods and materials are

now described.

All publications and patents cited in this specification are herein

incorporated by reference as if each individual publication or patent were

specifically and individually indicated to be incorporated by reference and are

incorporated herein by reference to disclose and describe the methods and/or

materials in connection with which the publications are cited. The citation of any

publication is for its disclosure prior to the filing date and should not be construed

as an admission that the -present -invention is not- entitled to antedate such

publication by virtue of prior invention. Further, the dates of publication provided

may be different from the actual publication dates which may need to be

independently confirmed.

It is noted that, as used herein and in the appended claims, the singular

forms "a", "an", and "the" include plural referents unless the context clearly

dictates otherwise. It is further noted that the claims may be drafted to exclude

any optional element. As such, this statement is intended to serve as antecedent

basis for use of such exclusive terminology as "solely," "only" and the like in

connection with the recitation of claim elements, or use of a "negative" limitation.

As will be apparent to those of skill in the art upon reading this disclosure,

each of the individual embodiments described and illustrated herein has discrete

components and features which may be readily separated from or combined with

the features of any of the other several embodiments without departing from the

scope or spirit of the present invention. Any recited method can be carried out in

the order of events recited or in any other order which is logically possible.



Although the foregoing invention has been described in some detail by

way of illustration and example for purposes of clarity of understanding, it is

readily apparent to those of ordinary skill in the art in light of the teachings of this

invention that certain changes and modifications may be made thereto without

departing from the spirit or scope of the appended claims.

Accordingly, the preceding merely illustrates the principles of the invention.

It will be appreciated that those skilled in the art will be able to devise various

arrangements which, although not explicitly described or shown herein, embody

the principles of the invention and are included within its spirit and scope.

Furthermore, all examples and conditional language recited herein are principally

intended to aid the reader in understanding the principles of the invention and the

concepts contributed by the inventors to furthering the art, and are to be

construed as being without limitation to such specifically recited examples and

conditions. Moreover, all statements herein reciting principles, aspects, and

embodiments of the invention as well as specific examples thereof, are intended

to encompass both structural and functional equivalents thereof. Additionally, it is

intended that such equivalents include both currently known equivalents and

equivalents developed in the future, i.e., any elements developed that perform

the same function, regardless -of structure. The scope of the present invention,

therefore, is not intended to be limited to the exemplary embodiments shown and

described herein. Rather, the scope and spirit of present invention is embodied

by the appended claims.



WHAT IS CLAIMED IS:

1. A system for communicating information within the body of animal, the

system comprising:

(a) a first device comprising a transmitter configured to transmit a

signal via a quasi electrostatic coupling to the body of the patient; and

(b) a second device comprising a receiver configured to receive the

transmitted signal via a quasi electrostatic coupling to the body of the patient.

2 . The system according to Claim 1, wherein said system includes at least a

third device which is configured to at least one of:

(i) transmit a signal via a quasi electrostatic coupling to the body of the

patient; and

(ii) receive the transmitted signal via a quasi electrostatic coupling to

the body of the patient.

3 . The system according to Claim 1, wherein said signal comprises data

produced by said first device.

4 . The system according to Claim 1, wherein said signal comprises an

identifier of said first device.

5. The system according to Claim 1, wherein said signal is used by said

second device as a power source.

6 . The system according to Claim 1, wherein said first device is an

implantable medical device.

7 . The system according to Claim 6, wherein said first device includes a

sensor.

8 . The system according to Claim 7 , wherein said sensor is a blood flow

sensor.



9 . The system according to Claim 8 , wherein said blood flow sensor

comprises a resistivity sensor.

10. The system according to Claim 8, wherein said blood flow sensor

comprises an electromagnetic blood flow sensor.

11. The system according to Claim 6 , wherein said first device includes an

effector.

12. The system according to Claim 11, wherein said effector comprises an

electrode.

13. The system according to Claim 1, wherein the first device comprises an

ingestible medical device.

14. The system according to Claim 1, wherein the first device is an external

device configured to contact a surface of said animal.

15. The system according to Claim 1, wherein the second device is an

implantable medical device.

16. The *system according to Claim 15, wherein the second device is further

configured to retransmit the received signal to a secondary receiver external to

said patient.

17. The system according to Claim 16, wherein said secondary receiver is an

RF receiver and comprises a radio frequency (RF) transmitter.

18. The system according to Claim 16, wherein said second device includes a

transcutaneous wire configured to retransmit the received information to the

secondary receiver.



