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an implantable medical device (IMD) is subject to a disrup 
tive energy ?eld. The IMD may include an implantable lead 
that includes one or more electrodes. The IMD may further 
include a ?rst component having a parasitic inductance. The 
IMD may further include a second component having a reac 
tance. In some examples, the reactance of the second compo 
nent may be selected based on the parasitic inductance of the 
?rst component such that an amount of energy re?ected along 
the lead in response to energy produced by an electromag 
netic energy source is beloW a selected threshold. In addi 
tional examples, the parasitic inductance of the ?rst compo 
nent and the reactance of the second component are 
con?gured such that an amount of energy re?ected along the 
lead in response to a frequency of electromagnetic energy is 
beloW a selected threshold. 
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CONTROLLING EFFECTS CAUSED BY 
EXPOSURE OF AN IMPLANTABLE 

MEDICAL DEVICE TO A DISRUPTIVE 
ENERGY FIELD 

RELATED APPLICATIONS 

This application claims the bene?t of US. Provisional 
Application No. 61/256,804, ?led Oct. 30, 2009, and ofU.S. 
Provisional Application No. 61/256,794, ?led Oct. 30, 2009, 
the contents of Which are hereby incorporated by reference in 
their entirety. 

TECHNICAL FIELD 

The disclosure relates to implantable medical devices, and 
more particularly, to controlling effects caused by exposure 
of an implantable medical device to a disruptive energy ?eld. 

BACKGROUND 

Some types of implantable medical devices (IMDs) pro 
vide therapeutic electrical stimulation to and/or monitor 
activity of a tissue of a patient via electrodes of one or more 
implantable leads that include electrodes. Examples of such 
devices include implantable cardiac pacemakers, cardiovert 
ers, de?brillators, neurostimulators, muscle stimulators, or 
the like. In the case of therapeutic electrical stimulation, the 
electrical stimulation may be delivered to the tissue via the 
electrodes of implantable leads in the form of neurostimula 
tion pulses, pacing pulses, cardioversion shocks, de?brilla 
tion shocks, cardiac resynchronization or other signals. In 
some cases, electrodes carried by the implantable leads may 
be used to sense one or more physiological signals to monitor 
the condition of a patient and/ or to control delivery of thera 
peutic electrical stimulation based on the sensed signals. 
An IMD may be exposed to a disruptive energy ?eld for any 

of a number of reasons. For example, one or more medical 

procedures may need to be performed on the patient Within 
Whom the IMD is implanted for purposes of diagnostics or 
therapy. For example, the patient may need to have a magnetic 
resonance imaging (MRI) scan, computed tomography (CT) 
scan, electrocautery, diathermy or other medical procedure 
that produces a magnetic ?eld, electromagnetic ?eld, electric 
?eld or other disruptive energy ?eld. 

The disruptive energy ?eld may induce energy on one or 
more of the implantable leads coupled to the IMD, Which 
could alter the operation of the IMD. For example, the 
induced energy may produce lead heating, radio frequency 
(RF) recti?cation, and/ or device heating effects, Which could 
alter the pacing and/ or sensing thresholds Within the IMD. 

SUMMARY 

In general, this disclosure is directed to techniques for 
con?guring one or more components Within an implantable 
medical device (IMD) such that effects are controlled and/or 
reduced When the device is subject to a disruptive energy 
?eld. In some examples, the disruptive energy ?eld may be a 
magnetic or radio frequency (RF) ?eld generated by an elec 
tromagnetic energy source. In additional examples, the dis 
ruptive energy ?eld may be an energy ?eld produced by a 
medical imaging modality, such as, e.g., a magnetic reso 
nance imaging (MRI) modality. The energy from the electro 
magnetic energy source may induce current ?oW Within elec 
trical components of the lead, Which can produce lead 
heating, RF recti?cation, device heating and other effects. 
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2 
Certain components Within the IMD, although not prima 

rily considered as inductive and/or capacitive components for 
conventional implantable device design, may nevertheless 
produce parasitic inductances and/or capacitances. The para 
sitic inductances and/ or capacitances of such components 
may be utiliZed to deliberately design an electrical netWork 
that reduces the amount of electromagnetic energy re?ected 
along a lead by the IMD for a given frequency or range of 
frequencies, and thereby reduce the effects caused by the 
disruptive energy ?eld such as, e.g., lead heating, device 
recti?cation, or device heating. 
When an IMD is placed Within the presence of a disruptive 

energy ?eld, the electromagnetic Waves and/or energy asso 
ciated With the ?eld may propagate along the length of a lead 
toWards the housing of the IMD. The electrical components 
Within the device housing may re?ect a substantial portion of 
the electromagnetic Wave along the lead toWard the elec 
trodes. Because the techniques described in this disclosure 
may help to reduce the amount of re?ected energy in the 
implanted lead, the techniques of this disclosure may be used 
to control the effects caused by placing the device in the 
presence of disruptive energy ?eld. 

