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@ A multiple channel cardiosynchronous myoplasty apparatus. 

(57) A neuromuscular stimulation apparatus and 
procedure, which employs multiple channels 
(210 to 214) of stimulation for the purpose of 
supplying directional control of blood flow in 
addition to augmenting the force of contrac- 
tion. The apparatus comprises multiple channel 
stimulation electrodes (112,114,116, 118 and 
120) and a multiple channel cardiosynchronous 
stimulator (20) to selectively stimulate various 
sections of the skeletal muscle. The amplitudes 
of the stimulation pulses and the time delay 
following a cardiac event may be selected for 
each channel to appropriately stimulate the 
muscle to control the order of contraction of 
particular muscle fibers and thereby to govern 
the direction of blood flow. 
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Description 

Technical Field 

The present invention relates to implantable medi- 
cal bioelectrical stimulating devices for performing skel- 
etal muscle assistance of the heart, including 
procedures such as cardiomyoplasty. aortomyoplasty or 
skeletal muscle ventricles, and more particularly to a 
multiple channel bioelectrical stimulating device 
employing a multi-electrode lead. 

Background of the Invention 

Severe chronic cardiac insufficiency arising from 
cardiac disease or injury shortens and degrades the 
quality of life of many patients. One form of severe 
chronic cardiac insufficiency, congestive heart failure, is 
a pathophysiological state in which cardiac output is 
inadequate to meet physiological requirements of the 
body. The mortality rate for congestive heart failure is 
greater than 50% within 5 years of onset. Treatments for 
severe chronic cardiac insufficiency include heart trans- 
plants, artificial heart implants and cardiomyoplasty. 
Cardiac transplantation, using cydosporine to inhibit tis- 
sue rejection, is a very successful technique for pro- 
longing a cardiac patient's life, improving the survival 
rate to 80% at 1 year. However, the transplant operation 
is very expensive and heart availability is limited. The 

" artificial heart has had very limited success. 
Dynamic cardiomyoplasty is a surgical and electri- 

- cal therapeutic technique in which a skeletal muscle flap 
is dissected from a patient, while maintaining its inner- 
vating neural tissues and neurovascular structures, and 
surgically placed around the patient's heart. A bioelec- 
trical stimula-tion device with an electrical pulse gener- 
ator and intramuscular electrodes are implanted which 
perform muscle electrical stimulation in synchrony with 
ventricular systole to support cardiac pumping. In func- 
tional electrical stimulation (FES) applications, one or 
more intramuscular electrodes are placed within a mus- 
cle body. Because intramuscular electrodes are firmly 
positioned with respect to nerve branches, they are 
advantageous for promoting long-term functional stabil- 
ity, giving rise to repeatable contractions. 

A protocol of sequential and progressive skeletal 
muscle electrical stimulation causes glycolytic musde 
fibers, predominant in skeletal muscle, to take the form 
of oxidative fibers. Oxidative fibers are resistant to 
fatigue and have histochemical and biochemical char- 
acteristics of myocardium. Stimulated skeletal musde 
transforms into a fatigue-resistant state suitable for 
chronic ventricular assistance, enabling dynamic cardi- 
omyoplasty. The skeletal muscle is then trained to func- 
tion in the manner of cardiac muscle to assist the heart 
in increasing the patient's cardiac output. This permits, 
skeletal muscle assistance of a patient's ailing heart 
musde. 

G.J. Magovern, in United States Patent No. 
4,791,911, entitled "Method of Cardiac Reconstructive 
Surgery", issued December 20,1988, discloses a surgi- 
cal method of reconstructing damaged cardiac muscle 

5    using a latissimus dorsi skeletal musde autograft 
J.C. Chachques etal., in U.S. Patent No. 4,735,205, 

entitled "Method and Apparatus tnduding a Sliding 
Insulation Lead for Cardiac Assistance", issued April 5, 
1988, discloses a suitable electrode configuration used 

io   in a system which provides muscle stimulation for a 
muscle surgically adapted to perform myocardial substi- 
tution. The leads have variable electrode surface areas 
which are adjusted at the time of surgical implantation to 
expose a desired length of electrode surface area 

is   extending through the muscle. At implantation, a tubular 
insulation sheath which overlies a conductor within the 
lead may be extended over or retracted from the con- 
ductor to expose a desired length of conductor. The 
exposed conductor acts as a muscle stimulation elec- 

ts trode. 
P.A. Grandjean et a!., in U.S. Patent No. 5,009,229. 

entitled "Steroid Eluting Intramuscular Lead", issued 
April 23, 1991, describes an intramuscular lead which is 
adapted from a type of cardiac pacing lead. This lead 

25 includes an insulated wire body, an electrode, a strand 
of suture material extending the entire length of the lead 
and distal to the electrode, and a curved needle 
attached to the distal end of the strand of suture mate- 
rial. The suture material is treated with a steroid drug, 

30 such as glucocorticosteroid, which, upon chronic 
implantation, is eluted from the suture material to treat 
tissue inflammation or damage caused by the implanta- 
tion procedure or subsequent irritation. Although this 
lead may avoid or lessen damage to nerves caused by 

35 electrical stimulation, it does not diminish the high cur- 
rent flows which are required to stimulate muscle con- 
traction. 

In the aforementioned devices and methods, skele- 
tal muscles have been employed to augment cardiac 

40   performance in patients with dilated or ischemic cardio- 
myopathy. In the procedure of cardiomyoplasty, the 

. patient's latissimus dorsi musde is wrapped around the 
heart and stimulated to contract during systole, in syn- 
chronization with the heart In aortomyoplasty, the latis- 

45 simus dorsi musde is wrapped around the aorta and 
stimulated to contract during cardiac diastole. The latter 
technique is termed counterpulsation. Other manifesta- 
tions of counterpulsation indude a skeletal muscle ven- 
tricle technique in which the latissimus dorsi muscle is 

so wrapped around a small diameter cylinder or cone. The 
muscle pump is then connected into the circulatory sys- 
tem and stimulated to contract during diastole to aug- 
ment the diastolic blood pressure. 

In all of these known procedures, only one channel 
55 of neuromuscular stimulation is employed. Therefore, all 

of the stimulated muscle is activated at one time to con- 
tract and compress the blood reservoir within the heart, 
the aorta or the skeletal muscle ventricle employed in 
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the procedure. Because the entire muscle contracts at 
the same time, the force of contraction does not propel 
the blood in a particular direction. Instead, as a result of 
the contraction, the blood will flow away from the arter- 
ies as well as toward the arteries. 5 

The success or failure of a cardiac assistance pro- 
cedure is judged by measurements of such parameters 
as cardiac output, ejection fraction, stroke volume, peak 
pressure, contractility indices and end-diastolic vol- 
umes. Results of such examinations to date have shown io 
only minor quantitative improvement resulting from the 
cardiomyoplasty procedure. (See The Allegheny Hos- 
pital Experience", Magovern GJ. et at. in Cardiomvo- 
pJasiy, pp. 159-170. eds. Carpentier A. et aJ., Futura, 
1991.) One reason for the failure to detect a strong 15 
quantitative improvement during a skeletal muscle car- 
diac assistance procedure may be the failure to direct 
the flow in a desired direction, toward the arteries. 

Summary of the Invention 20 

The present invention provides for an improved 
neuromuscular stimulation apparatus, employing multi- 
ple channels of stimulation for the purpose of supplying 
directional control of blood flow, in addition to the aug- 25 
mentation of the force of contraction which is standard 
in the art of skeletal muscle cardiac assist devices. 

The invention described hereinafter comprises mul- 
tiple channel stimulation electrodes and a multiple 
channel cardiosynchronous stimulator to selectively 30 
stimulate various sections of the skeletal muscle. The 

: - amplitudes of the stimulation pulses and the time delay 
following a cardiac event may be selected for each 
channel to appropriately stimulate the muscle to control 
the order of contraction of particular muscle fibers and 35 
thereby to govern the direction of blood flow. 

The efficiency of a normal heart as a pump 
depends on its sequential pattern of excitation and its 
subsequent contraction to proceed in an orderly and 
coordinated manner from atria to ventricles. 40 

Conduction of ionic electrical excitation in the heart 
activates its mechanical pumping action. In a normally . 
beating heart, a continuous progression of excitation 
proceeds from the sino-atrial node, through the muscu- 
lature of the atrium, to the atrioventricular node and the 45 
His bundle, and finally through the muscle of the ventri- 
cle. As the wave of electrical excitation passes over the 
heart from cell to cell, the muscle cells respond by con- 
tracting in a continuous wave of contractile force. The 
electrical action potential precedes the mechanical con- so 
traction of the heart muscle. In a properly functioning 
heart, the action potential first spreads over the atria 
and then proceeds over the ventricles, progressively 
recruiting the muscle cells into contraction. 

The goal of a skeletal muscle powered cardiac 55 
assistance device is to increase the cardiac output of 
the patient's heart by substituting skeletal muscle for 
myocardial tissue and to develop the skeletal muscle to 

operate in the manner of myocardial tissue. Previous 
known skeletal muscle cardiac assistance procedures 
and devices have provided for training of skeletal mus- 
cle to mimic myocardium by changing the nature of the 
skeletal muscle from predominantly glycolytic fast- 
twitch ftoers to oxidative slow-twitch fibers which are 
fatigue-resist In addition to conditioning of skeletal 
muscle to produce fatigue-resistant muscle tissue for 
assisting the contractility of the heart, contraction of 
skeletal muscle is in a manner which produces a 
sequential pattern of excitation is stimulated, smoothly 
passing through the muscle tissue, in the form of a wave 
of contraction. Previously existing skeletal muscle car- 
diac assistance methods have provided only for stimula- 
tion of the skeletal muscle from a single electrode which 
stimulates all muscle fibers simultaneously to squeeze a 
reservoir of blood without providing this directional 
capability. 

A controller, which may be a microprocessor, gov- 
erns the operation of a multiple channel neuromuscular 
stimulator circuit to determine the timing, intensity and 
stimulation duration of the pulses applied to a skeletal 
muscle graft The stimulation parameters for each chan- 
nel are set independently of other channels. 

A multi-electrode neuromuscular stimulating lead of 
the present invention incorporates improvements over 
known implantable leads by providing for multiple sepa- 
rate stimulating electrode elements, electrode elements 
which are distributed in space within the muscle, and 
electrode elements that are embedded in a flexible tip. 
Furthermore, the lead may be employed in a bioelectri- 
cal stimulating device for performing neuromuscular 
stimulation in which the separate, distributed electrode 
elements may carry stimulating pulses having various, 
independently set voltage amplitudes, durations and 
timing. The bioelectrical 'stimulating device may be pro- 
grammed using telemetric communication to adapt to 
the needs of various cardiac assistance applications. 

