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And Other Opto-Electric Medical Stimulation Equipment”;
co-pending U.S. patent application Ser. No. 09/943 216, filed
onAug. 30,2001, entitled “Pulse width Cardiac Pacing Appa-
ratus”; co-pending U.S. patent application Ser. No. 09/964,
095, filed on Sep. 26, 2001, entitled “Process for Converting
Light”; and co-pending U.S. patent application Ser. No.
09/921,066, filed on Aug. 2, 2001, entitled “MRI-Resistant
Implantable Device”. The entire contents of each of the above
noted co-pending U.S. patent applications (Ser. Nos.: 09/885,
867, 09/885,868; 10/037,513; 10/037,720; 09/943,216;
09/964,095; and 09/921,066) are hereby incorporated by ref-
erence.

FIELD OF THE PRESENT INVENTION

[0004] The present invention relates generally to an
implantable device that is immune or hardened to electromag-
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netic insult or interference. More particularly, the present
invention is directed to implantable systems that utilize fiber
optic leads and other components to hardened or immune the
systems from electromagnetic insult, namely magnetic-reso-
nance imaging insult.

BACKGROUND OF THE PRESENT INVENTION

[0005] Magnetic resonance imaging (“MRI”) has been
developed as an imaging technique adapted to obtain both
images of anatomical features of human patients as well as
some aspects of the functional activities of biological tissue.
These images have medical diagnostic value in determining
the state of the health of the tissue examined.

[0006] Inan MRI process, a patient is typically aligned to
place the portion of the patient’s anatomy to be examined in
the imaging volume of the MRI apparatus. Such an MRI
apparatus typically comprises a primary magnet for supply-
ing a constant magnetic field (B,) which, by convention, is
along the z-axis and is substantially homogeneous over the
imaging volume and secondary magnets that can provide
linear magnetic field gradients along each of three principal
Cartesian axes in space (generally x, y, and z, or x,, X, and x5,
respectively). A magnetic field gradient (AB/Ax,) refers to
the variation of the field along the direction parallel to B, with
respect to each of the three principal Cartesian axes, x,. The
apparatus also comprises one or more RF (radio frequency)
coils which provide excitation and detection of the MRI sig-
nal.

[0007] The use of the MRI process with patients who have
implanted medical assist devices; such as cardiac assist
devices or implanted insulin pumps; often presents problems.
As is known to those skilled in the art, implantable devices
(such as implantable pulse generators (IPGs) and cardio-
verter/defibrillator/pacemakers (CDPs)) are sensitive to a
variety of forms of electromagnetic interference (EMI)
because these enumerated devices include sensing and logic
systems that respond to low-level electrical signals emanating
from the monitored tissue region of the patient. Since the
sensing systems and conductive elements of these implant-
able devices are responsive to changes in local electromag-
netic fields, the implanted devices are vulnerable to external
sources of severe electromagnetic noise, and in particular, to
electromagnetic fields emitted during the magnetic resonance
imaging (MRI) procedure. Thus, patients with implantable
devices are generally advised not to undergo magnetic reso-
nance imaging (MRI) procedures.

[0008] To more appreciate the problem, the use of implant-
able cardiac assist devices during a MRI process will be
briefly discussed. The human heart may suffer from two
classes of rhythmic disorders or arrhythmias: bradycardia and
tachyarrhythmia. Bradycardia occurs when the heart beats
too slowly, and may be treated by a common implantable
pacemaker delivering low voltage (about 3 V) pacing pulses.
The common implantable pacemaker is usually contained
within a hermetically sealed enclosure, in order to protect the
operational components of the device from the harsh environ-
ment of the body, as well as to protect the body from the
device. The common implantable pacemaker operates in con-
junction with one or more electrically conductive leads,
adapted to conduct electrical stimulating pulses to sites
within the patient’s heart, and to communicate sensed signals
from those sites back to the implanted device.

[0009] Furthermore, the common implantable pacemaker
typically has a metal case and a connector block mounted to
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the metal case that includes receptacles for leads which may
be used for electrical stimulation or which may be used for
sensing of physiological signals. The battery and the circuitry
associated with the common implantable pacemaker are her-
metically sealed within the case. Electrical interfaces are
employed to connect the leads outside the metal case with the
medical device circuitry and the battery inside the metal case.
[0010] Electrical interfaces serve the purpose of providing
an electrical circuit path extending from the interior of a
hermetically sealed metal case to an external point outside the
case while maintaining the hermetic seal of the case. A con-
ductive path is provided through the interface by a conductive
pin that is electrically insulated from the case itself. Such
interfaces typically include a ferrule that permits attachment
of'the interface to the case, the conductive pin, and a hermetic
glass or ceramic seal that supports the pin within the ferrule
and isolates the pin from the metal case.

[0011] A common implantable pacemaker can, under some
circumstances, be susceptible to electrical interference such
that the desired functionality of the pacemaker is impaired.
For example, common implantable pacemaker requires pro-
tection against electrical interference from electromagnetic
interference (EMI), defibrillation pulses, electrostatic dis-
charge, or other generally large voltages or currents generated
by other devices external to the medical device. As noted
above, more recently, it has become crucial that cardiac assist
systems be protected from magnetic-resonance imaging
sources. Such electrical interference can damage the circuitry
of the cardiac assist systems or cause interference in the
proper operation or functionality of the cardiac assist sys-
tems. For example, damage may occur due to high voltages or
excessive currents introduced into the cardiac assist system.
[0012] Therefore, it is required that such voltages and cur-
rents be limited at the input of such cardiac assist systems,
e.g., at the interface. Protection from such voltages and cur-
rents has typically been provided at the input of a cardiac
assist system by the use of one or more zener diodes and one
or more filter capacitors.

[0013] For example, one or more zener diodes may be
connected between the circuitry to be protected, e.g., pace-
maker circuitry, and the metal case of the medical device in a
manner which grounds voltage surges and current surges
through the diode(s). Such zener diodes and capacitors used
for such applications may be in the form of discrete compo-
nents mounted relative to circuitry at the input of a connector
block where various leads are connected to the implantable
medical device, e.g., at the interfaces for such leads.

[0014] However, such protection, provided by zener diodes
and capacitors placed at the input of the medical device,
increases the congestion of the medical device circuits, at
least one zener diode and one capacitor per input/output con-
nection or interface. This is contrary to the desire for
increased miniaturization of implantable medical devices.
[0015] Further, when such protection is provided, intercon-
nect wire length for connecting such protection circuitry and
pins of the interfaces to the medical device circuitry that
performs desired functions for the medical device tends to be
undesirably long. The excessive wire length may lead to
signal loss and undesirable inductive effects. The wire length
can also act as an antenna that conducts undesirable electrical
interference signals to sensitive CMOS circuits within the
medical device to be protected.

[0016] Additionally, the radio frequency (RF) energy thatis
inductively coupled into the wire causes intense heating along
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the length of the wire, and at the electrodes that are attached
to the heart wall. This heating may be sufficient to ablate the
interior surface of the blood vessel through which the wire
lead is placed, and may be sufficient to cause scarring at the
point where the electrodes contact the heart. A further result
of'this ablation and scarring is that the sensitive node that the
electrode is intended to pace with low voltage signals
becomes desensitized, so that pacing the patient’s heart
becomes less reliable, and in some cases fails altogether.
[0017] Another conventional solution for protecting the
implantable medical device from electromagnetic interfer-
ence is illustrated in FIG. 1. FIG. 1 is a schematic view of an
implantable medical device 12 embodying protection against
electrical interference. At least one lead 14 is connected to the
implantable medical device 12 in connector block region 13
using an interface.

[0018] In the case where implantable medical device 12 is
a pacemaker implanted in a body 10, the pacemaker 12
includes at least one or both of pacing and sensing leads
represented generally as leads 14 to sense electrical signals
attendant to the depolarization and repolarization of the heart
16, and to provide pacing pulses for causing depolarization of
cardiac tissue in the vicinity of the distal ends thereof.
[0019] FIG. 2 more particularly illustrates the circuit that is
used conventionally to protect from electromagnetic interfer-
ence. As shown in FIG. 2, protection circuitry 15 is provided
using a diode array component 30. The diode array consists of
five zener diode triggered semiconductor controlled rectifiers
(SCRs) with anti-parallel diodes arranged in an array with
one common connection. This allows for a small footprint
despite the large currents that may be carried through the
device during defibrillation, e.g., 10 amps. The SCRs 20-24
turn ON and limit the voltage across the device when exces-
sive voltage and current surges occur.

[0020] As shown in FIG. 2, each of the zener diode trig-
gered SCRs 20-24 is connected to an electrically conductive
pin 31-35, respectively. Further, each electrically conductive
pin 31-35 is connected to a medical device contact region to
be wire bonded to pads of a printed circuit board. The diode
array component 30 is connected to the electrically conduc-
tive pins 31-35 via the die contact regions along with other
electrical conductive traces of the printed circuit board.
[0021] Other attempts have been made to protect implant-
able devices from MRI fields. For example, U.S. Pat. No.
5,968,083 (to Ciciarelli et al.) describes a device adapted to
switch between low and high impedance modes of operation
in response to EMI insult. Furthermore, U.S. Pat. No. 6,188,
926 (to Vock) discloses a control unit for adjusting a cardiac
pacing rate of a pacing unit to an interference backup rate
when heart activity cannot be sensed due to EMI.

[0022] Although, conventional medical devices provide
some means for protection against electromagnetic interfer-
ence, these conventional devices require much circuitry and
fail to provide fail-safe protection against radiation produced
by magnetic-resonance imaging procedures. Moreover, the
conventional devices fail to address the possible damage that
can be done at the tissue interface due to RF-induced heating,
and they fail to address the unwanted heart stimulation that
may result from RF-induced electrical currents.

[0023] Thus, it is desirable to provide protection against
electromagnetic interference, without requiring much cir-
cuitry and to provide fail-safe protection against radiation
produced by magnetic-resonance imaging procedures. More-
over, it is desirable to provide devices that prevent the pos-
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sible damage that can be done at the tissue interface due to
induced electrical signals and due to thermal tissue damage.
Furthermore, it is desirable to provide to provide an effective
means for transferring energy from one point in the body to
another point without having the energy causing a detrimental
effect upon the body.

SUMMARY OF THE PRESENT INVENTION

[0024] A first aspect of the present invention is a cardiac
assist system. The cardiac assist system includes a primary
device housing; the primary device housing having a control
circuit therein; a shielding formed around the primary device
housing to shield the primary device housing and any circuits
therein from electromagnetic interference; and a lead system
to transmit and receive signals between a heart and the pri-
mary device housing.

[0025] A second aspect of the present invention is a cardiac
assist system. The cardiac assist system includes a primary
device housing; the primary device housing having a control
circuit therein; a lead system to transmit and receive signals
between a heart and the primary device housing; and a detec-
tion circuit, located in the primary device housing, to detect
an electromagnetic interference insult upon the cardiac assist
system. The control circuit places the cardiac assist system in
an asynchronous mode upon detection of the electromagnetic
interference insult by the detection system.

[0026] A third aspect of the present invention is a cardiac
assist system. The cardiac assist system includes a primary
device housing; the primary device housing having a control
circuit therein; a shielding formed around the primary device
housing to shield the primary device housing and any circuits
therein from electromagnetic interference; a fiber optic based
lead system to receive signals at the primary housing from a
heart; and an electrical based lead system to transmit signals
to the heart from the primary device housing.

[0027] A fourth aspect of the present invention is a cardiac
assist system. The cardiac assist system includes a primary
device housing; the primary device housing having a control
circuit therein; a shielding formed around the primary device
housing to shield the primary device housing and any circuits
therein from electromagnetic interference; and a fiber optic
based lead system to receive signals at the primary housing
from a heart and to transmit signals to the heart from the
primary device housing.

[0028] A fifth aspect of the present invention is a cardiac
assist system for implanting in a body of a patient, the cardiac
assist system comprising; a main module; a magnetic-reso-
nance imaging-immune auxiliary module; a communication
channel between the main module and the magnetic-reso-
nance imaging-immune auxiliary module for the magnetic-
resonance imaging-immune auxiliary module to detect fail-
ure of the main module; and a controller for activating the
magnetic-resonance imaging-immune auxiliary module
upon detection of failure of the main module.

[0029] A sixth aspect of the present invention is a cardiac
assist system. The cardiac assist system includes a primary
device housing including a power supply and a light source;
the primary device housing having a control circuit therein; a
shielding formed around the primary device housing to shield
the primary device housing and any circuits therein from
electromagnetic interference; a cardiac assist device associ-
ated with a heart; and a photonic lead system to transmit
between the primary device housing and the cardiac assist
device, both power and control signals in the form of light.

Mar. 25, 2010

[0030] A further aspect of the present invention is a cardiac
assist system. The cardiac assist system includes a primary
device housing; the primary device housing having a first
control circuit, therein, to perform synchronous cardiac assist
operations; a secondary device housing having a second con-
trol circuit therein, to perform asynchronous cardiac assist
operations; and a detection circuit, communicatively coupled
to the first and second control circuits, to detect an electro-
magnetic interference insult upon the cardiac assist system.
The first control circuit terminates synchronous cardiac assist
operations and the second control circuit initiates asynchro-
nous cardiac assist operations upon detection of the electro-
magnetic interference insult by the detection system.

[0031] A further aspect of the present invention is an
implantable cable for transmission of a signal to and from a
body tissue of a vertebrate. The implantable cable includes a
fiber optic bundle having a surface of non-immunogenic,
physiologically compatible material, the fiber optic bundle
being capable of being permanently implanted in a body
cavity or subcutaneously, the fiber optic bundle having a
distal end for implantation at or adjacent to the body tissue
and a proximal end. The proximal end is adapted to couple to
and direct an optical signal source; the distal end is adapted to
couple to an optical stimulator. The fiber optic bundle delivers
an optical signal intended to cause an optical simulator
located at the distal end to deliver an excitatory stimulus to a
selected body tissue, the stimulus being causing the selected
body tissue to function as desired.

[0032] A further aspect of the present invention is an
implantable cable for transmission of a signal to and from a
body tissue of a vertebrate. The implantable cable includes a
fiber optic bundle having a surface of non-immunogenic,
physiologically compatible material, the fiber optic bundle
being capable of being permanently implanted in a body
cavity or subcutaneously, the fiber optic bundle having a
distal end for implantation at or adjacent to the body tissue
and a proximal end. The proximal end is adapted to couple to
anoptical signal receiver, the distal end is adapted to couple to
a sensor; the fiber optic bundle delivers an optical signal from
a coupled sensor intended to cause an optical signal receiver
coupled to the proximal end to monitor characteristics of a
selected body tissue.

[0033] A further aspect of the present invention is an
implantable cable for transmission of power to a body tissue
of'a vertebrate. The implantable cable consists of a fiber optic
lead having a surface of non-immunogenic, physiologically
compatible material and being capable of being permanently
implanted in a body cavity or subcutaneously. The fiber optic
lead has a proximal end adapted to couple to an optical portal,
a coupled optical portal being able to receive light from a
source external to the vertebrate, and a distal end adapted to
couple to a photoelectric receiver, a coupled photoelectric
receiver being able to convert light into electrical energy for
use at the distal end.

[0034] A further aspect of the present invention is an
implantable cable for the transmission of power to a body
tissue of a vertebrate. The implantable cable consists of a fiber
optic lead having a surface of non-immunogenic, physiologi-
cally compatible material and being capable of being perma-
nently implanted in a body cavity or subcutaneously. The
fiber optic lead has a distal end adapted to couple to a sensor,
a coupled sensor being able to produce light signal based on
ameasured characteristic of a selected body tissue region, and
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a proximal end being adapted to couple to an optical portal,
the optical portal being able to receive light produced by a
coupled sensor.

[0035] A further aspect of the present invention is an
implantable cable for the transmission of power to a body
tissue of a vertebrate. The implantable cable consists of a fiber
optic lead having a surface of non-immunogenic, physiologi-
cally compatible material and being capable of being perma-
nently implanted in a body cavity or subcutaneously. The
fiber optic lead has a proximal end being adapted to be
coupled to an optical portal, a coupled optical portal being
able to receive light from a light source, and a distal end being
adapted to be coupled to a photoelectric receiver, a coupled
photoelectric receiver being able to convert light into electri-
cal energy for use at the distal end.

[0036] A further aspect of the present invention is an
implantable cable for the transmission of power to a body
tissue of a vertebrate. The implantable cable includes a fiber
optic lead having a cylindrical surface of non-immunogenic,
physiologically compatible material and being capable of
being permanently implanted in a body cavity or subcutane-
ously. The fiber optic lead has a proximal end coupled to an
electro-optical source; the electro-optical source converts
electrical energy into light energy. The distal end coupled to a
photoelectric receiver, the photoelectric receiver converts
light energy into electrical energy for use at the distal end.
[0037] A further aspect of the present invention is a cardiac
assist system. The cardiac assist system includes a primary
device housing, having a control circuit therein, and a fiber
optic based communication system to transmit and receive
signals between a desired anatomical cardiac tissue region
and the primary device housing.

[0038] A still further aspect of the present invention is a
tissue invasive device. The tissue invasive device includes a
primary device housing, having a control circuit therein and a
fiber optic based communication system to transmit and
receive signals between a selected tissue region and the pri-
mary device housing.

[0039] A further aspect of the present invention is a cardiac
assist system. The cardiac assist system includes a primary
device housing, having a control circuit therein, and a lead
system to transmit and receive signals between a desired
anatomical cardiac tissue region and the primary device hous-
ing. The lead system includes a sensing and stimulation sys-
tem at an epicardial-lead interface with the desired anatomi-
cal cardiac tissue region. The sensing and stimulation system
includes optical sensing components to detect physiological
signals from the desired anatomical cardiac tissue region.
[0040] A still further aspect of the present invention is a
tissue invasive device. The tissue invasive device includes a
primary device housing, having a control circuit therein, and
a lead system to transmit and receive signals between a
selected tissue region and the primary device housing. The
lead system includes a sensing and stimulation system at an
interface with the selected tissue region. The sensing and
stimulation system includes optical sensing components to
detect physiological signals from the selected tissue region.
[0041] A further aspect of the present invention is a cardiac
assist system. The cardiac assist system consists of a primary
device housing, having a control circuit therein, and a lead
system to transmit and receive signals between a desired
anatomical cardiac tissue region and the primary device hous-
ing. The lead system includes a sensing and stimulation sys-
tem at an epicardial-lead interface with the desired anatomi-
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cal cardiac tissue region; the sensing and stimulation system
includes optical sensing components to detect physiological
signals from the desired anatomical cardiac tissue region and
electrical sensing components to detect physiological signals
from the desired anatomical cardiac tissue region.

