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(57) ABSTRACT 

An RF filter for an active medical device (AMD), for handling 
RF power induced in an associated lead from an external RF 
field at a selected MRI frequency or range frequencies 
includes a capacitor having a capacitance of between 100 and 
10,000 picofarads, and a temperature stable dielectric having 
a dielectric constant of 200 or less and a temperature coeffi 
cient of capacitance (TCC) within the range of plus 400 to 
minus 7112 parts per million per degree centigrade. The 
capacitor's dielectric loss tangent in ohms is less than five 
percent of the capacitor's equivalent series resistance (ESR) 
at the selected MRI RF frequency or range of frequencies. 

C = Capacitance 

RDL = R dielectric 

Ro-Rohmic loss 

IR = InSulation Resistance 

ESL = Equivalent Series inductance 

ESR = Equivalent Series Resistance 
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Where 

A = ACtive Area 

FIG. 29 C = Capacitance 
k = Dielectric Constant 
n = Number of Electrode Plates 
d = Dielectric Thickness 
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Example of Losses in a 2000 P.F. X7R Capacitor 

DF is a percentage of Xc at dielectric loss tangent 

Example: 2% DF Dielectric; 2000 picofarad FT (2.5% MAX RS-198C) 

Frequency Xc (O) DF (?h) R (O) ESR = DF+R (O) 
79,599.54 159 155 1591.98 
79.58 1.59 2.02 
7.96 O. 159 O.59 
O.796 O.O16 O.45 
O. 159 O.OO3 O.44 

FIG. 36 

Example of Losses in a 2000 P.F. COG (NPO) Capacitor 

DF is a percentage of Xc 

Example: 0.15% DF Dielectric; 2000 picofarad FT 

Fred uency Xc (O) DF (?h) R (O) ESR = DF--R (O) 
79,577.54 119.40 
79.58 O. 12 
7.96 O.O12 
O.796 O.OO1 
O. 159 O.O 

FIG. 37 
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FIG. 74 
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RF FILTER FOR AN ACTIVE MEDICAL 
DEVICE (AMD) FOR HANDLING HIGH RF 
POWER INDUCED IN AN ASSOCATED 

IMPLANTED LEAD FROMAN EXTERNAL 
RF FIELD 

FIELD OF INVENTION 

0001. This invention generally relates to the problem of 
RF energy induced into implanted leads during medical diag 
nostic procedures such as magnetic resonant imaging (MRI), 
and provides methods and apparatus for redirecting RF 
energy to locations other than the distal tip electrode-to-tissue 
interface. In addition, the present invention provides electro 
magnetic interference (EMI) protection to sensitive active 
implantable medical device (AIMD) electronics. 

BACKGROUND OF THE INVENTION 

0002 Compatibility of cardiac pacemakers, implantable 
defibrillators and other types of active implantable medical 
devices with magnetic resonance imaging (MRI) and other 
types of hospital diagnostic equipment has become a major 
issue. If one proceeds 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 generally contra 
indicated for patients with implanted pacemakers and cardio 
verter defibrillators. See also recent press announcements of 
the Medtronic Revo MRI pacemaker which was recently 
approved by the U.S. FDA. With certain technical limitations 
as to scan type and location, this is the first pacemaker 
designed for MRI scanning. See also: 
0003 (1) Safety Aspects of Cardiac Pacemakers in Mag 
netic Resonance Imaging, a dissertation Submitted to the 
Swiss Federal Institute of Technology Zurich presented by 
Roger Christoph Luchinger, Zurich 2002: 

0004 (2) “1. Dielectric Properties of Biological Tissues: 
Literature Survey', by C. Gabriel, S. Gabriel and E. 
Cortout; 

0005 (3) “II. Dielectric Properties of Biological Tissues: 
Measurements and the Frequency Range 0 Hz to 20 GHz. 
by S. Gabriel, R. W. Lau and C. Gabriel; 

0006 (4) “III. Dielectric Properties of Biological Tissues: 
Parametric Models for the Dielectric Spectrum of Tissues, 
by S. Gabriel, R. W. Lau and C. Gabriel; and 

0007 (5) “Advanced Engineering Electromagnetics, C.A. 
Balanis, Wiley, 1989; 

0008 (6) Systems and Methods for Magnetic-Resonance 
Guided Interventional Procedures, Patent Application 
Publication US 2003/0050557, Susil and Halperinet al., 
published Mar. 13, 2003: 

0009 (7) Multifunctional Interventional Devices for MRI: 
A Combined Electrophysiology/MRI Catheter, by, Robert 
C. Susil, Henry R. Halperin, Christopher J. Yeung, Albert 
C. Lardo and Ergin Atalar, MRI in Medicine, 2002; and 

0010 (8) Multifunctional Interventional Devices for Use 
in MRI, U.S. Pat. No. 7,844,534, Susil et al., issued Nov. 
30, 2010. 

0011. The contents of the foregoing are all incorporated 
herein by reference. 
0012. However, an extensive review of the literature indi 
cates that, despite being contra-indicated, MRI is indeed 
often used to image patients with pacemaker, neurostimulator 
and other active implantable medical devices (AIMDs). As 
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such, the safety and feasibility of MRI inpatients with cardiac 
pacemakers is an issue of gaining significance. The effects of 
MRI on patients’ pacemaker systems have only been ana 
lyzed retrospectively in Some case reports. There are a num 
ber of papers that indicate that MRI on new generation pace 
makers 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 interven 
tional medicine (surgery). In addition, MRI is 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 
MRI RF pulsed field (Specific Absorption Rate SAR 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 lead system will over 
heat. 

0013 There are three types of electromagnetic fields used 
in an MRI unit. The first type is the main static magnetic field 
designated Bo 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 
International Society for Magnetic Resonance in Medicine 
(ISMRM), which was held on 5-6 Nov. 2005, it 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 lead systems. It is not likely 
(other than sudden system shut down) that the static MRI 
magnetic field can induce currents into the pacemaker lead 
system and hence into the pacemaker itself. It is a 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. 

0014. The second type of field produced by magnetic reso 
nance 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 com 
ponents: (1) the electric field is circularly polarized in the 
actual plane; and (2) the H field, sometimes generally referred 



US 2012/O2S6704 A1 

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 measure 
ments and usually has a frequency of about 21 MHz to about 
500 MHz, depending upon the static magnetic field strength. 
The frequency of the RF pulse for hydrogen scans varies by 
the Lamour 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 Lamour 
equation would be different. The present invention applies to 
all Such scanners. 

0015 The third type of electromagnetic field is the time 
varying magnetic gradient fields designated B. B. B. 
which are used for spatial localization. These change their 
strength along different orientations and operating frequen 
cies on the order of 2-5 kHz. The vectors of the magnetic field 
gradients in the X, Y and Z 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 (heartbeat). 
This is not completely understood, but it is a repeatable phe 
nomenon. The gradient field is not considered by many 
researchers to create any other adverse effects. 
0016. It is instructive to note how voltages and electro 
magnetic interference (EMI) are induced into an implanted 
lead system. At very low frequency (VLF), Voltages are 
induced at the input to the cardiac pacemaker as currents 
circulate throughout the patient's body and create Voltage 
drops. Because of the vector displacement between the pace 
maker housing and, for example, the tip electrode, Voltage 
drop across the resistance of body tissues may be sensed due 
to Ohms Law and the circulating current of the RF signal. At 
higher frequencies, the implanted lead systems actually act as 
antennas where voltages (EMFs) are induced along their 
length. These antennas are not very efficient due to the damp 
ing effects of body tissue; however, this can often be offset by 
extremely high power fields (such as MRI pulsed fields) and/ 
or body resonances. At very high frequencies (such as cellular 
telephone frequencies), EMI signals are induced only into the 
first area of the leadwire system (for example, at the header 
block of a cardiac pacemaker). This has to do with the wave 
length of the signals involved and where they couple effi 
ciently into the system. 
0017 Magnetic field coupling into an implanted lead sys 
tem is based on loop areas. For example, in a cardiac pace 
maker unipolar lead, there is a loop formed by the lead as it 
comes from the cardiac pacemaker housing to its distal tip 
electrode, 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 measured from patient X-rays in square centi 
meters. The average loop area is 200 to 225 square centime 
ters. This is an average and is subject to great statistical 
variation. For example, in a large adult patient with an 
abdominal pacemaker implant, the implanted loop area is 
much larger (around 400 square centimeters). 
0018. Relating now to the specific case of MRI, the mag 
netic 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 lead sys 
tem by antenna action. Subjected to RF frequencies, the lead 
itself can exhibit complex transmission line behavior. 
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0019. 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 
the length and trajectory of its associated lead(s). For 
example, it will make a difference 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 it can heat up due to MRI RF induced 
energy. 

0020. 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 trans 
mission sequences can cause local Ohms Law (resistive) 
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 (destruction resulting in 
scars) has also been observed. The effects of this heating are 
not readily detectable by monitoring during the MRI. Indica 
tions 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 lead geometries. There can also be localized heating 
problems associated with various types of electrodes in addi 
tion 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 neurostimulators, and the like. Pad electrodes are very 
common in neurostimulator applications. For example, spinal 
cord stimulators or deep brain stimulators can include a plu 
rality of pad electrodes to make contact with nerve tissue. A 
good example of this also occurs in a cochlear implant. In a 
typical cochlear implant there would be sixteen pad elec 
trodes placed up into the cochlea. Several of these pad elec 
trodes make contact with auditory nerves. 
0021 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 poten 
tial hazardous 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 cer 
tainly not scientifically convincing that all MRI can be safe. 
For example, just variations in the pacemaker lead length and 
implant trajectory can significantly affect how much heat is 
generated. A paper entitled, HEATING AROUND INTRA 
VASCULAR GUIDEWIRES BY RESONATING RF 
WAVES by Konings, et al., journal of Magnetic Resonance 
Imaging, Issue 12:79-85 (2000), does an excellent job of 
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explaining how the RF fields from MRI scanners can couple 
into implanted leads. 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. 
0022. The effect of an MRI system on the function of 
pacemakers, 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 ana 
tomic region being imaged, and many other factors. Further 
complicating this is the fact that each patient's condition and 
physiology is different and each lead implant has a different 
length and/or implant trajectory in body tissues. Most experts 
still conclude that MRI for the pacemaker patient should not 
be considered safe. 

0023. It is well known that many of the undesirable effects 
in an implanted lead system from MRI and other medical 
diagnostic procedures are related to undesirable induced 
EMFs in the lead system and/or RF currents in its distal tip (or 
ring) electrodes. This can lead to overheating of body tissue at 
or adjacent to the distal tip. 
0024 Distal tip electrodes can be unipolar, bipolar and the 

like. It is very important that excessive current not flow at the 
interface between the lead distal tip electrode and body tissue. 
In a typical cardiac pacemaker, for example, the distal tip 
electrode can be passive or of a screw-in helix type as will be 
more fully described. In any event, it is very important that 
excessive RF current not flow at this junction between the 
distal tip electrode and for example, myocardial or nerve 
tissue. Excessive current at the distal electrode to tissue inter 
face can cause excessive heating to the point where tissue 
ablation or even perforation can occur. This can be life threat 
ening for cardiac patients. For neurostimulator patients. Such 
as deep brain stimulator patients, thermal injury can cause 
coma, permanent disability or even be life threatening. Simi 
lar issues exist for spinal cord stimulator patients, cochlear 
implant patients and the like. 
0025 Interestingly, the inventors performed an experi 
ment in an MRI scanner with a human body gel-filled phan 
tom. In the phantom, placed in an anatomic position, was an 
operating pacemaker and a lead. This was during evaluation 
of the efficacy of bandstop filters at or near the distal tip 
electrode for preventing the distal tip electrode from over 
heating. Bandstop filters for this purpose are more thoroughly 
described in U.S. Pat. No. 7,363,090, the contents of which 
are incorporated herein by reference. During the experiments, 
there was a control lead that had no bandstop filter. During a 
particularly RF intense scanning sequence, Luxtron probes 
measured a distal helix tip electrode temperature rise of 30 
degrees C. Of course, the 30 degrees C. temperature rise in a 
patient, would be very alarming as it could lead to pacing 
capture threshold changes or even complete loss capture due 
to scar tissue formation. An identical lead with the bandstop 
filter in place only had a temperature rise of 3 degrees C. This 
was a remarkable validation of the efficacy of bandstop filters 
for implantable electrodes. However, something very inter 
esting happened when we disconnected the pacemaker. We 
disconnected the pacemaker and put a silicone lead cap over 
the proximal end of the lead. Again, we put the gel phantom 
back inside the MR scanner and this time we measured an 11 
degree C. temperature rise on the lead with the bandstop filter. 
This was proof positive that the housing of the AIMD acts as 
part of the system. The prior artfeedthrough capacitor created 
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a fairly low impedance at the input to the pacemaker and 
thereby drew RF energy out of the lead and diverted it to the 
housing of the pacemaker. It has recently been discovered that 
the impedance, and in particular, the ESR of these capacitors, 
is very important so that maximal energy can be pulled from 
the lead and diverted to the pacemaker housing while at the 
same time, not unduly overheating the feedthrough capacitor. 
0026. Accordingly, there is a need for novel low ESR 
diverting capacitors and circuits which are frequency selec 
tive and are constructed of passive components for implant 
able leads and/or leadwires. Further, there is a need for very 
low ESR diverter element capacitor(s) which are designed to 
decouple a maximum amount of induced RF energy from an 
implanted lead to an AIMD housing while at the same time 
not overheat. The present invention fulfills these needs and 
provides other related advantages. 