The multiple electrodes in the lead of the present 
invention may be independently programmed to 
improve the flexibility of an implanted device. In the 
application of cardiomyoplasty, neuromuscular stimula- 
tion of skeletal muscle is employed to condition the 
muscle to convert from predominantly a composition of 
glycolytic fast-twitch muscle fibers to a constitution of 
oxidative slow-twitch fibers. Conditioning of the muscle 
results in a significant increase in muscle twitch dura- 
tion, capillary density and fatigue resistance and a coin- 
cident reduction in fusion frequency, the frequency of 
muscle fiber stimulation leading to a maximum muscle 
tension. 

The response of a single nerve fiber to electrical 
stimulation depends on the amplitude and duration of 
the applied electrical stimulation, the position of an elec- 
trode with respect to a nerve, the diameter of the stimu- 
lated nerve and the nature of the muscle (glycolytic or 
oxidative) which is stimulated by the nerve. The 
response of a muscle results from the combined 
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responses of a group of muscle fibers to the stimulation 
of a group of nerves. As a muscle is conditioned, the 
coordination of the response to nerve stimulation will 
change. A bioelectrical stimulating device for performing 
neuromuscular stimulation provides for telemetric pro- 5 
gramming of the timing, amplitude and duration of stim- 
ulation for each electrode, which allows adaptation to 
changes in the neuromuscular response of the body 
with conditioning. 

The flexible tip provides a further improvement to 10 
the multi-electrode neuromuscular stimulating lead of 
the present invention because intramuscular electrodes 
are subject to considerable bending and flexing. A flexi- 
ble tip allows motion without breaking. 

In accordance with one aspect of the present inven- is 
Won, an implantable neuromuscular stimulating appara- 
tus includes multiple channels for stimulating a patient's 
skeletal muscle which has been surgically prepared to 
perform carbTac assistance. The apparatus includes a 
neuromuscular stimulating pulse generator that gener- 20 
ates electrical pulses in the multiple channels to stimu- 
late the skeletal muscle in coordination with the patient's 
cardiac cycle. These electrical pulses are programmed, 
having a variable intensity, duration and timing. For 
each of the multiple channels, a first electrode is pro- 25 
vided which is adapted to be coupled to excitable tissue 
in the patient's skeletal muscle. Each of the multiple 
channels may also have a second ground electrode. 
Alternatively, a single electrode may serve as ground for 
all of the multiple channels. A voltage applied between 30 
each first electrode and ground provides for stimulation 
of the skeletal muscle. For each channel, the first elec- 
trodes are placed in close proximity to preselected 
nerve fibers within the patient's skeletal muscle. The 
neuromuscular stimulating pulse generator applies the 35 
pulses to the tissue between the first and second elec- 
trodes. The apparatus further includes a controller, 
which controls the output of the pulse generator to gen- 
erate electrical pulses in the multiple channels to 
sequentially excite each channel in a predetermined 40 
order, causing the patients skeletal muscle to contract 
in a coordinated manner. The controller regulates the 
operations of the pulse generator by setting variable 
parameters of pulse intensity, pulse duration, electrical 
pulse timing, the number of pulses within a stimulation 45 
burst and an interpulse interval. The interpulse interval 
may be constant throughout a burst, or may gradually 
increment or decrement from one pulse to the next dur- 
ing a burst. 

In one application of the present invention, an so 
implantable neuromuscular stimulating apparatus stim- 
ulates a patient s skeletal muscle which has been surgi- 
cally prepared to perform cardiac assistance in a 
cardiomyoplasty preparation. Here, the patient's latis- 
simus dorsi muscle is wrapped around the heart. The 55 
controller within the apparatus further includes a means 
for determining when the patient's heart is in systole, at 
which time the controller initiates a stimulation proce- 

dure upon the pulse generator by sequentially exciting 
each subsequent channel of said plurality of channels 
with an increasing delay with respect to the patient's 
cardiac cycle such that the skeletal muscle at the apex 
of the patient's heart contracts first and the contraction 
proceeds sequentially in the anterior direction. As the 
controller is increasing the delay for each successive 
channel, it may decrease the intensity of stimulation. 

In a second application of the present invention, an 
implantable neuromuscular stimulating apparatus stim- 
ulates a patient's skeletal muscle in a counterpulsation 
mode of operation. Here, the skeletal muscle is surgi- 
cally prepared to perform cardiac assistance in an aor- 
tomyoplasty or skeletal muscle ventricle preparation. 
Here, the patient's latissimus dorsi muscle is wrapped 
around the aorta or a small diameter cone or cylinder. 
The controller within the apparatus further includes a 
means for determining when the patient's heart is in 
diastole, at which time the controller initiates a stimula- 
tion procedure upon the pulse generator by sequentially 
exciting each subsequent channel of said plurality of 
channels with an increasing delay with respect to the 
patient's cardiac cycle such that the skeletal muscle in 
the proximal portion of the aorta contracts first and the 
contraction proceeds sequentially in the distal direction. 
As the controller is increasing the delay for each suc- 
cessive channel, it may decrease the intensity of stimu- 
lation. 

In accordance with a further use of the present 
invention, body implantable leads conduct electrical 
stimulating pulses between a bioelectrical stimulating 
device and electrically excitable tissue in a patient's 
body. At least one lead includes multiple separate 
implantable neuromuscular stimulating electrodes hav- 
ing a discharge region firmly positioned with respect to 
previously determined target nerve branches within the 
patient's tissue. The bioelectrical stimulating device 
electrically stimulates these nerve branches by deliver- 
ing stimulating impulses to the discharge region over a 
plurality of discrete conductive segments. The stimula- 
tion of each segment is independent of the stimulation 
of any other segment. Each of the plurality of electrical 
conductor elements has a proximal and a distal end and 
each is electrically coupled, on its distal end, to one of 
the discrete conductive segments of the electrodes. 
Each of the conductor elements is individually electri- 
cally insulated. A connector is fixedly attached at the 
proximal end of the plurality of electrical conductor ele- 
ments to electrically couple the lead to one or more 
electrical stimulation generation channels within the bio- 
electrical stimulating device. The lead also includes a 
means for inserting at least a portion of the stimulating 
electrodes conductive segments into the patient's tissue 
near the nerve branches. This inserting means is fixedly 
attached near the distal end of the electrical conductor 
elements. 

4 
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Brief Description of the Drawings 

While the specification concludes with claims par- 
ticularly pointing out and distinctly claiming the subject 
matter of the invention, it is believed that the invention 5 
will be better understood from the following description, 
taken in conjunction with the accompanying drawings, 
in which: 

FIG. 1 is an illustration of a chronically implantable ro 
lead, in accordance with one embodiment of this 
invention, for neuromuscular stimulation of surgi- 
cally adapted skeletal muscle to provide cardiac 
assistance as part of a bioelectrical stimulating 
device; is 
FIG. 2 illustrates a cross-sectional view of the 
chronically implantable lead, taken along the line 2- 
2 of RG.1; 
RGT. 3 is an enlarged conceptual side view of a dis- 
tal end portion of the chronically implantable lead of 20 
Fig. 1;i 
FIG. 4 is an illustration of an embodiment of a 
chronically implantable lead for neuromuscular 
stimulation of surgically adapted skeletal muscle, in 
which the lead includes both positive and negative 25 
electrodes for each channel; 
FIG. 5 is an illustration of another embodiment of a 
chronically implantable lead for neuromuscular 
stimulation of surgically adapted skeletal muscle, in 
which the lead includes a positive electrode for 30 
each channel and a single negative electrode which 
is shared by the channels; 
FIG. 6 depicts a block diagram of a five channel 
skeletal muscle stimulator circuit for generating 
electrical stimulation pulses on the lead of FIG. 4; 35 
FIG. 7 illustrates a circuit schematic of a single 
channel of a skeletal muscle stimulator capable of 
electrically driving the implantable leads of FIGS. 1, 
4 and 5; 
FIG. 8 depicts the form of a Diphasic skeletal mus- 40 
cle stimulation pulse generated by the circuit of 
FIG. 7; 
FIG. 9 is a block diagram of an implanted bioelectri- 
cal stimulating device in accordance with the 
present invention; 45 
FIG. 10 is a block diagram of a pacemaker utilized 
in the device of FIG. 9; 
FIG. 11 is a block diagram of a microprocessor uti- 
lized in the device of FIG. 9; 
FIG. 12 illustrates one example of a bioelectrical so 
stimulating device which performs cardiac assist- 
ance via long-term neuromuscular stimulation of 
skeletal muscle using systolic augmentation, and 
which employs an embodiment of the neuromuscu- 
lar stimulating lead of the present invention; 55 
FIG. 13 depicts the interface between a multi-elec- 
trode neuromuscular stimulating lead of the present 
invention and a patient's latissimus dorsi muscle; 

FIG. 14 illustrates a spatial configuration between 
electrodes of the multi-electrode stimulating lead of 
the present invention and nerve fibers in a latis- 
simus dorsi muscle; 
FIG. 15 illustrates one example of cardiac assist- 
ance being provided via long-term neuromuscular 
stimulation of skeletal muscle in an aortomyoplasty 
application; 
FIG. 16 is a graphical depiction of the manner of 
stimulating the skeletal muscle in an aortomyo- 
plasty application according to the teachings of the 
present invention; 
FIG. 17 illustrates one example of cardiac assist- 
ance being provided via long-term neuromuscular 
stimulation of skeletal muscle in a cardiomyoplasty 
application; 
FIG. 18 is a graphical depiction of the manner of 
stimulating the skeletal muscle in a cardiomyo- 
plasty application according to the teachings of the 
present invention. 
FIG. 19 illustrates one example of cardiac assist- 
ance being provided via long-term neuromuscular 
stimulation of skeletal muscle in a skeletal muscle 
ventricle; and 
RG. 20 is a graphical depiction of the manner of 
stimulating the skeletal muscle in a skeletal muscle 
ventricle application according to the teachings of 
the present invention. 