[0042] A still further aspect of the present invention is a
tissue invasive device. The tissue invasive device includes a
primary device housing, having a control circuit therein, and
a lead system to transmit and receive signals between a
selected tissue region and the primary device housing. The
lead system includes a sensing and stimulation system at an
epicardial-lead interface with the selected tissue region. The
sensing and stimulation system includes optical sensing com-
ponents to detect physiological signals from the selected tis-
sue region and electrical sensing components to detect physi-
ological signals from the selected tissue region.

[0043] A further aspect of the present invention is a trans-
ducer system to transmit and receive signals between a
selected tissue region and a tissue invasive device. The trans-
ducer system consists of an electrical lead and an electrode
located on an end of the electrical lead having an anti-antenna
geometrical shape, the anti-antenna geometrical shape pre-
venting the electrode from picking up and conducting stray
electromagnetic interference.

[0044] A further aspect of the present invention is a cardiac
assist transducer system to transmit and receive signals
between a cardiac tissue region and a cardiac assist device.
The cardiac assist transducer system consists of an electrical
lead to deliver electrical pulses to the cardiac tissue region;
and an electrode located on an end of the electrical lead
having an anti-antenna geometrical shape, the anti-antenna
geometrical shape preventing the electrode from picking up
and conducting stray electromagnetic interference.

[0045] A still further aspect of the present invention is a
cardiac assist system. The cardiac assist system consists of a
primary device housing; the primary device housing has a
control circuit therein; a lead system to transmit and receive
signals between a heart and the primary device housing; a
shielding formed around the lead system to shield the lead
system from electromagnetic interference; and a biocompat-
ible material formed around the shielding.

[0046] A further aspect of the present invention is a cardiac
assist system. The cardiac assist system consists of a primary
device housing; the primary device housing has a control
circuit therein; a fiber optic EMI-immune lead system to
transmit and receive signals between a heart and the primary
device housing; and a biocompatible material formed around
the fiber optic EMI-immune lead system.

[0047] A further aspect of the present invention is a cardiac
assist system. The cardiac assist system consists of a primary
device housing; the primary device housing has a control
circuit therein; an optical-electrical lead system to transmit
and receive signals between a heart and the primary device
housing; a shielding formed around the optical-electrical lead
system to shield the optical-electrical lead system from elec-
tromagnetic interference; and a biocompatible material
formed around the shielding.

[0048] A further aspect of the present invention is a tissue
invasive device. The tissue invasive device consists of a pri-
mary device housing; the primary device housing has a con-
trol circuit therein; a lead system to transmit and receive
signals between a selected tissue region and the primary
device housing; a shielding formed around the lead system to
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shield the lead system from electromagnetic interference; and
a biocompatible material formed around the shielding.
[0049] A still further aspect of the present invention is a
tissue invasive device. The tissue invasive device consists ofa
primary device housing; the primary device housing having a
control circuit therein; a fiber optic EMI-immune lead system
to transmit and receive signals between a selected tissue
region and the primary device housing; and a biocompatible
material formed around the fiber optic EMI-immune lead
system.

[0050] A further aspect of the present invention is a tissue
invasive device. The tissue invasive device consists of a pri-
mary device housing; the primary device housing having a
control circuit therein; an optical-electrical lead system to
transmit and receive signals between a selected tissue region
and the primary device housing; a shielding formed around
the optical-electrical lead system to shield the optical-electri-
cal lead system from electromagnetic interference; and a
biocompatible material formed around the shielding.

[0051] A further aspect of the present invention is a cardiac
assist system. The cardiac assist system consists of a primary
device housing; the primary device housing has a control
circuit therein; a shielding formed around the primary device
housing to shield the primary device housing and any circuits
therein from electromagnetic interference; and a biocompat-
ible material formed around the shielding.

[0052] A further aspect of the present invention is a tissue
invasive device. The tissue invasive device consists of a pri-
mary device housing; the primary device housing having a
control circuit therein; a shielding formed around the primary
device housing to shield the primary device housing and any
circuits therein from electromagnetic interference; and a bio-
compatible material formed around the shielding.

[0053] A further aspect of the present invention is a cardiac
assist system. The cardiac assist system consists of a primary
device housing; the primary device housing having a control
circuit therein; a shielding formed around the primary device
housing to shield the primary device housing and any circuits
therein from electromagnetic interference; a biocompatible
material formed around the shielding; and a detection circuit,
located in the primary device housing, to detect an electro-
magnetic interference insult upon the cardiac assist system.
The control circuit will place the cardiac assist system in an
asynchronous mode upon detection of the electromagnetic
interference insult by the detection system.

[0054] A still further aspect of the present invention is a
tissue invasive device. The tissue invasive device consists ofa
primary device housing; the primary device housing has a
control circuit therein operating in a first mode. A shielding
formed around the primary device housing to shield the pri-
mary device housing and any circuits therein from electro-
magnetic interference; a biocompatible material formed
around the shielding; and a detection circuit, located in the
primary device housing, to detect an electromagnetic inter-
ference insult upon the tissue invasive device. The control
circuit places the tissue invasive device in a second mode
upon detection of the electromagnetic interference insult by
the detection system.

[0055] A further aspect of the present invention is a cardiac
assist system. The cardiac assist system consists of a primary
device housing having a first control circuit, therein, to per-
form synchronous cardiac assist operations; a first shielding
formed around the primary device housing to shield the pri-
mary device housing and any circuits therein from electro-
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magnetic interference; a first biocompatible material formed
around the first shielding; a secondary device housing having
a second control circuit, therein, to perform asynchronous
cardiac assist operations; a second shielding formed around
the secondary device housing to shield the secondary device
housing and any circuits therein from electromagnetic inter-
ference; a second biocompatible material formed around the
second shielding; and a detection circuit, communicatively
coupled to the first and second control circuits, to detect an
electromagnetic interference insult upon the cardiac assist
system. The first control circuit terminates synchronous car-
diac assist operations and the second control circuit initiates
asynchronous cardiac assist operations upon detection of the
electromagnetic interference insult by the detection system.

[0056] A still further aspect of the present invention is a
cardiac assist system for implanting inabody of a patient. The
cardiac assist system consists of a main module; a first shield-
ing formed around the main module to shield the main mod-
ule and any circuits therein from magnetic-resonance imag-
ing interference; a first biocompatible material formed
around the first shielding; a magnetic-resonance imaging-
immune auxiliary module; a second shielding formed around
the magnetic-resonance imaging-immune auxiliary module
to shield the magnetic-resonance imaging-immune auxiliary
module and any circuits therein from magnetic-resonance
imaging interference; a second biocompatible material
formed around the second shielding; a communication chan-
nel between the main module and the magnetic-resonance
imaging-immune auxiliary module for the magnetic-reso-
nance imaging-immune auxiliary module to detect failure of
the main module; and a controller for activating the magnetic-
resonance imaging-immune auxiliary module upon detection
of failure of the main module.

[0057] A further aspect of the present invention is a cardiac
assist system for implanting in the body of a patient. The
cardiac assist system consists of a main module; a first bio-
compatible material formed around the main module; an
magnetic-resonance imaging-hardened auxiliary module; a
shielding formed around the magnetic-resonance imaging-
hardened auxiliary module to shield the magnetic-resonance
imaging-hardened auxiliary module and any circuits therein
from magnetic-resonance imaging interference; a second bio-
compatible material formed around the second shielding; and
a communication channel between the main module and the
magnetic-resonance imaging-hardened auxiliary module.
The magnetic-resonance imaging-hardened auxiliary module
detecting, through the communication channel, failure of the
main module; the magnetic-resonance imaging-hardened
auxiliary module including a controller for activating the
magnetic-resonance imaging-hardened auxiliary module
upon detection of failure of the main module.

[0058] A further aspect of the present invention is a cardiac
assist device. The cardiac assist device consists of a primary
device housing; the primary device housing having a control
circuit therein; a shielding formed around the primary device
housing to shield the primary device housing and any circuits
therein from electromagnetic interference; a lead system to
transmit and receive signals between a selected cardiac tissue
region and the primary device housing; a switch to place the
control circuitry into a fixed-rate mode of operation; an
acoustic sensor to sense a predetermined acoustic signal. The
switch places the control circuitry into a fixed-rate mode of
operation when the acoustic sensor senses the predetermined
acoustic signal.
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[0059] A further aspect of the present invention is a cardiac
assist system. The cardiac assist system includes a primary
device housing; the primary device housing having a control
circuit therein; a shielding formed around the primary device
housing to shield the primary device housing and any circuits
therein from electromagnetic interference; a lead system to
transmit and receive signals between a selected cardiac tissue
region and the primary device housing; a switch to place the
control circuitry into a fixed-rate mode of operation; a near
infrared sensor to sense a predetermined near infrared signal;
the switch placing the control circuitry into a fixed-rate mode
of operations when the near infrared sensor senses the prede-
termined near infrared signal.

[0060] A still further aspect of the present invention is an
implantable cable for the transmission of signals to and from
a body tissue of a vertebrate. The implantable cable consists
of a fiber optic lead having a surface of non-immunogenic,
physiologically compatible material and being capable of
being permanently implanted in a body cavity or subcutane-
ously; the fiber optic lead having a distal end for implantation
at or adjacent to the body tissue and a proximal end; the fiber
optic lead including a first optical fiber and a second optical
fiber; the first optical fiber having, a proximal end coupled to
an optical signal source, and a distal end coupled to an optical
stimulator. The optical signal source generating an optical
signal intended to cause the optical stimulator located at a
distal end to deliver an excitatory stimulus to a selected body
tissue, the stimulus causing the selected body tissue to func-
tion as desired. The second optical fiber having a distal end
coupled to a sensor, and a proximal end coupled to a device
responsive to an optical signal delivered by the second optical
fiber; the sensor generating an optical signal to represent a
state of a function of the selected body tissue to provide
feedback to affect the activity of the optical signal source.

[0061] A further aspect of the present invention is an
implantable cable for the transmission of signals to and from
a body tissue of a vertebrate. The implantable cable includes
a fiber optic lead having a surface of non-immunogenic,
physiologically compatible material and being capable of
being permanently implanted in a body cavity or subcutane-
ously; the fiber optic lead having a distal end for implantation
at or adjacent to the body tissue and a proximal end; the
proximal end of the fiber optic lead being coupled to an
optical signal source and an optical device. The distal end of
the fiber optic lead being coupled to an optical stimulator and
a sensor; the optical signal source generating an optical signal
intended to cause the optical stimulator located at a distal end
to deliver an excitatory stimulus to a selected body tissue, the
stimulus being causing the selected body tissue to function as
desired. The optical device being responsive to an optical
signal generated by the sensor, the optical signal generated by
the sensor rep representing a state of a function of the selected
body tissue to provide feedback to affect the activity of the
optical signal source.

[0062] A further aspect of the present invention is a cardiac
assist system. The cardiac assist system includes a primary
device housing including a power supply and a light source;
the primary device housing having a control circuit therein; a
shielding formed around the primary device housing to shield
the primary device housing and any circuits therein from
electromagnetic interference; a cardiac assist device associ-
ated with a heart; a photonic lead system to transmit between
the primary device housing and the cardiac assist device, both
power and control signals in the form of light; a photorespon-
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sive device to convert the light transmitted by the photonic
lead system into electrical energy and to sense variations in
the light energy to produce control signals; a charge accumu-
lating device to receive and store the electrical energy pro-
duced by the photoresponsive device; and a discharge control
device, responsive to the control signals, to direct the stored
electrical energy from the charge accumulating device to the
cardiac assist device associated with the heart.

[0063] A further aspect of the present invention is a tissue
implantable device. The tissue implantable device includes a
primary device housing including a power supply and a light
source; the primary device housing having a control circuit
therein; a shielding formed around the primary device hous-
ing to shield the primary device housing and any circuits
therein from electromagnetic interference; a tissue interface
device associated with a distinct tissue region; a photonic lead
system to transmit between the primary device housing and
the tissue interface device, both power and control signals in
the form oflight; a photoresponsive device to convert the light
transmitted by the photonic lead system into electrical energy
and to sense variations in the light energy to produce control
signals; a discharge control device, responsive to the control
signals, to direct the stored electrical energy from the charge
accumulating device to the tissue interface device associated
with a distinct tissue region.

[0064] A further aspect of the present invention is a tissue
implantable device. The tissue implantable device includes a
primary device housing; the primary device housing having a
control circuit therein; a shielding formed around the primary
device housing to shield the primary device housing and any
circuits therein from electromagnetic interference; a lead sys-
tem to transmit and receive signals between a tissue region of
concern and the primary device housing; and a detection
circuit to detect a phase timing of an external electromagnetic
field; the control circuit altering its operations to avoid inter-
fering with the detected external electromagnetic field.
[0065] A still further aspect of the present invention is a
method for preventing a tissue implantable device failure
during magnetic resonance imaging. The method includes
determining a quiet period for a tissue implantable device and
generating a magnetic resonance imaging pulse during a quiet
period of the tissue implantable device.

[0066] A further aspect of the present invention is a method
for preventing a tissue implantable device failure due to an
external electromagnetic field source. The method includes
detecting a phase timing of an external electromagnetic field
and altering operations of the tissue implantable device to
avoid interfering with the detected external electromagnetic
field.

[0067] A further aspect of the present invention is a method
for preventing a tissue implantable device failure during mag-
netic resonance imaging. The method includes detecting a
phase timing of an external magnetic resonance imaging
pulse field and altering operations of the tissue implantable
device to avoid interfering with the detected external mag-
netic resonance imaging pulse field.

[0068] A further aspect of the present invention is a cardiac
assist system for implanting in the body of a patient. The
cardiac assist system includes a main module; an magnetic-
resonance imaging-hardened auxiliary module; and a com-
munication channel between the main module and the mag-
netic-resonance imaging-hardened auxiliary module; the
magnetic-resonance imaging-hardened auxiliary module
detecting, through the communication channel, failure of the
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main module; the magnetic-resonance imaging-hardened
auxiliary module including a controller for activating the
auxiliary module upon detection of failure of the main mod-
ule.

[0069] A further aspect of the present invention is a signal-
ing system for a two-module implantable medical device
having a main module and an auxiliary module. The signaling
system consists of signaling means in the main module for
generating a signal to the auxiliary module, the signal repre-
senting a status of the main module or an instruction for the
auxiliary module to activate; sensing means in the auxiliary
module, in response to the signal from the signaling means,
for determining if the auxiliary module should activate; and a
switch to activate the auxiliary module when the sensing
means determines that the signal from the signaling means
indicates that the auxiliary module should activate.

[0070] A further aspect of the present invention is a cardiac
assist system. The cardiac assist system includes a primary
device housing; the primary device housing having a control
circuit therein; a shielding formed around the primary device
housing to shield the primary device housing and any circuits
therein from electromagnetic interference; and a lead system
to transmit and receive signals between a heart and the pri-
mary device housing; the control circuitry including an oscil-
lator and amplifier operating at an amplitude level above that
of an induced signal from a magnetic-resonance imaging
field.

[0071] A still further aspect of the present invention is a
cardiac assist system. The cardiac assist system includes a
primary device housing; the primary device housing having a
control circuit therein; a shielding formed around the primary
device housing to shield the primary device housing and any
circuits therein from electromagnetic interference; alead sys-
tem to transmit and receive signals between a heart and the
primary device housing; a switch to place the control circuitry
into a fixed-rate mode of operation; a changing magnetic field
sensor to sense a change in magnetic field around the primary
housing, the switch placing the control circuitry into a fixed-
rate mode of operation when the changing magnetic field
sensor senses a predetermined encoded changing magnetic
field.

[0072] A further aspect of the present invention is an elec-
tromagnetic radiation immune tissue invasive delivery sys-
tem. The electromagnetic radiation immune tissue invasive
delivery system includes a photonic lead having a proximal
end and a distal end; a storage device, located at the proximal
end of the photonic lead, to store a therapeutic substance to be
introduced into a tissue region; a delivery device to delivery a
portion of the stored therapeutic substance to a tissue region;
a light source, in the proximal end of the photonic lead, to
produce a first light having a first wavelength and a second
light having a second wavelength; a wave-guide between the
proximal end and distal end of the photonic lead; a bio-sensor,
in the distal end of the photonic lead, to sense characteristics
of a predetermined tissue region; a distal sensor, in the distal
end of the photonic lead, to convert the first light into electri-
cal energy and, responsive to the bio-sensor, to reflect the
second light back the proximal end of the photonic lead such
that a characteristic of the second light is modulated to encode
the sensed characteristics of the predetermined tissue region;
aproximal sensor, in the proximal end of the photonic lead, to
convert the modulated second light into electrical energy; and
a control circuit, in response to the electrical energy from the

Mar. 25, 2010

proximal sensor, to control an amount of the stored therapeu-
tic substance to be introduced into the tissue region.

[0073] A further aspect of the present invention is an elec-
tromagnetic radiation immune tissue invasive delivery sys-
tem. The electromagnetic radiation immune tissue invasive
delivery system includes a photonic lead having a proximal
end and a distal end; a storage device, located at the proximal
end of the photonic lead, to store a therapeutic substance to be
introduced into a tissue region; a delivery device to deliver a
portion of the stored therapeutic substance to a tissue region;
a light source, in the proximal end of the photonic lead, to
produce a first light having a first wavelength and a second
light having a second wavelength; a wave-guide between the
proximal end and distal end of the photonic lead; a bio-sensor,
in the distal end of the photonic lead, to sense characteristics
of a predetermined tissue region; a distal sensor, in the distal
end of the photonic lead, to convert the first light into electri-
cal energy and, responsive to the bio-sensor, to emit a second
light having a second wavelength to proximal end of the
photonic lead such that a characteristic of the second light is
modulated to encode the sensed characteristics of the prede-
termined tissue region; a proximal sensor, in the proximal end
of the photonic lead, to convert the modulated second light
into electrical energy; and a control circuit, in response to the
electrical energy from the proximal sensor, to control an
amount of the stored therapeutic substance to be introduced
into the tissue region.

[0074] A further aspect of the present invention is an elec-
tromagnetic radiation immune tissue invasive stimulation
system. The electromagnetic radiation immune tissue inva-
sive stimulation system includes a photonic lead having a
proximal end and a distal end; a light source, in the proximal
end of the photonic lead, to produce a first light having a first
wavelength; a wave-guide between the proximal end and
distal end of'the photonic lead; a distal sensor, in the distal end
of the photonic lead, to convert the first light into electrical
energy into control signals; an electrical energy storage
device to store electrical energy; and a control circuit, in
response to the control signals, to cause a portion of the stored
electrical energy to be delivered to a predetermined tissue
region.

