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i
fr=on G

Where: fr = resonant frequency
L = inductance in henries
C = capacitance in farads

Solving for C: Solving for L:
o I
C= L=
(f)?(em?L tn’em?c

™ assume a 1.5 Tesla MR System,

then the RF pulsed frequency = 64 MHz
— assume that L = 150 nanohenry (150 x 109H)

then; solving for C:

C=413pf

FIG. 18
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SWITCHED SAFETY PROTECTION CIRCUIT
FOR AN AIMD SYSTEM DURING EXPOSURE
TO HIGH POWER ELECTROMAGNETIC
FIELDS

This application is a continuation of U.S. patent applica-
tion Ser. No. 12/731,764, filed on Mar. 25, 2010, now U.S.
Pat. No. 8,447,414, which is a continuation-in-part of U.S.
application Ser. No. 12/686,272, filed on Jan. 12, 2010, now
U.S. Pat. No. 8,509,913, which is a continuation-in-part of
U.S. patent application Ser. No. 12/686,137, filed on Jan. 12,
2010, which is a continuation-in-part of U.S. patent applica-
tion Ser. No. 12/489,921, filed on Jun. 23,2009, now U.S. Pat.
No. 7,751,903, which is a continuation-in-part of U.S. patent
application Ser. No. 12/337,376, filed on Dec. 17,2008, aban-
doned, which is a continuation-in-part of U.S. patent appli-
cation Ser. No. 12/337,170, filed on Dec. 17, 2008, aban-
doned.

FIELD OF INVENTION

This invention generally relates to the problem of energy
induced on implanted leads during medical diagnostic proce-
dures such as magnetic resonant imaging (MRI). Specifically,
the radio frequency (RF) pulsed field of MRI can couple to an
implanted lead in such a way that electromagnetic forces
(EMFs) are induced in the lead. The amount of energy that is
induced is related to a number of complex factors, but in
general, is dependent upon the local electric field that is
tangent to lead and the integral of the electric field strength
along the lead. In certain situations, these EMFs can cause
currents to flow into distal electrodes or in the electrode
interface with body tissue. It has been documented that when
this current becomes excessive, that overheating of said lead
or its associated electrode or overheating of the associated
interface with body tissue can occur. There have been cases of
damage to such body tissue which has resulted in loss of
capture of cardiac pacemaking pulses, tissue damage, severe
enough to result in brain damage or multiple amputations, and
the like. The present invention relates generally to methods of
redirecting said energy to other locations other than a distal
tip electrode-to-tissue interface.

BACKGROUND OF THE INVENTION

Compatibility of probes, catheters, cardiac pacemakers,
implantable defibrillators and other types of active implant-
able medical devices with magnetic resonance imaging
(MRI) and other types of hospital diagnostic equipment has
become a major issue. If one goes to the websites of the major
cardiac pacemaker manufacturers in the United States, which
include St. Jude Medical, Medtronic and Boston Scientific
(formerly Guidant), one will see that the use of MRI is gen-
erally contra-indicated with pacemakers and implantable
defibrillators. See also: (1) Safety Aspects of Cardiac Pace-
makers in Magnetic Resonance Imaging”, a dissertation sub-
mitted to the Swiss Federal Institute of Technology Zurich
presented by Roger Christoph Luchinger, Zurich 2002; (2)
“1. Dielectric Properties of Biological Tissues: Literature
Survey”, by C. Gabriel, S. Gabriel and E. Cortout; (3) “Il.
Dielectric Properties of Biological Tissues: Measurements
and the Frequency Range 0 Hz to 20 GHz”, by S. Gabriel, R.
W. Lau and C. Gabriel; (4) “IIl. Dielectric Properties of
Biological Tissues: Parametric Models for the Dielectric
Spectrum of Tissues”, by S. Gabriel, R. W. Lau and C. Gab-
riel; and (5) “Advanced Engineering Electromagnetics, C. A.
Balanis, Wiley, 1989; (6) Systems and Methods for Magnetic-

10

20

25

35

40

45

60

65

2

Resonance-Guided Interventional Procedures, U.S. Patent
Application Publication No. US 2003/0050557, Susil and
Halperin et. al, published Mar. 13, 2003; (7) Multifunctional
Interventional Devices for MRI: A Combined Electrophysi-
ology/MRI Catheter, by, Robert C. Susil, Henry R. Halperin,
Christopher J. Yeung, Albert C. Lardo and Ergin Atalar, MRI
in Medicine, 2002; and (8) Multifunctional Interventional
Devices for Use in MRI, US 2003/0050557, and its underly-
ing provisional application Ser. No. 60/283,725.

The contents of the foregoing are all incorporated herein by
reference.

However, an extensive review of the literature indicates
that MRI is indeed often used with pacemaker, neurostimu-
lator and other active implantable medical device (AIMD)
patients. The safety and feasibility of MRI in patients with
cardiac pacemakers is an issue of gaining significance. The
effects of MRI on patients pacemaker systems have only been
analyzed retrospectively in some case reports. There are a
number of papers that indicate that MRI on new generation
pacemakers can be conducted up to 0.5 Tesla (T). MRI is one
of medicine’s most valuable diagnostic tools. MRI is, of
course, extensively used for imaging, but is also used for
interventional medicine (surgery). In addition, MR1is used in
real time to guide ablation catheters, neurostimulator tips,
deep brain probes and the like. An absolute contra-indication
for pacemaker or neurostimulator patients means that these
patients are excluded from MRI. This is particularly true of
scans of the thorax and abdominal areas. Because of MRI’s
incredible value as a diagnostic tool for imaging organs and
other body tissues, many physicians simply take the risk and
go ahead and perform MRI on a pacemaker patient. The
literature indicates a number of precautions that physicians
should take in this case, including limiting the power of the
MRIRF Pulsed field (Specific Absorption Rate—S AR level),
programming the pacemaker to fixed or asynchronous pacing
mode, and then careful reprogramming and evaluation of the
pacemaker and patient after the procedure is complete. There
have been reports of latent problems with cardiac pacemakers
or other AIMDs after an MRI procedure sometimes occurring
many days later. Moreover, there are a number of recent
papers that indicate that the SAR level is not entirely predic-
tive of the heating that would be found in implanted leads or
devices. For example, for magnetic resonance imaging
devices operating at the same magnetic field strength and also
at the same SAR level, considerable variations have been
found relative to heating of implanted leads. It is speculated
that SAR level alone is not a good predictor of whether or not
an implanted device or its associated leadwire system will
overheat.

There are three types of electromagnetic fields used in an
MRI unit. The first type is the main static magnetic field
designated B.sub.0 which is used to align protons in body
tissue. The field strength varies from 0.5 to 3.0 Tesla in most
of the currently available MRI units in clinical use. Some of
the newer MRI system fields can go as high as 4 to 5 Tesla. At
the recent International Society for Magnetic Resonance in
Medicine (ISMRM), which was held on 5 and 6 Nov. 2005, 1t
was reported that certain research systems are going up as
high as 11.7 Tesla and will be ready sometime in 2010. This
is over 100,000 times the magnetic field strength of the earth.
A static magnetic field can induce powerful mechanical
forces and torque on any magnetic materials implanted within
the patient. This would include certain components within the
cardiac pacemaker itself and/or leadwire systems. It is not
likely (other than sudden system shut down) that the static
MRI magpnetic field can induce currents into the pacemaker
leadwire system and hence into the pacemaker itself. It is a
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basic principle of physics that a magnetic field must either be
time-varying as it cuts across the conductor, or the conductor
itself must move within a specifically varying magnetic field
for currents to be induced.

The second type of field produced by magnetic resonance
imaging is the pulsed RF field which is generated by the body
coil or head coil. This is used to change the energy state of the
protons and elicit MRI signals from tissue. The RF field is
homogeneous in the central region and has two main compo-
nents: (1) the electric field is circularly polarized in the actual
plane; and (2) the H field, sometimes generally referred to as
the net magnetic field in matter, is related to the electric field
by Maxwell’s equations and is relatively uniform. In general,
the RF field is switched on and off during measurements and
usually has a frequency of 21 MHz to 64 MHz to 128 MHz
depending upon the static magnetic field strength. The fre-
quency of the RF pulse for hydrogen scans varies by the
Lamor equation with the field strength of the main static field
where: RF PULSED FREQUENCY in MHz=(42.56)
(STATIC FIELD STRENGTH IN TESLA). There are also
phosphorous and other types of scanners wherein the Lamor
equation would be different. The present invention applies to
all such scanners.

The third type of electromagnetic field is the time-varying
magnetic gradient fields designated By, By. B, which are
used for spatial localization. These change their strength
along different orientations and operating frequencies on the
order of 1 kHz. The vectors of the magnetic field gradients in
the X, Y and 7 directions are produced by three sets of
orthogonally positioned coils and are switched on only during
the measurements. In some cases, the gradient field has been
shown to elevate natural heart rhythms (heart beat). This is not
completely understood, but it is a repeatable phenomenon.
The gradient field is not considered by many researchers to
create any other adverse effects.

It is instructive to note how voltages and electromagnetic
interference (EMI) are induced into an implanted lead sys-
tem. At very low frequency (VLF), voltages are induced at the
input, to the cardiac pacemaker as currents circulate through-
out the patient’s body and create voltage drops. Because of
the vector displacement between the pacemaker housing and,
for example, the tip electrode, voltage drop across the resis-
tance of body tissues may be sensed due to Ohms Law and the
circulating current of the RF signal. Athigher frequencies, the
implanted lead systems actually act as antennas where volt-
ages (EMFs) are induced along their length. These antennas
are not very efficient due to the damping effects of body
tissue; however, this can often be offset by extremely high
power fields (such as MRI pulsed fields) and/or body reso-
nances. At very high frequencies (such as cellular telephone
frequencies), EMI signals are induced only into the first area
of the lead system (for example, at the header block of a
cardiac pacemaker). This has to do with the wavelength of the
signals involved and where they couple efficiently into the
system.

Magnetic field coupling into an implanted lead system is
based on loop areas. For example, in a cardiac pacemaker
unipolar lead, there is a loop formed by the lead as it comes
from the cardiac pacemaker housing to its distal tip, for
example, located in the right ventricle. The return path is
through body fluid and tissue generally straight from the tip
electrode in the right ventricle back up to the pacemaker case
or housing. This forms an enclosed area which can be mea-
sured from patient X-rays in square centimeters. Per ANSI/
AAMI National Standard P069, the average loop area is 200
to 225 square centimeters. This is an average and is subject to
great statistical variation. For example, in a large adult patient
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with an abdominal implant, the implanted loop area is much
larger (around 400 square centimeters).

Relating now to the specific case of MRI, the magnetic
gradient fields would be induced through enclosed loop areas.
However, the pulsed RF fields, which are generated by the
body coil, would be primarily induced into the leadwire sys-
tem by antenna action. Subjected to RF frequencies, the lead
itself can exhibit complex transmission line behavior.

At the frequencies of interest in MRI, RF energy can be
absorbed and converted to heat. The power deposited by RF
pulses during MRI is complex and is dependent upon the
power (Specific Absorption Rate (SAR) Level) and duration
of the RF pulse, the transmitted frequency, the number of RF
pulses applied per unit time, and the type of configuration of
the RF transmitter coil used. The amount of heating also
depends upon the volume of tissue imaged, the electrical
resistivity of tissue and the configuration of the anatomical
region imaged. There are also a number of other variables that
depend on the placement in the human body of the AIMD and
its associated leadwire(s). For example, it will make a differ-
ence how much EMF is induced into a pacemaker lead system
as to whether it is a left or right pectoral implant. In addition,
the routing of the lead and the lead length are also very critical
as to the amount of induced current and heating that would
occur. Also, distal tip design is very important as the distal tip
itself can heat up due to MRI RF induced eddy currents. The
cause of heating in an MRI environment is twofold: (a) RF
field coupling to the lead can occur which induces significant
local heating; and (b) currents induced between the distal tip
and tissue during MRI RF pulse transmission sequences can
cause local Ohms Law heating in tissue next to the distal tip
electrode of the implanted lead. The RF field of an MRI
scanner can produce enough energy to induce RF voltages in
an implanted lead and resulting currents sufficient to damage
some of the adjacent myocardial tissue. Tissue ablation (de-
struction resulting in scars) has also been observed. The
effects of this heating are not readily detectable by monitoring
during the MRI. Indications that heating has occurred would
include an increase in pacing threshold, venous ablation,
Larynx or esophageal ablation, myocardial perforation and
lead penetration, or even arrhythmias caused by scar tissue.
Such long term heating effects of MRI have not been well
studied yet for all types of AIMD leadwire geometries. There
can also be localized heating problems associated with vari-
ous types of electrodes in addition to tip electrodes. This
includes ring electrodes or pad electrodes. Ring electrodes are
commonly used with a wide variety of implanted devices
including cardiac pacemakers, and neurostinmulators, and the
like. Pad electrodes are very common in neurostimulator
applications. For example, spinal cord stimulators or deep
brain stimulators can include a plurality of pad electrodes to
make contact with nerve tissue. A good example of this also
oceurs in a cochlear implant. In a typical cochlear implant
there would be sixteen pad electrodes placed up into the
cochlea. Several of these pad electrodes make contact with
auditory nerves.

Although there are a number of studies that have shown
that MRI patients with active implantable medical devices,
such as cardiac pacemakers, can be at risk for potential haz-
ardous effects, there are a number of reports in the literature
that MRI can be safe for imaging of pacemaker patients when
a number of precautions are taken (only when an MRI is
thought to be an absolute diagnostic necessity). While these
anecdotal reports are of interest, they are certainly not scien-
tifically convincing that all MRI can be safe. For example, just
variations in the pacemaker leadwire length can significantly
affect how much heat is generated. A paper entitled, HEAT-
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ING AROUND INTRAVASCULAR GUIDEWIRES BY
RESONATING RF WAVES by Konings, et al., Journal of
Magnetic Resonance Imaging, Issue 12:79-85 (2000), does
an excellent job of explaining how the RF fields from MRI
scanners can couple into implanted leadwires. The paper
includes both a theoretical approach and actual temperature
measurements. In a worst-case, they measured temperature
rises of up to 74 degrees C. after 30 seconds of scanning
exposure. The contents of this paper are incorporated herein
by reference.

The effect of an MRI system on the function of pacemak-
ers, ICDs, neurostimulators and the like, depends on various
factors, including the strength of the static magnetic field, the
pulse sequence, the strength of RF field, the anatomic region
being imaged, and many other factors. Further complicating
this is the fact that each patient’s condition and physiology is
different and each manufacturer’s pacemaker and ICD
designs also are designed and behave differently. Most
experts still conclude that MRI for the pacemaker patient
should not be considered safe.

Tt is well known that many of the undesirable effects in an
implanted lead system from MRI and other medical diagnos-
tic procedures are related to undesirable induced EMFs in the
lead system and/or RF currents in its distal tip (or ring) elec-
trodes. This can lead to overheating of body tissue at or
adjacent to the distal tip.

Distal tip electrodes can be unipolar, bipolar and the like. It
is very important that excessive current not flow at the inter-
face between the lead distal tip electrode and body tissue. In
a typical cardiac pacemaker, for example, the distal tip elec-
trode can be passive or of a screw-in helix type as will be more
fully described. In any event, it is very important that exces-
sive RF current not flow at this junction between the distal tip
electrode and for example, myocardial or nerve tissue. This is
because tissue damage in this area can raise the capture
threshold or completely cause loss of capture. For pacemaker
dependent patients, this would mean that the pacemaker
would no longer be able to pace the heart. This would, of
course be life threatening for a pacemaker dependent patient.
For neurostimulator patients, such as deep brain stimulator
patients, the ability to have an MRI is equally important.

A very important and life-threatening problem is to be able
to control overheating of implanted leads during an MRI
procedure. A novel and very effective approach to this is to
install parallel resonant inductor and capacitor bandstop fil-
ters at or near the distal electrode of implanted leads. For
cardiac pacemaker, these are typically known as the tip and
ring electrodes. One is referred to U.S. Pat. No. 7,363,090,
US 2007/0112398 Al; US 2008/0071313 Al; US 2008/
0049376 Al; US 2008/0024912 Al; US 2008/0132987 Al;
and US 2008/0116997 Al, the contents of all of which are
incorporated herein. Referring now to US 2007/0112398 A1,
the invention therein relates generally to L-C bandstop filter
assemblies, particularly of the type used in active implantable
medical devices (AIMDs) such as cardiac pacemakers, car-
dioverter defibrillators, neurostimulators and the like, which
raise the impedance of internal electronic or related wiring
components of the medical device at selected frequencies in
order to reduce or eliminate currents induced from undesir-
able electromagnetic interference (EMI) signals.

U.S. Pat. No. 7,363,090 and US 2007/0112398 Al show
resonant L-C bandstop filters to be placed at the distal tip
and/or at various locations along the medical device lead-
wires or circuits. These L-C bandstop filters inhibit or prevent
current from circulating at selected frequencies of the medi-
cal therapeutic device. For example, for an MRI system oper-
ating at 1.5 Tesla, the pulse RF frequency is 64 MHz, as
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described by the Lamour Equation for hydrogen. The L-C
bandstop filter can be designed to resonate at or near 64 MHz
and thus create a high impedance (ideally an open circuit) in
the lead system at that selected frequency. For example, the
L-C bandstop filter, when placed at the distal tip electrode of
a pacemaker lead, will significantly reduce RF currents from
flowing through the distal tip electrode and into body tissue.
The L-C bandstop filter also reduces EMI from flowing in the
leadwires of a pacemaker, for example, thereby providing
added EMI protection to sensitive electronic circuits.

Electrically engineering a capacitor in parallel with an
inductor is known as a bandstop filter or tank circuit. It is also
well known that when a near-ideal L-C bandstop filter is at its
resonant frequency, it will present a very high impedance.
Since MRI equipment produces very large RF pulsed fields
operating at discrete frequencies, this is an ideal situation for
a specific resonant bandstop filter. Bandstop filters are more
efficient for eliminating one single frequency than broadband
filters. Because the L-C bandstop filter is targeted at this one
frequency, it can be much smaller and volumetrically effi-
cient.

A major challenge for designing an L-C bandstop filter for
human implant is that it must be very small in size, biocom-
patible, and highly reliable. Coaxial geometry is preferred.
The reason that coaxial is preferred is that implanted leads are
placed at locations in the human body primarily by one of two
main methods. These include guide wire lead insertion. For
example, in a cardiac pacemaker application, a pectoral
pocket is created. Then, the physician makes a small incision
between the ribs and accesses the subclavian vein. The pace-
maker leadwires are stylus guided/routed down through this
venous system through the superior vena cava, through the
right atrium, through the tricuspid valve and into, for
example, the right ventricle. Another primary method of
implanting leads (particularly for neurostimulators) in the
human body is by tunneling. In tunneling, a surgeon uses
special tools to tunnel under the skin and through the muscle,
for example, up through the neck to access the Vagus nerve or
the deep brain. In both techniques, it is very important that the
leads and their associated electrodes at the distal tips be very
small. US 2007/0112398 A1 solves these issues by using
miniature coaxial or rectilinear capacitors that have been
adapted with an inductance element to provide a parallel L-C
bandstop filter circuit.

Prior art capacitors used in design of bandstop filters typi-
cally consist of ceramic discoidal feedthrough capacitors and
also single layer and multilayer tubular capacitors and mul-
tilayer rectangular capacitors, and thick-film deposited
capacitors. US 2007/0112398 Al shows design methodolo-
gies to adapt all of these previous tubular, feedthrough or
rectangular technologies to incorporate a parallel inductor in
novel ways. It will be obvious to those skilled in the art that a
number of other capacitor technologies can be adapted. This
includes film capacitors, glass capacitors, tantalum capaci-
tors, electrolytic capacitors, stacked film capacitors and the
like.

As previously mentioned, the value of the capacitance and
the associated parallel inductor can be adjusted to achieve a
specific resonant frequency (SRF). The bandstop filters
described in US 2007/0112398 A1 can be adapted to a num-
ber of locations within the overall implantable medical device
system. That is, the L-C bandstop filter can be incorporated at
or near any part of the medical device implanted lead system
or at or adjacent to the distal tip electrodes. In addition, the
L-C bandstop filter can be placed anywhere along the
implanted lead system.
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The L-C bandstop filters are also designed to work in
concert with an EMI filter which is typically used at the point
of leadwire ingress and egress of the active implantable medi-
cal device. For example, see U.S. Pat. No. 5,333,095; U.S.
Pat. No. 5,905,627; U.S. Pat. No. 5,896,627; and U.S. Par.
No. 6,765,779, the contents of all being incorporated herein
by reference. All four of these documents describe low pass
EMI filter circuits. Accordingly, the L-C bandstop filters, as
described in U.S. Pat. No. 7,393,090, are designed to be used
in concert with such low pass filters.

When the value of a hermetic feedthrough filter capacitor is
too high, the leading edge of MRI gradient pulse sequences
can create an R-C charging circuit. As the feedthrough
capacitor charges up this voltage fall can create one of two
problems. First, the voltage induced on the leadwire system
could directly capture the heart thereby creating a danger-
ously rapid heart rate which could then result in a dangerous
ventricular arrhythmia. For example, ventricular fibrillation
can result in sudden death. Another problem associated with
too high of a value of a feedthrough capacitor at the input to
the AIMD is that this R-C charging circuit can cause pulses to
appear at the input sense amplifier (such as a cardiac pace-
maker) such that the pacemaker would oversense or falsely
interpret this input as a normal heartbeat. In certain cases this
can cause a demand pacemaker to inhibit (stop pacing). For a
pacemaker dependent patient this can lead to systole and be
immediately life threatening. Accordingly, it is desirable for
magnetic resonance compatibility to keep the value of the
feedthrough capacitor relatively low (in the order of 1000
picofarads). On the other hand, in order to adequately protect
AIMD device electronics from the powerful RF pulse field of
MRI, we have a trade off in that it would be desirable to have
the hermetic feedthrough capacitor be as large as value as
possible (in the order of 4,000 to 6,000 picofarads).

When one performs MRI testing on an active implantable
medical device (AIMD) with its associated lead system, one
first establishes a controlled measurement. That is, with
worst-case MRI equipment settings and a worst-case location
within the MRI bore, and a worst-case lead configuration, one
can measure heating using fiber optic probes at the distal
electrodes. Temperature rises of 30 to over 60 degrees C. have
been documented. When one takes the same control lead and
places miniature bandstop filters in accordance with U.S. Pat.
No. 7,363,090 or US 2007/0112398 Al, one finds that the
distal electrodes are substantially cooled. In fact, in many
measurements made by the inventors, temperature rises of
over 30 degrees C. have been reduced to less than 3 degrees C.
However, a secondary problem has been discovered. That is,
the implanted lead acts very much as like a transmission line.
When one creates a very high impedance at the distal elec-
trode to tissue interface by installation of a resonant bandstop
filter as described in U.S. Pat. No. 7,038,900 and as further
described in US 2007/0112398 A1, there is created an almost
open circuit which is the equivalent of an unterminated trans-
mission line. This causes a reflection of MRI induced RF
energy back towards the AIMD (for example, toward the
pacemaker housing). This energy can be reflected back and
forth resulting in temperature rises along the lead. In some
cases, the inventors have measured temperature rises imme-
diately proximal to the bandstop filters, which is undesirable.

Accordingly, there is a need for controlling the induced
energy in implanted lead system. This may be accomplished
by taking a system approach and carefully balance the filter-
ing needs. Moreover, there is a need for novel tuned RE
diverting circuits coupled to one or more energy or heat
dissipation surfaces, which are frequency selective and are
constructed of passive components. Such circuits are needed
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to prevent MRI induced energy from reaching the distal tip
electrode or its interface with body tissue. By redirecting said
energy to an energy dissipation surface distant from the distal
electrodes, this minimizes or eliminates hazards associated
with overheating of said lead and/or its distal electrodes dur-
ing diagnostic procedures, such as MRI. Frequency selective
diverter circuits are needed which decouple and transfer
energy which is induced onto implanted leads from the MRI
pulsed RF field to an energy dissipating surface. In this
regard, a novel system is needed which can utilize the con-
ductive housing (can) of the AIMD itself as the energy dissi-
pation surface. A switched diverter circuit would be beneficial
in such a system for minimizing heating of an implanted lead
in a high power electromagnetic field environment. The
present invention fulfills these needs and provides other
related advantages.

SUMMARY OF THE INVENTION

The present invention includes an overall energy manage-
ment system capable of controlling the energy induced in
implanted leads from the RF pulsed field of MRI scanners.
The term “implanted lead” as used herein includes perma-
nently implanted leads or long-term implanted leads such as
those that might be associated with an active implantable
medical device such as a cardiac pacemaker. However,
“implanted lead” or “lead” as used herein also includes tem-
porary implants such as those from probes or catheters. For
example, it is becoming increasingly important to perform
real time mapping and catheter ablation while using MRI for
real-time imaging of scar tissue. The term “implanted lead” as
used herein can also include temporary implanted leads from
loop recorders, probes or catheters or even implanted leads
that are attached to an external device such as externally worn
spinal cord or pain control stimulator.

More particularly, the present invention relates to a
switched safety protection circuit for an AIMD system during
exposure to high power electromagnetic fields. The switched
safety protection circuit comprises (1) an active implantable
medical device (AIMD) including AIMD electronics, (2) an
implanted lead or leadwire associated with the AIMD elec-
tronics, (3) an energy dissipating surface associated with the
implanted lead or the leadwire, (4) a diversion circuit associ-
ated with the energy dissipating surface, and (5) at least one
switch disposed between the diversion circuit and the AIMD
electronics, for diverting energy.

In some embodiments, the diversion circuit is permanently
conductively connected between the implanted lead or the
leadwire and the energy dissipating surface. In others, a
switch is associated with the diversion circuit and disposed
between the lead or the leadwire and the energy dissipating
surface. In this case, the switch associated with the diversion
circuit may be disposed between the implanted lead or the
leadwire and the diversion circuit. Alternatively, the switch
associated with the diversion circuit may be disposed
between the diversion circuit and the energy dissipating sur-
face. The switch associated with the diversion circuit may
comprise a single or multi-pole single or multi-throw switch.
Said switch may comprise a MEMS switch, a mechanical
switch, a reed switch, an electronic switch, a programmable
switch, an automatically actuated switch, a Hall Effect
switch, or a field effect transistor (FET) switch.

At least one switch may electrically open the implanted
lead or the leadwire when diverting energy in the implanted
lead or the leadwire through the diversion circuit to the energy
dissipating surface, and simultaneously conductively couple
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the AIMD electronics to the energy dissipating surface. Here
again, the switch may comprise a single or a multi-pole
double-throw switch.

The AIMD electronics may include non-linear circuit ele-
ments, over-voltage circuit elements, transient voltage sup-
pression diodes, Transorbs, AIMD sensing circuits and
therapy delivery circuits.

The implanted lead or the leadwire has impedance charac-
teristics at a selected RF frequency or frequency band. The
diversion circuit likewise has impedance characteristics least
partially tuned to the implanted lead’s or the leadwire’s
impedance characteristics. The selected RF frequency or fre-
quency band may comprise an MRI frequency or a range of
MRI frequencies. The diversion circuit also typically has a
reactance and is vectorally opposite to the characteristic reac-
tance of the implanted lead. Moreover, the diversion circuit
typically has a capacitive reactance generally equal and oppo-
site to the characteristic inductive reactance of the implanted
lead. The capacitive reactance and the inductive reactance
each have a resistor component.

The diversion circuit may comprise a low pass filter com-
prising a capacitor, an inductor, a Pi filter, a T an LL filter, or
an “n” element filter. Moreover, the diversion circuit may
comprise a unipolar or multipolar feedthrough capacitor, at
least one series resonant L-C trap filter, or a plurality of L-C
trap filters resonant respectively at different MRI frequencies.

The energy dissipating surface may comprise a housing for
an active implantable medical device (AIMD). The AIMD
may comprise an implantable hearing device, a neurostimu-
lator, a brain stimulator, a cardiac pacemaker, a left ventricu-
lar assist device, an artificial heart, a drug pump, a bone
growth stimulator, a urinary incontinence device, a spinal
cord stimulator, an anti-tremor stimulator, an implantable
cardioverter defibrillator, a congestive heart failure device, or
a cardio resynchronization therapy device.

The diversion circuit may be disposed within the housing
for the AIMD, and further may comprise a short to the hous-
ing. Alternatively, the diversion circuit may be disposed
within a header block for the AIMD.

AnEMI shield may be conductively coupled to the housing
and coaxially extend about the lead or the leadwire in non-
conductive relation. The diversion circuit may be conduc-
tively coupled to the EMI shield.