Detailed Description of the Invention 

FIGS. 1-3 illustrate a chronically implantable lead 
21, which is employed to stimulate surgically adapted 
skeletal muscle to contract as part of a bioelectrical 
stimulating device performing neuromuscular stimula- 
tion to provide cardiac assistance. A connector 122 is 
attached to the proximal end portion of the lead 21 to 
provide coupling between an implantable bioelectrical 
stimulating device 1 (see RG. 9) and the lead 21. Two 
sealing rings 124 are mounted upon the connector 122 
to seal the connection between the lead 21 and the 
implantable bioelectrical stimulating device against 
intrusion of biological fluids. In the illustrative embodi- 
ment of the invention, a terminal 126 includes five termi- 
nal pin connector elements 132,134,136,138 and 140 
to electrically couple the lead 21 to the implantable bio- 
electrical stimulating device. Each of the pin connector 
elements is electrically connected to a corresponding 
helical conductor within the lead 21 which extends to 
the distal end portion of the lead, where the insulation 
150 surrounding each conductor is broken to form an 
electrode. Thus, electrodes 112,114,116,118 and 120 
are electrically connected with terminal pin connector 
elements 132, 134, 136, 138 and 140 via conductors 
112a. 114a, 116a, 118a and 120a, respectively. An 
insulating sheath 128 provides electrical insulation to 
the lead 21, preventing electrical currents from flowing 
between the lead 21 and body fluids. Each conductor 

5 
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within the lead 21 is also individually insulated. A transi- 
tion sleeve 130 marks the boundary between the insu- 
lated portion 128 of the lead 21 and the distal 
electrically conductive electrode portion of the lead 21. 
Electrodes 112, 114,116, 118 and 120 are portions of s 
the conductors in lead 21, which make electrical contact 
to biological tissue by virtue of a break in the individual 
insulation of each conductor. Electrodes 112,114,116, 
118 and 120 are composed of platinum or a platinum 
iridium alloy. Furthermore, the insulating sheath 128 10 
does not extend to the region of the lead 21 in the vicin- 
ity of the electrodes. Upon implantation of the lead 21. 
imbedded sutures located within a notch 142 in the 
suture sleeve 130 may be used to secure the lead. 

A suture strand 144, made of a polymer material 75 
such as polypropylene, is affixed to the lead and 
extends from its proximal end throughout the length of 
the lead to the distal end of the lead, where it is attached 
to an insertion needle 146. The suture strand 144 is sit- 
uated within the center of the lead 21. 20 

As best seen in FIGS. 2 and 3, helical conductor 
120a encircles the suture strand 144 and terminates in 
the electrode 120 at the distal end of the lead 21, where 
the insulating polymer material 150 enveloping the con- 
ductor is broken. Similarly, helical conductor 118a over- 25 
lies the insulating material covering the electrode 120 
and comprises the electrode 118 at the distal end por- 
tion of the lead 21. in a like manner, a cylindrical layer of 
insulating polymer material 150 overlies the conductor 

" for the electrode 118. The remaining helical conductors 30 
116a, 114a and 112a, which terminate in the electrodes 
ti 6,114 and 112, respectively, are each separated and 
overlaid by a cylinder of insulating polymer material 
150. Overlying each of the concentric cylindrical layers 
of conductors and insulating material is the insulating 35 
sheath 128. At the distal end of the lead 21, the insulat- 
ing sheath 128 and the outer layer of the insulating pol- 
ymer material 150 do not extend beyond the suture 
sleeve 130 (shown in FIG. 1). exposing the outer con- 
ductor to provide the electrode 112. Beyond the elec- 40 
trode 112, the insulating material 150 underlying 
conductor 112a tapers distally to the next interior con- 
ductor 114a that is exposed to provide the electrode 
114. The insulating material 150 underlying each suc- 
cessive conductor 114a, 116a and 118a tapers distally 45 
to the next interior conductor cylinder, exposing elec- 
trodes 116,118 and 120. respectively. Alternatively, the 
insulated helical conductors 112a, 114a, 116a, 118a 
and 120a may extend and electrically couple to corre- 
sponding conductive cylindrical sleeves (not shown), or so 
other conductive elements, which serve as electrodes 
112,114,116,118 and 120. 

FIG. 4 is an illustration of a chronically implantable 
lead 21, which is similar to the lead of FIG. 1 but pro- 
vides for both negative and positive electrodes for each 55 
channel, which electrodes are positioned in respective 
negative and positive distal portions 21 - and 21 + of the 
lead. Similar to FIG. 1, a connector 122 is attached to 

the proximal end of the lead 21 to provide coupling 
between an implantable bioelectrical stimulating device 
1 (FIG. 9) and the lead 21. Two sealing rings 124 are 
mounted upon the connector 122 to seal the connection 
between the lead 21 and the implantable bioelectrical 
stimulating device. A terminal 126 includes ten terminal 
pin connector elements 132+, 132-, 134+, 134-, 136+, 
136-, 138+, 138-, 140+ and 140- to electrically couple 
the lead 21 to the implantable bioelectrical stimulating 
device. Each of the pin connector elements is electri- 
cally connected to a corresponding conductor (not 
shown) within the lead 21 which extends to the distal 
end of the lead, where the insulation 150+ and 150- for 
each conductive element is broken to form an electrode. 
Thus, electrodes 112+, 112-, 114+, 114-, 116+, 116-, 
118+, 118-, 120+ and 120- are electrically connected 
with terminal pin connector elements 132+, 132-, 134+, 
134-, 136+, 136-, 138+, 138-, 140+ and 140-. respec- 
tively. An insulating sheath 128 provides electrical insu- 
lation to the lead 21. Each conductor within the lead 21 
is also individually insulated. A transition sleeve 130 
marks the boundary between the insulated portion 128 
of the lead 21 and the distal electrically conductive elec- 
trode portion of the lead 21. Electrodes 112+, 112-, 
114+, 114-, 116+, 116-, 118+, 118-, 120+ and 120- are 
portions of the conductors in lead 21, which make elec- 
trical contact to biological tissue by virtue of a break in 
the individual insulation of each conductor. The elec- 
trodes are composed of platinum or a platinum iridium 
alloy. 

FIG. 5 is an illustration of a chronically implantable 
lead 21. which is similar to the lead of FIG. 4 but pro- 
vides for a single negative electrode 112-, positioned in 
the negative distal portion 21- of lead 21, that is shared 
by all channels. Similar to FIG. 4, a connector 122 is 
attached to the proximal end of the lead 21 to provide 
coupling between an implantable bioelectrical stimulat- 
ing device 1 (FIG. 9) and the lead 21. Two sealing rings 
124 are mounted upon the connector 122 to seal the 
connection between the lead 21 and the implantable 
bioelectrical stimulating device. A terminal 126 includes 
six terminal pin connector elements 132+, 134+, 136+, 
138+, 140+ and 132- to electrically couple the lead 21 
to the implantable bioelectrical stimulating device. Each 
of the pin connector elements is electrically connected 
to a corresponding conductor within the lead 21 which 
extends to the distal end of the lead, where the insula- 
tion 150 for each conductive element is broken to form 
an electrode. Thus, electrodes 112+, 112-, 114+, 116+, 
118+ and 120+ are electrically connected with terminal 
pin connector elements 132+, 132-, 134+, 136+, 138+ 
and 140+, respectively. An insulating sheath 128 pro- 
vides electrical insulation to the lead 21. Each conduc- 
tor within the lead 21 is also individually insulated. A 
transition sleeve 130 marks the boundary between the 
insulated portion 128 of the lead 21 and the distal elec- 
trically conductive electrode portion of the lead 21. Elec- 
trodes 112+, 112-, 114+, 116+, 118+, and 120+ are 
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portions of the conductors in lead 21 which make elec- 
trical contact to biological tissue by virtue of a break in 
the individual insulation of each conductor. The elec- 
trodes are composed of platinum or a platinum iridium 
alloy. 5 

FIG. 6 depicts a block diagram of a five channel 
skeletal muscle stimulator 20 for electrically driving the 
electrodes 112+, 112-, 114+, 114-, 116+, 166-, 118+, 
118-, 120+, and 120- in lead 21 of FIG. 4. The five chan- 
nel skeletal muscle stimulator 20 would supply stimulat- io 
ing voltages for two identical leads 21, corresponding to 
the positive and negative lead portions 21+ and 21- of 
FIG. 4, if the stimulator is connected with leads such as 
those illustrated in FIG. 1. The electronic circuits for 
muscfe stimulator channels I through V, blocks 210, 75 
211, 212, 213 and 214, respectively, are identical, as 
disclosed in the drawing and description of FIG. 7, here- 
inafter. The skeletal muscle stimulator 20 receives input 
signals froYn a microprocessor 19 (FIG. 9) over a skele- 
tal muscle stimulation control bus 22. These signals so 
designate the channel to be activated, as well as the 
amplitude, timing and polarity of the stimulus pulses to 
be generated. Muscle stimulator channel I 210 gener- 
ates neuromuscular stimulating pulses that drive the 
terminal pin connector elements 132+ and 132-, which 25 
activate the electrodes 112+ and 112- in lead 21. Like- 
wise, muscle stimulator channel II 211 drives terminal 
pin connector elements 134+ and 134- and electrodes 
114+ and 114-, muscle stimulator channel ill 212 drives 
terminal pin connector elements 136+ and 136- and 30 
electrodes 116+ and 116-, muscle stimulator channel IV 
213 drives terminal pin connector elements 138+ and 
138- and electrodes 118+ and 118-, and muscle stimu- 
lator channel V 214 drives terminal pin connector ele- 
ments 140+ and 140- and electrodes 120+ and 120-. 35 

FIG. 7 illustrates a circuit schematic of one channel 
of the five channel skeletal muscle stimulator 20, for 
example channel I 210. which electrically drives elec- 
trodes 112+ and 112- of FIG. 4. Each channel of skele- 
tal muscle stimulator 20 receives input signals from 40 
microprocessor 19 over skeletal muscle stimulation 
control bus 22. These signals include a power input . 
VDD. which is typically an amplitude of 2.8V. and a 
ground reference VSS. as well as control signals S_U 
2XJ_ D_L, XCHB_L and M_ON_H. A pacemaker 17 45 
(FIG. 9) supplies battery power B_POS and B_NEG 
which provides energy for biphasic skeletal muscle 
stimulation. In the preferred embodiment of the present 
invention, the B_POS amplitude is about 3V. The bat- 
tery voltages B_POS and B_NEG are floating with so 
respect to circuit power VDD to prevent variations in cir- 
cuit energy during different parts of the cardiac cycle 
caused by inconsistent demands on the battery from 
the pacing pulse and skeletal muscle stimulation pulse 
generation circuits. 55 

XCHB_L, a cross channel blanking control signal 
from the microprocessor 19, is also supplied to a sense 
blanking input (not shown) of the pacemaker 17 to disa- 

ble pacemaker sensing during generation of a skeletal 
muscle stimulation pulse. This prevents the pacemaker 
17 from incorrectly classifying a skeletal muscle stimu- 
lation pulse as an episode of intrinsic cardiac activity. 

