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SYSTEM AND METHOD SUITABLE FOR
TREATMENT OF A PATIENT WITH A
NEUROLOGICAL DEFICIT BY
SEQUENTIALLY STIMULATING NEURAL
PATHWAYS USING A SYSTEM OF DISCRETE
IMPLANTABLE MEDICAL DEVICES

This application is a continuation-in-part of U.S. patent
application Ser. No. 10/391,424, filed Mar. 17, 2003. U.S.
patent application Ser. No. 10/391,424 is a divisional of U.S.
patent application Ser. No. 09/677.384, filed Sep. 30, 2000,
now U.S. Pat. No. 6,564,807. U.S. Pat. No. 6,564,807 is a
divisional of U.S. patent application Ser. No. 09/048,827,
filed Mar. 25, 1998, now U.S. Pat. No. 6,164,284, U.S. Par.
No. 6,164,284 is a continuation-in-part of U.S. patent appli-
cation Ser. No. 09/030,106, filed Feb. 25, 1998, now U.S. Pat.
No. 6,185,452, and claims the benefit of U.S. Provisional
Application No. 60/042,447, filed Mar. 27, 1997. U.S. Pat.
No. 6,185,452 claims the benefit of U.S. Provisional Appli-
cation No. 60/039,164 filed, Feb. 26, 1997.

FIELD OF THE INVENTION

The present invention is generally directed to systems of
discrete implantable medical devices and in particular to such
systems that wirelessly communicate with each other for
treatment of a patient with a neurological deficit, e.g., as a
consequence of a stroke, by sequentially stimulating neural
pathways, e.g., muscles or associated nerves, or providing the
ability to deliver functional motor movement sequences to the
patient.

BACKGROUND OF THE INVENTION

Stroke is the reportedly third leading cause of death in the
United States and other developed countries. It is a major
source of disability that often leads to hospitalization and
long-term care. There are reported to be more than 100,000
new strokes each year in the UK (the incidence in the US is
reportedly similar). Over 80% of strokes are as a result of
cerebral infarct and of those, 23% die within one year and
65% gain functional independence. Approximately 75% of
middle cerebral artery infarcts result in motor deficit, particu-
larly of the upper limb and 24% of patients have residual
upper limb motor loss at three months post-stroke. Various
longitudinal studies have investigated the long-term outcome
following stroke. For example, it is reported that for 30% to
60% of patients, the paretic arm remains without function and
that half of all acute stroke patients starting rehabilitation will
have a marked impairment of function of one arm of whom
only about 14% will regain useful upper limb function.

Following a stroke, almost all patients undergo a period of
rehabilitation (Physiotherapy, Occupational Therapy, Speech
and Language Therapy) as appropriate. Although there is now
overwhelming evidence that patients treated in specialist
stroke units have a better outcome than those treated in gen-
eral hospitals, there is no conclusive evidence that one con-
ventional physical or occupational therapy is more effective
than another, and there has been no conclusive evidence to
support the effectiveness of conventional therapy in the treat-
ment of upper limb impairment following stroke.

Unlike tetraplegic patients, whose motor impairment is
specifically defined by the level and extent of the injury and
whose main problem is grasping due to weak finger flexion,
stroke patients, because of the nature of the lesion, have a
more complex and varied pattern of motor impairment.
Firstly, stroke patients are often unable to grip because of
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weak wrist extensors rather than an inability to activate finger
flexors, and it is often spasticity of the flexor muscles that
prevents opening of the hand, thus functionally impairing
performance. To perform an effective power grip, or even to
manipulate objects, requires the wrist to be held in a func-
tional position of slight extension maintained by activity in
the wrist extensors, mainly Extensor Carpi Radialis (ECR)
and Extensor Carpi Ulnaris (ECU).

Surface Functional Electrical Stimulation (FES) systems
have been used to strengthen wrist extensors and some studies
have measured improvement both in muscle strength (grip
and wrist extension) and hand function. When stimulation is
activated voluntarily, usually by the electromyography
(EMG) signal from either the target or a remote muscle,
improvement in function has been greater. Achieving a func-
tional movement with surface FES however is rarely possible
due to the anatomical arrangement of the extensor muscles of
the forearm. ECR and ECU lie deep to the finger extensors, so
that in practice it is extremely difficult to activate the wrist
extensors without also activating the finger extensors; thus
preventing the patient from performing a functional grip.
Motor re-learning research has demonstrated that achieve-
ment and repetition of functional tasks is essential to effect
neuroplastic changes, therefore, although surface FES may
improve strength, reduce spasticity and increase range of
movement, because it is difficult to stimulate a functional
movement, it may be less effective in motor-relearning.

Secondly, in addition to weakness of wrist extension, two
other common problems seen following stroke are function-
ally important: (1) the inability to extend the elbow, and (2)
the inability to extend the thumb, because of acombination of
weakness and spasticity. Weakness of triceps brachii muscle
and spasticity of biceps brachii affect elbow movement and
weakness of Extensor Pollicis Longus (EPL) muscle and
spasticity in the thumb flexors and opponens pollicis affect
thumb movement. Like the wrist extensors, EPL is a difficult
muscle to activate with surface stimulation as, for most of its
length it lies deep to Extensor Pollicis Brevis (EPB). Inability
to effectively extend the elbow considerably reduces the work
space in which the individual can function, so that even if they
have wrist and finger control, function is impaired. Inability
to bring the thumb away from the hand restricts the ability to
open the hand for grasping.

During the last decade there have been some substantial
developments in Functional Electrical Therapy (FET) and
Therapeutic Electrical Stimulation (TES) systems and they
have been more widely used and evaluated. Multi-channel
surface stimulation devices have been reported in the recent
literature. Exemplary of such systems is the Ness Handmaster
Neuroprosthesis which combines a plastic splint to provide
wrist stabilization and housing for the electrodes that stimu-
late paralyzed muscles in the forearm and the hand muscle
groups. The device was originally designed for patients who
have no voluntary control of the wrist or hand, such as tet-
raplegic patients who have a C5/C6 lesion, but more recently
it has been often used by stroke patients who have less dis-
ability, yet much more complex movement disorders. The
system enables both lateral and palmar grips, using pre-set
patterns of stimulation to open and close the hand. Stimula-
tion is triggered by the press of a button mounted on the
stimulator case and the splint. The system is designed for
holding objects such as a fork or pen for prolonged periods,
rather than quick or repetitive movements. The Ness Hand-
master is commercially available and FDA cleared.