[0075] A further aspect of the present invention is an elec-
tromagnetic radiation immune tissue invasive sensing sys-
tem. The electromagnetic radiation immune tissue invasive
sensing system includes a photonic lead having a proximal
end and a distal end; a light source, in the proximal end of the
photonic lead, to produce a first light having a first wave-
length; a wave-guide between the proximal end and distal end
of the photonic lead; a distal sensor, in the distal end of the
photonic lead, to convert the first light into electrical energy
into control signals; an electrical energy storage device to
store electrical energy; and a bio-sensor, in the distal end of
the photonic lead, to sense a characteristic of a predetermined
tissue region. The light source, in the proximal end of the
photonic lead, produces a second light having a second wave-
length. The distal sensor, in the distal end of the photonic lead
and responsive to the bio-sensor, reflects the second light
back the proximal end of the photonic lead such that a char-
acteristic of the second light is modulated to encode the
sensed characteristic of the predetermined tissue region.
[0076] A still further aspect of the present invention is an
electromagnetic radiation immune tissue invasive sensing
system. The electromagnetic radiation immune tissue inva-
sive sensing system includes a photonic lead having a proxi-
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mal end and a distal end; a light source, in the proximal end of
the photonic lead, to produce a first light having a first wave-
length and a second light having a second wavelength; a
wave-guide between the proximal end and the distal end of
the photonic lead; a bio-sensor, in the distal end of the pho-
tonic lead, to sense characteristics of a predetermined tissue
region; and a distal sensor, in the distal end of the photonic
lead, to convert the first light into electrical energy and,
responsive to the bio-sensor, to reflect the second light back
the proximal end of the photonic lead such that a character-
istic of the second light is modulated to encode the sensed
characteristics of the predetermined tissue region.

[0077] A further aspect of the present invention is an elec-
tromagnetic radiation immune tissue invasive sensing sys-
tem. The electromagnetic radiation immune tissue invasive
sensing system includes a photonic lead having a proximal
end and a distal end; a light source, in the proximal end of the
photonic lead, to produce a first light having a first wave-
length; a wave-guide between the proximal end and distal end
of the photonic lead; a bio-sensor, in the distal end of the
photonic lead, to sense characteristics of a predetermined
tissue region; and a distal sensor, in the distal end of the
photonic lead, to convert the first light into electrical energy
and, responsive to the bio-sensor, to emit a second light hav-
ing a second wavelength to proximal end of the photonic lead
such that a characteristic of the second light is modulated to
encode the sensed characteristics of the predetermined tissue
region.

[0078] A further aspect of the present invention is a photo-
nic lead system. The photonic lead system includes a photo-
nic lead having a distal end and a proximal end; and a mag-
netic radiation coil, located in the distal end, to detect
characteristics of magnetic radiation of a predetermined
nature.

[0079] A still further aspect of the present invention is an
electromagnetic radiation immune sensing system. The elec-
tromagnetic radiation immune sensing system includes a
photonic lead having a proximal end and a distal end; a light
source, in the proximal end of the photonic lead, to produce a
first light having a first wavelength and a second light having
a second wavelength; a wave-guide between the proximal end
and distal end of the photonic lead; a biosensor, in the distal
end of the photonic lead, to measure changes in an electric
field located outside a body, the electric field being generated
by the shifting voltages on a body’s skin surface; and a distal
sensor, in the distal end of the photonic lead, to convert the
first light into electrical energy and, responsive to the bio-
sensor, to reflect the second light back the proximal end of the
photonic lead such that a characteristic of the second light is
modulated to encode the measured changes in the electric
field.

[0080] A further aspect of the present invention is an elec-
tromagnetic radiation immune sensing system. The electro-
magnetic radiation immune sensing system includes a pho-
tonic lead having a proximal end and a distal end; a light
source, in the proximal end of the photonic lead, to produce a
first light having a first wavelength; a wave-guide between the
proximal end and distal end of the photonic lead; a bio-sensor,
in the distal end of the photonic lead, to measure changes in an
electric field located outside a body, the electric field being
generated by the shifting voltages on a body’s skin surface;
and a distal sensor, in the distal end of the photonic lead, to
convert the first light into electrical energy and, responsive to
the bio-sensor, to emit a second light having a second wave-
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length to proximal end of the photonic lead such that a char-
acteristic of the second light is modulated to encode the
measured changes in the electric field.

[0081] A further aspect of the present invention is a cardiac
assist system. The cardiac assist system includes a primary
device housing, the primary device housing having a control
circuit therein; a shielding formed around the primary device
housing to shield the primary device housing and any circuits
therein from electromagnetic interference; a lead system to
transmit and receive signals between a heart and the primary
device housing; a switch to place the control circuitry into a
fixed-rate mode of operation; and a changing magnetic field
sensor to sense a change in magnetic field around the primary
housing. The switch causes the control circuitry to turn-off
and cease operation when the changing magnetic field sensor
senses a predetermined encoded changing magnetic field.
[0082] A further aspect of the present invention is an elec-
tromagnetic radiation immune tissue invasive energy transfer
system. The electromagnetic radiation immune tissue inva-
sive energy transfer system includes a photonic lead having a
proximal end and a distal end; a light source, at the proximal
end of the photonic lead; a wave-guide between the proximal
end and distal end of the photonic lead; a radiation scattering
medium at the distal end of the photonic lead to receive
radiation from the wave-guide; and a plurality of sensors to
receive scattered radiation from the radiation scattering
medium and convert the received scattered radiation into
electrical energy.

[0083] A further aspect of the present invention is an elec-
tromagnetic radiation immune tissue invasive energy transfer
system. The electromagnetic radiation immune tissue inva-
sive energy transfer system includes a photonic lead having a
proximal end and a distal end; a light source, at the proximal
end of the photonic lead; a first wave-guide between the
proximal end and distal end of the photonic lead; a second
wave-guide, having a plurality of beam splitters therein at the
distal end of the photonic lead to receive radiation from the
first wave-guide; and a plurality of sensors to receive radia-
tion from the beam splitters in the second wave-guide and
convert the received radiation into electrical energy.

[0084] A further aspect of the present invention is an elec-
tromagnetic radiation immune tissue invasive energy transfer
system. The electromagnetic radiation immune tissue inva-
sive energy transfer system includes a photonic lead having a
proximal end and a distal end; a light source, at the proximal
end of the photonic lead; a wave-guide between the proximal
end and distal end of the photonic lead; and a plurality of
stacked sensors to receive radiation from the wave-guide and
convert the received radiation into electrical energy. Each
sensor absorbs a fraction of radiation incident upon the stack
of sensors.

[0085] A further aspect of the present invention is an elec-
tromagnetic radiation immune tissue invasive energy transfer
system. The electromagnetic radiation immune tissue inva-
sive energy transfer system includes a photonic lead having a
proximal end and a distal end; a light source, at the proximal
end of the photonic lead; a wave-guide between the proximal
end and distal end of the photonic lead; and a plurality of
concentric sensors to receive radiation from the wave-guide
and convert the received radiation into electrical energy. Each
concentric sensors absorbs a fraction of radiation from said
wave-guide.

[0086] A further aspect of the present invention is an elec-
tromagnetic radiation immune tissue invasive energy transfer



US 2010/0076297 Al

system. The electromagnetic radiation immune tissue inva-
sive energy transfer system includes a photonic lead having a
proximal end and a distal end; a light source, at the proximal
end of the photonic lead; a wave-guide between the proximal
end and distal end of the photonic lead; a sensor to receive
radiation from the wave-guide and convert the received radia-
tion into electrical energy; and a plurality of switchable
capacitors connected in parallel to an output of the sensor to
enable simultaneous charging of the capacitors.

[0087] A further aspect of the present invention is an elec-
tromagnetic radiation immune tissue invasive energy transfer
system. The electromagnetic radiation immune tissue inva-
sive energy transfer system includes a photonic lead having a
proximal end and a distal end; a light source, at the proximal
end of the photonic lead; a wave-guide between the proximal
end and distal end of the photonic lead; a sensor to receive
radiation from the wave-guide and convert the received radia-
tion into electrical energy; a control circuit connected to an
output of the sensor; and a plurality of switchable capacitors
connected to the control circuit.

[0088] A further aspect of the present invention is an elec-
tromagnetic radiation immune tissue invasive energy transfer
system. The electromagnetic radiation immune tissue inva-
sive energy transfer system includes a photonic lead having a
proximal end and a distal end; a light source, at the proximal
end of the photonic lead; a wave-guide between the proximal
end and distal end of the photonic lead; a sensor to receive
radiation from the wave-guide and convert the received radia-
tion into electrical energy; and a plurality of switchable
capacitors connected to an output of the sensor to enable
sequential charging of the capacitors with a pre-determined
pulse intensity and duration.

[0089] A further aspect of the present invention is an elec-
tromagnetic radiation immune tissue invasive energy transfer
system. The electromagnetic radiation immune tissue inva-
sive energy transfer system includes a light source; aradiation
beam splitter having multiple beam splitters; a plurality of
wave-guides, each wave-guide receiving radiation from a
beam splitter; and a plurality of sensors, each sensor receiving
radiation from one of the plurality of wave-guides to convert
the received radiation into electrical energy.

[0090] A further aspect of the present invention is a tissue
invasive photonic system. The tissue invasive photonic sys-
tem includes a photonic lead having a proximal end and a
distal end; a light source, in the proximal end of the photonic
lead, to produce a first light having a first wavelength and a
second light having a second wavelength; a wave-guide
between the proximal end and distal end of the photonic lead;
aradiation scattering medium at the distal end of the photonic
lead to receive radiation from the wave-guide; a plurality of
power sensors to receive scattered radiation from the radia-
tion scattering medium and convert the received scattered
radiation into electrical energy; a bio-sensor, in the distal end
of the photonic lead, to sense characteristics of a predeter-
mined tissue region; and a distal emitter, in the distal end of
the photonic lead and responsive to the bio-sensor, to emit a
second light having a second wavelength to proximal end of
the photonic lead such that a characteristic of the second light
is modulated to encode the sensed characteristics of the pre-
determined tissue region.

[0091] A further aspect of the present invention is a tissue
invasive photonic system. The tissue invasive photonic sys-
tem includes a photonic lead having a proximal end and a
distal end; a light source, in the proximal end of the photonic
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lead, to produce a first light having a first wavelength and a
second light having a second wavelength; a first wave-guide
between the proximal end and distal end of the photonic lead;
a second wave-guide, having a plurality of power beam split-
ters therein at the distal end of the photonic lead to receive and
reflect the first light from the first wave-guide; a plurality of
power sensors to receive the first light from the power beam
splitters in the second wave-guide and convert the received
first light into electrical energy; a bio-sensor, in the distal end
of the photonic lead, to sense characteristics of a predeter-
mined tissue region; and a distal emitter, in the distal end of
the photonic lead and responsive to the bio-sensor, to emit a
second light having a second wavelength to proximal end of
the photonic lead such that a characteristic of the second light
is modulated to encode the sensed characteristics of the pre-
determined tissue region.

[0092] A further aspect of the present invention is a tissue
invasive photonic system. The tissue invasive photonic sys-
tem includes a photonic lead having a proximal end and a
distal end; a light source, in the proximal end of the photonic
lead, to produce a first light having a first wavelength and a
second light having a second wavelength; a wave-guide
between the proximal end and distal end of the photonic lead;
a plurality of power sensors to receive the first light from the
wave-guide and convert the received first light into electrical
energy, each power sensor absorbing a fraction of the received
first light; a bio-sensor, in the distal end of the photonic lead,
to sense characteristics of a predetermined tissue region; and
a distal emitter, in the distal end of the photonic lead and
responsive to the bio-sensor, to emit a second light having a
second wavelength to proximal end of the photonic lead such
that a characteristic of the second light is modulated to encode
the sensed characteristics of the predetermined tissue region.

[0093] A further aspect of the present invention is a tissue
invasive photonic system. The tissue invasive photonic sys-
tem includes a photonic lead having a proximal end and a
distal end; a light source, in the proximal end of the photonic
lead, to produce a first light having a first wavelength and a
second light having a second wavelength; a wave-guide
between the proximal end and distal end of the photonic lead;
a bio-sensor, in the distal end of the photonic lead, to sense
characteristics of a predetermined tissue region; a distal emit-
ter, in the distal end of the photonic lead and responsive to the
bio-sensor, to emit a second light having a second wavelength
to proximal end of the photonic lead such that a characteristic
of the second light is modulated to encode the sensed char-
acteristics of the predetermined tissue region; a power sensor
to receive the first light from the wave-guide and convert the
received first light into electrical energy; and a plurality of
switchable capacitors operatively connected to an output of
the power sensor.

[0094] A further aspect of the present invention is a tissue
invasive photonic system. The tissue invasive photonic sys-
tem includes a photonic lead having a proximal end and a
distal end; a light source, in the proximal end of the photonic
lead, to produce a first light having a first wavelength and a
second light having a second wavelength; a wave-guide
between the proximal end and distal end of the photonic lead;
aradiation scattering medium at the distal end of the photonic
lead to receive radiation from the wave-guide; a plurality of
power sensors to receive scattered radiation from the radia-
tion scattering medium and convert the received scattered
radiation into electrical energy; a bio-sensor, in the distal end
of the photonic lead, to sense characteristics of a predeter-
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mined tissue region; a distal sensor, in the distal end of the
photonic lead, responsive to the bio-sensor, to reflect the
second light back to the proximal end of the photonic lead
such that a characteristic of the second light is modulated to
encode the sensed characteristics of the predetermined tissue
region; and a beam splitter to direct the second light to the
distal sensor.

[0095] A further aspect of the present invention is a tissue
invasive photonic system. The tissue invasive photonic sys-
tem includes a photonic lead having a proximal end and a
distal end; a light source, in the proximal end of the photonic
lead, to produce a first light having a first wavelength and a
second light having a second wavelength; a first wave-guide
between the proximal end and distal end of the photonic lead;
a second wave-guide, having a plurality of power beam split-
ters therein at the distal end of the photonic lead to receive and
reflect the first light from the first wave-guide; a plurality of
power sensors to receive the first light from the power beam
splitters in the second wave-guide and convert the received
first light into electrical energy; a bio-sensor, in the distal end
of the photonic lead, to sense characteristics of a predeter-
mined tissue region; a sensor beam splitter to reflect the
second light from the first wave-guide; and a distal sensor, in
the distal end of the photonic lead, responsive to the bio-
sensor, to receive the second light from the sensor beam
splitter and to reflect the second light back to the proximal end
of the photonic lead such that a characteristic of the second
light is modulated to encode the sensed characteristics of the
predetermined tissue region.

[0096] A further aspect of the present invention is a tissue
invasive photonic system. The tissue invasive photonic sys-
tem a photonic lead having a proximal end and a distal end; a
light source, in the proximal end of the photonic lead, to
produce a first light having a first wavelength and a second
light having a second wavelength; a wave-guide between the
proximal end and distal end ofthe photonic lead; a plurality of
power sensors to receive the first light from the wave-guide
and convert the received first light into electrical energy, each
power sensor absorbing a fraction of the received first light; a
bio-sensor, in the distal end of the photonic lead, to sense
characteristics of a predetermined tissue region; a sensor
beam splitter to reflect the second light from the wave-guide;
and a distal sensor, in the distal end of the photonic lead,
responsive to the bio-sensor, to receive the second light from
the sensor beam splitter and to reflect the second light back to
the proximal end of the photonic lead such that a character-
istic of the second light is modulated to encode the sensed
characteristics of the predetermined tissue region.

[0097] A further aspect of the present invention is a tissue
invasive photonic system. The tissue invasive photonic sys-
tem includes a photonic lead having a proximal end and a
distal end; a light source, in the proximal end of the photonic
lead, to produce a first light having a first wavelength and a
second light having a second wavelength; a wave-guide
between the proximal end and distal end of the photonic lead;
a bio-sensor, in the distal end of the photonic lead, to sense
characteristics of a predetermined tissue region; a sensor
beam splitter to reflect the second light from the wave-guide;
a distal sensor, in the distal end of the photonic lead, respon-
sive to the bio-sensor, to receive the second light from the
sensor beam splitter and to reflect the second light back to the
proximal end of the photonic lead such that a characteristic of
the second light is modulated to encode the sensed character-
istics of the predetermined tissue region; a power sensor to
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receive the first light from the wave-guide and convert the
received first light into electrical energy; and a plurality of
switchable capacitors operatively connected to an output of
the power sensor.

[0098] A further aspect of the present invention is a method
of operating a magnetic resonance imaging unit for prevent-
ing failure of a tissue implantable device of a patient under-
going magnetic resonance imaging. In the method, the mag-
netic resonance imaging unit monitors operations of the
tissue implantable device of the patient undergoing magnetic
resonance imaging; determines, from the monitored opera-
tions, a quiet period for a tissue implantable device; and
generates a magnetic resonance imaging pulse during a quiet
period of the tissue implantable device.

[0099] A further aspect of the present invention is a method
of'operating a tissue implantable device for preventing failure
of a tissue implantable device of a patient undergoing mag-
netic resonance imaging within the magnetic resonance
imaging unit. In the method, the tissue implantable device
monitors operations of the magnetic resonance imaging unit;
detects a phase timing of an external magnetic resonance
imaging pulse field; and alters operations of the tissue
implantable device to avoid interfering with the detected
external magnetic resonance imaging pulse field.