The circuit of FIG. 7, in response to codes written 
from the microprocessor 19, produces biphasic skeletal 
muscle stimulation pulses on the skeletal muscle lead, 
M+ and M-. Biphasic cathodic pulses are preferred to 
monophasic pulses to minimize electrochemical dam- 
ages at the electrode site. All characteristics of the skel- 
etal muscle stimulation pulses - the timing, frequency, 
burst duration, amplitude, pulse width, and pulse mor- 
phology - are determined by the microprocessor. FIG. 7 
circuitry merely responds to these input codes by pro- 
ducing a particular amplitude and polarity signal on the 
M+ and M- leads. In this manner, the microprocessor 
generates the characteristics of the skeletal muscle 
stimulation pulses according to the timing of codes writ- 
ten to the skeletal muscle stimulation control bus 22. 

Input signal lines S_L, MJDNJH and XCHB_L con- 
tain skeletal muscle pulse enable and polarity control 
signals which are dynamic in the sense that the micro- 
processor 19 defines the code to be written and the time 
duration that a particular code will be sustained, writes 
the codes to the skeletal muscle stimulation control bus 
22, writes predetermined time duration information to a 
timer within the processor (timer I, 51, or timer II, 52, of 
FIG. 11). waits for a timer wakeup and initiates the next 
code. The microprocessor enables the circuit of FIG. 7 
to produce an output on one or the other of leads M+ 
and M- by setting input signal line N/LONJ-I to "1" 
which, by means of control by p-channel switching field 
effect transistor Q3, applies either B_POS or B_NEG 
battery power to the corresponding leads M+ and M-, 
depending on the signal on input signal line S_L. The 
microprocessor controls the stimulus pulse timing and 
width by setting a signal on input signal line S_L for a 
predetermined time and duration. 

When microprocessor 19 writes a H0" value to input 
signal line S_L while a "1" value is on input signal line 
M_ON_H, the outputs of p-channel switching field effect 
transistors Q7 and Q8 are enabled to enable the M+ 
lead, and the outputs of n-channel switching field effect 
transistors Q10 and Q11 are disabled to disable the M- 
lead, producing a positive polarity output pulse on the 
lead M+, having a duration R, as shown at 62 in FIG. 8. 
The stimulus duration R is a programmable parameter 
for the microprocessor. Alternatively, the microproces- 
sor may write a "1" value to line S_L to disable field 
effect transistors Q7 and Q8 and enable transistors Q10 
and Q11, while a "1" value is on line M_ON__H, to pro- 
duce a negative polarity output pulse on the lead M-, 
having a duration S, as shown at 63 in FIG. 8. The stim- 
ulus duration S is a programmable parameter for the 
microprocessor. If the value applied to input signal line 
M_ON_H is "0", neither lead M+ nor lead M- are ener- 
gized and the skeletal muscle stimulator does not pro- 
duce a pulse. 
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As indicated earlier, microprocessor 19 controls 
cross blanking control signal line XCHBJ_ to set the tim- 
ing and duration of the sense blanking input to the pace- 
maker 17 in order to disable pacemaker sensing during 
generation of a skeletal muscle stimulation pulse. Cross 5 
channel blanking duration may be a programmable 
parameter for the microprocessor. 

In an embodiment of the invention in which the lead 
21 has multiple positive electrodes 112+. 114+, 116+, 
118+ and 120+, and only a single negative electrode TO 
112- (see FIG. 5) is attached to a bioelectrical device 
having multiple channels (see FIG. 7), all of the negative 
channels (M-) of the circuit are connected with the com- 
mon negative terminal pin connector 132- of terminal 
126. In this case the microprocessor 19 is programmed is 
so that only a single negative channel M- of the multiple 
channels may be energized at one time. 

Input signal lines D_L and 2X_L contain skeletal 
muscle putee*amplitude control signals which are static 
in the sense that microprocessor 19 writes them, at 20 
most, only once per cycle. Normally, the microprocessor 
only writes amplitude control signals upon reprogram- 
ming, via telemetry, by an external communicating 
device. Line D_L is utilized as a battery voltage doubler. 
Line 2X_L is utilized as a stimulus voltage doubler. 25 
Thus, lines D_L and 2X_L remain at the same settings 
throughout numerous cardiac cycles, while the skeletal 
muscle pulse that is generated has a negative, positive 
or zero polarity. When the microprocessor sets line DJ. 

- to "1" ("on"), the n-channel switching field effect transis- 30 
tor Q9 enables doubling of the battery voltage. In a sim- 
ilar manner (but with an opposite polarity), when the 
microprocessor sets line 2X_L to "0" ("on"), the p-chan- 
nel switching field effect transistor Q9 enables doubling 
of the stimulus voltage. Therefore, when the microproc- 35 
essor sets line D_L "off" (O) and line 2X_L "off" (1), the 
amplitude of the skeletal muscle stimulation pulse is 
equal to the battery voltage. 3V in the preferred embod- 
iment of the invention. When the microprocessor sets 
line D_L "on" ("1") and line 2X_L "off" ("1"), the ampli- AO 
tude of the skeletal muscle stimulation pulse is equal to 
twice the battery voltage (6V). When the microproces- 
sor sets line DJ_ "on" ("1") and line 2X_L "on" ("O"). the 
amplitude of the skeletal muscle stimulation pulse is 
equal to four times the battery voltage (12V). 45 

Referring to FIG. 9, when the microprocessor 19 
determines that skeletal muscle graft stimulation is 
appropriate, it works in conjunction with the skeletal 
muscle stimulator 20 to produce pulses or bursts of 
pulses, which are applied to the skeletal muscle graft 9. so 
The microprocessor may time these pulses or bursts of 
pulses with respect either to intrinsic or to paced cardiac 
activity which is sensed or generated, respectively, by 
the pacemaker 17. This mode of skeletal muscle stimu- 
lation is termed "synchronous" skeletal muscle stimula- ss 
tion. Alternatively, the microprocessor 1£ may time the 
pulses or bursts of pulses according to the operations of 
an internal timer, wherein the stimulation occurs asyn- 

chronously with respect to individual cardiac events. 
According to "synchronous" programming of the 

microprocessor 19, when the pacemaker 17 detects 
either a natural atrial or a natural ventricular intrinsic 
event it will send a signal to the microprocessor 19 via 
atrial sense line 45 or ventricular sense line 49. The 
microprocessor 19 may be programmed to respond to 
such a signal by generating skeletal muscle stimulation. 
Alternatively, in the event that the patient's natural heart 
rate falls below a predetermined rate, then the micro- 
processor will send an atrial pace control signal on line 
46, a ventricular pace control signal on line 50, or both 
signals, to the pacemaker 17 to generate a pacing pulse 
to the heart In addition, the microprocessor 19, may be 
programmed to trigger skeletal muscle stimulation after 
such a pacing event. 

Programming of synchronous operation of the skel- 
etal muscle stimulator includes the specification of a 
synchronization ratio which determines the ratio of car- 
diac events for each skeletal muscle stimulation burst. 
The microprocessor 19 resets a cardiac event counter 
with each initiation of a skeletal muscle stimulation burst 
and increments the counter with each subsequent car- 
diac event. For. each skeletal muscle stimulation burst, 
the microprocessor 19 waits a predetermined and pro- 
grammed delay interval before initiating the burst. 

Other programmed parameters which may be uti- 
lized are an interpulse interval (the time between 
sequential pulses), the stimulus duration, the recharge 
duration, the cross-channel blanking duration and a 
maximum muscle stimulation rate. All or some of these 
parameters may have preprogrammed sets of values 
which depend on the rate at which the heart is beating. 
An interpulse interval determines the time intervals 
between each individual pulse within a burst of pulses. 
A burst frequency is the reciprocal of the interpulse 
interval. The maximum muscle stimulation rate is an 
upper rate boundary of synchronization of cardiac and 
muscle stimulation activity. Upon a cardiac event occur- 
ring at cardiac rates faster than the maximum muscle 
stimulation rate, the microprocessor will fail to generate 
skeletal muscle stimulation but will, instead, stimulate 
the skeletal muscle based upon triggering by the next 
subsequent cardiac event. 

Referring to FIG. 9, there is depicted a block dia- 
gram of a bioelectrical stimulating device 1. Device 1 is 
designed to be implanted within a patient and includes 
a pulse module 10 and appropriate leads for connecting 
module 10 to a patient's heart 11. More particularly, 
device 1 may include an atrial cardiac lead 12 extending 
to the atrium of the patient's heart for the administration 
of therapy to the atrium, and generally will include a ven- 
tricular cardiac lead 13 extending to the ventricle of the 
patient's heart for the administration of therapy to the 
ventricle. Device 1 generally also includes a pacemaker 
17 for the detection of analog signals representing car- 
diac electrical activity and for the delivery of pacing 
pulses to the heart; a microprocessor 19 which, in 
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response to various inputs received from the pace- 
maker 17, performs various operations so as to gener- 
ate different control and data outputs to pacemaker 17 
and to skeletal muscle stimulator 20; and a power sup- 
ply 18 for the provision of a reliable voltage level to s 
pacemaker 17, microprocessor 19 and skeletal muscle 
stimulator 20 by suitable electrical conductors (not 
shown). Skeletal muscle stimulator 20 generates electri- 
cal pulses on a skeletal muscle lead 21 for stimulating a 
skeletal muscle graft 9, such as a patient's latissimus w 
dorsi muscle, according to timed control signals from 
microprocessor 19 communicated via skeletal muscle 
stimulation control bus 22. 

Microprocessor 19 is connected to a random 
access memory/read only memory (RAM/ROM) unit is 
121 by an address and data bus 123. An end-of-life 
(EOL) signal line 125 is used to provide, to microproces- 
sor 19, a logic signal indicative of the approach of bat- 
tery failure in power supply 18. As more fully described 
below, microprocessor 19 and pacemaker 17 are con- 20 
nected by a communication bus 42, the atrial sense line 
45, the atrial pace control line 46, an atrial sensitivity 
control bus 43, an atrial pacing energy control bus 44, 
the ventricular sense line 49, the ventricular pace con- 
trol line 50, a ventricular sensitivity control bus 47, and a 25 
ventricular pacing energy control bus 48. Microproces- 
sor 19 transmits control signals, according to the 
description below, over skeletal muscle stimulation con- 
trol bus 22 to the skeletal muscle stimulator 20. 

Referring to FIG. 10, pacemaker 17 comprises cir- 30 
cuitry for atrial pacing 24, ventricular pacing 34, atrial 
sensing 25, ventricular sensing 35, and telemetry 30. In 
addition, pacemaker 17 includes a control block 39 
which includes an interface to microprocessor 19. 