In one aspect, the disclosure is directed to a method that 
includes determining a parasitic inductance for a ?rst com 
ponent Within an IMD that includes a lead that includes one or 
more electrodes. The method further includes selecting a 
reactance for a second component Within the IMD based on 
the parasitic inductance such that an amount of energy 
re?ected along the lead in response to energy emitted by an 
electromagnetic energy source is beloW a selected threshold. 

In another aspect, the disclosure is directed to an IMD that 
includes an implantable lead that includes one or more elec 
trodes. The device further includes a ?rst component having 
a parasitic inductance. The device further includes a second 
component having a reactance selected based on the parasitic 
inductance such that an amount of energy re?ected along the 
lead in response to energy emitted by an electromagnetic 
energy source is beloW a selected threshold. 

In another aspect, the disclosure is directed to a method that 
includes selecting a frequency of energy emitted by an elec 
tromagnetic energy source. The method further includes con 
?guring a parasitic inductance of a ?rst component and a 
reactance of a second component Within the IMD such that an 
amount of energy re?ected along the lead in response to the 
selected frequency of the energy is beloW the selected thresh 
old. 

In another aspect, the disclosure is directed to an IMD that 
includes an implantable lead that includes one or more elec 
trodes. The device further includes a ?rst component having 
a parasitic inductance. The device further includes a second 
component having a reactance, Wherein the parasitic induc 
tance of the ?rst component and the reactance of the second 
component are con?gured such that an amount of energy 
re?ected along the lead in response to a frequency of energy 
produced by an electromagnetic energy source is beloW the a 
selected threshold. 
The details of one or more aspects of the disclosure are set 

forth in the accompanying draWings and the description 
beloW. Other features, objects, and advantages of the tech 
niques described in this disclosure Will be apparent from the 
description and draWings, and from the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a conceptual diagram illustrating an example 
therapy system comprising an implantable medical device 
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(IMD) for delivering stimulation therapy to a heart of a patient 
via implantable leads according to this disclosure. 

FIG. 2 is a conceptual diagram further illustrating the IMD 
and leads of the system of FIG. 1 in greater detail. 

FIG. 3 is a block diagram illustrating an example con?gu 
ration of an IMD according to this disclosure. 

FIG. 4 is a block diagram illustrating active circuitry of 
FIG. 3 in greater detail. 

FIG. 5 is a circuit diagram illustrating an example electrical 
network that models electrical behavior of various compo 
nents Within an IMD according to this disclosure. 

FIGS. 6A and 6B are charts illustrating example re?ection 
coe?icient plots for an electrical netWork model according to 
this disclosure. 

FIG. 7 is a ?oW diagram illustrating an example technique 
for controlling lead heating effects according to this disclo 
sure. 

FIG. 8 is a ?oW diagram illustrating another example tech 
nique for controlling lead heating effects according to this 
disclosure. 

FIG. 9 is a ?oW diagram illustrating another example tech 
nique for controlling lead heating effects according to this 
disclosure. 

FIG. 10 is a ?oW diagram illustrating an example technique 
for controlling lead heating effects and poWer recti?cation 
according to this disclosure. 

FIG. 11 is a ?oW diagram illustrating an example technique 
for controlling lead heating effects and device heating effects 
according to this disclosure. 

FIG. 12 is a ?oW diagram illustrating an example technique 
for controlling lead heating effects, poWer recti?cation, and 
device heating effects according to this disclosure. 