SUMMARY OF THE INVENTION 

0027. The present invention relates to an RF filter for an 
active medical device (AMD) for handling high RF power 
induced in an associated lead from an external RF field at a 
selected MRI frequency or range of frequencies. In a pre 
ferred embodiment, the RF filter comprises a capacitor hav 
ing a capacitance generally between about 10 to about 20,000 
picofarads, and a temperature stable dielectric having a 
dielectric constant of about 200 or less. In addition, the dielec 
tric material should have a temperature coefficient of capaci 
tance (TCC) within the range of plus 400 to minus 7112 parts 
permillion per degree centigrade (ppm/° c.). Furthermore, the 
capacitor's dielectric loss tangent in ohms should be less than 
about five percent of the capacitor's equivalent series resis 
tance (ESR) at the selected MRI frequency or range of fre 
quencies. 
0028. In a second embodiment, the AIMD diverter capaci 
tor 140 comprises at least ten interleaved active and ground 
electrode plates designed to minimize the capacitor's high 
frequency ESR while maximizing internally generated heat 
flow from the capacitor. The ground electrode plates are con 
ductively connected to an energy dissipating Surface (EDS). 
In preferred embodiments of the invention, the EDS surface 
comprises a housing of the AMD and/or a ferrule conduc 
tively attached to both the ground electrode plates and the 
housing for the AMD. 
(0029 Preferably, the capacitor's ESR at MRI RF pulsed 
frequencies should be less than about two ohms, more pref 
erably, about less than 0.5, and most preferably, less than 
about 0.1 ohm. The capacitance should vary no more than 
plus or minus about one percent over the temperature range of 
about minus 55 degrees C. to about plus 125 degrees C. 
Moreover, the capacitor's dielectric loss tangent should be 
less than about two ohms at the selected MRI RF frequency or 
range of frequencies. 
0030 Each dielectric layer may comprise multiple elec 
trode plates. 
0031. The AIMD diverter capacitor may comprise a 
monolithic ceramic capacitor, a flat-through capacitor, a chip 
capacitor, an X2Y attenuator, or a feedthrough capacitor. 
0032. In several embodiments, the interleaved electrode 
plates are bounded at one end by a first set of at least one extra 
ground plate embedded within the dielectric material. In other 
embodiments, a second set of at least one ground plate is 
embedded within the dielectric material and bounds the inter 
leaved electrode plates opposite the first set of ground plates. 
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0033. The plurality of ground electrode plates may extend 
substantially to the periphery of the capacitor. A high thermal 
conductivity material may also be utilized for attaching the 
ground electrode plates to a heat sink. The heat sink may 
comprise a conductive ferrule or a heat conductive structure 
affixed to the periphery of the capacitor. The conductive struc 
ture may comprise a plurality of convection fins. 
0034. In a further embodiment, the AIMD diverter capaci 
tor 140 may comprise an element of a lowpass filter which can 
becombined with inductors to form eitheran L filter, a reverse 
L filter, an LL., a reverse LL., a T, a Pi oran n-element lowpass 
filter. 
0035. The lowpass filters, which can consist in the sim 
plest embodiment of just a diverter capacitor, can also be 
combined within the AIMD with bandstop filters and L-C trap 
filters. 
0036. Other features and advantages of the present inven 
tion will become apparent from the following more detailed 
description, taken in conjunction with the accompanying 
drawings which illustrate, by way of example, the principles 
of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0037. The accompanying drawings illustrate the inven 
tion. In Such drawings: 
0038 FIG. 1 is a wire-formed diagram of a generic human 
body showing a number of exemplary implanted medical 
devices; 
0039 FIG. 2 is a pictorial view of an AIMD patient who is 
about to be placed into an MRI scanner. 
0040 FIG. 3 shows a side view of the patient within the 
scanner showing an intense RF field impinging on the 
implanted medical device and its associated lead. 
0041 FIG. 4 is a top view of the patient in the MRI scanner 
showing one location of the AIMD and its associated lead. 
0042 FIG. 5 is a line drawing of a human heart with 
cardiac pacemaker dual chamber bipolar leads shown in the 
right ventricle and the right atrium; 
0043 FIG. 6 is a diagram of a unipolar active implantable 
medical device; 
0044 FIG. 7 is a diagram similar to FIG. 6, illustrating a 
bipolar AIMD system; 
004.5 FIG. 8 is a diagram similar to FIGS. 6 and 7, illus 
trating a bipolar lead system with a distal tip and ring elec 
trodes, typically used in a cardiac pacemaker, 
0046 FIG. 9 illustrates a dual chamber cardiac pacemaker 
with its associated leads and electrodes implanted into a 
human heart; 
0047 FIG.10 is a perspective view of a rectangular broad 
band or lowpass EMI filter capacitor; 
0048 FIG. 11 is a horizontal section taken generally along 
the line 11-11 of FIG. 10, illustrating the configuration of 
active electrode plates within the rectangular capacitor, 
0049 FIG. 12 is a horizontal section taken generally along 
the lines 12-12 of FIG. 10, illustrating the configuration of a 
set of ground electrode plates within the rectangular capaci 
tor; 
0050 FIG. 13 is a perspective view illustrating the rectan 
gular feedthrough capacitor of FIG. 10 mounted to a hermetic 
terminal; 
0051 FIG. 14 is an enlarged sectional view taken gener 
ally along the line 14-14 of FIG. 13; 
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0052 FIG. 15 is a perspective view of a round hermetic 
terminal showing a quadpolar RF diverter feedthrough 
capacitor, 
0053 FIG. 16 is an enlarged cross-sectional view taken 
generally along the line 16-16 from FIG. 15: 
0054 FIG. 17 is an enlarged sectional view taken gener 
ally along the line 17-17 from FIG. 16, illustrating the con 
figuration of active electrode plates within the feedthrough 
energy diverter capacitor; 
0055 FIG. 18 is an enlarged sectional view taken gener 
ally along the line 18-18 from FIG. 16, illustrating the con 
figuration of ground electrode plates within the feedthrough 
energy diverter capacitor; 
0056 FIG. 19 is an exploded perspective view illustrating 
the electrode lay-ups of the round quadpolar feedthrough 
capacitor shown in FIGS. 15 and 16; 
0057 FIG. 20 is an electrical schematic diagram of the 
quadpolar feedthrough capacitor of FIGS. 15-19; 
0058 FIG. 21 is a perspective view of a monolithic 
ceramic capacitor (MLCC); 
0059 FIG. 22 is a cross-sectional view of the monolithic 
ceramic capacitor, taken along the line 22-22 of FIG. 21; 
0060 FIG. 23 is an electrical schematic diagram of an 
ideal MLCC capacitor as illustrated in FIGS. 21 and 22: 
0061 FIG. 24 is a flat-through three-terminal capacitor; 
0062 FIG.25 illustrates the internal electrode plates of the 
flat-through capacitor of FIG. 24; 
0063 FIG. 26 is a perspective exploded view of a multi 
lead hermetic feedthrough with substrate mounted MLCCs 
showing use of a substrate between the feedthrough and the 
filter Support assembly; 
0064 FIG. 27 illustrates a cross-sectional view of an 
MLCC capacitor mounted to separate circuit traces: 
0065 FIG. 28 is a schematic representation explaining the 
elements that are components of the FIG. 27 capacitor's 
equivalent series resistance (ESR); 
0.066 FIG. 29 is an equation that relates the capacitance 
with the capacitor's active area, dielectric constant, number of 
electrode plates and dielectric thickness; 
0067 FIG. 30 shows the difference between an ideal 
capacitor and a real capacitor, including dielectric loss tan 
gent and dissipation factor; 
0068 FIG. 31 gives the formulas for capacitive reactance, 
dissipation factor, equivalent series resistance (ESR) and 
dielectric loss tangent; 
0069 FIG. 32 is an equivalent circuit model for a real 
capacitor, 
0070 FIG. 33 is a schematic illustrating a simplified 
model for capacitor ESR; 
0071 FIG. 34 is a graph illustrating capacitor dielectric 
loss versus frequency; 
0072 FIG. 35 is a graph illustrating normalized curves 
which show the capacitor equivalent series resistance (ESR) 
on the y axis, Versus frequency on the X axis; 
0073 FIG. 36 illustrates the reactance and real losses of a 
2000 picofarad X7R feedthrough capacitor; 
0074 FIG. 37 illustrates the reactance and real losses of a 
2000 picofarad COG (NPO) capacitor; 
0075 FIG. 38 is a graph illustrating capacitor equivalent 
series resistance versus frequency as illustrated in a Sweep 
from an Agilent E4991 Amaterials analyzer; 
0076 FIG. 39 is across-sectional view of a lowerk MLCC 
with an increased number of electrode plates to minimize 
ESR; 
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0077 FIG. 40 is an equation showing that the total high 
frequency electrode resistive losses drop in accordance with 
the parallel plate formula for capacitor electrodes. 
0078 FIG. 41 is a cross-sectional view of a quad polar 
feedthrough capacitor similar to FIG. 15 except that it is low 
ESR and designed for maximal heat flow: 
007.9 FIG. 42 is a partial section taken from section 42-42 
from FIG. 41 illustrating dual electrode plates to minimize 
capacitor ESR and maximize heat flow out of the capacitor; 
0080 FIG. 43 is similar to FIG. 42 except that just the 
ground electrode plates have been doubled; 
I0081 FIG. 44 is similar to FIG. 43 except that 3 or even 
n” ground electrode plates are illustrated; 
0082 FIG. 45 is a partial section taken from section 45-45 
from FIG. 41 illustrating conductive spheres in a thermal 
setting conductive adhesive; 
I0083 FIG. 46 is similar to FIG. 45 illustrating that the 
conductive spheres are of varying diameters; 
I0084 FIG. 47 is similar to FIGS.45 and 46 except that the 
conductive spheres have been replaced by overlaying conduc 
tive flakes; 
I0085 FIG. 48 is similar to FIGS. 45-47 except the con 
ductive spheres have been replaced by conductive rods or 
similar structures; 
I0086 FIG. 49 indicates that the highly thermally-conduc 
tive matrix can be formed by combining the spheres of FIG. 
46, the flakes of FIG. 47 and the rods of FIG. 48. 
I0087 FIG. 50 is similar to FIG. 41 except that extra 
ground electrode plates have been added to the bottom of the 
capacitor to facilitate additional heat transfer out of the 
capacitor through the ferrule and into the AIMD housing: 
I0088 FIG. 51 is similar to FIG. 41 except that extra 
ground electrode plates have been added to the top and bot 
tom of the capacitor to facilitate additional heat conduction 
out of the capacitor through the ferrule and into the AIMD 
housing: 
I0089 FIG. 52 is similar to FIG.50 except that additional 
ground plates have been added to both the bottom and top of 
the capacitor to facilitate additional heat transfer. Also shown 
is an optional highly thermally-conductive overlay or adhe 
S1Ve: 
0090 FIG. 53 is similar to FIG. 52 except that the ther 
mally-conductive over-coating material has been extended to 
coat over the ferrule and a portion of the inside of the AIMD 
housing: 
0091 FIG. 54 is very similar to the capacitor of FIG. 50 
except that thermally-conductive ground plates have been 
added to the hermetic insulator to provide an additional con 
ductive heat path; 
0092 FIG. 55 illustrates that a parasitic capacitance has 
been formed in the alumina insulator which enhances high 
frequency filter performance; 
0093 FIG. 56 is similar to FIG. 54 except that in this case 
the diverter capacitor 140 is disposed on the body fluid side 
where it is covered with a highly thermally-conductive mate 
rial; 
0094 FIG. 57 is similar to FIG. 53 except that a highly 
thermally conductive liner has been added on the inside of the 
AIMD housing to further facilitate heat flow away from the 
capacitor, 
0095 FIG.58 is very similar to FIG.57 except that a weld 
shield has been added which assists in thermal conductance 
away from the capacitor; 
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(0096 FIG. 59 is similar to FIG. 57 except that the capaci 
tor perimeter metallization has been increased in thickness; 
(0097 FIG. 60 is similar to FIG. 59 except that a highly 
thermally-conductive material has been co-bonded to the her 
metic insulator, 
(0098 FIG. 61 is similar to FIG. 59 except that a highly 
thermally-conductive washer has been disposed between the 
capacitor and the hermetic insulator, 
(0099 FIG. 62 illustrates the capacitor completely embed 
ded and over-molded by a highly thermally-conductive mate 
rial; 
0100 FIG. 63 illustrates a round quad polar capacitor 
similar to FIG. 15: 
0101 FIG. 64 is a sectional view taken from section 64-64 
from FIG. 63: 
0102 FIG. 65 is a top sectional view taken from section 
65-65 from FIG. 64 showing that the capacitor electrical 
connection is interposed between areas of high thermal con 
ductivity material; 
(0103 FIG. 66 is similar to FIG. 63 except that heat radi 
ating fins have been added; 
0104 FIG. 67 is a sectional view taken from section 67-67 
from FIG. 66: 
0105 FIG. 68 is similar to FIG. 67 except that the heat 
radiating fins are disposed well above the ferrule: 
0106 FIG. 69 illustrates a cutaway of an AIMD housing 
with a fill tube: 
0107 FIG. 70 is similar to FIG. 69 and illustrates the 
AIMD has been filled either with a high pressure gas or a 
liquid; 
(0.108 FIG.71 is a flow chart of the process of FIGS. 69 and 
70; 
0109 FIG.72 illustrates using powder metallurgy or other 
techniques to add a highly thermally-conductive layer to the 
ferrule: 
0110 FIG. 73 is similar to FIG.72 showing co-bonding a 
highly thermally-conductive material to the ferrule: 
0111 FIG. 74 is an inline quad polar capacitor similar to 
FIG. 13; 
(O112 FIGS. 75A and 75B illustrate relatively high ESR 
electrode plate arrangements; 
0113 FIGS. 76A and 76B illustrate a medium ESR elec 
trode arrangement; 
0114 FIGS. 77A and 77B illustrate a very low ESR elec 
trode arrangement; 
0115 FIGS. 78A and 78B illustrate a composite low ESR 
and highly thermally-conductive electrode attachment; 
0116 FIG. 79 illustrates a family of lowpass filters indi 
cating the present invention can be anything from a simple 
diverter capacitor 140 to an “n” element lowpass filter; 
0117 FIG.80 illustrates that a bandstop filter can be com 
bined with any of the lowpass filters of FIG.79: 
0118 FIG. 81 illustrates that an L-C trap filter may also be 
added in combination with any of the circuits of FIG.79 or 80: 
0119 FIG. 82 illustrates a general lowpass filter, a band 
stop filter and an L-C trap; 
I0120 FIG. 83 illustrates a feedthrough diverter capacitor, 
a bandstop filter and an L-C trap. 
I0121 FIG. 84 illustrates a cardiac pacemaker with a 
diverter feedthrough capacitor and also a circuit board 
mounted chip capacitor filter which forms a composite filter 
and also spreads out heat generation; 
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0122 FIG. 85 is a fragmented perspective view of an EMI 
shield conduit mounted to a circuit board having multiple 
MLCC chip capacitors; 
0123 FIG. 86 is a cross-sectional view of an improved flex 
cable embodying the present invention; 
(0.124 FIG.87 is a sectional view taken along line 87-87 of 
FIG. 86; 
0.125 FIG. 88 is a sectional view taken along the line 
88-88 of FIG. 86, illustrating an alternative to the internal 
circuit traces described with respect to FIG. 87: 
0126 FIG.89 is a sectional view taken along line 89-89 of 
FIG. 86, illustrating one of a pair of coaxially surrounding 
shields disposed about the circuit trace; 
0127 FIG. 90 is a perspective view of the flex cable of 
FIG. 86 connected to a circuit board or substrate having a 
flat-through capacitor, 
0128 FIG.91 is the top view of the flat-through capacitor 
from FIG.90; 
0129 FIG. 92 illustrates the active electrode plates of the 
flat-through capacitor of FIGS. 90 and 91; and 
0130 FIG.93 illustrates the ground electrode plate set of 
the flat-through capacitor of FIGS. 90 and 91. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

0131 FIG. 1 illustrates various types of active implantable 
medical 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 exem 
plary implanted medical devices. Numerical designation 
100A is a family of implantable hearing devices which can 
include the group of cochlear implants, piezoelectric sound 
bridge transducers and the like. Numerical designation 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. Numerical designation 100C shows a cardiac pace 
maker which is well-known in the art. Numerical designation 
100D includes the family of left ventricular assist devices 
(LVAD’s), and artificial hearts, including the recently intro 
duced artificial heart known as the Abiocor. Numerical des 
ignation 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 exter 
nally implanted leadwires. 100F includes a variety of 
implantable bone growth stimulators for rapid healing of 
fractures. Numerical designation 1000 includes urinary 
incontinence devices. Numerical designation 100H includes 
the family of pain relief spinal cord stimulators and anti 
tremor stimulators. Numerical designation 100H also 
includes an entire family of other types of neurostimulators 
used to block pain. Numerical designation 100I 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 
chronization therapy devices, otherwise known as CRT 
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devices. Numerical designation 100J 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. 
(0132 Referring to U.S. 2003/0050557, Paragraphs 79 
through 82, the contents of which are incorporated herein, 
metallic structures, particularly leads, 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 present invention. A significant concern is that the distal 
electrodes, which are in contact with body tissue, can cause 
local tissue burns. 
0.133 As used herein, the lead means an implanted lead, 
including its conductors and electrodes that have 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 or circuit 
traces that are generally inside of the active implantable medi 
cal device (AIMD) and are not exposed directly to body 
fluids. 

I0134 FIG. 2 illustrates an AIMD patient 102 about to be 
conveyored into an MRI machine 104. Imaging processing 
equipment is shown as 106. 
I0135 FIG.3 is a side view showing the patient 102 within 
the MRI scanner bore 104. Intense RF field 108 is generated 
by the scanners birdcage coil. As can be seen, this RF field is 
impinging on both the implanted cardiac pacemaker 100C 
and its associated leads 110. 
(0.136 FIG. 4 is a top view of the patient 102 inside the MRI 
scanner bore 104. As can be seen, the pacemaker 100C is in a 
left pectoral pocket with the leads 110 routed transvenously 
down into the interior chambers of the heart. 
I0137 FIG. 5 is a line drawing of a human heart 112 with 
cardiac pacemaker 100C dual chamber bipolar leads shown in 
the right ventricle 114 and the right atrium 116 of a human 
heart 112. 
0.138 Referring once again to FIG. 5, as previously men 
tioned, it is very important that this lead system does not 
overheat during MRI procedures particularly at or near the 
distal tip 118a, 118b electrodes and ring electrodes 120a, 
120b. If either or both the distal tip 118a, 118b and ring 120a, 
120b electrode become overgrown by body tissue, excessive 
overheating 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 (where the lead has been permanently discon 
nected from the AIMD). Often times when the device such as 
a pacemaker 100C shown in FIG. 5 is changed out, for 
example, due to low battery life and a new pacemaker is 
installed, the physician may decide to install new leads at the 
same time. Leads are also abandoned for other reasons. Such 
as a dislodged or a high impedance threshold or high leakage 
current. 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 
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procedure which does involve risks to the patient. Fortu 
nately, there is usually 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 pectoral region, the physician may 
remove that pacemaker and choose to install the new pace 
maker in the left pectoral region using a different part of the 
venous system to gain lead access. In either case, the aban 
doned leads can be very problematic during an MRI proce 
dure. In general, prior art abandoned leads are capped with a 
silicone cap 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 118, 120 of abandoned leads are at high risk 
to 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 122 at or near the 
proximal lead end is an ideal place to eliminate excess energy 
induced by MRI in the leadwire system. The energy dissipat 
ing surface 122 may incorporate a high RF power diverter 
capacitor 140 of the present invention. Referring once again 
to FIG. 5, one can see that there is a distal tip electrode 118 
and a ring electrode 120 placed in the right ventricle 114 and 
a distal tip electrode 118 and distal ring electrode 120 placed 
in the right atrium 116. Those skilled in the art will realize that 
many different lead configurations are possible for the human 
heart and also other neurostimulator applications. 
0139 FIG. 6 is a general diagram of a unipolar active 
implantable medical device 100 and related lead system. The 
housing 124 of the active implantable medical device 100 is 
typically titanium, ceramic, stainless steel or the like. Inside 
of the device housing 124 are the AIMD electronic circuits. 
Usually AIMDs include a battery, but that is not always the 
case. A leadwire or lead 110 is routed from the AIMD 100 to 
a distal electrode) 18, 120 typically including or comprising 
an electrode embedded in, affixed to, or in contact with body 
tissue. In the case of a spinal cord stimulator 100H (FIG. 1), 
the distal electrode 118, 120 could be in the spinal cord. In the 
case of a deep brain stimulator 1008 (FIG. 1), the distal 
electrode 118, 120 would be placed deep into the brain, etc. In 
the case of a cardiac pacemaker 100C (FIG. 1), the distal 
electrode 118, 120 would typically be placed in or outside of 
a cardiac chamber. The unipolar electrical return path is 
between the distal electrode through body tissue to the con 
ductive housing 124 of the implantable unipolar medical 
device 100. 