Although Neuro Muscular Electrical Stimulation (NMES)
using surface stimulation has been shown to be effective,
there are some disadvantages: attaching electrodes to the
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skin, and positioning them correctly to achieve the desired
movement, discomfort from the sensation of stimulation, and
skin irritation of which some have been identified by the
users. Implanted and percutaneous FES systems have been
used in upper limb applications, most notable are the fully
implanted ‘Freehand’ system and the percutaneous system
for correction of shoulder subluxation, both developed by
Neurocontrol. The Freehand system was shown to be effec-
tive in improving hand function in C5/6 tetraplegia, but
required extensive invasive surgery with eight epimysial elec-
trodes sutured to the surface of each target muscle and con-
trolled by a receiver/stimulator mounted on the chest wall. It
is believed that such systems are unduly difficult to implant
due to the required tunnelling of the interconnections
between its multiple electrodes and its receiver/stimulator.
Additionally, it is believed that such systems are unnecessar-
ily vulnerable to infections (as noted in cardiac pacemakers)
that can follow the leads as an infection pathway.

Power signals are transmitted from a coil mounted on the
skin over the receiver/stimulator. The subject controls the
device through a range of movements of the opposite shoul-
der, using a skin-surface mounted position detector. Opening
and closing of the hand is usually controlled by shoulder
retraction and protraction. Strength of grasp is proportional to
the degree of movement. A quick elevation or depression of
the shoulder activates locking and unlocking of the hand. Two
grips are possible: a lateral grasp, where the fingers are first
closed and the thumb brought down against the side of the
index finger, used for holding small objects such as a pen or
fork, and palmar grasp incorporating thumb abduction to hold
large objects such as a bottle. The user selects a grasp by
pressing a switch, mounted with the shoulder controller. The
same switch is also used to turn the system on and off.

The system is intended as a permanent orthosis in subjects
who are not expected to experience any natural recovery.
Highly significant improvement in hand function has been
reported, but the system is limited in its use almost exclu-
sively to C5/6 tetraplegia. It is very expensive and invasive to
implant.

SUMMARY OF THE INVENTION

The present invention is directed to systems for stimulating
neural pathways, e.g., muscles and/or associated nerves, of a
patient’s body for the purpose of therapeutic medical treat-
ment by rehabilitating weakened muscles and using neuro-
plasticity to retrain sequential muscle movements and/or to
provide the ability to directly deliver functional motor move-
ments. Use of the present invention is of particular value for
treating a patient following a stroke. More particularly, such
systems are characterized by a plurality of discrete devices,
RF or battery powered, configured for implanting within a
patient’s body via injection, each device being configured to
affect a parameter, e.g., via nerve and/or muscle stimulation
(a neural pathway) and/or to sense a body parameter, e.g.,
temperature, O, content, physical position, electrical poten-
tial, etc., that operate under control of a system controller that
coordinates the sequential stimulation.

In an exemplary environment, a system control unit (SCU)
comprises a programmable unit capable of (1) transmitting
commands to at least some of a plurality of implanted devices
and (2) receiving data signals from at least some of those
implanted devices. Preferably, the system operates ina closed
loop fashion whereby the commands transmitted by the SCU
are dependent, in part, on the content of the data signals
received by the SCU.
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Implanted devices in this exemplary environment may be
configured similarly to the devices described in the com-
monly owned U.S. Pat. No. 6,164,284 (hereinafter referred to
as the *284 patent), incorporated herein by reference in its
entirety, and are typically contained within a sealed housing
suitable for injection into the patient’s body. Fach housing
preferably contains a power source having a capacity of at
least 1 microwatt-hour and power consuming circuitry pref-
erably including a data signal transmitter and receiver and
sensor/stimulator circuitry for driving an input/output trans-
ducer. Wireless communication between the SCU and the
other implanted devices can be implemented in various ways,
e.g., via a modulated sound signal, an AC magnetic field, an
RF signal, a propagated electromagnetic wave, a light signal,
or electrical conduction. Furthermore, in commonly owned
U.S. Pat. No. 6,472,991 entitled “Multichannel Communica-
tion Protocol Configured to Extend The Battery Life Of An
Implantable Device”, incorporated herein by reference in its
entirety, a communication protocol is described for an exem-
plary communication protocol for communicating between a
master device (also referred to herein and in the associated
patents as a system control unit (SCU)) which may be
implanted within or in proximity to a patient that communi-
cates with a plurality of discrete implantable slave devices,
suitable for implantation via injection, via a wireless commu-
nication channel.

Alternatively, implanted devices in this exemplary envi-
ronment may be configured similarly to the devices described
in the commonly owned U.S. Pat. Nos. 5,193,539 and 5,193,
540 (herein referred to as the 539 and *540 patents) each of
which is incorporated herein by reference in their entirety.
Such devices differ from those devices described in the *284
patent in that they do not contain a battery and instead rely
upon an externally-provided AC magnetic field to induce a
voltage, e.g., via a coil into an internal capacitor, and thus
power its internal electronics only when the external AC
magnetic field is present. These devices are also referred to as
being RF powered. Systems which comprise the present
invention may include either the *284 battery-powered or the
’539/°540 RF-powered classes of devices or combinations
thereof.

In accordance with the present invention, a preferred sys-
tem for sequentially activating a plurality of distinct neural
pathways in a patient’s body, is described wherein the system
is comprised of (1) a first set of one or more discrete implant-
able devices suitable for placement proximate to a first neural
pathway for stimulating the first neural pathway, (2) a second
set of one or more discrete implantable devices suitable for
placement proximate to a second neural pathway for stimu-
lating the second neural pathway, wherein each of the
implantable devices is contained within a sealed elongate
housing having an axial dimension of less than 60 mm and a
lateral dimension of less than 6 mm, e.g., less than 134 cubic
centimeters, and includes at least two electrodes integral with
and on opposing ends of the housing, whereby the housings
are suitable for injection into the patient’s body and the
implantable devices are configured for affecting at least one
neural pathway of the patient’s body via the electrodes in
response to first communication/control circuitry mounted
within each housing and responsive to a unique predefined
identification address for each of the implantable devices, (3)
a system controller having second communication/control
circuitry configured for wireless communication with the first
communication/control circuitry within each of the implant-
able devices, and wherein following a first activation
sequence of the first neural pathway transmitted from the
system controller to the first set of implantable devices, the
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system controller additionally transmits a temporally dis-
placed second activation sequence to the second set of
implantable devices.