DETAILED DESCRIPTION 

In general, this disclosure is directed to techniques for 
con?guring one or more components Within an implantable 
medical device (IMD) such that effects on the IMD are con 
trolled and/or reduced When the device is subject to a disrup 
tive energy ?eld. In some examples, the disruptive energy 
?eld may be a magnetic or radio frequency (RF) ?eld gener 
ated by an electromagnetic energy source. In additional 
examples, the disruptive energy ?eld may be an energy ?eld 
produced by a medical imaging modality, such as a magnetic 
resonance imaging (MRI) modality for example. The energy 
from the electromagnetic energy source may induce current 
?oW Within electrical components of the lead, Which can 
produce lead heating, RF recti?cation, device heating and 
other effects. As used herein, the terms “lead heating” or “lead 
heating effects” may refer to the heating of tissue proximate 
to one or more electrodes coupled to an implantable medical 
device. 

Certain components Within the IMD, although not prima 
rily considered as inductive and/or capacitive components for 
conventional implantable device design, may nevertheless 
produce parasitic inductances and/or capacitances. The para 
sitic inductances and/ or capacitances of such components 
may be utiliZed to deliberately design an electrical netWork 
that reduces the amount of electromagnetic energy re?ected 
along a lead by the IMD for a given frequency or range of 
frequencies, and thereby reduce the effects caused by the 
disruptive energy ?eld such as, e.g., lead heating, device 
recti?cation, or device heating. 
When an IMD is placed Within the presence of a disruptive 

energy ?eld, the electromagnetic Waves and/ or energy asso 
ciated With the ?eld may propagate along the length of a lead 
toWards the housing of the IMD. The electrical components 
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4 
Within the device housing may re?ect a substantial portion of 
the electromagnetic Wave along the lead toWard the elec 
trodes. In some cases, the re?ected electromagnetic Wave 
may produce lead heating effects, e.g., tissue heating proxi 
mate to the electrodes. Because the techniques described in 
this disclosure may help to reduce the amount of re?ected 
energy in the implanted lead, the techniques of this disclosure 
may be used to control the lead heating effects caused by 
placing the device in the presence of disruptive energy ?eld. 

The electromagnetic energy source may produce electro 
magnetic energy at any frequency. In examples Where the 
electromagnetic energy source is an MRI modality, the elec 
tromagnetic energy source may, in some examples, produce 
electromagnetic Waves or energy (e.g., a disruptive energy 
?eld) having frequencies of 42 MHZ, 64 MHZ, and/or 128 
MHZ. The proportion of 42 MHZ radio frequency (RF) to a 1 
Tesla (T) static magnetic ?eld is controlled by the Larmar 
frequency. Therefore 42 MHZ, 64 MHZ, and 128 MHZ corre 
spond to l T, 1.5 T, and 3 T MRIs respectively. HoWever, the 
techniques in this disclosure may be applied to other frequen 
cies of MRIs as Well. 

In some examples, an IMD in accordance With this disclo 
sure may have components selected such that an amount of 
re?ected energy along a device lead is beloW a selected 
threshold. For example, the IMD may include an implantable 
lead that carries one or more electrodes, a ?rst component 
having a parasitic inductance, and a second component hav 
ing a reactance. In some examples, the reactance of the sec 
ond component may be selected based on the parasitic induc 
tance of the ?rst component such that an amount of energy 
re?ected along the lead in response to energy produced by an 
electromagnetic energy source is beloW a selected threshold. 
In additional examples, the parasitic inductance of the ?rst 
component and the reactance of the second component are 
con?gured such that an amount of energy re?ected along the 
lead in response to a frequency of energy emitted by the 
electromagnetic energy source is beloW the selected thresh 
old. 

In some examples, the amount of energy re?ected along the 
lead (i.e., re?ected energy) may refer to a raW amount of 
re?ected energy. As used herein, a raW amount of re?ected 
energy may refer to the magnitude of electromagnetic energy 
that is re?ected at the proximal end of the lead (e.g., at the 
lead-device interface) in response to electromagnetic energy 
being induced in the lead by a disruptive electromagnetic 
?eld. In some examples, the raW amount of re?ected energy 
may be an electromagnetic Wave that travels toWards the 
distal end of the lead (i.e., aWay from the lead-device inter 
face). 

In additional examples, the amount of energy re?ected 
along the lead (i.e., re?ected energy) may refer to a composite 
amount of re?ected energy. As used herein, a composite 
amount of re?ected energy may refer to the combination (e. g., 
superposition) of the raW amount of re?ected energy along 
the lead and additional amounts of energy traveling along the 
respective lead. The additional amounts of energy may 
include energy that is re?ected by the implantable medical 
device and/ or energy that is not re?ected by the implantable 
medical device. In some examples, the additional amounts of 
energy may include energy that is induced in the respective 
electrical lead by a disruptive electromagnetic energy ?eld. 