0140 FIG. 7 is very similar to FIG. 6 except that it depicts 
a bipolar AIMD 100 and related lead system. In this case, a 
first lead conductor 110a is coupled to a first distal electrode 
118, and a second distal electrode 120 and associated lead 
conductor 110b provide an electric circuit return path 
between the two distal electrodes 118 and 120. In the case 
where the AIMD 100 is a cardiac pacemaker 100C, this would 
be known as a bipolar lead system with one of the electrodes 
known as the distal tip electrode 118 and the other electrode 
(which would float in the blood pool) known as the ring 
electrode 120. 

0141. In all of these applications, the patient could be 
exposed to the fields of an MRI scanner or other powerful 
emitter used during a medical diagnostic procedure, currents 
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that are directly induced in the leads 110a, 110b can cause 
heating by PIR (Ohm's law) losses in the leads or by heat 
ing caused by RF current flowing from the tip and ring elec 
trodes 118, 120 into body tissue. If these induced RF currents 
become excessive, the associated heating can cause damage 
or even destructive ablation to body tissue. These induced 
currents and Voltages in an implanted lead can also cause EMI 
problems to the AIMD. AIMD EMI can include oversensing, 
device re-set, mode-switching, pacing inhibition or inappro 
priate therapy delivery. 
0142. In FIG. 8, the AIMD 100 is a cardiac pacemaker 
100C wherein the distal tip electrode 118 is designed to be 
implanted against or into or affixed (screwed into) to the 
myocardial tissue of the heart 112. The ring electrode 120 is 
designed to float in the blood pool within a cardiac ventricle. 
0.143 FIG. 9 is a pectoral view of a prior art cardiac pace 
maker 100C showing dual chamber bipolar leads 110, 110' 
routed to distal tip electrodes 118a and 118b and distal ring 
electrode 120a and 120b. As can be seen, the leads 110, 110' 
are exposed to a powerful RF-pulsed field from an MRI 
machine. This induces electromagnetic energy on the leads 
which are coupled via ISO Standard IS-1 or DF-1 connectors 
126, 128 through header block 138 which connects the leads 
to electronic circuits 130 inside of the hermetically sealed 
pacemaker housing 124. A hermetic Seal assembly 132 is 
shown with a metal ferrule 134 which is generally laser 
welded into the titanium housing 124 of the cardiac pace 
maker 100C. Lead wires 136a through 136d penetrate the 
ferrule 134 of the hermetic seal in non-conductive relation. 
Glass seals or gold brazes are formed to perfect the hermetic 
seal which keeps body fluids from getting to the inside of the 
pacemaker housing 124. 
014.4 FIGS. 10-14 illustrate a prior art rectangular bipolar 
feedthrough capacitor (planar array) 140 mounted to the her 
metic terminal 132 of a cardiac pacemaker in accordance with 
U.S. Pat. No. 5,333,095 to Stevenson et al. the contents of 
which are incorporated herein. As illustrated in FIGS. 10-14, 
in a typical broadband or lowpass EMI filter construction, a 
ceramic feedthrough filter capacitor, 140 is used in a hermetic 
feedthrough assembly 132 to Suppress and decouple undes 
ired interference or noise transmission along one or more 
terminal pins 142, and may comprise a capacitor having two 
sets of electrode plates 144 and 146 embedded in spaced 
relation within an insulative dielectric substrate or base 148, 
formed typically as a ceramic monolithic structure. One set of 
the electrode plates 144 is electrically connected at an inner 
diameter cylindrical surface of the capacitor structure 140 to 
the conductive terminal pins 142 utilized to pass the desired 
electrical signal or signals (see FIG. 11). The other or second 
set of electrode plates 146 is coupled at an outer edge Surface 
of the capacitor 140 through metallization to a rectangular 
ferrule 134 of conductive material. In the prior art, without 
regard to high frequency capacitor ESR, the number and 
dielectric thickness spacing of the electrode plate sets 144, 
146 varies in accordance with the capacitance value and the 
Voltage rating of the capacitor 140. 
0145. In operation, the coaxial capacitor 140 permits pas 
sage of relatively low frequency electrical signals along the 
terminal pins 142, while shielding and decoupling/attenuat 
ing undesired interference signals of typically high frequency 
to the conductive housing 124. Feedthrough capacitors 140 of 
this general type are available in unipolar (one), bipolar (two), 
tripolar (three), quadpolar (four), pentapolar (five), hexpolar 
(6) and additional lead configurations. Feedthrough capaci 
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tors 140 (in both discoidal and rectangular configurations) of 
this general type are commonly employed in implantable 
cardiac pacemakers and defibrillators and the like, wherein 
the pacemaker housing is constructed from a biocompatible 
metal Such as titanium alloy, which is electrically and 
mechanically coupled to the hermetic terminal pin assembly 
which is in turn electrically coupled to the coaxial 
feedthrough filter capacitor. As a result, the filter capacitor 
and terminal pin assembly prevent entrance of interference 
signals to the interior of the pacemaker housing 124, wherein 
such interference signals could otherwise adversely affect the 
desired cardiac pacing or defibrillation function. 
0146 FIG. 11 illustrates the configuration of active elec 
trode plates 144 within the rectangular capacitor 140. 
0147 FIG. 12 illustrates the configuration of a set of 
ground electrode plates 146 within the rectangular capacitor 
140. 
0148 FIG. 13 shows a quadpolar feedthrough capacitor 
140 (which is identical to the capacitor of FIG. 10) mounted 
to the hermetic terminal 132. As one can see in FIG. 13, the 
conductive polyimide material 152 connects between the 
capacitor metallization 150 and the gold braze area 154. The 
gold braze 154 forms a metallurgical bond with the titanium 
and precludes any possibility of an unstable oxide forming. 
Gold is a noble metal that does not oxidize and remains very 
stable even at elevated temperatures. The novel construction 
methodology illustrated in FIG. 13 guarantees that the capaci 
tor ohmic losses will remain very small at all frequencies. By 
connecting the capacitor's electrode plates to a low resistivity 
Surface Such as gold, one is guaranteed that this connection 
will not substantially contribute to the capacitor's overall 
ESR. Keeping the ESR as low as possible is very important 
for diverting a high amount of RF current such as that induced 
in the lead system by MRI scanners. One is referred to U.S. 
Pat. No. 6,765,779 to Stevenson et al., for additional infor 
mation on electrically connecting to non-oxidized Surfaces, 
the contents of which are incorporated herein by reference. 
014.9 FIG. 14 is a cross-section of the capacitor shown in 
FIG. 13. One can see that the gold braze (or weld) areas 154a 
and 154b that form the hermetic seal between the alumina 
insulator 156 and the titanium ferrule 134 are desirably on the 
feedthrough capacitor side. This makes it easy to manufacture 
the gold bond pad area 158 for convenient attachment of the 
conductive thermal-setting material 152. In other words, by 
having the gold braze hermetic seals 154 on the same side as 
the gold bond pad area 158, these can be co-formed in one 
manufacturing operation in a gold braze vacuum furnace. 
Further, a unique insulative material 160 is disposed between 
the capacitor 140 and the underlying hermetic terminal 132. 
0150 FIG. 15 is a quad polar feedthrough capacitor 140 
mounted to a hermetic terminal 132 similar to that described 
in FIG. 13 except that in this case, the structure is round or 
discoidal. 
0151 FIG. 16 is a cross-sectional view taken generally 
from section 16-16 from FIG. 15. There are four feedthrough 
leadwires 142 which extend through the capacitor 140, which 
has a ground electrode plate set 146 and an active electrode 
plate set 144. 
0152 FIG.17 is a cross-sectional view taken from section 
17-17 from FIG. 16 and illustrates a prior art electrode plate 
set 144 in that there are very few electrodes. As shown there 
are only two active electrodes 144 and three ground elec 
trodes 146. This low electrode plate count results in a 
feedthrough diverter capacitor 140 that has a relatively high 
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ESR at high frequencies. In a recent experiment conducted by 
the inventors, a typical EIAX7R 400 picofarad feedthrough 
capacitor with only four electrode plates had an ESR at 1 
MHz of 16 Ohms. Re-design of the same geometry (size) 
capacitor with an EIA NPO dielectric resulted in a 400 pico 
farad capacitor with over 20 electrodes and an ESR of 
approximately 1 Ohm at 1 MHz (and around 300 milliohms at 
64 MHz). This sixteen to one reduction is a dramatic illustra 
tion of the importance of designing the AIMD MRI diverter 
capacitor 140 for low ESR. For example, for an X7R capaci 
tor the impedance would be the square root of the sum of the 
capacitor's reactance Squared plus the ESR squared. This 
results in a capacitor impedance Z which is equal to -6.22+ 
16 or approximately 17.2 Ohms. Assuming an MRI induced 
RF voltage at the AIMD input at 64 MHz of 10 Volts, the RF 
current diverted through the X7R capacitoris 10 Volts divided 
by 17 Ohms which is 0.59 Amps. The power dissipation due 
to the X7R capacitor's ESR (IR) is (0.59)(17)=5.88 Watts. 
This amount of power dissipation is very excessive for Such a 
Small component and will cause a temperature rise of over 20 
degrees C. On the other hand, the NPO capacitor's impedance 
is equal to -6.22+1 or Z=6.3 Ohms. This lower impedance 
will result in a much better filter (higher attenuation) and will 
drop the RF voltage from 16 Volts to approximately 3.71 
Volts. This voltage drop is caused by the lead's characteristic 
impedance and the fact that more current has been drawn 
through this impedance. This causes a Voltage drop in the 
lead’s characteristic impedance as measured at the input to 
the AIMD. The RF current through the NPO capacitor is then 
3.71 Volts divided by 6.3 Ohms which is 0.59-amps. The 
power dissipation (IR) is (0.59 Amps) (1 Ohm) which 
equals 0.35 Watts which will result in a much smaller tem 
perature rise. Accordingly, the low ESR diverter capacitor 
140 design of the present invention offers the following 
advantages: (1) it has a much lower impedance at 64 MHZ and 
is therefore a more effective EMI filter, and; (2) because it 
offers higher attenuation, it therefore acts to reduce the MRI 
induced RF voltage at the input to the AIMD; and (3) as will 
be shown in the present invention, the diverter capacitor 140 
can be designed to conduct or convect heat away and dissipate 
it over a larger Surface area. 
0153. The capacitor 140 is bonded with an insulating 
washer 162 to the hermetic terminal 132. An electrical attach 
ment 152 is made usingathermal-setting conductive adhesive 
between the feedthrough capacitor outside diameter metalli 
zation 164 and gold braze surface 158. The necessity to make 
an oxide free attachment between the feedthrough capacitor 
140 and the ferrule 134 is described in U.S. Pat. No. 6,765, 
779. An insulator 156 such as glass or alumina ceramic, is 
hermetically sealed to the ferrule 134 by means of gold braze 
154a. The four leadwires 142 are also hermetically sealed to 
the insulator 156 via gold braze rings 154b (there are four of 
these). The feedthrough capacitor active electrode plates 144 
are attached by co-firing to the capacitor feedthrough hole 
inside diameter metallization 166. Conductive electrical 
material 168 is used to attach the metallization 166 to each 
one of the leadwires 142. 

0154 As previously mentioned, FIG. 17 is a cross-sec 
tional view taken generally of section 17-17 from FIG. 16, 
illustrating the feedthrough capacitor active electrode plate 
set 144. 

0155 FIG. 18 is a cross-sectional view taken generally of 
section 18-18 from FIG. 16 and illustrates the ground elec 
trode plate set 146. 
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0156 Referring once again to FIG. 14, one can see that 
there are only two active electrode plates 144 and two ground 
electrode plates 146. A low electrode plate count is typically 
the case for prior art filtered feedthrough (diverter) capacitors 
140 used in AIMD applications such as cardiac pacemakers, 
ICDs and the like. Another reason that the capacitance value 
is generally low is that a high capacitance value would load 
down the output of the AIMD. For example, too high of a 
capacitance value would distort pacemaker therapeutic 
pulses and also rob energy from the system. An even more 
extreme example would be the case of an implantable cardio 
verter defibrillator, wherein too high of a filter capacitance 
value would seriously degrade the high Voltage monophasic 
or biphasic shock wave form. In the experience of the inven 
tors, the capacitance value for AIMD diverter capacitor 140 is 
in a relatively narrow range from 10 to 20,000 picofarads. In 
most cases, the capacitance value is between 350 and 10,000 
picofarads. Having a capacitance value between 350 and 
10,000 picofarads effectively attenuates most emitters from 
which AIMDs can be affected. This includes microwave 
ovens, cellular telephones and the like, which typically oper 
ate in the GHz frequency range. The thickness 170 of the 
capacitor however, cannot be below a certain minimum or the 
barium titanate based ceramic capacitor will become too frag 
ille. The entire hermetic terminal 132 and the feedthrough 
capacitor 140 must be able to withstand thermal cycles and 
shocks including installation by laser welding into the AIMD 
housing 124. Accordingly, it is very unusual to see a diverter 
capacitor 140 thickness 170 of less than 20/1000 of an inch. 
Correspondingly, when one looks at a typical prior art 
feedthrough capacitor 140 for human implant in cross-sec 
tion, one sees that there are very few electrodes 144, 146 
relative to its overall thickness 170. In fact, there are usually 
a number of blank dielectric (no electrodes) cover sheets 172 
added on the top and/or bottom of the capacitor 140 consist 
ing of ceramic material which is co-fired to add mechanical 
strength. However, there is a serious downside to having very 
few electrode plates 144, 146, and that is that the high fre 
quency equivalent series resistance (ESR) of the capacitor 
increases. For prior art AIMD filter or diverter capacitor 140 
having significant dielectric and/or ohmic resistance at high 
frequencies simply does not matter. This is because the power 
induced from a typical emitter, such as a cellular telephone or 
microwave oven results in a trivial amount of RF current 
flowing through diverter capacitor 140. Even in the most 
extreme examples, only a few milliwatts of heat would be 
generated within the capacitor structure itself. However, for 
high power RF current handling applications, such as divert 
ing MRI induced RF energy, the capacitor dielectric loss and 
high frequency ESR become critical and must be kept as low 
as possible. Accordingly, it is a feature of the present inven 
tion to have a relatively high number of electrode plates 144, 
146 (generally greater than 10). However, with a high k 
barium titanate based ceramic dielectric with a dielectric 
constant of around 2500, a high number of electrode plates 
would result in a very high (too high) capacitance value. A 
way to solve this is to use a relatively low dielectric constant 
material, such as EIA Standard NPO material. NPO material 
has a much lower k (generally, in the area of 60 to 90). 
Accordingly, in order to achieve the desired capacitance value 
(in the range of 300 to 3000 picofarads), a much greater 
number of electrode plates is required. The higher number of 
electrode plates creates more parallel paths for RF current 
flow and greatly reduces the ESR of the feedthrough capaci 
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tor. One is referred to the equation illustrated in FIG. 29 to 
explain the relationship between capacitance and the number 
of electrode plates and other factors. 
(O157 FIG. 19 is an exploded view of the interior elec 
trodes of the prior art quadpolar feedthrough capacitor 140 of 
FIGS. 15-18. The active electrode plate sets are shown as 144 
and the ground electrode plates are shown as 146. One or 
more cover layers 172 are put on the top and bottom for added 
electrical installation and mechanical strength. As previously 
described, this results in a relatively low number of active 
electrode plates 144 and ground electrode plates 146 which 
results in a relatively high ESR. 
0158 FIG. 20 is a schematic diagram of the quad polar 
feedthrough capacitor 140 of FIGS. 13 and 15. Feedthrough 
capacitors are three-terminal devices labeled in FIG. 20 as 
141a, 141b, and 141C. 
0159 FIG. 21 is a prior art multilayered ceramic capacitor 
(MLCC) 140'. These are made by the hundreds of millions per 
day to service consumer electronics and other markets. Vir 
tually all computers, cellphones and other types of electronic 
devices have many of these. One can see that the MLCC 140 
has a body generally consisting of a high dielectric constant 
ceramic 148' Such as barium titanate. It also has a pair of 
solderable termination surfaces 164a, 164b at either end. 
These solderable termination surfaces 164a, 164b provide a 
convenient way to make a connection to the internal electrode 
plates 144, 146 of the MLCC capacitor 140". FIG. 21 can also 
take the shape and characteristics of a number of other types 
of capacitor technologies, including rectangular, cylindrical, 
round, tantalum, aluminum electrolytic, stacked film or any 
other type of capacitor technology. 
(0160 FIG.22 is a sectional view taken from section 22-22 
in FIG. 21. The MLCC 140' includes a left hand electrode 
plate set 144 and a right hand electrode plate set 146. One can 
see that the left hand electrode plate set 146 is electrically 
connected to the external metallization surface 164a. The 
opposite, right hand electrode plate set 146 is shown con 
nected to the external metallization surface 164b. Prior art 
MLCC 140' and equivalent chip capacitors are also known as 
two-terminal capacitors. That is, there are only two ways 
electrical energy can connect to the body of the capacitor. In 
FIGS. 21 and 22, the first terminal 174 is on the left side and 
the second terminal 176 is on the right side. As defined herein, 
MLCC capacitors are two-terminal devices. In contrast, 
feedthrough capacitors are three-terminal devices which have 
very low self inductance and make excellent high frequency 
EMI filters. 
0.161 FIG. 23 is the schematic diagram of the MLCC chip 
capacitor 140' illustrated in FIGS. 21 and 22. 
0162 FIG. 24 illustrates another type of prior art 3-termi 
nal filter capacitor known as a flat-through capacitor 140". It 
is connected at each end to a circuit trace 178a, 178b. A circuit 
current 180 passes all the way through the capacitor 140". The 
capacitor 140" is also connected to ground circuit paths 182a, 
182b. The overlap of the active electrodes and the ground 
electrodes creates the capacitance. 
(0163 FIG.25 illustrates the internal electrode plates of the 
flat-through capacitor 140" of FIG. 24. A set of ground plates 
is illustrated as 146. The through electrode plate 144 is con 
nected to capacitor termination Surfaces 164a, 164b. 
0164 FIG. 26 illustrates a method of attaching MLCC 
chip capacitors 140' directly to the hermetic terminal 132. In 
accordance with the present invention, the MLCC capacitors 
140' would be of relatively low dielectric constant, like NPO 
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such that they will have a high number of electrode plates 
thereby minimizing their ESR. This would make them very 
effective in diverting high levels of RF current at an MRI RF 
pulsed frequency. One is referred to U.S. Pat. Nos. 5,896.267 
and 5,650,759, both to Hittman et al., which more thoroughly 
describe the use of MLCC capacitors as filters attached at or 
near the hermetic terminal of an active implantable medical 
device. These two patents are incorporated herein by refer 
CCC. 