In operation, sensing circuits 25 and 35 detect 35 
respective atrial and ventricular analog signals 23 and 
33 from the heart 11 and convert the detected signals to 
digital signals. In addition, the sensing circuits 25 and 
35 receive an input atrial sense control 27 and an input 
ventricular sense control 37. respectively, from the con- 4o 
trol block 39 which determines the sensitivity applied to 
the detection circuit. 

Atrial pacing circuit 24 receives from control block 
39, via an atrial pacing control bus 28, an atrial pace 
control input and an atrial pacing energy control input. 45 
Similarly, ventricular pacing circuit 34 receives from 
control block 39, via a ventricular pacing control bus 38, 
a ventricular pace control input and a ventricular pacing 
energy control input. The atrial and ventricular pace 
control inputs determine the respective types of atrial so 
and ventricular pacing to be delivered to the heart via an 
atrial pacing pulse lead 31 and atrial cardiac lead 12, 
and via a ventricular pacing pulse lead 32 and ventricu- 
lar cardiac lead 13, respectively. The atrial and ventricu- 
lar pacing  energy  control  inputs determine the 55 
respective magnitudes of the pacing pulse energy so 
delivered. 

Telemetry circuit 30 provides a bidirectional link 

between control block 39 of pacemaker 17 and an exter- 
nal device such as a programmer (not shown). It allows 
data such as the operating parameters to be read from 
or altered in the implanted module 10. 

Referring to RG. 11, microprocessor 19 comprises 
two 16-bit timers 51 and 52, a CPU 53, a vectored inter- 
rupt block 54, a ROM 55, a RAM 56, an external mem- 
ory 57, a ports block 41 and an internal communication 
bus 40. RAM 56 acts as a scratch pad and active mem- 
ory during execution of the various programs stored in 
ROM 55 and used by microprocessor 19. These pro- 
grams include system supervisory programs and neu- 
romuscular stimulation control programs, as well as 
storage programs for storing, in external memory 57, 
data concerning the functioning of module 10 and the 
electrogram provided by ventricular cardiac lead 13 
(RG. 9). Timers 51 and 52, and associated control soft- 
ware, implement some timing functions required by 
microprocessor 19 without resort entirely to software, 
thus reducing computational loads on and power dissi- 
pation by CPU 53. 

Signals received from telemetry circuit 30 (RG. 10) 
permit an external programmer (not shown) to change 
the operating parameters of pacemaker 17 by supplying 
appropriate signals to control block 39. Communication 
bus 42 serves to provide signals indicative of such con- 
trol to microprocessor 19. Thus, it is also possible for an 
external programmer to control operation of the skeletal 
muscle stimulator 20 by means of signals provided to 
microprocessor 19. 

Appropriate telemetry commands may cause 
telemetry circuit 30 to transmit data to the external pro- 
grammer. Data stored is read out, by microprocessor 
19, on to communication bus 42, through control block 
39 in pacemaker 17, and into telemetry circuit 30 for 
transmission to the external programmer by a transmit- 
ter (not shown) in telemetry circuit 30. 

Microprocessor 19 receives various status and/or 
control inputs from the pacemaker 17, such as the 
sense signals on sense lines 45 and 49. It performs 
operations, such as neuromuscular stimulation timing 
and amplitude control functions, and produces outputs, 
such as the atrial pace control on line 46 and the ven- 
tricular pace control on line 50, which determine the 
type of pacing that is to take place. Other control out- 
puts generated by microprocessor 19 include the atrial 
and ventricular pacing energy controls on buses 44 and 
48, respectively, which determine the magnitude of the 
pulse energy, and the atrial and ventricular sensitivity 
controls on buses 43 and 47, respectively, which deter- 
mine the sensitivity settings of the sensing circuits. In 
addition, the microprocessor 19 controls all aspects of 
skeletal muscle stimulation, as will be described in 
detail below, by formulating control signals and transmit- 
ting these signals over the skeletal muscle stimulation 
control bus 22 to skeletal muscle stimulator 20. 

The effectiveness of the cardiac assistance pro- 
vided by neuromuscular stimulation of the skeletal mus- 

9 



17 EP 0 587 269 B1 18 

cie graft 9 (FIG. 9) may be measured by diagnostic 
tests, including electrocardiogram monitoring, two 
dimensional and Doppler echocardiography, nuclear 
medicine multigated scan procedures employing radioi- 
sotopes such as technetium 99m, and measurements 
of oxygen uptake during exercise. As a health care prac- 
titioner performs one or more of these diagnostic tests, 
neuromuscular stimulation parameters may be altered 
via telemetry to achieve the highest degree of cardiac 
assistance. For example, during an early conditioning 
phase of the skeletal muscle graft 9, low-amplitude stim- 
ulation pulses are applied infrequently and a steady 
stimulation of the different channels is employed to acti- 
vate the skeletal muscle without generating large cur- 
rent flows in the muscle. Later, as the muscle becomes 
conditioned, the stimulating procedure may be tested 
and varied to determine an optimum stimulation proce- 
dure, which depends on the relative location of the elec- 
trodes with respect to the muscle innervation. 

FIG. 12 illustrates an example of a bioelectrical 
stimulating device 1 for performing both cardiac pacing 
and long-term stimulation of skeletal muscles for car- 
diac assistance using systolic augmentation, in accord- 
ance with one embodiment of the bioelectrical 
stimulating device of the present invention. A latissimus 
dorsi skeletal muscle graft 215 is positioned over the 
right ventricle 201 of a patient's heart 200. The longitu- 
dinal fibers of the latissimus dorsi graft 215 are oriented 
generally perpendicular to the longitudinal axes of the 

" right ventricle 201, left ventricle 202 and interventricular 
septum 203 of the heart. The skeletal muscle is posi- 
tioned in this manner so that when it is stimulated, it 
compresses the ventricles, particularly the left ventricle 
202. and improves the force of right and left ventricular 
contraction. In a preferred configuration, the latissimus 
dorsi muscle graft 215 is wrapped around the heart 200 
and fixedly attached to itself to form a cup-shaped 
"sling", using running sutures 220. Alternatively, the lat- 
issimus dorsi muscle graft 215 may be attached to the 
heart 200 along the borders of the right ventricular free 
wall 204 using running sutures 221. 

A ventricular cardiac lead 13 is implanted in the 
heart's right ventricle 201 and the skeletal muscle lead 
21 extends from the muscle stimulator 20 (of FIG. 9) to 
the latissimus dorsi muscle graft 215. The negative 
polarity (M-) skeletal muscle lead portion 21- is prefer- 
entially placed near nerve branches in the vicinity of the 
neuromuscular junction within the latissimus dorsi mus- 
cle graft 215 and the positive polarity (M+) skeletal mus- 
cle lead portion 21+ is implanted into the muscle a 
predetermined distance (i.e., 2 to 5 cm) from the nega- 
tive polarity lead portion to provide for depolarization of 
intact motor nerve fibers. Placement of the electrodes in 
this manner lessens the possibility of nerve damage 
while increasing the selectivity of stimulation to particu- 
lar muscle fibers. When an electrode of skeletal muscle 
lead 21 generates an electrical stimulation in the vicinity 
of a nerve fiber, rt induces an electrical charge across 

the nerve membrane, causing an excess flow of ions 
through the membrane. At the site of a cathode elec- 
trode (M-), the potential outside the membrane 
becomes negative with respect to the inside potential. A 

5 weak cathodic potential cannot excite the fiber, but if this 
potential is increased above threshold, the nerve is 
excited. A further increase in stimulation amplitude 
above the threshold level does not augment the activity 
of the nerve. 

10 In the heart, biological or artificial pacing stimulates 
electrical and mechanical activation, which proceeds in 
a continuous progression of excitation. In contrast, a 
contraction of skeletal muscle is modulated by the 
number of muscle fibers which are stimulated and the 

is rate of stimulation. Rapid, repetitive stimuli which are 
delivered too frequently for individual muscle fibers to 
completely relax, result in a mechanical summation of 
contractile force until fusion occurs, causing the muscle 
to generate a considerable force. 

20 A protocol for skeletal muscle electrostimulation 
commonly includes a progression from single stimulat- 
ing impulses to a train of impulses at a predetermined 
rate (e.g., 30 Hz). This progression takes place over a 
period of days or weeks. These impulses or bursts are 

25   coordinated with cardiac cycle timing. 
FIG. 13 is a depiction of the interface between a 

pair of FIG. 1 type multi-electrode neuromuscular stim- 
ulating leads 21, including a positive lead 21+ and a 
negative lead and 21-. and a patient's latissimus dorsi 

30   muscle 215. Different portions of the latissimus dorsi 
muscle 215 may be stimulated independently due to the 
capability for independent programming of stimulation 
timing, intensity and duration for the electrode pairs 
112+ and 112-, 114+ and 114-, 116+ and 116-, 118+ 

35   and 118-, and 120+ and 120-. These electrode pairs are 
surgically placed in close* proximity to nerve fiber 
branches 216, 217, 218, 219 and 222, respectively, so 
that each electrode pair will predominantly stimulate the 
appropriate nerve branch. The nerve fibers may have 

40   variable excitation thresholds due to differences in dis- 
tance from an electrode pair to the nerve or variability in 

. fiber diameter. Furthermore, variations in the muscle 
fibers which are innervated by a particular nerve fiber 
may produce differences in  excitation threshold. 

45   Accordingly, the stimulation timing, intensity and pulse 
duration may be individually programmed following the 
surgical operation to produce an appropriate contrac- 
tion behavior. The contractile performance of the mus- 
cle can be inspected visually during the implantation 

so   operation or inspected by means of ultrasonic imaging 
afterwards. 

FIG. 14 illustrates a spatial configuration between 
electrodes 116+ and 118+ of the multi-electrode stimu- 
lating lead of the present invention, and nerve fibers 218 

55 and 219 in a latissimus dorsi muscle 215. Here, the con- 
ductive portions of two intramuscular electrodes are 
placed in the muscle body and an electrical potential is 
applied between positive and negative electrode pairs 
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to stimulate the muscle. 
FIGS. 15 and 16 illustrate an example of an aorto- 

myoplasty application of cardiac assistance. During 
systole, blood flows from the left ventricle to the aorta. 
At the end of systole, the aortic valve closes. To aug- s 
ment the flow of blood to the arteries, the latissimus 
dorsi muscle 215 is stimulated to contract and com- 
press the aortic wall during diastole. As seen in FIG. 15, 
the latissimus dorsi muscle 215 is innervated by a 
number of nerve fiber branches, shown here as fiber io 
branches 216, 217, 218, 219 and 222, which innervate 
different portions of the muscle. Accordingly, during sur- 
gical implantation, electrode pairs 112+ and 112-, 114+ 
and 114-, 116+ and 116-, 118+ and 118-. and 120+ and 
120- are placed in the vicinity of the nerve fibers to stim- is 
ulate muscle contraction in five segments. To ensure 
that blood will flow to the arteries, rather than backward 
to the heart, electrode pair 112+ and 112- are stimu- 
lated firSffollowed sequentially by pairs 114,116, 118 
and 120. with the synchronization delay gradually 20 
increasing for each subsequent pair as shown in FIG. 
16. Furthermore, the amplitude, or intensity, of stimula- 
tion is generally strongest for electrode pair 112 and 
gradually is diminished for each successive electrode 
pair 114,116,118 and 120. Note that the stimulus inten- 25 
sity may be further varied due to differences in stimula- 
tion threshold for a given nerve fiber. 