BRIEF DESCRIPTION OF THE DRAWINGS

[0100] The present invention may take form in various
components and arrangements of components, and in various
steps and arrangements of steps. The drawings are only for
purposes ofillustrating a preferred embodiment and are not to
be construed as limiting the present invention, wherein:
[0101] FIGS. 1 and 2 are illustrations of conventional tech-
niques used to protect against electromagnetic interference;
[0102] FIG. 3 is a block diagram of one embodiment of a
MRIimmune cardiac assist system according to some or all of
the concepts of the present invention;

[0103] FIG. 4 is a block diagram of another embodiment of
a MRI immune cardiac assist system according to some or all
of the concepts of the present invention;

[0104] FIGS. 5 through 20 are schematics of various optical
sensing devices according to some or all of the concepts of the
present invention;

[0105] FIG. 21 illustrates a pressure optical transducer
according to some or all of the concepts of the present inven-
tion;

[0106] FIGS. 22 through 26 are block diagrams of various
pressure optical transducers according to some or all of the
concepts of the present invention;

[0107] FIG. 27 is a partial view of a cardiac assist device
according to some or all of the concepts of the present inven-
tion with an intermediate portion of the photonic catheter
thereof removed for illustrative clarity;

[0108] FIG. 28 is an enlarged partial perspective view of
components located at the distal end of the photonic catheter
FIG. 27,

[0109] FIG. 29 is a detailed partial schematic view showing
one construction of an electro-optical transducer according to
some or all of the concepts of the present invention;

[0110] FIG. 30 is a illustrates a cardiac assist system
according to some or all of the concepts of the present inven-
tion;

[0111] FIG. 31 is agraph depicting atypical pulse sequence
used in pacing a human heart, over an interval equivalent to a
nominal 1 Hz human heartbeat;
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[0112] FIG. 32 is a similar graph depicting the pacing pulse
as shown in FIG. 31, but with a much finer time scale;
[0113] FIG. 33 is a schematic representation of a cardiac
pacing lead with two electrodes;

[0114] FIG. 34 is a schematic representation of a similar
cardiac pacing lead with three electrodes;

[0115] FIG. 35 is a schematic representation of yet another
cardiac pacing lead with two pairs of electrodes;

[0116] FIG. 36 is a graph depicting the use of pulsewidth
pacing signals and interleaved periods for sensing heart activ-
ity;

[0117] FIG. 37 is a graph depicting the operation of one

embodiment according to some or all of the concepts of the
present invention that gains energy efficiency by means of
early termination of the pacing signal;

[0118] FIG.381is a graph depicting the operation of another
embodiment according to some or all of the concepts of the
present invention that gains energy efficiency by means of
both early termination of the pacing signal and by gradient
pulsewidth power control;

[0119] FIG. 39 is another graph of the embodiment in FIG.
38, but with alternate waveform of the pacing signal;

[0120] FIGS. 40 through 42 are schematic circuit diagrams
of'a pulse generator according to some or all of the concepts
of the present invention;

[0121] FIG. 43 is a schematic circuit diagram showing one
embodiment of an opto-electric coupling device according to
some or all of the concepts of the present invention;

[0122] FIGS. 44 and 45 are graphical illustrations of pulse
waveforms that may be, respectively, input to and output from
the opto-electric coupling device according to some or all of
the concepts of the present invention;

[0123] FIG. 46 is a schematic circuit diagram showing a
second embodiment of an opto-electric coupling device in
accordance with the invention;

[0124] FIG. 47 is a schematic circuit diagram showing a
constant current regulator for a laser light generator accord-
ing to some or all of the concepts of the present invention;
[0125] FIG. 48 is a detailed partial schematic view showing
one construction of an electro-optical transducer according to
some or all of the concepts of the present invention; and
[0126] FIG. 49 is a schematic circuit diagram of a pulse
generator according to some or all of the concepts of the
present invention.

DETAILED DESCRIPTION OF THE PRESENT
INVENTION

[0127] FIG. 3 illustrates a cardiac assist system that is
immune or hardened electromagnetic insult or interference,
namely to magnetic radiation imaging, MRI. As illustrated in
FIG. 3, a main module 40 includes a processor circuit 43 that
controls the operations of the cardiac assist system. The pro-
cessor unit43 provides control signals to a pacing unit 45. The
pacing unit 45 produces packets of energy to stimulate the
heart 49 to start beating or to beat at a predetermined rate or
pace. The processor circuit 43 also receives information about
the conditions of the heart 49 from a sensing unit 44. The
sensing unit 44, through sensors or electrodes, monitors the
conditions of the heart 49 to provide feedback information to
the processor circuit 43.

[0128] A telemetry unit 46 is also provided in the main
module 40 to provide information to the processor circuit 43
received from sources external to the body. Lastly, a timing
circuit 42 is provided to communicate with an auxiliary mod-
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ule 50 through an optical communication interface 41 in the
main module 40, over optical communication channels 36,
such as fiber optics, and through an optical communication
interface 46 in the auxiliary module 50. In response to the
information received from the optical communication inter-
face 46, a signaling logic circuit 47 will activate or suppress a
pacing unit 48. In this embodiment, if there is a failure in the
main module 40 due to error or electromagnetic insult or
interference, the signaling logic circuit 47 will detect the
shutdown of the main module 40 and cause the auxiliary
module 50 to take over the pacing of the heart 49 in an
asynchronous manner through pacing unit 48.

[0129] As described above, the cardiac assist system per-
forms synchronous cardiac assist operations through a main
module. A secondary module is provided to perform asyn-
chronous cardiac assist operations. Upon detection of an elec-
tromagnetic interference insult upon the cardiac assist sys-
tem, the control circuit of the main module terminates
synchronous cardiac assist operations, and the control circuit
of'the secondary module initiates asynchronous cardiac assist
operations upon detection of the electromagnetic interference
insult. The control circuit of the secondary module places the
cardiac assist system in the asynchronous mode for a duration
of the electromagnetic interference insult and terminates the
asynchronous mode of the cardiac assist system upon detec-
tion of an absence of an electromagnetic interference insult.
The control circuit of the main module terminates the syn-
chronous mode of the cardiac assist system for the duration of
the electromagnetic interference insult and re-initiates the
synchronous mode of the cardiac assist system upon detec-
tion of an absence of an electromagnetic interference insult.

[0130] FIG. 4 is a more detail schematic of FIG. 3. In FIG.
4, a cardiac assist system is immune or hardened electromag-
netic insult or interference, namely to magnetic radiation
imaging, MRI. As illustrated in FIG. 4, a main module 67
includes a parallel processing unit 59 and primary and sec-
ondary processors 65 and 63 that control the operations of the
cardiac assist system. The parallel processing unit 59 pro-
vides control signals to a pacing unit 58. The pacing unit 58
produces packets of energy to stimulate the heart to start
beating or to beat at a predetermined rate or pace through
lead(s) 51 and electrode 52. The parallel processing unit 59
also receives information about the conditions of the heart 49
from a sensor 53 through lead(s) 56. The sensor 53 monitors
the conditions of the heart to provide feedback information to
the parallel processing unit 59.

[0131] A telemetry unit 62 is also provided in the main
module 67 to provide information to the parallel processing
unit 59 received from sources 60 external to the body.
Memory 72 is provided for the processing of the cardiac assist
system, and a primary error detection circuit 64 is included to
detect any failures in the main module 67. Lastly, a timing
circuit 66 is provided to communicate with an auxiliary mod-
ule 69 through an optical emitter 68 in the main module 67,
over optical communication channels 70, such as fiber optics,
and through a light detection and signaling circuit 73 in the
auxiliary module 69.

[0132] In response to the information received from the
light detection and signaling circuit 73, a pacing unit 74 will
activate or de-activate. In this embodiment, if there is a failure
in the main module 67 due to error or electromagnetic insult
or interference, the light detection and signaling circuit 73
will detect the shutdown of the main module 67 and cause the
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auxiliary module 69 to take over the pacing of the heart in an
asynchronous manner through pacing unit 74, lead(s) 55, and
electrode 54.

[0133] As described above, the cardiac assist system per-
forms synchronous cardiac assist operations through a main
module. A secondary module is provided to perform asyn-
chronous cardiac assist operations. Upon detection of an elec-
tromagnetic interference insult upon the cardiac assist sys-
tem, the control circuit of the main module terminates
synchronous cardiac assist operations, and the control circuit
of'the secondary module initiates asynchronous cardiac assist
operations upon detection of the electromagnetic interference
insult. The control circuit of the secondary module places the
cardiac assist system in the asynchronous mode for a duration
of the electromagnetic interference insult and terminates the
asynchronous mode of the cardiac assist system upon detec-
tion of an absence of an electromagnetic interference insult.
The control circuit of the main module terminates the syn-
chronous mode of the cardiac assist system for the duration of
the electromagnetic interference insult and re-initiates the
synchronous mode of the cardiac assist system upon detec-
tion of an absence of an electromagnetic interference insult.
[0134] FIG. 30 illustrates a cardiac assist system that
includes a primary device housing 1100. The primary device
housing 1100 includes a control circuit 1110, such as a micro-
processor integrated circuit for controlling the operations of
the cardiac assist system. The control circuit 1110 may select
a mode of operation for the cardiac assist system based on
predetermined sensed parameters. The primary device hous-
ing 1100 may also include circuitry (not shown) to detect and
isolate cross talk between device pulsing operations and
device sensing operations. The control circuit 1110 may iso-
late physiological signals using a noise filtering circuit or a
digital noise filtering.

[0135] The primary device housing 1100 is implantable
such that the control circuit 1110 can be programmable from
a source external of the primary device housing 1100 or the
control circuit 1110 can provide physiological diagnostics to
a source external of the primary device housing 1100.
[0136] The primary device housing 1100 includes a power
source 1120. The power source 1120 may be a battery power
source in combination with a battery power source measuring
circuit. In this embodiment, the control circuit 1110 can auto-
matically adjust a value for determining an elective replace-
ment indication condition of a battery power source such that
the value is automatically adjusted by the control circuit 1110
in response to a measured level of a state of the battery power
source, the measured level generated by the battery power
source measuring circuit connected to the battery power
source. The primary device housing 1100 includes an optical
emitter 1130, an optical sensor 1140, and an interface 1170 to
put the primary device housing 1100 in operative communi-
cation with a lead system 1150.

[0137] The primary device housing 1100 may also include
a switch (not shown), such as a reed switch or solid state
switch, to place the control circuit 1110 into a fixed-rate mode
of'operation and an acoustic sensor (not shown) or near infra-
red sensor (not shown) to sense a predetermined acoustic
signal. The switch places the control circuit 1110 into a fixed-
rate mode of operation when the acoustic sensor or near
infrared sensor senses the predetermined acoustic signal or
the predetermined infrared signal.

[0138] The primary device housing 1100 has formed
around it a shield 1160 to shield the primary device housing
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1100 and any circuits therein from electromagnetic interfer-
ence. The shield 1160 may be a metallic sheath, a carbon
composite sheath, or a polymer composite sheath to shield the
primary device housing 1100 and any circuits therein from
electromagnetic interference. The shield 1160 is further cov-
ered with a biocompatible material wherein the biocompat-
ible material may be a non-permeable ditfusion resistant bio-
compatible material. The primary device housing 1100 may
also include a detection circuit (not shown) to detect a phase
timing of an external electromagnetic field such that the con-
trol circuit 1110 alters its operations to avoid interfering with
the detected external electromagnetic field.

[0139] FIG. 30 further illustrates a lead system 1150 con-
nected to the primary device housing 1100. The lead system
1150 provides a communication path for information to be
transported between the primary device housing 1100 and a
distal location in the body. The lead system 1150 also may be
a conduit of power or energy from the primary device housing
1100 to the distal location in the body.

[0140] Intheexampleillustratedin FIG. 30, thelead system
1150 may provide a path for control signals to be transferred
to the distal location of the body, such as the heart muscle
tissue. These control signals are used to control the operations
of'asecondary device 1200, such as stimulating the beating of
the heart. The lead system 1150 may also provide a path for
signals representing sensed biological conditions to be trans-
ferred from the distal location of the body to the primary
device housing 1100 so that the functionality of the heart
muscle tissue can be effectively monitored.

[0141] The lead system 1150 may be a fiber optic based
communication system wherein the fiber optic communica-
tion system contains at least one channel within a multi-fiber
optic bundle. The fiber optic based communication system is
covered with a biocompatible material wherein the biocom-
patible material is a non-permeable diffusion resistant bio-
compatible material. The lead system 1150 may also be a
plurality of electrical leads that have a shield 1180 there-
around to prevent the electrical leads from conducting stray
electromagnetic interference. This shield 1180 may be a
metallic sheath, a carbon composite sheath, or a polymer
composite sheath to prevent the electrical leads from conduct-
ing stray electromagnetic interference. In addition to the
shield 1180 or in lieu of the shield 1180, each electrical lead
may include an electrical filter wherein the electrical filter
removes stray electromagnetic interference from a signal
being received from the electrical lead. The electrical filter
may comprise capacitive and inductive filter elements
adapted to filter out predetermined frequencies of electro-
magnetic interference. The shield 1180 is covered with a
biocompatible material wherein the biocompatible material is
a non-permeable diffusion resistant biocompatible material.
The electrical leads maybe unipolar leads, bipolar leads, or a
combination of unipolar and bipolar leads. The lead system
1150 may also be a combination of a fiber optic based com-
munication system and electrical leads. The lead system 1150
may also include a detection circuit (not shown) to detect a
phase timing of an external electromagnetic field such that the
control circuit 1110 alters its operations to avoid interfering
with the detected external electromagnetic field.

[0142] In FIG. 30, the secondary housing 1200 includes a
control circuit 1210, such as a microprocessor integrated
circuit. The secondary device housing 1200 may also include
circuitry (not shown) to detect and isolate cross talk between
device pulsing operations and device sensing operations. The
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control circuit 1210 may isolate physiological signals using a
noise filtering circuit or a digital noise filtering. The second-
ary device housing 1200 includes a power source 1220. The
power source 1220 may be a battery power source or capaci-
tor or other device for storing. The primary device housing
1200 includes an optical emitter 1230, an optical sensor 1240,
and an interface 1270 to put the secondary device housing
1200 in operative communication with the lead system 1150.
The secondary device housing 1200 has formed around it a
shield 1260 to shield the secondary device housing 1200 and
any circuits therein from electromagnetic interference. The
shield 1260 may be a metallic sheath, a carbon composite
sheath, or a polymer composite sheath to shield the secondary
device housing 1200 and any circuits therein from electro-
magnetic interference. The shield 1260 is further covered
with a biocompatible material wherein the biocompatible
material may be a non-permeable diffusion resistant biocom-
patible material.

[0143] The secondary housing 1200 may also include elec-
trodes 1300 for either stimulating a tissue region or sensing
biological characteristics or parameters from the tissue
region. More details as to the construction of the secondary
device are set forth below in the describing of distal end
elements.

[0144] As an alternative to electrodes 1300, the secondary
device housing 1200 may include a sensing and stimulation
system that includes optical pulsing components to deliver a
stimulus of a predetermined duration and power to the desired
anatomical cardiac tissue region; a sensing and stimulation
system that includes optical pulsing components to deliver a
stimulus of a predetermined duration and power to the desired
anatomical cardiac tissue region and electrical pulsing com-
ponents to deliver a stimulus of a predetermined duration and
power to the desired anatomical cardiac tissue region; a
hydrostatic pressure sensing components to detect physi-
ological signals from the desired anatomical cardiac tissue
region; or optical sensing components to detect physiological
signals from the desired anatomical cardiac tissue region and
electrical sensing components to detect physiological signals
from the desired anatomical cardiac tissue region.

[0145] The secondary device housing 1200 may also
include a detection circuit (not shown) to detect a phase
timing of an external electromagnetic field such that the con-
trol circuit 1110 alters its operations to avoid interfering with
the detected external electromagnetic field. The secondary
device housing 1200 may include sensors to detect a heart
signal and to produce a sensor signal therefrom and a modu-
lator to modulate the sensor signal to differentiate the sensor
signal from electromagnetic interference. In the alternative,
the secondary device housing 1200 may include sensors to
detect a heart signal and to produce a sensor signal therefrom,
and the primary device housing 1100 may include a sampling
circuit to sample the sensor signal multiple times to differen-
tiate the sensor signal from electromagnetic interference,
undesirable acoustic signals, large muscle contractions, or
extraneous infrared light.

[0146] The cardiac assist system illustrated in FIG. 30 may
detect an electromagnetic interference insult upon the cardiac
assist system, and upon detection, the control circuit 1110
places the cardiac assist system in an asynchronous mode.
The control circuit 1110 places the cardiac assist system in the
asynchronous mode for a duration of the electromagnetic
interference insult and places the cardiac assist system in a
synchronous mode upon detection of an absence of an elec-
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tromagnetic interference insult. The electromagnetic interfer-
ence insult may be detected a thermistor or other heat detec-
tor, a high frequency interference detector, a high voltage
detector, or an excess current detector.

[0147] The cardiac assist system illustrated in FIG. 30 may
also provide atrial monitoring and diagnostic functions to
help physicians make more precise patient management deci-
sions. The cardiac assist system illustrated in FIG. 30 can
provide bradyarrhythmia therapies that treat patients with
chronic heart problems in which the heart beats too slowly to
adequately support the body’s circulatory needs, in addition
to the monitoring of the atria (upper chambers) and ventricles
(lower chambers) to enable physicians to assess atrial thythm
control and ventricular rate control.

[0148] The cardiac assist system illustrated in FIG. 30 can
also be used to provide daily atrial fibrillation measurements
to assess atrial rhythm control. This information can improve
a physician’s ability to track disease progression, as well as
the effectiveness of current device and drug therapies. The
cardiac assist system illustrated in FIG. 30 can also be used to
monitor of the ventricular rate during an atrial arrhythmia that
helps assess ventricular rate control. This information can be
viewed in a graphical snapshot format or by viewing the
specific episode EGM information. The cardiac assist system
illustrated in FIG. 30 can also be used to provide specific
information on the frequency and duration of arrhythmias
that help with risk assessment of symptoms and in determin-
ing whether a change in anticoagulation medicines is war-
ranted.

[0149] FIG. 27 illustrates an MRI-compatible cardiac pace-
maker according to another embodiment of the present inven-
tion. The pacemaker may be wearable and is readily imple-
mented to operate in a fixed-rate (VOO) mode. The
pacemaker includes a first (main) enclosure 263 that is
designed to be located outside the body and connected to a
proximal end 268 of a photonic catheter. A distal end 273 of
a photonic catheter 271 mounts a bipolar endocardial (or
pericardial) electrode pair 286 that includes a second enclo-
sure 283 and a third enclosure 285 separated by a short insu-
lative spacer 284. Other electrode configurations could also
be used.

[0150] The main enclosure 263 houses a self-contained
electrical power source 264, a pulse generator 265, and an
electro-optical transducer 266. The power source 264, which
may include one or more batteries, serves to deliver low
energy continuous electrical power to the pulse generator.
The pulse generator 265 stores the electrical energy provided
by the power source 264 in one or more storage devices such
as capacitors, batteries, etc., and periodically releases that
energy to deliver electrical pulses to the electro-optical trans-
ducer 266. The electro-optical transducer 266 converts the
electrical pulses into light energy and directs that energy into
the proximal end 268 of the photonic catheter 271.

[0151] The main enclosure 263 is preferably formed as a
sealed casing, external to the body, made from a non-mag-
netic metal. Note that a rate control selector and a pulse
duration selector can be provided on the main enclosure 263
to allow a medical practitioner to controllably stress a
patient’s heart by varying the rate and duration of the stimu-
lating pulses. Note further that if the power source 264 com-
prises multiple batteries, these may be separately wired for
independent operation and a selector switch can be provided
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on the enclosure 263 to selectively activate each battery for
use. A pair of illuminated push buttons may also be provided
for testing each battery.