For example, When an implantable medical device is sub 
ject to a disruptive electromagnetic energy ?eld, the disrup 
tive electromagnetic energy ?eld may induce a ?rst type of 
electromagnetic Wave in a lead coupled to the implantable 
medical device. The ?rst type of electromagnetic Wave may 
travel along the lead toWards the proximal end of the lead (i.e., 
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towards the lead-device interface of the implantable medical 
device). The disruptive electromagnetic energy ?eld may also 
induce a second type of electromagnetic Wave in the lead. The 
second type of electromagnetic Wave may travel along the 
lead toWards the distal end of the lead (i.e., aWay from the 
lead-device interface of the implantable medical device). 

The implantable medical device may re?ect the ?rst type of 
electromagnetic Wave to produce a third type of electromag 
netic Wave. For example, an electrical netWork formed by 
components of the implantable medical device, as described 
in further detail in this disclosure, may re?ect the ?rst type of 
electromagnetic Wave and produce the third type of electro 
magnetic Wave. The third type of electromagnetic Wave may 
travel along the lead toWards the distal end of the lead (i.e., 
aWay from the lead-device interface of the implantable medi 
cal device). The second type of electromagnetic Wave and the 
third type of electromagnetic may combine (e.g., superpose) 
to form a composite amount of re?ected energy. Thus, in such 
examples, the composite amount of re?ected energy may 
refer to the combination (e.g., superposition) of the second 
type of electromagnetic Wave and the third type of electro 
magnetic Wave. The techniques in this disclosure may, in 
some examples, be used to cause the composite amount of 
energy re?ected along the lead in response to energy pro 
duced by an electromagnetic energy source to be beloW a 
selected threshold. 

In additional examples, an IMD in accordance With this 
disclosure may have components selected such that one or 
more of the folloWing constraints are satis?ed: (1) an amount 
of re?ected energy along a device lead is beloW a ?rst thresh 
old; (2) an amount of energy transferred to active circuitry 
Within the medical device is beloW a second threshold; and/or 
(3) an amount of energy dissipated by an electrical netWork 
Within the IMD is beloW a third threshold. Again, as used in 
this disclosure, the term “re?ected energy” may refer to a raW 
amount of re?ected energy or a composite amount of re?ected 

energy. 
In some examples, an IMD in accordance With this disclo 

sure may have components selected such that an electrical 
netWork that includes the components has a resonant fre 
quency proximate to the frequency of energy produced by the 
electromagnetic energy source. In additional examples, an 
IMD in accordance With this disclosure may have compo 
nents con?gured such that a magnitude of the resonance is 
Within a particular range. In further examples, an IMD in 
accordance With this disclosure may have components con 
?gured such that the quality factor (Q-factor) or bandWidth of 
the electrical netWork is greater than a selected threshold. 
As used herein, a parasitic inductance refers to internal 

inductance of a component Whose primary function is some 
thing other than behaving as an inductor. In other Words, the 
parasitic inductance is incidental to the primary function of 
the component. Similarly, a parasitic resistance refers to inter 
nal resistance of a component Whose primary function is 
something other than behaving as a resistor. Likewise, a para 
sitic capacitance refers to the internal capacitance of a com 
ponent Whose primary function is something other than 
behaving as a capacitor. 

In contrast, an actual inductance may refer to the induc 
tance of a component Whose primary function is to behave as 
an inductor. Similarly, an actual resistance may refer to the 
resistance of a component Whose primary function is to 
behave as a resistor. Likewise, an actual capacitance may 
refer to the capacitance of a component Whose primary func 
tion is to behave as a capacitor. Any determination of Whether 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
an inductance, resistance, or capacitance is parasitic or actual 
may be based upon the context and function of the compo 
nents Within a given circuit. 

For purposes of illustration, the techniques of this disclo 
sure Will be described With respect to a disruptive energy ?eld 
generated by an imaging modality and, more speci?cally, a 
magnetic resonance imaging (MRI) modality. The techniques 
of this disclosure may, hoWever, be used in the context of 
other disruptive energy ?elds generated by imaging modali 
ties other than MRI modalities or non-imaging medical or 
non-medical devices that generate an energy ?eld. 