In a similar manner, FIGS. 17 and 18 illustrate an 
example of a cardiomyoplasty application of cardiac 
assistance. During systole. Wood flows from the left 30 
ventricle to the aorta. To enhance the flow of blood to 
the arteries, the latissimus dorsi muscle 215 is stimu- 
lated to contract and compress the ventricle during sys- 
tole. As seen in FIG. 17, the latissimus dorsi muscle 215 
is innervated by a number of nerve fiber branches. 35 
shown here as fiber branches 216, 217, 218, 219 and 
222, which innervate different portions of the muscle. 
Accordingly, during surgical implantation, electrode 
pairs 112+ and 112-, 114+ and 114-, 116+ and 116-, 
118+ and 118-, and 120+ and 120- are placed in the <o 
vicinity of the nerve fibers to stimulate muscle contrac- 
tion in five segments. To assist the flow of blood into the 
aorta, electrode pair 112+ and 112- are stimulated first 
followed sequentially by pairs 114, 116, 118 and 120 
with the synchronization delay gradually increasing for 45 
each subsequent pair, as shown in FIG. 18. Further- 
more, the amplitude, or intensity, of stimulation is gener- 
ally strongest for electrode pair 112 and gradually is 
diminished for each successive electrode pair 114,116, 
118 and 120. Again, the stimulus intensity may be fur- so 
ther varied due to differences in stimulation threshold for 
a given nerve fiber. 

FIGS. 19 and 20 show an example of a skeletal 
muscle ventricle application of cardiac assistance. A 
skeletal muscle ventricle operates in a manner similar to 55 
an aortomyoplasty application, but rather than wrapping 
skeletal muscle around the aorta, the muscle is 
wrapped around a cone-shaped mandrel 246 of mate- 

rial such as Teflon®, made by E.I. Du Pont de Nemours 
and Company, 1007 Market Street Wilmington. DE 
19898 (US). The mandrel 246 defines a cone-shaped 
cavity in the muscle wrap, which cavity is termed a 
"skeletal muscle ventricle" (SMV) 240. The mandrel 246 
is surgically placed in the body for a predetermined time 
(for example, four weeks), after which time it is removed 
and the skeletal muscle may be stimulated to contract 
about the SMV. The skeletal muscle ventricle 240 is sur- 
gically interconnected to the descending aorta 242 
using a synthetic bifurcation graft 244. The bifurcation 
graft 244 may be constructed from a material such as 
Gore-Tex®. made by W. L Gore & Associates. Inc.. 551 
Paper Mill Road. P.O. Box 9329. Newark, DE 19714 
(US). During systole, blood flows from the left ventricle 
to the descending aorta 242. At the end of systole, the 
aortic valve closes. To augment the flow of blood to the 
arteries, the latissimus dorsi muscle 215 is stimulated to 
contract and compress the skeletal muscle ventricle 240 
during diastole. 

As seen in FIG. 19, the latissimus dorsi muscle 215 
is innervated by a number of nerve ffoers, shown here 
as fibers 216, 217, 218, 219 and 222, which innervate 
different portions of the muscle. Accordingly, during sur- 
gical implantation, electrode pairs 112+ and 112-, 114+ 
and 114-, 116+ and 116-, 118+ and 118-, and 120+ and 
120- are placed in the vicinity of the respective nerve 
ffoers 216-219 and 222 to stimulate muscle contraction 
in five segments. To assist blood flow to the arteries the 
skeletal muscle at the apex or tip 248 of the cone of 
skeletal muscle ventricle 240 is stimulated first, followed 
sequentially by muscle segments positioned between 
the apex 248 and the base of the cone. Therefore, elec- 
trode pair 120+ and 120- is stimulated first followed 
sequentially by pairs 118, 116, 114 and 112, with the 
synchronization delay gradually increasing for each 
subsequent pair, as shown in FIG. 20. Furthermore, the 
intensity of stimulation is generally strongest for elec- 
trode pair 120 and gradually is diminished for each suc- 
cessive electrode pair. As is the case with other cardiac 
assistance stimulation, the stimulus intensity may be 
variable due to differences in stimulation threshold for a 
given nerve fiber. 

From the foregoing discussion, it is apparent that 
the present invention provides a neuromuscular stimu- 
lating lead and device for generating stimulating pulses 
on the lead, which accomplishes substantial improve- 
ment in the hemodynamics of a patient's cardiovascular 
system and results in an augmented cardiac output and 
stroke volume. Multiple stimulation channels and multi- 
ple electrode leads, which may be independently pro- 
grammed in terms of stimulation intensity, timing and 
duration, produce this improvement by providing the 
capability of sequentially contracting a surgically 
implanted cardiac assistance skeletal muscle to pump 
blood in a desired direction. 

Although the invention has been shown and 
described with reference to a particular embodiment, it 
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is to be understood that these embodiments are merely 
illustrative of the application of the principles of the 
invention. Numerous modifications may be made 
therein and other arrangements may be devised without 
departing from the scope of the invention. 

Claims 

1. An implantable neuromuscular stimulating appara- 
tus having a plurality of channels (I, II, III, IV. V) for 
stimulating a patient's skeletal muscle (9) that has 
been surgically prepared to perform cardiac assist- 
ance, comprising: 

neuromuscular stimulating pulse generator 
means (20) for generating electrical pulses in 
said plurality of channels (I, II, 111, IV, V) to stim- 
ulate the skeletal muscle (9) in coordination 
with%e patient's cardiac cycle, said generator 
(20) being adapted to control at least one char- 
acteristic parameter of the electrical pulses, the 
characteristic parameter being selected from a 
group  including  intensity,  pulse duration, 
number of pulses per burst, interpulse interval 
within a burst, pulse timing and burst timing; 
a first electrode (112, 114, 116, 118, 120) for 
each of said plurality of channels (I, II, III, IV, V) 
and at least one ground electrode, said first 
electrodes and said at least one ground elec- 
trode being adapted to be coupled to excitable 
tissue in the patient's skeletal muscle for apply- 
ing pulses generated by said neuromuscular 
stimulating pulse generator means between 
said first and ground electrodes; 
means (142, 144, 146) for affixing said first 
electrodes and said at least one ground elec- 
trode for each of said plurality of channels in 
close proximity to preselected nerve fibers 
(216. 217. 218, 219, 222) within the patient's 
skeletal muscle (9); and 
means (19) for controlling said pulse generator 
means (20) to govern the at least one charac- 
teristic parameter of the electrical pulses in 
said plurality of channels (I. II, III, IV, V) to 
sequentially excite each channel of said plural- 
ity of channels in a predetermined order, caus- 
ing the patient's skeletal  muscle (9) to 
subsequently contract in a co-ordinated man- 
ner from one portion to another. 

2. An apparatus in accordance with claim 1, wherein 
said pulse generator controlling means (20) further 
comprises means for timing and sequentially excit- 
ing each subsequent channel of said plurality of 
channels with an increasing delay with respect to 
the patient's cardiac cycle. 

3. An apparatus in accordance with claim 1, wherein 

said patient's skeletal muscle surgical preparation 
is a cardiomyoplasty preparation and the patient's 
latissimus dorsi muscle (215) is wrapped around 
the heart (200), and wherein said pulse generator 

5 controlling means (20) further comprises: 

means for determining when the patient's heart 
(200) is in systole; 
means for initiating stimulation in response to a 

w determination by said determining means that 
the patient's heart (200) is in systole; and 
means for sequentially exciting each subse- 
quent channel of said plurality of channels with 
an increasing delay with respect to the patient's 

is cardiac cycle such that the skeletal muscle at 
the apex of the patient's heart contracts first 
and the contraction proceeds sequentially in 
the anterior direction. 

20 4. An apparatus in accordance with daim 1. wherein 
said patient's skeletal muscle surgical preparation 
is an aortomyoplasty preparation and the patient's 
latissimus dorsi muscle (215) is wrapped around 
the aorta, and wherein said pulse generator con- 

25        trolling means (20) further comprises: 

means for determining when the patient's heat 
is in diastole; 
means for initiating stimulation in response to a 

30 determination by said determining means that 
the patient's heart is in diastole; 
means for sequentially exciting each subse- 
quent channel of said plurality of channels with 
an increasing delay with respect to the patient's 

35 cardiac cycle such that the skeletal muscle 
located in the proximal portion of the aorta con- 
tracts first and the contraction proceeds 
sequentially in the distal direction. 

40 5. An apparatus in accordance with claim 1, wherein 
said patient's skeletal muscle surgical preparation 
is a skeletal muscle ventricle preparation and the 
patient's latissimus dorsi muscle (215) is wrapped 
around a small diameter reservoir having a gener- 

45 ally conic shape with an apex and a base portion, 
and wherein said pulse generator controlling 
means (20) further comprises: 

means for determining when the patient's heart 
so is in diastole; 

means for initiating stimulation in response to a 
determination by said determining means that 
the patient's heart is in diastole; 
means for sequentially exerting each subse- 

55 quent channel of said plurality of channels with 
an increasing delay with respect to the patient's 
cardiac cycle such that the skeletal muscle 
located at the apex of the conic reservoir con- 
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tracts first and the contraction proceeds 
sequentially toward the outer base portion of 
the conic reservoir. 

6. An apparatus m accordance with any one of claims 5 
2 to 5. wherein said pulse generator controlling 
means (20) further comprises means for sequen- 
tially exciting each subsequent channel of said plu- 
rality of channels (I, II, III, IV. V) with a decreasing 
intensity. 10 

7. An apparatus in accordance with claim 1, wherein a 
first implantable multi-electrode intramuscular lead 
(21) comprises said first electrodes for each of said 
plurality of channels and a second implantable is 
multi-electrode intramuscular lead comprises said 
at least one ground electrode. 