[0152] The photonic catheter 271 includes an optical con-
duction pathway 267 surrounded by a protective outer cover-
ing 269. The optical conduction pathway 267 may be con-
structed with one or more fiber optic transmission elements
that are conventionally made from glass or plastic fiber mate-
rial, e.g., a fiber optic bundle. To avoid body fluid incompat-
ibility problems, the protective outer covering 269 should be
made from a biocompatible material, such as silicone rubber,
polyurethane, polyethylene, or other biocompatible polymer
having the required mechanical and physiological properties.
The protective outer covering 269 is thus a biocompatible
covering. Insofar as the photonic catheter 271 must be
adapted for insertion into the body, the biocompatible cover-
ing 269 is preferably a very thin-walled elongated sleeve or
jacket having an outside diameter on the order of about 5
millimeters and preferably as small as one millimeter or even
smaller. This will render the photonic catheter 271 suffi-
ciently slender to facilitate insertion thereof through a large
vein, such as the external jugular vein.

[0153] The proximal end 268 of the photonic catheter 271
is mounted to the main enclosure 263 using an appropriate
connection. The optical conduction pathway 267 may extend
into the enclosure 263 for a short distance, where it terminates
in adjacent relationship with the electro-optical transducer
266 in order to receive light energy therefrom.

[0154] Light emitted by the electro-optical transducer 266
is directed into the proximal end 268 of the photonic catheter
271, and transmitted through the optical conduction pathway
267 to the second enclosure 283. Since the photonic catheter
271 is designed for optical transmission, it cannot develop
magnetically induced or RF-induced electrical currents, as is
the case with the metallic leads of conventional pacemaker
catheters.

[0155] The second enclosure 283 houses an opto-electrical
transducer 274, which converts light energy received from the
distal end of the photonic catheter 271 into electrical energy.
The electrical output side 280 of the opto-electrical trans-
ducer 274 delivers electrical pulses that drive the pacemaker’s
electrode pair 286. The second enclosure 283 is a hermeti-
cally sealed casing made from a non-magnetic metal, such as
titanium, a titanium-containing alloy, platinum, a platinum-
containing alloy, or any other suitable metal, including copper
plated with a protective and compatible coating of the fore-
going materials. Plated copper is especially suitable for the
second enclosure 283 because ithas a magnetic susceptibility
approaching that of the human body, and will therefore mini-
mize MRI image degradation. Note that the magnetic suscep-
tibility of human body tissue is very low, and is sometimes
diamagnetic and sometimes paramagnetic. As an alternative
to using non-magnetic metals, the second enclosure 283 can
be formed from an electrically conductive non-metal that
preferably also has a very low magnetic susceptibility akin to
that of the human body. Non-metals that best approach this
condition include conductive composite carbon and conduc-
tive polymers comprising silicone, polyethylene, or polyure-
thane.

[0156] Unlike the main enclosure 263, the second enclo-
sure 283 is adapted to be implanted via insertion in close
proximity to the heart, and in electrical contact therewith. As
such, the second enclosure 283 preferably has a miniaturized
tubular profile that is substantially co-equal in diameter with
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the photonic catheter 271. As seen In FIGS. 27 and 28, the
second enclosure (283, 295) includes a cylindrical outer wall
276 and a pair of disk-shaped end walls 272 and 277. The end
wall 272 is mounted to the distal end 273 of the photonic
catheter 271 using an appropriate sealed connection that pre-
vents patient body fluids from contacting the optical conduc-
tion pathway 267 and from entering the second enclosure
(283, 295). Although the photonic catheter 271 may feed
directly from the main enclosure 263 to the second enclosure
(283, 295), another arrangement would be to provide an opti-
cal coupling 270 at an intermediate location on the photonic
catheter 271. The coupling 270 could be located so that a
distal portion of the photonic catheter 271 that connects to the
second enclosure 283 protrudes a few inches outside the
patient’s body. A proximal portion of the photonic catheter
271 that connects to the main enclosure 263 would then be
connected when MRI scanning is to be performed. Note that
the main enclosure 263 could thus be located a considerable
distance from the patient so as to be well outside the area of
the MRI equipment, as opposed to being mounted on the
patient or the patient’s clothing.

[0157] In an alternative arrangement, the coupling 270
could be located at the main enclosure 263. The optical con-
duction pathway 267 may extend into the enclosure (283,
295) for a short distance, where it terminates in adjacent
relationship with the opto-electrical transducer (274, 289) in
order to deliver light energy thereto. Light received by the
opto-electrical transducer (274, 289) will thus be converted to
electrical energy and delivered to the output side 280 of the
opto-electrical transducer (274, 289).

[0158] Due to the miniature size of the second enclosure
(283, 295), the opto-electrical transducer (274, 289) needs to
be implemented as a miniaturized circuit. However, such
components are conventionally available from commercial
electronic component manufacturers. Note that the opto-elec-
trical transducer (274, 289) also needs to be adequately sup-
ported within the second enclosure (283, 295). To that end,
the second enclosure (283, 295) can be filled with a support
matrix material 291 that may be the same material used to
form the photonic catheter’s biocompatible covering 269
(e.g., silicone rubber, polyurethane, polyethylene, or any bio-
compatible polymer with the required mechanical and physi-
ological properties).

[0159] As stated above, the second enclosure (283, 295)
represents part of an electrode pair (286, 298) that delivers the
electrical output of the pacemaker to a patient’s heart. In
particular, the electrode pair (286, 298) is a tip/ring system
and the second enclosure (283, 295) is used as an endocardial
(or pericardial) ring electrode thereof. A positive output lead
(275, 290) extending from the electrical output side 280 of the
opto-electrical transducer (274, 289) is electrically connected
to the cylindrical wall 276 of the second enclosure (283,295),
as by soldering, welding or the like. A negative output lead
(281, 294) extending from the electrical output side 280 of the
opto-electrical transducer (274, 289) is fed out of the second
enclosure (283, 295) and connected to a third enclosure (285,
297), which functions as an endocardial tip electrode of the
electrode pair (286, 298).

[0160] The third enclosure (285, 297) can be constructed
from the same non-magnetic metallic material, or non-metal
material, used to form the second enclosure (283, 295). Since
it is adapted to be inserted in a patient’s heart as an endocar-
dial tip electrode, the third enclosure (285, 297) has a gener-
ally bullet shaped tip (279, 293) extending from a tubular base
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end (278, 292). The base end (278, 292) preferably has an
outside diameter that substantially matches the diameter of
the second enclosure (283, 295) and the photonic catheter
271. Note that the base end (278, 292) of the third enclosure
(285, 297) is open insofar as the third enclosure (285, 297)
does not house any critical electrical components. Indeed, it
mounts only the negative lead (281, 294) that is electrically
connected to the third enclosure’s base end (278, 292), as by
soldering, welding, or the like. The material used to form the
spacer (284, 296) preferably fills the interior of the second
enclosure (283, 295) so that there are no voids and so that the
negative lead (281, 294) is fully captured therein.

[0161] In FIG. 29, electrical power source 303 is imple-
mented using a pair of conventional pacemaker lithium bat-
teries 300 providing a steady state DC output of about 3 to 9
volts. Electro-optical transducer 301 is implemented with
light emitting or laser diodes 304 and current limiting resis-
tors 305. The diodes 304 are conventional in nature and thus
have a forward voltage drop of about 2 volts and a maximum
allowable current rating of about 50-100 milliamperes, or
more. [fadditional supply voltage is available from the power
source 20 (e.g., 4 volts or higher), more than one diode can be
used in the electro-optical transducer for additional light
energy output. The value of each resistor 305 is selected
accordingly.

[0162] By way of example, if the batteries 300 produce 3
volts and the desired current through a single diode is 0.5
milliamperes, the value of the resistor should be about 2000
ohms. This would be suitable if the diode is a light emitting
diode. If the diode were a laser diode, other values and com-
ponents would be used. For example, a current level on the
order of 100 milliamps may be required to produce coherent
light output from the diode if'it is a laser. The optical conduc-
tion pathway 300 can be implemented as fiber optic bundles
307, or as single fibers, driving respective arrays of photo
diodes. The opto-electrical transducer 28 may be imple-
mented with six photodiodes 312-317 that are wired for pho-
tovoltaic operation.

[0163] The opto-electrical transducer 309 may be imple-
mented with a single photodiode that is wired for photovoltaic
operation. The photodiodes are suitably arranged so that each
respectively receives the light output of one or more fibers of
the fiber optic bundles and is forward biased into electrical
conduction thereby. Each photodiode is conventional in
nature and thus produces a voltage drop of about 0.6 volts.
Cumulatively, the photodiodes develop a voltage drop of
about 3.3 volts across the respective positive and negative
inputs a power amplifier (not shown). The photodiode devel-
ops about 0.6 volts across the respective positive and negative
inputs of the power amplifier.

[0164] FIGS. 40-42 and 49 shows an alternative circuit
configuration that may be used to implement the oscillator
(369,372, 373, 439) and the power amplifier. The alternative
circuit configurations are conventional in nature and do not
constitute part of the present invention per se. The alternative
circuit configurations are presented herein as examples of
pulsing circuits that have been shown to function well in a
pacemaker environment. In FIGS. 40-42, the oscillator (369,
372, 373, 439) is a semiconductor pulsing circuit (365, 370,
374, 441) of the type disclosed in U.S. Pat. No. 3,508,167. As
described in U.S. Pat. No. 3,508,167, the contents of which
are incorporated herein by reference, the pulsing circuit (365,
370, 374, 441) forming the oscillator (369, 372, 373, 439)
provides a pulsewidth and pulse period that are relatively
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independent of load and supply voltage. The semiconductor
elements are relegated to switching functions so that timing is
substantially independent of transistor gain characteristics. In
particular, a shunt circuit including a pair of diodes is con-
nected so that timing capacitor charge and discharge currents
flow through circuits that do not include the base-emitter
junction of a timing transistor.

[0165] InFIG. 46, an opto-electrical coupling device 399 is
shown. The opto-electrical coupling device includes opto-
electrical transducer 392. A high quality capacitor 390 deliv-
ers pulses from the opto-electrical transducers photodiode
array (393-398) to a tip electrode 401. A return path is pro-
vided from a ring electrode 400. The capacitor 390 forms part
of a DC current discharge system 391 that also includes a
resistor 389. The resistor 389 is connected across the capaci-
tor 390 to discharge it between pulses. Exemplary values for
the capacitor 390 and the resistor 389 are 10 microfarads and
20K ohms, respectively.

[0166] In FIG. 47, a constant current regulator 402 is
shown. The purpose of the constant current regulator 402 is to
controllably drive the electro-optical transducer 405 using the
electrical pulse output of a pulse generator. Collectively, the
constant current regulator 402 and the electro-optical trans-
ducer 405 provide a constant current regulated laser light
generator 404. The current regulator 402 uses an NPN tran-
sistor 403 arranged in a common emitter configuration to
drive the laser diode 404. A suitable NPN transistor that may
be used to implement the transistor 403 is a switching tran-
sistor.

[0167] The laser diode 404 can be implemented as a stan-
dard 150 milliwatt gallium arsenide laser diode. The recom-
mended power level for driving such a device is about 100
milliwatts. The required input voltage is about 2 volts.
Assuming there is a conventional diode voltage drop of about
0.7 volts across the laser diode 404, a driving current of about
140 milliamps should be sufficient to achieve operation at the
desired 100 milliwatt level. However, the current through the
laser diode 404 must be relatively constant to maintain the
desired power output. The constant current regulator 402
achieves this goal.

[0168] In particular, the base side of the transistor 403 is
biased through a resister R1 and a pair of diodes D1 and D2.
The diodes D1 and D2 are connected between the base of the
transistor 403 and ground. Each has a conventional diode
voltage drop of about 0.7 volts, such that the total voltage drop
across the diodes D1 and D2 is about 1.5 volts and is substan-
tially independent of the current through the diodes (at opera-
tional current levels). This means that the base of the transis-
tor 403 will be maintained at a relatively constant level of
about 1.5 volts notwithstanding changes in the input voltage
supplied from the pulse generator. The value of the resistor R1
is selected to be relatively high to reduce the current draw
through the base of the transistor 403. By way of example, a
value of 2500 ohms may be used for R1. Assuming a supply
voltage of about 5 volts, as represented by the input pulse
waveform, the current through the resistor R1 will be a neg-
ligible 1.4 milliamps.

[0169] Importantly, the emitter side of the transistor 403
will remain at a relatively constant level of about 1 volt
(assuming a base-emitter voltage drop across the transistor
403 of about 0.5 volts). A resistor R2 is placed between the
emitter of the transistor 403 and ground in order to establish
a desired current level through the collector-emitter circuit of
the transistor 403. Note that this also represents the driving
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current through the laser diode 404 insofar as the laser diode
is connected in series between the current regulator’s supply
voltage (the output of pulse generator) and the collector of the
transistor 406. Since the voltage potential at the transistor
emitter is about 1 volt, if R2 is selected to be a 7 ohm resistor,
the resultant current level will be about 140 milliamps. This
corresponds to the current level required to drive the laser
diode 404 at the desired operational power level.

[0170] InFIG. 48, an electrical power source (409, 411) is
implemented using a pair of conventional pacemaker lithium
batteries (408, 410) providing a steady state DC output of
about 3 to 9 volts. The electro-optical transducers 412 and 416
are implemented with light emitting or laser diodes (414, 415)
and current limiting resistors (413, 419). The diodes are con-
ventional in nature and thus have a forward voltage drop of
about 2 volts and a maximum allowable current rating of
about 50-100 milliamps, or more. If additional supply voltage
is available from the power source (409, 411) (e.g., 4 volts or
higher), more than one diode can be used in each electro-
optical transducer 412 and 416 for additional light energy
output. The value of each resistor is selected accordingly.
[0171] By way of example, if the batteries produce 3 volts
and the desired current through a single diode is 0.5 milli-
amps, the value of the resistor should be about 2000 ohms.
This would be suitable if the diode is a light emitting diode. If
the diode were a laser diode, other values and components
would be used. For example, a current level on the order of
100 milliamps may be required to produce coherent light
output from the diode if it is a laser. The optical conduction
pathways 417 and 421 can be implemented as fiber optic
bundles 418 and 423, or as single fibers, driving respective
arrays of photodiodes.

[0172] The opto-electrical transducer 424 may be imple-
mented with six photodiodes 428-433 that are wired for pho-
tovoltaic operation. The opto-electrical transducer 424 may
be implemented with a single photodiode 434 that is wired for
photovoltaic operation. The photodiodes are suitably
arranged so that each respectively receives the light output of
one or more fibers of the fiber optic bundles 418 and 423 and
is forward biased into electrical conduction thereby.

[0173] Each photodiode is conventional in nature and thus
produces a voltage drop of about 0.6 volts. Cumulatively, the
photodiodes 428-433 develop a voltage drop of about 3.3
volts across the respective positive and negative inputs 426
and 435 of the power amplifier 427. The photodiode 434
develops about 0.6 volts across the respective positive and
negative inputs 437 and 438 of the power amplifier 427.
[0174] In FIG. 43, a circuit diagram of an opto-electric
coupling device 388 is shown. The opto-electric coupling
device 388 includes the opto-electrical transducer 376, which
is assumed to be illuminated by a photonic catheter for about
1 millisecond, and left dark for about 1000 milliseconds.
When illuminated, opto-electrical transducer photodiode
array 377-382 will produce pulses of about 3 to 4 volts across
its outputs. The positive side of the photodiode array is con-
nected via a high quality capacitor 385 to an implantable tip
electrode 383 that is adapted to be implanted in the endocar-
dium of a patient. The negative side of the photodiode array is
connected to an implantable ring electrode 384 that is adapted
to be immersed in the blood of the patient’s right ventricle. A
DC current discharge system 387 comprising the capacitor
385 and a resistor 386 is used to attenuate DC current in the
tissue implanted with the electrodes 383 and 384. The resistor
386 is connected across the outputs of the photodiode array.
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The resistor 386 thus grounds one side of the capacitor 385
between pulses. The return path from the implanted tissue is
the through the ring electrode 384.

[0175] The values of the capacitor and the resistor are
selected so that the opto-electric coupling device conveys a
suitable stimulating signal to the electrodes, but in such a
manner as to prevent any net DC current from flowing into the
implanted tissue. A long RC time constant is desired so that
the square waveform of the photodiode array output is deliv-
ered in substantially the same form to the implanted tissue.
For a 1 millisecond pulse, the desired RC time constant
should be substantially larger than 1 millisecond. By way of
example, if the capacitor has a capacitance of 10 microfarads
and the resistor has a resistance of 20K ohms, the RC time
constant will be 200 milliseconds. This is substantially larger
than the 1 millisecond pulse length produced by the photo-
diode array.

[0176] On the other hand, the RC time constant should not
be so large as to prevent adequate DC current flow from the
implanted body tissue into the capacitor between pulses.
According to design convention for RC circuits, a period of
five time constants is required in order for an RC circuit
capacitor to become fully charged. Note that the selected RC
time constant of 200 milliseconds satisfies this requirement if
the photodiode array is pulsed at 1000 millisecond intervals,
which is typical for pacemakers. Thus, there will be approxi-
mately five 200 millisecond time constants between every
pulse. Stated another way, the RC time constant will be
approximately one-fifth of the time interval between succes-
sive pulses.

[0177] FIG. 44 shows the square wave electrical pulses
generated by the photodiode array. FIG. 45 shows the actual
electrical pulses delivered at the electrodes due to the pres-
ence of the RC circuit provided by the capacitor and the
resistor. Note that the pulses of FIG. 45 are substantially
square is shape due to the RC circuit’s time constant being
substantially larger than the input pulse width. FIG. 45 further
shows that there is a small reverse potential between pulses
that counteracts DC current build up in the stimulated tissue.
[0178] Ideally, the area A, underneath each positive pulse
of FIG. 45 will be equal to the area A, of negative potential
that follows the positive pulse.

[0179] Another embodiment of the present invention is the
use of a photonic catheter in a MRI environment to sense the
biological conditions of particular tissue regions of a patient
or to stimulate particular tissue regions of the patient.
Examples of photonic catheters are illustrated in FIGS. 5
through 20.