0.165 FIG.27 is a cross-section of a typical MLCC capaci 
tor 140', such as those used in FIGS.21 and 26 (except that the 
ESR would be high due to the low number of electrodes). The 
principles of this cross-section are also equally applicable to 
any type offeedthrough capacitor 140, such as that described 
in FIGS. 13 and 15. In general, the equivalent series resistance 
of a capacitor depends upon a number of very important 
variables. The capacitor's ESR is the sum of the connection 
resistance (R) 184, the resistance of attachment materials 
(R) 186, the resistance of capacitor metallization (used to 
attach to internal electrode plates) (R) 188, the resistance of 
the electrodes (R) 190 and 190" and also the resistance of the 
dielectric loss tangent (R) 192. There is also another type of 
resistance (not shown) which occurs at very high frequency, 
known as skin effect (R). This is a situation in which the bulk 
of the current flow is on the skin of electrodes and circuit 
connections instead of uniformly distributed throughout a 
conductor. This has the affect also of increasing a capacitor's 
ESR. In general, for typical MRI RF pulsed frequencies, skin 
effect can be ignored (it's mostly a greater than 500 MHz 
phenomenon). 
(0166 FIG. 28 is the schematic diagram from FIG. 27 
showing that for these purposes, the capacitor's ESR is the 
Sum of the connection resistance (R) 184, the connection 
material (R) 186, the metallization (R) 188, the electrode 
plate resistance (R) 190 and the capacitor's dielectric loss 
(R) 192. The capacitor's dielectric loss (R) 192 is fre 
quency variable, which will be explained in further detail. For 
a well designed and properly installed capacitor, many of 
these resistances are so Small that they can be ignored. For 
example, referring once again to FIG. 27, if the capacitor 
metallization (R) 188 is well designed and properly 
attached, it will have a trivially small resistance. In a similar 
fashion, if the electrical attachment material (R) 186 is a 
solder or a properthermal-setting conductive adhesive, it will 
also have a trivial amount of resistance. If the system is 
attached to gold or another similar non-oxidized surface, then 
the connection resistance (R) 184 would also be trivially 
Small or about Zero. Referring once again to FIG. 28, one can 
see that the total ohmic losses are R, 200, and in this case, R. 
consists almost entirely of the total electrode plate resistance 
(R) 190. This is why it is so important in the present 
invention to maximize the number of electrode plates. At high 
frequency, the ohmic loss of the low dielectric constant 
capacitor is almost entirely due to the resistive loss of the 
active and ground electrode plates (R., 190). 
0167 FIG. 29 gives the equation relating capacitance to 
the dielectric constant k, the active (overlap area) of the elec 
trode plates A, the number of electrode plates n and the 
dielectric thickness d. Since the dielectric constant k is 
directly related to the capacitance C, one can see how dra 
matically the capacitance would rise when the dielectric con 
stant k is 2500 as opposed to a k below 200 for an EIA Class 
I dielectric of the present invention. Assuming a constant 
dielectric thickness d for a particular Voltage rating, the only 

Oct. 11, 2012 

way to increase the capacitance to its original value, one 
would need to greatly increase the number of electrode plates. 
In the prior art, this would be counterintuitive. However, in 
the present invention, this is exactly what we want to do. A 
high number of electrode plates drives down the high fre 
quency ohmic losses and thereby greatly increases the effi 
ciency of the capacitor to pull RF energy out of an implanted 
lead during MRI scans. In addition, the high number of elec 
trode plates has a very low equivalent series resistance at the 
MRI RF-pulsed frequency, thereby significantly reducing the 
amount of heat that would be produced in the filter diverter 
capacitor 140. 
0168 FIG. 30 illustrates an ideal capacitor 194 and also a 
non-ideal capacitor 196 which consists of an ideal capacitor 
194 in series with its ESR 198. For the purposes of the present 
discussion, a capacitor's series inductance or insulation resis 
tance (a parallel resistance) can both be ignored. This is 
because the inductance offeedthrough capacitors is quite low 
at MRI RF-pulsed frequencies. Further, the capacitor's insu 
lation resistance is generally in the megohms or gigohms 
range, which is so high, it can also be ignored as a parallel 
path. Also shown is a graph of the impedance plane showing 
the capacitor ESR in the real axis and the capacitive reactance 
-X shown on the imaginary axis. The capacitor's loss tan 
gent Ö is also illustrated. 
0169. In FIG. 31, equations are given for capacitive reac 
tance X, and dissipation factor DF and also for the tangent of 
8, which is also defined as dissipation factor DF. Historically, 
dissipation factor has been expressed as a percent, such as 
2.5% maximum. This would mean that the allowable dissi 
pation factor would be 2.5% of the capacitor's capacitance 
reactance at a particular frequency. Usually, due to dielectric 
losses, this number is dominated at low frequencies by the 
capacitor's dielectric loss. The capacitor's dielectric loss is 
generally related to its dielectric constant and the frequency 
of the driving energy. For example, if the frequency of an 
applied sinusoid is relatively low (say 60 Hz) then the crystal 
lattice of the capacitor has plenty of time to deflect back and 
forth under the electrical stress and in so doing, produces a 
significant amount of heat which is a type of real or resistive 
loss. At 1 kHz, the capacitor dielectric structure (or dipoles, if 
one uses that theory) vibrates at a higher frequency. As one 
goes higher and higher in frequency, say to 10 MHz, then for 
the Class I dielectrics of the present invention, there would be 
very little movement in the crystal lattice and accordingly, 
very little heat generated due to dielectric loss. It will be 
further illustrated how dielectric loss varies with frequency. 
In the past, particularly as described by testing specifications 
such as MIL-Std-202, dissipation factor is measured either at 
1 kHz, or in some cases, at 1 MHz. Unfortunately, this data is 
misleading at MRI RF-pulsed frequencies which generally 
are 21.28 MHz (0.5 T), 64 MHz (1.5 T) or higher. For most 
dielectrics, the high frequency ohmic loss, due to the capaci 
tor's electrode plates, is so low that it is masked by the capaci 
tor's dielectric loss when measured at low frequencies such as 
1 kHz or 1 MHz. This will be explained in subsequent Fig 
U.S. 

0170 FIG. 32 is a more complete schematic for a capaci 
tor, which has been simplified from FIG. 28. (R) represents 
ohmic loss 200 which is the sum of the connection loss (R) 
184, the attachment materials (R) 186, the metallization 
(R) 188, and the electrode plate resistance (R) 190. Assum 
ing that the connection resistance (R) 184 is very low, such as 
in attachment to gold, and that the attachment material (R) 
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186 has a very low resistivity, such as a thermal-setting con 
ductive adhesive or a solder, and assuming that the capacitor 
metallization 188 materials have very little ohmic resistance 
to the electrode plates, then one can assume that the bulk of 
the entire ohmic loss (R) 200 is equal to the resistance of the 
electrode stack (R., 190. As previously described, the 
resistance of the electrode stack depends on the length, the 
width and the thickness of the electrodes and importantly, 
also the number of electrodes that are in parallel. Therefore, 
reducing the dielectric loss and maximizing the number of 
electrodes, are key featured embodiments of the present 
invention. 
0171 FIG. 33 is a simplified schematic diagram of the 
present invention from FIG. 32 showing that the ESR 198 is 
the sum of the dielectric loss (R) 192 plus the total parallel 
resistance of the electrode stack (R) 190. Referring once 
again to FIG. 32, one can see that there is a resistor (R) 202 
in parallel with the ideal capacitor C 194. This resistance 
(R) 202 is known as the capacitor's insulation resistance. In 
a high quality capacitor, this resistance value tends to be in the 
hundreds of megohms or higher and can therefore be ignored 
as part of the equivalent circuit model for the purposes herein. 
For three-terminal or physically small MLCCs, the equivalent 
series inductance (ESL) 204 as shown in FIG. 32 is a very 
Small value and can also be ignored for the purposed herein. 
In addition, ESL 204 is imaginary and does not contribute to 
power loss or ESR 198 in a capacitor. 
(0172 Accordingly, as shown in FIG. 33, the AIMD 
diverter capacitor 140' ESR 198 is the sum of the dielectric 
loss (R) 192, the ohmic losses (R) 200 and any losses due 
to skin effect (Rs.) 206. However, at MRI RF frequencies, skin 
effect is negligible and may be ignored. Referring once again 
to FIG. 33, assuming that the capacitor has good metalliza 
tion, oxide free connection to the ferrule and good electrical 
attachment materials, then the ohmic losses (R) 200 are 
completely dominated by the resistance of the electrodes 
(R) 190. Accordingly, for the purposes of the present 
invention, the ESR198 is generally equal to the dielectric loss 
192 plus the electrode losses (R) 190. Both of these param 
eters must be carefully controlled for the high power RF 
diverter capacitor 140" of the present invention. 
0173 It has been shown that dielectric loss is a frequency 
variable. At MRI RF pulsed frequencies, for an EIA Class I 
ceramic capacitor, the dielectric loss drops to a very low value 
(it is essentially zero). Therefore, in the present invention, 
which is based on EIA Class I dielectrics, the diverter capaci 
tor's 140' ESR 198 is primarily determined by the total resis 
tance of its electrode plates (R) 190. 
0174 FIG. 34 illustrates the dielectric loss in ohms for a 
relatively low dielectric constant ceramic capacitor. One can 
see, at low frequencies, the dielectric loss in ohms can be over 
1000 ohms or even much greater. However, as one increases 
in frequency, one can see that the dielectric loss drops and is 
nearly zero at 64 MHz (1.5 T MRI scanner RF-pulsed fre 
quency). 
(0175 FIG.35 shows a U-shaped composite curve. It is the 
Summation of capacitor ohmic loss which includes the total 
resistance of capacitor electrodes, electrical attachment mate 
rials, capacitor metallization, and electrical connection mate 
rial. As one can see, ignoring skin effect, the conductor ohmic 
loss for the capacitor is relatively constant from low fre 
quency all the way to very high frequencies. For a Class I 
dielectric, the capacitor dielectric loss (marked with small 
squares) is a very high value at low frequency, and then drops 
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to near Zero at MRI RF frequencies such as 64 MHZ and 128 
MHz. Skin effect is also shown, which would be an ohmic 
loss for two-terminal type capacitors. The total ESR is the 
solid line, which is the summation of the capacitor dielectric 
loss, the capacitor conductor ohmic loss and skin effect. The 
present invention is directed to make sure the center of this 
U-shaped curve falls on the range of MRI RF-pulsed frequen 
C1GS. 

0176 FIG. 36 is a table showing an example of losses 
(actually measured) for a prior art 2000 picofarad X7R 
feedthrough capacitor. This particular capacitor had a dielec 
tric constant of about 2500. One can see that at 1 kHz, the 
dissipation factor is about 1591.55 ohms, which when added 
to the ohmic losses, results in an equivalent series resistance 
of about 1591.98 ohms. Even at 1 MHz for this capacitor, 
there is about 1.59 ohms of dissipation factor loss, which 
when added to the about 0.432 ohms of ohmic loss, yields an 
ESR of about 2.024 ohms. As one can see, again referring to 
MIL-Standard-220 and many other test specifications, mea 
Suring the capacitor's real losses, at 1 kHz and 1 MHz, is not 
a useful way to analyze the capacitor's losses at MRI RF 
pulsed frequencies. For this, one needs to look in the range 
from 10 to 500 MHz and realize that as the dissipation factor 
drops, the ohmic losses still dominate and one ends up with a 
significant ESR ranging from about 0.591 to about 0.434 
ohms. 

(0177 FIG. 37 dramatically illustrates the difference when 
one uses an EIA Class I dielectric, such as COG (NPO). 
which has a dielectric constant of less than about 200. 
Because of this low dielectric constant, one is forced to use a 
very high number of electrode plates. This has the effect of 
greatly reducing the capacitor's ohmic losses. In addition, 
Class I dielectrics have a lower dissipation factor, particularly 
at high frequency. Comparing 100 MHz, one can see for the 
COG dielectric, the ESR is about 0.201 ohms at 100 MHz, 
which is a significant reduction compared to the X7R capaci 
tor. In the preferred embodiment (illustrated in FIGS. 39-93), 
the ESR would drop to below 0.1 ohms, which would result in 
a significantly reduced heat generation in the present inven 
tion diverter capacitor 210. 
(0178 FIG.38 is a scan of the capacitor's ESR taken from 
an Agilent Materials Analyzer. At the start frequency of 1 
MHz, one can see that the capacitor's 210 ESR is on the order 
of 6 ohms, which is very high. However, by using a EIA Class 
I dielectric, by the time one reaches about 21.28 MHz (the 
frequency of a 0.5 T MRI scanner), the dielectric loss has 
flattened out (reached about Zero). The only loss left is the 
ohmic loss of the capacitor, which at 100 MHz is only 200 
milliohms. Also shown are the RF-pulsed frequencies for a 
1.5 Tesla scanner (64 MHz) and a 3 Tesla scanner (128 MHz). 
0179 Since the 1960s it has been a common practice in the 
capacitor industry to measure capacitance and dissipation 
factor at 1 kHz. The dissipation factor is usually defined as a 
percentage, for example, 2.5% maximum. What this means is 
that the dielectric loss resistance can be no more than 2.5% of 
the capacitive reactance at a certain frequency (usually 1 
kHz). For example, if the capacitive reactance for a particular 
capacitor was 80,000 ohms at 1 kHz with a 2% dissipation 
factor this would equate to 1600 ohms of resistance at 1 kHz. 
FIG.38 also illustrates that the dielectric loss essentially goes 
to about Zero at high frequency. For typical low dielectric 
constant Class 1 ceramic capacitors, frequencies above 10-20 
MHz will be sufficiently high so that the dielectric loss is no 
longer a factor in the capacitor ESR measurement. In Sum 
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mary, the ESR of the capacitor 210 varies with the capaci 
tance value, the number of electrode plates, and the length and 
width of the electrode plates. Accordingly, a wide range of 
“normal ESR readings can be obtained for many types of 
capacitors. For one particular capacitor a normal ESR reading 
might be 0.05 ohms and for another design as much as 10 
ohms. 