19. The system according to Claim 16, wherein said secondary receiver is

internal to said patient.

20. The system according to Claim 1, wherein the second device is a

pacemaker.

2 1. A communications device for use within a body of a patient, said

communications device comprising:

(a) a power supply;

(b) a signal generating circuit coupled to said power supply and

configured to generate a signal; and

(c) an antenna coupled to said signal generating circuit and configured

to transmit said signal via quasi electrostatic coupling to said body.

22. The communications device according to Claim 21, wherein said power

supply comprises a battery.

23. The communications device according to Claim 2 1, wherein said power

supply comprises:

(i) an antenna configured to receive energy from an energy source via

a quasi electrostatic coupling to said body; and

(ii) a converter circuit configured to convert the received energy to

electrical power.

24. The communications device according to Claim 2 1, wherein said antenna

comprises a pair of electrodes separated by a gap.

25. The communications device according to Claim 2 1, wherein said signal

generating circuit is further configured to generate a signal representing

information.

26. The communications device according to Claim 25, wherein said signal

generating circuit comprises an oscillator coupled to said antenna.



27. The Communications device according to Claim 26, wherein said oscillator

is configured to operate at a frequency such that a radiation field generated by

the antenna has a wavelength more than 10 times longer than a largest

dimension of said body.

28. The communications device according to Claim 27, wherein said oscillator

is configured to operate at a frequency of about 10 MHz or less.

29. The communications device according to Claim 28, wherein said oscillator

is configured to operate at a frequency of between about 300 Hz and about

1MHz.

30. The communications device according to Claim 2 1, wherein said signal

generating circuit comprises:

(i) a driver coupled to drive a time varying potential on said antenna;

(ii) an oscillator having an output coupled to said driver; and

(iii) a modulator configured to modulate a frequency of the oscillator

output so as to encode the information.

3 1 . The communications device according to Claim 2 1, wherein said signal

generating circuit comprises:

(i) a driver coupled to drive a time varying potential on said antenna;

(ii) an oscillator having an output coupled to said driver; and

(ii) a modulator configured to modulate a phase of said oscillator output

so as to encode the information.

32. The communications device according to Claim 2 1, wherein said signal

generating circuit includes:

(i) a driver coupled to drive a time varying potential on said antenna;

(ii) an oscillator having an output coupled to said driver; and

(iii) a modulator configured to modulate an amplitude of said oscillator

output so as to encode the information.



33. The communications device according to Claim 2 1 , wherein device is an

implantable medical device.

34. The communications device according to Claim 33, wherein said device

includes a sensor.

35. The communications device according to Claim 34, wherein said sensor is

a blood flow sensor.

36. The communications device according to Claim 35, wherein said blood

flow sensor comprises a resistivity sensor.

37. The communications device according to Claim 35, wherein said blood

flow sensor comprises an electromagnetic blood flow sensor.

38. The communications device according to Claim 33, wherein said device

includes an effector.

39. . The communications device according to Claim 38, wherein said effector

comprises an electrode.

40. The communications device according to Claim 2 1, wherein the device is

an ingestible medical device.

4 1. The communications device according to Claim 2 1, wherein said device is

a pharmaceutical delivery device.

42. A method for communicating information within a body of a patient, said

method comprising:

(a) operating a transmitter of a device located within said body to

generate a quasi electrostatic signal; and

(b) detecting said quasi electrostatic signal using a receiver.



43. The method according to Claim 42, wherein said receiver is disposed

within said body.

44. The method according to Claim 42, wherein said receiver is in contact with

an external surface of said body.

45. The method according to Claim 42, wherein said device is an implantable

medical device.

46. The method according to Claim 45, wherein said device includes a sensor.

47. The method according to Claim 46, wherein said sensor is a blood flow

sensor.

48. The method according to Claim 47, wherein said blood flow sensor is a

resistivity sensor.

49. The method according to Claim 47 wherein said blood flow sensor is an

electromagnetic blood flow sensor.

50. The method according to Claim 45, wherein said device includes an

effector.

5 1. The method according to Claim 50, wherein said actuator comprises an

electrode.

52. The method according to Claim 42, wherein the device is an ingestible

medical device.

53. A kit comprising at least one of:

(a) a first device comprising a transmitter configured to transmit a

signal via a quasi electrostatic coupling to a body of a patient; and

(b) a second device comprising a receiver configured to receive the

transmitted signal via a quasi electrostatic coupling to said body.