Although the techniques in this disclosure are described 
With respect to “energy” or “an amount of energy,” it should 
be recogniZed that other measures of electromagnetic ?elds 
and/or radiation may also be used. For example, “poWer” or 
“an amount of poWer” may be used in place of “energy” 
and/or “an amount of energy.” In addition, Where this disclo 
sure refers to “electromagnetic Waves,” the disclosure may 
also be referring to “electromagnetic energy” and/or “elec 
tromagnetic radiation.” 

FIG. 1 is a conceptual diagram illustrating an example 
therapy system 1 0 that may be used to provide therapy to heart 
12 of patient 14. Patient 14 is ordinarily, but not necessarily, 
a human patient. Therapy system 10 includes IMD 16, Which 
is coupled to leads 18, 20, and 22, and programmer 24. 
Although leads 18, 20, 22 are described in FIG. 1 as being 
separate from IMD 16, in some examples, IMD 16 may 
include leads 18, 20, 22. 
IMD 16 may be, for example, a device that provides cardiac 

rhythm management therapy to heart 12, and may include, for 
example, an implantable pacemaker, cardioverter, and/or 
de?brillator that provides therapy to heart 12 of patient 14 via 
electrodes coupled to one or more of leads 18, 20, and 22. In 
some examples, IMD 16 may deliver pacing pulses, but not 
cardioversion or de?brillation shocks, While in other 
examples, IMD 16 may deliver cardioversion and/or de?bril 
lation shocks in addition to pacing pulses. In additional 
examples, IMD 16 may provide cardiac resynchronization 
therapy in addition to or in lieu of pacing pulses, cardiover 
sion shocks, and/ or de?brillation shocks. 
Although the techniques in this disclosure are described 

With respect to an implantable cardiac device for exemplary 
purposes, such techniques may also be applied to other types 
of IMDs. For example, the techniques in this disclosure may 
be applied to neurostimulators, including deep brain stimu 
lators, spinal cord stimulators, peripheral nerve stimulators, 
pelvic ?oor stimulators, gastro-intestinal stimulators, or the 
like. 

Leads 18, 20, 22 extend into the heart 12 of patient 14 to 
sense electrical activity of heart 12 and/or deliver electrical 
stimulation to heart 12. In the example shoWn in FIG. 1, right 
ventricular (RV) lead 18 extends through one or more veins 
(not shoWn), the superior vena cava (not shoWn), and right 
atrium 26, and into right ventricle 28. Left ventricular (LV) 
coronary sinus lead 20 extends through one or more veins, the 
vena cava, right atrium 26, and into the coronary sinus 30 to 
a region adjacent to the free Wall of left ventricle 32 of heart 
12. Right atrial (RA) lead 22 extends through one or more 
veins and the vena cava, and into right atrium 26 of heart 12. 
In other examples, therapy system 10 may include an addi 
tional lead or lead segment (not shoWn in FIG. 1) that deploys 
one or more electrodes Within the vena cava or other vein. 

These electrodes may alloW alternative electrical sensing 
con?gurations that may provide improved sensing accuracy 
in some patients. 
IMD 16 senses electrical signals attendant to the depolar 

iZation and repolariZation of heart 12 via electrodes (not 
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shown in FIG. 1) coupled to at least one of the leads 18,20, 22. 
In some examples, IMD 16 provides pacing pulses to heart 12 
based on the electrical signals sensed Within heart 12. These 
electrical signals sensed Within heart 12 may also be referred 
to as cardiac signals or electrical cardiac signals. The con 
?gurations of electrodes used by IMD 16 for sensing and 
pacing may be unipolar or bipolar. IMD 16 may also provide 
de?brillation therapy and/or cardioversion therapy via elec 
trodes located on at least one of the leads 18, 20, 22. IMD 16 
may detect arrhythmia of heart 12, such as ?brillation of 
ventricles 28 and 32, and deliver cardioversion or de?brilla 
tion therapy to heart 12 in the form of electrical pulses. In 
some examples, IMD 16 may be programmed to deliver a 
progression of therapies, e.g., pulses With increasing energy 
levels, until a tachyarrhythmia of heart 12 is stopped. IMD 16 
detects tachycardia or ?brillation employing one or more 
tachycardia or ?brillation detection techniques knoWn in the 
art. 