0180. In the present invention, as shown in the embodi 
ment of FIG. 39, maximization of the number of electrode 
plates in order to reduce the electrode resistance (R) 
becomes paramount. In general, in order to increase the num 
ber of electrode plates, the effective capacitance area (ECA) 
can be minimized and the dielectric constant lowered so that 
one ends up with a relatively high number of electrode plates. 
One might ask, why doesn't one simply make the electrode 
plates much thicker in order to decrease their resistance? It 
would be true that making the electrode plates very thick 
would reduce their resistance; however, there would be an 
undesirable consequence. The capacitor would no longer be a 
monolithic layer and would simply represent a sandwich 
Somewhat like a deck of cards that is ready to come apart at 
the first thermal shock or piezoelectric effect. It is a basic tenet 
of ceramic engineering that electrodes be thin enough, and 
contain enough ceramic powder Such that when sintered, the 
ceramic capacitor structure become truly monolithic. This 
leaves the designer with only a few effective ways to control 
the capacitor's ESR. For a given geometry, which is usually 
dictated by the AIMD design, there are very few degrees of 
freedom in the length, width and geometry of capacitor elec 
trode plates. Accordingly, in the present invention, maximiz 
ing the number of electrode plates becomes a key design 
factor. This goes hand in hand with the capacitor's dielectric 
constant k. In other words, reducing the dielectric constant 
means that the number of capacitor electrode plates must 
increase to achieve the same capacitance value. This naturally 
reduces the capacitor's ESR and increases its ability to handle 
high levels of RF current. Another reason to keep the ESR 198 
of the diverter capacitor's 210 extremely low is so it does not 
overheat while diverting high levels of RF current to the EDS 
housing 124 of the AIMD 100. The RF currents are literally 
conducted through the capacitor's 210 electrode plates 212, 
214 and hence through the electrode plate resistance (R) 190. 
Electrode plate resistance (R) 190 is the sum total of the 
resistance of all of the electrode plates 212, 214 acting in 
parallel. If the electrode plate resistance (R) 190 were high, 
then there would be a tremendous amount of IR power loss 
that occurs and the capacitor 210 would rapidly get very hot 
and perhaps destroy itself and/or the Surrounding electrical 
connections or materials. Another reason to keep the capaci 
tor 210 ESR 198 relatively low is so that it represents a very 
low impedance Z at the MRI RF pulsed frequency. This will 
increase its ability to draw energy from the implanted lead 
110 and divert it as an energy dissipating surface to the AIMD 
housing 124. If the capacitor represented too high of an 
impedance, this would reduce the current, but would also 
mean that more energy was undesirably left in the implanted 
lead 110. Lowering the impedance Z of the diverter capacitor 
210 also means that it will be a better EMI filter by offering 
increased attenuation at the MRI RF pulsed frequency. 
0181 FIG. 39 illustrates a cross-section of a multilayer 
ceramic capacitor MLCC 210 of the present invention which 
is very similar to the prior art MLCC 140' illustrated in FIG. 
21. FIG. 39 can also be equivalent to any of the aforemen 
tioned feedthrough capacitors. In the present invention, 
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feedthrough capacitors or MLCCs can act as high power RF 
energy diverters. Energy diverters using an energy dissipation 
surface 134, 124 are more thoroughly described in Published 
Application Nos. 2010/0217262 and 2010/0023000, the con 
tents of which are incorporated herein by reference. The key 
difference is that the number of electrode plates, both active 
212 and ground 214, has been Substantially increased in order 
to reduce the capacitor's 210 ESR198 to below 2 ohms. In a 
particularly preferred embodiment, the capacitor's ESR 198 
would be below 1 ohm. As previously mentioned, a way to 
accomplish this without the capacitance value becoming too 
high would be to decrease the dielectric constant such that a 
high number of electrode plates would be required. In a par 
ticularly preferred embodiment, the dielectric material would 
bean EIA Standard Class I type such as NPO. Referring once 
again to FIG. 39, one can see the active (left hand) electrode 
plates 212 and the ground electrode plates (right hand) e 214 
stacked in interleaved relation. An electrical attachment 
material 152 is shown which connects the capacitor metalli 
zation 164, 188 to the ferrule of a hermetic terminal 134. In 
general, the electrical connection material 152 would be 
highly electrical conductive, but not necessarily highly ther 
mally-conductive. In a preferred embodiment, a highly ther 
mal-conductive overlay material 216 has been added in order 
to efficiently conduct heat from the capacitor electrode plates 
212, 214 and terminations 164a, 164b to the ferrule 134 
and/or lead 142. As an example, this MLCC capacitor type 
construction can be mounted to a hermetic terminal 134 as 
shown in FIG. 26. In summary, the capacitor 210 embodied in 
FIG. 39 is based on an EIA Class I dielectric, which means its 
dielectric constant is relatively low and its temperature coef 
ficient, as given by standard ANSI/EIA-198-1, published Oct. 
29, 2002, with reference to Table 2 permissible capacitance 
change from 25 degrees C. (ppm/degree C.) for Class I 
ceramic dielectrics. This indicates that the maximum allow 
able change varies from +400 to -7112 parts per million per 
degrees centigrade. As previously mentioned, a particularly 
preferred embodiment would be the COG dielectric, which is 
also commonly referred to as NPO. The thermally-conduc 
tive overlay material 216, shown in FIG. 39, is preferred, but 
optional. 
0182 FIG. 40 is an equation showing the effect of the 
parallel plate resistances. FIG. 40 gives the equation for the 
total resistance of the capacitor's electrode plates (R) 190 as 
the parallel summation of all of the capacitors’ electrode 
plates 212, 214 (“n” electrode plates). 
0183 FIG. 41 is very similar to the cross-section of the 
quad polar capacitor previously described in FIG. 15. Again, 
the number of electrode plates 212, 214 have been increased 
in accordance with the present invention such that the FIG. 41 
quad polar diverter capacitor 210' has a high frequency ESR 
198 generally less than 2 ohms. Referring once again to FIG. 
41, one can see that the capacitor outside diameter (ground) 
metallization 164 is attached using a conductive material 152 
to a gold surface 158 on ferrule 134. All of these connections, 
when properly done, have negligible resistance. Accordingly, 
the capacitor's 210' ESR 198, at high frequency, is made up of 
the total of the resistance (R) 190 of the ground electrode 
plates 214 and the resistance (R') 190" of the active electrode 
plates 212 all acting in parallel. As previously stated, for Class 
I dielectrics, the capacitor's dielectric loss 192 can be ignored 
at MRI RF pulsed frequencies since it becomes negligible at 
RF-pulsed frequencies. Also, for a feedthrough capacitor 
geometry, skin effect 206 is also negligible. Referring once 
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again to FIG. 13, one can see a similar rectangular quadpolar 
capacitor that is attached to a gold braze surface 158. 
018.4 FIG. 42 is taken from section 42-42 from FIG. 41 
and illustrates a doubling of the capacitor's active 212 and 
ground 214 electrode plates. Doubling the electrode plates 
212, 214 is very effective since both plates are still exposed to 
the capacitor's internal electric fields and therefore, both sets 
of doubled plates will have electrode plate displacement cur 
rents (RF currents). This has the effect of greatly increasing 
the number of electrode plates as illustrated in the equation in 
FIG. 40, which significantly reduces the overall electrode 
plate resistance. Dual electrodes are shown in U.S. Pat. No. 
5,978,204 to Stevenson elal., the contents of which are incor 
porated herein by reference. In the 204 patent, the dual 
electrodes were utilized to facilitate high pulse currents, for 
example, in an implantable defibrillator application. Double 
electrodes are very useful in the present invention to drive 
down electrode plate resistance, thereby driving down the 
capacitor's 210' high frequency ESR198 and also to increase 
the conduction of heat 218 out of the capacitor 210" during 
exposure to high power MRI RF-pulsed environments. 
0185 FIG. 43 is very similar to FIG. 42 except in this case, 
only the ground electrode plates 214 have been doubled. 
Increasing the number of ground plates 214 is particularly 
efficient in the removal of heat. As shown, the ground plates 
214 are utilized to conduct heat away from the diverter 
capacitor 210' and direct it through the ferrule of the hermetic 
seal 134 to the housing 124 of the AIMD 100, which has a 
relatively large Surface area. The relatively large Surface area 
of the AIMD 100 means that a great deal of RF or thermal 
energy can be dissipated without concentrating it in a small 
location, which would lead to a very high temperature rise and 
possibly damage Surrounding body tissue damage. 
0186 FIG.44 is very similar to FIG. 43 except in this case, 
three ground electrode plates 214 are shown. In this case, the 
third electrode plate 214c (the one sandwiched between the 
upper 214a and lower 214b) would not conduct electrode 
displacement currents since it's shielded and exposed to the 
electric fields of the capacitor. However, in some embodi 
ments, this could be a useful structure to conduct additional 
heat 218 away from the capacitor's internal structure. It will 
be obvious to those skilled in the art that any number of 
ground electrode plates, including 'n' electrode plates could 
be used. 

0187 FIG.45 is a sectional view taken from section 45-45 
from FIG. 41. It shows an enlarged cross-section of the ther 
mal-setting conductive adhesive attachment material 152 that 
connects the capacitor external metallization 164 to the gold 
braze surface 158 and the ferrule 134. In this case, the con 
ductive adhesive 152 filler material consists of round conduc 
tive spheroids 152a. Also in this case, the spheroids 152a are 
all relatively the same size. This is typical of some silver-filled 
conductive epoxies. However, this is a very inefficient 
arrangement for thermal-conductivity. The spheroid conduc 
torparticles 152a make contact at their tangent points only. In 
this regard, FIG. 45 is not a particularly preferred embodi 
ment. 

0188 FIG. 46 is very similar to FIG.45 and is taken from 
section 46-46 of FIG. 41 and shows that, in this case, the 
conductive particles 152b loaded in the thermal-setting con 
ductive adhesive 152 are of various diameters. This tends to 
pack the structure much more tightly (more contact points) in 
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terms of thermal-conductivity and it's considered an 
improved embodiment in accordance with the present inven 
tion. 
(0189 FIG. 47 is taken from section 48-48 again of FIG. 41 
and shows that silver flake or similar flake materials 152c are 
used instead of spheres. These tightly packed flakes 152c are 
a particularly preferred embodiment in that they have very 
low impedance and very high thermal-conductivity. 
0190. Another particularly preferred embodiment is 
shown in FIG. 48 which is taken from section 48-48 of FIG. 
41, which illustrates that the conductive fillers 152d can be 
rods, tubes, whiskers, fibers, nano particles, or other similar 
materials, alone or in combination, that aid efficient thermal 
transfer. The preferred embodiment leverages the filler con 
tent with the filler shape and/or type to achieve effective 
multiple point-to-point contact and/or anisotropic disper 
sions that facilitate the thermal conductivity. 
(0191 FIG. 49 illustrates that any mixture of spheres 152b 
as shown in FIG. 46, flakes 152c as shown in FIG. 47, rods or 
tubes 152d as shown in FIG. 48, can all be combined together 
152e as shown in FIG. 49. These combinations can be opti 
mized to elicit specific thermal conductivity rates, character 
istics, and performance parameters. 
(0192. As illustrated in FIGS. 46 through 49, these attach 
ment materials 152 are both highly electrically conductive 
and are also highly thermally-conductive. It is a principle of 
the present invention that, in a preferred embodiment, the 
electrical attachment material 152 also has athermal-conduc 
tivity at 37° C. that is less than 45 watts per millikelvin. 
Ceramic filler materials can also be used to aid in thermal 
conductivity. However, the problem with this is that adding 
non-conductive fillers generally decreases the electrical con 
ductivity. Referring back to FIG. 39, the highly thermally 
conductive overlay material 216 could be filled with highly 
thermally-conductive Substances, such as ceramics, includ 
ing alumina nitride (AIN), beryllium oxide (BeO) and the 
like. All of these materials at 37°C. have thermal conductivi 
ties greater than 40 watts per millikelvin. For example, beryl 
lium oxide has over 200 watts per millikelvin of thermal 
conductivity at body temperature. 
(0193 FIG. 50 is very similar to the cross-section of the 
quadpolar capacitor previously described in FIGS. 15 and 41. 
Again, the number of electrode plates 212 and 214 have been 
increased in accordance with the present invention Such that 
the FIG.50 quadpolar diverter capacitor 210' has an ESR 198 
generally less than 2 ohms. Referring once again to FIG.50, 
one can see that the capacitor metallization 164 is attached 
using a conductive material 152 to a gold surface 158. All of 
these connections, when properly done, have negligible resis 
tance. Accordingly, the capacitor's ESR 198, at high fre 
quency, is made up of the resistance of the ground electrode 
plates 214 and active electrode plates 212 all acting in paral 
lel. Referring once again to FIG.50, one can see that a number 
of additional ground electrode plates 214" have been added at 
the bottom of the capacitor 210' near the interface with the 
capacitor 210' and the hermetic seal ferrule 134. These addi 
tional ground electrode plates 214' are not intended to affect 
the capacitance of the diverter capacitor 210'. These addi 
tional ground electrode plates 214' greatly assist in the overall 
thermal-conductivity of the diverter capacitor 210" thereby 
diverting heat 218 from the interior of the capacitor 210 
through the electrical attachment material 152 (and any 
supplemental thermally-conductive overlay 216, not shown 
in this drawing) to the ferrule and in turn to the housing 124 of 
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the AIMD 100. The addition of these added ground plates 
214 is a novel feature of the present invention, which greatly 
increases the thermal-conductivity of the filtered diverter 
capacitor 210'. As previously stated, for EIA Class I dielec 
trics, the capacitor's dielectric loss 192 is negligible at MRI 
RF pulsed frequencies. 
(0194 FIG. 51 is very similar to FIG.50 except that addi 
tional ground electrode plates 214" have been added to both 
the top and the bottom of the capacitor 210' to assist with 
conductive heat flow 218. 
0.195 FIG. 52 is also very similar to the cross-section of 
the quad polar capacitor previously described in FIGS. 50 and 
51. Again, the number of electrode plates 212, 214 have been 
increased in accordance with the present invention Such that 
the FIG.52 quadpolar diverter capacitor 210' has an ESR 198 
generally less than 2 ohms. Referring once again to FIG. 52. 
one can see that a thermally-conductive overlay 216 has been 
added over the top of the feedthrough diverter capacitor 210' 
which provides additional thermally-conductive paths 218 
off the top of the capacitor, down along its sides and turn to the 
ferrule 134 and in turn to the conductive housing 124 of the 
AIMD. One can see the multiple 218 path arrows illustrating 
conductive heat flow away from the dielectric material 148. 
(0196. FIG. 53 illustrates an embodiment in which highly 
thermally-conductive material 216,216 not only overlays the 
entire capacitor 210", but also extends across a portion of the 
inside surfaces of the AIMD housing 124. This assists in 
thermal-conductivity to dissipate the heat 218 out over a 
larger surface area of the AIMD housing 124. 
0.197 FIG.54 is very similar to FIG.52 except that ground 
electrode plates 214" have been added inside of the hermetic 
insulator 156. These additional ground plates 214" provide 
added thermal conductive paths which assist in conducting 
heat out of the structure to the ferrule 134 and in turn to the 
AIMD housing 124. In addition, these conductive ground 
plates 214" also form a parasitic capacitance 220 between the 
leads 142 and the electrode plates 214" which forms an addi 
tional capacitance. This is a low value of capacitance, but is 
important in diverting additional high frequency energy away 
from the leads 142 to the housing 124 of the AIMD 100. 
(0198 FIG. 55 is a sectional view taken generally from 
section 55-55 from FIG.54. This shows a close-up view of the 
parasitic capacitance 220 which provides the additional high 
frequency filtering. 
(0199 FIG. 56 illustrates an embodiment in which the 
diverter capacitor 210' has been moved (flipped over) to the 
body fluid side. The advantage to this is that the capacitor is 
completely exposed so that a highly thermally-conductive 
sealant or overlay 216 can be placed completely over and 
around capacitor 210' and then extend onto the ferrule 134 
and across all or a portion of the AIMD housing 124. This 
highly thermally-conductive layer 216 greatly assists in con 
ducting heat 218 out of the capacitor 210' structure as shown 
by the high number of heat flow arrows 218. In the case where 
the diverter capacitor 210" is disposed towards the body fluid 
side, it is very important that it be constructed entirely of 
non-toxic and biocompatible materials. EMI filter capacitors 
designed for direct body fluid exposure are described in U.S. 
Pat. No. 7,535,693, the contents of which are incorporated 
herein by reference. 
(0200 FIG.57 illustrates an embodiment in which a highly 
thermally-conductive liner 222 has been added to the inside 
surfaces of the AIMD housing 124. This highly thermally 
conductive liner 222 is preferably in connection with the 
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thermally-conductive capacitor overlay material 216. This 
system greatly aids in heat conduction and heat dissipation 
over a larger surface area of the AIMD housing 124. Options 
for high thermal conductivity materials 216, 222 may be used 
as pure materials or alloys and may include but are not limited 
to Aluminum, Aluminum Nitride, Beryllium, Copper, Multi 
walled Carbon Nanotube, Isotropically Enriched Diamond, 
Graphene, Gold, Silver, Platinum, or other materials with 
thermal conductivity greater than 150 watts per meter Kelvin 
near 300K. These materials may be used as discrete compo 
nents to create heat sinking features or as additives to ther 
moset or thermoplastic resin Systems which can be dispensed 
to an energy dissipating surface within the AIMD. Referring 
once again to FIG. 57, one can see that additional ground 
plates 214 have been added to the top and the bottom of the 
diverter capacitor structure 210'. This assists in conductive 
heat flow as shown out through the top and bottom of the 
capacitor into the Surrounding materials. 
0201 FIG. 58 illustrates an embodiment in which a weld 
shield 224 has been added. This weld shield 224 is generally 
positioned such that it is tack welded to the ferrule of the 
hermetic seal 132. As shown, the clam shells of the AIMD 
housing 124 come together and capture the weld shield 224 
and the diverter capacitor 210'. The advantage of the weld 
shield 224, in this case, is very similar to what was described 
in the previous embodiment in which the capacitor 210' is 
positioned on the body fluid side. This allows a highly ther 
mally-conductive material 216 to be placed completely over 
the capacitor and down over the ferrule 134 and onto the weld 
shield 224 as shown. 