[0180] In FIGS. 5 and 6, power supply 595 and logic and
control unit 597 enable emitter 598 to transmit radiation,
preferably optical radiation at wavelength A, through beam
splitter 900 into wave-guide 601. This radiation exits the
wave-guide 601 and passes through beam splitter 606 to
sensor 607 that converts the radiation to electrical energy. The
electrical energy is used to directly power functions at the
distal end of lead 602, such as stimulation of internal body
tissues and organs (e.g. pacing of cardiac tissues) through
electrodes 604 and 603. The electrical energy is also used to
power logic and control unit 608 or is stored in energy storage
device 609 (e.g. a capacitor) for later use. Proximally located
elements are electrically connected through conductors. Dis-
tally located sensor 607, logic and control unit 608, energy
storage device 609, and electrodes (604, 603) are electrically
connected through conductive elements.
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[0181] A second emitter 600 transmits radiation at wave-
length A, (A,=A,) through beam splitter 901, off beam splitter
900, into wave-guide 601, to beam splitter 606 and optical
attenuator 605 that is mounted on a mirror. The optical attenu-
ator 605 is preferably made from materials such as liquid
crystals whose optical transmission density is modulated by
applied electrical voltage. The distally located logic and con-
trol unit 608 and optical attenuator 605 are powered either
directly by excitation radiation or from energy stored in
energy storage element 609.

[0182] This photonic catheter can also be used with elec-
trodes 603 and 604 to capture electrical signals from the
patient and direct the captured electrical signals to logical and
control unit 608 which uses electrical energy to modulate the
optical transmission density of optical attenuator 605.
Attenuated optical signals, originally emanating from emitter
600, are encoded with the electrical signals received by elec-
trodes 603 and 604 by passing through the optical attenuator
605, reflect off mirror, travel back through the optical attenu-
ator 605, reflect off beam splitter 606 and into wave-guide
601 to beam splitters 900 and 901 to sensor 599 that converts
the encoded optical signal to an encoded electrical signal.
Output from sensor 599 is sent to logic and control unit 597.
This output is either utilized by logic and control unit 597 to
control the radiation from emitter 598, which is typically at a
high energy level and is used to stimulate distally located
tissues and organs, or is relayed to transmitter 596 which
relays this sensory information to external sources.

[0183] The embodiment illustrated in FIG. 7 is similar to
the embodiment illustrated in FIGS. 5 and 6, with the excep-
tion that the optical attenuator 612 is mounted over the sur-
face of the distally located sensor 613 to take advantage of the
first surface reflectance of this sensor. Radiation emitted by
wave-guide 610 passes through optical attenuator 612 to sen-
sor 613 that converts the radiation to electrical energy as
previously described. Radiation emitted by wave-guide 610
passes through optical attenuator 612 and reflects off the front
surface of sensor 613. This reflected energy is collected by
coupling lens 611 that directs the energy into wave-guide 610
to a sensor at the proximal end (not shown).

[0184] The embodiment illustrated in FIG. 8 is similar to
the embodiment illustrated in FIGS. 5 and 6, with the excep-
tion that a variable reflectance optical reflector 616 is
mounted over the surface of the distally located sensor 617.
Radiation emitted by wave-guide 619 passes through optical
reflector 616 to sensor 617 that converts the radiation to
electrical energy as previously described. Radiation emitted
by wave-guide 619 is reflected off optical reflector 616 and is
collected by coupling lens 618 that directs the energy into
wave-guide 619. Preferably, the variable reflectance optical
reflector 616 would be transparent to excitation radiation.
[0185] With respect to FIGS. 9 and 10, power supply 620
and logic and control unit 622 enable emitter 623 to transmit
radiation, preferably optical radiation at wavelength A,
through beam splitter 624 into wave-guide 626. This radiation
exits the wave-guide and passes through an on-axis variable
intensity optical emitter 631 to sensor 632 that converts the
radiation to electrical energy. The electrical energy is used to
directly power functions at the distal end of lead 635, such as
stimulation of internal body tissues and organs (e.g. pacing of
cardiac tissues) through electrodes 627 and 628; to power
logic and control unit 633; or to store in energy storage device
634 (e.g. a capacitor) for later use. Proximally located ele-
ments are electrically connected through conductors. Distally
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located sensor, logic and control unit, energy storage device,
and electrodes are electrically connected through conductive
elements.

[0186] Logic and control unit 633 receives sensor input
from electrodes 627 and 628 and delivers an electrical poten-
tial to variable intensity optical emitter 631 causing it to emit
optical radiation at wavelength A, (A,=A ) which is collected
by coupling lens 630 and directed into wave-guide 629, to
beam splitter 624 and sensor 625. The distally located logic
and control unit 633 and optical attenuator 631 are powered
either directly by excitation radiation or from energy stored in
energy storage element 634.

[0187] This photonic catheter can also be used with elec-
trodes 627 and 628 to capture clectrical signals from the
patient and direct the captured electrical signals to logical and
control unit 633 that uses electrical energy to modulate the
variable intensity optical emitter 631. Optical signals, ema-
nating from variable intensity optical emitter 631, are
encoded with the electrical signals received by electrodes 627
and 628 and travel into wave-guide 629 to beam splitter 624
to sensor 625 that converts the encoded optical signal to an
encoded electrical signal. Output from sensor 625 is sent to
logic and control unit 622. This output is either utilized by
logic and controlunit 622 to control the radiation from emitter
623, which is typically at a high energy level and is used to
stimulate distally located tissues and organs, or is relayed to
transmitter 621 which relays this sensory information to
external sources.

[0188] The embodiment illustrated in FIGS. 11 and 12 is
similar to the embodiment illustrated in FIGS. 9 and 10, with
the exception that the variable intensity optical emitter 646 is
located off-axis. Power supply 636 and logic and control unit
638 enable emitter 639 to transmit radiation, preferably opti-
cal radiation at wavelength A, through beam splitter 910 into
wave-guide 641. This radiation exits the wave-guide 643 and
passes through beam splitter 645 to sensor 647 that converts
the radiation to electrical energy. The electrical energy is used
to directly power functions at the distal end of lead 642, such
as stimulation of internal body tissues and organs (e.g. pacing
of cardiac tissues) through electrodes 650 and 644; power
logic and control unit 648; or to be stored in energy storage
device 649 (e.g. a capacitor) for later use.

[0189] Proximally located elements are electrically con-
nected through conductors. Distally located sensor 647, logic
and control unit 648, energy storage device 649, and elec-
trodes 650 and 644 are electrically connected through con-
ductive elements. Variable intensity emitter 646 transmits
radiation at wavelength A, (A,=A ) off beam splitter 645 into
wave-guide 643 and off beam splitter 910 to sensor 640.
Preferably, the variable intensity emitter 646 emits optical
radiation when excited by an electrical potential, and is
mounted upon a mirror to direct a greater percentage of emis-
sions into wave-guide 643.

[0190] A preferred application of the embodiment illus-
trated in FIGS. 11 and 12 uses electrodes 650 and 644 to
capture electrical signals and direct them to logical and con-
trolunit 648 which delivers electrical energy to emitter 646 to
emit optical radiation that is encoded with the electrical sig-
nals received by electrodes 650 and 644. The encoded optical
signals are directed to beam splitter 645 and into wave-guide
643 to sensor 640 that converts the encoded optical signal to
anencoded electrical signal. Output from sensor 640 is sent to
logic and control unit 638. This output is either utilized by
logic and controlunit 638 to control the radiation from emitter
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639, which is typically at a high energy level (typically higher
than radiation from emitter 646) and is used to stimulate
distally located tissues and organs, or is relayed to transmitter
637 that relays this sensory information to external sources.
[0191] InFIGS. 13 and 14, radiation emitter 651 transmits
radiation, preferably optical radiation at wavelength A,
through beam splitter 652 into wave-guide 655. This radiation
exits wave-guide 656 at exit angle o and impinges upon
sensor 657 that converts the radiation to electrical energy. The
electrical energy is used as previously described. Proximally
and distally located elements are electrically connected
through conductors.

[0192] A second emitter 658 located on or within sensor
657 transmits radiation at wavelength A, (A,=A,) at cone
angle f§ into wave-guide 656 to beam splitter 652. The small
size ‘d’ of emitter 658 relative to the larger size ‘D’ of sensor
658 and narrow radiation exit angle o and emission angle {3
enable effective coupling of radiation from emitter 651 into
sensor 657 and radiation from emitter 658 into wave-guide
656. Optional coupling lens 653 collects and directs radiation
to sensor 654. The distally located light source may be a
solid-state laser or light emitting diode.

[0193] InFIGS. 15 and 16, radiation emitter 659 transmits
radiation, preferably optical radiation at wavelength A, and
exit angle 8, through optional coupling lens 661 into wave-
guide 662. This radiation exits wave-guide 663 at exit angle
a, and impinges upon sensor 664 that converts the radiation
into electrical energy. The electrical energy is used as previ-
ously described.

[0194] A second emitter 665 located on or within sensor
664 transmits radiation at wavelength A, at cone angle f3, into
wave-guide 663. This radiation exits wave-guide 662 at exit
angle o, onto sensor 660. Ideally, wavelength A=A, so that
optical reflections from coupling lens 661 or wave-guide 662
do not interfere with radiation incident upon detector 660.
The small sizes ‘d’ of emitters 659 and 665 relative to the
larger sizes ‘D’ of sensors 660 and 664, combined with nar-
row radiation exit angles o, and o, and f§; and f,, enable
effective coupling of radiation into wave-guide (662, 663),
and sensors 660 and 664.

[0195] InFIGS. 17 and 18, radiation emitter 666 transmits
radiation, preferably optical radiation at wavelength A, into
wave-guide 667. This radiation exits wave-guide 670 and
impinges upon sensor 671 that converts the radiation into
electrical energy. The electrical energy is used as previously
described.

[0196] A second distally located emitter 672 transmits
radiation at wavelength A, into wave-guide 673. This radia-
tion exits wave-guide 668 onto proximally located sensor
669. Wavelength A, may or may not be equal to wavelength
A,. Light sources 666 and 672 include a solid-state laser or
light emitting diode. Wave-guides (667, 670) and (668, 673)
are preferably included in the same lead assembly.

[0197] In FIGS. 19 and 20, a sensor 678 transparent to
certain wavelengths of optical radiation is used. Radiation
emitter 677 transmits radiation, preferably optical radiation at
wavelength A, through sensor 678 that is transparent to wave-
length A| into wave-guide 679 and exiting at exit angle o to
sensor 682 that converts the radiation to electrical energy. The
electrical energy is used as previously described.

[0198] A second emitter 681 located on or within sensor
682 transmits radiation at wavelength A, (A,=A,) at cone
angle f§ into wave-guide 680 to proximally located sensor 678
where it is absorbed and converted into electrical energy. As
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before, the small size ‘d’ of emitter 681 relative to the larger
size ‘D’ of sensor 682 and narrow radiation exit angle o and
emission angle [} enable effective coupling of radiation from
emitter 677 into sensor 682 and radiation from emitter 681
into wave-guide 680.

[0199] The output of a typical pacemaker is illustrated in
FIG. 31, which is a graph of the electrical direct current
voltage (vDC) applied to the electrode or electrodes at the
distal end of a cardiac pacemaker lead, as a function of time.
The indicated voltage of 3 vDC is a nominal value and is
typically often selected by the physician based on the type of
cardiac anomaly being corrected, the physical state of the
patient’s heart, and other factors. However, it should be
understood that this value is intended to have a safety factor of
two built into it; thus the typical voltage required to pace the
heart is 1.5 volts direct current, or less.

[0200] Referring again to FIG. 31, and noting that the time
axis is not to scale, the typical time between pacing events is
nominally one second, or 1000 milliseconds (mS). In normal
practice, using modem pacemakers, this time interval is not
fixed but is variable based upon two factors. The first factor is
whether or not the heart requires pacing in order to beat. The
term ‘demand pacemaker’ applies to a device that senses heart
activity electrically and does not send a pacing signal to the
electrodes if the heart is beating on its own in a manner
determined to be acceptable by the computer controller
within the device, and based upon input programmed by the
physician. Thus, during the time after the refractory period
associated with the previous heartbeat ends 321, and up to a
time when the next heartbeat is required 322, the pacemaker
electrode is used to sense heart activity and to disable the next
pacing signal 323 if the heartbeat is regular.

[0201] The second factor associated with demand pacing is
physiologic demand; modern pacemakers are designed with
additional sensing and analytical capability that permits the
device to monitor physiologic demand associated with physi-
cal activity or other forms of stress that would result in an
elevated heartbeat in a normal human subject. In response to
this heightened physiologic demand, the pacing signal 323
would be generated at an earlier time than the 1000 mS delay
indicated in FIG. 31.

[0202] FIG. 32 is an expanded view similar to FIG. 31,
showing the pacing signal 326 over the nominal one-milli-
second time interval of the actual pacing signal. The begin-
ning of the pacing signal (319, 324) and the end of the pacing
signal (320, 325) are shown in both FIG. 31 and FIG. 32 for
reference. Note that there is no other activity in this one
millisecond time interval; more particularly there is no
attempt to sense heart activity nor the heart’s response to the
pacing signal during the time pacing time interval between
times (319, 324) and (320, 325). This is in part due to the fact
that while a relatively modest voltage (about 3 volts) is being
applied to the heart cardiac tissue by the electrodes, the volt-
ages sensed by the pacemaker in monitoring heart activity
(typically in the millivolt range) would be immeasurable
using traditional techniques. In addition, the tissues surround-
ing the pacing electrode develop a polarization potential in
response to the energy in the pacing signal; this serves to
make measurements of heart activity via those same elec-
trodes very difficult using traditional techniques. However,
the interval between times (319, 324) and (320, 325) is very
long in the context of modem computational electronic
devices.
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[0203] FIGS. 33, 34, and 35 are schematic representations
of a cardiac pacemaker lead (327, 329, 333) having various
electrode configurations.

[0204] In one preferred embodiment, and referring to FIG.
33, pacemaker lead 327 comprises one or more electrical
conductors communicating from a connector on the body of
the pacemaker device (not shown) to the electrodes 328 that
are affixed by one of a number of techniques to the sensitive
cardiac tissue that initiates the natural heartbeat and that is
paced when necessary by the implanted pacemaker system.
The configuration shown in FIG. 33 is for a bipolar pace-
maker; the positive and negative terminals for electron flow
through the cardiac tissue are the two electrodes 328. It
should be noted that there is an alternative configuration
referred to as unipolar, and it is not shown in this figure. In the
case of a unipolar configuration, there is a single electrode
328 at the heart; the return path for electron flow is through the
general bulk tissue back to the case of the device itself. In
either unipolar or bipolar configurations, electrodes 328 are
used both to pace the heart during the period between times
(319, 324) and (320, 325) shown in FIGS. 31 and 32, but are
also used to sense heart activity electrically between times
321 and 322 shown in FIG. 31.

[0205] In the embodiment depicted in FIG. 34, sensing
electrode 332 is disposed at a distance of at least about 5
millimeters from pacing electrode 330 in order to provide a
degree of electrical isolation between tissues that will develop
apolarization potential and tissues being sensed for heartbeat
activity. Similarly, in the embodiment depicted in FIG. 35,
sensing electrode pair 335 is disposed at a distance of at least
about 5 millimeters from pacing electrode pair 334.

[0206] In another preferred embodiment, cardiac pace-
maker lead is not an electrical conductor but rather comprises
one or more optical fibers that carry light energy between the
pacemaker device case and the electrodes. This embodiment
may be used in order to create pacemaker leads that are
immune to the intense radio frequency and magnetic fields
associated with magnetic resonance imaging (MRI) and
which fields can in some cases result in damage to the pace-
maker and/or injury or death to the pacemaker patient who
inadvertently undergoes MRI diagnosis. In this embodiment
electrodes are more complex than in the former embodiment;
for purposes of pacing they comprise a photodiode (not
shown) used to convert light energy to electrical energy
within them, and in the case of sensing cardiac activity they
also comprise a miniature electrical amplifier and light emit-
ting diode source that creates an optical signal that travels
from the electrode back to a pacemaker device that uses the
photonic catheter of this embodiment.

[0207] Inanotherembodiment, and referringto FIG. 34, the
pacemaker lead 329 connects the pacemaker device case (not
shown)to a set of electrodes 330, 331, and 332 at its distal end
and affixed to cardiac tissue as in the previous embodiment.
Electrode 331, as in the previous embodiment, is capable of
either pacing the heart or sensing heart activity electrically.
Electrode 330 is used only to pace the heart, and is identical in
its function to that part of the function of the dual-purpose
electrode. In like manner electrode 332 is used only for sens-
ing heart activity electrically, in a fashion identical to that part
of the function of the dual-purpose electrode.

[0208] The reason for the configuration shown in FIG. 34 is
that the cardiac tissue immediately involved in the pacing
event, and which develops a polarization potential as a result
of the pacing signal, is somewhat removed physically from
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the cardiac tissue immediately around the sensing electrode
332, thus providing some degree of isolation from polariza-
tion potential in the area where cardiac sensing is being done,
but still providing ample opportunity for sensing any cardiac
activity. Thus this embodiment provides the opportunity for
sensing measurements to be made during dwell periods in the
overall pacing signal wherein no voltage is being applied to
the cardiac tissue.

[0209] In a further embodiment, and still referring to FIG.
34, pacemaker lead 329 does not contain electrical conduc-
tors but rather comprises one or more optical fibers, as
described in a previous embodiment. Likewise, electrodes
330 and 331 have the capability to convert optical energy to
electrical energy in order to pace the heart, and electrodes 331
and 332 comprise electrical amplifier and electricity-to-light
conversion, as is also described in the previous embodiment.
[0210] Inyetanother preferred embodiment, shown in FIG.
35, pacemaker lead 333 connects the pacemaker device case
(not shown) to a set of electrodes 334 and 335 at its distal end
and is affixed to cardiac tissue as in the previous embodi-
ments. In this embodiment, additional separation between the
volume of cardiac tissue being paced (between electrodes
334) and the volume of cardiac tissue being sensed (between
electrodes 335) is created in order to provide further improve-
ments in electrical isolation between those areas, thereby
providing further improvement in the ability to make sensing
measurements during cardiac pacing.

[0211] In yet another embodiment, and still referring to
FIG. 35, pacemaker lead 333 does not contain electrical con-
ductors but rather one or more optical fibers, as described in a
previous embodiment. Likewise, electrodes 334 have the
capability to convert optical energy to electrical energy in
order to pace the heart, and electrodes 335 comprise electrical
amplifier and electricity-to-light conversion as also described
in previous embodiments.

[0212] In one preferred embodiment of the present inven-
tion, a technique of pulsewidth modulation is used to pace the
heart and to provide the opportunity for real-time measure-
ment of cardiac tissue activity.