Inatfurtheraspect of embodiments of the present invention,
the first neural pathway may correspond to those muscles
used to extend the patient’s lower vs. upper arm at the
patient’s elbow and the second neural pathway corresponds to
those muscles which extend the patient’s wrist. Furthermore,
a third neural pathway may be similarly stimulated to extend
the patient’s fingers, i.e., to ungrasp the fingers of the patient’s
hand.

In a still further aspect of the present invention, a position
sensor, e.g., an external sensor may be positioned proximate
to the patient’s elbow or wrist where it communicates with the
system controller to allow it to determine when to sequen-
tially stimulate the various neural pathways. Alternatively,
one or more of the implantable devices may provide the
capability to determine their relative positioning and thus
determine the relative positioning of the relevant body por-
tions.

Finally, embodiments of the present invention may include
a proximity sensor to determine when a portion of the
patient’s body, e.g., the patient’s hand, is proximate to a goal
position, e.g., a container, and this information may be com-
municated, e.g., wirelessly, to the system controller to initiate
an additional neural response, e.g., grasping of the container.

The novel features of the invention are set forth with par-
ticularity in the appended claims. The invention will be best
understood from the following description when read in con-
junction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a simplified block diagram of an exemplary sys-
tem suitable for practicing the present invention, the system
being comprised of implanted devices, e.g., microstimula-
tors, microsensors and microtransponders, under control of a
system control unit (SCU).

FIG. 2 comprises a block diagram of the system of FIG. 1
showing the functional elements that form the system control
unit and implanted microstimulators, microsensors and
microtransponders.

FIG. 3A comprises a block diagram of an exemplary
implantable device, as shown in U.S. Pat. No. 6,164,284,
including a battery for powering the device for a period of
time in excess of one hour in response to a command from the
system control unit.

FIG. 3B comprises a simplified block diagram of controller
circuitry that can be substituted for the controller circuitry of
FIG. 3A, thus permitting a single device to be configured as a
system control unit and/or a microstimulator and/or a
microsensor and/or a microtransponder.

FIG. 4 shows an exemplary flow chart of the use of an
exemplary system in an open loop mode for controlling/
monitoring a plurality of implanted devices, e.g., microstimu-
lators, microsensors.

FIG. 5 shows a simplified flow chart of the use of closed
loop control of a microstimulator by altering commands from
the system control unit in response to status data received
from a microsensor.

FIG. 6 shows an exemplary injury, i.e., a damaged nerve,
and the placement of a plurality of implanted devices, i.e.,
microstimulators, microsensors and a microtransponder
under control of the system control unit for “replacing” the
damaged nerve. Similarly, this technology is applicable to
treatment following a stroke when neural pathways are dam-
aged within the patient’s brain.
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FIG. 7 shows a simplified flow chart of the control of the
implanted devices of FIG. 6 by the system control unit.

FIG. 8 shows the basic structure of a preferred embodiment
of the present invention where a system controller wirelessly
communicates with a plurality of sets of implantable devices
to achieve therapeutic and/or functional stimulation of
muscle groups to compensate for a neurological deficit, e.g.,
as a result of a stroke.

FIG. 9 shows the placement of a first set of implantable
devices used for controlling muscle contractions of the
patient’s upper arm, e.g., via stimulation of the lateral and
medial heads of the triceps, and optionally includes the capa-
bility to measure movement of the patient’s elbow by mea-
suring the degree of contraction of the triceps.

FIG. 10 shows an exemplary placement of a second set of
implantable devices used for controlling muscle stimulation
to alter the position of the patient’s wrist and a third set of
implantable devices used for controlling muscle stimulation
of the patient’s fingers.

FIG. 11 shows an exemplary placement of a second set of
implantable devices used for controlling muscle stimulation
to alter the position of the patient’s wrist and a third set of
implantable devices used for controlling muscle stimulation
of the patient’s fingers via stimulation of a corresponding
nerve.

FIG. 12 shows an exemplary placement of two implantable
devices that are used to measure the distance between por-
tions of a muscle and consequently corresponds to the joint
angle resulting from extension or retraction of the muscle.

FIG. 13 shows an exemplary structure for fitting, i.e., set-
ting parameters, to the system controller related to an indi-
vidual patient and charging structures for powering and/or
recharging the implantable devices.

FIGS. 14A and 14B respectively show an exemplary open
loop stimulation pattern and associated flow chart for provid-
ing a sequence of stimulation signals to muscle groups to
provide a therapeutic muscle stimulation sequence to avoid
atrophy of the associated muscles and to potentially take
advantage of the plasticity of the neural pathways to regain
functionality.

FIGS. 15A and 15B respectively show an exemplary
closed loop stimulation pattern and associated flow chart for
providing a sequence of stimulation signals to muscle groups
to provide a functional muscle stimulation sequence to avoid
atrophy of the associated muscles and to potentially take
advantage of the plasticity of the neural pathways to regain
functionality. In this example, stimulation sequences occur, at
least in part, according to sensed movements of body portions
in response to these movements.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The following description is of the best mode presently
contemplated for carrying out the invention. This description
is not to be taken ina limiting sense, but is made merely for the
purpose of describing the general principles of the invention.
The scope of the invention should be determined with refer-
ence to the claims.

The present invention is directed to systems for stimulating
neural pathways, e.g., muscles and/or associated nerves, of a
patient’s body for the purpose of medical treatment by reha-
bilitating weakened muscles and using neuroplasticity to
retrain sequential muscle movements and/or to provide the
ability to directly deliver functional motor movements. Use of
the present invention is of particular value for treating a
patient following a stroke. More particularly, such systems



US 7,460,911 B2

7

are characterized by a plurality of discrete devices, preferably
battery powered but may include RF-powered devices as well
or in combination, configured for implanting within a
patient’s body via injection, each device being configured to
affect a parameter, e.g., via nerve and/or muscle stimulation
and/or to sense a body parameter, e.g., temperature, O, con-
tent, physical position, electrical potential, etc., that operate
under control of a system controller that coordinates the
sequential stimulation.

In an exemplary environment, the SCU (a master device)
comprises a programmable unit capable of transmitting com-
mands to at least some of a plurality of implanted devices
(slave devices) and may also be capable of receiving data
signals from at least some of those implanted devices. Pref-
erably, the system operates, at least in part, in a closed loop
fashion whereby the commands transmitted by the SCU are
dependent, in part, on the content of the data signals received
by the SCU.