(0202 FIG. 59 illustrates a similar capacitor 210' with 
additional top and bottom electrode plates 214 wherein the 
capacitor's outside diameter and perimeter metallization 164 
has been thickened. In addition, it is made of highly ther 
mally-conductive materials. Options for high thermal con 
ductivity capacitor 210" metallization 164 materials may be 
used as pure materials or alloys and may include but are not 
limited to Aluminum, Aluminum Nitride, Beryllium, Copper, 
Multiwalled Carbon Nanotube, Isotropically Enriched Dia 
mond, Graphene, Gold, Silver, Platinum, or other materials 
with thermal conductivity greater than 150 watts per meter 
Kelvin near 300K. These materials may be used as discrete 
components to create heat sinking features or as additives to 
thermoset or thermoplastic resin Systems which can be dis 
pensed to an EDS within the AIMD. The increased thickness 
and increased thermal-conductivity of the outside diameter or 
perimeter metallization 164' greatly insists in increasing the 
heat flow 218 out of the capacitor 210' downto the ferrule 134 
and in turn to the AIMD housing 124. 
0203 FIG. 60 illustrates an embodiment in which the bio 
compatible alumina ceramic insulator 156 has a co-bonded or 
sintered layer of a highly thermally-conductive ceramic 226. 
As shown, this highly thermally-conductive layer 226 assists 
in conducting heat out of the diverter capacitor 210'-hermetic 
seal structure 134 to the AIMD housing 124. 
0204 FIG. 61 illustrates an embodiment in which the 
upper and lower extra ground plates 214 have been removed 
and a highly thermally-conductive washer or layer 228 has 
been added that is disposed intermediate between the her 
metic seal insulator 156 and the diverter capacitor 210' struc 
ture. Also shown is an optional insulation washer 162 used for 
bonding the capacitor 210' to layer 228. In a preferred 
embodiment, this adhesive insulation layer 162 would also be 
highly thermally conductive. Options for high thermal con 
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ductivity materials may be used as pure materials or alloys 
and may include but are not limited to Aluminum, Aluminum 
Nitride, Beryllium, Copper, Multiwalled Carbon Nanotube, 
Isotropically Enriched Diamond, Graphene, Gold, Silver, 
Platinum, or other materials with thermal conductivity 
greater than 150 watts per meter Kelvin near 300K. These 
materials may be used as discrete components to create heat 
sinking features or as additives to thermoset or thermoplastic 
resin systems which can be dispensed to an EDS within the 
AIMD. 

0205 FIG. 62 illustrates a preferred embodiment wherein 
the diverter capacitor 210' is embedded completely down 
inside of ferrule 134. The entire structure is overlaid with a 
highly thermally-conductive material 222. As shown by the 
heat arrows 218, this greatly aids thermal conduction out of 
the diverter capacitor 210' through the ferrule 134 to the 
AIMD housing 124. In a particularly preferred embodiment, 
the AIMD housing 124 is generally laser welded and con 
nected somewhat along the midline of the diverter capacitor 
210' to facilitate maximal heat conduction. 

0206 FIGS. 63 and 64 illustrate ceramic lowpass diverter 
capacitor 210" hermetic feedthrough assemblies 132 with a 
capture flange-style ferrule 134 coming part way up the out 
side diameter or perimeter of said capacitor 210' structure. 
This capture flange 230 provides a convenient space around 
the outside perimeter or circumference 164 of said capacitor 
whereby a robot or automatic dispensing system can dispense 
a thermal-setting conductive material 152 Such as a conduc 
tive polyimide, solderpaste, solder preform or braze preform. 
The capture flange 230 may be positioned higher up around 
the perimeter or outside diameter 164 of the diverter capacitor 
210' as shown in FIG. 64. In this embodiment, one can greatly 
increase the heat flow 218 from the diverter capacitor 210' to 
the ferrule 134 and in turn to the AIMD housing 124. 
0207 Another embodiment shown in FIG. 65, illustrates 
the top view of the quadpolar capacitor shown in FIG. 64. In 
this embodiment, electrical connections 152 are positioned 
between the capacitor outside diameter metallization 164 and 
the ferrule 134. shown, these electrical attachment areas 152 
are not continuous. Preferably, these electrical attachment 
areas 152 are broken up by areas of attachment to a highly 
thermally-conductive material 232. This achieves a good bal 
ance between a low impedance and a low ohmic electrical 
connection and a highly thermally-conductive connection 
from the capacitor outside diameter 164 to the Surrounding 
ferrule 134 and, in turn, to the AIMD housing 124. Options 
for high thermal conductivity materials 232 may be used as 
pure materials or alloys and may include but are not limited to 
Aluminum, Aluminum Nitride, Beryllium, Copper, Multi 
walled Carbon Nanotube, Isotropically Enriched Diamond, 
Graphene, Gold, Silver, Platinum, or other materials with 
thermal conductivity greater then 150 watts per meter Kelvin 
near 300K. These materials may be used as discrete compo 
nents to create heat sinking features or as additives to ther 
moset or thermoplastic resin Systems which can be dispensed 
to an EDS within the AIMD. 

0208 FIG. 66 is very similar to FIGS. 63 and 64 except 
that heat convection fins 234 have been added around the 
outside diameter metallization 164 of the capacitor 210'. It 
will be obvious to those skilled in the art that similar fins 234 
could be added around a rectangular feedthrough diverter 
capacitor 140 as previously illustrated in FIG. 13. These fins 
234 convect heat 218a into the interior of the AIMD 100, 

Oct. 11, 2012 

which in the prior art is generally back-filled with nitrogen, a 
combination of nitrogen and helium or even argon. 
0209 FIG. 67 is a cross-sectional view taken generally 
from Section 67-67 of FIG. 66. FIG. 67 illustrates the convec 
tive heat 218a that would radiate off the surface of the fins 
234. In a preferred embodiment, the fins 234 would be con 
structed of a highly thermally-conductive material. Such as 
aluminum in order to radiate and dissipate maximal heat 218a 
into the interior atmosphere of the AIMD housing 124. 
0210 FIG. 68 is very similar to FIG. 67 except that the heat 
convection fins 234 areassociated with ahermetic seal ferrule 
134 which does not have a capture flange. In this case, the heat 
conduction fins 234 are located above the surface of the 
ferrule 134. The heat conduction fins 234 perform the same 
heat convection purpose as previously illustrated in FIG. 67. 
Extra ground plates 214 co-operate with the fins 234 to trans 
fer additional heat out of capacitor 210'. 
0211 FIG. 69 illustrates a cross sectional view of an 
embodiment of an AIMD housing 124 comprising ahermetic 
seal subassembly 132, a fill tube 236 with a central opening 
238 and a ball 240 welded, i.e., laser welded 241 therein. The 
AIMD of this embodiment facilitates back-filling of the 
inside 124a of the AIMD housing 124 with a liquid or dielec 
tric gas 242 as illustrated in FIG. 70. Filling active implant 
able medical devices with a dielectric fluid 242 is more thor 
oughly described in U.S. Patent Publication No. 2009/ 
0312835, the contents of which are incorporated by 
reference. This dielectric liquid 242 can also be a gas at an 
elevated pressure. Optionally, an elevated pressure gas fills 
the inside hermetically sealed area inside the AIMD housing 
124. Referring again to FIG. 69, a vacuum is applied at an 
elevated temperature to the entire assembly to evacuate all 
moisture, air and other gas molecules from the inside of the 
AIMD housing 124. At this time, under hard vacuum, the 
vacuum is broken and a fluid 242 is flooded over the entire 
assembly. The fluid may include a liquid or a gas, such as a 
dielectric gas 242. Then a high pressure nitrogen is placed on 
top of the liquid, which impregnates the inside of the entire 
AIMD housing 124 with the liquid or gas. This is best illus 
trated in FIG. 70 wherein, the liquid or gas 242 fills every 
crevice in unoccupied space within the interior of the AIMD 
housing 124. In a preferred embodiment, the liquid orgas 242 
is highly thermally-conductive Such that it conducts heat 
away from the feedthrough capacitor (not shown), which is 
located directly underneath the hermetically sealed housing 
132. In a particularly preferred embodiment, the diverter 
capacitor 210' has fins 234 as previously illustrated in FIG. 
66. These fins 234 are designed to efficiently convect heat to 
the liquid or gas 242 that fills the entire inside spaces of the 
AIMD housing 124. In addition, the atmospheric pressure of 
a gas could be increased within an AIMD housing. Gases 
typically used to backfill AIMDs could be utilized to increase 
the atmospheric pressure within the device. For example, 
nitrogen could be used to pressurize the device. An increase of 
about two atmospheres would convect more heat away from 
the diverter capacitor 210'. As shown, in this case, the thin 
AIMD housing 124 would deflect slightly outward as shown 
in 244 and 244'. 

0212 FIG. 71 is a flow chart illustrating the process as 
previously described in FIGS. 69 and 70. After the electronics 
of the AIMD are sealed in a housing 124 having an open fill 
tube 236, the first step 302 of the process is to place the AIMD 
100 having an open fill tube 236 into a vacuum chamber 246. 
A lid 248 is placed and sealed 304 on the vacuum chamber 
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246 and a vacuum 306 is pulled for a number of hours on an 
AIMD. Optionally this process is performed at an elevated 
temperature. After a suitable time, under hard Vacuum, a 
reservoir of dielectric fluid 250 is introduced and backfilled 
308 into the chamber. Pressurized inert gas 252, such as 
nitrogen, is introduced 310 on top of the dielectric fluid. The 
inert gas 252 drives or impregnates the dielectric fluid into the 
interior spaces of the AIMD. Pressure is slowly released 312 
and the lid 248 of the vacuum chamber 246 is removed 314. At 
this point, the ball 240 is inserted into a fill tube 236 or a 
similar fill hole is closed by laser welding 241 and the like, 
which hermetically seals the AIMD 100. At this time, the 
AIMD is removed 316 from the fluid or dielectric gas at which 
time the welding operation 318 is completed. 
0213 FIG. 72 is a cross-sectional view illustrating a 
diverter capacitor 210' attached to a hermetic seal assembly 
132 comprising an insulator 156 and a ferrule 134a. In this 
case, ferrule 134a is a highly thermally-conductive metal, 
which has been co-bonded to a typical titanium ferrule 134. 
Ferrule 134a may be fabricated by a powder, metallurgy or 
metal pressing process or the like. The purpose here is to 
increase the heat flow out of the diverter capacitor 210" during 
exposure to a high power MRI RF field. The titanium ferrule 
134 or other similar biocompatible material, is preferably 
directed toward the body fluid side. The biocompatible prop 
erties of the material enables the ferrule 134a to be exposed to 
body tissues for long periods of time. 
0214) As shown in FIG. 73, the diverter capacitor 210' is 
designed for electrical attachment using a ball grid array 
(BGA) attached method. In this case, the hermetic seal insu 
lator 156 has a crimp post with a pad for convenient BGA254 
mounting of the capacitor 210" as disclosed in 61/473.188: 
61/587,029: 61/587,287 and 61/587,373, the contents of 
which are incorporated herein by reference. 
0215 FIG. 73 illustrates an embodiment in which two 
differentferrule structures 134 and 134a have been co-joined. 
Preferred joining processes include but are not limited to as 
brazing, laser welding 256 or similar attachment process. In 
accordance with the present invention, ferrule 134a com 
prises a highly thermally-conductive material designed to 
transfer heatenergy out of the diverter capacitor 210' into the 
interior of the AIMD housing 124. In a preferred embodi 
ment, ferrule 134a comprises heat convection fins similar to 
those illustrated in FIG. 66. 

0216 FIG. 74 illustrates an embodiment in which a quad 
polar diverter capacitor 210' of the present invention attached 
to the ferrule 134 of a hermetic seal assembly 132 of an 
AIMD. 

0217 FIGS. 75A and 75B illustrate embodiments of elec 
trical attachment areas 152. As illustrated, the electrical 
attachment areas extend from the ground electrode plates 214 
and/or the active electrode plates 212. In particular, the 
attachment 152 extending from the ground electrode plates 
214 as shown in FIG. 75A resides over a relatively small 
attachment area and enables a relatively high frequency ESR. 
0218 FIGS. 76A and 76B illustrate embodiments in 
which the electrical attachment area 152 has been greatly 
increased. An increased electrical attachment area 152 
improves the high frequency ESR of the inline quad polar 
feedthrough capacitor 210'. In terms of electrical attachment, 
a superior attachment 152 is shown in FIG. 77A where there 
is a 100% or full perimeterground attachment to the capacitor 
ground electrode plate 214. However, this is not necessarily 
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for the diverter capacitor 210' of the present invention to 
achieve optimal high RF power handling. 
0219 FIG. 78A illustrates a hybrid approach comprising 
an electrical attachment 152 and a highly thermally-conduc 
tive attachment 232. In this embodiment capacitor 210' has a 
relatively low ESR due to a good electrical attachment 152 
plus a very highly efficient thermal transfer of heatenergy out 
of the diverter capacitor. The transfer of thermal energy is 
achieved through the use of a thermally conductive adhesive 
232. 
0220 FIG. 79 illustrates a family of lowpass filters 260 
that all incorporate diverter capacitors 210 of the present 
invention. As can be seen, these lowpass filters 260 incorpo 
rate a variety of capacitors 210 ranging from a simple MLCC 
chip capacitor “C” to a 3-terminal “feedthrough capacitor 
FTC. These capacitors 210 can be combined in various ways 
with inductors to form “L” “reverse L. “T” “Pi,” “LL or 
“reverse LL' or “n-element lowpass filters. In other words, 
any of the high power RF handling diverter capacitors of the 
present invention can be combined with any of the lowpass 
filter circuits as illustrated in FIG. 79 for the purpose of 
protecting AIMD electronics from EMI while at the same 
time pulling MRI induced energy from an implanted lead. 
0221 FIG.80 illustrates an electrical schematic compris 
ing a bandstop filter 258. As illustrated, the band stop filter 
258 may be electrically coupled to any circuit trace of a 
medical device within the interior of the AIMD housing 124. 
Furthermore, the band stop filter 258 may be electrically 
coupled to any of the lowpass filter circuits 260 as previously 
described in FIG. 79. 
0222 FIG. 81 illustrates an L-C trap filter 262 that can be 
incorporated to any of the circuits illustrated in FIG. 79 or 
FIG. 80. 