The diversion circuit may also comprise a high pass filter
which prevents low frequency gradient field-induced energy
in the implanted lead or the leadwire from passing through the
diversion circuit to the energy dissipating surface. The high
pass filter may comprise a resistor in series with a capacitor or
an L-C trap filter.

The implanted lead typically has a length extending
between and to a proximal end and a tissue-stimulating or
biological-sensing electrode at or near a distal tip end. The
diversion circuit may be disposed at or adjacent to the proxi-
mal end of the implanted lead or in a proximal lead connector.

An impedance circuit may be associated with the diversion
circuit, for raising the high-frequency impedance of the
implanted lead. The impedance circuit may comprise an
inductor, a bandstop filter and/or a resistor.

The implanted lead may comprise at least a portion of a
probe or a catheter, wherein the energy dissipating surface
may comprise at a least a portion of a handle for the probe or
the catheter.

The implanted lead may comprise at least a pair of leads
each having a length extending between and to aproximal end
and a tissue-stimulating or biological-sensing electrode at a
distal tip end. The diversion circuit may couple each of the
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leads to the energy dissipating surface, or the diversion circuit
may be coupled between the pair of leads.

The energy dissipating surface may comprise a material
capable of being visualized during a magnetic resonance
scan, and include a biomimetic coating.

Further, the diversion circuit may include at least one non-
linear circuit element such as a transient voltage suppressor or
a diode.

Other features and advantages of the present invention will
become apparent from the following more detailed descrip-
tion, taken in conjunction with the accompanying drawings
which illustrate, by way of example, the principles of the
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings illustrate the invention. In
such drawings:

FIG. 1 is a wire-formed diagram of a generic human body
showing a number of exemplary implanted medical devices;

FIG. 2 is a diagrammatic view of a typical probe or cath-
eter;

FIG. 3 is an electrical diagrammatic view of the interior of
the prober or catheter of FIG. 2;

FIG. 4 is an electrical diagrammatic view of the structure
shown in FIG. 3, with a general impedance element con-
nected between leadwires;

FIG. 5 is an electrical diagrammatic view similar to FIG. 4,
illustrating a capacitor representing a frequency dependent
reactive element between the leadwires;

FIG. 6 is a view similar to FIG. 5, wherein the general
reactance element has been replaced by a capacitor in series
with an inductor;

FIG.7 is a view similar to FIGS. 4-6, showing the addition
of series frequency selective reactances;

FIG. 8 is similar to FIG. 3, showing a low frequency model
of the catheter and associated leads described in FIG. 2;

FIG. 9 is a view similar to FIGS. 3-8, illustrating how the
distal rings are electrically isolated at a high frequency;

FIG.101s aview similar to FIGS. 3-9, showing the addition
of series inductor components added to the frequency selec-
tive elements 20;

FIG. 11 is similar to FIGS. 3-10, illustrating frequency
selective elements which incorporate parallel resonant induc-
tor and capacitor bandstop filters;

FIG. 12 is a perspective and somewhat schematic view of a
prior art active implantable medical device (AIMD) including
a leadwire directed to the heart of a patient;

FIG. 13 is a schematic illustration of a bipolar leadwire
system with a distal tip and ring typically as used with a
cardiac pacemaker;

FIG. 14 is a schematic illustration of a prior art single
chamber bipolar cardiac pacemaker lead showing the distal
tip and the distal ring electrodes;

FIG. 15 is an enlarged, fragmented schematic view taken
generally along the line 15-15 of FIG. 14, illustrating place-
ment of bandstop filters adjacent to the distal tip and ring
electrodes;

FIG. 15 is a tracing of an exemplary patient X-ray showing
an implanted pacemaker and cardioverter defibrillator and
corresponding leadwire system;

FIG. 17 is a line drawing of an exemplary patient cardiac
X-ray of a bi-ventricular leadwire system;

FIG. 18 is a chart showing the calculation of the frequency
of resonance for a parallel L-C tank circuit of FIG. 15;

FIG. 19 is a graph showing impedance versus frequency for
the ideal parallel tank circuit of FIG. 15,
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FIG. 20 illustrates the equation for the impedance for the
inductor in parallel with the capacitor;

FIG. 21 gives the equations for inductive reactance X; and
capacitive reactance X

FIG. 22 is an enlarged schematic illustration of the area
indicated by Line 22-22 in FIG. 15, showing details of the
bipolar pacemaker leadwire system;

FIG. 23 is similar to FIG. 22, but depicts an active fixation
tip for a bipolar pacemaker leadwire system;

FIG. 24 is similar to FIG. 22, except that the twisted or
coaxial electrode wires have been straightened out;

FIG. 25 is similar to FIG. 24 and incorporates electrical
features discussed in FIGS. 2-11;

FIG. 26 is similar to a portion of FIGS. 24 and 25, and
depicts an L-C trap filter coupled between a distal tip elec-
trode wire and a cylindrical ring electrode;

FIG. 27 is a line drawing of a human heart with cardiac
pacemaker dual chamber bipolar leads shown in the right
ventricle and the right atrium;

FIG. 28 is a schematic diagram illustration of an energy
dissipating surface in spaced relation with tip and ring elec-
trodes;

FIG. 29 is a schematic diagram depicting a typical quad
polar neurostimulation lead system;

FIG. 30 is a somewhat schematic side view of the human
head with a deep brain stimulation electrode shaft assembly
implanted therein;

FIG. 31 is an enlarged sectional view corresponding gen-
erally with the encircled region 31-31 of FIG. 30,

FIG. 32 1s a further enlarged and somewhat schematic view
corresponding generally with the encircled region 32-32 of
FIG. 31;

FIG. 33 is an enlarged and somewhat schematic view cor-
responding generally with the encircled region 33-33 of FIG.
31,

FIG. 34 is a sectional view of an hermetically sealed elec-
trode assembly designed for contact with body fluid;

FIG. 351s a perspective sectional view of a housing portion
of the sealed electrode assembly of FIG. 34;

FIG. 36 is an enlarged sectional view corresponding gen-
erally with the encircled region 36-36 of FIG. 35, and illus-
trating the principle of increasing the surface area of the
energy dissipating surface;

FIG. 37 is a schematic circuit diagram corresponding with
the sealed electrode assembly of FIG. 34;

FIG. 38 is a perspective view of an exemplary monolithic
capacitor for use in the circuit of FIG.

FIG. 39 is a perspective view of an exemplary unipolar
feedthrough capacitor for use in the circuit of FIG. 37;

FIG. 40 1s a sectional view similar to FIG. 34 and depicts an
alternative embodiment wherein an inductor element is
wound or printed about a central mandrel;

FIG. 41 is a sectional view similar to FIGS. 34 and 40, but
illustrates a further alternative embodiment of the invention
with alternative means for decoupling signals from a leadwire
to an energy dissipating surface;

FIG. 42 is a schematic circuit diagram corresponding with
the sealed electrode assembly of FIG. 41;

FIG. 43 is an attenuation versus frequency chart for various
types of low pass filters;

FIG. 44 shows schematic circuit diagrams for different
types of low pass filters charted in FIG. 43;

FIG. 45 is a schematic circuit diagram illustrating an L-C
trap filter;

FIG. 46 depicts a resonant frequency equation for the L-C
trap filter of FIG. 45;
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FIG. 47 is an impedance versus frequency chart for the L-C
trap filter of FIG. 35,

FIG. 48 is a sectional view similar to FIGS. 34, 40 and 41,
but shows still another alternative embodiment of the inven-
tion for decoupling RF signals from an electrode leadwire;

FIG. 49 is a schematic circuit diagram corresponding with
the sealed electrode assembly of FIG. 48;

FIG. 50 illustrates a typical chip inductor for use in the
sealed electrode assembly of FIG. 48;

FIG. 51 illustrates a typical chip capacitor for use in the
sealed electrode assembly of FIG. 48;

FIG. 521s animpedance versus frequency chart for the dual
L-C trap filter embodiment of FIG. 48;

FIG. 53 is a schematic representation of an implantable
medical device bipolar leadwire system;

FIG. 54 is an enlarged and somewhat schematic sectional
view taken generally on the line 54-54 of FIG. 53;

FIG. 55 is an isometric view of a bipolar feedthrough
capacitor for use in the device of FIGS. 53-54;

FIG. 56 is a schematic circuit diagram corresponding with
the embodiment shown in FIGS. 53-54;

FIG. 57 is a schematic circuit diagram illustrating a bipolar
lead assembly with distal tip and ring electrodes shown at a
suitable distance from an energy dissipation surface;

FIG. 58 is a schematic circuit diagram similar to FIG. 57,
except that a pair of capacitors are used;

FIG. 59 is a schematic circuit diagram illustrating a band-
stop filter modified to include a pair of diodes in a parallel or
back-to-back configuration,;

FIG. 60 is a schematic circuit diagram similar to FIG. 58,
except that transient voltage suppressors are installed in par-
allel relation with each of the bandstop filter elements;

FIG. 61 is a schematic circuit diagram depicting a general
filter element constructed in accordance with any one of the
embodiments shown and described herein, wherein the filter
element is coupled between the distal and proximal ends of a
leadwire or the like, for dissipating RF energy or heat to an
adjacent energy dissipating surface;

FIG. 62 is a schematic circuit diagram similar to FIG. 61,
but showing alternative design considerations;

FIG. 63 depicts in somewhat schematic form a probe or
catheter constructed in accordance with the present invention;

FIG. 64 is an illustration similar to FIG. 63, illustrating an
alternative embodiment wherein the energy dissipating sut-
face has been convoluted so that its surface area has been
increased;

FIG. 65 is similar to FIG. 64, except that instead of convo-
lutions, fins have been added to the energy dissipating sur-
face;

FIG. 66 is similar to FIGS. 64 and 65, except that the
energy dissipating surface has its surface area increased
through various surface roughening processes;

FIG. 67 is an enlarged, fragmented sectional view taken
along the line 67-67 from FIG. 66, illustrating a roughened
surface formed through, for example, plasma or chemical
etching, or the like;

FIG. 68 is a view similar to FIG. 67, and illustrates the use
of carbon nanotubes or fractal coatings to increase the surface
area of the energy dissipating surface;

FIG. 69 1s an illustration of a steerable catheter;

FIG. 70 is an enlarged section view taken generally along
the line 70-70 from FIG. 69;

FIG. 71 is a schematic view ofa probe or catheter similar to
FIG. 63, except that the number of individual energy dissi-
pating surfaces have been provided in distinct and spaced-
apart segments;
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FIG. 72 is a fragmented top plan view of an exemplary
paddle electrode embodying the present invention;

FIG. 73 is a bottom plan view of the paddle electrode
shown in FIG, 72;

FIG. 74 is an enlarged sectional view taken generally along
the line 74-74 in FIG. 72;

FIG. 75 is a top plan view of a different type of paddle lead
structure in comparison with that shown in FIGS. 72-74;

FIG. 76 is an enlarged electrical schematic view taken
generally of the area indicated by the line 76-76 in FIG. 75;

FIG. 77 is a schematic illustration similar to FIG. 30,
showing use of a tethered energy dissipating surface in accor-
dance with the present invention;

FIG. 78 is an enlarged sectional view of the area indicated
by the line 78-78 in FIG. 77,

FIG. 79 is an enlarged, somewhat schematic illustration of
the components found within the area designated by the line
79-79 in FIG. 78,

FIG. 80 is an overall outline drawing showing a cardiac
pacemaker with endocardial leadwires implanted into a
human heart;

FIG. 81 is an illustration of an AIMD similar to FIG. 12,
illustrating the use of variable impedance elements in con-
nection with a leadwire within the housing of the AIMD;

FIG. 82 is a schematic illustration of the structure shown in
FIG. 81, showing use of variable impedance elements on
leads that ingress and egress the AIMD;

FIG. 83 is a schematic illustration showing that a variable
impedance element can be a capacitor element;

FIG. 84 is a schematic illustration similar to FIG. 83,
showing that the variable impedance element can be a
feedthrough capacitor element;

FIG. 85 is a schematic illustration similar to FIG. 84,
showing use of a capacitor element in parallel with the L-C
trap filter;

FIG. 86 is similar to FIG. 81 with emphasis on the series
variable impedance element 118;

FIG. 87 illustrates that the variable impedance element 118
can be an inductor;

FIG. 88 illustrates that the variable impedance element 118
can be an L-C bandstop filter;

FIG. 89 is a schematic illustration of a unipolar lead system
for an AIMD;

FIG. 90 is an illustration similar to FIG. 89, wherein an L-C
trap filter has been placed inside an abandoned lead cap
assembly;

FIG. 91 is another illustration similar to FIG. 89, wherein
the frequency selective components comprise capacitive ele-
ments;

FIG. 92 is another illustration similar to FIG. 89, illustrat-
ing the simplest arrangement where the leadwire is shorted to
the housing of the AIMD;

FIG. 93 is another illustration similar to FIGS. 89 and 91,
wherein the capacitance value C has been selected such that
the capacitive reactance will be equal and opposite to the
inductive reactance of the implanted lead;

FIG. 94 is a schematic illustration similar to FIG. 89,
illustrating a novel switch;

FIG. 95 1s similar to FIG. 94, wherein the novel switch is
shown disposed between the leadwires;

FIG. 96 is similar to FIG. 94, wherein two switches are
employed;

FIG. 97 is similar to FIG. 96, wherein the position of the
two switches are changed,

FIG. 98 is similar to FIGS. 96-97 except that switches have
been replaced by a single switch which can be either a single
or multipole double pole switch;
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FIG. 99 illustrates the switch in FIG. 98 can be disposed
within an energy dissipating surface located anywhere along
an implanted lead,

FIG. 100 is similar to FIG. 98, wherein a capacitor is
connected between the switch point and the energy dissipat-
ing surface;

FIG. 101 is an illustration of an X-ray tracing of an
implanted cardiac pacemaker in a patient;

FIG. 102 is similar to FIG. 100, where the circuit is a high
frequency model;

FIG. 103 is similar to FIG. 100, where the circuit is a low
frequency model;

FIG. 104 shows the application of the switch of FIG. 98 to
a circuit board or housing of an AIMD;

FIG. 105 similar to FIG. 104, except that the short has been
replaced by a frequency variable impedance element;

FIG. 106 is similar to FIGS. 104-105, except that the
diverter element is shown as a capacitor;

FIG. 107 is similar to FIG. 106, except that a resistor has
been added in series with the diverter capacitor;

FIG. 108 is similar to FIGS. 104-107, except that the
diverter element is an RLC trap filter;

FIG. 109 is an illustration of connecting a flex cable to
leadwires that pass through the hermetic terminal in non-
conductive relationship;

FIG. 110 is a cross-sectional view taken generally from the
attachment of the flex cable to the hermetic terminal previ-
ously described in FI1G. 109;

FIG. 111 is taken from section 111-111 of FIG. 110 and
illustrates the internal circuit traces;

FIG. 112 is taken from section 112-112 of FIG. 110 and
illustrates one of a pair of coaxially surrounding shields dis-
posed about the circuit traces;

FIG. 113 is taken from section 113-113 of FIG. 110 and
illustrates an alternative to the layer previously described in
FIG. 111;

FIG. 114 illustrates the flex cable arrangement of FIGS.
109-113 now connected to a circuit board or substrate;

FI1G. 115 is similar to FIG. 81, except that it shows optional
locations for the frequency selective diverter elements and the
frequency selective impeder elements;

FIG. 116 is similar to FIGS. 98 and 100, illustrating an
alternative embodiment; and

FIG. 117 is similar to FIG. 116 except that the switch is a
single-pole double throw switch.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

As shown in the drawings for purposes of illustration, the
present invention resides in a tuned energy balanced system
including a switched diverter circuit, for minimizing heating
of an implanted lead in a high power electromagnetic field
environment. The tuned energy balanced system comprises
an implanted lead having impedance characteristics at a
selected RF frequency or frequency band, and an energy
dissipating surface associated with the implanted lead. An
energy diversion circuit conductively couples the implanted
lead to the energy dissipating surface. The diversion circuit
comprises one or more passive electronic network compo-
nents whose impedance characteristics are at least partially
tuned to the implanted lead’s impedance characteristics, to
facilitate transfer to the energy dissipating surface of high
frequency energy induced on the implanted lead at the
selected RF frequency or frequency band.

More particularly, the present invention resides in a
switched diverter circuit comprising at least one switch for
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diverting energy in the implanted lead or a leadwire through
the diversion circuit to the energy dissipating surface. In
alternate embodiments, the switch is disposed between the
implanted lead or the leadwire and the diversion circuit, or it
is situated such that it electrically opens the implanted lead or
the leadwire when diverting energy in the implanted lead or
the leadwire through the diversion circuit to the energy dis-
sipating surface. The switch may comprise a single or a multi-
pole double throw or single throw switch.

In one preferred embodiment, the invention resides in a
combination of bandstop filters placed at or near the distal
electrode-to-tissue interface of implanted leads such band-
stop filters are best used in combination with the novel fre-
quency selective diverter circuits of the present invention
decouple energy induced on the implanted leads at a fre-
quency or frequency band of an interest to an energy dissi-
pating surface such as the AIMD housing. This can happen to
a certain extent, when the AIMD already has a low-pass filter
capacitor at its point of leadwire ingress or egress. As previ-
ously mentioned, feedthrough filtered capacitors are well
known in the art. For example, reference is made to U.S. Pat.
Nos. 4.424,551; 5,333,095: 6,765,779 and the like.
Feedthrough capacitors, of course, are well known in the prior
art and are used as EMI filters. For example, in a cardiac
pacemaker application, it is very common that feedthrough-
type filter capacitors, at the point of leadwire ingress/egress to
the pacemaker housing, would be used to decouple various
signals from cell phones and other emitters typically found in
the patient environment. As will be described herein, it is very
important that the value of a low pass filter capacitor be
carefully selected such that the capacitive reactance is
approximately equal to the characteristic inductive reactance
of the implanted lead system. Certain implanted leads may
have a characteristic impedance that includes capacitive reac-
tance. In this case the novel diverter circuits of the present
invention would include inductive elements in order to cancel
the capacitive reactance of the implanted lead. However, there
are many types of AIMDs that do not use feedthrough filters.
These AIMDs generally do not have sense circuits and are
therefore inherently much less susceptible to electromagnetic
interference. Examples include many types of neurostimula-
tors, including pain control stimulators, bladder control
stimulators, deep brain stimulators, cochlear implants and the
like.

Accordingly, when bandstop filters are installed at or near
the distal electrode of an implanted lead, the RF energy
induced by the MRI pulse field is prevented from flowing into
body tissues and thereby being dissipated. However, when
bandstop filters are used, that energy still resides in the lead
system. In other words, by preventing this induced energy
from flowing to sensitive tissues at distal electrode interfaces,
a great deal has been accomplished; however, it is still impor-
tant to carefully dissipate the remaining energy that’s trapped
in the lead system. The most efficient way to do this is to use
the metallic housing of the AIMD. One type of frequency
selective network, is of course, the prior art feedthrough
capacitors that were used for EMI filters. However, to provide
optimal decoupling, one has to refer to the maximum power
transfer theorem. When one has an ideal source, consisting of
a voltage source and a series impedance, this is known as a
Thevenin Equivalent Circuit. It is well known in electrical
engineering that to transfer maximum power to a load that the
load impedance must be equal to the source impedance. If the
source impedance is completely resistive, for example, 50
ohms, then to transfer maximum power, the load impedance
would have to be 50 chms. When the source impedance is
reactive, then to transfer maximum power to another location,
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the load impedance should have the opposite sign of reac-
tance and the same impedance and resistance. Referring to a
typical implanted lead system, the implanted leads typically
appear inductive. Accordingly, having a capacitive load at the
point of leadwire ingress/egress to the AIMD housing, one
has at least some cancellation of these imaginary impedance
factors. In electrical engineering, the inductance of the lead
would be denoted by +jwL. The impedance of the capacitor,
on the other hand, is a =j/wC term. In the present invention,
it’s important to know the inductance property of the
implanted lead system, so that an optimal value of capaci-
tance between the AIMD housing and ground can be selected
such that the +J component is nearly or completely canceled
by the appropriate -] component of the capacitor.

However, for devices that have sense circuits (such as
cardiac pacemakers and implantable cardioverter defibrilla-
tors), the typical lead impedance values result in a capaci-
tance at the point of leadwire ingress that is too low for
effective AIMD EMI protection. That is, the amount of induc-
tance in the implanted lead system is relatively low which
results in a cancellation capacitor which is also relatively low.
This result in a capacitance value at the point of leadwire
ingress and egress that is too low to effectively attenuate a
broad range of EMI frequencies, including cellular tele-
phones all the way down to, for example, 13.56 MHz RFID
systems. In other words, one has, for some AIMDs, a trade-off
that is simply unacceptable. On the one hand, for maximal
MRI energy dissipation from the lead system, one would want
the capacitance value to be equal and opposite in value to the
inductance of the lead system, which would result in a capaci-
tance value that would be too low (in the order of a few
hundred picofarads). However, for optimal EMI filtering, one
desires a filtered capacitor in the area of a few thousand
picofarads. In other words, there is an order of magnitude
problem here. As previously mentioned, this problem does
not exist for AIMDs that do not employ feedthrough capaci-
tors (in general, AIMD:s that do not have sense circuits).

One does not have to exactly match the impedances of an
implanted lead system to the diverter circuits of the present
invention. As previously mentioned, implanted leads usually
tend to be inductive, although in certain cases they can even
be capacitive. What is important is that the diverter circuit has
areactance which is vectorially opposite to the characteristic
reactance of the implanted lead. In other words, if the
implanted lead is inductive, it will have a +joL inductive
reactance in ohms. One would balance this with a -j/wC
capacitive reactance in the diverter circuit. In an ideal case,
the reactance of the diverter circuit would be generally equal
and opposite to the characteristic reactance of the implanted
lead. In an absolutely ideal situation, the implanted lead
would have a characteristic inductive reactance and the
diverter circuit would have an equal but opposite vector quan-
tity capacitive reactance which would cancel. In order to
obtain optimal energy transfer to an EDS surface in this case,
it would further enhance energy transfer if the diverter circuit
also had a resistive value that is equal to the characteristic
resistance of the implanted lead. Fortunately, when used in
combination with a handstop filter, it is not essential that the
impedance or reactance of the diversion circuit be completely
equal and opposite to the impedance or reactance of the
implanted lead system.

The present invention is ideal for claiming MRI compat-
ibility for a range of implanted leads. Using a cardiac pace-
maker as an example, one may either through measurement or
modeling characterize the impedance of leads of various
lengths, such as 35 to 55 centimeters, and also analyze their
characteristic impedance over various implant anatomical
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geometries. One could then determine an average impedance
or reactance of this range of leads in order to design an
averaged or optimized diverter circuit. Unlike for bandstop
filters. the diverter circuit will generally work over a broad
range of circuits, not just a single frequency. Accordingly, by
using a properly tuned diverter circuit coupled to an energy
dissipation surface of the present invention, one would be
able to assure that a range of lead lengths, lead types and
implant geometries will all be safe in a high electric magnetic
field environment such as MRI.

In a first order approximation, the diverter circuit of the
present invention can simply be aresistor which is attached to
the characteristic resistance of the average of the implanted
leads for which one claims compliance. For example, if the
implanted leads generally have a resistance value of around
80 ohms, then one could achieve a very high degree of tuned
energy balance with the present invention by having an 80
ohm resistor be coupled between the lead and the energy
dissipating surface. This would not cancel the reactance of the
lead system but would still go a long way to remove energy
from the leads and transfer it to the EDS surface.

A way around this is to use what is known in the industry as
an L-C series trap filter in combination with the prior art
feedthrough capacitor. When an inductor and a capacitor
appear in series, it will always be a single frequency at which
the inductive reactance is equal and opposite to the capacitive
reactance. At this point, the series L-C trap filter is said to be
in resonance. For an ideal series L-C trap filter (one contain-
ing zero resistance), at resonance, it would present a short
circuit. U.S. Pat. No. 6,424,234 describes L-C trap filters
(also known as notch filters). The *234 patent describes notch
filters for a completely different purpose and application.
FIG. 10 of U S. Pat. No. 6,424,234 shows notch filter attenu-
ation in the kilohertz frequency range. The reason for this was
to provide some degree of attenuation against low frequency
emitters, such as 58 kHz electronic article surveillance (store
security) gates. These gates detect tags on commercial items
(such as clothing) as an anti-theft detection system. However,
in the present invention, L-C trap filters can be used in com-
bination with a prior art feedthrough capacitor and optimally
tuned to dissipate the RF pulsed energy from an MR1 system.
For example, from a 1.5 Tesla system, the L-C trap filter
would be tuned at the Lamour frequency of 64 MHz. One
could also use multiple trap filters within the AIMD or the
AIMD header block such that a short circuit or a low imped-
ance was provided to multiple MRI systems such as 1.5 Tesla
(64 MHz); 3 Tesla (128 MHz); 4 Tesla (170 MHz) or 5 Tesla
(213 MHz). All realizable L-C trap filters have a series resis-
tance. This series resistance comes from the resistance of the
inductor windings or from the equivalent series resistance
(ESR) of the capacitor, or both. It is a feature of the present
invention, that the resistance of an L-C trap filter, when used
as an energy tuning element to an EDS surface, approximate
the characteristic resistance of the implanted lead. In accor-
dance with Thevenin’s maximum power transfer theorem,
this will dissipate maximum energy at the selected MRI fre-
quency to the EES surface.

The present invention includes switched frequency selec-
tive diversion (decoupling) circuits which transfer RF energy
which is induced onto implanted leads from a high power
electromagnetic field environment such as an MRIRF field to
an energy dissipating surface (EDS). In this way, RF energy
can be shunted harmlessly into an EDS surface, the AIMD
housing or the bulk thermal mass or handle of a probe or
catheter. Thus, the RF or thermal energy can be dissipated in
muscle tissue or body tissues distant from the distal elec-
trodes, or even into flowing blood or other body fluids,
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thereby directing such energy away from an implanted lead
and especially its tissue contact electrodes. The diversion
(decoupling) circuits of the present invention may also be
combined with impeding circuits which can raise and further
control the overall impedance of the system to achieve maxi-
mal energy transfer and minimum thermal rise in the
implanted lead system.

In other words, an energy dissipating surface is provided
with means for decoupling RF signals from implantable lead-
wires selectively to said energy dissipating surface. In previ-
ous studies, concerns have been raised about the safety of
using metallic structures in MR scanners. Radio frequency
energy (MHz), transmitted from the scanner in order to gen-
erate the MR signal. can be deposited on the interventional
device. This results in high electrical fields around the instru-
ment and local tissue heating. This heating tends to be most
concentrated at the ends of the electrical structure. This is
certainly true of the implanted leadwires associated with
AIMDs. We can address this safety issue using the tuned
energy balance methods and switched diverter circuits of the
invention. The concern is that the lead electrodes, which
directly contact the tissue, could cause local tissue changes
including burns. The present invention is extended beyond the
leadwires of probes and catheters to include the distal tip
electrodes associated with the implanted leads of devices
such as pacemakers, cardioverter defibrillators, neurostimu-
lators and the like. All of these devices have a distal electrode
which contacts body tissue in order to deliver pacing pulses or
sense biologic activity. It is extremely important that that
interface junction not overheat and cause localized tissue
damage or burning.

U.S. 2003/0050557 explains the need to cut/remove the
electrodes from the circuit in the MHz frequency range. This
is accomplished with the inductor circuit elements. In the
MHz frequency range, the surface ring electrodes are not
connected to the rest of the electrical leads. Therefore, the
ends of the leads are now buried inside of the catheter. The
coupled high electric fields will now be located inside of the
catheter instead of in the tissue. This results in significant
reduction and unwanted tissue heating.

InU.S. 2003/0050557, the inside of the catheter, of course,
includes a body with a specific thermal mass and specific
thermal properties. Over time, it will rise in temperature and
therefore heat surrounding body tissue. However, this tem-
perature rise is minimal, due to the large area and thermal
mass of the catheter which acts as an energy dissipating area
or surface. Also, any such minimal heating that does occur is
in body tissue in an area that is distant from the therapy
electrode(s). Therefore, the ability for the pacing or stimulus
electrode to delivery energy in the proper location will not be
compromised. By spreading the RF energy over a larger
energy dissipating surface area (i.e. inside the catheter or to an
AIMD housing) the temperature rise is therefore reduced and
the resulting small amount of heat is generally dissipated into
bulk body tissues instead of at a specific point.

This is accomplished through switched energy diverting
circuits such as broad band filtering such as capacitive low
pass filters, or by resonant filtering such as creating resonant
diverter (trap) circuits consisting of a series inductor and
capacitor (L-C trap). Diverting circuits work best with elec-
trode protecting bandstop filters as described in U.S. Pat. No.
7,363,090; US 2007/0112398 A1; US 2008/0071313 A1; US
2008/0049376 Al; US 2008/0132987 Al; and US 2008/
0116997 A1, the contents of which are incorporated herein by
reference.