In some examples, programmer 24 may be a handheld 
computing device, computer Workstation, or netWorked com 
puting device. Programmer 24 includes a user interface that 
receives input from a user. The user interface may include, for 
example, a keypad and a display, Which may for example, be 
a cathode ray tube (CRT) display, a liquid crystal display 
(LCD) or light emitting diode (LED) display. The keypad 
may take the form of an alphanumeric keypad or a reduced set 
of keys associated With particular functions. Programmer 24 
can additionally or alternatively include a peripheral pointing 
device, such as a mouse, via Which a user may interact With 
the user interface. In some examples, a display of program 
mer 24 may include a touch screen display, and a user may 
interact With programmer 24 via the display. It should be 
noted that the user may also interact With programmer 24 or 
IMD 16 remotely via a netWorked computing device. 
A user, such as a physician, technician, surgeon, electro 

physiologist, or other clinician, may interact With program 
mer 24 to communicate With IMD 16. For example, the user 
may interact With programmer 24 to retrieve physiological or 
diagnostic information from IMD 1 6. A user may also interact 
With programmer 24 to program IMD 16, e.g., select values 
for operational parameters of IMD 16. 

For example, the user may use programmer 24 to retrieve 
information from IMD 16 regarding the rhythm of heart 12, 
trends therein over time, or tachyarrhythmia episodes. As 
another example, the user may use programmer 24 to retrieve 
information from IMD 16 regarding other sensed physiologi 
cal parameters of patient 14, such as electrical depolariZation/ 
repolariZation signals from the heart (referred to as “electro 
gram” or EGM), intracardiac or intravascular pressure, 
activity, posture, respiration, heart rate, heart sounds, or tho 
racic impedance. As another example, the user may use pro 
grammer 24 to retrieve information from IMD 16 regarding 
the performance or integrity of IMD 16 or other components 
of system 10, such as leads 18, 20 and 22, or a poWer source 
of IMD 16. 

The user may use programmer 24 to program a therapy 
progression, select electrodes used to deliver de?brillation 
shocks, select Waveforms for the de?brillation shocks, or 
select or con?gure a ?brillation detection algorithm for IMD 
16. The user may also use programmer 24 to program similar 
aspects of other therapies provided by IMD 16, such as car 
dioversion or pacing therapies. In some examples, the user 
may activate certain features of IMD 16 by entering a single 
command via programmer 24, such as depression of a single 
key or combination of keys of a keypad or a single point-and 
select action With a pointing device. 
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8 
IMD 16 and programmer 24 may communicate via Wire 

less communication using any techniques knoWn in the art. 
Examples of communication techniques may include, for 
example, loW frequency or radiofrequency (RF) telemetry, 
but other techniques are also contemplated. In some 
examples, programmer 24 may include a programming head 
that may be placed proximate to the patient’s body near the 
IMD 1 6 implant site in order to improve the quality or security 
of communication betWeen IMD 16 and programmer 24. 

In accordance With this disclosure, IMD 16 may have one 
or more components con?gured such that, When patient 14 
and/or IMD 16 are in the presence of an electromagnetic 
energy source, the amount of energy re?ected by IMD 16 is 
less than a selected threshold. In some examples, the reac 
tance of a reactive component Within IMD 16 may be selected 
based on a parasitic inductance of another component Within 
IMD 16 in order to control the amount of energy re?ected by 
IMD 16. For example, a capacitance for a channel capacitor 
Within IMD 16 may be selected based on a parasitic induc 
tance of ribbon bonding and/ or conductive traces Within IMD 
16. 
Each lead 18, 20, 22 may include one or more electrical 

conductors. Each conductor may extend betWeen an electrical 
contact at a proximal end of a lead and an electrode at a distal 
end of the lead. The conductors may conduct stimulation 
current to the electrodes and/or conduct sensing current from 
the electrodes. The electrical contacts may be electrically 
coupled to respective electrical terminals in a header associ 
ated With the housing of the IMD 16. The ribbon bonding 
and/ or conductive traces may electrically couple the electrical 
terminals to corresponding electrical terminals inside the 
housing of the IMD 16, e.g., on a circuit board that includes 
various electronic circuit components for generation, control 
and/or processing of electrical stimulation and/or sensing 
signals. The conductors may carry current that is induced by 
energy associated With an electromagnetic energy source, 
such as an MRI or other imaging modality. 

In additional examples, a parasitic inductance value for a 
?rst component and a reactance for a second component may 
be selected and con?gured in order to control the amount of 
energy re?ected by IMD 16 along the length of leads 18, 20, 
22 toWard the electrodes at the distal ends of the leads. For 
example, the length of ribbon bonding and/or conductive 
traces Within IMD 16 may be adjusted to control the parasitic 
inductance of the ?rst component. In addition, a capacitance 
value may be selected for a channel capacitor Within IMD 16 
to control the reactance of the second component. The ?rst 
component and the second component may operate together 
to produce a resonance proximate to the frequency of the 
electromagnetic energy source. 