Each implanted device in this exemplary environment is
configured similarly to the devices described in the com-
monly owned U.S. Pat. No. 6,164,284 (hereinafter referred to
as the 284 patent and incorporated herein by reference in its
entirety) and are typically contained within a sealed housing
suitable for injection into the patient’s body. Each housing
preferably contains a power source having a capacity of at
least 1 microwatt-hour, preferably a rechargeable battery, and
power consuming circuitry preferably including a data signal
transmitter and receiver and sensor/stimulator circuitry for
driving an input/output transducer.

Alternatively, implanted devices in this exemplary envi-
ronment may be configured similarly to the devices described
in the commonly owned U.S. Pat. Nos. 5,193,539 and 5,193,
540, herein referred to as the *539 and *540 patents, each of
which is incorporated herein by reference in their entirety.
Such devices differ from those devices described in the 284
patent in that they do not contain a battery and instead rely
upon an externally-provided AC magnetic field to induce a
voltage, e.g., via a coil into an internal capacitor, and thus
power its internal electronics only when the external mag-
netic field is present. These devices are also referred to as
being RF powered. Systems which comprise the present
invention may include either the *284 battery-powered or
*539/°540 RF-powered classes of devices or combinations
thereof.

FIGS. 1 and 2 show an exemplary system 300 made of
implanted devices 100, preferably battery powered, under
control of a system control unit (SCU) 302, preferably also
implanted beneath a patient’s skin 12. As described in the
’284 patent, potential implanted devices 100 (see also the
block diagram shown in FIG. 3A) include stimulators, e.g,,
100a and 1005, sensors, e.g., 100¢, and transponders, e.g.,
1004. The stimulators, e.g., 100a, can be remotely pro-
grammed to output a sequence of drive pulses to body tissue
proximate to its implanted location via attached electrodes.
The sensors, e.g., 100¢, can be remotely programmed to sense
one or more physiological or biological parameters in the
implanted environment of the device, e.g., temperature, glu-
cose level, O, content, nerve potential, muscle potential, etc.
Transponders, e.g., 1004, are devices which can be used to
extend the interbody communication range between stimula-
tors and sensors and other devices, e.g., a clinician’s program-
mer 172 and the patient control unit 174. Preferably, these
stimulators, sensors and transponders are contained in sealed
elongate housings having an axial dimension of less than 60
mm and a lateral dimension of less than 6 mm. Accordingly,
such stimulators, sensors and transponders are respectively
referred to as microstimulators, microsensors, and
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microtransponders or referred to in general as battery-pow-
ered, implantable stimulator/sensor devices. Such micro-
stimulators and microsensors can thus be positioned beneath
the skin 12 within a patient’s body using a hypodermic type
insertion tool 176.

As described in the 284 patent, microstimulators and
microsensors are remotely programmed and interrogated via
awireless communication channel, e.g., modulated AC mag-
netic, sound (i.e., ultrasonic), RF or electric fields, typically
originating from control devices external to the patient’s
body, e.g., the clinician’s programmer 172 or patient control
unit 174. Typically, the clinician’s programmer 172 is used to
program a single continuous or one time pulse sequence into
each microstimulator and/or measure a biological parameter
from one or more microsensors. Similarly, the patient control
unit 174 typically communicates with the implanted devices
100, e.g., microsensors 100c¢, to monitor biological param-
eters. In order to distinguish each implanted device over the
communication channel, each implanted device is manufac-
tured with a unique address or identification code (ID) 303
specified in address storage circuitry 108 (see FIG. 3A) as
described in the *284 patent. Unique is a relative term, e.g,,
the more bits used to specify the identification code the easier
it will be to distinguish one device or, in the case of master
devices, one system of devices from another system of
devices. Accordingly, as used in this patent application,
unique is only intended to specify that the ID 303 is distin-
guishable from the IDs of other devices that may exist within
the same environment.

By using one or more such implantable devices in conjunc-
tion with the SCU 302, the capabilities of such implanted
devices can be further expanded. For example, in an open
loop mode (described below in reference to FIG. 4), the SCU
302 can be programmed to periodically initiate tasks, e.g,,
perform real time tasking, such as transmitting commands to
microstimulators according to a prescribed treatment regi-
men or periodically monitor biological parameters to deter-
mine a patient’s status or the effectiveness of a treatment
regimen. Alternatively, in a closed loop mode (described
below in reference to FIGS. 5-7), the SCU 302 may periodi-
cally interrogate one or more microsensors and accordingly
adjust the commands transmitted to one or more microstimu-
lators.

FIG. 2 shows an exemplary system 300 comprised of (1)
one or more implantable devices 100 operable to sense and/or
stimulate a patient’s body parameter in accordance with one
or more controllable operating parameters and (2) the SCU
302. The SCU 302 is primarily comprised of (1) a housing
206, preferably sealed and configured for implantation
beneath the skin of the patient’s body, e.g., as described in the
*284 patent in reference to the implanted devices 100, (2) a
signal transmitter 304 in the housing 206 for transmitting
command signals, (3) a signal receiver 306 in the housing 206
for receiving status signals, and (4) a programmable control-
ler 308, e.g., a microcontroller or state machine, in the hous-
ing 206 responsive to received status signals for producing
command signals for transmission by the signal transmitter
304 to other implantable devices 100. The sequence of opera-
tions of the programmable controller 308 is determined by an
instruction list, i.e., a program, stored in program storage 310,
coupled to the programmable controller 308. While the pro-
gram storage 310 can be a nonvolatile memory device, e.g,,
ROM. manufactured with a program corresponding to a pre-
scribed treatment regimen, it is preferable that at least a por-
tion of the program storage 310 be an alterable form of
memory, e.g., RAM, EEPROV, etc., whose contents can be
remotely altered as described further below. However, it is
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additionally preferable that a portion of the program storage
310benonvolatile so that a default program is always present.
The rate at which the program contained within the program
storage 310 is executed is determined by clock/oscillator 312.
Additionally, a real time clock operating in response to clock/
oscillator 312 preferably permits tasks to be scheduled at
specified times of day.

The signal transmitter 304 and signal receiver 306 prefer-
ably communicate with implanted devices 100 using an RF
signal, e.g., a propagated electromagnetic wave, modulated
by a command data signal. Alternatively, an audio transducer
may be used to generate mechanical vibrations having a car-
rier frequency modulated by a command data signal. In an
exemplary embodiment, a carrier frequency of 100 kHz or
greater, e.g., 128 KHz, 2 MHgz, etc., is used which corre-
sponds to a frequency that freely passes through a typical
body’s fluids and tissues. However, such sound means that
operate at any frequency, e.g., greater than 1 Hz, are also
considered to be suitable for a potential communication chan-
nel. Alternatively, the signal transmitter 304 and signal
receiver 306 can communicate using modulated AC magnetic
fields.