There are three types of electromagnetic fields used in an
MRI unit. The first type is the main static magnetic field



US 9,037,258 B2

19

designated B.sub.0 which is used to align protons in body
tissue. The field strength varies from 0.5 to 3 Tesla in most of
the currently available MRI units in present clinical use. The
second electromagnetic field is the pulsed RF field which is
given by the Lamor Frequency. The Lamor Frequency for-
mula for hydrogen is 42.56 (static field strength in Tesla)=RF
frequency. For example, for a 1.5 Tesla common hydrogen
(proton) scanner, the frequency of the pulsed RF field is
approximately 64 MHz. The third type of field is the gradient
field which is used to control where the slice is that generates
the image that is located within body tissue.

The present invention is primarily directed to the pulsed RF
field although it also has applicability to the gradient field as
well. Because of the presence of the powerful static field,
non-ferromagnetic components are used throughout the
present invention. The use of ferromagnetic components is
contraindicative because they have a tendency to saturate or
change properties in the presence of the main static field.

FIG. 1 illustrates various types of active implantable medi-
cal devices referred to generally by the reference numeral 100
that are currently in use. FIG. 1 is a wire formed diagram of a
generic human body showing a number of exemplary
implanted medical devices. 100A is a family of implantable
hearing devices which can include the group of cochlear
implants, piezoelectric sound bridge transducers and the like.
100B includes an entire variety of neurostimulators and brain
stimulators. Neurostimulators are used to stimulate the Vagus
nerve, for example, to treat epilepsy, obesity and depression.
Brain stimulators are similar to a pacemaker-like device and
include electrodes implanted deep into the brain for sensing
the onset of the seizure and also providing electrical stimula-
tion to brain tissue to prevent the seizure from actually hap-
pening. 100C shows a cardiac pacemaker which is well-
known in the art. 100D includes the family of left ventricular
assist devices (LVAD’s), and artificial hearts, including the
recently introduced artificial heart known as the Abiocor.
100E includes an entire family of drug pumps which can be
used for dispensing of insulin, chemotherapy drugs, pain
medications and the like. Insulin pumps are evolving from
passive devices to ones that have sensors and closed loop
systems. That is, real time monitoring of blood sugar levels
will occur. These devices tend to be more sensitive to EMI
than passive pumps that have no sense circuitry or externally
implanted leadwires. 100F includes a variety of implantable
bone growth stimulators for rapid healing of fractures. 100G
includes urinary incontinence devices. 100H includes the
family of pain relief spinal cord stimulators and anti-tremor
stimulators. 100H also includes an entire family of other
types of neurostimulators used to block pain. 1001 includes a
family of implantable cardioverter defibrillator (ICD) devices
and also includes the family of congestive heart failure
devices (CHF). This is also known in the art as cardio resyn-
chromzation therapy devices, otherwise known as CRT
devices. 100] illustrates an externally worn pack. This pack
could be an external insulin pump, an external drug pump, an
external neurostimulator or even a ventricular assist device.
100K illustrates an entire family of probes, catheters, venous
insert devices such as femoral ICDs, ablation catheters, loop
recorders, and the like.

Referring to US 2003/0050557, Paragraphs 79 through 82,
the contents of which are incorporated herein, metallic struc-
tures, particularly leadwires, are described that when placed
in MRI scanners, can pick up high electrical fields which
results in local tissue heating. This heating tends to be most
concentrated at the ends of the electrical structure (either at
the proximal or distal lead ends). This safety issue can be
addressed using the disclosed systems and methods of the
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present invention. The concern is that the distal electrodes,
which directly contact body tissue, can cause local tissue
burns. FIGS. 1A through 1Gin U.S.2003/0050557 have been
redrawn herein as FIGS. 2 through 11 and are described as
follows in light of the present invention.

As used herein, the lead means an implanted lead, includ-
ing its electrodes that are in contact with body tissue. In
general, for an AIMD, the term lead means the lead that is
outside of the AIMD housing and is implanted or directed into
body tissues. The term leadwire as used herein, refers to the
wiring that is generally inside of an AIMD generally between
its hermetic terminal and circuit board substrates or internal
circuitry. Theterm leadwire can also be inclusive of leadwires
inside of a probe or catheter body or handle.

FIG. 2 is a diagrammatic view of a typical prior art device
102 such as a probe, catheter or AIMD lead distal electrode.
There are two leadwires 104 and 106 which thread through
the center of the illustrative probe, catheter or AIMD lead and
terminate respectively in a corresponding pair of distal con-
ductive electrode rings 108 and 110. Leadwires 104 and 106
are electrically insulated from each other and also electrically
insulated from any metallic structures located within the cath-
eter or lead body. The overall catheter or implanted lead body
is generally flexible and is made of biocompatible materials,
which also have specific thermal properties. In addition to
flexibility, probes and catheters are typically steerable. AIMD
implanted leads are generally more flexible and are implanted
by first placing guide wires. It is well known that a push-pull
wire (not shown in FIG. 2) can be run down the center of the
catheter or probe in a lumen and then be attached to a catheter
handle or pistol grip or other device so that the physician can
carefully steer or thread the probe or catheter through the
torturous path of the venous system, even into the ventricles
of the heart. Such probes and catheters, for example, can be
used for electrical mapping inside of a heart chamber, or for
application of RE energy for ablation, which is used to treat
certain cardiac arrhythmias. Probes and catheters have wide
application to a variety of other medical applications. There
are also combined catheters that can do electrical mapping
and can also perform RF ablation. When the physician finds
the area of arrhythmic electrical activity and wishes to ablate,
he activates a switch which applies RF energy to the tip ofthe
catheter (see, e.g., FIG. 55, which will be discussed herein in
more detail). This would involve a third electrode right at the
catheter tip of FIG. 2 (not shown). It would be extremely
valuable if the catheter could be guided during real-time MRI
imaging. This is important because of MRI’s incredible abil-
ity to image soft tissue. In addition, when one is doing delib-
erate ablation, for example, around a pulmonary vein, it is
important that a full circle of scar tissue be formed, for
example, to stop atrial fibrillation. MRI has the ability to
image the scar as it is being formed (for example, see U.S. Pat.
No. 7,155,271). However, it would be highly undesirable if
the MRIRE energy thatis coupled to the leadwires caused the
distal ablation tip or the electrode rings to overheat at an
improper time, which could burn or ablate healthy tissues.

FIG. 3 shows the interior taken from FIG. 2 showing lead-
wires 104 and 106 which are routed to the two distal elec-
trodes 108 and 110 as previously described in FIG. 2.

FIG. 4 shows the electrical circuit of FIG. 3 with a general
frequency selective diverting impedance element 112 con-
nected between leadwires 104 and 106. In the present inven-
tion, the impedance element 112 can consist of a number of
frequency selective elements as will be further described. In
general, the first conductive leadwire 104 is electrically
coupled to the first electrode 108, the second conductive
leadwire 106 is electrically coupled to the second electrode
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110, and the frequency dependent diverting reactive element
112 electrically couples the first and second leadwires 104
and 106 such that high frequency energy is conducted
between the first leadwire 104 and the second leadwire 106.

Referring once again to FIG. 4, the frequency selective
reactive diverting element 112 tends to be electrically invis-
ible (i.e., a very high impedance) at selected frequencies. The
reactive element is desirably selective such that it would not
attenuate, for example, low frequency biological signals or
RF ablation pulses. However, for high frequency MRI RF
pulsed frequencies (such as 64 MHz), this frequency reactive
element 112 would look more like a short circuit. This would
have the effect of sending the energy induced into the lead-
wires 104 and 106 by the MRI RF field back into the catheter
body energy dissipating surface into which the leadwires are
embedded. In other words, there are desirably both RF energy
and thermal conductivity to the probe or catheter body or
sheath or shield which becomes an energy dissipating surface
all along the lengths of leadwires 104 and 106 such that MRI
induced energy that is present in these leadwires is diverted
and converted to heat into the interior and along the catheter
body itself. This prevents the heat build up at the extremely
sensitive locations right at the ring electrodes 108 and 110
which are in intimate and direct contact with body tissue. In
addition, the amount of temperature rise is very small (just a
few degrees) because of the energy being dissipated over such
a relatively high surface area. As previously mentioned, the
high frequency RE pulsed energy from an MRI system can
couple to implanted leads. This creates electromagnetic
forces (EMFs) which can result in current flowing through the
interface between electrodes that are in contact with body
tissue. If this current reaches sufficient amplitude, body tissue
could be damaged by excessive RE current flow or heat build-
up. This can create scar tissue formation, tissue damage or
even tissue necrosis such to the point where the AIMD can no
longer deliver appropriate therapy. In certain situations, this
can be life threatening for the patient.

FIG. 5 shows a capacitor 114 which represents one form of
the frequency selective diverting reactive element 112 previ-
ously described in FIG. 4. In this case, the reactive element
112 comprises a simple capacitor 114 connected between the
first conductor or leadwire 104 and the second conductor or
leadwire 106 and will have a variable impedance vs. fre-
quency. The following formula is well known in the art:
X ~=1/(2xnfc). Referring to the foregoing equation, one can
see that since frequency (f) is in the denominator, as the
frequency increases, the capacitive reactance in ohms
decreases. With a large number in the denominator, such as
the RE pulsed frequency of a 1.5 Tesla MRI system, which is
64 MHz, the capacitive reactance drops to a very low number
(essentially a short circuit). By shorting the leadwires
together at this one frequency, this diverts and prevents the RE
energy from reaching the distal ring electrodes 108 and 110
and being undesirably dissipated as heat into body tissue.
Referring once again to FIG. 4, one can see that the frequency
selective diverting element 112 thereby diverts the high fre-
quency RF energy back into the leadwires 104 and 106. By
spreading this energy along the length of leadwires 104 and
106, it is converted to heat, which is dissipated into the main
body of the probe, catheter or energy dissipating sheath. In
this way, the relatively large thermal mass of the probe or
catheter becomes an energy dissipating surface and any tem-
perature rise is just a few degrees C. In general, a few degrees
of temperature rise is not harmful to body tissue. In order to
cause permanent damage to body tissue, such as an ablation
scar, it generally requires temperatures above 20° C. In sum-
mary, the frequency selective reactive element 112, which
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may comprise a capacitor 114 as shown in FIG. 5, forms a
diversion circuit such that high frequency energy is diverted
away from the distal electrodes 108 and 110 along the lead-
wires 104 and 106 to a surface that is distant from the elec-
trodes 108 and 110, at which point the energy is converted to
heat.

FIG. 6 describes a different way of diverting high fre-
quency energy away from the electrodes 108, 110 and accom-
plishing the same objective. The general diverting reactance
element 112 described in FIG. 4 is shown in FIG. 6 to com-
prise a capacitor 114 in series with an inductor 116 to form an
L-C trap circuit. For the L-C trap, there is a particular fre-
quency (f) at which the capacitive reactance X, and the
inductive reactance X, are vectorally equal and opposite and
tend to cancel each other out. If there are no losses in such a
system, this results in a perfect short circuit between lead-
wires 104 and 106 at the resonant frequency. The frequency of
resonance of the trap filter is given by the equation f =

1
2wVIC

wherein f, is the frequency of resonance in Hertz, L is the
inductance in henries, and C is the capacitance in farads.

FIG. 7 illustrates any of the aforementioned frequency
dependent diverting impedance elements 112 with the addi-
tion of series frequency selective impeding reactances 118
and 120. The addition of series impedance further impedes or
blocks the flow of high frequency MRIinduced currents to the
ring electrodes 108 and 110 as will be more fully described in
the following drawings.

FIG. 8 is the low frequency model of F1G. 4, 5 or 6. In this
regard, FIG. 8 is identical to FIG. 3, in that, once again it
shows the electrical leadwires 104 and 106 connected to the
distal ring electrodes 108 and 110 of the probe or catheter 102.
In the low frequency model, the frequency reactive diverting
impedance elements 112 disappear because at low frequency
their impedances approach infinity. Of course, elongated
leads in a probe or catheter are electrically and even function-
ally equivalent to leads used for cardiac pacemakers, implant-
able cardioverter defibrillators, neurostimulators and the like.
For example, reference is made to U.S. Pat. No. 7,363,090,
the contents of which are incorporated herein. Accordingly,
any discussion herein related to probes or catheters apply
equally to leadwires for all active implantable medical
devices as described in FIG. 1, and vice versa. Referring once
again to FIG. 8, this is also the low frequency model of the
circuits shown in FIG. 7. At low frequency, the frequency
selective or reactive diverting component 112 tends to look
like a very high or infinite impedance. At low frequency, the
series reactive or frequency variable impeding elements 118
and 120 tend to look like a very low impedance or short
circuit. Accordingly, they all tend to disappear as shown in
FIG. 8.

FIG. 9 is a high frequency model that illustrates how the
distal electrodes or rings 108 and 110 are electrically isolated
at high frequency by shorting leadwires 104 and 106 at loca-
tion 122. As previously mentioned, such shorting or current
diverting could be accomplished by a capacitor, a capacitive
low pass filter or a series resonant L-C trap circuit. FIG. 9 also
shows the electrodes 108 and 110 as cut or disconnected and
electrically isolated from the rest of the circuit. This is
because, at very high frequency, series impeding elements
118 and 120 tend to look like a very high impedance or an
open circuit. In summary, by reactive elements 112, 118 and
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120 acting cooperatively, reactive element 112 diverts the
high frequency energy back into energy dissipating surfaces
in the probe or catheter while at the same time reactive ele-
ments 118 and 120 impede the high frequency RF energy.
Accordingly, in the ideal case, at high frequencies, the equiva-
lent circuit of FIG. 9 is achieved. Accordingly, excessive high
frequency MRI RF energy cannot reach the distal ring elec-
trodes 108, 110 and cause undesirable heating at that critical
tissue interface location.

FIG. 10 shows any of the previously described diverting
frequency selective impedance elements 112 in combination
with series reactance components shown in the form of a pair
of inductors 116a, 116. It is well known to electrical engi-
neers that the inductive reactance in ohms is given by the
equation X, =27fl.. In this case the frequency term (f) is in the
numerator. Accordingly, as the frequency increases, the reac-
tance (ohms) of the inductors also increases. When the fre-
quency is very high (such as 64 MHz) then the reactance in
ohms becomes extremely high (ideally approaches infinity
and cuts off the electrodes). By having a short circuit or very
low impedance between the leadwires and the probe/catheter
body 104 and 106 and then, at the same time, having a very
high impedance in series with the electrodes from inductors
116, this provides a very high degree of attenuation to MRI
RF pulsed frequencies thereby preventing such energy from
reaching the distal ring electrodes 108 and 110. In FIG. 10,
the line-to-line selective impedance element 112 diverts high
frequency energy back into leadwires 104 and 106 while at
the same time the series inductors 116 impede (or cut-off)
high frequency energy. When the line-to-line element 112 is
a capacitor 114 as shown in FIG. 5, then this forms what is
known in the prior art as an L section low pass filter, wherein
the capacitor 114 electrically cooperates with the inductors
116 (FIG. 10) to form a 2-element low pass filter. By defini-
tion, a low pass filter allows low frequencies such as biologi-
cal signals to pass to (stimulation pulses) and from (biologic
sensing) the distal electrodes freely without attenuation while
at the same time providing a high degree of attenuation to
undesirable high frequency energy. It will be obvious to those
skilled in the art that FIG. 5§ describes a single element (ca-
pacitor) low pass filter, and that F1G. 10 describes a 2-element
or L-section low pass filter. Moreover, any number of induc-
tor and capacitor combinations can be used for low pass
filters, including 3-element Pior T circuits, LL, 5-element or
even “n” element filters.

FIG. 11 offers an even greater performance improvement
over that previously described in FIG. 10. In FIG. 11, modi-
fied frequency selective impeding elements each incorporate
a parallel resonant inductor 116 and capacitor 114 which is
also known in the industry as a bandstop filter 117. The L-C
components for each of the reactive elements are carefully
chosen such that each of the bandstop filters 117 are resonant,
for example, at the pulsed resonant frequency of an MRI
scanner. For common hydrogen scanners, the pulsed resonant
frequency of an MR scanner is given by the Lamor equation
wherein the RF pulsed frequency in megahertz is equal to
42 .56 times the static field strength. For example, for a popu-
lar 1.5 Tesla scanner, the RF pulsed frequency is 64 MHz.
Common MR scanners that are either in use or in develop-
ment today along with their RF pulsed frequencies include:
0.5 Tesla-21 MHz; 1.5 Tesla-64 MHz; 3 Tesla-128 MHz; 4
Tesla-170 MHz; 5 Tesla-213 MHz; 7 Tesla-300 MHz; 8
Tesla-340 MHz; and 9.4 Tesla-400 MHz. When the bandstop
filters 117 are resonant at any one of these RF pulsed frequen-
cies, then these elements tend to look like an open circuit
which impedes the flow of RF current to distal electrodes.
When compatibility with different types of MR scanners is
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required, for example, 1.5, 3 and 5 Tesla, then three separate
bandstop filter elements in series may comprise the reactive
element 118 (FIG. 7), and three separate bandstop filter ele-
ments in series may comprise the reactive element 120 (FIG.
7). Each of these would have their I and C components
carefully selected so that they would be resonant at different
frequencies. For example, in the case of MR scanners opet-
ating at 1.5, 3 and 5 Tesla, the three bandstop filters compris-
ing the reactive element 118 as well as the three bandstop
filters comprising the reactive element 120 would be resonant
respectively at 64 MHz, at 128 MHz, and at 170 MHz. The
resonant frequencies of the bandstop filter elements could
also be selected such that they are resonant at the operating
frequency of other emitters that the patient may encounter
such as diathermy and the like. The use of bandstop filters 117
is more thoroughly described in U.S. Pat. No. 7,363,090; US
2007/0112398 A1; US 2007/0288058; US 2008/0071313 Al;
US 2008/0049376 Al; US 2008/01618386 Al; US 2008/
0132987 Al and US 2008/0116997 A1, the contents of which
are incorporated herein.

Referring now to FIG. 12, a prior art active implantable
medical device (AIMD) 100C is illustrated. In general, the
AIMD 100C could, for example, be a cardiac pacemaker
which s enclosed by a titanium or stainless steel housing 124
as indicated. The titanium housing 124 is hermetically sealed
and contains circuit board 137. however, there is a point
where conductors such as the illustrative conductors 126a,
1265, 126¢ and 1264 must ingress and egress in non-conduc-
tive relationship relative to the housing 124. This is accom-
plished by providing a hermetic terminal assembly 128. Her-
metic terminal assemblies 128 are well known and generally
consist of a ferrule 129 which is laser welded to the titanium
housing 124 of the AIMD 100C. In FIG. 12, four conductors
126a-126d are shown for connection to acorresponding num-
ber of leadwires, such as the illustrative bipolar leads 104 and
106 shown for coupling to the connector receptacles 130. In
this configuration, the four leadwires coupled respectively to
the conductors 126a-1264 comprise a typical dual chamber
bipolar cardiac pacemaker. It should be noted that each of the
bipolar leads 104 and 106 have a pair of leadwires associated
with them. These are known as bipolar electrodes wherein
one wire is routed to the tip electrode and the other is routed
to the ring electrode in locations 108 and 110.

Connectors 132 are commonly known as [S-1 connectors
and are designed to plug into mating receptacles 130 on a
header block 134 mounted on the pacemaker housing 124.
These are low voltage (pacemaker) leadwire connectors cov-
ered by an International Standards Organization (ISO) stan-
dard IS-1. Higher voltage devices, such as implantable car-
dioverter defibrillators, are covered by a standard known as
the ISO DF 1. A new standard was recently published that will
integrate both high voltage and low voltage connectors into a
new miniature quadpolar connector series known as the ISO
1S-4 standard. Leads plugged into these connectors are typi-
cally routed in a pacemaker or ICD application down into the
right ventricle and right atrium of the heart 136. There are also
new generation devices that have been introduced to the mar-
ket that couple leads to the outside of the left ventricle. These
are known as biventricular devices and are very effective in
cardiac resynchronization therapy (CRT) and treating con-
gestive heart failure (CHF).

It should be obvious to those skilled in the art that all of the
descriptions herein are equally applicable to other types of
AIMDs. These include implantable cardioverter defibrillators
(ICDs), neurostimulators, including deep brain stimulators,
spinal cord stimulators, cochlear implants, incontinence
stimulators and the like, and drug pumps. The present inven-
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tion is also applicable to a wide variety of minimally invasive
AIMDs. For example, in certain hospital cath lab procedures,
one can insert an AIND for temporary use such as a probe,
catheter or femoral artery ICD. Ventricular assist devices also
can fall into this type of category. This list is not meant to be
limiting, but is only example of the applications of the novel
technology currently described herein. In the following
description, functionally equivalent elements shown in vari-
ous embodiments will often be referred to utilizing the same
reference number.

FIG. 13 illustrates a prior art single chamber bipolar ATMD
100C and leadwires 104 and 106 with a distal tip electrode
138 and a ring electrode 108 typically as used with a cardiac
pacemaker 100C. Should the patient be exposed to the fields
of an MRI scanner or other powerful emitter used during a
medical diagnostic procedure, currents that are directly
induced in the leadwires 104, 106 can cause heating by I°R
losses in the leadwires or by heating caused by RF current
flowing from the tip and ring electrodes 138, 108 into body
tissue. If these induced RF currents become excessive, the
associated heating can cause damage or even destructive abla-
tion to body tissue 136.

FIG. 14 illustrates a single chamber bipolar cardiac pace-
maker 100C, and leadwires 104 and 106 having distal tip 138
and distal ring electrode 108. This is a spiral wound (coaxial)
lead system where the tip electrode leadwire 104 is wrapped
around the ring electrode leadwire 106. The characteristic
impedance of this lead type usually has an inductive compo-
nent. There are other types of pacemaker lead systems in
which these two leadwires that lay parallel to one another
(known as a bifilar lead system), which are not shown.

FIG. 15 is an enlarged schematic illustration of the area
“15-15” in FIG. 14. In the area of the distal tip 138 and ring
electrode 108, bandstop filters 117a, 1175 have been placed
in series with each of the respective ring and tip circuits. The
ring circuit leadwire 104 has been drawn straight instead of
coiled for simplicity. The bandstop filters 117 are tuned such
that, at an MRI pulsed RF frequency, a high impedance will
be presented thereby reducing or stopping the flow of unde-
sirable MRI induced RF current from the electrodes 138 and
108 into body tissues.

The tip electrode 138 is designed to be inserted into inti-
mate contact with myocardial tissue. Over time it can become
encapsulated and fully embedded or buried within such tis-
sue. However, the ring electrode 108 is designed to float
within the blood pool, for example, in a cardiac chamber such
as aventricle or atrium. With the constant blood perfusion, the
ring electrode 108 can be somewhat cooled during medical
diagnostic procedures, such as MRI. However, the tip elec-
trode 138, which is embedded in the myocardial tissue, is
thermally insulated in comparison. Moreover, it can’t always
be assumed that a ring electrode 108 that is floating in the
blood pool will be adequately cooled by the flow of blood.
There are certain types of patients that have cardiovascular
diseases that lead to very low election fractions and low blood
flow rates and even perfusion issues. The ring electrode 108
can also become encapsulated by body tissues. Accordingly,
both the distal tip electrode 138 and the ring electrode 108 are
preferably both associated with bandstop filters 117a, 1175.
However, since the operation of the bandstop filter 117 is
more important with the tip electrode 138 than it is with the
ring electrode 108, in order to prevent distal tip heating and
associated tissue damage, in many AIMD applications only a
tip bandstop filter 117a may be required for MRI compatibil-
ity.

FIG. 16 is a front and side view tracing of an actual patient
X-ray. This particular patient required a cardiac pacemaker.
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The corresponding implantable leadwire system, as one can
see, makes for a very complicated antenna and loop coupling
situation. The reader is referred to the article entitled, “Esti-
mation of Effective Lead Loop Area for Implantable Pulse
Generator and Implantable Cardioverter Defibrillators” pro-
vided by the AAMI Pacemaker EMC Task Force. In F1G. 16,
one can see from the X-ray tracing that there are electrodes in
both the right atrium and in the right ventricle. Both these
involve a separate tip and ring electrode (not shown in FIG.
16). In the industry, this is known as a dual chamber bipolar
leadwire system. It will be obvious to those skilled in the art
that any of the passive frequency selective networks, as pre-
viously described in FIGS. 2 through 11, can be incorporated
into the leadwires as illustrated in the X-ray tracing of FIG.
16. Frequency selective diverter and/or impeding filters of
FIGS. 2-11 of the present invention are needed so that MRI
exposure cannot induce excessive currents into the associated
leads or electrodes. There are also newer combined pace-
maker/ICD systems which include biventricular pacemaking
(pacing of the left ventricle). These systems can have as many
as 12 implanted leads, 140.

FIG. 17 is a line drawing of an actual patient cardiac X-rav
of one of the newer bi-ventricular leadwire systems with
various types of electrode tips 140 shown. For instance, elec-
trode tip 140a is a passive fixation right atrium pacing lead,
electrode tip 1405 is an active fixation bi-ventricular pacing
lead, and electrode tip 140c¢ is a ventricle defibrillation lead.
The new bi-ventricular systems are being used to treat con-
gestive heart failure, and make it possible to implant leads
outside of the left ventricle. This makes for a very efficient
pacing system; however, the implantable leadwire system is
quite complex. When a leadwire system, such as those
described in FIGS. 12-17, are exposed to a time varying
electromagnetic field, electric currents can be induced into
the electrodes of such leadwire systems. For the bi-ventricu-
lar system, a passive component frequency diverting network
of FIGS. 2-11 would need to be placed in conjunction with
each of the three distal tips and ring electrodes to correspond-
ing energy dissipating surfaces.

The word passive is very important in this context. Active
electronic circuits, which are defined as those that require
power, do not operate very well under very high amplitude
electromagnetic field conditions. Active electronic filters,
which generally are made from microelectronic chips, have
very low dynamic range. Extremely high fields inside an MR
chamber would tend to saturate such filters and make them
become nonlinear and ineffective. Accordingly, frequency
selective networks are preferably realized using non-ferro-
magnetic passive component elements. In general, this means
that the frequency selective components for both diverters
and impeders preferably consist of capacitors, inductors, and
resistors in various combinations. Passive component ele-
ments are capable of handling very high power levels without
changing their characteristics or saturating. Moreover, the
inductor elements are preferably made from materials that are
not ferromagnetic. The reason for this is that MRI machines
have a very powerful main static magnetic field (B,). This
powerful static magnetic field tends to saturate ferrite ele-
ments and would thereby change dramatically the value of the
inductance component. Accordingly, in the present invention,
the inductor elements are preferably fabricated without the
use of ferrites, nickel, iron, cobalt or other similar ferromag-
netic materials that are commonly used in general electronic
circuit applications.

FIG. 18 gives the frequency of resonance f, for the parallel
L-C bandstop filter circuit 117 of FIG. 15: where f, is the
frequency of resonance in Hertz, L is the inductance in Hen-
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ries and C is the capacitance in Farads. The same equation
given in F1G. 18 also applies to a series L-C trap filter illus-
trated as a frequency diverter element 112 in FIG. 6. The
inductor L is designated by 116 and the capacitor C is desig-
nated by 114 in FIG. 6. Clinical MRI systems vary in static
field strength from 0.5 Tesla all the way up to 3 Tesla with
newer research machines going as high as 11.4 T. The fre-
quency of the pulsed RF field associated with the static field
is given by the Lamour Equation, f=yT, where T is the field
strength in Teslas, and y is gyromagnetic ratio for hydrogen,
which is 42.58 MHz/T. Accordingly, a 3 Tesla MRI system
has a pulsed RF field of approximately 128 MHz.

By referring to FIG. 18, one can see that the resonant
frequency fr of an ideal tank filter can be predicted by using
the equation:

1
2nVLC

Where £ is the resonant frequency, L is the inductance, in
Henries, of the inductor component, and C is the capacitance,
in Farads, of the capacitor component. In this equation, there
are three variables: f, [, and C. The resonant frequency, f, is
a function of the MRI system of interest. As previously dis-
cussed,a 1.5 T MRI system utilizes an RF system operating at
approximately 64 MHz, a 3.0 T system utilizes a 128 MHz
RF, and so on. By determining the MRI system of interest,
only L and C remain. By artificially setting one of these
parameters, a filter designer needs only to solve for the
remaining variable.