[0213] Referring to FIG. 36, it may be seen that a pacing
signal 338 that begins at time 341 is not a traditional square
wave pulse as shown in FIGS. 31 and 32, but is a series of
much faster pulses that apply a voltage 337 for a time period
339 and that apply no voltage during time period 340.
[0214] For example, if time period 339 is chosen to be two
microseconds and if time period 340 is chosen to be one
microsecond, a single repeat of sequence 339 and 340 has a
duration of three microseconds. If this sequence is repeated
three hundred thirty-three times, the time interval for pulse
338 will be about one millisecond, corresponding to the time
interval of a single traditional pacing signal to the heart. For
purposes of this illustrative example and again referring to
FIG. 36, voltage 337 may be chosen to compensate for the fact
that no voltage is applied for one third of the time. In order for
a pulsewidth signal 338 having 66% duty cycle as described
in this illustration to deliver the same amount of electrical
energy to the cardiac tissue as in a square wave 3 volt DC
pulse of 1 millisecond duration, and taking into consideration
the relationship of energy to voltage in a purely resistive
medium (energy is proportional to the square of the applied
voltage), the voltage 337 will be chosen to be 3 volts DC
multiplied by the square root of 1.5, or 3.67 volts direct
current. If the frequency of pulsewidth modulated pacing
curve 338 is high with respect to the reaction time of cardiac
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tissue, that tissue will react in the same manner to the pulse-
width modulated signal having 66% duty cycle and 3.67 volt
peak signal level as it would to a square wave of the same
duration at 3.0 volt.

[0215] The foregoing example is intended to be illustrative
only; in the embodiment depicted, time periods 339 and 340
may range from below 1 microseconds to over 100 microsec-
onds in order to optimize the response of the system to design
choices in the pacemaker device or the pacemaker lead and
electrodes. In addition, this embodiment provides for time
periods 339 and 340 to be variable over time, both in absolute
duration and in their ratio. Further, the applied voltage 337
may be variable over time within a single pacing signal 338,
or between pacing signals, as a function of changes in physi-
ologic demand or based on changes in programmed response
of the pacemaker system. For purposes of this specification,
the overall signal that spans between times 339 and 340 will
be referred to as the pacing signal, the shorter signals sent to
the heart in multiples will be referred to as pulses, and the
much shorter signals described in this illustrative example as
having time duration 339 will be referred to as micropulses.
[0216] Referring once again to FIG. 36, it may be seen that
a cardiac tissue sensing measurement 343 may be carried out
during time period 342. In one embodiment, time period 342
may occur any time during the pacing signal and may have
any duration appropriate to making said sensing measure-
ment. In a preferred embodiment, time period 342 is selected
to be shorter in duration than time period 340, and is further
synchronized so as to fall within time period 340. The result
is that the electrical measurement of cardiac tissue activity is
done during a time period wherein there is not pacing signal
applied to the tissue.

[0217] Referring again briefly to FIGS. 33, 34, and 35, it
may be seen that in combination with the placement of elec-
trodes on pacemaker lead that provides isolation between the
tissue being paced and the tissue being sensed, the additional
temporal isolation of sensing period from the active time
period of the pulsewidth modulated pacing signal, a means is
provided to measure the onset of cardiac response to the
pacing signal while the signal is still being generated as a set
of multiple shorter pulses.

[0218] FIG. 37 is a graph depicting the operation of one
preferred embodiment that gains energy efficiency by means
of early termination of the pacing signal, but which uses a
constant voltage applied to the micropulses comprising the
pacing signal. The peak voltage of pulses that make up pacing
signal 345 rises from zero to voltage 344 at time 346, as
previously shown in FIG. 36. At time 348, when a signal from
heart causes cessation of the micropulsing process, the pulse-
width pacing signal 345 returns to zero until the next pacing
signal is commanded from the demand controller. The area
347 depicts the additional signal that a traditional pacemaker
not practicing pulsewidth pacing would send to pace the heart
after the onset of a beat at time 348. As discussed previously,
standard clinical practice calls for a threefold safety factor in
pulse duration; employing a pacemaker in a manner depicted
in FIG. 37, would result in up to approximately a 65 percent
reduction in energy consumption for the pacemaker system.
[0219] FIG.38is a graph depicting the operation of another
preferred embodiment that gains energy efficiency by means
of both early termination of the pacing signal and by the
additional use of gradient pulsewidth power control. As in the
previous embodiment, pulsewidth pacing signal 352 begins
to rise from zero at time 353, and the voltage of each of the
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micropulses rises with each micropulse cycle. FIG. 38 depicts
a linear rise with time, but experimentation may result in a
different algorithm that better matches the electrochemistry
of cardiac tissue; thus FIG. 38 should be considered as illus-
trative of a variety of waveforms that may be employed to
excite the heart. At time 354, when a signal from heart causes
cessation of the micropulsing process, the pulsewidth pacing
signal 352 returns to zero until the next pacing signal is
commanded from the demand controller. As in the example of
FIG. 37, the area 356 depicts the signal that a traditional
pacemaker not practicing pulsewidth pacing would send to
pace the heart.

[0220] As discussed previously, standard clinical practice
calls for a threefold safety factor in pulse duration. The typical
twofold safety factor in applied voltage results in a power
level that is four times higher than the minimum to pace the
specific patient’s heart. Thus in combination the joint safety
factors applied to voltage and pulse duration result in an
energy utilization that is twelve times higher than the mini-
mum needed to reliably pace that individual’s heart. By prac-
ticing pulsewidth pacing, which permits the cessation of the
pulsewidth pacing signal virtually the instant the heart begins
to beat, the energy consumption of a pacemaker may be
reduced by as much as 90%.

[0221] It should also be understood that in using a pulse-
width modulation control technique, it is not necessary to
alter the actual peak voltage of the pulses that make up the
pacing signal to effect an apparent change in applied voltage.
It the frequency of the pulses is high enough in comparison to
the response time of the circuit and the cardiac tissue through
which the pacing signal is conducted, the tissue will react in
the same manner as if the applied voltage were the actual peak
voltage multiplied by the duty cycle. Thus, the electronic
circuit may be designed to utilize a single voltage and adjust
duty cycle by adjusting the ratio of times 339 and 340. This
permits optimization the energy efficiency of power sources
and switching circuits.

[0222] FIG. 39 depicts an alternative overall waveform for
pacing signal 360. Note that for reasons of simplicity the
overall value of peak voltage is shown for pacing signal 360,
and not the individual pulsewidths, as shown in FIG. 38.
However, this embodiment still makes use of the high-fre-
quency pulsewidth approach shown in greater detail in FIGS.
37 and 38. Whereas FIG. 38 depicts a linear rise with time,
FIG. 39 depicts an initial rise of pacing signal 360 at time 361
from 0 vDC to voltage 359, followed by a non-linear increase
to voltage 358, at which time 362 a heartbeat has been sensed,
and pacing signal 360 is cut off as in the previous embodi-
ments described herein.

[0223] Experimentation may result in a different algorithm
that better matches the electrochemistry of cardiac tissue, and
this algorithm may be developed for the specific patient dur-
ing the initial post-implantation period. Thus, FIGS. 38 and
39 should be considered as illustrative of a variety of wave-
forms that may be employed to excite the heart, and may be
made specific to the needs of each pacemaker patient.
[0224] As in the previous embodiment depicted in FIG. 38,
the use of pulsewidth modulation techniques in the embodi-
ment depicted in FIG. 39 permits optimization of energy
efficiency by adjusting duty cycle rather than adjusting actual
peak voltage.

[0225] The photonic catheter described above may be used
for transmission of a signal to and from a body tissue of a
vertebrate. The fiber optic bundle has a surface of non-immu-
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nogenic, physiologically compatible material and is capable
of being permanently implanted in a body cavity or subcuta-
neously. The fiber optic bundle has a distal end for implanta-
tion at or adjacent to the body tissue and a proximal end. The
proximal end is adapted to be coupled to and direct an optical
signal source, and the distal end is adapted to be coupled to an
optical stimulator. The fiber optic bundle delivers an optical
signal intended to cause an optical stimulator coupled to the
distal end to deliver an excitatory stimulus to a selected body
tissue, such as a nervous system tissue region; e.g., spinal
cord or brain. The stimulus causes the selected body tissue to
function as desired.

[0226] The photonic catheter further includes a photore-
sponsive device for converting the light transmitted by the
fiber optic bundle into electrical energy and for sensing varia-
tions in the light energy to produce control signals. A charge-
accumulating device receives and stores the electrical energy
produced by the photoresponsive device. A discharge control
device, responsive to the control signals, directs the stored
electrical energy from the charge-accumulating device to a
cardiac assist device associated with a heart.

[0227] The photoresponsive device may include a charge
transfer control circuit and a photodiode. The charge transfer
control circuit controls a discharging of a photodiode capaci-
tance in two separate discharge periods during an integration
period of the photodiode such that a first discharge period of
the photodiode capacitance provides the sensing of variations
in the light energy to produce control signals and a second
discharge period of the photodiode capacitance provides the
converting the light transmitted by the photonic lead system
into electrical energy. The first discharge period can be a
shorter time duration that the time duration of the second
discharge period. During the first discharge period, a control
signal sensing circuit is connected to the photodiode, and
during the second discharge period, the charge-accumulating
device is connected to the photodiode. The charge-accumu-
lating device may be a capacitor or a rechargeable battery.

[0228] The photonic catheter can also transmit between the
primary device housing and the cardiac assist device, both
power and control signals in the form oflight. A photorespon-
sive device converts the light transmitted by the photonic lead
system into electrical energy and to sense variations in the
light energy to produce control signals. A charge-accumulat-
ing device receives and stores the electrical energy produced
by the photoresponsive device, and a discharge control
device, responsive to the control signals, directs the stored
electrical energy from the charge-accumulating device to the
cardiac assist device associated with the heart.

[0229] The photoresponsive device, in this embodiment,
may include a charge transfer control circuit and a photo-
diode. The charge transfer control circuit controls a discharg-
ing of a photodiode capacitance in two separate discharge
periods during an integration period of the photodiode such
that a first discharge period of the photodiode capacitance
provides the sensing of variations in the light energy to pro-
duce control signals and a second discharge period of the
photodiode capacitance provides the converting the light
transmitted by the photonic lead system into electrical energy.
The first discharge period can be a shorter time duration that
the time duration of the second discharge period. During the
first discharge period, a control signal sensing circuit is con-
nected to the photodiode, and during the second discharge
period, the charge-accumulating device is connected to the
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photodiode. The charge-accumulating device may be a
capacitor or a rechargeable battery.

[0230] Thephysical realization of the photodiode functions
as light-detecting elements. In operation, the photodiode is
first reset with a reset voltage that places an electronic charge
across the capacitance associated with the diode. Electronic
charge, produced by the photodiode when exposed to illumi-
nation, causes charge of the photodiode capacitance to dissi-
pate in proportion to the incident illumination intensity. At the
end of an exposure period, the change in photodiode capaci-
tance charge is collected as electrical energy and the photo-
diode is reset.

[0231] Manipulating or adjusting the charge integration
function of the photodiode can modity the creation of energy
by the sensors. Charge integration function manipulation can
be realized by changing of an integration time, T,, , for the
photodiode. Changing the integration time, T,,,,, changes the
start time of the charge integration period.

[0232] Integrationtime, T, is the time thata control signal
is not set at a reset level. When the control signal is not at a
reset value, the photodiode causes charge to be transferred or
collected therefrom. The timing of the control signal causes
charge to be transferred or collected from the photodiode for
a shorter duration of time or longer duration of time. This
adjustment can be used to manage the charge in the photo-
diode so that the photodiode does not become saturated with
charge as well as to manage the current output of the sensor.
[0233] Another conventional way of manipulating the
charge integration function is to use a stepped or piecewise
discrete-time charge integration function. By using a stepped
or piecewise discrete charge integration function, the charge
in the photodiode can be further managed so that the photo-
diode does not become saturated with charge as well as to
manage the current output of the photodiode.

[0234] The photonic catheter can also be used to measure
displacement current. Unlike a standard conduction current
of moving electrons, displacement current is a measure of the
changing electric field in the air, generated by the shifting
voltages on the skin surface. To accurately measure this subtle
current in the air without shorting it, a sensor is needed with
impedance higher than that of the air gap between the body
and the sensor. Otherwise, the sensor will drain the electrical
signal just like an ECG contact sensor does. The sensor can be
a small copper disc about a centimeter across, which can
produce sensitive ECGs.

[0235] FIG. 21 illustrates an optical transducer including a
pressure sensor 225 in a porous non-conductive insert 226
that is coupled to a photonic catheter or other optical com-
munication channel.

[0236] FIG. 22 illustrates in more detail, the pressure opti-
cal transducer device of FIG. 21. In FIG. 22, an optical trans-
ducer device is anchored to a predetermined tissue region
230, such as a cardiac muscle region, by anchors 227 and 229.
The anchors are connected to a porous sleeve 231 that houses
a pressure sensor 228. The optical transducer device further
includes a mechanical-optical transducer 232, within housing
233, to produce an optical signal corresponding to the move-
ment of pressure sensor 228. Pressure sensor 228 moves back
and forth in response to pressure generate by contractions of
the predetermined tissue region 230. Based on the pressure
gradient produced, the pressure sensor 228 will move and
cause the mechanical-optical transducer 232 to produce a
signal containing information on the characteristics of the
predetermined tissue region 230.

int
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[0237] InFIG. 23, an optical transducer device is anchored
to a predetermined tissue region 234, such as a cardiac muscle
region, by a porous sleeve 235 that houses a pressure sensor
236. The optical transducer device further includes a
mechanical-optical transducer 239, within housing 237 and
connected to optical cable 238, to produce an optical signal
corresponding to the movement of pressure sensor 236. Pres-
sure sensor 236 moves back and forth in response to pressure
generate by contractions of the predetermined tissue region
234. Based on the pressure gradient produced, the pressure
sensor 236 will move and cause the mechanical-optical trans-
ducer 239 to produce a signal containing information on the
characteristics of the predetermined tissue region 234.
[0238] InFIG. 24, an optical transducer device is anchored
to a predetermined tissue region 240, such as a cardiac muscle
region, by a porous sleeve 241 that houses an optical device
242. The optical device 242 produces an optical signal that
reflects off the predetermined tissue region 240. Based upon
the nature of the reflection, optical device 242 produces opti-
cal signals corresponding to the characteristics of the prede-
termined tissue region 240. These optical signals are trans-
mitted over an optical cable 244 within a housing 243.
[0239] InFIG.25,an optical transducer device for a cardiac
region is illustrated. An optical device 251 produces light that
is fed along fiber optics 247 and 250 to a ventricle area of the
heart and an atrium area of the heart, respectively. The light is
reflected off these areas and fed back to the optical device 251
through fiber optics 248 and 249. Based upon the nature of the
reflection, optical device 251 produces optical signals corre-
sponding to the characteristics of the monitored areas. These
optical signals 252 are transmitted over an optical cable 253
to a control unit device 254 at a proximal end of the optical
cable 253.

[0240] FIG. 26 illustrates one embodiment of an optical
sensor. In FIG. 26, a fiber optic bundle 258 includes indi-
vidual fiber optics 259. One of the fiber optics produces the
reference light that is reflected off flap 261 within the optical
sensor. The flap 261 will move between stops 257 and 260
based on characteristics within a predetermined tissue region.
As the flap 261 moves on pivot 262, the light is reflected at
different angles and thus is collected by a different fiber in the
fiber optic bundle, depending upon the angle of reflection. In
this way, the characteristics of the predetermined tissue
region can be measured.

[0241] Alternatively to the electromagnetic insult immune
systems described above, a system can avoid failure during
magnetic resonance imaging by determining a quiet period
for a tissue implantable device and generating a magnetic
resonance imaging pulse during a quiet period of the tissue
implantable device. Moreover, a system can avoid failure due
to an external electromagnetic field source by detecting a
phase timing of an external electromagnetic field or external
magnetic resonance imaging pulse field and altering opera-
tions of the tissue implantable device to avoid interfering with
the detected external electromagnetic field or external mag-
netic resonance imaging pulse field. In these instances the
tissue implantable device may be a cardiac assist device.
[0242] The concepts of the present invention may also be
utilized in an electromagnetic radiation immune tissue inva-
sive delivery system. The electromagnetic radiation immune
tissue invasive delivery system has a photonic lead having a
proximal end and a distal end. A storage device, located at the
proximal end of the photonic lead, stores a substance to be
introduced into a tissue region. A delivery device delivers a
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portion of the stored substance to a tissue region. A light
source, in the proximal end of the photonic lead, produces a
first light having a first wavelength and a second light having
a second wavelength.

[0243] A wave-guide is located between the proximal end
and distal end of the photonic lead. A bio-sensor, in the distal
end of the photonic lead, senses characteristics of a predeter-
mined tissue region, and a distal sensor, in the distal end of the
photonic lead, converts the first light into electrical energy
and, responsive to the bio-sensor, to reflect the second light
back the proximal end of the photonic lead such that a char-
acteristic of the second light is modulated to encode the
sensed characteristics of the predetermined tissue region. A
proximal sensor, in the proximal end of the photonic lead,
converts the modulated second light into electrical energy,
and a control circuit, in response to the electrical energy from
the proximal sensor, controls an amount of the stored sub-
stance to be introduced into the tissue region.

[0244] In this embodiment, the sensed characteristic may
be an EKG signal, a glucose level, hormone level, or choles-
terol level. The stored substance may be a cardiac stimulating
substance, a blood thinning substance, insulin, estrogen,
progesterone, or testosterone.

[0245] The MRI compatible photonic catheter, according
to the concepts of the present invention, can also be utilized to
illuminate a multiple sector photodiode, whose sectors are
electrically connected in series so that the voltage output of
each sensor is additive, thereby producing a total output volt-
age in excess of what would be achieved from a single sensor.
[0246] In another embodiment of the present invention, a
higher voltage and current outputs is achieved by increasing
the number and size of detectors. This embodiment also pro-
vides very accurate and stable alignment of the radiation
wave-guide to the sensor, and a uniform spatial intensity of
the output beam that illuminates the multiple sensor sectors.
[0247] Power transfer can also be realized by a radiation
source coupled to a wave-guide to direct radiation onto a
single radiation sensor. This photonic system design is
repeated with additional radiation sources, additional wave-
guides, and additional radiation sensors. Redundant sensors
are connected in series to produce a total output voltage in
excess of what would be achieved from a single sensor.
[0248] These embodiments may also utilize a variable
intensity radiation source that can be used to vary the output
current of the series connected sensors. Moreover, this
embodiment may include a control circuit that controls the
period and nature of the charge integration function of the
sensors to maximize the output current of the sensors.
[0249] The concepts of the present invention may also be
utilized in implanted insulin pumps. Implanted insulin pumps
typically consist of two major subsystems: a pump assembly
for storing and metering insulin into the body, and a sensor for
measuring glucose concentration. The two assemblies are
typically connected by a metallic wire lead encased in a
biocompatible catheter. The pump and sensor assemblies are
typically located in separate locations within the body to
accommodate the larger size of the reservoir and pump
assembly (which is typically located in the gut), and to enable
the sensor (typically located near the heart) to more accu-
rately measure glucose concentration.