The clinician’s programmer 172 and/or the patient control
unit 174 and/or other external control devices can also com-
municate with the implanted devices 100, as described in the
>284 patent, preferably using a modulated RF or AC magnetic
field. Alternatively, such external devices can communicate
with the SCU 302 via a transceiver 314 coupled to the pro-
grammable controller 308. Since, the signal transmitter 304
and signal receiver 306 may operate using a different com-
munication means, a separate transceiver 314 which operates
using an alternative communication means may be used for
communicating with external devices. However, a single
transmitter 304/receiver 306 can be used in place of trans-
ceiver 314 for communicating with the external devices and
implanted devices if a common communication channel is
used.

FIG. 3A comprises a block diagram of an exemplary
implantable device 100 operable under control of controller
circuitry 106 and includes a battery 104, preferably recharge-
able, for powering the device fora period of time in excess of
one hour and responsive to command signals from a remote
master device, e.g., the SCU 302. The controller circuitry 106
is primarily comprised of a controller 130, configuration data
storage 132 for prescribing its operation, and address storage
circuitry 108 for storing the ID 303 of the device. As
described in the *284 patent, the implantable device 100 is
preferably configurable to alternatively operate as a micro-
stimulator and/or microsensor and/or microtransponder due
to the commonality of most of the circuitry contained within.
Such circuitry may be further expanded to permit a common
block of circuitry to also perform the functions required for
the SCU 302. Accordingly, FIG. 3B shows an alternative
implementation of the controller circuitry 106 of FIG. 3A that
is suitable for implementing a microstimulator and/or a
microsensor and/or a microtransponder and/or the SCU 302.
In this implementation, the configuration data storage 132 can
be alternatively used as the program storage 310 when the
implantable device 100 is used as the SCU 302. In this imple-
mentation, XMTR 168 corresponds to the signal transmitter
304 and the RCVR 1145 corresponds to the signal receiver
306 (preferably operable via electrodes 1124 and 1125 oper-
ating as an RF antenna) and the RCVR 114¢ and XMTR 146
correspond to the transceiver 314 (preferably operable via
coil 116 for AC magnetic modes of communication).

Preferably, the contents of the program storage 310, i.e.,
the software that controls the operation of the programmable
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controller 308, can be remotely downloaded, e.g., from the
clinician’s programmer 172 using data modulated onto an RF
signal or an AC magnetic field. In this mode, it is preferable
that the contents of the program storage 310 for each SCU 302
be protected from an inadvertent change. Accordingly, the
contents of the address storage circuitry 108, i.e., the ID 303,
is preferably used as a security code to confirm that the new
program storage contents are destined for the SCU 302
receiving the data. This feature is particularly significant if
multiple patients could be physically located, e.g., in adjoin-
ing beds, within the communication range of the clinician’s
programmer 172.

Preferably, the SCU 302 can operate for an extended period
of time, e.g., in excess of one hour, from an internal power
supply 316 (see FIG. 2). While a primary battery, i.c., a
nonrechargeable battery, is suitable for this function, it is
preferable that the power supply 316 include a rechargeable
battery, e.g., battery 104 as described in the *284 patent, that
can be recharged via an AC magnetic field produced external
to the patient’s body. Accordingly, power supply 102 of FIG.
3A is the preferred power supply 316 for the SCU 302 as well.

The battery-powered devices 100 of the *284 patent are
preferably configurable to operate in a plurality of operational
modes, e.g., via a communicated command signal. In a first
operational mode, device 100 is remotely configured to be a
microstimulator, e.g., 100a and 1005. In this embodiment
(see FIG. 3A), controller 130 commands stimulation circuitry
110 to generate a sequence of drive pulses through electrodes
112 to stimulate tissue, e.g., a nerve or muscle, proximate to
the implanted location of the microstimulator, e.g., 100a or
1005. In operation, a programmable pulse generator 178 and
voltage multiplier 180 are configured with parameters corre-
sponding to a desired pulse sequence and specifying how
much to multiply (or divide) the battery voltage (e.g., by
summing charged capacitors or similarly charged battery por-
tions) to generate a desired compliance voltage V.. A first
FET 182 is periodically energized to store charge into capaci-
tor 183 (in a first direction at a low current flow rate through
the body tissue) and a second FET 184 is periodically ener-
gized to discharge capacitor 183 in an opposing direction ata
higher current flow rate which stimulates a nearby muscle or
nerve. Alternatively, electrodes can be selected that will form
an equivalent capacitor within the body tissue.

In a next operational mode, the battery-powered implant-
able device 100 can be configured to operate as a microsensor,
e.g., 100¢, that can sense one or more physiological or bio-
logical parameters in the implanted environment of the
device. In accordance with a preferred mode of operation, the
system control unit 302 periodically requests the sensed data
from each microsensor 100c¢ using its ID 303 stored in the
address storage circuitry 108, and responsively sends com-
mand signals to microstimulators, e.g., 100a and 1005,
adjusted according to the sensed data. For example, sensor
circuitry 188 can be coupled to the electrodes 112 to sense or
otherwise used to measure a biological parameter, e.g., tem-
perature, glucose level, O, content, voltage, current, imped-
ance, etc., and provide the sensed data to the controller cir-
cuitry 106. Preferably, the sensor circuitry 188 includes a
programmable bandpass filter and an analog to digital (A/D)
converter that can sense and accordingly convert the voltage
levels across the electrodes 112 into a digital quantity. Alter-
natively, the sensor circuitry 188 can include one or more
sense amplifiers to determine if the measured voltage exceeds
a threshold voltage value or is within a specified voltage
range. Furthermore, the sensor circuitry 188 can be config-
urable to include integration circuitry to further process the



US 7,460,911 B2

11

sensed voltage. The operational mode of the voltage sensor
circuitry 188 is remotely programmable viathe device’s com-
munication interface.

Additionally, the sensing capabilities of a microsensor
preferably include the capability to monitor the battery status
via path 124 from the charging circuit 122 and can addition-
ally include using an ultrasonic transducer, i.e., emitter/re-
ceiver (not shown), or the coil 116 to respectively measure the
ultrasonic, magnetic or propagated RF signal magnitudes (or
communication time delays) of signals transmitted between a
pair of implanted devices and thus determine the relative
locations of these devices. This information can be used to
determine the amount of body movement, e.g., the amount
that an elbow or finger is bent, and thus form a portion of a
closed loop motion control system. See, for example, com-
monly assigned U.S. Provisional Patent Application No.
60/497,419, entitled “Goniometry” and its progeny U.S.
patent application Ser. No. 10/920,554 which are incorpo-
rated herein by reference in their entirety.