FIG. 19 is a graph showing the impedance versus fre-
quency for a bandstop filter as previously described in U.S.
Pat. No. 7,363,090 and US 2007/0112398 Al. One can see
that at frequencies outside of the resonant frequency, imped-
ance is nearly zero ohms. When the capacitor and parallel
inductor is in resonance, the impedance is very high (ideally
infinity).

FIG. 20 is the impedance equation for the capacitor in
parallel with an inductor of a bandstop filter.

FIG. 21 gives the equations for inductive reactance X; and
capacitive reactance X,. In all of these equations (f) is fre-
quency in hertz, L is inductance in henries, and C is capaci-
tance in farads.

It should also be noted that the L-C parallel bandstop filter
also captures the RF energy. That is, for example, for a 1.5
Tesla system, the energy will swap back and forth between the
capacitor and the inductor at 64 MHz The energy is stored first
in the capacitor’s static field and then discharged into the
magnetic field of the inductor and back and forth. Accord-
ingly, relatively high currents can circulate back and forth
between these two circuit elements during an MRI procedure.
Accordingly, it is important that these two components be
robust enough to handle these currents. It is also important
that their resistive elements be relatively low such that the
bandstop filter itself does not become a heating element
within the lead system. One way to increase the current han-
dling capabilities and reduce the resistance of the capacitor
elements is the use of dual electrode plates as described in
U.S. Pat. No. 5,978,204, the contents of which are incorpo-
rated herein. It should also be noted that RF power handling is
a special concern for all of the frequency diverter circuits 112
as illustrated in FIGS. 4, 5, 7, 10, and 11. The diverter ele-
ments have to be designed in a very robust manner since they
are carrying high levels of RF current to the energy dissipat-
ing surface EDS. The impeding elements tend to reduce cur-
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rent and therefore usually are not required to carry extremely
high levels of RF current. For example, referring once again
to FIG. 5, once can see that in this case, the diverter element
is a capacitor 114. The capacitive reactance is a very low
impedance at high frequency, such as 64 megahertz wherein
relatively high amplitude RF currents flow in and out of the
capacitor’s internal electrodes. If a capacitor has high equiva-
lent series resistance, or high ohmic loss, the capacitor itself
could get very hot. One of the ways to reduce the internal
resistance and/or RF current handling capability of the pas-
sive diverter elements of the present invention will be
described in detail further on.

FIG. 19 is a graph showing impedance versus frequency for
the ideal parallel tank circuit 117 of FIG. 15. As one can see,
using ideal (zero resistance) circuit components, the imped-
ance measured between points A and B for the parallel tank
circuit 117 shown in FIG. 15 is zero until one approaches the
resonant frequency f,. At the frequency of resonance, these
ideal components combine together to approach an infinite
impedance. This comes from the equation Z , for the imped-
ance for the inductor in parallel with the capacitor shown as
FIG. 20. When the inductive reactance is equal to the capaci-
tive reactance, the two imaginary vectors cancel each other
and sum to zero causing the equation to become discontinu-
ous at this point. Referring to the equations in FIGS. 20 and
21, one can see in the impedance equation for Z ,, that a zero
will appear in the denominator when X,=X_(jwL=-j/wC).
This has the effect of making the impedance approach infinity
as the denominator approaches zero. This means that at one
unique frequency, the impedance between points A and B in
FIG. 19 will appear very high (analogous to opening a
switch). Accordingly, it would be possible, for example, inthe
case of a cardiac pacemaker, to design the cardiac pacemaker
for compatibility with one single popular MRI system. For
example, in the patient literature, the device manual and per-
haps contained in the digitally stored information on an
implanted RFID chip, it could be noted that the pacemaker
leadwire system has been designed to be compatible with 3
Tesla MRI systems. Accordingly, with this particular device,
a distal tip bandstop filter 117 would be incorporated where
the L and the C values have been carefully selected to be
resonant at 128 MHz, presenting a high or almost infinite
impedance at the MRI pulse frequency.

FIG. 22 is generally taken from FIG. 15 showing a typical
prior art bipolar pacemaker leadwire system. Shown is the
distal tip electrode 138 and ring electrode 108. An insulation
or insulative lead body 142 is also illustrated. The distal tip
electrode 138 can be passive (meaning that it can be bent back
ina“J” or shoved against myocardial tissue so that it just rests
against the tissue). A more commonly used electrode today is
known as the active fixation tip. This is an electrode where by
turning the entire center of the lead, the physicians can screw
a helix into myocardial tissue thereby firmly affixing it. A
prior art active fixation electrode tip 144 is shown in F1G. 23.
This is typically used in conjunction with a cardiac pace-
maker, an implantable defibrillator or the like. One can see
thatan active fixation tip housing 146 is pressed up against the
tissue to be stimulated, e.g., the myocardial tissue 46 of the
patient’s heart. For example, this could be the septal wall
between the right ventricle and the left ventricle. A helix
electrode assembly 148 is shown in a retracted position rela-
tive to the adjacent heart tissue 46. At the lead proximal end in
the pectoral pocket, the physician uses a tool to axially twist
the assembly shaft 150, which drives the pointed tip helix
screw 152 into the myocardial tissue, firmly affixing it. As can
be seen, it would be highly undesirable for the active fixation
helix screw 152 to heat up during an MRI scan. Because the
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helix screw 152 is deeply embedded into myocardial tissue, if
excessive heating and temperature rise did occur, not only
could scarring or ablation of cardiac tissue occur, but an
actual cardiac wall perforation or lesion could result in sud-
den death. It will also be obvious to those skilled in the art that
any ofthe frequency impeding or diverting circuits, as shown
inFIG.4,5,6,7,10 or 11, would be highly undesirable if they
were located within the overall housing 146 of the active
fixation tip 144. This is because the heat would indeed be
removed from the helix screw 152, but it would be transferred
into the active fixation housing 146 which also rests in inti-
mate contact with the endocardium heart tissue. What this
means is that redirecting the MRI induced electromagnetic
energy from the helix tip 152 to the housing 146 simply
moves the heat from one bad location to another bad location.
Because the housing 146 is also in intimate contact with heart
tissue, one would experience excessive temperature rise and
resulting tissue burning, scarring or necrosis at that location
as well.

Referring once again to FIG. 22, one can see that there is a
ring electrode 108 which is placed back (spaced proximally)
a suitable distance from the distal tip electrode 138. In a
bipolar pacing system, the cardiac pacing pulse is produced
between the tip electrode 138 and the ring electrode 108. This
electrical pulse induced into myocardial tissue produces a
heartbeat. Sensing can also be accomplished between these
two electrodes 138, 108 wherein the pacemaker can con-
stantly monitor the electrical activity of the heart. There are
similar analogies for neurostimulators, cochlear implants and
the like. There is usually a point at which the distal electrodes,
for example electrode 138, contact body tissue or fluid for
delivery of therapy involving electrical energy. In a neuro-
stimulator application, such as a spinal cord stimulator, small
electrical currents or pulses are used to block pain in the
spinal nerve roots (create paresthesia). In a urinary inconti-
nence stimulator, a distal electrode is used to cause a muscle
contraction and thereby prevent undesirable leakage ofurine.
In all of these examples, it would be highly undesirable for
excess heating defined as temperature rise above a few
degrees C., to occur particularly at the implanted lead elec-
trode(s).

In previous studies, concerns have been raised about the
safety of using metallic structures, such as leadwires and MR
scanners. Radio frequency energy (MHz) transmitted from
the MRI scanner in order to generate the MR signal can be
coupled onto the interventional device or its associated leads.
This results in high electrical fields around the instrument and
local tissue heating. This heating tends to be most concen-
trated at the ends of the electrical structure or leads.

We can address this safety issue using the methods of the
present invention. The concern is that distal electrodes or
distal surface ring electrodes, which directly contact body
tissue, will cause local tissue burns. We need to re-direct the
RF induced energy from the leads to an EDS surface. In the
current embodiment, this is accomplished primarily with
tuned frequency selective diverter circuit elements to an EDS
surface or housing.

A very effective way to “cut” or impede RF energy current
flow to implanted lead distal electrodes is to use a parallel
resonant bandstop filter circuit in place of the inductors in
FIG. 10. This resonant circuit could consist of an inductor in
parallel with a capacitor (an L-C bandstop filter as shown in
FIG. 11). If this parallel L-C circuit is tuned to the MR
frequency, it will present a very high impedance at this fre-
quency. This will effectively cut or disconnect the electrodes
from the elongated leads at the MRI frequency and prevent
unwanted heating. For maximal effectiveness, the [.-C circuit
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should be shielded. For a probe or a catheter application, with
these design concepts, the electrical end of the leads (in the
MHz range) are buried inside of the catheter body and as a
result, the concentrated electric fields are also located inside
of the capacitor, instead of in the tissue. This results in a
significant reduction in unwanted tissue heating. As previ-
ously mentioned, a resonant circuit is an effective way to
“cut” the surface electrodes from the rest of the electrical
circuit. This resonant circuit could be an inductor in parallel
with the capacitor (a bandstop filter also known as an L-C
“tank” circuit). Probes and catheters often incorporate metal-
lic sheaths which also assist in dissipating the unwanted
energy over large surface areas. This is equivalent to the
energy dissipating surface (EDS) structures as described
herein. One of the advantages of bandstop filters is that they
will allow low frequency pacing pulses and biologic sensing
signals to freely pass through. This is very important for a
lifesaving AIMD such as a cardiac pacemaker. However,
there are many neurostimulator applications, for example,
spinal cord stimulators that might have eight, sixteen or even
24 electrodes. These electrodes may have to be placed in the
spinal cord nerve root, which is a very small space adjacent to
the spine. Accordingly, it becomes very impractical to place
that many bandstop filters into such a small and torturous
location. Similar analogies exist for multiple deep brain
stimulation electrodes which must be physically very small in
size to penetrate through deep brain tissue without collateral
damage. Accordingly, there is a need for a supplement or an
alternative to bandstop filters. An ideal solution is the tuned
energy balance system and energy dissipating surfaces of the
present invention. While optimally or even sub-optimally
tuning the frequency selective diverter elements to an EDS
surface, one can draw the RF-induced energy out of the
implanted lead system and thereby dissipate it at an EDS
surface at a location away from sensitive body tissues. A
perfect example is a spinal cord stimulator. As mentioned, the
electrodes are placed along the spine in the spinal cord nerve
root/canal. The leads routed from these electrodes are gener-
ally routed to an AIMD which is typically implanted either in
the buttocks or the lower back. This is an ideal situation for the
tuned energy balance system and EDS of the present inven-
tion. For one thing, in an MRI scanner, the human spine is
generally located fairly close to the MRI bore iso-center. At
iso-center, the RF electric fields in a scanner tend to be quite
low inamplitude (nearly zero). Therefore, the induced energy
on the electrodes is relatively small compared to the RF-
induced energy along the rest of the lead path. In fact, in this
scenario, the highest electric fields will be furthest from iso-
center, which means the leads routed into the buttocks or
lower back that are adjacent to the AIMD itself. It will be
obvious to those skilled in the art, that it is far preferable to
have a slight temperature rise over the relatively large surface
area (housing) of the AIMD in the buttocks area. This is far
less dangerous to the patient than a temperature rise at the
electrodes that are placed immediately adjacent the spinal
cord nerve. Thermal injury to the spinal nerve can cause very
serious and lasting neurologic deficits.

All of the circuit elements as described in connection with
FIGS. 4 through 11 are for purposes of redirecting high fre-
quency RF energy away from lead electrodes into a location
that has larger thermal mass and larger area such that the
energy is not being dissipated at the concentrated point of
electrode to tissue contact. Concentrating the MRI RF energy
at an electrode causes excessive temperature rise which can
result in damage to adjacent body tissues. Referring back to
FIG. 3, one can see that the leadwires 104 and 106 are embed-
ded in the insulating sheath of a probe, a catheter, a cardiac
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pacemaker lead or the like. Accordingly, if excess heat is
dissipated along these leadwires, it is then dissipated into
these surrounding structures. As previously mentioned, there
is also a parasitic capacitance that’s formed along these lead-
wires and the surrounding structures or insulating sheaths. Tt
is a feature of the present invention that any of the passive
component frequency selective circuits can also be directly
connected to energy dissipating elements that are proximal
from the electrodes themselves.

Referring to FIG. 22 (and also FIGS. 24-26), the insulation
sheath 142 typically encapsulates the leadwires 104 and 106
in silicone or polyurethane to provide strength and resistance
to body fluids. The insulation sheath 142 has thermal conduc-
tion properties and also provides important electrical isola-
tion between the leadwires 104 and 106 themselves and also
surrounding body fluids and tissues.

FIG. 24 is generally taken from FIG. 22 except that the
twisted or coaxial lead wires 104 and 106 have been straight-
ened out for better illustration of the examples of the present
invention. This is also analogous to FIG. 2 for the wires of
probes and catheters previously described herein. The
straightened and elongated leadwires 104, 106 of FIG. 24 are
also illustrative of certain bifilar leadwire systems, which can
also be used for pacemakers, neurostimulators and the like. In
other words, the leadwires are not always twisted as shown in
FIG. 22 as there are certain applications where it is desirable
to have the leadwires 104, 106 running parallel to each other
in a straight fashion. For illustrative purposes, we will focus
on the straight leadwires 104, 106 of FIG. 24, but realize that
all of these same principles to follow are equally applicable to
twisted or coaxial leadwires. In FIG. 22, one can see that the
insulation sheath 142 generally runs up to and fixates the ring
electrode 108, but does not cover or encapsulate it. This is also
true for the distal tip electrode 138. This is important such that
the electrodes are not insulated, so that they can contact body
tissue and deliver therapy and/or sense biologic signals. If
they were insulated, they would not be able to function and
conduct electrical current into body tissue. In practice, the
parasitic capacitance value is quite low. For differential mode
induced EMFs, by electrically shorting leadwires 104 and
106 together, the energy induced from an MRI system is
contained into a loop whereby it will create relatively high RF
currents in leadwires 104 and 106. Importantly, this loop
disconnects this current flow from the distal electrodes 138
and 108. Accordingly, this energy will be converted to heat
within leadwires 104 and 106 where it will be thermally
conducted into the insulation sheath 142 and dissipated over
a much larger surface area. In the case where the induced
EMFs are common mode, frequency selective networks
diverting of the present invention are used to couple the high
frequency energy to a metallic surface of the probe or cath-
eter, such as a shield, or to an equivalent energy dissipating
surface (EDS). This has the effect of preventing a large tem-
peraturerise at the electrode to tissue interface which could be
damaging to body tissue. More importantly, said RF energy or
heat is diverted away from the distal electrodes, which make
direct contact with sensitive body tissues. It is in this location
where excessive heat dissipation can cause temperature rises
that can cause damage to body tissue and therefore, undesir-
able loss of therapy or even life-threatening tissue damage. In
a preferred embodiment, the parasitic capacitances or heat
conductive interface would be replaced by passive compo-
nent capacitances that are connected directly to a conductive
energy dissipating surface. This is a more efficient way of
diverting the energy to a point distant from the distal elec-
trodes and converting it to heat. By re-directing the RF and/or
thermal energy to a point or an area distant from the distal
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electrodes, one thereby provides a high degree of protection
to the sensitive junction between the electrodes and body
tissue. For example, that junction may be the point where a
distal electrode contacts myocardial tissue and provides criti-
cally important pacing pulses. Energy concentration at distal
electrode can cause dangerous temperature rises.

FIG. 25 is generally equivalent and incorporates and
embodies the concepts previously described in FIGS. 2
through 11 herein. In FIG. 25, one can see the lead insulation
142. There are parasitic capacitances 114 which are formed
between leadwires 104 and 106 and the insulation layer 142.
At high frequency, this has the desired effect of diverting or
shunting high frequency MRI RF energy away from the lead-
wires 104 and 106 thereby redirecting energy into the insu-
lation sheath 142 where it can be dissipated over a much
larger surface area with minimal temperature rise. Series
reactive impeding elements 118 and 120, as previously
described and shown in connection with FIG. 7, block, cut or
impede the flow of MRI induced RF energy to the distal tip
electrode 138 and/or the distal ring electrode 108, wherein
these electrodes 138, 108 correspond respectively with the
ring electrodes 108, 110 shown in FIGS. 2-11. These series
frequency selective reactances 118 and 120 are optional, but
do increase the efficacy of the present system.

Reactance 112 can be a simple capacitor as shown in FIG.
5, a low-pass filter or it can be an L-C series trap filter as
shown in FIG. 6. This tends to short leadwires 104 and 106
together athigh frequency thereby diverting undesirable high
frequency energy and thereby preventing it from reaching
distal tip electrode 138 or ring electrode 108. Referring once
again to FIG. 25, we can see high frequency RF currents I and
These, for example, are the RF pulsed currents induced in an
elongated implanted lead from a 1.5 Tesla MRI system, and
they would oscillate back and forth at 64 MHz thereby revers-
ing directions, as shown, at that frequency. This is better
understood by referring to FIG. 9. The currents are cut off (as
indicated at 122 in FIG. 9) and are effectively contained
within leadwires 104 and 106. This redirects the energy that is
induced by the high frequency MR fields back into the EDS
sheath 142 ata point distant from the distal electrodes 138 and
108. This EDS desirably prevents the distal electrodes from
overheating at their point of contact with body tissue.

FIG. 26 is very similar to the structures shown in FIGS. 22
and 24 for active implantable medical devices (AIMDs) such
as cardiac pacemakers and the like. Shown is a frequency
selective diverter element 112 in accordance with FIG. 6,
which in this case consists of an inductor 116 in series with a
capacitor 114 (L-C trap filter). The component values of the
inductor 116 and the capacitor 114 can be selected such that
they are resonant at a particular frequency. In this case, for
illustrative purposes, they shall be resonant at 64 MHz
thereby providing a low impedance short circuit for 1.5 Tesla
MRI signals. This has the effect of diverting or shunting the
energy off of leadwire 104 to the relatively large surface area
of the ring electrode 108. The ring electrode 108 is typically
a metallic structure consisting of a cylindrical ring and very
high thermal conductivity. It also has, by necessity, very high
electrical conductivity. Accordingly, referring once again to
FIG. 26, the ring electrode 108, by its inherent nature,
becomes an energy dissipating surface 161 wherein the high
frequency RF energy is diverted to it, wherein said RF energy
will either be converted to heat, which will be directed into the
surrounding blood flow, or said RF energy will be harmlessly
dissipated into surrounding body tissues. More specifically,
for example, in the right ventricle, the distal tip electrode 138,
152 is designed to be screwed into myocardial tissue in accor-
dance with FIG. 23. The ring electrode 108, on the other hand,
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is designed to be placed back away from distal tip electrode
138, 152 such that it actually floats in the pool of blood that is
flowing in the particular cardiac chamber. In an ideal situa-
tion, the wash of blood over it tends to provide a constant
cooling action through heat transfer over the ring electrode
108 thereby dissipating undesirable heat from high frequency
RF energy harmlessly into the flowing blood (or other body
fluids such as lymph in other applications). A disadvantage of
this approach is that in a certain percentage of patients both
the tip and the ring tend to be overgrown by tissue. Accord-
ingly, the use of a separate energy dissipating surface 161,
which is located further back from both the distal tip and ring
electrode, is desirable such that it is guaranteed to remain in
the blood pool. For the energy dissipating surface 161, which
can either be the ring electrode itself or a separate energy
dissipating structure 161, it is a desirable feature that it
includes some type of biomimetic coating such that tissue
overgrowth is inhibited. Referring back to FIG. 25, for
example, a biomimetic coating 154 could be deposited all
over the ring electrode 108 to thereby inhibit tissue over-
growth.

FIG. 27 is a line drawing of a human heart with cardiac
pacemaker dual chamber bipolar leads shown in the right
ventricle 156 and the right atrium 158 of a human heart 136.
FIG. 27 is taken from slide number 3 from a PowerPoint
presentation given at The 28” Annual Scientific Sessions of
the Heart. Rhythm Society by Dr. Bruce L. Wilkoff, M. D. of
the Cleveland Clinic Foundation. This article was given in
Session 113 on Friday, May 11, 2007 and was entitled, ICD
LEAD EXTRACTION OF INFECTED AND/OR REDUN-
DANT LEADS. These slides are incorporated herein by ref-
erence and will be referred to again simply as the Wilkoff
reference. In FIG. 27, one can see multiple leadwires extend-
ing from an active implantable medical device 100C (such as
a cardiac pacemaker or the like) coupled to associated elec-
trodes, one of which comprises the distal tip ventricular elec-
trode 138 located in the right ventricular 156 apex. The dark
shaded areas in FIG. 25 show the experience of the Cleveland
Clinic and Dr. Wilkoff (who is a specialist in lead extraction),
where extreme tissue overgrowth and vegetation tends to
occur. There are numerous cases of extracted leads where
both the tip and ring electrodes have been overgrown and
encapsulated by tissue. Referring once again to FIG. 27, one
can see tip electrode 138, which is located in the right ven-
tricular apex. The shaded area encasing this electrode 138
shows that this area tends to become encapsulated by body
tissue. A distal tip electrode 144 in the right atrium 158 may
similarly be overgrown and encapsulated by tissue, as shown
by the encasing shaded area. There are other areas in the
superior vena cava and venous system where leads tend to be
encapsulated by body tissue a great percentage of the time.
These are shown as areas 157 and 159. This is particularly
important to know for the present invention since these would
be highly undesirable areas to place an energy dissipating
surface 161 in accordance with the present invention. Ideal
locations for energy dissipating surfaces are shown where
there tends to be little to no tissue overgrowth as 161a, 1615,
or 161c.

Referring once again to FIG. 27, as previously mentioned,
it is very important that this leadwire system does not over-
heat during MRI procedures particularly at or near the distal
tip electrodes and rings. If both the distal tip and ring elec-
trode become overgrown by body tissue, excessive overheat-
ing can cause scarring, burning or necrosis of said tissues.
This can result in loss of capture (loss pacing pulses) which
can be life-threatening for a pacemaker dependent patient. It
is also the case where implanted leads are often abandoned
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(where the lead has been permanently disconnected from the
AIMD), Often times when the device such as a pacemaker
102 shown in F1G. 27 is changed out, for example, due to low
battery life and a new pacemaker is installed, the physician
may decide to install new leadwires at the same time. Lead-
wires are also abandoned for other reasons, such as a dis-
lodged or a high impedance threshold. Sometimes over the
course of a patient life-time, the distal tip electrode to tissue
interface increases in impedance. This means that the new
pacemaker would have to pulse at a very high voltage output
level which would quickly deplete its battery life. This is yet
another example of why a physician would choose to insert
new leads. Sometimes the old leads are simply extracted.
However, this is a very complicated surgical procedure which
does involve risks to the patient. Fortunately, there is plenty of
room in the venous system and in the tricuspid valve to place
additional leads through the same pathway. The physician
may also choose to implant the pacemaker on the other side.
For example, if the original pacemaker was in the right pec-
toral region, the physician may remove that pacemaker and
choose to install the new pacemaker in the left pectoral region
using a different part of the venous system to gain lead access.
In either case, the abandoned leads can be very problematic
during an MRI procedure. In general, abandoned leads are
capped at their proximal connector points so that body fluids
will not enter into the lead system, cause infections and the
like. However, it has been shown in the literature that the
distal electrodes of abandoned leads can still heat up during
MRI procedures. Accordingly, a passive frequency selective
circuit of the present invention is very useful when placed at
or near the proximal electrical contact after a pacemaker is
removed and its leads are disconnected (abandoned). For
example, for an abandoned (left in the body) lead, an energy
dissipating surface 161¢ at or near the proximal lead end is an
ideal place to eliminate excess energy induced by MRI in the
leadwire system. As it will be shown in subsequent embodi-
ments, the energy dissipating surface 161 can actually be a
conductive housing of the AIMD 102. Referring back to the
article by Dr. Bruce Wilkoff, attention is drawn to slide num-
ber 2, which is an example of a lead extraction showing both
adistal tip electrode and a distal ring which have been heavily
overgrown and encapsulated by body tissue. Special cutting
tools were used to free the lead so it could be extracted, so the
tissue shown here is only a small remaining portion of the
mass that was originally present. Slide 13 is a dramatic illus-
tration of what a larger mass of encapsulated tissue would
look like. In this case, the entire tip was completely sur-
rounded, but if one looks carefully to the right, one can see
that some of the ring was still exposed. The situation is highly
variable in that the ring is not always fully encapsulated. Slide
16 is an example of tissue removal after a pacemaker bipolar
lead was extracted. One can see at the end of the lead, the helix
screw that was affixed to myocardial tissue. The surgeon in
this photo was removing the tissue encapsulation, which
completely surrounded the tip and is still surrounding the ring
area. A blowup of this is shown in slide 17. Again, the tissue
that is still affixed to the lead has completely encapsulated the
ring, which cannot be seen. Accordingly, there is a need for
either a way to prevent the overgrowth of body tissue onto the
ring or to ensure that an energy dissipating surface 161 is
located far enough away from myocardial tissue to guarantee
that it will remain floating in the blood pool.

FIG. 28 illustrates an energy dissipating ring 161 which is
located at some distance “d” from both a pacemaker tip elec-
trode 138 and a ring electrode 108 mounted respectively atthe
distal ends of leadwires 104 and 106. The distance “d” should
be sufficient so that the energy dissipating surface 161 is far



US 9,037,258 B2

35

enough away from both the distal tip and ring electrodes 138,
108 such that there is no heating or temperature rise associ-
ated with the tissues that contact the tip and ring electrodes.
Another advantage of moving the energy dissipating surface
161 away from the distal electrodes, particularly for a cardiac
pacemaker application, is that there would be less tendency
for the energy dissipating surface 161 to become encapsu-
lated or overgrown with body tissue. If the energy dissipating
surface 161, when it is disassociated at some distance from
the electrodes 138, 108, does become overgrown with body
tissue, this is not of great concern. Obviously, it would be
superior to have the 161 surface floating in freely flowing
blood so that there would be constant cooling. However, for
example, if the 161 surface did touch off to the right ventricu-
lar septum and became overgrown, the only effect would be a
slight heating of tissue in an area that is far away from where
the actual electrical stimulation and sensing is being done by
the electrodes. The ideal distance for the energy dissipating
surface does depend on the particular application and ranges
from approximately 0.1 cm to 10 cm distance from the distal
electrodes.

Referring once again to FIG. 28, the energy dissipating
surface 161 is shown as a cylindrical ring. It can be semi-
circular, rectangular, octagonal, hexagonal or even involve
semi-circles on the lead or any other metallic or similar struc-
ture that is also thermally conductive. Literally any shape or
geometry can be used as an energy dissipation surface 161. It
is a desirable feature of the present invention that the surface
area be relatively large so that it can efficiently dissipate heat
into the surrounding blood pool and surrounding tissues that
are distanced from the electrodes. In FIG. 28, within the ring
161, there are electrical connections (not shown) between
leadwire 104 and 106 and to the energy dissipating surface
161 that embody the passive frequency selective circuits pre-
viously discussed in connection with FIGS. 2 through 11. The
purpose of these frequency selective circuits is to remove RF
induced energy caused by the RF pulsed field of MRI from
leadwires 104 and 106 and redirect it to the surface 161 where
itis dissipated as heat. By having a large surface area, the heat
can be dissipated without significant temperature rise such
that surrounding tissues would be burned.

In cardiac rhythm management applications, the surface
161 is ideally located in areas where there is freely flowing
blood, lymph or equivalent body fluids which adds to the
cooling. A biomimetic coating 154 can be applied to the
energy dissipating surface area 161 and/or to the ring elec-
trode 108 if it is used as an energy dissipating surface 161.
This special biomimetic coating 154 provides a non-throm-
bogenic and anti-adhesion benefits. This coating can be com-
prised of a surfactant polymer having a flexible polymeric
backbone, which is linked to a plurality of hydrophobic side
chains and a plurality of hydrophilic side chains. This coating
prevents the adhesion of certain plasma proteins and platelets
on the surface and hence initiation of the clotting cascade or
colonization of bacteria. Biomimetic coatings also tend to
prevent overgrowth or adhesion of body tissues as illustrated
in the Wilkoff paper. This polymer compound is described in
U.S. Pat. No. 6,759,388 and U S. Pat. No. 7,276,474, the
contents of both patents being incorporated by reference
herein. Additional benefits of biomimetic coatings include
the prevention of bacterial colonization and resulting infec-
tions. It will be obvious to those skilled in the art that other
types of coatings could be used on the 161 ring to inhibit or
prevent overgrowth of body tissue. As used herein, the term
biomimetics includes all such type coatings.