In some cases, the length of the ribbon bonding and/or 
conductive traces can be selected based on a ?xed capacitance 
value of the channel capacitor to produce a resonance at a 
desired frequency. In some examples, the ?xed capacitance 
value may be based on one or more standard capacitance 
values for channel capacitors used in a particular manufac 
turing process for an IMD or circuit board. Alternatively, the 
capacitance value of the channel capacitor may be selected 
based on a ?xed inductance value of the ribbon bonding 
and/or conductive traces to produce a resonance at a desired 
frequency. In some examples, the ?xed inductance value may 
be based on a parasitic inductance value associated With a 
particular con?guration (e. g., length) of ribbon bonding and/ 
or conductive traces used in a particular manufacturing pro 
cess for an IMD or circuit board. As a further alternative, the 
capacitance of the channel capacitor and the length of the 
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ribbon bonding and/or conductive traces may both be 
adjusted or selected to produce a resonance at a desired fre 

quency. 
In some examples, the ?rst and second components may be 

con?gured such that a magnitude of the resonance is Within a 
particular range. In further examples, the ?rst and second 
components may be con?gured such that the quality factor 
(Q-factor) or bandWidth of an electrical netWork containing 
the ?rst and second components is greater than a selected 
threshold. 

In further examples, IMD 16 may have components 
selected such that one or more of the folloWing constraints are 
satis?ed: (1) an amount of re?ected energy along a device 
lead is beloW a ?rst threshold; (2) an amount of energy trans 
ferred to active circuitry Within the medical device is beloW a 
second threshold; and/or (3) an amount of energy dissipated 
by an electrical netWork Within the IMD is beloW a third 
threshold. 

FIG. 2 is a conceptual diagram illustrating a three-lead 
IMD 16 and leads 18, 20 and 22 of therapy system 10 in 
greater detail. Leads 18, 20, 22 may be electrically coupled to 
a signal generator and a sensing module of IMD 16 via con 
nector block 34. In some examples, proximal ends of leads 
18, 20, 22 may include electrical contacts that electrically 
couple to respective electrical contacts Within connector 
block 34 of IMD 16. In addition, in some examples, leads 18, 
20, 22 may be mechanically coupled to connector block 34 
With the aid of set screWs, connection pins, snap connectors, 
or another suitable mechanical coupling mechanism. 

Each of the leads 18, 20, 22 includes an elongated insula 
tive lead body, Which may carry a number of concentric coiled 
conductors separated from one another by tubular insulative 
sheaths. Other lead con?gurations are also contemplated, 
such as con?gurations that do not include coiled conductors. 
In the illustrated example, bipolar electrodes 40 and 42 are 
located proximate to a distal end of lead 18 in RV 28. In 
addition, bipolar electrodes 44 and 46 are located proximate 
to a distal end of lead 20 in LV 32 and bipolar electrodes 48 
and 50 are located proximate to a distal end of lead 22 in RA 
26. Although no electrodes are located in LA 36 in the illus 
trated example, other examples may include electrodes in LA 
36. 

Electrodes 40, 44, and 48 may take the form of ring elec 
trodes, and electrodes 42, 46, and 50 may take the form of 
extendable helix tip electrodes mounted retractably Within 
insulative electrode heads 52, 54, and 56, respectively. In 
other examples, one or more of electrodes 42, 46, and 50 may 
take the form of small circular electrodes at the tip of a tined 
lead or other ?xation element. Leads 18, 20, 22 also include 
elongated electrodes 62, 64, 66, respectively, Which may take 
the form ofa coil. Each ofthe electrodes 40, 42, 44, 46, 48, 50, 
62, 64, and 66 may be electrically coupled to a respective one 
of the conductors Within the lead body of its associated lead 
18, 20, 22, and thereby coupled to respective ones of the 
electrical contacts on the proximal end of leads 18, 20, 22. 