In another operational mode, the battery-powered implant-
able device 100 can be configured to operate as a microtrans-
ponder, e.g., 1004. In this operational mode, the microtrans-
ponder receives (via the aforementioned RCVR 114a using
AC magnetic, sonic, RF, or electric communication modes) a
first command signal from the SCU 302 and retransmits this
signal (preferably after reformatting) to other implanted
devices (e.g., microstimulators, microsensors, and/or
microtransponders) using the aforementioned XMTR 168
using magnetic, sonic, RF, or electric communication modes.
While a microtransponder may receive one mode of com-
mand signal, e.g., magnetic, it may retransmit the signal in
another mode, e.g., RF. For example, clinician’s programmer
172 may emit a modulated magnetic signal using a magnetic
emitter 190 (see FIG. 1) to progran/command the implanted
devices 100. However, the magnitude of the emitted signal
may not be sufficient to be successfully received by all of the
implanted devices 100. As such, a microtransponder 1004
may receive the modulated magpetic signal and retransmit it
(preferably after reformatting) as a modulated ultrasonic or
RF signal which can pass through the body with fewer restric-
tions. In another exemplary use, the patient control unit 174
may need to monitor a microsensor 100¢ in a patient’s foot.
Despite the efficiency of ultrasonic, magnetic, and propa-
gated RF communication in a patient’s body, such a signal
could still be insufficient to pass from a patient’s foot to a
patient’s wrist (the typical location of the patient control unit
174). As such, a microtransponder 1004 could be implanted
(if needed) in the patient’s torso to improve the communica-
tion link.

FIG. 4 shows a block diagram of an exemplary open loop
control program, 1.e., a task scheduler 320, for controlling/
monitoring a body function/parameter. In this process, the
programmable controller 308 is responsive to the clock 312
(preferably a crystal controlled oscillator to thus permit real
time scheduling) in determining when to perform any of a
plurality of tasks. In this exemplary flow chart, the program-
mable controller 308 first determines in block 322 if it is now
at atime designated as T, y7, (Or at least within a sampling
error of that time), e.g.. at 1:00 AM. If so, the programmable
controller 308 transmits a designated command to micro-
stimulator A (ST ) in block 324. In this example, the control
program continues where commands are sent to a plurality of
stimulators and concludes in block 326 where a designated
command is sent to microstimulator X (STy). Such a subpro-
cess, e.g., a subroutine, is typically used when multiple por-
tions of body tissue require stimulation, e.g., stimulating a
plurality of muscle groups in a paralyzed limb to avoid atro-
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phy. The task scheduler 320 continues through multiple time
event detection blocks until in block 328, it determines
whether the time Ty, has arrived. If so, the process
continues at block 330 where, in this case, a single command
is sent to microstimulator M (ST, ). Similarly, in block 332,
the task scheduler 320 determines when it is the scheduled
time, i.e., Ty 70, tO €Xecute a status request from microsen-
sor A (SE,). If so, a subprocess, e.g., a subroutine, com-
mences at block 334 where a command is sent to microsensor
A (SE ) to request sensor data and/or specify sensing criteria.
Microsensor A (SE,) does not instantaneously respond.
Accordingly, the programmable controller 308 waits for a
response in block 336. In block 338, the returned sensor status
data from microsensor A (SE ) is stored in a portion of the
memory, e.g., a volatile portion of the program storage 310, of
the programmable controller 308. The task scheduler 320 can
be a programmed sequence, i.e., defined in software stored in
the program storage 310, or, alternatively, a predefined func-
tion controlled by a table of parameters similarly stored in the
program storage 310. A similar process may be used where
the SCU 302 periodically interrogates each implantable
device 100 to determine its battery status.

FIG. 5 is an exemplary block diagram showing the use of
such a system to perform closed loop control of a body func-
tion. In block 352, the SCU 302 requests status from
microsensor A (SE ;). The SCU 302, in block 354, then deter-
mines whether the present command given to a microstimu-
lator is satisfactory and, if necessary, determines a new com-
mand and transmits the new command to the microstimulator
A (ST ) inblock 356. For example, if microsensor A (SE ,) is
reading a voltage corresponding to the degree of contraction
resulting from stimulating a muscle, the SCU 302 could trans-
mit a command to microstimulator A (ST ) to adjust the
sequence of drive pulses, e.g., in magnitude, duty cycle, etc.,
and accordingly change the voltage sensed by microsensor A
(SE,). Accordingly, closed loop, i.e., feedback, control is
accomplished. The characteristics of the feedback (propor-
tional, integral, derivative (PID)) control are preferably pro-
gram controlled by the SCU 302 according to the control
program contained in program storage 310.

FIG. 6 shows an exemplary injury treatable by such an
exemplary system 300. In this exemplary injury, the neural
pathway has been damaged, e.g., physically or effectively (as
a consequence of a stroke or the like) severed, just above the
patient’s left elbow. The goal of this exemplary system is to
bypass the damaged neural pathway to permit the patient to
regain control of the left hand. An SCU 302 is implanted
within the patient’s torso to control a plurality of stimulators,
ST,-ST,, implanted proximate to the muscles respectively
controlling the patient’s thumb and fingers (shown in the
patient’s hand for simplicity). Additionally, microsensor 1
(SE, ) is implanted proximate to an undamaged nerve portion
where it can sense a signal generated from the patient’s brain
when the patient wants hand closure. This technology is
equally applicable to use following a stroke where neural
pathways within the patient’s brain are damaged. Optional
microsensor 2 (SE,) is implanted in a portion of the patient’s
hand where it can sense a signal corresponding to stimulation/
motion of the patient’s pinky finger and microsensor 3 (SE,)
is implanted and configured to measure a signal correspond-
ing to grip pressure generated when the fingers of the patient’s
hand are closed. Additionally, an optional microtransponder
(T,) is shown which can be used to improve the communica-
tion between the SCU 302 and the implanted devices.