FIG. 29 is a typical quad polar neurostimulation lead sys-
tem. It will be appreciated that the following discussion also
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applies to bipolar, hex polar, and even sixteen to twenty-four
electrode lead systems (the present invention is applicable to
any number of implanted leads or leadwires or electrodes). In
FIG. 29, four leadwires 104a, 1045,106a and 1065 are shown
which are each directed respectively toward an associated
distal electrode 108a, 1085, 110a and 1105. In this case, the
electrical stimulation pulses are applied in various combina-
tions between the various electrodes. Unlike a cardiac pace-
maker application, there is no particular ring electrode in this
case. However, the insulation sheath 142 that surrounds the
leadwires, which as mentioned could be of silicone or the like,
forms a surrounding surface, which encapsulates the lead-
wires.

Parasitic capacitances 22 are formed respectively between
each of the leadwires 104a, 1045, 106a and 1065 and the
insulating sheath 142. As previously mentioned, these para-
sitic capacitances are desirable as they divert high frequency
pulsed RF energy from an MRI system to the insulation
sheath 142 thereby redirecting the energy so that heat will be
dissipated over a larger surface area and away from the inter-
face between the distal tip electrodes 108a, 1085, 110a, and
1105 and body tissue. There is also heat that is directly dis-
sipated off of the leadwires, which is conductively coupled
into the insulation sheath 142. Again, it is desirable that this
occur at a location that is spaced from or distant from the
therapy delivery electrodes 108a, 1085, 1104, and 1105. This
can be greatly improved by providing a passive component
frequency selective diverter circuit 112 which provided a very
low impedance at a selected high frequency or frequencies
between each of the associated leadwires and the energy
dissipating surface 161. The energy dissipating surface 161
would typically either be a metallic ring or a metallic plate or
even a separated metallic surface which has both the property
of conducting the high frequency energy and also having a
relatively large surface area for dissipating said energy into
surrounding body tissues. In a preferred embodiment, the
energy dissipating surface 161 would be placed sufficiently
far back from the distal electrodes 1082, 1085, 1104, and
1105 so that in the associated heating of surrounding body
tissue would not have any effect on the delicate electrode-to-
tissue interface. In addition, by having an energy dissipating
surface 161 with a sufficiently large surface area, this will
prevent a dangerously large temperature rise as it dissipates
energy into the surrounding tissues. By controlling the tem-
perature rise to a small amount, damage to tissue or tissue
changes are therefore avoided. The frequency selective reac-
tances 112 are designed to present a very low impedance at
selected high frequencies thereby redirecting undesirable
high frequency RF energy (in the MHz range) away from the
electrodes to the insulating sheath and/or energy dissipating
surface 161. In addition, further protection is offered by the
optional series frequency selective components 118 and 120.
Typically, these can be series inductors or they can be parallel
inductor capacitor bandstop filters in accordance with the
present invention (see FIGS. 10-11). Accordingly, substantial
protection is provided such that during MRI procedures, the
distal electrodes 108a, 1085, 1104, 110.sub.n do not overheat.

FIG. 30 is taken from FIG. 13 of U.S. 2008/0132987 Al,
the contents of which are incorporated herein by reference.
NMustrated is a side view of the human head with a deep brain
stimulation electrode shaft assembly 160. At the distal end of
the electrode shaft 160 are two distal electrodes 108 and 110
(see FIG. 31) implanted into the patient’s brain matter 162 at
a selected implantation site (there can be any number of
electrodes). One or more leadwires 104, 106 (see FIG. 27A)
are routed between the skin 164 and the skull 166 down to a
pectorally implanted AIND (pulse generator) which is not
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shown. Referring back to FIG. 30, one can see that a burr
opening 168 in the skull 166 has been made so that the
electrode shaft assembly 160 can be inserted.

FIG. 31 is taken generally from section 31-31 in FIG. 30.
Shown are bipolar distal electrodes 108 and 110 at or near the
end or tip 170 of the electrode shaft 160. The skull is shown at
166 and the dura is shown as 172. Housing 174 acts as an
energy dissipating surface 161 and can be hermetically sealed
to protect the passive frequency selective diverter and/or
impeder components of the present invention from direct
exposure to body fluids.

FIG. 32 is taken from section 32-32 of FIG. 31. Shown are
frequency selective passive component diverter circuit ele-
ments 112 which are generally taken from FIG. 5 or 6. As
previously described, these diverter circuit elements 112
could be combined with series impeder reactance elements
118 and 120 as previously illustrated in FIGS. 7, 10 and 11.
These have been omitted for clarity, but would generally be
placed in series with the leadwires 104 and 106 and placed
between frequency selective circuit elements 112 and the
distal electrodes 108, 110. Referring back to FIG. 32, circuit
elements 112 would divert high frequency RF energy induced
from an MR scanner to the energy dissipating surface 161
where it would be dissipated as RF or thermal energy into the
area of the skull 166 and/or dura 172. Frequency selective
circuit element 1124 is also shown connected between the
leadwires 104 and 106. This is optional and would be effec-
tive for any differential mode signals that are present in the
leadwires 104 and 106. In accordance with FIG. 4 of the
present invention, the diverter 112 would redirect or divert
MRI induced RF energy back into leadwires 104 and 106 and
away from the distal electrodes 108, 110. This is an example
of redirecting RF or thermal energy away from a critical tissue
interface point. The skull is considered to be a relatively
non-critical or less susceptible type of body tissue to thermal
injury. This is in comparison with the very thermally sensitive
brain matter into which the distal tip electrodes 108, 110 are
implanted. It has been shown that even a temperature rise as
small as a few degrees C. can cause damage to sensitive brain
matter.

FIG. 33 is generally taken from area 33-33 of FIG. 31.
Shown are the two bipolar electrodes 108 and 110. The fre-
quency selective elements 112 and 1126 have been moved
relative to the location shown in FIG. 32 to illustrate one
wrong way to approach this particular problem. Specifically,
an energy dissipating surface 161 is shown mounted gener-
ally at or near the end portion of the probe shaft 170 in
proximity to and/or direct contact with sensitive brain tissue.
The frequency selective reactance components 112 and 1125
are coupled for redirecting the RF energy from MRI to the
energy dissipating surface 161, whereby heat will be dissi-
pated by the energy dissipating surface 161. In the case where
it was chosen not to use an energy dissipating surface 161, but
simply to rely on the line-to-line frequency selective element
1125, heat would still build-up in the entire distal electrode
area and thence be conducted into thermally sensitive brain
tissue 162. Accordingly, the placement of the circuit elements
as shown in FIG. 33 illustrates a disastrous way to place the
frequency selective elements of the present invention. Severe
overheating of this distal tip would occur with resulting brain
damage. Reference is made to a paper given at the 8.sup.th
World Congress of the National Neuromodulation Society
which was held in conjunction with the 11.sup.th Annual
Meeting of the North American Neuromodulation Society,
Dec. 8-13, 2007, Acapulco, Mexico. This paper illustrates
severe tissue damage surrounding a distal tip electrode. This
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paper was given by Dr. Frank Shellock, Ph. D. and was
entitled, MRI ISSUES FOR NEUROMODULATION
DEVICES.

Shellock slide 31 shows X-ray views of the placement of
deep brain stimulator electrodes into the skull and brain of a
human patient. There is also an X-ray view showing the
placement of the AIMDs and tunneled leadwires that are
associated with the deep brain stimulation electrodes. Slide
number 35 shows an extensive thermally induced lesion
shown in white with a red arrow to it. This was representative
of two patients that inadvertently received MRI wherein their
deep brain stimulators overheated and caused extensive ther-
mal injury to the brain. Both patients had neurologic deficits
and were severely disabled.

In summary, the configuration illustrated in FIGS. 30, 31
and 32, wherein the thermal energy as dissipated into the skull
or dura, is highly desirable as compared to the configuration
as illustrated in FIG. 33, which could cause thermal damage
to sensitive brain tissue.

Referring once again to the Shellock paper, one can see that
the deep brain stimulator involved multiple electrodes. In
FIG. 31 one can see that in this example, there are only two
electrodes 108 and 110. This is a way of illustrating that with
real time MRI guidance, the physician can much more accu-
rately place the electrodes into the exact area of the brain,
which needs to be electrically stimulated (for example, to
control Parkinson’s tremor, Turret’s Syndrome or the like).
What is typically done is that precise MR imaging is pet-
formed prior to electrode implantation which is referenced to
fiducial marks that’s placed on the skin in several locations
outside of the patient’s skull. The patient’s head is first
shaved, then these marks are placed and then the MRI is
performed. Then when the patient enters the operating room,
a fixture is literally screwed to the patient’s head at these
fiducial marks. This fixture contains a bore into which the
various drilling and electrode implanting tools are located.
Because of the need for all of this mechanical fixturing,
tolerances are involved. This means that by the time the
electrodes are implanted in the brain, they may be not in the
precise locations as desired. Accordingly, extra electrodes are
inserted which involves more leads than are really necessary.
The patient is usually awake during parts of this procedure
wherein the physician will use trial and error to stimulate
various electrode pairs until the desired result is achieved. In
contrast, the present invention minimizes the need for all
these extra electrodes and extra wiring. This is because by
eliminating the potential for the distal electrodes to overheat
and damage brain tissue, this entire procedure can be done
under real time MRI imaging. In other words, the physician
can be watching the MRI images in real time as he precisely
guides the electrodes to the exact anatomy of the brain that he
wishes to stimulate.

FIG. 34 is a hermetically sealed package consisting of a
passive distal tip electrode 138 which is designed to be in
intimate contact with body tissue, such as inside the right
atrium of the heart. A hermetic seal is formed at laser weld
176 as shown between the tip electrode 138 and a metallic
ring 178. Gold brazes 180 are used to separate the metallic
ring 178 from the energy dissipating surface 161 by use of an
intervening insulator 182. This insulator 182 could typically
be of alumina ceramic, other types of ceramic, glass, sapphire
or the like. The energy dissipating surface 161 is typically
gold brazed 183 to the other side of the insulator 182 as
shown. An inductor 116, such as an inductor chip in accor-
dance with FIG. 10, is shown connected between the distal tip
electrode 138 and a conductive leadwire or pin 184 which is
attached by laser welds 176 to the end of the leadwire 104
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extending to the AIMD. As shown, the lead 184 protrudes
through a hermetic seal assembly 188 formed by a metallic
flange 186 which is typically of titanium or platinum or the
like. The flange 186 is hermetically attached to the lead 184
by gold brazes 180, and is typically laser welded as shown at
177 to a proximal end of the energy dissipating surface 161.

FIG. 35 is a cut-away view taken generally from the hous-
ing of FIG. 34. It is important that the electrical insulating
material 182 either be of very low thermal conductivity or
have arelatively long length “L” as shown. The reason for this
is that the thermal energy that is developed in the energy
dissipating surface 161 must not be allowed to reach the distal
tip electrode 138 as shown in FIG. 34 where heat could cause
damage to the adjacent tissue.

The energy dissipating surface 161 is typically of biocom-
patible metals, such as titanium, platinum or the like. It is
important that the energy dissipating surface be both electri-
cally conductive and thermally conductive so that it can trans-
fer RF and thermal energy into body fluid or tissue. The
energy dissipating surface 161 can be roughened or even
corrugated or bellowed as shown in FIG. 36 to increase its
surface area and therefore its energy dissipating properties
into Surrounding body fluids or body tissue.

In accordance with FIG. 5, capacitive elements 114 are
shown in FIG. 34 are designed to act as a low impedance at
higher frequencies. Electrical connections 190 (FIG. 34)
couple the capacitors 114 from the leadwire 184 to the energy
dissipating surface 161. This forms a broadband low pass
filter wherein the inductor 116 acts in cooperation with the
capacitive elements 114. The presence of the inductor ele-
ment 116 is not required; however, it does enhance the per-
formance of the capacitor elements 114. Capacitor elements
114 are typical off-the-shelf commercial monolithic ceramic
capacitors (MLCCs). These are better illustrated in FIG. 38.

There is an advantage in the present invention in using a
capacitor for the selective frequency element 112 as shown in
FIG. 5. The capacitor tends to act as a broadband filter which
will attenuate a range of MRI frequencies. For example,
placement of an effective capacitor 114 could attenuate 64
megahertz, 128 megahertz and higher MRI frequencies.
However, if one were to use an L-C series trap filter as shown
in FIG. 6 for the variable frequency element 112, then this
would only be effective at one MRI frequency, for example,
64 megahertz only. Of course, as already been disclosed
herein, one could use multiple L-C trap filters. However, in a
preferred embodiment the use of a capacitor as illustrated in
FIG. 5 is desirable because with a single component, one can
attenuate a broad range of MRI frequencies.

The schematic diagram for the circuitry of FIG. 34 is
shown in FIG. 37. Capacitors 114 are actually in parallel and
act as a single capacitive diverter element to the EDS surface.
The reason for multiple capacitors is to obtain a high enough
total capacitance value so that the capacitive reactance is very
low at the frequency of interest (for example, 64 MHz for a
1.5 T MR system).

Analternative capacitor 114 for usein the circuit of F1G. 37
is known as aunipolar feedthrough capacitor is shown in FIG.
39. It has inside diameter and outside diameter termination
surfaces 192 for electrical contact. Feedthrough capacitors
canbe unipolar or multipolar. These are completely described
in the prior art; for example, refer to U.S. Pat. No. 7,363,090,
particularly FIGS. 3, 5, 29 through 31, and 39. See also U.S.
Pat. Nos. 4,424,551, 5,333,095; and 6,765,779.

FIG. 40 is similar to FIG. 34 (using common reference
symbols) except that the inductor element 116 is wire wound
around a non-ferromagnetic mandrel 194 (formed from a
material such as a ceramic or plastic). This type of wound
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inductor 116 has much higher current handling capability as
compared to the inductor chip of FIG. 34. The inductor chip
of FIG. 34 can be fabricated from a variety of shapes includ-
ing Wheeler's spirals and the like. Refer to U.S. 2007/
0112398 Al, FIG. 83 and FIGS. 70 and 71 of U.S. 2009/
0243756. These inductors can be manufactured by a number
of printing techniques including lithographic or copper clout-
ing and etching. However, this results in relatively thin and
high resistivity inductor traces.

It is important that the inductor element 116 of the present
invention be able to handle substantially high currents when it
is in series with the lead 184. The reason for this has to do with
either ICD applications for shock electrodes or automatic
external defibrillation (AED) events. AEDs have become
very popular in government, buildings, hospitals, hotels, and
many other public places. When the external defibrillator
paddles are placed over the chest of a cardiac pacemaker
patient, the high voltage that propagates through body tissue
can induce powerful currents in implanted leads. Accord-
ingly, the inductor 116 of the present invention has to be
designed to handle fairly high current (as high as the 4 to 8
amp range in short bursts). The wire wound inductor 116 of
FIG. 40 has wire of a larger cross-sectional area and is there-
fore a higher current handling inductor and is therefore a
preferred embodiment.

FIG. 41 illustrates an entirely different approach for the
diverting of RF energy away from the electrode 138 to the
energy dissipation surface 161. Shown are electrical connec-
tions 196a, 1965 between a first inductor 1164 and the distal
tip electrode assembly 138. The other end of the first inductor
1164 is connected to a second inductor 1165 which is in turn
electrically connected at 116¢ to the leadwire 184, 104. The
capacitor 114 is connected between the junction of the two
inductors 116a and 1165 at electrical connection 1964. The
other end of the capacitor is electrically connected at 196e to
the energy dissipating surface 161. An insulating sleeve (not
shown) can be used to ensure that the capacitor termination
and electrical connection 1964 does not inadvertently make
contact (short out) with the energy dissipating surface 161. As
shown, this connection is made adjacent to the insulator 182
so there is no chance for such shorting out.

The electrical schematic for FIG. 41isshowninFIG.42.In
accordance with FIG. 7, this forms what is known in the art as
a low pass filter (in this example, a T filter), which tends to
enhance the filtering performance by directing more of the RF
energy to the energy dissipating surface 161. As previously
mentioned, a single or multi-element low pass filter would
attenuate a broad range of MRI frequencies and would be an
advantage in the present invention for that reason.

The various types of low pass filters are more thoroughly
shown in FIGS. 43 and 44 which compares the filtering effi-
ciency measured as attenuation in dB with increasing num-
bers of filter elements. The low pass filters illustrated in FIG.
43 perform two very important functions. First, they are very
effective EMI filters in order to protect AIND electronics
from the powerful electromagnetic fields during MRI scans
and the like. Secondly, they all have capacitor diverter ele-
ments that are associated with their inductor impeder ele-
ments. Accordingly, the capacitors act as energy diverters in
the present invention thereby redirecting induced RF energy
on the leads to the energy dissipating surfaces (161). Shown
are single element low pass filters consisting of either the
capacitor 114 or an inductor 116, an L filter which consists of
an inductor 116 and a capacitor 114, a T filter, a Pifilter (FIG.
44), an LL filter (FIG. 44) or an “n” element filter (FIG. 43).
FIG. 43 shows the general response curves of these types of
filters as attenuation versus frequency. Selected schematics
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for these various filters, which are correlated to the curves in
FIG. 43, are shown in FIG. 44. As one increases the number of
filter elements, the ability to attenuate or block high fre-
quency signals from reaching sensitive AIMD electronics is
improved. Referring once again to FIG. 43, for example, one
can see that for a particular value of a single element capaci-
tive filter, the attenuation for a 1.5 Tesla MRI system operat-
ing at 64 MHz is only about 12 dB. This means that a certain
amount of the RF energy would still reach the distal tip
electrode. Now compare this to the T filter of FIG. 43, where
one can see that there is in excess of 45 dB of attenuation. In
this case, an insignificant amount of RF energy from the RF
pulsed frequency of the MRI, would reach the distal elec-
trode. Accordingly, one preferred embodiment of the present
invention is that a capacitor combined with one or more
inductors would be an optimal configuration. As the number
of elements increases, the filtering efficiency improves. When
the filtering efficiency improves, this means that less and less
RF energy will reach the distal tip.

FIG. 45 illustrates a schematic diagram of a series inductor
116-capacitor 114 filter which is commonly known in the
industry as an L-C trap filter. The L-C trap filter was previ-
ously described in connection with FIG. 6. Referring once
again to F1G. 45, there is a particular frequency for a trap filter
when the capacitive reactance becomes equal and opposite to
the inductive reactance. At this single frequency, the capaci-
tive reactance and the inductive reactance cancel each other
out to zero. At this point, all one has left is the residual
resistance 198. If one selects high quality factor (Q) compo-
nents, meaning that they are very low in resistance, then the
trap filter of FIG. 46 ideally tends to look like a short circuit
atits resonant frequency f. between points A and B which may
comprises connections respectively to a pair of leadwires 104
and 106. FIG. 46 gives the resonant frequency equation where
f , in this case, was measured in hertz. FIG. 9 shows the effect
of a short circuit 122 between leadwires 104 and 106. Refer-
ring once again to F1G. 45, it is important that the amount of
resistance 138 be controlled. This is better understood by
referring to FIG. 47.

FIG. 47 illustrates the impedance Z in ohms versus fre-
quency of the series resonant L-Ctrap filter of FIG. 45. As one
can see, the impedance is quite high until one reaches the
frequency of resonance f,. At this point, the impedance of the
series L-C trap goes very low (nearly zero ohms). For fre-
quencies above or below resonance f,, depending on the
selection of component values and their quality factor (Q), the
impedance can be as high as 100 to 1000 or even 10,000 ohms
or greater. At resonance, the impedance tries to go to zero and
is limited only be the amount of resistance 138 (F1G. 45) that
is generally composed of resistance from the inductor 116
and also the equivalent series resistance from the electrode
plates of the capacitor 114. The resistance 138 could also be
adiscrete resistor that is added in series with the capacitor 114
and the inductor 116. In a preferred embodiment, this would
be a chip resistor. There is a trade off in proper selection of the
components that controls what is known as the 3 dB band-
width. If the resistance is extremely small, then the 3 dB
bandwidth will be narrower. However, this makes the trap
filter more difficult to manufacture. Accordingly, the 3 dB
bandwidth and the resistive element R are preferably selected
so that it is convenient to manufacture the filter and tune it to,
for example, 64 MHz while at the same time providing a very
low impedance R at the resonant frequency. For an ideal L-C
series resonant trap filter, wherein ideal would mean that the
resistance R would be zero, then the impedance at resonance
would be zero ohms. However, in this case, the 3 dB band-
width would be so narrow that it would be nearly impossible
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to manufacture. Accordingly, some amount of resistance R is
in fact desirable. In a preferred embodiment, the resistance R
in an L-C trap filter is equal to the characteristic resistance of
animplanted lead so that maximum energy transfer will occur
to the energy dissipating surface. The resistance in the L-C
series resonant trap filter can be controlled by the amount of
resistance in the inductor itself and/or the equivalent series
resistance of the capacitor. For example, one can control or
even increase the resistance of an inductor by adding more
turns of wire or making the wire or circuit traces smaller in
cross-section. One could also use higher resistivity materials
in the construction of the inductor. One could also add a
discrete resistor in series with the inductor and capacitor of
the L-C trap. In a preferred embodiment, this could be a
discrete chip resistor. In summary, controlling the resistance
of the L-C trap filter is a novel feature in its application herein
as a frequency selected diverter to a surface 161.

As previously mentioned, there is a disadvantage to use the
L-C trap filter as shown in FIG. 6. That is, it is really only
effective for attenuating the one MRI frequency (for example,
64 megahertz for a 1.5 megahertz scanner).

Accordingly, when the AIMD manufacturer would apply
for their FDA conditional labeling, they could only claim
compliance with 1.5 Tesla MRI scanners. However, the L-C
trap filter of FIG. 6 also offers a very important advantage in
that it offers a very high degree of attenuation at this one
selected frequency and s also highly volumetrically efficient.
Accordingly, there is a tradeoff here. When one uses a broad-
band low pass filter, a broad range of frequencies is attenuated
at the cost of increased size and complexity (an additional
number of components). An L-C trap filter such as shown in
FIG. 6 is more of a “rifle-shot” approach wherein only one
selected frequency is attenuated. In physics, this is more
efficient and tends to make the components smaller. By con-
trolling the value of the resistance 138 in FIG. 45, energy
transfer is maximized from the implanted leads to the 161
surface or housing of the AIMD. In accordance with Thev-
enin’s Maximum Power Transfer Theorem, assuming a resis-
tive system, maximum energy transfer to a load occurs when
the characteristic source impedance (the lead system imped-
ance) is equal to the load resistance. For example, if the
implanted lead had an implanted characteristic resistance of 2
ohms, it would be desirable to have the resistance of the L-C
trap filter illustrated in FIG. 45 also be 2 ohms. A potential
disadvantage ofa high Q (low resistance) L-C trap filter is that
at resonance, its inductive and capacitive reactive compo-
nents cancel each other out. In other words, at resonance the
L-C trap becomes purely resistive. In accordance with the
present invention, it is a relatively simple matter though to add
resistance in series with the L-C trap filter. This can be done
through using a discrete resistor such as a chip resistor or by
deliberately building addition resistance into the design of the
inductor and/or the capacitor’s equivalent series resistance.

FIG. 48 illustrates yet another method of decoupling RF
signals from leadwire 104. Referring back to FIGS. 34
through 43, all of the aforementioned decoupling techniques
involve broad band low pass filtering. The advantage with
these is that they would be applicable to a wide range of MRI
machines including 0.5, 1.5, 3.0, 5.4 Tesla and so on. In other
words, these broad band EMI filters would attenuate a broad
range of RF frequencies. In FIG. 48, one can see that there are
two discrete L-C trap filters. The first trap filter consists of
inductor 116a and capacitor 114a acting in series, and the
second trap filter consists of inductor 1165 and capacitor
1145 operating in series. This is best understood by referring
to the schematic of FIG. 49 which shows the series connection
of 116a, 1145 from the lead 184 to the energy dissipating
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surface 161. Inductor 1165 and capacitor 1144 are also con-
nected in series from the lead 184 to the energy dissipating
surface 161.

In FIG. 48, one can see that an electrical connection 1964
is made between the distal tip electrode 138 and inductor chip
116. Inductor chip 116a is then electrically connected via
electrical connection material 1965 to monolithic chip
capacitor (MLCC) capacitor 114a. The other end of the chip
capacitor 114a is electrically connected at 1964 to the energy
dissipating surface 161. Inductor 1165 is also connected to
the distal tip electrode 138 by material 116e. The other end of
inductor 1164 is connected in series at 116¢ with capacitor
114b. The other end of capacitor 1145 is electrically con-
nected at 116f'to the energy dissipating surface 161. In this
way, the two trap filters are connected in parallel between the
lead 184 and the energy dissipating surface 161 as shown in
the schematic diagram of FIG. 49.

FIG. 50 illustrates a typical chip inductor 116a, 1165
which can be used in FIG. 50.

FIG. 51 is a typical prior art MLCC chip capacitor 114a,
1145 which can also be used in conjunction with the package
shown in FIG. 48.

FIG. 52 is a graph of impedance versus frequency showing
the impedance in ohms for the two L-C trap filter elements
that were previously described in FIGS. 48 and 49. By care-
fully selecting the component values 114a and 116« and also
1145 and 1165, one can select the frequencies at which the
two (or more) L-C trap filters will self-resonate. In the present
example, the first trap filter including components 114a and
1165 has been selected to resonate at 64 MHz, and the second
trap filter including element 1144 and 1165 has been selected
to resonate at 128 MHz.

Referring once again to FIG. 52, one can see that we now
effectively have dual trap filters which tend to act as very low
impedance between the leadwire 184, 104 and the energy
dissipating surface EDS at two different frequencies. In this
case, by example, the first trap filter resonates at 64 MHz,
which is the RF pulsed frequency of a 1.5 Tesla MR1 system.
The second trap filter, which has resonant frequency 128
MHz, is designed to divert RF energy to the EDS surface from
a 3 Tesla MRI frequency. It will be appreciated that a multi-
plicity of trap filters can be used depending on how many
different types of MRI systems that one wants to claim com-
patibility with for an implanted lead and electrode. The
method of selecting the resonant frequency was already
described in FIG. 46 and is applicable to FIG. 52. Referring
once again to FIG. 52, one will note that except at the resonant
frequency f.sub.rl and fisub.r2, the impedance of the trap
filter 1s very high. This is very important so that low frequen-
cies are not attenuated. Accordingly, using a cardiac pace-
maker application as an example, pacing pulses would be free
to pass and also low frequency biologic signals, such as those
that are produced by the heart. It is very important that pace-
maker sensing and pacemaker pacing can occur while at the
same time, high frequency energy, for example, that from the
RF pulsed frequency of an MR system can be diverted to an
appropriate energy dissipating surface 161. The parallel trap
filters, as described in FIGS. 48, 49 and 52, have to be care-
fully designed so that they will not resonate or interact with
each other. This is best accomplished if one were to place a
bandstop filter between them which would tend to electrically
isolate them. This is not shown, but would be understood by
those skilled in the art.

FIG. 53 illustrates a typical active implantable medical
device bipolar leadwire system. On the left is shown a distal
tip electrode 138 and a distal ring electrode 108. The energy
dissipating surface 161 of the present invention is shown
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along with coaxial leadwires 104 and 106 which would be
connected to the AIMD. These could be endocardial or epi-
cardial in accordance with the prior art.

FIG. 54 is a blown up sectional view generally taken from
section 54-54 from FIG. 53. InF1G. 54, one can see that there
is an energy dissipating surface 161 which is enclosed at both
ends by two hermetic seal flanges or flange assemblies each
consisting of a flange 188, an insulator 200 and gold brazes
180, 180'. The flange 188 is designed to be laser welded 176
into the metallic energy dissipating surface 161 as shown. A
bipolar feedthrough capacitor 114¢ is shown in cross-section
in FIG. 54 where the two leadwires 104 and 106 pass through
its The feedthrough capacitor 114c¢ is a very efficient broad-
band filter which would tend to decouple or divert high fre-
quency signals such as 64 MHz (1.5 Tesla) and 128 MHz (3
Tesla) from the leadwires 104, 106 to the energy dissipating
surface 161 in accordance with the present invention. Each
leadwire 104 and 106 may additionally include the frequency
selective impeding reactances 118 and 120 (as previously
shown and described in FIGS. 7, 10 and 11).

The bipolar feedthrough capacitor 114¢ is illustrated in
isometric view in FIG. 55. Shown is an outside diameter
termination surface 1926 which is electrically and thermally
connected to the inside diameter of the energy dissipating
surface 161 of FIG. 54, as by electrical connection 196g. Also
shown, are termination surfaces 192al and 19242 located on
the inside diameter of two feedthrough capacitor ID holes for
electrical connection at 196/ and 196: (FIGS. 54, 55)
between leadwires 104 and 106, respectively to the
feedthrough capacitor termination surfaces 192a1 and 19242,
respectively. The use of a feedthrough capacitor in this case
makes for a truly broadband performance. As MR systems
continue to evolve in their static magnetic field strength, the
RF pulse frequencies go higher and higher. For example, for
a 10 Tesla scanner, the RF pulse frequency is 426.5 mega-
hertz. Prior art MLCC chip capacitors have internal induc-
tance and tend to self-resonate at frequencies around 400
megahertz or above. Accordingly, the use of a feedthrough
capacitor accommodates much higher frequency MRI sys-
tems.