0223 FIG. 82 illustrates an electrical schematic embody 
ing an AIMD in which the leads enter the AIMD at a hermetic 
seal 132 and then encounter any of the lowpass filter elements 
260 as described in FIG. 79. In turn, there is a bandstop filter 
258 and then an L-C trap filter 262 between the circuit trace 
and the AIMD housing 124. The AIMD housing 124 acts as a 
heat 218a or energy dissipating Surface. 
0224 FIG. 83 is similar to FIG. 82 except in this case, the 
general lowpass filter 260 is in its simplest form. In this case, 
the general lowpass filter 260 is a feedthrough capacitor 210' 
which is in turn, connected in series with a bandstop filter 258 
which is in turn connected with an L-C trap filter 262 disposed 
between the circuit trace or lead wire and the AIMD housing 
124. 

0225 FIG. 84 shows a dual chamber bipolar cardiac pace 
maker 100C with leads implanted into the right atrium and 
right ventricle of the heart 112. As shown, header block 138 
comprises industry standard IS-1 connectors 126, 128. MRI 
energy is shown being induced on the implanted leads 110 
and 110'. As this energy enters the pacemaker housing 124, it 
encounters diverter capacitor 210'. The diverter capacitor 210 
is designed to dissipate high RF power in accordance with the 
present invention. Accordingly, diverter capacitor 210' has a 
low dielectric loss at high frequency and also very low high 
frequency ESR. In addition, it may have any one of the afore 
mentioned heat dissipating structures described. In this case, 
there is a secondary row of MLCC chip capacitors 210a 
through 210d that are mounted at a location distant from the 
primary diverter capacitor 210'. In this case, the primary 
diverter capacitor could have a lower capacitance value and 
the rest of the capacitance is comprised of either board 
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mounted capacitors 210a through 210dor the like. As shown, 
the circuit board comprises a ground circuit trace 182 that is 
connected through a low impedance RF conductor or strap 
264. This low impedance is important to conduct MRI RF 
currents efficiently to the housing 124 of the AIMD. In order 
to spread out heat, multiple straps 264 can be used (not 
shown). A major advantage of the structure shown in FIG.84 
is that by spreading out the filtering function, RF heat or MRI 
RF energy induced heat is dissipated or spread out over much 
larger areas. This avoids hot spots on the AIMD housing 124. 
0226 FIG. 85 shows an alternative embodiment to FIG. 
84. A circuit board and chip capacitors 210a through 210d as 
previously described in FIG. 84 are shown. However in this 
embodiment, the grounded circuit trace 182 does not need a 
ground strap or conductor 264 to the AIMD housing. Instead, 
a shielded conduit assembly 266 is attached to the ferrule of 
the hermetic terminal (not shown). This shielded conduit 266 
is grounded with a strap 268 which is connected to the ground 
circuit trace 182. This type of EMI shielded conduit assembly 
is more thoroughly described in U.S. Pat. No. 8,095.224 to 
Truex et al., the contents of which are incorporated herein by 
reference. 
0227 FIG. 86 shows a cross-sectional view of a flex cable 
or circuit board 270. The flex cable or circuit board 270 is 
attached on the left using a ball grid array (BGA) type attach 
ment 254. Attachment 254 is further connected to a conductor 
142 that goes through a hermetic seal 132 of an AIMD (not 
shown). These types of flexible circuit traces or substrates are 
also described in U.S. Pat. No. 8,095,224 to Truex et al., the 
contents of which are incorporated herein by reference. 
0228 FIG. 87 shows a cross sectional view generally 
taken from section 87-87 of FIG.86 and shows the conductive 
circuit traces 178a through 178d. 
0229 FIG. 88 illustrates a cross sectional view generally 
taken from section 88-88 of FIG. 86 and shows an optional 
embodiment wherein a ground shield 182 surrounds the four 
circuit traces 178a through 178d. 
0230 FIG. 89 is a cross sectional view taken generally 
from section 89-89 of FIG. 86 and illustrates shield layers 
272a, 272b. These shield layers 272a, 272b are designed to 
surround each of the circuit trace layers 178 as previously 
described in FIG. 87 or 88. These shields 272a,272b are not 
absolutely required, but greatly assist in preventing re-radia 
tion of electromagnetic interference inside of the AIMD 
housing 124. This re-radiation of EMI can be very dangerous 
as it can couple to sensitive AIMD circuits and disrupt the 
proper functioning of the AIMD. 
0231 FIG.90 illustrates an embodiment in which the cir 
cuit traces 178a through 178d of FIGS. 86 through 89 are 
connected to a circuit board or substrate 270. Electrical 
attachments 274 are made to active circuit traces and in turn 
to a multi-element flat-through diverter capacitor 210. This 
three-terminal flat-through capacitor is very similar to that 
previously described in FIGS. 24 and 25 except that it has four 
capacitors embedded in a single structure. Capacitor 210 may 
replace the individual capacitor 210a through 210d as previ 
ously illustrated in FIG. 84 or capacitors 210a through 210d 
as previously described in FIG. 85. 
0232 FIG.91 shows atop view of the flat-through diverter 
capacitor 210 of FIG.90. 
0233 FIG. 92 is a cross sectional view taken generally 
from Section 92-92 of FIG.90 and shows the active electrode 
plates 212 of the flat-through diverter capacitor 219 of FIG. 
90. 

Oct. 11, 2012 

0234 FIG. 93 is a cross sectional view taken generally 
from section 93-93 of FIG.90 and shows the ground electrode 
plate 214 set of the flat-through capacitor 210 of FIG.90. 
0235 Accordingly, from all of the foregoing it will be 
appreciated that this invention addresses the problems created 
when the radio frequency (RF) pulsed field of MRI couples to 
an implanted lead in Such a way that electromagnetic forces 
(EMFs), voltages and current 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 the 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 docu 
mented that when this current becomes excessive, that over 
heating of the lead or its associated electrodes can occur. In 
addition, overheating of the associated interface with body 
tissue can also occur. 

0236. There have been cases of overheated electrode dam 
age to cardiac tissue which has resulted in loss of capture of 
cardiac pacemaking pulses. Furthermore, with respect to neu 
rostimulators, neurological tissue damage severe enough to 
result in brain damage or multiple limb amputations have also 
been documented. 

0237. The present invention relates generally to methods 
and apparatus for redirecting RF energy to locations other 
than the distal tip electrode-to-tissue interface. In addition, 
the present invention provides electromagnetic interference 
(EMI) protection to sensitive active implantable medical 
device (AIMD) electronics. The redirection of this RF energy 
is generally achieved by the use of frequency selective 
devices, such as inductors, capacitors and filtered networks. 
As described in U.S. Pat. No. 7,689.288, to Stevenson et al., 
the contents of which are incorporated herein by reference, 
filtered energy dissipation networks can range from a single 
capacitor, Such as a feedthrough capacitor, to more complex 
filters that may include L-C traps and/or L-C bandstop filters 
co-operating in various ways with C. L. Pi, Tee or n-element 
lowpass filters. In general, this is accomplished through fre 
quency selective lowpass filters or series resonant LC trap 
filters wherein the RF energy can be redirected to another 
surface or is converted to heat. In all of the above described 
frequency selective networks, it is the capacitor(s) (co-oper 
ating with other circuit elements) which divertenergy from an 
implantable lead system to the conductive housing of an 
AIMD. The relatively large surface area of the AIMD housing 
acts as an energy dissipating Surface (EDS) wherein a signifi 
cant amount of the MRI energy can be harmlessly dissipated 
without significant temperature rise. However, the lowpass 
filter also known as diverter capacitor elements must be 
designed to handle a very high amount of RF current and 
power. Accordingly, the capacitor's internal resistive or real 
losses known as equivalent series resistance (ESR) must be 
kept quite low. The present invention is directed to various 
embodiments of MRI diverter capacitor designs that mini 
mize the diverter capacitor's equivalent series resistance 
(ESR). In addition, the capacitor is also designed to direct 
heat to relatively large Surface area heat dissipation Surfaces, 
thereby creating an efficient heat removal system. These high 
RF power/low ESR diverter capacitors are an important fea 
ture of the filter network of the present invention for diverting 
induced RF energy from an implanted lead to an energy 
dissipating Surface, particularly a conductive housing of an 
AIMD. 
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0238. These implantable lead systems are generally asso 
ciated with AIMDS, such as cardiac pacemakers, cardioverter 
defibrillators, neurostimulators and the like. The present 
invention can also be incorporated with external devices. Such 
as external pacemakers, externally worn neurostimulators 
(such as pain control spinal cord stimulators) and the like. It 
will be shown that for a given geometry constraint, a preferred 
means of reducing the diverter capacitor's ESR is to select the 
most ideal dielectric type so that its dielectric loss tangent 
(dielectric losses) is insignificant at the MRI RF pulsed fre 
quency(ies). Of particular importance in the present invention 
is selection of a capacitor dielectric with the proper dielectric 
constant (k) value. The preferred capacitor dielectric will 
have a k of a sufficiently low value to thereby increase the 
number of active and ground electrode plates in the capacitor. 
This design feature dramatically reduces the ohmic losses in 
the capacitor at high frequency. Therefore, to accomplish a 
relatively high electrode plate count, a low k capacitor dielec 
tric is used. A non-limiting example of one Such dielectric 
material is an EIA standard, Class I dielectric material, COG, 
which is also known as NPO (negative-positive-Zero). (Refer 
to EIA Standard ANSI/EIA-198-1-F-2002). 
0239. In general, at first glance, using a Class I dielectric is 
counterintuitive. For example, consider a typical X7RMLCC 
dielectric, with a dielectric constant of around 2500. With 
Such a high efficiency dielectric material having a relatively 
high dielectric constant, it would be possible to build, for 
example, a 1000 picofarad filter capacitor with two to four 
electrode plates. Now consider using a Class 1 COG dielec 
tric, wherein the dielectric constant is less than 100. A typical 
capacitor comprising the COG dielectric material would gen 
erally require greater than 20 or even 40 electrode plates to 
achieve the same capacitance value. Such a design would, 
however, provide a capacitor with a relatively large thickness 
and would also require significantly more precious metal in 
its manufacturing. A capacitor of this design is generally not 
desired. 

0240 Nonetheless, the benefit of incorporating a COG 
dielectric material within the capacitor design is generally a 
reduction of the capacitor's ESR at MRI RF-pulsed frequen 
cies. If designed properly, the RF energy heat that is produced 
when positioned within an MRI scanner can be significantly 
reduced such that heat that results from RF energy does not 
pose harm to biological tissue. 
0241 One purpose of these low ESR diverter capacitors 
and related lowpass filter circuits is to provide electromag 
netic interference (EMI) filtering in order to protect sensitive 
AIMD electronic circuits from malfunctioning in the pres 
ence of MRI RF noise. Another purpose of these circuits, as 
described in the present invention, is to draw MRI induced 
energy out of the lead and redirect said energy to the AIMD 
housing. This has the effect of reducing the energy that would 
reach the distal tip electrode or the interface with body tissue. 
By redirecting said energy to locations at a point distant from 
the distal electrodes, ideally the AIMD housing, this mini 
mizes or eliminates hazards associated with overheating of 
said distal electrodes during diagnostic procedures, such as 
MRI. 

0242 For maximum RF energy transfer out of the lead, 
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. Importantly, while decoupling and trans 
ferring Such energy, it is extremely important that the diverter 
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circuits do not themselves overheat thereby creating hot spots 
on the AIMD housing, which could damage tissue, for 
example, in a pacemaker pectoral pocket. Recent experiments 
by the inventors have seen temperature rises from 4 to 10 
degrees C. on the pacemaker housing directly over the loca 
tion of the feedthrough capacitor during a 4 Watt/kilogram 
MRI scan. In general, in the prior art, MLCC capacitors are 
really not indicated for high power RF applications. The 
reason for this is that the impedance (capacitive reactance) 
drops so low that extremely high RF currents end up flowing 
through the capacitor's electrode plates. During a 4 Watt/ 
kilogram MRI scan where 16 to 20 volts may be induced at the 
AIMD input, the diverter capacitor may be handling any 
where from 0.5 to 4 amps of RF current. If the ESR of the 
capacitor, for example, was 0.5 ohms and the capacitor was 
diverting 2 amps, then the IR loss would be on the order of 2 
watts. Two watts of dissipation on this Small component 
would cause it to overheat significantly. The present invention 
fulfills these needs and provides other related advantages. 
0243 The RF diverting circuits, in general, conduct MRI 
induced RF energy from the lead or its associated lead wires 
to an EDS such as the housing of the AIMD. The design of the 
diverter circuit is very important. First of all, the diverter 
circuit should appear as a very low impedance at MRI RF 
frequencies such that a maximum amount of RF energy is 
diverted from the lead to the EDS. In addition, it is also 
desirable that the diverter element be designed such that it 
does not overheat. It has been shown, through modeling and 
measurements, that the MRI induced RF energy at the point of 
input to an AIMD. Such as a cardiac pacemaker, can range 
from about 16 to about 50 volts at about 64 MHz. Assuming 
an RF input voltage of 20 volts and the impedance of the 
diverter element capacitor is around 4 ohms, this means that 
about 5 amps of RF current would be flowing through said 
diverter element. Therefore, its ESR must be quite low so that 
it does not overheat. It can be readily seen that Such a high 
value of ESR associated with a higher current would quickly 
result in failure of the component or other damage. On the 
other hand, if the diverter capacitor's ESR was 100 milliohms 
and the RF current that it was handling was 2 amps, then the 
power dissipated in the same example would be only 0.4 
watts. Even 0.4 watts will still create a significant temperature 
rise on the diverter capacitor component. The present inven 
tion describes ways of either conducting or convicting that 
heat away so that it does not create a hot spot on the AIMD 
housing. 
0244. For a particular AIMD, the geometry of the diverter 
capacitor is usually constrained by the AIMD design gener 
ally comprising, circuit topology, size, and weight consider 
ations. For AIMDs, the filter capacitance value in picofarads 
is heavily constrained by the application of its use. For 
example, too high of a capacitance value will tend to load 
down and distort therapeutic wave forms. In addition, too 
high of a filter capacitance value can distort pacemaker pulses 
or seriously degrade ICD high Voltage pulse discharges. In the 
experience of the inventors, capacitance values for EMI low 
pass filter capacitors typically range from about 10 picofarads 
to as high as about 20,000 picofarads. For pacemakers, 
capacitance values as low as about 350 picofarads to as high 
as 10,000 picofarads are generally used. For monolithic 
ceramic capacitors, which tend to comprise dielectric mate 
rials having very high dielectric constants, these capacitance 
values are generally very low. In many prior art designs, only 
a very few (less than 10) electrode plates are required. In 
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many designs using typical EIA Standard X7R dielectrics, 
there are only two or three electrode plates required. How 
ever, these prior art capacitor designs comprising a relatively 
low number of electrode plates, generally of 10 or less, result 
in a capacitor having significantly high electrode plate resis 
tance of about 0.5 ohms or more. Such a capacitor with a 
relatively high electrode plate resistance, results in the gen 
eration of a great deal of heat as the capacitor diverts MRI 
RF-pulsed frequencies, which is not desirable. 
0245. Furthermore the mounting location of the diverter 
capacitor within an AIMD is also typically constrained by 
proper EMI design practices. Generally, EMI filters are 
designed such that undesirable RF energy is diverted at the 
point of lead ingress to the AIMD housing, as opposed to 
letting the EMI inside the AIMD housing and trying to filter it 
further downstream, Such as on an internal circuit board. In a 
preferred embodiment, at least one of the low ESR diverter 
capacitors of the present invention is mounted directly to the 
multi-pinhermetic seal terminal of the AIMD. This is an ideal 
location both to divert RF energy before it can enter the AIMD 
housing but is also optimal for heat conduction and dissipa 
tion. Even with low ESR, the diverter capacitor will still be 
dissipating a significant amount of energy. This means, even 
with low ESR, the diverter capacitor is creating heat which 
must be conducted or convected away so that a hot spot does 
not occur on the AIMD housing at or near the filter capacitor. 
Therefore, by diverting both the RF energy and heat to the 
relatively large surface area of the housing of the AIMD the 
MRI RF energy can be dissipated with only a small tempera 
ture rise that does not adversely affect body tissue. Although 
the present invention has applicability to medical devices it is 
contemplated that it can be utilized in nonmedical applica 
tions. The high power filtered feedthough capacitor assembly 
of the present invention is an EMI filter that is applicable to a 
wide array of commercial, military and space applications 
wherein a shielded enclosure must pass through leadwires in 
non-conductive relation to electronics circuits inside the 
enclosure. In this case, the pass through may be an insulator 
that is hermetic or non-hermetic. This is an important appli 
cation of the present invention to military “blackboxes” that 
may be in close proximity to a high RF power Source Such as 
an RF transmitter, radar, or the like. 
0246 Although several embodiments of the invention 
have been described in detail for purposes of illustration, 
various modifications of each may be made without departing 
from the spirit and scope of the invention. Accordingly, the 
invention is not to be limited, except as by the appended 
claims. 