FIG. 7 shows an exemplary flow chart for the operation of
the SCU 302 in association with the implanted devices in the
exemplary system of FIG. 6. In block 360, the SCU 302



US 7,460,911 B2

13

interrogates microsensor 1 (SE, ) to determine if the patient is
requesting actuation of his fingers. If not, a command is
transmitted in block 362 to all of the stimulators (ST,-STj) to
open the patient’s hand, i.e., to de-energize the muscles which
close the patient’s fingers. If microsensor 1 (SE,) senses a
signal to actuate the patient’s fingers, the SCU 302 deter-
mines in block 364 whether the stimulators ST,-ST are cur-
rently energized, i.e., generating a sequence of drive/stimu-
lation pulses. If not, the SCU 302 executes instructions to
energize the stimulators. In a first optional path 366, each of
the stimulators is simultaneously (subject to formatting and
transmission delays) commanded to energize in block 366a.
However, the command signal given to each one specifies a
different start delay time. Accordingly, there is a stagger
between the actuation/closing of each finger.

In a second optional path 368, the microstimulators are
consecutively energized by a delay A. Thus, microstimulator
1(ST,) is energized in block 3684, a delay is executed within
the SCU 302 in block 3685, and so on for all of the micro-
stimulators. Accordingly, paths 366 and 368 perform essen-
tially the same function. However, in path 366 the interdevice
timing is performed by the clocks within each implanted
device 100 while in path 368, the SCU 302 is responsible for
providing the interdevice timing.

In path 370, the SCU 302 actuates a first microstimulator
(ST,) in block 370a and waits in block 3705 for its corre-
sponding muscle to be actuated, as determined by microsen-
sor 2 (SE,), before actuating the remaining stimulators (ST ,-
ST,) in block 370¢. This implementation could provide more
coordinated movements in some situations.

Once the stimulators have been energized, as determined in
block 364, closed loop grip pressure control is performed in
blocks 372a and 3725 by periodically reading the status of
microsensor 3 (SE,) and adjusting the commands given to the
stimulators (ST ,-ST,) accordingly. Consequently, this exem-
plary system has enabled the patient to regain control of his
hand including coordinated motion and grip pressure control
of the patient’s fingers.

Referring again to FIG. 3A, a magnetic sensor 186 is
shown. In the >284 patent, it was shown that such a sensor 186
could be used to disable the operation of an implanted device
100, e.g., to stop or otherwise alter the operation of such
devices in an emergency situation, in response to a DC mag-
netic field, preferably from an externally positioned safety
magnet 187 (see FIG. 1). Additionally, it is noted that power
to at least some portions of a preferred implantable device
may be removed when a magnetic field is sensed and thus
power may be conserved. The magnetic sensor 186 can be
implemented using various devices. Exemplary of such
devices are devices manufactured by Nonvolatile Electronics,
Inc. (e.g., their AA, AB, AC, AD, or AG series), Hall effect
sensors, magnetoresistive sensors, and subminiature reed
switches. Such miniature devices are configurable to be
placed within the housing of the SCU 302 and implantable
devices 100. While essentially passive magnetic sensors, €.g.,
reed switches, are possible, the remaining devices may
include active circuitry that consumes power during detection
of the DC magnetic field. Accordingly, it is preferred that
controller 130 periodically, e.g., once a second, provide
power to the magnetic sensor 186 and sample the magnetic
sensor’s output signal 374 during that sampling period. Addi-
tionally, a magnetoresistive sensor is especially preferred due
to its small size that enables its use within the preferred
implantable device 100 while conserving the available inter-
nal package volume. Furthermore, as described below, such
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sensors may be used as a proximity sensor which may be used
to provide sequencing information to the system controller,
e.g., the SCU 302.

The battery 104 used for powering the implantable device
100 (or SCU 302) is made from appropriate materials so as to
preferably provide a power capacity of at least 1 microwatt-
hour. Preferably, such a battery, e.g., a Li-I battery, has an
energy density of about 240 mw-Ht/cm?. The battery voltage
V of an exemplary battery is nominally 3.6 volts, which is
more than adequate for operating the CMOS circuits prefer-
ably used to implement the IC chip(s) 216, and/or other
electronic circuitry, within the SCU 302.

The battery 104 may take many forms, any of which may
be used so long as the battery can be made to fit within the
small volume available. The battery 104 may be either a
primary battery or a rechargeable battery. A primary battery
offers the advantage of not requiring a recharging circuit and
the disadvantage of not being rechargeable (which means
once its energy has been used up, the implanted device no
longer functions). Alternatively, as described within this
application, RF-powered devices are also applicable to
embodiments of the present invention.

A preferred system for practicing the present invention is
comprised of an implanted SCU 302 and a plurality of
implanted devices 100, each of which contains its own
rechargeable battery 104. As such, a patient is essentially
independent of any external apparatus between battery charg-
ings (which generally occur no more often than once an hour
and preferably no more often than once every 24 hours).
However, for some treatment regimens, it may be adequate to
use a power supply analogous to that described in U.S. Pat.
No. 5,324.316 (herein referred to as the 316 patent and
incorporated by reference in Its entirety) that only provides
power while an external AC magnetic field is being provided,
e.g., from charger 118. Additionally, it may be desired, e.g,.,
from a cost or flexibility standpoint, to implement the SCU
302 as an external device, e.g., within a watch-shaped hous-
ing that can be attached to a patient’s wrist in a similar manner
to the patient control unit 174.

The power consumption of the SCU 302 is primarily
dependent upon the circuitry implementation, preferably
CMOS, the circuitry complexity and the clock speed. For a
simple system, a CMOS implemented state machine will be
sufficient to provide the required capabilities of the program-
mable controller 308. However, for more complex systems,
e.g., a system where an SCU 302 controls a large number of
implanted devices 100 in a closed loop manner, a microcon-
troller may be required. As the complexity of such microcon-
trollers increases (along with its transistor count), so does its
power consumption. Accordingly, a larger battery having a
capacity of 1 to 10 watt-hours is preferred. While a primary
battery is possible, it is preferable that a rechargeable battery
be used. Such larger batteries will require a larger volume and
accordingly, cannot be placed in the injectable housing
described above.

Since only one SCU is required to implement a system, the
battery life of the SCU may be accommodated by increasing
the casing size (e.g., increasing at least one dimension to be in
excess of 1 inch) for the SCU to accommodate a larger sized
battery and either locating a larger SCU 302a (see FIG. 1)
external to patient’s body or a larger SCU 3026 may be
surgically implanted.