Referring once again to FIG. 28 and FIG. 31, one can
understand why the energy dissipating surface 161 of FIG. 53
has beer. moved back a suitable distance “d” from the distal
tip electrode 138 and the distal ring electrode 108. This is
because of the tendency for distal tip 138 and ring electrodes
108 to become completely embedded or encapsulated with
body tissue. In other words, one cannot guarantee that the
distal ring electrode 108 will always be freely floating in the
blood pool, for example, of the right ventricle or the right
atrium. Referring once again to FIG. 27, one can see shaded
areas where tissue encapsulation tends to be the greatest. An
ideal location for the energy dissipating surface 161, as
described in FIG. 53, is shown as 161 in FIG. 27. This guar-
antees that the energy dissipating surface 161 is placed gen-
erally into the area of the right ventricle that is free of trabe-
cula tissue and where there is always freely flowing blood. Of
course, this is particularly important for cardiac rhythm man-
agement applications wherein pacemakers and implantable
defibrillators are commonly used. For implantable neuro-
stimulators, generally, these are not placed in areas where
there is freely flowing blood. However, it is still important in
these cases that the energy dissipating surface 161 be a
sufficiently large enough distance from the associated elec-
trode(s) so that if there is adjacent tissue heating, it does not
affect the delicate interface between the electrodes and sur-
rounding body tissue. This would be particularly important,
for example, in a deep brain stimulator. As shown in FIG. 31,
for



US 9,037,258 B2

45

example, an ideal location for the energy dissipating surface
161 would be either at the skull or subdural (slightly below the
skull). In this case, the deep brain stimulation electrode would
protrude down into the brain tissue below the energy dissi-
pating surface 161. In this case, the RF energy and/or heat
would be dissipated over a relatively large surface area well
away from the very heat sensitive and delicate brain tissues
162. For a spinal cord stimulator, there is generally freely
flowing spinal fluid which can act as a cooling agent as well.
In this case, it is desirable to have the surface 161, again,
spaced at some distance from the therapy delivery electrode
such that cooling effectively takes place within the cerebral
spinal fluid. See U.S. Publication Nos, US 2008/0132987 A1
and US 2007/0112398 A1, which are incorporated by refer-
ence herein. In some cases, the separation distance can be
quite small, for example on the opposite surface of a paddle
electrode as shown herein in FIGS. 72, 73 and 74.

FIG. 56 is a schematic diagram of the energy dissipating
surface 161 assembly previously described in FIGS. 53 and
54. In FIG. 56, one can see that the passive frequency selec-
tive diverter elements 114a and 1145 could be replaced by
any of the circuits previously described in FIGS. 4 through 11
as element 20.

FIG. 57 illustrates a bipolar lead of the present invention
with distal tip and ring electrodes 108, 110 (not shown) at a
suitable distance d from an energy dissipation surface 161
such that energy dissipation in the surface 161 would not
cause a temperature rise at the distal electrodes. Shown is a
capacitor 114 connected between the leadwires 104 and 106.
Also shown are a pair of bandstop filters 1174 and 1175 as
previously illustrated in FIG. 11. Referring once again to FIG.
57, one can see that the capacitor element 114 acts as a high
frequency energy diverter. This works in cooperation with the
two bandstop filter elements 117a and 1175 which act as
energy impeders at a selected MRI frequency. Accordingly,
high frequency energy that is induced on the leadwires 104
and 106 is converted to RF circulation currents I, and I,. 1,
and 1, are shown in opposite directions to illustrate, for
example, fora 1.5 Tesla MRI system, that these oscillate back
at 64 million times per second. This creates a great deal of
current in the associated leadwires to the right (as viewed in
FIG. 47) of the diverting element 114. This causes heat to be
dissipated in the leadwires 104 and 106 into the energy dis-
sipating surface 161 such as the overall insulation sheath or
shield of the probe, catheter or implanted device as shown.

FIG. 58 is very similar to FIG. 57 except that diverting
element 112 had been replaced by a pair of capacitor elements
1144 and 114 which connect from leadwires 104 and 106
respectively to an electromagnetic shield or an energy dissi-
pating surface 161. It is a desirable property of the present
invention that the surface 161 be highly thermally conductive,
have relatively high surface area for efficient transfer of RF or
heat energy into surrounding fluids and body tissue and also
be electrically conductive at RF frequencies. Referring once
again to FIG. 58, the diverter elements 114 work best when
they are on the body fluid side (towards the distal electrode)
related to the bandstop filters 117a and 117b. When the
impeders or bandstop filters are placed between the distal
electrodes and the impeder capacitors 114, the distal elec-
trodes will heat up significantly. This is because the energy is
now trapped in the lead system and reflects back and forth
along the implanted lead which causes distal tip overheating.
The bandstop filters 117a and 1175, if placed incorrectly
between the impeder capacitors and the distal electrodes,
represent a very high impedance. This makes it very hard or
even impossible for the RF energy entrapped in the lead
system to reach the surface 161 or housing of the AIMD
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where it can be dissipated over a large surface area. Instead,
the energy bounces back off and reflects back down to the
distal electrodes where it concentrates as an RF current which
causes significant overheating.

The bandstop filters 117a and 1175 of FIG. 58 look like a
very high impedance (ideally an infinite impedance) at the
resonant frequency. In practice, the impedance of the band-
stop filters at resonance will be around 2000 ohms. This has
the effect of disconnecting or impeding RF current to the
distal electrodes at these high frequencies from the leadwires
104 and 106. These work in conjunction with the low pass
filter elements 1144 and 1145 which act as a way to divert the
high frequency energy to the energy dissipating surface 161
which in a preferred embodiment is the AIMD housing. As
previously mentioned, the low pass filter elements 114a and
1145 can consist of any of the low pass filters as previously
described in FIGS. 43 and 44 or the L-C trap filter as previ-
ously described in FIGS. 45, 46, 47, 48, 49 and 52. A high
frequency model of FIG. 50 is illustrated in FIG. 9 wherein
the leadwires are effectively shorted together to an energy
dissipating surface 161 and the distal electrodes 108 and 110
have been effectively cut or disconnected (in this case, by the
bandstop filter elements) from the electrodes. For a more
complete description of bandstop filter elements and their
design and operation, refer to U.S. Pat. No. 7,363,090.

FIG. 59 illustrates an exemplary bandstop filter 117a or
11756 consisting of a parallel inductor 116 and capacitor 114
(as previously shown and described herein) with nonlinear
circuit elements such as diodes 202a and 202/ placed in
parallel therewith. These diodes 202a, 2025 are oriented in
what is known in the priorart as a back-to-back configuration.
The diode elements 2024, 2025, as illustrated in FIG. 49, can
be placed in parallel with each other, and with any of the
frequency selective circuit elements as previously described
in FIGS. 4 through 11. For example, referring to FIG. 5, the
diode elements 2024 and 2025 could be placed in parallel
with the capacitive element 114. Referring to FIG. 10, two
diode elements 2024, 2025 could also be placed in parallel
with each of the inductor elements 116« and 1165. Back-to-
back diodes are one form of a transient voltage suppressor.
Transient voltage suppressors (TVS) are well known in the
prior art for providing over voltage circuit protection. They
are sold under various trade names including the name Tran-
sorb. The diodes 202a, 2025 can also be pin diodes. As pre-
viously discussed, automatic external defibrillators (AEDs)
have become very popular in the patient environment.
Accordingly, implanted leads must be able to withstand very
high pulsed currents. These pulse currents can range any-
where from 1 to 8 amps. It is also a feature of the present
invention that the passive frequency selective components be
very small in size. In order for an inductor element L to be
able to handle 1 to 8 amps, it would have to be exceedingly
large. However, by using physically small diode elements
202a and 2025, one can have the circuits switched to a dif-
ferent state. That is, when a high voltage, such as that from an
AED appears, the diodes would forward bias thereby tempo-
rarily shorting out the bandstop filter 117a or 1175 consisting
of the parallel combination of inductor L and capacitor C
(FIG. 59). Thereby the correspondingly high AED induced
currents would be diverted away from the relatively sensitive
(small) passive elements [, and C in such a way that they not
be harmed.

FIG. 60 is nearly identical to FIG. 58 except that transient
voltage suppressors 204a and 2045 have been added respec-
tively in parallel with the bandstop filter elements 1174 and
117b. Transient voltage suppressors are nonlinear circuit ele-
ments which operate in much the same fashion as previously
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described for the back-to-back diodes 2024 and 2025 of FIG.
51. This family includes diodes, zener diodes, Transorbs™,
Transguard®, metal oxide varistors, Z,,0 varisters, and other
similar nonlinear circuit elements. The purpose of the tran-
sient voltage suppressors 204a and 2044 in FIG. 60 is to
bypass any high voltage induced currents such that these
currents not flow through the relatively sensitive bandstop
passive component inductor and capacitor elements.

FIG. 61 illustrates a general diverter and/or impeder filter
element 206 which can be representative of any of the filters
previously described. The filter element 206 of FIG. 61 is
shown disposed between an electrical connection to an
energy dissipating surface 161 which can be an AIMD hous-
ing as illustrated. The filter is shown connected to a proximal
end of a leadwire 104 or the like with dashed lines, and
connected to a distal end electrode 108 shown coupled to the
leadwire 104 or the like with dashed lines. The reason for the
dashed lines is an indication that the filter 206 can be placed
anywhere between the distal end and the proximal end of the
leadwire 104 or even inside the AIMD housing. The filter 206
and energy dissipating surface 161 could be located near the
distal end, at the distal end, at a distal ring electrode 108 or
near a distal ring electrode 108 such that it would float in the
blood pool. The filter 206 can also be placed at or near the
proximal end, or at any point between the distal and proximal
ends.

In particular, the filter and associated energy dissipating
surface 161 could be located all the way at the proximal end
of an abandoned lead. Leads are often abandoned and left in
patients for various reasons. Sometimes the lead becomes
slightly dislodged, for example, from cardiac tissue such that
the pacing threshold increases or is lost. Sometimes lead
insulation becomes abraded and/or the leadwire itself is bro-
ken. Removing leads once they’ve been in the body for a long
time can be very difficult as portions of the lead tend to
become overgrown by body tissue. One is again referred to
the article entitled, ICD EXTRACTION INFECTED/RE-
DUNDANT LEADS EVERYDAY CLINICAL PRACTICE
by Dr. Bruce Wilkoff. When one looks at the photographs of
the extracted leads, one can see that they are very often
substantially overgrown with tissue. Therefore, it is common
practice to simply abandon leads.

In the prior art, the abandoned lead is simply capped such
that body fluid will not enter it. This cap is nothing more than
an insulative cap. However, it is also well known in the lit-
erature that abandoned leads can be quite dangerous in an MR
scanning situation. High energy electromagnetic fields from
the RF pulsed energy of a scanner intensifies at the ends of
implanted leads. Because they are abandoned or capped at
one end, this creates a reflection situation whereby all of the
intense energy has no way to escape the lead except at the
distal electrode end. This is the worst case situation because
the distal electrode makes intimate contact with body tissue.
For example, if the tissue was myocardial tissue, one runs a
severe risk of creating burning or lesions in the heart. In the
case of a deep brain stimulator, one runs the risk of causing
deep lesions within the brain. In an abandoned lead, therefore,
it is much more desirable that energy be dissipated at or near
the proximal end as opposed to the distal end where there are
sensitive body tissues involved. In general, active implantable
medical devices are implanted in muscle or in fat tissues, for
example, in the pectoral areas which are not so heat sensitive,
but more importantly, are not implanted in an organ, whose
function could be compromised. Accordingly, itis a feature of
the present invention that any of the filter networks, as previ-
ously described herein, including those as shown in FIGS. 4
through 11, could be incorporated in a cap structure to be
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attached to the proximal end of the leadwire wherein such
said cap structure includes an energy dissipating surface 161.
For a further description of the problem and the need to
provide a cap for abandoned leads, one is referred to U.S. Pat.
No. 6,985,775.

FIG. 62 shows an energy dissipating surface 161 in a rela-
tively fixed location along the length of a leadwire 104. In
accordance with the present invention, the energy dissipating
surface 161 is placed a suitable distance d from a distal
electrode 108 such that energy dissipation in the area of the
161 surface will not cause tissue overheating at or near the
distal electrode 108. Also shown is a frequency impeding
element 118 which can be moved to various locations along
the length of the leadwire 104 as indicated by the multiple
dashed-line boxes 118. For example, impeding element 118
could be placed near the energy dissipating surface 161, or it
could be moved toward the distal electrode 108 at any one of
several successive locations. The impeding element 118 such
as a bandstop filter 117 or a series inductor will still work in
conjunction with the diverting element 112 at any of these
various locations. In fact, this can be an advantage in the
present invention in order to make the distal tip electrode 108
and its associated leadwire 104 within the distance “d”
smaller in diameter. In general, most leads for cardiovascular
applications are restricted to the six French (0.079 inches in
diameter) region. This can be problematic for a biventricular
implant where the endocardial electrode must be threaded
through the venous system and then into the coronary sinus
and through the great cardiac vein to one of many branch
vessels which are outside of the left ventricle. These branch
vessels tend to be very small in diameter and very difficult to
navigate, particularly for a large lead (size four French or
smaller would be ideal). There is also a similar need for
certain spinal cord and deep brain stimulators which must
embody electrodes that are very small in diameter. Referring
back to FIG. 62, one can see that by having a relatively large
valve capacitive diverter element 112 associated with a
energy dissipating surface 161 that is located at a distance d
from the distal electrode, one can then downsize the diameter
of the wiring along the length of distance d. By putting the
frequency impeding element such as any one of the elements
118a,118b and/or 118¢, one can make this single component
smaller than multiple components. Accordingly, frequency
impeding elements do not have to be in direct physical prox-
imity to diverting frequency selective elements 112. As taught
in FIGS. 4, 5, 6, 42 and 43, the diverting element 112 can
consist not only in a capacitor or an L-C resonant trap filter,
but also could include a variety of low pass filters. Referring
to FIG. 43, for example, one could see that an L section low
pass filter is identical to the filter described in FIG. 62,
wherein element 118 represents the inductor element and
element 112 represents the capacitor element. Referring once
again to FIG. 62, one can incorporate a T-type filter which
embodies two inductor elements. In this embodiment, the left
hand inductor element 118 would be to the left of the fre-
quency diverting element 112 and a second inductor (not
shown) would be located to the right of the diverter element
112. This right hand inductor could be located in close physi-
cal proximity to the diverter element 112, or it could also be
moved away as was described for the left hand inductor
element at various locations as shown in FIG. 52.

Referring back to FIG. 62, it should be noted that the
variable impedance element 112 can be monolithic ceramic
(MLCC) capacitors, ceramic feedthrough capacitors, or other
types of capacitive circuit components. In addition, the fre-
quency selective element 112 can be a parasitic or distributive
capacitor wherein the capacitance is formed through rela-
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tively high-dielectric materials between leadwires or elec-
trodes in an energy dissipating surface 161.

FIG. 63 illustrates a type of probe or catheter 102 which is
typically used to both map and ablate the inside of cardiac
chambers to eliminate or control certain types of arrhythmias.
For example, in a patient with uncontrollable atrial fibrilla-
tion, this type of probe or catheter 102 would be inserted so
that electrical mapping, between bipolar distal electrodes 108
and 208 or between electrodes 110a and 1105, could be
performed to isolate and locate those areas from which the
sporadic electrical activity is occurring. For example, this
might be around a pulmonary vein. Reference is made to U.S.
Pat. No. 7,155,271 for a more complete description of this
type of need and procedure. After the areas that need to be
ablated are located, the surgeon can apply RF ablation energy
at a distal ablation electrode 208. This has the effect of burn-
ing the inside of cardiac tissue creating a scar which will
isolate this area of erratic electrical activity. The goal here is
to complete a scar structure such that the atrial fibrillation is
terminated. Unfortunately, in the prior art, this procedure is
done using real-time X-ray, fluoroscopy, landmarks based on
CT scans, or other types of guidance, which does not
adequately visualize soft tissue. Accordingly, the surgeon is
working pretty much blind as the scars forming cannot be
seen in real time. As explained in U.S. Pat. No. 7,155,271, it
would be a great advantage if such procedures could be per-
formed during real time MRI guidance. The problem is the
MRI RF energy induced into the ablation catheter could cause
overheating and sporadic formation of scar tissue at the
wrong time and/or in the wrong location. In FIG. 63, one can
see that there is a novel energy dissipating surface 161 of the
present invention. This surface 161 is located at a distance
back from the distal tip such that the energy dissipating sur-
face 161 will redirect energy away from both the electrical
sensing electrodes 108, 110 and the RF ablation electrode 208
where they cannot overheat, at inappropriate times. Fre-
quency selective passive components (not shown), in accor-
dance with the present invention, are connected in series with
the leadwires, or from the inside of the energy dissipating
surface 161 to the various leadwires 104, 106 and 210. These
are the circuits that have generally been described in FIGS. 4
through 11 herein. For simplicity, they have not been shown
in FIG. 63, but should be obvious to one skilled in the art from
the previous drawings. In other words, the RF ablation elec-
trode tip 208 will only overheat when the surgeon decides to
activate the RF circuitry to deliberately form the scar tissue.

The energy dissipating surface 161 may include some
materials or antenna structures that are readily visualized
during active MRI guidance. This may be important so that a
physician can ensure that if the probe or catheter is manipu-
lated that the surface 161 not rest against the inside of, for
example, the atrial septum. This is the area that is dissipating
RF energy and heat during the active MRI. If the surface area
of this surface 161 is sufficiently large so that very little
temperature rise would occur, it would not matter if the sur-
face 161 touched off against, for example, the inside wall of
the cardiac septal wall. However, if the surface 161 was
relatively small, then substantial temperature rise could occur
if it was not kept within the freely flowing blood stream. In
this case, it would be important that the physician be able to
visualize the surface 161 and the MRI images so that it not be
allowed to rest inappropriately against sensitive tissues on the
inside of the atrium and cause inadvertent scar tissue or abla-
tionto occur. Referring onceagain to FIG. 63, one can see that
the ablation electrode 208 is connected to an RF ablation
leadwire 210 which comes from RF ablation equipment (not
shown) which is external to the patient. The sensing ring

20

25

40

45

60

65

50

electrodes 108 and 110 are coupled to leadwires 104 and 106
which run through the center of the probe or catheter and also
are connected to external equipment which is used to monitor
electrical cardiac activity. These would typically be con-
nected to an ECG or ERG recorder.

FIG. 64 shows a probe or catheter similar to that illustrated
in FIG. 63 except that the energy dissipating surface 161 has
been convoluted so that its surface area has been increased.
Such increasing of the surface area, which is in contact with
fluids, such as body fluids, will increase the amount of MRI
induced RF energy that is dissipated.

FIG. 65 is very similar to FIG. 64 except that instead of
convolutions, fins 212 have been added. These fins 212 also
increase the surface area and increase the amount of energy or
heat which is dissipated into surrounding fluids and tissues.

FIG. 66 is similar to FIGS. 64 and 65 except that the energy
dissipating surface 161 has its surface area increased through
various processes which are more thoroughly described in
connection with FIGS. 67 and 68. FIG. 67 is an enlarged,
fragmented sectional view of the surface 161 taken from FIG.
66. The energy dissipating surface 161 area has been rough-
ened to create a high surface area, through, for example,
plasma etching 214, chemical etching, or the like. A high
surface area can also be accomplished by porous coating
deposits utilizing physical vapor deposition, chemical vapor
deposition or electron beam deposition processes. Such
porous coating deposits can include fractal coatings, metal
nitrides, titanium nitrides, metal oxides, metal carbides, or
virtually anything that would provide a high surface or porous
substrate. In addition, electrochemical deposition of porous
coating, such as iridium-oxide, can also be utilized, as well as
nucleate high surface area morphologically structured coat-
ings, such as whiskers, sub-micron filaments, tubes, nano-
tubes, or other morphological structures such as columnar,
titanium-nitride or iridium-oxide. Any of these types of sur-
face conditionings can greatly increase the energy dissipating
surface area 161. FIG. 68, which is similar to FIG. 67, illus-
trates the use of carbon nanotubes or fractal coatings 216 to
increase the surface area and therefore the energy dissipation.

FIG. 69 shows a steerable catheter 218, which is typically
used for a variety of applications including RF or cryo-abla-
tion, cardiac mapping and many other purposes. Examples of
RF ablation include treatment for nephrotic conditions, liver,
brain, cancers and the like. For example, this would enable
stereotactic ablation of certain lesions within the lung. An
emerging field is the entire field of using ablation to treat
various ventricular arrhythmias, including ventricular tachy-
cardia. The illustrated catheter 218 in FIG. 69 is meant to be
representative of all types of catheters or probes which can be
inserted into the venous system or other areas of the human
body. The catheter 218 has a tip 220 and an adjacent electrode
surface 222, and a main catheter body 224, which can be
steered around torturous paths. The steerable catheter 218 has
a handle 226 which can have various shapes, sizes and con-
figurations in the prior art. By twisting the illustrated cap 228
of the handle 226, one is able to steer the catheter 218 causing
its tip 220 or other segments to bend as one guides it.

FIG. 70 is an enlarged section taken along line 70-70 in
FIG. 69. FIG. 70 illustrates that the handle 226 includes an
optional but preferred outer insulation sheath 230 which
would typically be of plastic or similar material that would
preferably not be highly thermally conductive. Inside of the
handle (or even the catheter body itself—not shown) 226 are
shown in cross-section leadwires 104 and 106. The illustra-
tion of two leadwires is not meant to be limiting since any
number of wires could be inside the handle 226 and/or cath-
eter 218 to sense electrical activity or deliver ablation energy
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in accordance with the present invention, there are frequency
selective diverter impedance elements 112 shown between
the leadwires 104, 106 and an energy dissipating surface 161,
such as a metallic sheath 232. The energy dissipating surface
161 does not necessarily have to be metallic, but it has to be
capable of collecting RF energy and conducting thermal
energy. This heat energy is therefore dissipated over the large
surface area and thermal mass of the catheter body or the
handle 226 itself. This results in very little temperature rise,
but at the same time, accomplishes the goal of the present
invention in redirecting RF energy out of the leadwires 104
and 106 that may be picked up by MRI RF pulsed fields and
directing said energy into the relatively large surface area 232
inside the handle 226. Of course, one could eliminate the
outer insulation sheath 230. However, in a preferred embodi-
ment, the insulation sheath 230 would be relatively poor in
thermal conductivity so that one did really not feel any tem-
perature increase in his or her hand. Referring once again to
FIG. 70, the diverter elements 112 can, of course, be com-
bined with any of the previously mentioned impeder elements
such as inductors or bandstop filters.

FIG. 71 is very similar to FIG. 63 except that a number of
individual RF energy or heat dissipating segments 161, 161,
and 161, are shown. These are shown spaced apart by sepa-
ration gaps d, and d , which in reality can be quite small. The
reason that these energy dissipating surfaces are segmented is
so that they do not become physically and electrically long
enough to become a significant fraction or multiple of a
wavelength of the MRI pulsed frequency. Such short conduc-
tive sections do not pick up significant energy from MRI
whereas elongated leadwires or conductors can, for example,
resonate and pick up very significant amounts of MRI RF
energy. It would be highly undesirable if the energy dissipat-
ing surfaces, as illustrated in FIG. 73, were formed to be
continuous along the entire length of the catheter 102 as
previously described in connection with FIG. 71. In this case,
the energy dissipating surface would actually become an
energy collecting surface because it would become a very
effective antenna for the MRI pulsed RF signals. Accord-
ingly, breaking this up into discrete segments prevents the
surface 161 from actually becoming a receiver or antenna for
the MRI induced energy.

FIG. 72 illustrates a paddle electrode 234 which could be
used, forexample, in spinal cord simulator applications. Ithas
eight electrodes 236 housed in a biocompatible insulative and
flexible body 240. Eight leadwires 242 (there can be any
number) are connected respectively to each of the eight elec-
trodes 236. As previously discussed, the elongated leadwires
242 can pick up significant amounts of RF energy during MRI
scanning. It is very important that the electrodes 236 do not
overheat since they are in direct contact with the body, for
example, with the spinal cord.

FIG. 73 illustrates the reverse side of the paddle electrode
234, where an energy dissipating surface 161 is located. As
shown in FIG. 74, one can see that the electrodes 236 are
conductive pads that contact the spinal nerve route or at least
are closely associated with it. The leadwires 242 are each
electrically connected to respective electrodes 236. There is a
frequency variable impedance for diverter) element 112 in
accordance with the present invention shown between each
electrode 236 and the energy dissipating surface 161. These
can be individual discrete capacitors or individual discrete
L-C traps as shown in FIGS. 5 and 6. These can also be one
continuous parasitic capacitance element that formed
between the overlap of each of the electrodes and the area of
the 161 surface itself. In this case, the insulative dielectric
material 244 shown in FIG. 74 would be of relatively high
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dielectric constant. A high dielectric constant material is
desirable so that the amount of parasitic capacitance would be
relatively large. By using parasitic capacitance and appropri-
ate dielectric materials, one eliminates the need to use indi-
vidually installed passive circuit elements. Referring to FIGS.
72-74, one can see that the undesirable RF energy is dissi-
pated on the opposite face of the paddle electrode 234 relative
to the electrodes that are in contact with the spinal nerve route.
In other words, the RF or thermal energy is dissipated over a
relatively large surface area and is directed away from the
sensitive juncture between the electrode body tissue contact
area. This is important for two reasons, if the RF energy was
allowed to concentrate on any one of the electrodes due to
resonance phenomenon, then a very high temperature rise
could occur which could cause thermal injury to the spinal
nerve itself. By redirecting the energy in the opposite direc-
tion towards the muscle tissue and over a much larger surface
area, much less temperature rise occurs, and even if it does, it
is directed into less sensitive tissue.

FIG. 75 illustrates a different type of paddle lead structure
246 showing a total of fifteen electrodes 236. In this case there
are two energy dissipating surfaces 161 and 161. For maxi-
mum surface area, the energy dissipating surfaces could be on
the top surface of the paddle lead structure 246, as well as on
the backside or back surface (not shown). In accordance with
the present invention, FIG. 76 illustrates a frequency selective
variable impedance element 112 which is used to divert RF
energy from the electrodes 236 to the 161 surfaces.

FIG. 77 is very similar to FIGS. 31, 32 and 33 in that it
shows a section of human head with a deep brain stimulator
disposed therein. There are a plurality of leadwires 104 and
106 which are connected to an AIMD or pulse generator (not
shown). The pulse generator would typically be placed in the
pectoral region and leadwires 104 and 106 would be routed up
along the patient’s neck to the deep brain electrodes 108 and
110. Referring to FIGS. 77-79, one can see that there is a
novel tether 248 or wire arrangement where the leadwires
104, 106 are not only connected to the distal electrodes 108,
110, but they are also connected to a pair of energy dissipating
surfaces 161 and 161. In FIG. 78, one can see the tether area
248 wherein the leadwires 104, 106 connect individually to
the electrodes. As shown in FIG. 79, the leadwires 104, 106
have a connection inside the tether area 248 such that the
wires are routed both to the distal electrodes 108 and 110 and
also through respective junctions 250a and 2505 to two indi-
vidual energy dissipating surfaces (161 and 161). The lead-
wire 104 has a direct electrical connection at junction 250a to
distal electrode 110. In turn, leadwire 106 has a direct con-
nection at junction 2505 to distal electrode 108. However, at
the junctions 250 and 2505, also connected are frequency
selective elements 112 which in turn are connected to respec-
tive energy dissipating pad or surfaces 161 and 161'. Of
course the separate energy dissipating pads could be one large
energy dissipating pad. However, in order to maximize sur-
face area and facilitate surgical implantation, two pads are
shown. These are originally implanted by the physician
underneath a skin flap which is then sewn back down in place.
In this way, any heat that is generated during MRI procedures
is generated on the top side of the skull well away from any
brain matter.

It will be obvious to those skilled in the art that the present
invention can be extended to a number of other types of
implantable medical devices, including deep brain stimula-
tors, spinal cord stimulators, urinary incontinence stimulators
and many other types of devices.