In some examples, as illustrated in FIG. 2, IMD 16 includes 
one or more housing electrodes, such as housing electrode 58, 
Which may be formed integrally With an outer surface of 
hermetically-sealed housing 60 of IMD 16 or otherWise 
coupled to housing 60. In some examples, housing electrode 
58 is de?ned by an uninsulated portion of an outWard facing 
portion of housing 60 of IMD 16. Other divisions betWeen 
insulated and uninsulated portions of housing 60 may be 
employed to de?ne tWo or more housing electrodes. In some 
examples, housing electrode 58 comprises substantially all of 
housing 60. As described in further detail With reference to 
FIGS. 3 and 4, housing 60 may enclose a signal generator that 
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10 
generates therapeutic stimulation, such as cardiac pacing 
pulses and de?brillation shocks, as Well as a sensing module 
for monitoring the rhythm of heart 12. 
IMD 16 may sense electrical signals attendant to the depo 

lariZation and repolariZation of heart 12 via electrodes 40, 42, 
44, 46, 48, 50, 58, 62, 64, and 66. The electrical signals are 
conducted to IMD 16 from the electrodes via the respective 
leads 18, 20, 22 or, in the case of housing electrode 58, a 
conductor couple to housing electrode 58. IMD 16 may sense 
such electrical signals via any bipolar combination of elec 
trodes 40, 42, 44, 46, 48, 50, 58, 62, 64, and 66. Furthermore, 
any ofthe electrodes 40, 42, 44, 46, 48,50, 58, 62, 64, and 66 
may be used for unipolar sensing in combination With hous 
ing electrode 58. 
Any multipolar combination of tWo or more of electrodes 

40, 42, 44, 46, 48, 50, 58, 62, 64, and 66 may be considered a 
sensing electrode con?guration. Usually, but not necessarily, 
a sensing electrode con?guration is a bipolar electrode com 
bination on the same lead, such as electrodes 40 and 42 of lead 
18. On one lead having three electrodes, there may be at least 
three different sensing electrode con?gurations available to 
IMD 16. These sensing electrode con?gurations are, for the 
example of lead 18, tip electrode 42 and ring electrode 40, tip 
electrode 42 and elongated electrode 62, and ring electrode 40 
and elongated electrode 62. HoWever, some examples may 
utiliZe sensing electrode con?gurations having electrodes of 
tWo different leads. Further, a sensing electrode con?guration 
may utiliZe housing electrode 58, Which may provide a uni 
polar sensing electrode con?guration. In some examples, a 
sensing electrode con?guration may comprise multiple hous 
ing electrodes 58. In any sensing electrode con?guration, the 
polarity of each electrode in the may be con?gured as appro 
priate for the application of the sensing electrode con?gura 
tion. 

In some examples, IMD 16 delivers pacing pulses via 
bipolar combinations of electrodes 40, 42, 44, 46, 48 and 50 
to produce depolariZation of cardiac tissue of heart 12. In 
some examples, IMD 16 delivers pacing pulses via any of 
electrodes 40, 42, 44, 46, 48 and 50 in combination With 
housing electrode 58 in a unipolar con?guration. Further 
more, IMD 16 may deliver cardioversion or de?brillation 
shocks to heart 12 via any combination of elongated elec 
trodes 62, 64, 66, and housing electrode 58. Electrodes 58, 62, 
64, 66 may also be used to deliver cardioversion shocks to 
heart 12. Electrodes 62, 64, 66 may be fabricated from any 
suitable electrically conductive material, such as, but not 
limited to, platinum, platinum alloy, Titanium nitride or other 
materials knoWn to be usable in implantable de?brillation 
electrodes. 
As described above, exposure of IMD 16 to a disruptive 

energy ?eld, e.g., one or more ?elds produced by an MRI 
imaging modality, may result in lead heating, RF recti?ca 
tion, device heating, and/or other effects. For example, RF 
?elds produced by the MRI imaging modality may induce 
energy on one or more conductors of respective ones of 

implantable leads 18, 20, or 22 or on the housing electrode, 
Which may in turn increase lead heating, device recti?cation, 
and/or device heating effects. According to this disclosure, 
techniques for con?guring one or more electrical components 
Within IMD 16 are provided that may reduce and/ or control 
one or more of such effects. 

The con?guration of therapy system 10 illustrated in FIGS. 
1 and 2 is merely one example. In other examples, a therapy 
system may include epicardial leads and/or patch electrodes 
instead of or in addition to the implanted leads 18, 20, 22 
illustrated in FIG. 1. Further, housing 60 of IMD 16 need not 
be implanted Within patient 14. In examples in Which housing 
