54. The kit according to Claim 53, wherein said kit comprises both of said first

and second devices.

55. An implantable fluid flow sensor comprising:

(a) a substrate;

(b) a pair of current flow electrodes disposed on a top surface of said

substrate;

(c) a current source on said substrate and configured to transfer

charge between said first and second current flow electrodes;

(d) a pair of sense electrodes disposed on said top surface of the

substrate between said flow terminals and separated by a distance S; and

(e) a detection circuit on said substrate configured to:

(i) detect a potential difference between said sense electrodes,

the potential difference correlating to a resistivity of flowing blood,

and

(ii) produce an output signal at an output node, the output signal

correlating to the potential difference.

56. The implantable blood flow sensor according to Claim 55, further

comprising a transmitter unit coupled to said output node of the detection circuit

and configured to transmit said output signal to a data collector.

57. The implantable blood flow sensor according to Claim 56, wherein said

transmitter unit is configured to transmit via quasi electrostatic coupling into a

conductive tissue of a body of a patient.

58. The implantable blood flow sensor according to Claim 55, further

comprising a power supply unit configured to supply power to said current source

and said detection circuit.

59. The implantable blood flow sensor according to Claim 55, wherein said

distance S is about 10 microns or less.



60. The implantable blood flow sensor according to Claim 55, wherein said

detection circuit is further configured to detect discrete potential variations

resulting from passage of individual red blood cells.

6 1. The implantable blood flow sensor according to Claim 55, wherein said

sensor is present on a lead.

62. The implantable blood flow sensor according to Claim 6 1, wherein said

lead is a multiplex lead.

63. The implantable blood flow sensor according to Claim 55, wherein said

sensor is not present on a lead.

64. The implantable blood flow sensor according to Claim 55, wherein said

sensor is part of a system according to Claim 1.

65. The implantable blood flow sensor according to Claim 55, wherein said

sensor is configured to detect a potential difference at two different frequencies.

66. A method of determining a physiological parameter of a patient, said

method comprising:

(a) obtaining a resistivity measure from a fluid flow sensor implanted in

a blood vessel of said a patient; and

(b) processing said resistivity measure to determine said physiological

parameter.

67. The method according to Claim 66, wherein said processing is performed

by a data collector.

68. The method according to Claim 67, wherein said data collector is remote

from said sensor.



69. The method according to Claim 68, wherein said resistivity measure is

wirelessly communicated from said sensor to said data collector using a wireless

communication protocol.

70. The method according to Claim 69, wherein said wireless communication

protocol comprises using quasi electrostatic coupling to a conductive tissue of

said patient.

71. The method according to Claim 67, wherein said data collector is

implanted in or attached to the patient's body.

72. The method according to Claim 7 1, wherein said data collector is part of a

pacemaker can.

73. The method according to Claim 72, wherein said data collector comprises

a wearable unit including electrodes attachable to the patient's skin and

configured to detect quasi electrostatic signals propagating in the body of the

patient.

74. The method according to Claim 66, wherein said physiological parameter

corresponds to a blood flow velocity.

75. The method according to Claim 66, wherein said physiological parameter

corresponds to hematocrit.

76. The method according to Claim 66, wherein said physiological parameter

corresponds to a stroke volume.

77. The method according to Claim 66, further comprising performing a

remedial action based on said physiological parameter.

78. The method according to Claim 77, wherein said remedial action

comprises administering a pharmaceutical agent to said patient.



79. The method according to Claim 78, wherein said remedial action

comprises administering a electrical stimulation to said patient.

80. The method according to Claim 78, wherein said remedial action

comprises alerting said patient to seek medical attention.

8 1. The method according to Claim 66, wherein said method comprises

detecting a potential difference at two different frequencies.

82. A kit comprising:

(A) an implantable blood flow sensor comprising:

(i) a substrate;

(ii) a pair of current flow electrodes disposed on a top surface of

said substrate;

(iii) a current source on said substrate and configured to transfer

charge between said first and second current flow electrodes;

(iv) a pair of sense electrodes disposed on said top surface of

the substrate between said flow terminals and separated by a

distance S ; and-

(v) a detection circuit on said substrate configured to:

(a) detect a potential difference between said sense

electrodes, the potential difference correlating to a resistivity

of flowing blood, and

(b) produce an output signal at an output node, the output

signal correlating to the potential difference; and

(B) a data collector.