8. An apparatus in accordance with claim 7, wherein 
said first and second implantable multi-electrode 20 
intramuscular leads (21+, 21-) each further com- 
prise: 

a plurality of electrical conductors, each of said 
electrical conductors extending from a proximal 25 
end portion to a tapered distal end portion of 
the lead, insulating material (128, 150) enclos- 
ing each of said conductors and electrically 
separating said conductors from one another, 
electrical connector means (132, 134, 136. 30 
138, 140) for electrically coupling the channels 
of said neuromuscular stimulating pulse gener- 
ator means to the proximal ends of correspond- 
ing ones of said electrical conductors, and 
corresponding neuromuscular stimulating elec- 35 
trodes (112, 114, 116, 118, 120) electrically 
coupled to the distal ends of said electrical con- 
ductors, each said electrodes having a surface 
exposed through said insulating material in 
said tapered distal end portion for directly con- 40 
tacting the patient's muscle tissue in close 
proximity to muscle activating nerve branches 
at said exposed surface; and 
a section of suture material (144) having a 
proximal end fixedly attached to the distal end 45 
of the tapered distal portion of the lead for 
firmly affixing at least a portion of said tapered 
distal end portion of the lead into the patient's 
tissue adjacent said nerve branches. 

so 
Patentanspriiche 

1.   Implantierbare neuromuskulare Stimulationsvor- 
richtung mit einer Vielzahl von Kanalen (I. II, III, IV, 
V) zum Stimulieren eines Skelettmuskels (9) eines ss 
Patienten, der chirurgisch vorbereitet worden ist, 
HerzunterstOtzung zu leisten, mit: 

einer neuromuskularen Stimulationsimpulsge- 
neratoreinrichtung (20) zum Erzeugen von 
elektrischen Impulsen in der Vielzahl von 
Kanalen (I, II, III, IV, V). urn den Skelettmuskel 
(9) in Koordination mit dem HerzzyWus des 
Patienten zu stimulieren, wobei der Generator 
(20) geeignet ist, mindestens einen charakteri- 
stischen Parameter der elektrischen Impulse 
zu steuern, wobei der charakteristische Para- 
meter aus einer Gruppe gewahlt ist. die Inten- 
sitat. Impulsdauer, Anzahl der Impulse pro 
Impulsbundel, Impulsabstand innemalb eines 
ImpulsbOndels. Impulszeitverhalten und 
Impulsbundelzeitverharien einschlieBt; 
einer ersten Elektrode (112, 114, 116. 118. 
120) fur jeden aus der Vielzahl von Kanalen (I, 
II. Ill, IV. V) und mindestens einer Masse-EIek- 
trode, wobei die ersten Elektroden und die min- 
destens eine Masse-Elektrode geeignet sind, 
mit erregbarem Gewebe im Skelettmuskel des 
Patienten gekoppelt zu werden. zum Anlegen 
von Impulsen, die von der neuromuskularen 
Stimulationsimpulsgeneratoreinrichtung 
erzeugt werden, zwischen die ersten und die 
Masse-Elektrode: 
einer Einrichtung (142, 144, 146) zum Befesti- 
gen der ersten Elektroden und der mindestens 
einen Masse-Elektrode fur jeden aus der Viel- 
zahl von Kanalen in groBer Nahe zu vorge- 
wahlten Nervenfasern (216, 217, 218. 219, 
222) innerhalb des Skelettmuskels (9) des Pati- 
enten; und 
einer Einrichtung (19) zum Steuern der Impuls- 
generatoreinrichtung (20), um den mindestens 
einen charakteristischen Parameter der elektri- 
schen Impulse hn der Vielzahl von Kanalen (I, 
II, III, IV, V) zu regulieren, um jeden Kanal aus 
der Vielzahl von Kanalen in einer vorbestimm- 
ten Reihenfolge sequentiell anzuregen, 
wodurch bewirkt wird. daB der Skelettmuskel 
(9) des Patienten nachfolgend in einer koordi- 
nierten Art und Weise von einem Abschnitt 
zum anderen kontrahiert. 

2. Vorrichtung nach Anspruch 1, wobei die Impulsge- 
neratorsteuereinrichtung (20) ferner eine Einrich- 
tung zur Zeitsteuerung und sequentiellen Erregung 
jedes nachfolgenden Kanals aus der Vielzahl von 
Kanalen mil einer zunehmenden Verzogerung in 
bezug auf den Herzzyklus des Patienten aufweist. 

3. Vorrichtung nach Anspruch 1, wobei die chirurgi- 
sche Vorbereitung des Skelettmuskels des Patien- 
ten eine Kardiomyoplastikvorbereitung ist und der 
Muskel Latissimus dorsi (215) des Patienten um 
das Herz (200) gewickelt wird und wobei die 
Impulsgeneratorsteuereinrichtung (20) ferner auf- 
weist: 

13 
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eine Einrichtung zum Bestimmen, wann das 
Herz (200) des Patienten in einer Systole ist; 
eine Einrichtung zum Auslosen einer Stimula- 
tion als Arrtwort auf eine Bestimmung durch die 
Bestimmungseinrichtung, daB das Herz (200) s 
des Patienten in einer Systole ist; und 
eine Einrichtung zum sequentiellen Erregen 
jedes nachfolgenden Kanals aus der Vieizahl 
von Kanalen mit einer zunehmenden Verzoge- 
rung in bezug auf den HerzzykJus des Patien- 10 
ten, so daB der Skeiettmuskel an der Spitze 
des Herzes des Patienten zuerst kontrahiert 
und die Kbntraktion in der vorhergehenden 
Richtung sequentiell fortschreitet. 

is 
Vorrichtung nach Anspruch 1, wobei die chirurgi- 
sche Vorbereitung des Skelettmuskels des Patien- 
ten eine Aortamyoplastikvorbereitung ist und der 
Musket Latisstmus dorsi (215) des Patienten um die 
Aorta gewickelt wird und wobei die Impulsgenera- 20 
torsteuereinrichtung (20) ferner aufweist: 

eine Einrichtung zum Bestimmen, wann das 
Herz des Patienten in einer Diastole ist; 
eine Einrichtung zum Auslosen einer Stimula- 25 
tion als Antwort auf eine Bestimmung durch die 
Bestimmungseinrichtung, daB das Herz des 
Patienten in einer Diastole ist; und 
eine Einrichtung zum sequentiellen Erregen 
jedes nachfolgenden Kanals aus der Vieizahl 30 
von Kanalen mit einer zunehmenden Verzoge- 
rung in bezug auf den HerzzyWus des Patien- 
ten aufweist, so daB der Skeiettmuskel, der 
sich im proximalen Abschnitt der Aorta befin- 
det, zuerst kontrahiert und die Kontraktion in 35 
der distalen Richtung sequentiell fortschreitet. 

Vorrichtung nach Anspruch 1, wobei die chirurgi- 
sche Vorbereitung des Skelettmuskels des Patien- 
ten eine SkelettmusM-Venfrikelvorbereitung ist <o 
und der Muskel Latissimus dorsi (215) des Patien- 
ten um ein Reservoir mit kleinem Durchmesser und 
einer im allgemeinen konischen Form mit einer 
Spitze und einem Basisabschnitt gewickelt wird und 
wobei die Impulsgeneratorsteuereinrichtung (20) 45 
ferner aufweist: 

eine Einrichtung zum Bestimmen, wann das 
Herz des Patienten in einer Diastole ist; 
eine Einrichtung zum Auslosen einer Stimula- so 
tion ais Antwort auf eine Bestimmung durch die 
Bestimmungseinrichtung, daB das Herz des 
Patienten in einer Diastole ist; und 
eine Einrichtung zum sequentiellen Erregen 
jedes nachfolgenden Kanals aus der Vieizahl 55 
von Kanalen mit einer zunehmenden Verzoge- 
rung in bezug auf den HerzzyWus des Patien- 
ten, so daB der Skeiettmuskel, der sich an der 

Spitze des konischen Reservoirs befindet, 
zuerst kontrahiert und die Kontraktion zum 
auBeren Basisabschnitt des konischen Reser- 
voirs hin sequentiell fortschreitet 

6. Vorrichtung nach einem der Anspruche 2 bis 5, 
wobei die Impulsgeneratorsteuereinrichtung (20) 
ferner eine Einrichtung zum sequentiellen Erregen 
jedes nachfolgenden Kanals aus der Vieizahl von 
Kanalen (I, II, III, IV. V) mit einer abnehmender 
Intensitat aufweist. 

7. Vorrichtung nach Anspruch 1, wobei eine erste 
implantierbare intramuskulare Mehrfachelektroden- 
leitung (21) die ersten Elektroden for jeden aus der 
Vieizahl von Kanalen aufweist und eine zweite 
implantierbare intramuskulare Mehrfachelektroden- 
leitung die mindestens eine Masse-Elektrode auf- 
weist. 

8. Vorrichtung nach Anspruch 7, wobei die erste und 
zweite implantierbare intramuskulare Mehrfach- 
elektrodenleitung (21+, 21-) jeweils ferner aufwei- 
sen: 

eine Vieizahl von elektrischen Leitern, wobei 
sich jeder der elektrischen Leiter von einem 
proximalen Endabschnitt zu einem sich verjun- 
genden distalen Endabschnitt der Leitung 
erstreckt, Isoliermaterial (128. 150) jeden der 
Leiter umschlieBt und die Leiter elektrisch von- 
einander trennt, elektrische Verbindereinrich- 
tungen (132. 134. 136, 138. 140) zum 
elektrischen Koppeln der Kanale der neuro- 
muskularen Stimulationsimpulsgenerator- 
einrichtung mit den proximalen Enden der 
entsprechenden der elektrischen Leiter und 
entsprechende neuromuskulare Stimulations- 
elektroden (112. 114. 116. 118. 120), die mit 
den distalen Enden der elektrischen Leiter 
elektrisch gekoppelt sind, wobei die Elektroden 
eine Oberflache haben, die in dem sich verjun- 
genden distalen Endabschnitt durch das Iso- 
liermaterial hindurch freigelegt ist, for eine 
direkte Beruhrung des Muskelgewebes des 
Patienten in groBer Nahe zu muskelaktivieren- 
den Nervenzweigen an der freigelegten Ober- 
flache; und 
wobei ein Teil des Nahtmaterials (144) mit 
einem proximalen Ende test am distalen Ende 
des sich verjungenden distalen Abschnitts der 
Leitung angebracht ist zum festen Befestigen 
mindestens eines Abschnitts des sich verjun- 
genden distalen Endabschnitts der Leitung im 
Gewebe des Patienten angrenzend an die Ner- 
venzweige. 
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Revendications 3. 