FIG. 80 is an overall outline drawing showing a cardiac
pacemaker 102 with endocardial leads LW, , and LW, ,
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implanted into a human heart 136 as shown. Each lead is
bipolar meaning that it contains two leadwires 104, 104, and
106,106, One can see that lead 104, 104, is routed into the
right atrium and that leadwire 1065, 106, is routed into the
right ventricular apex (RV). The distal electrodes for the atrial
lead are shown at tip 144 and ring electrode 108. In the right
ventricle, the distal electrode tip 138 is shown in close prox-
imity to distal ring electrode 110. As previously mentioned,
bandstop filters in accordance with U.S. Pat. No. 7,363,090
could he placed at or near the distal electrodes 138, 110, 144,
108 as needed. Referring to the AIMD housing, one can see
that there are variable impedance elements 112 and 118 asso-
ciated with each one of the leadwires 104,, 104, and 106,
106,.

FIG. 81 is an outline drawing of an AIMD such as a cardiac
pacemaker. Shown is a metallic, typically titanium, housing
124. Its housing 124 hermetically sealed with a laser weld 176
as shown. It has a hermetic seal 128, which is also laser
welded into the titanium housing 124. The hermetic seal has
an insulator, which is well known in the prior art, through
which leadwires 104, 104, and 106, 106, pass through in
non-conductive relationship with conductive housing 124. A
typical pacemaker connector block 134 is shown. This can be
in accordance with various international standards organiza-
tion (ISO) such as 1S-1, DF-1, 1S-4 and the like. Connector
ports 130 allow for convenient connection of a lead, which
can be routed to the appropriate body tissue to be sensed or
stimulated. Referring once again to FI1G. 83, one can see that
the leadwires 104, through 106, are generally routed to cir-
cuit boards (f), integrated circuits or substrates within the
active implantable medical device housing 124. These can
include cardiac sense circuits, pace circuits and the like.
Referring once again to FIG. 81, one can see that there are
variable frequency impedance elements 112 and 118 as illus-
trated on leadwire 106,,. It should be noted that these variable
frequency impedance circuit elements would appear on all or
some of the leadwires 104, through 106,. They are only
shown on 106, to simplify the drawing. In this example, the
metallic housing (titanium) 124 of the AIMD as an energy
dissipating surface 161. Typically the AIMD is installed in a
pectoral pocket, an abdominal pocket or in some other loca-
tion that is not in intimate contact with a body organ. Accord-
ingly, if the housing 124 were to overheat, it would be sur-
rounded by fat and muscular tissue which is not nearly as
sensitive to thermal damage as, for example, cardiac tissue or
brain tissue. Also referring back to FIG. 81, one can see that
for AIMDs, the relative surface area of the housing 124 is
quite large in comparison to the electrode at or near the end of
an implanted lead. In other words, it embodies a great deal of
surface area over which to dissipate the MRI RF energy.
Accordingly, the thermal rise will be very low (just a few
degrees) as opposed to if the energy were concentrated over a
small area in electrode tip where the thermal rise can exceed
30 or even degrees centigrade. Accordingly, it is a primary
feature of the present invention that the housing of the AIMD
be used as an energy dissipating surface 161 working in
combination with or without bandstop filters installed at or
near the distal electrode to tissue interface. In FIG. 81, this
energy dissipation is represented by the arrow marked 161. In
fact, the energy is being dissipated at all points all around the
metallic housing 124 to the surrounding tissues.

Referring once again to FIG. 81, the diverter element 112
can be any of the diverter elements 112 described in FIGS.
4-11 herein. Impeded element 118 can be any of the impeded
elements 118 that are also illustrated in FIGS. 4-11 herein.
The impeder and diverter elements 112 and 118 can also be
placed within a molded header block 134 of a cardiac pace-
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maker or the like. These are shown as diverter element 112A
and impeder element 118A. The impeder elements 112 and
118, as illustrated in FIG. 81, are desirably but not necessarily
used in combination. In other words, only the diverter ele-
ment 112A could be used. An advantage to locating the
diverter element 112A and/or impeder element 118A in the
header block 134 (outside of the AIMD housing 124) is that
the component values of these impeder and diverter elements
could be optimized to match a particular lead. Typically,
cardiac pacemakers are manufactured in high volume (there
are over 600,000 pacemakers manufactured every year). It is
really not practical to build a custom pacemaker for every
type of lead. Leads vary in length from about 20 centimeters
to over 60 centimeters, depending on whetherits a pediatric or
a large adult application. Accordingly, the characteristic
impedance of the lead will vary widely with its length and
also its implanted lead trajectory in human tissues. By having
the diverter and/or impeder elements 112A and 118A located
in the header block, then they can be easily customized to
match a particular lead. In a particularly preferred embodi-
ment, the diverter element 112 and/or the impeder element
could also be placed in the proximal end of the lead or even in
the male proximal lead connector. In this way, each lead could
be optimally tuned with a diverter such that maximal energy
transfer would occur between the implanted lead and the
medical device housing 124. Referring once again to FIG. 81,
diverter element 112B and impeder element 118B are shown
disposed within a proximal lead connector. In accordance
with the present invention, in order to maximize energy trans-
fer, the diverter element 112B would be tuned and opposite to
the characteristic impedance of the lead. These principles are
more fully described in FIGS. 90-94.

FIG. 82 illustrates that variable frequency impedance
diverter element 112 can be any type of capacitor element,
including MLCC chip capacitors and the like. FIG. 84 illus-
trates that the variable frequency impedance element 112 can
also be a feedthrough capacitor as has been noted is in the
prior art. Referring once again to F1G. 83, one can see there is
a resistor 260 in series with the capacitor element 114. This
resistor can simply be the equivalent series resistance (ESR)
of the capacitor 114 itself, or it can be a separate discrete
resistor mounted as a separate component. Ideally, the value
of the resistance 260 would be equal to the characteristic
impedance of the implanted lead at the same time the capaci-
tor’s, 114 capacitive reactance would tend to cancel out the
inductive reactance of the implanted lead. This would facili-
tate transfer of a substantial amount of RF energy out of the
leads to the surface 161. It will be obvious to those skilled in
the art that a discrete resistor 260 could be added to any of the
diverting elements of the present invention including divert-
ing elements such as illustrated in FIG. 83. Resistors can also
be associated with any of the low pass filters as previously
described in FIG. 43. For a feedthrough capacitor as illus-
trated in FIG. 84, it is difficult to control the amount of series
resistance (ESR) to achieve optimal energy transfer to the 161
surface. One is referred to U.S. Pat. No. 7,623,336, the con-
tents of which are incorporated herein. FIGS. 3 through 6
illustrate novel ways to deliberately increase the feedthrough
capacitors equivalent series resistance (ESR). These are
methods to increase the resistivity of the electrode plates at
high frequency. The capacitor ESR can also be deliberately
increased by using fewer electrodes (this necessitates thinner
dielectric) and also deposition of thinner electrode plates.
There is a tradeoff here between the power handling ability of
the feedthrough capacitor. Accordingly, the preferred
embodiment that a discrete chip resistor and capacitor would
be used as illustrated in FIG. 83.
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FIG. 84 is a close-up view of the variable impedance ele-
ments 112 and 118 from FIG. 81 located within the housing of
an AIMD can 124. As previously mentioned, the variable
impedance elements 112 and 118 would be installed on all of
the leads that ingress and egress the AIMD. The ground
symbol 256 is shown to indicate that variable impedance
element 112 is connected to the housing 124 of the ATMD.
The leadwire lengths should be very short to minimize induc-
tance. These sections of leadwire 258, and 258, are kept very
short so that high frequency energy from MRI will, not be
reradiated to sensitive AIMD circuits. Ideally, circuit element
112 would be a chip which would be bonded right at the point
of leadwire ingress and egress.

FIG. 85 illustrates that the trap filter of FIG. 45 can be used
in combination with a second diverter such as a capacitor 114
as previously illustrated in FIG. 83 or a feedthrough capacitor
as illustrated in FIG. 84. For a pacemaker or an 100, this
would be the most common embodiment. Typical capaci-
tance value for the series resonant trap would be 270 nano-
henries of inductance and 22 picofarads of capacitance. This
would make the series trap filter series resonant at 64 MHz. Its
also important that the designer realize that at a certain fre-
quency, the combination of the trap filter 206 and the EMI
filter C, will at some point become a parallel resonant band-
stop filter. This happens at frequencies at which the trap filter
becomes inductive. In other words, at resonance, the induc-
tive reactance cancels out the capacitive reactance and the
impedance of the series trap is essentially zero except for its
real or resistive losses. As previously mentioned, ideally the
value of resistor 260 is selected such as to be equal to the
equivalent or characteristic series resistance of the implanted
lead system for maximal energy transfer. However, at fre-
quencies above resonance, the inductive reactance term tends
to increase and dominate the capacitive reactance term. In
other words, at frequencies above resonance the series L-C
trap will, tend to look like an inductor which could then cause
a secondary resonance in parallel with the capacitor 114,.
This means that there would be a minor degradation in the
overall attenuation to electromagnetic interference. This
resonant point should not appear at the frequency of anew and
powerful emitter. Resonance at these emitter frequencies
therefore should be avoided. Bandstop filter BSF' is optional,
but does separate the diverter capacitor CX from the L-C trap
filter.

FIG. 86 is essentially the same as FIG. 82 except the focus
is on the series variable impedance impeder element 118. The
use of a series impedance element 118 is optional, but highly
desirable for AIMDs that have sense circuits.

FIG. 87 indicates that the variable impedance impeder
element 118 can be an inductor 116 as shown. This forms
what is known in the art as a single element low pass filter. The
inductor element 116 would freely pass low frequencies such
as biologic frequencies that would offer a higher impedance
at high frequencies such as those of MRI pulse frequencies,
cellular telephones and the like.

FIG. 88 illustrates that the variable impedance element 118
can be a parallel resonant L-C bandstop filter BSF as shown.
The operation of the bandstop filter has been clearly
described in U.S. Pat. No. 7,363,090 and US 2007/0112398
Al.

FIG. 89 shows a unipolar lead system 104.sub.1 for an
active implantable medical device. A unipolar lead system is
shown for simplicity. It will be obvious to those skilled in the
art that any number of lead wires 104, could be used. In FIG.
90, one will see that this system involves an AIND and its
associated housing 124 attached to unipolar lead wire 104, to
a human heart 136. At the distal tip or distal end of lead wire
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104.sub.1 is an optional bandstop filter 117. The optional
bandstop filter 117, which is located at or near the distal
electrode 138, is more thoroughly described in U.S. Pat. No.
7,363,090 the contents of which are incorporated herein. As
shown, theimplanted lead has inductive 116 and resistive 260
properties along its length (it may also have capacitive prop-
erties as well). The total or equivalent, inductive reactance of
the lead in ohms is given by the formula as shown in F1G. 89.
As mentioned, the distal electrode handstop filter 117 may or
may not be present. The equivalent inductance 116 and resis-
tance 260 of the lead system also includes the impedance of
any tissue return path. It should be noted that the present
invention applies to any type of AIMD including those
AIMDs whose housing may actually be an active electrode or
part of an electrode return path. For example, there are certain
neurostimulator applications involving a number of distal
electrodes that all have return paths through body tissue from
a digital electrode 138 all the way to a common electrode
which is also the device housing. One of the best ways to
actually determine the characteristic lead impedance, includ-
ing its inductive, capacitive, and resistive properties, is
through human body modeling using software such as SAM-
CAD, Using SAMCAD, one can calculate the electric field
vectors all along the lead trajectory. One can then calculate
the induced energy into the implanted leads and their charac-
teristic impedances. Referring once again to FIG. 89 one can
see that on the interior of the generally metallic housing ofthe
AIMD 124 there are frequency selective components 112 and
118. These frequency selective elements can consist of vari-
ous arrangements of capacitors, inductors and resistors or
even short circuits as will be more fully described in FIGS. 90
though 93.

FIG. 90 illustrates the lead system of FIG. 89 wherein an
L-C trap filter 206 has been placed at the point of leadwire
ingress into the housing 124 of the AIMD. In this case, I._and
C, have been designed to be resonant at the pulsed RF fre-
quency of the MRI equipment. Therefore, this forms an RF
short to the AIMD housing 124 which becomes an energy
dissipating surface 161 of the present invention. As previ-
ously described, a series resistance could be added in series
with 116, and 114, in order to further optimize energy transfer
from the leadwire 104. It is desirable that this surface area be
relatively high so that very little temperature rise occurs on
surface 124 as the MRI RF energy is being dissipated.

FIG. 91 is another illustration of the unipolar lead system
of FIG. 89. In this case, diverter element 112 features a
capacitive element 114 whose capacitive reactance is given
by the equation —j/wC. In a preferred embodiment, the induc-
tance ofthe implanted lead would first be modeled, calculated
or measured. Therefore, the value of capacitance could be
tuned or selected such that —j/wC is equal and opposite to
+jwL. In this case, the reactances cancel each other so that one
gets maximal energy transfer to the energy dissipating surface
124, 161. As previously described, the capacitor’s equivalent
series resistance (ESR) could be controlled or a discrete resis-
tance approximately equal to the characteristic resistance of
the implanted lead could be added in series in order to further
maximize energy transfer from the implanted lead system
104, to the 161 surface 124.

FIG. 92 embodies the simplest arrangement wherein lead
wire 104.sub.1 is simply shorted to the housing 124 of the
AIMD which makes said housing an efficient energy dissi-
pating surface 161. Of course, creating a short to housing as
illustrated in FI1G. 92 would also short out the proper opera-
tion of the AIMD. This generally would not be acceptable for
alifesaving device such as cardiac pacemaker. However, fora
neurostimulator such as a spinal cord pain control stimulator,



US 9,037,258 B2

57

this could be a programmable function wherein the AIMD
leads were shorted out only for the MRI scan.

FIG. 93 is similar to the unipolar lead system previously
described in FIGS. 89 and 91. In this case, as for FIG. 91, the
capacitance value 114 has been selected such that the capaci-
tive reactance will be ideally equal and opposite to the induc-
tive reactance of the implanted lead. However, in this case, the
resistances are also balanced. In other words, the resistance of
the implanted lead 260 is equal in value to a discrete resistor
260 placed inside or outside of the housing 124 of the AIMD.
In this case, maximum power transfer or energy will be dis-
sipated by this internal resistance 260 - as heat. In a preferred
embodiment, a thermally conductive but electrically insula-
tive filler material (not shown) will be placed between the
resistor 260.sub.X and the AIMD housing 124 such that maxi-
mum energy transfer from resistor 260, will occur. In fact, in
a preferred embodiment, resistor 260, shall have a finned
high surface area housing for maximal energy transfer to the
surrounding encapsulant. Referring once again to FIG. 93,
one can see that energy is radiated and conducted from a
discrete resistance element 260, shown as 161. This energy
being dissipated turns to thermal (heat) energy. It is desirable
to have arelatively large thermal mass located within housing
124. The AIMD housing 124 then becomes a heat dissipating
surface 262. This thermal energy will be dissipated over the
relatively large surface area 124 into body fluids and tissues
that surround the AIMD. For example, in a cardiac pacemaker
application, housing 124 would be in a pectoral muscle
pocket.

Referring back to FIGS. 91 and 93, it is not necessary that
the reactances completely cancel, or in the case of FIG. 93,
it’s not particularly important that the resistances are exactly
equal. In fact, there is a tradeoff between EMI filtering of the
input capacitance and exact cancellation of the +jwL compo-
nent lead system. As it turns out, through actual testing, it is
really only important that the impedance generally be can-
celled in the lead system so that at least the bulk of the excess
energy from the MRI RF pulse field will be dissipated to the
housing ofthe AIMD 124. For example, if one calculates that
a 75 picofarad capacitor would exactly cancel the inductive
reactance of the lead system, one may instead choose to use a
1000 picofarad capacitor. The 1000 picofarad capacitor
would still draw a large amount of energy from the lead
system to the housing 124. The reason one would do this, is
that a 1000 picofarad capacitor would offer much more effec-
tive EMl filtering to notonly the RF pulse frequency (64 MHz
or 1.4 Telsa MR system), but also for cell phones and other
emitters commonly found in the pace environment. The
energy balance systems and circuits of the present invention
can also be combined with knowledge of the implanted lead
design. By varying the coil pitch on the outer coil to create
enough impedance so that a pacemaker ring electrode does
not heat up is possible when combined with a bandstop filter
and the distal tip electrode circuit. This becomes a balancing
act so that one can be sure that not too much energy is
transferred from the ring electrode to the inner electrode lead
coils.

FIG. 94 is a schematic diagram of an implanted lead system
very similar to that which was previously described in FIG.
89. Shown is an implanted lead 104.sub.1 which is directed
into body fluids and to at least one distal electrode. Shown is
a diverter element 112 in accordance with the present inven-
tion and an optional impeder element 118 also in accordance
with the present invention. The novel switch 252 shown in the
open position. The switch 252 is inclusive of all types of
mechanical or electronic or microelectronic switches. This
includes mechanical switches, DIP switches, MEMS
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switches, microelectronic switches, microelectronic switch
arrays, any type of electronic switches including field effect
transistor (FET) switches, varistor type switches and the like.
In a preferred embodiment, switch 252 is programmable
through AIMD telemetry. In a probe or catheter application, a
signal can be sent into the probe or catheter to cause the
switch 252 to switch positions. In another preferred embodi-
ment, switch 252 could be automatically activated by a static
field sensor. As previously described, there are three main
fields associated with magnetic resonance imaging. This is
the main static B, field, which for most modern scanners is
either 1.5 or 3.0 Tesla, There is also an RF field and a gradient
field. The switch 252 as illustrated in FIG. 94 can be associ-
ated with a static field B, sensor. As shown in FIG. 98, this
could be a Hall effect device, a reed switch, a ferrite chip or
any other type of magnetic field sensor. In this way, no device
reprogramming would be necessary. In other words, when the
patient is introduced to the MR1 bore, the B, field sensor SFS
located in the AIMD and/or the probe, catheter or the like in
association with switch 252 would automatically sense the
presence of the MRI main static field, thereby switching the
switch 252 into the closed position (the switch shown in FIG.
94 is shown in the open position). The reason for the configu-
ration as illustrated in FIG. 94 is that in order to provide for
optimal energy transfer, the frequency diverting element 112
may place a burden (electrical load) on the AIMD during
normal operations. In other words, it may degrade pacing
pulses or rob energy during normal operation. Using the novel
circuit as illustrated in FIG. 94, the frequency diverting ele-
ment 112 could be conductively coupled to the energy dissi-
pating surface only when needed during MRI scans. The
switch diverter of FIG. 94 is for minimizing heating of an
implanted lead and/or its distal electrodes when in the pres-
ence of a high power electromagnetic field environment such
as that created by the RF pulse field of an MRI scanner. The
diversion circuit, as illustrated in F1G. 94, can even embody a
short circuit as will be further described. The frequency
diverting element 112 can also be a bandstop filter as previ-
ously described as element 117 in FIG. 11. Since the novel
switch 252 is only closed during exposure to high electro-
magnetic field environments, this enables a wider variety of
impeder elements 112. It is also important to note that this
also opens up a wider variety of passive component values for
element 112. For example, when diverter element 112 is a
capacitor as described in FIG. 5, it can now be of a very high
capacitance value. This may rob some energy from the AIMD
and even cause some miniscule battery depletion; however,
this is unimportant during the relatively short time period
required to complete an MRI scan compared to the overall
lifetime of the AIMD.

FIG. 95 is very similar to FIG. 94 except that the novel
switch 252 is shown disposed between the implanted lead or
leadwires or wiring inside of the AIMD in diverter circuit 112.
Since the diverter is in series, it really does not matter where
the switch 252 appears. Referring once again to FIG. 95, one
can see that the circuits described can also be associated with
an optional impeder element 118 that has been previously
described in FIGS. 7,10 and 11.

FIG. 96 illustrates that two switches 252 and 252' may be
employed. Switch 252 is shown in the open position and
works in a very similar fashion to switch 252 that was previ-
ously described in FIGS. 94 and 95. In this case, the diverter
element 112 is shown as a short circuit to the housing. This
would not be desirable for a cardiac pacemaker patient who
was pacemaker dependent. In this case, the patient depends
on the beat pulse or the pacemaker to provide each and every
heartbeat. It would be disastrous for each and every patient to
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short out their device to the energy dissipating surface 161.
Referring to FIG. 96, the switch 252 is shown open which
would be the normal operating mode. In preparation for and
during an MRI scan, switch 252 would be switched to the
closed position which would short an associated leadwire
104.sub.1 or implanted lead to the energy dissipating surface
161. This would work for many types of AIMDs including
neurostimulators and the like, where the therapy they provide
is convenient, but not life-sustaining. Accordingly, for the
MRI compatible mode as shown in FIG. 97, switch 252 would
be closed, thereby shorting or diverting energy from leadwire
104.sub.1 directly to the energy dissipation surface 161. As
previously described, the short could be replaced by any of
the diverter circuits 112 as previously described. Referring
once againto FIG. 96, one can see that there is a second switch
252'. This switch would normally be closed, as shown, during
normal AIMD, probe or catheter operations. However, this
switch 252 would be opened as shown in FIG. 97 during MRI
scanning. This has a desired effect of disconnecting the
AIMDs electronic circuits from the implanted lead system
during MR scans. This is very important to provide a very
high level of EMI protection to AIMD circuits and also to
prevent an effect known as RF rectification. MRI RF pulses
consist of high frequencies that are determined by the Lamour
frequency. For a 1.5 Tesla scanner, this means that there
would be 64 MHz bursts of RF energy. These packets of
energy, if detected by a non-linear element (like a diode) in
the AIMD, could turn into the equivalent of digital pulse
trains. This has the potential to directly capture the heart, for
example, at 200 beats per minute or higher, thereby introduc-
ing a very dangerous tachyarrhythmia. Ventricular defibrilla-
tion, for example, can be immediately life-threatening. By
disconnecting AIMD electronics during MRI scans, one
eliminates any possibility of RF rectification. A discussion of
where non-linear elements come from in an AIMD is impor-
tant. Almost all modern AIMDs have over-voltage circuit
protection. There typically are in the form of diodes, Tran-
sorbs, or the like. These diodes act as detection circuits and
can strip off the pulse modulation from MRI RF frequencies.
Therefore, its important that switch 252' be opened up prior to
encountering any protection diodes or non-linear elements
inside of the AIMD. Pacemaker or neurologerlator sense cir-
cuit can also become very non-linear in the presence of high
amplitude signals. This has to do with limitations of the
dynamic range of their electronic (active) bandpass of other
filters or amplifiers. There is also another problem that can be
associated with MRI scans and that is induced currents on the
implanted leads to the MRI gradient fields. In general, MRI
gradient fields are low frequency and are generally in the 1-2
kHz (maximum 10kHz) frequency range. At low frequencies,
such as MRI gradient frequencies, currents are induced in
implanted leads primarily by Faraday’s Law of Induction.
This is further explained herein in FIG. 101. Since there is a
loop current involved that flows from the leads through the
AIMD and then from the AIMD case back through body
tissues, it is very useful if the AIMD has a very high imped-
ance. The high impedance at the AIMD limits the amount of
current flowing in this loop. There is also a problem associ-
ated with what is known in the industry as gradient induced
rectification. This is very similar to RF rectification in that
low frequency gradient currents consist of pulses. If these
pulses encounter an AIMD or catheter non-linear circuit ele-
ment, such as a diode, they can become demodulated,
wherein they end up showing up on the leads or in the
implanted medical device as a series of low frequency pulses.
This can have an EMI effect, for example, inhibit a pulse
generator which might falsely interpret these gradient pulses
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as a normal heart beat. Worse yet, these gradient pulses can
appear on the implanted lead as a dangerously high biologic
frequency (for example, 50 Hz) where the pulses would
directly capture the heart and induce fibrillation. For a neu-
rostimulator, they can also directly induce pain, for example,
in the spinal cord. By having switch 252 open, as illustrated in
FIG. 97, one disconnects AIMD internal electronic circuitry.
In a preferred embodiment, the switch 252" would disconnect
all non-linear circuit elements including AIMD high voltage
protection diodes, bandstop filters, non-linear active filters
and the like. Tt is also very important that the switch 252 itself
not become non-linear. This would definitely be a possibility
for certain types of electronic switches that were not robust
enough. Accordingly, it is a principle of the present invention
that switch 252" be of a type that will not become non-linear
in the presence of MRI gradient or RF current/voltages.
Referring once again to FIG. 94, a short circuit to the energy
dissipating surface housing would not be the preferred
embodiment for elongated lead exposure to gradient fields. A
preferred embodiment would use a frequency selective
diverter 112 as is shown in FIG. 95 and as described in FIGS.
2-11. The frequency selective diverter 112 acts as a high pass
filter, meaning that it will allow 64 MHz or other MRI RF
frequencies to flow freely to the EDS housing. However, the
diverter element 112 will look like a very high impedance or
open circuit at extremely low frequencies, such as MRI gra-
dient frequencies. This tends to open the loop thereby pre-
venting excessive currents from flowing in the implanted lead
and through body tissues, such as cardiac tissue. In a particu-
larly preferred embodiment, the diverter 112 would be a
capacitor as shown in FIG. 91 or an L-C trap filter as shown in
FIG. 90 or a resistor in seties with a capacitor as illustrated in
FIG. 93.

Referring once again to FIGS. 94, 95, 96, and 97, it is not
necessary or even required that the switches 252 or 252' be
installed in each and every AIMD implanted lead circuit. For
example, for an implantable cardioverter defibrillator (ICD),
there are typically sense circuits, high voltage shock circuits
and pacing circuits. One can install the novel switches 252
and 252' only asrequired to achieve optimal performance. For
example, referring once again to the ICD, one may choose to
leave a pacing circuit in its normal operating mode while
switching all other AIMD implanted leads to an MRI com-
patible mode. Referring once again to FIG. 96, switch 252 can
appear on the right hand side of Node 264 as shown or it could
be placed on the left hand side of Node 264 (not shown).

FIG. 98 is very similar to FIGS. 96 and 97 except that
switches 252 and 252' have been replaced by a single switch
266, which can be either a single or multipole double throw
switch as illustrated. In other words, the switches as previ-
ously illustrated in FIGS. 96 and 97 have been combined into
a single switch. FIG. 99 is shown for lust one circuit of an
AIMD or a probe or a catheter. It will be obvious to those
skilled in the art that any number of switches 266, can be
installed in any or all of the implanted leads as required. The
switch 266, as shown in FIG. 98 can be disposed anywhere
along the implanted lead or inside of an energy dissipating
surface 161 or inside of an AIMD housing 124 as shown, or
even anywhere along the handle or wiring or body of a probe
or catheter. Switch 266, could also be installed in an external
electronics box, for example, that connected to the handle of
a probe or catheter, a loop recorder or the like.

Referring once again to FIG. 98, one can see that the switch
is shown in position X which connects the leadwire to the
diverter circuit 112. As previously mentioned, diverter circuit
112 can be any of the frequency selective diverter circuits, a
short circuit or even a bandstop filter. When switch 266.sub.1
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is thrown to position X as shown, it is in the MRI mode.
During normal operations, it would be switched to position Y
so that the AIMD, probe or catheter could normally operate.
Any of the switch technologies previously described in FIG.
94 apply to any and all of the switches described herein.

FIG. 99 illustrates that the switch 266,, as previously
described in FIG. 98, can also be disposed within an energy
dissipating surface 161 located anywhere along an implanted
lead. The use of switches, as illustrated in FIGS. 94 through
99, are applicable to any of the designs illustrated herein.

FI1G. 100 shows a preferred embodiment of the switch 266,
and diverter 112 that was previously described in FIG. 98.
Shown is a capacitor 114 that is connected between switch
point X and the energy dissipating surface 161, such as the
housing of an AIND, or body of a probe or catheter. Capacitor
114 as shown or aresistor in series with a capacitor oran L-C
trap filter (not shown) are preferred because they tend to look
like high pass filters in an MRI environment. MRI equipment
produces three main fields consisting of the main static field
B,, the RF pulsed field, and the gradient field. We can ignore
the static field for these purposes since it does not induce
currents on implanted leadwires. It is a basic principle of
physics that either the field has to be moving or a conductor
has to be moving in relation to the magnetic field for there to
be an induced electromotive force. Both the RF pulsed field
and the gradient field are time varying and can induce unde-
sirable currents on implanted leads. Capacitor 114, as shown
in FIG. 100, is a frequency variable impedance diverter ele-
ment in accordance with the present invention. Accordingly,
it has a very high impedance at low frequency and a very low
impedance at high frequency (hence, when wired in a circuit
like this, it is known as a high pass filter). It, therefore, shunts
or diverts undesirable high frequency RF energy to the energy
dissipating surface housing while at the same time blocking
the flow of low frequency energy such as that induced by MRI
gradient fields. Preventing the flow of gradient currents into
AIMD circuitry is very important so that gradient rectifica-
tion does not occur. In addition, opening up the loop at gra-
dient frequencies, as shown in FIG. 100 (effectively open by
the high impedance of the capacitor 114), also prevents flow
of current through distal tissues at the electrode-to-tissue
interface.