83. An implantable fluid flow sensor comprising:

(a) a pair of sense electrodes; and

(b) a detection circuit configured to:

(i) detect a potential difference between said sense electrodes,

the potential difference resulting from an applied magnetic field to

flowing fluid, and



(ii) produce an output signal at an output node, the output signal

correlating to the detected potential difference.

84. The implantable fluid flow sensor according to Claim 83, wherein said

applied magnetic field is an alternating current magnetic field having an

alternating frequency and said detection circuit is configured to detect said

potential difference at said alternating frequency.

85. The implantable fluid flow sensor according to Claim 83, wherein said

sensor further comprises a magnetic field production element.

86. The implantable fluid flow sensor according to Claim 85, wherein said

magnetic field production element comprises at least one pair of coils.

87. The implantable fluid flow sensor according to Claim 86, wherein said

sensor further comprises a solid support and said pair of sense electrodes and

pair of coils are present a same surface of said solid support.

88. The implantable fluid flow senso? of Claim 87, wherein said solid support is

a structure having a planar surface and said sense electrodes and coils are

present on said planar surface.

89. The implantable fluid flow sensor of Claim 87, wherein said solid support is

a structure having a curvilinear surface, and said sense electrodes and coils are

present on said curvilinear surface.

90. The implantable fluid flow sensor of Claim 89, wherein said solid support is

a stent and said curvilinear surface is the inner surface of said stent.

9 1 . The implantable fluid flow sensor of Claim 89, wherein said solid support is

a lead and said curvilinear surface is the outer surface of said lead.

92. The implantable fluid flow sensor of claim 83, wherein said sense

electrodes are present on a lead.



93. The implantable fluid flow sensor of Claim 92, wherein said lead is a

multiplex lead.

94. The implantable fluid flow sensor according to Claim 83, wherein said

sense electrodes are not present on a lead.

95. The implantable fluid flow sensor according to Claim 83, wherein said

sensor is part of a system according to Claim 1.

96. A method of determining a physiological parameter of a patient, said

method comprising:

(a) applying a magnetic field to a target fluid flow site of said patient;

(b) obtaining a potential difference measure from a pair of sense

electrodes positioned at said target fluid flow site; and

(b) processing said potential difference measure to determine said

physiological parameter.

97. The method-according to Claim 96, wherein said magnetic field is applied

to said target fluid flow site from a magnetic field source external to said patient.

98. The method according to Claim 96, wherein said magnetic field is applied

to said target fluid flow site from a magnetic field source internal to said patient.

99. The method according to Claim 98, wherein said magnetic filed source

and said sense electrodes are both present on a surface of a solid support.

100. The method according to Claim 99, wherein said surface is a planar

surface.

101 . The method according to Claim 99, wherein said surface is a curvilinear

surface.



102. The method according to Claim 96, wherein said processing is performed

by a data collector.

103. The method according to Claim 102, wherein said data collector is remote

from said sense electrodes.

104. The method according to Claim 103, wherein said potential difference

measure is wirelessly communicated from said sense electrodes to said data

collector using a wireless communication protocol.

105. The method according to Claim 104, wherein said wireless communication

protocol comprises using quasi electrostatic coupling to a conductive tissue of

said patient.

106. The method according to Claim 105, wherein said protocol employs said

sense electrodes as an antenna.

107. The method according to Claim 105, wherein said protocol employs one or

more electrodes distinct from said sense electrodes as an antenna.

108. The method according to Claim 96, wherein said physiological parameter

corresponds to a blood flow velocity.

109. The method according to Claim 96, further comprising performing a

remedial action based on said physiological parameter.

110. The method according to Claim 109, wherein said remedial action

comprises administering a pharmaceutical agent to said patient.

111. The method according to Claim 109, wherein said remedial action

comprises administering an electrical stimulus to said patient.

112. The method according to Claim 109, wherein said remedial action

comprises alerting said patient to seek medical attention.



A kit comprising:

(1) an implantable fluid flow sensor comprising:

(a) a pair of sense electrodes; and

(b) a detection circuit configured to:

(i) detect a potential difference between said sense

electrodes, the potential difference resulting from an applied

magnetic field to flowing fluid, and

(ii) produce an output signal at an output node, the

output signal correlating to the potential difference; and

(2) instructions for using said fluid flow sensor to determine a

physiological parameter of a patient.
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