What is claimed is: 
1. An RF filter for an active implantable medical device 

(AIMD) for handling high RF power induced in an associated 
implantable lead from an external RF field at a selected MRI 
RF center frequency or range of frequencies, comprising: 

at least one capacitor having a capacitance of between 10 
and 20,000 picofarads, and a temperature stable dielec 
tric having a dielectric constant of 200 or less and a 
temperature coefficient of capacitance (TCC) within the 
range of plus 400 to minus 7112 parts per million per 
degree centigrade (ppm/°C.); 

wherein the capacitor's dielectric loss tangent in ohms is 
less than five percent of the capacitor's equivalent series 
resistance (ESR) at the selected MRI center frequency or 
range of frequencies; and 

Oct. 11, 2012 

wherein the capacitance is selected such that heat flow 
away from the capacitor is maximized. 

2. The RF filter of claim 1 wherein the capacitor includes at 
least ten interleaved active and ground electrode plates for 
minimizing the capacitor's high frequency ESR and to maxi 
mize heat flow from the capacitor. 

3. The RF filter of claim 2 wherein the ground electrode 
plates are conductively connected to an energy dissipating 
surface (EDS). 

4. The RF filter of claim 1, wherein the capacitor has a 
capacitance of between 100 and 10,000 picofarads. 

5. The RF filter of claim 1, wherein the RF filter comprises 
a single or multi-element lowpass filter. 

6. The RF filter of claim 5, wherein the single or multi 
element lowpass filter is electrically coupled with one or more 
bandstop filters, one or more L-C trap filters, or both, in any 
order or circuit configuration. 

7. The RF filter of claim 6, wherein the lowpass filter, 
bandstop filter, or L-C trap filter comprises at least one high 
power handling two-terminal chip capacitor, an MLCC 
capacitor, a three-terminal feedthrough-type capacitor, a flat 
through capacitor, or an X2Y attenuator. 

8. The RF filter of claim 5, wherein the multi-element 
lowpass filter is selected from the group consisting of an L, 
reverse L. Pi, T, LL, reverse LL, and an n-element filter. 

9. The RF filter of claim 1, wherein the high RF power 
capacitor is disposed at or near a point of the leads ingress 
into a housing for the active medical device (AMD), wherein 
the capacitor is electrically connected in parallel between at 
least one lead conductor and the AMD housing. 

10. The RF filter of claim 1, wherein the RF filter further 
comprises a bandstop filter connected in series with the lead, 
and an L-C trap filter connected from the lead electrically in 
parallel with the AMD housing, wherein the lead is in turn 
electrically connected to AMD electronic circuits. 

11. The RF filter of claim 1, wherein the equivalent series 
resistance at the selected MRI center frequency or range of 
frequencies is less than two ohms. 

12. The RF filter of claim 1, wherein the equivalent series 
resistance at the selected MRI center frequency or range of 
frequencies is less than 0.5 ohm. 

13. The RF filter of claim 1, wherein the equivalent series 
resistance at the selected MRI center frequency or range of 
frequencies is less than 0.1 ohm. 

14. The RF filter of claim 1, wherein the capacitance varies 
no more than plus or minus one percent from minus 55 
degrees C. to plus 125 degrees C. 

15. The RF filter of claim 1, wherein the capacitor's dielec 
tric loss tangent is less than two ohms at the selected MRI RF 
frequency or range of frequencies. 

16. The RF filter of claim3, wherein the energy dissipating 
surface comprises a housing for the AIMD. 

17. The RF filter of claim 16, wherein the energy dissipat 
ing Surface comprises a conductive ferrule conductively 
attached to both the capacitor ground electrode plates and the 
AMD housing. 

18. The RF filter of claim 2, wherein the ground electrode 
plates comprise dual electrode plates. 

19. The RF filter of claim 2, wherein the active electrode 
plates comprise dual electrode plates. 

20. The RF filter of claim 2, wherein the ground electrode 
plates comprise triple or n electrode plates. 
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21. The RF filter of claim 3, including a thermal-setting 
conductive adhesive for conductively connecting the ground 
electrode plates to the energy dissipating Surface. 

22. The RF filter of claim 21, wherein the thermal-setting 
conductive adhesive includes conductive particles, silver 
flakes or conductive flakes, conductive rods, tubes, whiskers, 
fibers, or nano particles, or any combination thereof. 

23. The RF filter of claim 2, wherein said interleaved elec 
trode plates are bounded at one end by a first set of at least one 
extra ground plate embedded within the dielectric material. 

24. The RF filter of claim 23, including a second set of at 
least one ground plate embedded within the dielectric mate 
rial and bounding said interleaved electrode plates opposite 
the first set of ground plates. 

25. The RF filter of claim 2, including a plurality of ground 
electrode plates extending to Substantially the periphery of 
the capacitor. 

26. The RF filter of claim 25, including a high thermal 
conductivity material or a high thermally conductive overlay 
for attaching at least partially the ground electrode plates to a 
ferrule. 

27. The RF filter of claim 26, wherein the ferrule is con 
nected to an energy dissipation Surface. 

28. The RF filter of claim 27, wherein the energy dissipa 
tion surface is a housing of the AIMD. 

29. The RF filter of claim 26, wherein the ferrule comprises 
an energy dissipating Surface. 

30. The RF filter of claim 29, including a thermally-con 
ductive overlay extending from the conductive ferrule over 
the top of the capacitor. 

31. The RF filter of claim 30, wherein the thermally-con 
ductive overlay extends across at least a portion of a housing 
for the active medical device. 

32. The RF filter of claim 29, including a hermetic insulator 
disposed within the conductive ferrule, the hermetic insulator 
having ground plates conductively coupled to the ferrule. 

33. The RF filter of claim 30, including a thermally-con 
ductive liner disposed adjacent to an inside Surface of a hous 
ing for the active implantable medical device. 

34. The RF filter of claim 33, wherein the thermally-con 
ductive liner comprises Aluminum, Aluminum Nitride, 
Beryllium, Copper, Multiwalled Carbon Nanotube, 
Isotrophically Enriched Diamond, Graphene, Gold, Silver, or 
Platinum. 

35. The RF filter of claim 26, including a weld shield 
associated with the conductive ferrule. 

36. The RF filter of claim 2, including a thickened metal 
lization layer disposed about the outside perimeter of the 
capacitor and conductively coupled to the ground electrode 
plates. 

37. The RF filter of claim 36, wherein the thickened met 
allization layer comprises metal bearing glass frits or Alumi 
num, Aluminum Nitride, Beryllium, Copper, Multiwalled 
Carbon Nanotube, Isotropically Enriched Diamond, 
Graphene, Gold, Silver, Platinum, or other materials with 
thermal conductivity greater than 150 watts per meter Kelvin 
near 300K. 

38. The RF filter of claim 26, including a thermally con 
ductive ceramic disposed within the conductive ferrule 
between the capacitor and an alumina ceramic insulator. 

39. The RF filter of claim 26, including a thermally con 
ductive washer disposed between the capacitor and a her 
metic seal insulator disposed within the conductive ferrule. 
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40. The RF filter of claim 39, wherein the thermally-con 
ductive washer comprises Aluminum, Aluminum Nitride, 
Beryllium, Copper, Multiwalled Carbon Nanotube, Isotropi 
cally Enriched Diamond, Graphene, Gold, Silver, Platinum, 
or other materials with thermal conductivity greater than 150 
watts per meter Kelvin near 300K. 

41. The RF filter of claim 26, wherein the conductive 
ferrule includes a capture flange for the capacitor. 

42. The RF filter of claim 26, wherein the high thermal 
conductivity material for attaching the ground electrode 
plates to the conductive ferrule comprises Aluminum, Alumi 
num Nitride, Beryllium, Copper, Multiwalled Carbon Nano 
tube, Isotropically Enriched Diamond, Graphene, Gold, Sil 
ver, Platinum, or other materials with thermal conductivity 
greater than 150 watts per meter Kelvin near 300K. 

43. The RF filter of claim 1, including a heat conductive 
structure affixed to a periphery of the capacitor. 

44. The RF filter of claim 43, wherein the heat conductive 
structure comprises a plurality of convection fins. 

45. The RF filter of claim 1, wherein a housing for the 
active medical device is filled with a dielectric fluid. 

46. The RF filter of claim 1, including at least one second 
ary capacitor disposed within a housing for the active medical 
device at a space location from the at least one capacitor, the 
secondary capacitor associated with electronic components 
of the active medical device. 

47. The RF filter of claim 46, including at least one sec 
ondary energy dissipating Surface associated with electronic 
components disposed within the housing for the active medi 
cal device. 

48. An RF filter for an active implantable medical device 
(AIMD) for handling high RF power induced in an associated 
implantable lead from an MRI RF pulsed field at a selected 
center frequency or range of frequencies, comprising: 

at least one capacitor having a capacitance of between 10 
and 20,000 picofarads, a temperature stable dielectric 
having a dielectric constant of 200 or less, and a tem 
perature coefficient of capacitance (TCC) within the 
range of plus 400 to minus 7112 parts per million per 
degree centigrade (ppm/°C.); 

wherein the capacitor's dielectric loss tangent in ohms is 
less than five percent of the capacitor's equivalent series 
resistance (ESR) at the selected center frequency or 
range of frequencies; and 

wherein the equivalent series resistance is selected Such 
that heat flow away from the capacitor is maximized. 

49. The RF filter of claim 48, wherein the capacitor 
includes at least ten interleaved active and ground electrode 
plates, the ground electrode plates being conductively con 
nected to an energy dissipating Surface (EDS). 

50. The RF filter of claim 49, wherein the high frequency 
energy comprises an MRI frequency-induced current in the 
implantable lead. 

51. The RF filter of claim 49, wherein the selected fre 
quency or range of frequencies comprises an MRI frequency. 

52. The RF filter of claim 51, wherein said MRI frequency 
comprises a range of MRI frequencies. 

53. The RF filter of claim 51, wherein said MRI frequency 
in megahertz is selected from the group of frequencies com 
prising 42.56 times the static magnetic field strength in Teslas 
of an MRI scanner. 

54. The RF filter of claim 48 wherein the capacitor has a 
capacitance of between 100 and 10,000 picofarads. 
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55. The RF filter of claim 48, wherein the RF filter com 
prises a single or multi-element lowpass filter. 

56. The RF filter of claim 55, wherein the single or multi 
element lowpass filter is electrically coupled with one or more 
bandstop filters, one or more L-C trap filters, or both, in any 
order or circuit configuration. 

57. The RF filter of claim 56, wherein the lowpass filter, 
bandstop filter, or L-C trap filter comprises at least one high 
power handling two-terminal chip capacitor, an MLCC 
capacitor, a three-terminal feedthrough-type capacitor, a flat 
through capacitor, or an X2Y attenuator. 

58. The RF filter of claim 54, wherein the multi-element 
lowpass filter is selected from the group consisting of an L, 
reverse L. Pi, T, LL, reverse LL, and an n-element filter. 

59. The RF filter of claim 48, wherein the high RF power 
capacitor is disposed at or near a point of the leads ingress 
into a housing for the active medical device (AMD), wherein 
the capacitor is electrically connected in parallel between at 
least one lead conductor and the AMD housing. 

60. The RF filter of claim 48, wherein the RF filter further 
comprises a bandstop filter connected in series with the lead, 
and an L-C trap filter connected from the lead electrically in 
parallel with the AMD housing, wherein the lead is in turn 
electrically connected to AMD electronic circuits. 

61. The RF filter of claim 48, wherein the equivalent series 
resistance at the selected MRI center frequency or range of 
frequencies is less than two ohms. 

62. The RF filter of claim 48, wherein the equivalent series 
resistance at the selected MRI center frequency or range of 
frequencies is less than 0.5 ohm. 

63. The RF filter of claim 48, wherein the equivalent series 
resistance at the selected MRI center frequency or range of 
frequencies is less than 0.1 ohm. 

64. The RF filter of claim 48, wherein the capacitance 
varies no more than plus or minus one percent from minus 55 
degrees C. to plus 125 degrees C. 

65. The RF filter of claim 48, wherein the capacitor's 
dielectric loss tangent is less than two ohms at the selected 
MRI RF frequency or range of frequencies. 

66. The RF filter of claim 49, wherein the energy dissipat 
ing Surface comprises a housing for the AIMD. 

67. The RF filter of claim 66, wherein the energy dissipat 
ing Surface comprises a conductive ferrule conductively 
attached to both the capacitor ground electrode plates and the 
AMD housing. 

68. The RF filter of claim 49, wherein the ground electrode 
plates comprise dual electrode plates. 

69. The RF filter of claim 49, wherein the active electrode 
plates comprise dual electrode plates. 

70. The RF filter of claim 49, wherein the ground electrode 
plates comprise triple or n electrode plates. 

71. The RF filter of claim 49, wherein said interleaved 
electrode plates are bounded at one end by a first set of at least 
one extra ground plate embedded within the dielectric mate 
rial. 

72. The RF filter of claim 71, including a second set of at 
least one ground plate embedded within the dielectric mate 
rial and bounding said interleaved electrode plates opposite 
the first set of ground plates. 

73. The RF filter of claim 49, including a plurality of 
ground electrode plates extending to Substantially the periph 
ery of the capacitor, and a high thermal conductivity material 
for attaching the ground electrode plates to a heat sink, 
wherein the heat sink comprises a conductive ferrule. 
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74. The RF filter of claim 49, including a thermal-setting 
conductive adhesive for conductively connecting the ground 
electrode plates to the energy dissipating Surface, wherein the 
thermal-setting conductive adhesive includes conductive par 
ticles, silver flakes or conductive flakes, conductive rods, 
tubes, whiskers, fibers, or nano particles, or any combination 
thereof. 

75. The RF filter of claim 48, including a thermally-con 
ductive overlay extending from the conductive ferrule over 
the top of the capacitor, wherein the thermally-conductive 
overlay extends across at least a portion of a housing for the 
active medical device. 

76. The RF filter of claim 48, including ahermetic insulator 
disposed within the conductive ferrule, the hermetic insulator 
having ground plates conductively coupled to the ferrule. 

77. The RF filter of claim 48, including a thermally-con 
ductive liner disposed adjacent to an inside Surface of a hous 
ing for the active medical device, wherein the thermally 
conductive liner comprises Aluminum, Aluminum Nitride, 
Beryllium, Copper, Multiwalled Carbon Nanotube, 
Isotrophically Enriched Diamond, Graphene, Gold, Silver, or 
Platinum. 

78. The RF filter of claim 67, including a weld shield 
associated with the conductive ferrule. 

79. The RF filter of claim 49, including a thickened metal 
lization layer disposed about the outside perimeter of the 
capacitor and conductively coupled to the ground electrode 
plates, wherein the thickened metallization layer comprises 
metal bearing glass frits or Aluminum, Aluminum Nitride, 
Beryllium, Copper, Multiwalled Carbon Nanotube, Isotropi 
cally Enriched Diamond, Graphene, Gold, Silver, Platinum, 
or other materials with thermal conductivity greater than 150 
watts per meter Kelvin near 300K. 

80. The RF filter of claim 48, including a thermally con 
ductive ceramic disposed within the conductive ferrule 
between the capacitor and an alumina ceramic insulator. 

81. The RF filter of claim 67, including a thermally con 
ductive washer disposed between the capacitor and a her 
metic seal insulator disposed within the conductive ferrule, 
wherein the thermally-conductive washer comprises Alumi 
num, Aluminum Nitride, Beryllium, Copper, Multiwalled 
Carbon Nanotube, Isotropically Enriched Diamond, 
Graphene, Gold, Silver, Platinum, or other materials with 
thermal conductivity greater than 150 watts per meter Kelvin 
near 300K. 

82. The RF filter of claim 67, wherein the conductive 
ferrule includes a capture flange for the capacitor, wherein the 
high thermal conductivity material for attaching the ground 
electrode plates to the conductive ferrule comprises Alumi 
num, Aluminum Nitride, Beryllium, Copper, Multiwalled 
Carbon Nanotube, Isotropically Enriched Diamond, 
Graphene, Gold, Silver, Platinum, or other materials with 
thermal conductivity greater than 150 watts per meter Kelvin 
near 300K. 

83. The RF filter of claim 49, including a heat conductive 
structure affixed to a periphery of the capacitor, wherein the 
heat conductive structure comprises a plurality of convection 
fins. 

84. The RF filter of claim 48, wherein a housing for the 
active medical device is filled with a dielectric fluid. 

85. The RF filter of claim 48, including at least one sec 
ondary capacitor disposed within a housing for the active 
medical device at a space location from the at least one 
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capacitor, the secondary capacitor associated with electronic components disposed within the housing for the active medi 
components of the active medical device. cal device. 

86. The RF filter of claim 85, including at least one sec 
ondary energy dissipating Surface associated with electronic ck 