FIG. 101 is a patient front view representative of an X-ray
tracing of an implanted cardiac pacemaker. The pacemaker is
shown installed in a pectoral pocket, which can either be left
pectoral (as shown) or right pectoral (not shown). There can
be one or more turns of excess leadwire that’s coiled up in the
pectoral pocket and then the lead is routed endocardially
down through the superior vena cava into cardiac chambers as
shown. A loop area shown by the checker pattern is formed
between the distal tip electrode all along the lead to the AIMD
housing and then through a multi-path tissue return path
shown as a dashed line from the AIMD housing to the distal
tip electrode in the heart. MRI low frequency gradient fields
couple into this loop by Faraday’s Law of Induction. In gen-
eral, Faraday’s Law states that a voltage induced in this loop
is directly proportionate to the area of the loop times the rate
of change of the magnetic field in Teslas per second. A worse
case coupling situation occurs when the field is orthogonal to
the loop area. Current will flow in the lead unless the lead is
opened up (switched open). It is highly undesirable that this
low frequency MRI gradient induced current flow into car-
diac tissues as this could directly induce cardiac arrhythmias.
Itisalso undesirableifthis current should flow into the AIMD
electronics as it could either interfere with AIMD electronics
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(EMTI) or it could lead to gradient rectification. In the art,
direct cardiac or tissue stimulation is known as Gradient
STIM.

FIG. 102 is the high frequency model of the circuit illus-
trated in FIG. 100. In this case, at high frequencies, such as
MRI RF pulsed frequencies, the capacitor 114 is a very low
impedance which effectively appears as a short circuit. This
has the desirable effect of pulling or diverting high frequency
energy on the lead 104.sub.1 through the low impedance of
the capacitor 114 to the energy dissipating surface 161, which
in this case, is the AIMD housing. As previously stated, when
wired between point X and 161, the capacitor 114 acts as a
high pass filter. The capacitive reactance of capacitor 114 as
previously described is a —j vector which tends to cancel the
4] vector that is associated with the inductance of an
implanted lead. As previously described, this aids in maximal
(tuned) energy transfer to the energy dissipating surface 161.

FIG. 103 is the low frequency model of the circuit previ-
ously illustrated in FIG. 100. In this case, at low frequencies,
the capacitor 114 appears as a very high impedance which
effectively appears electrically as an open circuit. As previ-
ously mentioned, this has the desirable effect of preventing
gradient currents from flowing in the implanted lead and the
associated loop through body tissue and AIMD electronics.

FIG. 104 shows the application of the switch 266, of FIG.
98 1o a circuit, board 137 or housing located inside of the
housing 124 of an AIMD. Shown is a hermetic terminal 128
that was previously described for a cardiac pacemaker in FIG.
12. The overall AIMD housing 124 is shown connected to the
ferrule 129 of the hermetic terminal 128. Leadwires 104, ,
through 106, , pass through the hermetic terminal in non-
conductive relation as previously described in FIG. 12 (only
104, is shown). Internal leadwires are routed from the her-
metic terminal 128 through circuit terminals 272 to the circuit
board or substrate 137. Shown is an optional shielded conduit
268 of the grounded 256 and 256 to a ground trace located
within the wiring or flex cable. The switches 266, through
266 could, of course, all be incorporated into a single micro-
electronic chip. Inthe art, the switch 266, would be known as
a multipolar double throw switch. Switching the ground cir-
cuit 270 would, of course, be optional. As previously
described, one could switch any or all of the implanted lead
circuits 104, , through 106, , as shown. In this case, the
implanted leads (not shown) and associated leadwiring 104, ,
through 106, , are all shown shorted to circuit ground 256.

FIG. 105 is very similar to FIG. 104 except that the short
has beenreplaced by a frequency variable impedance element
112 in accordance with the present invention. As previously
described in F1G. 2, variable frequency element 112 could be
a capacitor 114, could be an L-C trap filter consisting of a
capacitor 114 in series with an inductor element 116, or even
a short or a bandstop filter as previously described.

FIG. 106 is very similar to FIGS. 104 and 105 except that
the diverter element 112 is shown as a capacitor 114.

FIG. 107 is very similar to FIG. 106 except that a resistor
has been added in series with the diverter capacitor 114 as
shown. One is referred to the drawing description for FIG. 93
to see why adding a resistance in series with a capacitor can
lead to tuned energy balance in order to draw the maximum
amount of induced energy out of the leads into the energy
dissipating surface 161.

FIG. 108 is very similar to FIGS. 104-107 except that the
diverter element 112 is an R-L-C trap filter. Resistance has
been added to control the Q and also tuned for maximum
energy transfer in accordance with FIGS. 45 and 46.

FIG. 109 illustrates one method of connecting a flex cable
274 to leads 104, , through 106, , that pass through the her-
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metic terminal 128 in non-conductive relationship. The con-
ductive ferrule 129 as shown, which would be laser welded
into the conductive housing 124 of the AIMD. Leadwires
104, , through 106, , are routed through the flex cable for
convenient attachment to a circuit board or substrate located
within the AIMD.

FIG. 110 is a cross-sectional view taken generally from the
attachment of the flex cable 274 to the hermetic terminal 128
previously described in FIG. 109. Shown are optional ground
shield traces 276 and 276" which serve two purposes. The first
is to prevent re-radiation of EMI inside of the AIMD housing.
The second is to provide a very long impedance ground
connection from the AIMD housing to the circuit board or
substrate where the novel switches of the present invention
are preferably located. Referring once again to FIG. 110, one
can see circuit trace 104 which representative of circuit traces
104, , through 106, ,. On the left side, there is a ground
connection 256 to the ferrule 129 of the hermetic terminal
128. Ground shield traces 276 and 276' sandwich or surround
the flex cable or substrate circuit traces 104. Desirably, para-
sitic capacitances 114, are formed between the circuit traces
104 and the surrounding ground planes 276, 276'. The para-
sitic capacitance 114 acts as additional low pass filtering.

FIG. 111 is taken generally from section 111-111 from
FIG. 110. This illustrates the internal circuit traces 104, ,
through 106, ,. Also shown are a number of via holes 278
which are used to stitch together and electrically reduce the
impedance of the internal ground shield plates 276 and 276'.

FIG. 112 is one of a pair of coaxially surrounding shields
disposed about the circuit traces 104 in non-conductive rela-
tion and is taken generally from section 112-112 from FIG.
110 and shows a preferred form of an upper and lower ground
plane 276, 276'. As mentioned, this effectively shields circuit
traces 104, , through 106, , and also at the same time pro-
vides a very low impedance RF ground connection to a switch
or switch network located on a remote AIMD circuit board or
substrate 137. It will be obvious to those skilled in the art that
the pair of coaxial shields that are shown in FIG. 112 could
also be a tubular shield or shielded conduit that extends from
the hermetic terminal to the circuit board and provides the
same function. This forms a shielded conduit which prevents
EMI re-radiation from the leadwires inside of an AIMD and at
the same time, extends a low impedance RF ground to the
circuit board or substrate. This is useful, not just for the novel
switches and impeder and diverter elements of the present
invention, but is also very useful to facilitate on board EMI
filtering, high voltage suppression arrays, and the like. All of
these depend on a low impedance RF ground to the AIMD
housing.

FIG. 113 is taken generally from section 113-113 of FIG.
110and shows an alternative to the layer previously described
in FIG. 111 in that the circuit traces 104, , through 104, , are
shown further surrounded by grounds 256 as shown.

FIG. 114 illustrates the flex cable arrangement 274 previ-
ously described in FIGS. 109 through 113 connected to a
circuit board or substrate 137 which is generally located
inside an AIMD housing, inside a probe or catheter body, or
inside of an energy dissipating surface 161. A flex cable 274
is shown connected to circuit traces on the circuit board or
substrate. Also shown is an electronic switch module 280 in
accordance with the present invention. This electronic switch
module could be a discrete module as shown in FIG. 114, or
it could be integrated within an overall microelectronic chip
on the AIMD. Preferred schematic diagrams for the arrange-
ments illustrated in FIG. 114 have been previously described
in FIGS. 104 through 108.
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FIG. 115 is very similar to FIG. 81 except that it shows
optional locations for the frequency selective diverter ele-
ments 112 and the frequency selective impeder elements 118
of the present invention. As shown in FIG. 115, impeder
elements 1184 and diverter elements 112a can be located at or
near the proximal end of an implanted lead 104, . These would
be preferably located in an implanted lead proximal male
connector shown as diverter element 112a associated with
one or more impeder elements 118a. These impeder and
diverter elements were previously described in FIGS. 2
through 11. There is an advantage to locating the tuned
diverter elements 112 outside of the AIMD housing. This can
also be true for the impeder elements, but is not as critical. The
reason has to do with the high volumes that certain AIMDs are
manufactured in. For example, there are over 650,000 cardiac
pacemakers manufactured every year. It would be highly
impractical to have a different pacemaker design associated
with every different type of lead. Hospitals, in general, inven-
tory a great number of leads of varying lengths. This is
because they can be used in pediatric applications, children
and full-size adult applications. Accordingly, implanted car-
diac leads can vary anywhere from 20 cm to over 60 cm in
length in some cases. The characteristic impedance of these
implanted leads varies not only with their length, but with
their implant geometries and trajectories through body tis-
sues. In accordance with the tuned energy balance principles
of the present invention, ideally, the reactive component of
the lead, which is usually an inductive reactance, would be
canceled by the reactance of the impeder element 112 of the
present invention (ref. FIGS. 89-93). As previously men-
tioned, since cardiac pacemakers are manufactured in high
volume automated facilities, its really not practical to have a
custom internal impeder element 112 for each and every
external implanted lead possibility. An additional complica-
tion occurs because of the tendency to mix and match. That is,
it is very common in medical practice to use one manufactur-
er’s pacemaker with another manufacturer’s leads. In other
words, a St. Jude pacemaker might be implanted with
Medtronic leads. Installation of the cardiac pacemaker header
block HB is a subsequent manufacturing operation. There-
fore, it would be relatively easy and inexpensive to custom
tailored diverter elements 1124 and impeder elements 118a to
a particular lead. In a particularly preferred embodiment, the
impeder 112 and diverter 118 elements would be located at or
near the proximal end of a lead 104, as shown. In this case,
each lead could have its own custom impeder element 1124
whose reactance would be tuned and equal and opposite to
that of the characteristic reactance (impedance) of the lead.
This would achieve optimal energy transfer through the wir-
ing of the AIMD to the energy dissipating surface housing
161 in accordance with the present invention. Referring once
again to FIG. 115, one can see that there is anovel switch 266,
in accordance with the present invention that is shown inside
the housing of the AIMD. This can, of course, be mounted on
an AIMD circuit board substrate or the like. In the MRI
compatible mode, the switch grounds at least one of the lead
wires that are routed to the proximal connector assembly
PCA in order to provide a ground connection to diverter
element 112qa. This provides a circuit path from the one or
more diverter elements located at or near the proximal end of
lead 104, and/or in a proximal lead connector PCA such that
high frequency energy picked up by the lead LW, can be
routed through lead 118 to switch 266, and in turn to the
energy dissipating surface 161. In this way, impeder element
1124 and diverter elements 118a work in accordance with the
present invention.



US 9,037,258 B2

65

FIG. 116 illustrates an alternative embodiment wherein the
frequency diverter element 112 is any of the previously shown
or described diverter elements including short circuits,
capacitors, L-C traps or low pass filters and the like. The
diverter element(s) would be permanently connected to the
AIMD housing 124 as shown. In a preferred embodiment, the
diverter element 112 is frequency selective. A switch 266,
shown in the open position would be incorporated between
the frequency diverter element 112 and any non-linear AIMD
electronics, such as those on circuit board 137. In FIG. 116,
the switch 266, is shown in the open position which is also the
MRI compatible mode for the AIMD. During normal opera-
tion in the patient’s normal daily environment, switch 266,
would normally be closed (not shown). This would connect
the AIMD electronics 137 to the implanted lead 104, . In this
normal operating mode, the frequency selective diverter ele-
ment 112 could not be a short circuit. In a preferred embodi-
ment, it would be a frequency selective reactance, such as a
capacitor or an L-C trap filter. During this normal mode of
operation, the AIMD would have EMI protection from
diverter element 112. In the MRI compatible mode, switch
266, is opened up as shown. In this case, the AIMD electron-
ics would be completely disconnected from the implanted
lead 104, . In general, this would work very well for AIMDs
that are not life-sustaining. For a spinal cord stimulator
patient, urinary incontinence patient, or a cochlear implant
patient, it really is no more than a small inconvenience to have
the AIMD inoperable during the relatively short time of an
MRI scan. Immediately after the MRI scanning was com-
plete, the device would be re-programmed or reset so that the
switch 266, would be switched back to its closed position also
known as the AIMD normal operating mode. If the AIMD
were a cardiac pacemaker and the patient were pacemaker
dependent, then it would not be possible to disconnect the
AIMD electronics 137 from the implanted lead 104, (lack of
pacing pulses would be life threatening). In this case, alter-
native methods would be required to protect the implanted
lead from overheating and also protect AIMD electronics
from EMI. In particular, its very important that the switch
266, be incorporated between the frequency selective diverter
element (s) 112 and any non-linear circuit elements, such as
over-voltage or transient protection diodes, Transorbs and the
like. Non-linear circuit elements can act as detectors for pulse
modulation that could be coupled to implanted leads from the
high powered MRI RF or gradient fields. As previously illus-
trated in FIG. 101 and described, it is important that RF
rectification pulses not appear on the implanted lead where
they could potentially capture (stimulate) or damage body
tissues at the electrode interface. In a preferred embodiment,
the frequency selective diverter element 112 could be a
feedthrough capacitor 114 (FIG. 39) which would be
mounted directly on the hermetic terminal 128 of the AIMD.
In this case, switch 266, would be disposed between the
frequency diverter element 112 and all non-linear or other
AIMD internal electronic circuits. This would be a safety
measure to make sure that no non-linear circuit elements
would be connected. This is very important so that there
would be no chance for MRI RF or gradient rectification or
tissue stimulation ratification to occur during high intensity
MRI scans.

Referring once again to FIG. 116, there are a number of
very important advantages of this switched safety protection
circuit for an AIMD system during exposure to high power
electromagnetic fields such as those produced by MRI scan-
ners. The AIMD system includes an active implantable medi-
cal device, such as a cardiac pacemaker, which generally
includes internal electronic circuits. The system also includes
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at least one implanted lead or leadwire associated with the
AIMD electronics. Part of the system is an energy dissipating
surface 161, which in a preferred embodiment, is the conduc-
tive AIMD housing 124. As illustrated, one or more diversion
circuits 112 are associated with the energy dissipating surface
161. In general, the diversion circuit is coupled between the
implanted lead or leadwire and the ATMD housing 124 which
acts as an energy dissipating surface 161. In a particularly
preferred embodiment, the diversion circuit is a frequency
selective diversion circuit, which includes reactances. As can
be seen, at least one switch is disposed between the diversion
circuit and the AIMD electronics. The purpose of the switch
is to open up or disconnect the ATMD electronics from the
implanted lead while at the same time diverting energy in the
implanted lead or leadwire to the energy dissipating surface
161. It will be obvious to those skilled in the art that switch
266 can be a single pole-single throw or a multi-pole single
throw. It is common for AIMDs to have not just one (unipo-
lar), but a number of implanted leads. In accordance with the
present invention, switch 266, as described in FIG. 116 could
be disposed in one, several or even all of the implanted lead or
leadwire circuits (multi-pole). The switch circuit of FIG. 116
accomplishes three very important objectives: (1) it discon-
nects AIMD electronics therefore making them highly
immune to EMI that may be coupled onto leads in the pres-
ence of high power electromagnetic fields. High powered
electromagnetic fields include the RF pulsed and gradient
fields produced by an MRI scanner; (2) the switch 266, also
disconnects any non-linear AIMD circuit elements. This pre-
vents a condition known as RF or gradient field rectification.
As previously described, RF or gradient rectification can
cause low frequency pulses to appear on implanted leads
which could improperly stimulate or damage body tissues.
For example, low frequency pulses at 300 Hz may cause the
heart to beat too fast and lead to a very dangerous condition
known as ventricular fibrillation; (3) the permanently wired
diverter 112 of FIG. 116 acts to pull unwanted RF energy
from the implanted lead and divert it to the AIMD housing
124 which acts as an energy dissipating surface 161. This is
very important to prevent overheating of the implanted lead
and/or its distal electrode-to-tissue interface.

FIG. 117 is very similar to F1G. 116 except that the switch
266, has been reversed and is now a single pole double throw
switch. It operates very much as described in FIG. 116, but it
also offers another advantage. When the switch is switched
open into the MRI compatible position as shown, the wiper is
also grounded to the housing 124 of the AIMD through lead-
wire 259. This is an additional safety feature. By grounding
the AIMD electronics 137, one provides additional protection
against the chance that EMI could cross couple over to sen-
sitive AIMD circuitry. As previously mentioned, switch 266,
is shown in the MRI compatibility position connected to pole
261 and the housing 124, 161 through leadwire 259. As pre-
viously described in FIG. 116, the switch would be switched
into the closed position during the normal AIMD operating
mode connected to the electrode 138 through pole 263 and
lead 104,. In other words, during daily life, the patient’s
AIMD electronics 137 would be directly connected through
switch 266.sub.2 to the implanted lead 104,.

In summary, compatibility of probes, catheters, cardiac
pacemakers, implantable defibrillators and other types of
active implantable medical devices with magnetic resonance
imaging and other types of hospital diagnostic equipment has
become a majorissue. The present invention addresses this by
providing an overall energy management system which is
capable of controlling the energy induced in implanted leads
from RF pulsed fields, such as those generated by MRI scan-
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ners. More particularly, a tuned energy balanced system
including a switched safety protection circuit minimizes heat-
ing ofanimplanted lead in a high power electromagnetic field
environment. The tuned energy balanced system comprises
an implanted lead having impedance characteristics at a
selected RF frequency or frequency band, and an energy
dissipating surface associated with the implanted lead. A
diversion circuit conductively couples the implanted lead to
the energy dissipating surface. The diversion circuit com-
prises one or more passive electronic network components
whose impedance characteristics are at least partially tuned to
the implanted lead’s impedance characteristics, to facilitate
transfer to the energy dissipating surface of high frequency
energy induced on the implanted lead at the selected RF
frequency or frequency band.

The switched safety protection circuit includes at least one
switch disposed between the diversion circuit and the AIMD
electronics for diverting energy in the implanted lead or the
leadwire through the diversion circuit to the energy dissipat-
ing surface. The switch is disposed so as to electrically open
the implanted lead or the leadwire when diverting energy in
the implanted lead or the leadwire through the diversion cir-
cuit to the energy dissipating surface. Alternatively or in
addition, a switch may be disposed between the implanted
lead or the leadwire and the diversion circuit. In preferred
embodiments, the switches may comprise a single or multi-
pole double throw switch, or a single or multi-pole single
throw switch.

The tuned energy balanced system utilizing the switched
safety protection circuit of the present invention harmlessly
shunts RF energy induced on an implanted lead or leadwire
into either an EDS surface, the AIMD housing, a bulk thermal
mass, or the handle of a probe or catheter.

Impedance circuits may be combined with the diversion or
diverter circuits to raise and further control the overall imped-
ance of the system to achieve maximal energy transfer and
minimum thermal rise in the implanted lead system.

Although several embodiments have been described in
detail for purposes of illustration, various modifications may
be made without departing from the scope and spirit of the
invention. Accordingly, the invention is not to be limited,
except as by the appended claims.

What is claimed is:

1. An implantable medical device (AIMD), comprising:

a) a hermetically sealed and thermally or electrically con-
ductive AIMD housing containing tissue-stimulating or
biological-sensing circuits for the AIMD;

b) ahermetic feedthrough terminal supported by the AIMD
housing, wherein the feedthrough comprises
at least one first conductive leadwire comprising a first

conductive path, the at least one first leadwire having
a distal first leadwire portion that is connectable to at
least one conductor of an implantable lead and elec-
trically isolated from the AIMD housing by an insu-
lator, and wherein the at least one first leadwire has a
proximal first leadwire end located inside the AIMD
housing;

c) a single or multi-pole double throw switch residing
inside the AIMD housing and being electrically cou-
plable in series with and uncouplable from the at least
one first leadwire of the first conductive path, the switch
comprising a first throw end, a second throw end, and a
switch pole end, wherein the switch pole end is perma-
nently electrically coupled to the tissue-stimulating or
biological-sensing circuits, and the first throw end is at
and electrically connected to the proximal first leadwire
end; and
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d) a second conductive path permanently electrically
coupled between the second throw end of the switch and
the conductive AIMD housing; and

) wherein the switch is configured to be selectively actu-
atable in response to a programmable telemetry signal to
either electrically connect the switch pole end to the first
throw end or connect the switch pole end to the second
throw end.

2. The implantable medical device of claim 1 including a
static magnetic field sensor, wherein the AIMD is automati-
cally configured:

1)ina first or normal operating mode to electrically connect
the switch pole end to the first throw end; and

ii) in a second or MRI operating mode when in the presence
of an MRI main static field to electrically disconnect the
switch pole end from the first throw end and electrically
connect the switch pole end to the AIMD housing
through the second throw end of the second conductive
path.

3. The implantable medical device of claim 1, including a
third conductive path coupled at a first end anywhere along
the first conductive path between the feedthrough terminal
and the first throw end of the switch, wherein the third con-
ductive path is coupled at a second end to the conductive
AIMD housing, and wherein a frequency variable diverter
element is coupled in series along the third conductive path.

4. The implantable medical device of claim 3, wherein the
frequency variable diverter element is selected from the group
consisting of a low pass filter, a capacitor, a feedthrough
capacitor, an LC trap filter, a Pi filter, a T filter, an LL filter,
and an “n” element filter.

5. The implantable medical device of claim 3, wherein the
frequency variable diverter element comprises a high pass
filter.

6. The implantable medical device of claim 5, wherein the
high pass filter comprises a capacitor or a resistor in series
with a capacitor.

7. The implantable medical device of claim 3, wherein the
frequency variable diverter element comprises a plurality of
LC trap filters, each LC trap filter being resonant at a different
MRI RF pulsed frequency.

8. The implantable medical device of claim 3 including an
EMI shield conductively coupled to the conductive AIMD
housing and coaxially extending about and along the third
conductive path in non-conductive relation thereto.

9. The implantable medical device of claim 1, wherein the
single or multi-pole double throw switch is selected from the
group consisting of a MEMS switch, a mechanical switch, a
reed switch, an electronic switch, a programmable switch, an
automatically actuated switch, a Hall Effect switch, a field
effect transistor (FET) switch, and a PIN diode.

10. The implantable medical device of claim 1, wherein the
tissue-stimulating or biological-sensing circuits are selected
from the group consisting of non-linear circuit elements,
over-voltage circuit elements, transient voltage suppression
diodes, Transorbs, AIMD sensing circuits, and active
implantable medical device therapy delivery circuits.

11. The implantable medical device of claim 1, wherein the
implantable medical device is selected from the group con-
sisting of an implantable hearing device. a neurostimulator, a
brain stimulator, a cardiac pacemaker, a left ventricular assist
device, an artificial heart, a drug pump, a bone growth stimu-
lator, a urinary incontinence device, a spinal cord stimulator,
an anti-tremor stimulator, an implantable cardioverter
defibrillator, a congestive heart failure device, a probe, a
catheter, and a cardio resynchronization therapy device.
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12. An implantable medical device (AIMD), comprising;

a) a hermetically sealed and thermally or electrically con-
ductive AIMD housing containing tissue-stimulating or
biological-sensing circuits for the AIMD;

b) ahermetic feedthrough terminal supported by the AIMD
housing, wherein the feedthrough comprises
at least one first conductive leadwire comprising a first

conductive path, the first leadwire having a distal first
leadwire portion that is connectable to at least one
conductor of an implantable lead and electrically 1so-
lated from the AIMD housing by an insulator, and
wherein the at least one first leadwire has a proximal
first leadwire end located inside the AIMD housing;
¢) a single or multi-pole double throw switch residing
inside the AIMD housing and being electrically cou-
plable in series with and uncouplable from the at least
one first leadwire of the first conductive path, the switch
comprising a first throw end, a second throw end, and a
switch pole end, wherein the switch pole end is perma-
nently electrically coupled to the tissue-stimulating or
biological-sensing circuits, and the first throw end is at
and electrically connected to the proximal first leadwire
end; and

d) a second conductive path permanently electrically
coupled between the second throw end of the switch and
the conductive AIMD housing;

e) wherein the switch is configured to be selectively actu-
atable in response to a programmable telemetry signal to
either connect the switch pole end to the first throw end
in a first or normal operating mode or connect the switch
pole end to the second throw end in a second or MRI
mode.

13. The implantable medical device of claim 12 including

a third conductive path coupled at a first end anywhere along
the first conductive path between the feedthrough terminal
and the first throw end of the switch, wherein the third con-
ductive path is coupled at a second end to the conductive
AIMD housing, and wherein a frequency variable diverter
element is coupled in series along the third conductive path.

14. The implantable medical device of claim 12 wherein
the frequency variable diverter element is selected from the
group consisting of a low pass filter, a capacitor, a
feedthrough capacitor, an L.C trap filter, a Pi filter, a T filter, an
LL filter, and an “n” element filter.

15. The implantable medical device of claim 12 wherein
the single or multi-pole double throw switch is selected from
the group consisting of a HEMS switch, a mechanical switch,
a reed switch, an electronic switch, a programmable switch,
an automatically actuated switch, a Hall Effect switch, a field
effect transistor (FET) switch, and a PIN diode.

16. The implantable medical device of claim 12 wherein
the tissue-stimulating or biological-sensing circuits are
selected from the group consisting of non-linear circuit ele-
ments, over-voltage circuit elements, transient voltage sup-
pression diodes, Transorbs, AIMD sensing circuits, and
active implantable medical device therapy delivery circuits.
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17. An implantable medical device (AIMD), comprising;

a) a hermetically sealed and thermally or electrically con-
ductive AIMD housing containing tissue-stimulating or
biological-sensing circuits for the AIMD;

b) ahermetic feedthrough terminal supported by the AIMD
housing, wherein the feedthrough comprises
at least one first conductive leadwire comprising a first

conductive path, the at least one first leadwire having
a distal first leadwire portion that is connectable to at
least one conductor of an implantable lead and elec-
trically isolated from the AIMD housing by an insu-
lator, and wherein the at least one leadwire has a
proximal first leadwire end located inside the AIMD
housing;

¢) a single or multi-pole double throw switch residing
inside the AIMD housing and being electrically cou-
plable in series with and uncouplable from the at least
one first leadwire of the first conductive path, the switch
comprising a first throw end, a second throw end, and a
switch pole end, wherein the switch pole end is perma-
nently electrically coupled to the tissue-stimulating or
biological-sensing circuits, and the first throw end is at
and electrically connected to the proximal first leadwire
end; and

d) a second conductive path permanently electrically
coupled between the second throw end of the switch and
the conductive AIMD housing;

e) wherein the switch is configured to he automatically
actuatable in response to a magnetic resonance B, field
sensor that, in the absence of a static magnetic field,
electrically connects the switch pole end to the first
throw end, and in the presence of a static magnetic field,
disconnects the switch pole end from the first throw end
and electrically connects the switch pole end to the sec-
ond throw end.

18. The implantable medical device of claim 17 including

a third conductive path coupled at a first end anywhere along
the first conductive path between the feedthrough terminal
and the first throw end of the switch, wherein the third con-
ductive path is coupled at a second end to the conductive
AIMD housing, and wherein a frequency variable diverter
element is coupled in series along the third conductive path.

19. The implantable medical device of claim 18 wherein
the frequency variable diverter element is selected from the
group consisting of a low pass filter, a capacitor, a
feedthrough capacitor, an LC trap filter, a Pi filter, a T filter, an
LL filter, and an “n” element filter.

20. The implantable medical device of claim 17 wherein
the single or multi-pole double throw switch is selected from
the group consisting ofa MEMS switch, a mechanical switch,
a reed switch, an electronic switch, a programmable switch,
an automatically actuated switch, a Hall Effect switch, a field
effect transistor (FET) switch, and a PIN diode.

21. The implantable medical device of claim 17 wherein
the tissue-stimulating or biological-sensing circuits are
selected from the group consisting of non-linear circuit ele-
ments, over-voltage circuit elements, transient voltage sup-
pression diodes, Transorbs, AIMD sensing circuits, and
active implantable medical device therapy delivery circuits.
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