1.  Appareil de stimulation neuromusculaire implanta- 
ble comportant une pluralite de canaux (I, II, III, IV, 
V) pour stimuler un muscle du squelette (9) d'un s 
patient qui a ete prepare chirurgicalement pour rea- 
iiser une assistance cardiaque. comprenant: 

Appareil selon la revendication 1. dans lequel ladite 
preparation chirurgicale du muscle du squelette du 
patient est une preparation de cardiomyosplastie et 
le muscle latissimus dorsi (215) du patient est 
enroule autour du coeur (200), et dans lequel les- 
dits moyens de commande de generateur d'impul- 
sion (20) comprennent en outre: 

des moyens de generateur d'impulsion de sti- 
mulation neuromusculaire (20) pour generer 10 
des impulsions electriques dans ladite pluralite 
de canaux (I, II, III, IV, V) afin de stimuler le 
muscle du squelette (9) en coordination avec le 
cycle cardiaque du patient, ledit generateur 
(20) etant adapte pour commander au moins 75 
un parametre de caracteristique des impul- 
sions electriques, le parametre de caracteristi- 
que etant selectionne parmi un groupe incluant 

'une intensite, une duree d'impulsion, un nom- 
bre d'impulsions par salve, un intervalle inte- 20 
rimpulsion dans une salve, un cadencement 
d'impulsion et un cadencement de salve; 
une premiere electrode (112, 114. 116, 118, 
120) pour chacun de ladite pluralite de canaux 
(I, II, III. IV, V) et au moins une electrode de 25 
masse, lesdites premieres electrodes et ladite 
au moins une electrode de masse etant adap- 
tees pour etre couplees a un tissu excitable 
dans le muscle du squelette du patient pour 
appliquer des impulsions generees par lesdrts 30 
moyens de generateur compulsion de stimula- 
tion neuromusculaire entre lesdites premieres 
electrodes et ladite electrode de masse; 
des moyens (142, 144.146) pour fixer lesdites 
premieres electrodes et ladite au moins une 35 
electrode de masse pour chacun de ladite plu- 
ralite de canaux tres pres de fibres nerveuses 
preselectionnees (216, 217, 218, 219, 222) 
dans le muscle du squelette (9) du patient; et 
des moyens (19) pour commander lesdrts 40 
moyens de generateur d'impulsion (20) afin de 
gouverner I'au moins un parametre de caracte- 
ristique des impulsions electriques dans ladite 
pluralite de canaux (I, II. Ill, IV, V) afin d excrter 
sequentiellement chaque canal de ladite plura- 45 
lite de canaux selon un ordre predetermine, en 
forcant le muscle du squelette (9) du patient a 
se contracter en consequence dune maniere 
coordonnee depuis une partie jusqu'a une 
autre. so 

2. Appareil selon la revendication 1. dans lequel les- 
dits moyens de commande de generateur d'impul- 
sion (20) comprennent en outre des moyens pour 
cadencer et exciter sequentiellement chaque canal ss 
suivant de ladite pluralite de canaux selon un retard 
croissant par rapport au cycle cardiaque du patient. 

des moyens pour determiner lorsque le coeur 
(200) du patient est en systole; 
des moyens pour inrtier une stimulation en 
reponse a une determination par lesdits 
moyens de determination du fait que le coeur 
(200) du patient est en systole; et 
des moyens pour exciter sequentiellement cha- 
que canal suivant de ladite pluralite de canaux 
selon un retard croissant par rapport au cycle 
cardiaque du patient de telle sorte que le mus- 
cle du squelette au niveau de I'apex du coeur 
du patient se contracte en premier et que la 
contraction progresse sequentiellement sui- 
vant la direction anterieure. 

4. Appareil selon la revendication 1. dans lequel ladite 
preparation chirurgicale du muscle du squelette du 
patient est une preparation d'aortomyoplastie et le 
muscle latissimus dorsi (215) du patient est enroule 
autour de I'aorte, et dans lequel lesdits moyens de 
commande de generateur d'impulsion (20) com- 
prennent en outre: 

des moyens pour determiner lorsque le coeur 
du patient est en diastole; 
des moyens pour inrtier une stimulation en 
reponse a une determination par lesdits 
moyens de determination du fart que le coeur 
du patient est en diastole ; et 
des moyens pour exciter sequentiellement cha- 
que canal suivant de ladite pluralite de canaux 
selon un retard croissant par rapport au cycle 
cardiaque du patient de telle sorte que le mus- 
cle du squelette situ6 dans la partie proximale 
de I'aorte se contracte en premier et que la 
contraction progresse sequentiellement sui- 
vant la direction distale. 

5. Appareil selon la revendication 1. dans lequel ladite 
preparation chirurgicale du muscle du squelette du 
patient est une preparation de ventricule par mus- 
cle de squelette et le muscle latissimus dorsi (215) 
du patient est enroule autour d'un reservoir de petit 
diametre presentant une forme generate conique. 
muni d'un apex et d'une partie de base, et dans 
lequel lesdits moyens de commande de generateur 
d'impulsion (20) comprennent en outre: 

des moyens pour determiner lorsque le coeur 
du patient est en diastole; 
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des moyens pour inctier une stimulation en 
reponse a une determination par lesdits 
moyens de determination du fait que le coeur 
du patient est en diastole; et 
des moyens pour exciter sequentiellement cha- s 
que canal suivant de ladite pluralite de canaux 
selon un retard croissant par rapport au cycle 
cardiaque du patient de telle sorte que le mus- 
cle du squelette situe au niveau de Papex du 
reservoir conique se contracte en premier et 10 
que la contraction progresse sequentiellement 
en direction de la partie de base externe du 
reservoir conique. 

6. Appareil selon Tune quetconque des revendications is 
2 a 5, dans lequel lesdits moyens de commande de 
generateur dlmpulsion (20) comprennent en outre 
des moyens pour exciter sequentiellement chaque 
canal suivant de ladite pluralite de canaux (I, II, III, 
IV, V) selon une intensite decroissante. 20 

7. Appareil selon la revendication 1, dans lequel une 
premiere connexion intramusculaire a multiples 
electrodes implantable (21) comprend lesdites pre- 
mieres electrodes pour chacun de ladite pluralite de ss 
canaux et une seconde connexion intramusculaire 
a multiples electrodes implantable comprend ladite 
au moins une electrode de masse. 

" 8.  Appareil selon la revendication 7, dans lequel lesdi- 30 
tes premiere et seconde connexions intramuscuiai- 

:   res a multiples electrodes implantables (21+, 21-) 
comprennent chacune en outre: 

une pluralite de conducteurs Electriques. cha- 35 
cun desdits conducteurs electriques s'etendant 
depuis une partie d'extremite proximale jusqu'a 
une partie d'extremite distale evasee de la con- 
nexion, un materiau isolant (128, 150) renfer- 
mant chacun desdits conducteurs et separant 40 
electriquement lesdits conducteurs les uns des 
autres. des moyens de connecteur electrique 
(132, 134, 136,138. 140) pour coupler electri- 
quement les canaux desdits moyens de gene- 
rateur      dlmpulsion      de      stimulation 4S 
neuromuscular aux extremites proximales de 
ceux  correspondents  desdits conducteurs 
electriques et des electrodes de stimulation 
neuromusculaire correspondantes (112, 114, 
116. 118. 120) couplees Electriquement aux so 
extremites distales desdits conducteurs electri- 
ques, chacune desdites electrodes comportant 
une surface exposee au travers dudit materiau 
isolant dans ladite partie d'extremite distale 
evasee pour qu'elle entre en contact direct ss 
avec le tissu musculaire du patient tres pres 
des derivations nerveuses qui activent le mus- 
cle au niveau de ladite surface exposee; et 

une section de materiau de suture (144) com- 
portant une extremite proximale liee de facon 
fixe a I'extremite distale de la partie distale Eva- 
see de la connexion pour fixer fermement au 
moins une partie de ladite partie d'extremite 
distale evasee de la connexion dans le tissu du 
patient en une position adjacente auxdrtes 
derivations nerveuses. 

16 



EP 0 587 269 B1 

17 



EP 0 587 269 B1 

18 



EP 0 587 269 B1 

CO 

d 

19 



EP0 587 269 B1 

20 



21 



EP 0 587 269 B1 

20 

FIG. 6 

210 

MUSCLE 
STIMULATOR 

CHANNEL 
I 

M+ 

M- 

to 132+ 

to 132- 

22 211 

J. 

MUSCLE 
STIMULATOR 

CHANNEL 
D 

M+ 

M- 

to 134+ 

to 134- 

22 

T 
22 

212 

J- 

MUSCLE 
STIMULATOR 

CHANNEL 
m 

M+ 

M- 

to 136+ 

to 136- 

213 

7 
MUSCLE 

-"N STIMULATOR 
■V^J CHANNEL 

rv 

M+ 

M- 

to 138+ 

to 138- 

22 
214 

MUSCLE 
M+ 

STIMULATOR 
CHANNEL M- 

V 

to 140+ 

to 140- 

22 



EP 0 587 269 B1 

23 



EP0 587 269 B1 

FIG. 8 

62 

XCHB L 

24 



EP 0 587 269 B1 

25 



EP 0 587 269 B1 

in 

a> CO c <x> 
CO 
75 *c 
5c 

5? 

C o 
O 

8 CL 
75 •c 

CO 

e 
c o 
O 

;§ 
CO c a> 

CO 
CO •c 
5 

5 

■ C o 
O 

c 
LU 
o> c 
CO 

CL 

I 

A 
CVJ 

CO 
CO 

o 

I •c 
E 
E o 
O 

V 

CO c 

3 

C o 
O 
a> o CO CL 

3 

>- 
CE 

CO 

o 

o 
o 

CO 

26 



EP0 587 269 B1 

4| 
0« 

.3? O CO 

_ c\j 

© CO 

*1 

A 

££££ 

A A,A 

<*2 
v) O 

CO 

J CO 
c: o 
s 

g 

g o 

1 

o 

I 

■< 

2 ez o 
O 

2 

Ao A 
o 
O 

CD 

.5 

CO A 

5 

S 

1 

I 

R
O

M
 

18 

R
A

M
 

8 

o 

Li. 

CO 

2 

27 



EP 0 587 269 B1 

28 



EP 0 587 269 B1 



EP 0 587 269 B1 



EP0 587 269 B1 



EP 0 587 269 B1 

CM* CM 

CM 

+ J 
8 

.CM 

d 

LL 

5? 

CM CD 

CM 
^ . CM 

■5 CM 

32 



EP 0 587 269 B1 

FIG. 20 

Spatial 

Distribution 
A 

Spatial 

Distribution 
A 

112 

114 

116 

118 

120 

Synchronization 

Delay 

Amplitude 

33 