[0250] The output of the sensor is delivered to the reservoir
and pump assembly as a coded electrical signal where it is
used to determine when and how much insulin to deliver into
the body. The fact that the lead connecting the two assemblies
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is a wire lead makes it susceptible to interference from exter-
nal magnetic fields, particularly the intense magnetic fields
used in MRI imaging. Interference from MRI fields can
induce electrical voltages in the leads that can damage the
pump assembly and cause incorrect operation of the pump
which could lead to patient injury possibly even death.
[0251] Induced electrical currents can also cause heating of
the lead that can also damage the pump and cause incorrect
operation of the pump and injury to the patient due to pump
failure as well as thermogenic injury to internal tissues and
organs. Shielding of the reservoir and pump assembly and
sensor assembly can reduce direct damage to these devices,
but cannot prevent induced electrical voltages and currents
from interfering with and damaging the devices.

[0252] According to the concepts of the present invention,
a photonic lead replaces the metallic wire connecting the
reservoir and pump assembly and sensor assembly with a
wave-guide such as an optical fiber. The sensor assembly is
also modified to include means to transduce the electrical
signal generated by the sensor into an optical signal that is
then transmitted to reservoir and pump assembly over the
wave-guide. This transduction means can be achieved by
various combinations of optical emitters, optical attenuators,
and optical sensors located in either the sensor assembly or
reservoir and pump assembly.

[0253] As noted above, the present invention is an implant-
able device that is immune or hardened to electromagnetic
insult or interference.

[0254] Inone embodiment of the present invention as illus-
trated in the figures, an implantable pacemaker or a cardiac
assist system is used to regulate the heartbeat of a patient. The
implantable cardiac assist system is constructed of a primary
device housing that has control circuitry therein. This control
circuitry may include a control unit such a microprocessor or
other logic circuits and digital signal processing circuits. The
primary device housing may also include an oscillator,
memory, filtering circuitry, an interface, sensors, a power
supply, and/or a light source.

[0255] The microprocessor may be an integrated circuit for
controlling the operations of the cardiac assist system. The
microprocessor integrated circuit can select a mode of opera-
tion for the cardiac assist system based on predetermined
sensed parameters. In one embodiment, the microprocessor
integrated circuit isolates physiological signals using an ana-
log or digital noise filtering circuit.

[0256] The primary device housing also can contain cir-
cuitry to detect and isolate crosstalk between device pulsing
operations and device sensing operations, a battery power
source and a battery power source measuring circuit. In such
an embodiment the microprocessor integrated circuit can
automatically adjust a value for determining an elective
replacement indication condition of a battery power source.
The value is automatically adjusted by the microprocessor
integrated circuit in response to a measured level of a state of
the battery power source. The measured level is generated by
the battery power source measuring circuit that is connected
to the battery power source.

[0257] The microprocessor integrated circuit can be pro-
grammable from a source external of the cardiac assist system
and can provide physiological or circuit diagnostics to a
source external of the cardiac assist system.

[0258] The microprocessor integrated circuit may also
include a detection circuit to detect a phase timing of an
external electromagnetic field. The microprocessor inte-
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grated circuit alters its operations to avoid interfering with the
detected external electromagnetic field. Moreover, the car-
diac assist system would include sensors may detect a heart
signal and to produce a sensor signal therefrom and a modu-
lator to modulate the sensor signal to differentiate the sensor
signal from electromagnetic interference or a sampling cir-
cuit to sample the sensor signal multiple times to differentiate
the sensor signal from electromagnetic interference, undesir-
able acoustic signals, large muscle contractions, or extrane-
ous infrared light.

[0259] The primary device housing has formed around it, in
apreferred embodiment, a shield. The shield can be formed of
various composite materials so as to provide an electromag-
netic shield around the primary housing. Examples of such
materials are metallic shielding or polymer or carbon com-
posites such as carbon fullerenes. This shield or sheath
around the primary device housing shields the primary device
housing and any circuits therein from electromagnetic inter-
ference.

[0260] The cardiac assist system also includes a lead sys-
tem to transmit and receive signals between a heart and the
primary device housing. The lead system may be a fiber optic
based communication system, preferably a fiber optic com-
munication system contains at least one channel within a
multi-fiber optic bundle, or the lead system may be a plurality
of electrical leads. The lead system is coated with electro-
magnetic interference resistant material.

[0261] With respect to the electrical lead system, the plu-
rality of electrical leads has a second shielding therearound,
the second shielding preventing the electrical leads from con-
ducting stray electromagnetic interference. The second
shielding can be a metallic sheath to prevent the electrical
leads from conducting stray electromagnetic interference; a
carbon composite sheath to prevent the electrical leads from
conducting stray electromagnetic interference; or a polymer
composite sheath to prevent the electrical leads from conduct-
ing stray electromagnetic interference. The electrical leads
may either be unipolar, bipolar or a combination of the two.
Moreover, the lead system itself may be a combination of
fiber optic leads and electrical leads wherein these electrical
leads can be either unipolar, bipolar or a combination of the
two.

[0262] The lead systems may include a sensing and stimu-
lation system at an epicardial-lead interface with a desired
anatomical cardiac tissue region. The sensing and stimulation
system may include optical sensing components to detect
physiological signals from the desired anatomical cardiac
tissue region and/or electrical sensing components to detect
physiological signals from the desired anatomical cardiac
tissue region. The sensing and stimulation system may also
include optical pulsing components to deliver a stimulus of a
predetermined duration and power to the desired anatomical
cardiac tissue region and/or electrical pulsing components to
deliver a stimulus of a predetermined duration and power to
the desired anatomical cardiac tissue region. The sensing and
stimulation system may also include hydrostatic pressure
sensing components to detect physiological signals from the
desired anatomical cardiac tissue region.

[0263] Although the leads may be fiber optic strands or
electrical leads with proper shielding, the actual interface to
the tissue, the electrodes, cannot be shielded because the
tissue needs to receive the stimulation from the device with-
out interference. This causes the electrodes to be susceptible
to electromagnetic interference or insult, and such insult can
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cause either damage to the tissue area or the circuitry at the
other end. To realize immunity from the electromagnetic
interference or insult, each electrode has an anti-antenna geo-
metrical shape. The anti-antenna geometrical shape prevents
the electrode from picking up and conducting stray electro-
magnetic interference.

[0264] Moreover, the primary device housing, may include
for redundancy filtering circuits as the ends of the electrical
leads at the primary housing interface to remove stray elec-
tromagnetic interference from a signal being received from
the electrical lead. The filters may be capacitive and inductive
filter elements adapted to filter out predetermined frequencies
of electromagnetic interference.

[0265] In addition to the electromagnetic interference
shielding, the primary device housing, and lead system,
whether it is a fiber optic system or electrical lead system can
be coated with a biocompatible material. Such a biocompat-
ible material is preferably a non-permeable diffusion resistant
biocompatible material.

[0266] In another embodiment of the present invention as
illustrated in the figures, an implantable pacemaker or a car-
diac assist system is used to regulate the heartbeat of a patient.
The implantable cardiac assist system is constructed of a
primary device housing that has control circuitry therein. This
control circuitry may include a control unit such a micropro-
cessor or other logic circuits and digital signal processing
circuits. The primary device housing may also include an
oscillator, memory, filtering circuitry, an interface, sensors, a
power supply, and/or a light source. In a preferred embodi-
ment, the control circuitry including the oscillator and an
amplifier operate at an amplitude level above that of an
induced signal from a magnetic-resonance imaging field.

[0267] The microprocessor may be an integrated circuit for
controlling the operations of the cardiac assist system. The
microprocessor integrated circuit can select a mode of opera-
tion for the cardiac assist system based on predetermined
sensed parameters. In one embodiment, the microprocessor
integrated circuit isolates physiological signals using an ana-
log or digital noise filtering circuit.

[0268] The primary device housing also can contain cir-
cuitry to detect and isolate crosstalk between device pulsing
operations and device sensing operations, a battery power
source and a battery power source measuring circuit. In such
an embodiment the microprocessor integrated circuit can
automatically adjust a value for determining an elective
replacement indication condition of a battery power source.
The value is automatically adjusted by the microprocessor
integrated circuit in response to a measured level of a state of
the battery power source. The measured level is generated by
the battery power source measuring circuit that is connected
to the battery power source.

[0269] The microprocessor integrated circuit can be pro-
grammable from a source external of the cardiac assist system
and can provide physiological or circuit diagnostics to a
source external of the cardiac assist system.

[0270] The cardiac assist system also includes a lead sys-
tem to transmit and receive signals between a heart and the
primary device housing. The lead system may be a fiber optic
based communication system, preferably a fiber optic com-
munication system contains at least one channel within a
multi-fiber optic bundle, or the lead system may be a plurality
of electrical leads. The lead system is coated with electro-
magnetic interference resistant material.
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[0271] The cardiac assist system further includes a detec-
tion circuit. The detection circuit is located in the primary
device housing and detects an electromagnetic interference
insult upon the cardiac assist system. Examples of such detec-
tion circuits are a thermistor heat detector; a high frequency
interference detector; a high voltage detector; and/or an
excess current detector. The control circuit places the cardiac
assist system in an asynchronous mode upon detection of the
electromagnetic interference insult by the detection system.

[0272] With respect to the electrical lead system, the plu-
rality of electrical leads has a second shielding therearound,
the second shielding preventing the electrical leads from con-
ducting stray electromagnetic interference. The second
shielding can be a metallic sheath to prevent the electrical
leads from conducting stray electromagnetic interference; a
carbon composite sheath to prevent the electrical leads from
conducting stray electromagnetic interference; or a polymer
composite sheath to prevent the electrical leads from conduct-
ing stray electromagnetic interference. The electrical leads
may either be unipolar, bipolar or a combination of the two.
Moreover, the lead system itself may be a combination of
fiber optic leads and electrical leads wherein these electrical
leads can be either unipolar, bipolar or a combination of the
two.

[0273] The lead systems may include a sensing and stimu-
lation system at an epicardial-lead interface with a desired
anatomical cardiac tissue region. The sensing and stimulation
system may include optical sensing components to detect
physiological signals from the desired anatomical cardiac
tissue region and/or electrical sensing components to detect
physiological signals from the desired anatomical cardiac
tissue region. The sensing and stimulation system may also
include optical pulsing components to deliver a stimulus of a
predetermined duration and power to the desired anatomical
cardiac tissue region and/or electrical pulsing components to
deliver a stimulus of a predetermined duration and power to
the desired anatomical cardiac tissue region. The sensing and
stimulation system may also include hydrostatic pressure
sensing components to detect physiological signals from the
desired anatomical cardiac tissue region.

[0274] Although the leads may be fiber optic strands or
electrical leads with proper shielding, the actual interface to
the tissue, the electrodes, cannot be shielded because the
tissue needs to receive the stimulation from the device with-
out interference. This causes the electrodes to be susceptible
to electromagnetic interference or insult, and such insult can
cause either damage to the tissue area or the circuitry at the
other end. To realize immunity from the electromagnetic
interference or insult, each electrode has an anti-antenna geo-
metrical shape. The anti-antenna geometrical shape prevents
the electrode from picking up and conducting stray electro-
magnetic interference.

[0275] Moreover, the primary device housing, may include
for redundancy filtering circuits as the ends of the electrical
leads at the primary housing interface to remove stray elec-
tromagnetic interference from a signal being received from
the electrical lead. The filters may be capacitive and inductive
filter elements adapted to filter out predetermined frequencies
of electromagnetic interference.

[0276] Theprimary device housing has formed around it, in
apreferred embodiment, a shield. The shield can be formed of
various composite materials so as to provide an electromag-
netic shield around the primary housing. Examples of such
materials are metallic shielding or polymer or carbon com-
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posites such as carbon fullerenes. This shield or sheath
around the primary device housing shields the primary device
housing and any circuits therein from electromagnetic inter-
ference.

[0277] In addition to the electromagnetic interference
shielding, the primary device housing, and lead system,
whether it is a fiber optic system or electrical lead system can
be coated with a biocompatible material. Such a biocompat-
ible material is preferably a non-permeable diffusion resistant
biocompatible material.

[0278] In another embodiment of the present invention as
illustrated in the figures, a cardiac assist system includes a
primary device housing. The primary device housing has a
control circuit, therein, to perform synchronous cardiac assist
operations. The cardiac assist system further includes a sec-
ondary device housing that has a control circuit, therein, to
perform asynchronous cardiac assist operations

[0279] A detection circuit, located in either the primary or
secondary device housing and communicatively coupled to
the control circuits, detects an electromagnetic interference
insult upon the cardiac assist system. The detection circuit
can also be located in a third device housing. Examples of
such detection circuits are a thermistor heat detector; a high
frequency interference detector; a high voltage detector; and/
or an excess current detector.

[0280] The detection circuit is communicatively coupled to
the control circuits through a fiber optic communication sys-
tem and/or through electromagnetic interference shielded
electrical leads. The fiber optic communication system or the
electromagnetic interference shielded electrical leads are
coated with a biocompatible material.

[0281] The control circuit of the primary device housing
terminates synchronous cardiac assist operations and the con-
trol circuit of the secondary device housing initiates asyn-
chronous cardiac assist operations upon detection of the elec-
tromagnetic interference insult by the detection system. In
this system the control circuit of the secondary device hous-
ing places the cardiac assist system in the asynchronous mode
for a duration of the electromagnetic interference insult and
terminates the asynchronous mode of the cardiac assist sys-
tem upon detection of an absence of an electromagnetic inter-
ference insult by the detection system. The control circuit of
the primary device housing terminates the synchronous mode
of the cardiac assist system for the duration of the electro-
magnetic interference insult and re-initiates the synchronous
mode of the cardiac assist system upon detection of an
absence of an electromagnetic interference insult by the
detection system.

[0282] The primary and secondary device housings have
formed around them, in a preferred embodiment, a shield.
The shield can be formed of various composite materials so as
to provide an electromagnetic shield around the primary
housing. Examples of such materials are metallic shielding or
polymer or carbon composites such as carbon fullerenes. This
shield or sheath around the primary device housing shields
the primary device housing and any circuits therein from
electromagnetic interference.

[0283] In addition to the electromagnetic interference
shielding, the primary and secondary device housings are
coated with a biocompatible material. Such a biocompatible
material is preferably a non-permeable diffusion resistant
biocompatible material.

[0284] The cardiac assist system also includes a lead sys-
tem to transmit and receive signals between heart and the
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primary and secondary device housings. The lead system may
be a fiber optic based communication system, preferably a
fiber optic communication system contains at least one chan-
nel within a multi-fiber optic bundle, or the lead system may
be a plurality of electrical leads. The lead system is coated
with electromagnetic interference resistant material.

[0285] Although the leads may be fiber optic strands or
electrical leads with proper shielding, the actual interface to
the tissue, the electrodes, cannot be shielded because the
tissue needs to receive the stimulation from the device with-
out interference. This causes the electrodes to be susceptible
to electromagnetic interference or insult, and such insult can
cause either damage to the tissue area or the circuitry at the
other end. To realize immunity from the electromagnetic
interference or insult, each electrode has an anti-antenna geo-
metrical shape. The anti-antenna geometrical shape prevents
the electrode from picking up and conducting stray electro-
magnetic interference.

[0286] In another embodiment of the present invention, an
implantable pacemaker or a cardiac assist system is used to
regulate the heartbeat of a patient. The implantable cardiac
assist system is constructed of a primary device housing that
has control circuitry therein. This control circuitry may
include a control unit such a microprocessor or other logic
circuits and digital signal processing circuits. The primary
device housing may also include an oscillator, memory, fil-
tering circuitry, an interface, sensors, a power supply, and/or
a light source.

[0287] The microprocessor may be an integrated circuit for
controlling the operations of the cardiac assist system. The
microprocessor integrated circuit can select a mode of opera-
tion for the cardiac assist system based on predetermined
sensed parameters. In one embodiment, the microprocessor
integrated circuit isolates physiological signals using an ana-
log or digital noise filtering circuit.

[0288] The primary device housing also can contain cir-
cuitry to detect and isolate crosstalk between device pulsing
operations and device sensing operations, a battery power
source and a battery power source measuring circuit. In such
an embodiment the microprocessor integrated circuit can
automatically adjust a value for determining an elective
replacement indication condition of a battery power source.
The value is automatically adjusted by the microprocessor
integrated circuit in response to a measured level of a state of
the battery power source. The measured level is generated by
the battery power source measuring circuit that is connected
to the battery power source.

[0289] The microprocessor integrated circuit can be pro-
grammable from a source external of the cardiac assist system
and can provide physiological or circuit diagnostics to a
source external of the cardiac assist system. The micropro-
cessor integrated circuit may also include a detection circuit
to detect a phase timing of an external electromagnetic field.
The microprocessor integrated circuit alters its operations to
avoid interfering with the detected external electromagnetic
field. Moreover, the cardiac assist system would include sen-
sors may detect a heart signal and to produce a sensor signal
therefrom and a modulator to modulate the sensor signal to
differentiate the sensor signal from electromagnetic interfer-
ence or a sampling circuit to sample the sensor signal multiple
times to differentiate the sensor signal from electromagnetic
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interference, undesirable acoustic signals, large muscle con-
tractions, or extraneous infrared light.

[0290] In another embodiment of the present invention, a
method prevents a cardiac assist system from failing during
magnetic resonance imaging. A magnetic-resonance imaging
system determines a quiet period for a cardiac assist system.
Upon making this determination, the magnetic-resonance
imaging system locks the timing of a magnetic resonance
imaging pulse to occur during a quiet period of the cardiac
assist system.

[0291] While various examples and embodiments of the
present invention have been shown and described, it will be
appreciated by those skilled in the art that the spirit and scope
of'the present invention are not limited to the specific descrip-
tion and drawings herein, but extend to various modifications
and changes all as set forth in the following claims.
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What is claimed is:

1. A method of operating a magnetic resonance imaging
unit for preventing failure of a tissue implantable device of a
patient undergoing magnetic resonance imaging, comprising:

(a) monitoring, by the magnetic resonance imaging unit,
operations of the tissue implantable device of the patient
undergoing magnetic resonance imaging;

(b) determining, by the magnetic resonance imaging unit,
from the monitored operations, a quiet period for a tissue
implantable device; and

(c) generating, by the magnetic resonance imaging unit, a
magnetic resonance imaging pulse only during the
determined quiet period of the tissue implantable device.

2. The method as claimed in claim 1, wherein the implant-
able tissue device is a cardiac assist device.
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