Essentially, there have been described two classes of
implantable devices 100, a first which is typically referred to
as being RF powered, i.e., it does not contain a battery but
instead receives all of its operating power from an externally-
provided AC magnetic field (which field is preferably modu-
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lated to additionally wirelessly communicate commands to
the implantable devices 100), and a second class which is
referred to as battery powered which is powered by an inter-
nally provided battery which, in turn, is preferably recharge-
able and periodically recharged by a similar externally-pro-
vided AC magnetic field (see, for example, commonly
assigned U.S. Patent Application Publication No. 2003/
0078634 corresponding to U.S. patent application Ser. No.
10/272,229, which is incorporated herein by reference in its
entirety, which describes recharging environments and tech-
niques for use with such implantable devices) but preferably
receives its wireless commands via a modulated RF signal.
Thus, in this case, the wireless command signal may be dis-
tinct from the wireless charging signal. However, in most
other ways, these two classes of implantable devices are
similar, e.g., they have similar size restrictions, are suitable
for implantation via injection, and can similarly stimulate
neural pathways and, thus, they are accordingly generally
interchangeable in embodiments of the present invention.
Alternatively, embodiments of the present invention may
include combinations of RF and battery-powered devices to
take advantage of differences, e.g.. cost and functional,
between both classes of devices.

FIG. 8 shows the basic structure 400 of a preferred embodi-
ment of the present invention. Within this structure 400 are
two or more sets of discrete implantable devices, set 1 (e.g.,
comprised of one or more implantable devices 100, |, e.g.,
coupled to the lateral head of the triceps (LHT), 1004, ,, e.g.,
coupled to the medial head of the triceps (MHT)), implanted
in a location suitable for stimulating neural pathways (also
see FIG. 9), i.e., nerves or muscles, e.g., that are suitable for
causing bending of the patient’s elbow, set 2 (e.g., comprised
of one or more implantable devices 100, ,, e.g., coupled to
the Extensor Carpi Radialis (ECR), 100, _,, e.g., coupled to
the Extensor Carpi Ulnaris (ECU)), implanted in a location
suitable for stimulating neural pathways (also see FIGS. 10
and 11), i.e., nerves or muscles, e.g., that are suitable for
causing bending of the patient’s wrist, and set 3 (e.g., com-
prised of one or more implantable devices, e.g., 100 ;,
implanted in a location suitable for stimulating neural path-
ways, 1.€., nerves or muscles, e.g., that are suitable for causing
bending one or more of the patient’s fingers). While the term
bending is used throughout this specification, it is intended to
include extending and retracting. However, in the currently
presented application of the present invention which is used
following a stroke, the associated muscles are inherently
retracted and the patient has little control over these muscles.
Thus, in this particular case, bending is specifically intended
to refer to the action of extending the associated body/muscle
portions. The choice of whether to use implantable devices to
stimulate a nerve or a muscle directly is done by the medical
practitioner and each possibility is within the scope of the
present invention. For example, in FIG. 11, implantable
device 100, , is implanted proximate to the Posterior Iner-
osseus Nerve (PIN) where stimulation of this nerve can
stimulate the muscles associated with one or more fingers.
Alternatively, in FIG. 10, implantable device 100, ; is
implanted proximate to the Extensor Digitorum (ED) to
stimulate the muscles associated with one or more fingers (but
not the thumb) and implantable devices 100, , and 100, 5
are implanted proximate to the Extensor Pollicis Longus
(EPL) and the Abductor Pollicis Longus (APL), respectively
extend or bend the patient’s thumb. Accordingly, in this alter-
nate embodiment, separate control of the patient’s fingers and
the patient’s thumb can be achieved by separate activations/
deactivations of one or more of the implantable devices in the
third set.
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A system controller 402, e.g., an SCU 302 or the like, is
configured to wirelessly communicate with each of these sets
of implantable devices 100 and, in response to predetermined
timing (or preferably, in response to goniometric feedback),
to sequentially activate devices 100 within these sets to cause
functional motor movements, e.g., extending of the patient’s
elbow, extending the patient’s wrist, opening the fingers on
the patient’s hand and then, when the patient’s hand is
brought into proximity to a destination device 404, e.g.,a cup,
close the fingers of the patient’s hand to retrieve the destina-
tion device 404. Optionally, portions of this activation
sequence may then be reversed to bring the destination device
404 back towards the patient’s body.

The initiation of this sequence may occur in response to
various stimuli, e.g., an activation switch 406, or in response
to asensed neurological signal, preferably retrieved from one
or more of the implantable devices 1004z, (see, for
example, U.S. patent application Ser. Nos. 10/121,881 and
10/920,544 which are incorporated herein by reference in
their entirety). Other portions of the sequence occur relative
to motor movements, preferably in response to one or more
goniometric/distance sensors. In a first embodiment, the
goniometric sensor 408 is an external device (see, e.g., the
S700 joint angle ShapeSensor™ from Measurand, Inc. of
Fredericton, NB Canada) that is attached to or around the
patient’s elbow to sense elbow motor movement (see the
relative angular position 410). Depending upon the imple-
mentation of the external goniometric sensor 408, this sensor
may be physically wired (see path 412) to the external system
controller 402, wirelessly coupled (see path 414) to the exter-
nal system controller 402 (using an integral communication
circuitry 416) or wirelessly communicate with an internal
system controller 402", etc. Alternatively, as previously dis-
cussed, certain implementations of the implantable devices
100 are capable of performing goniometric measurements
internal to the patient’s body by sending and receiving signal
between two or more of such devices 100 (see, for example,
the prior discussion of the use of such devices for goniometry
and the commonly assigned U.S. Provisional Patent Applica-
tion No. 60/497,419, entitled “Goniometry” and its progeny
U.S. patent application Ser. No. 10/920,554 which are incor-
porated herein by reference in their entirety). Such a sensor
(formed of two or more implantable devices, e.g., 100, , and
100, , or 1005, _, and 100, ,) may wirelessly communicate
with the external system controller 402, wirelessly commu-
nicate with an internal system controller 402', etc. For
example, in the first example using devices 100, , and
100, ,, communication between these devices allows mea-
surement of the actual movement of the patient’s elbow by
directly measuring changes in the distance between these
devices which corresponds to movement of the patient’s
elbow. In the second example using devices 100y, , and
100, ,, changes in the distance between these devices mea-
sure the amount of extension or retraction of the patient’s
triceps.

It is recognized that this goniometric technique is equally
applicable to various muscles, e.g., biceps, triceps, etc., or
muscle groups having two or more of such devices implanted
within. Since the extension or retraction of the patient’s tri-
ceps causes elbow movement, this is also a quite effective
way of making a goniometric measurement. F1G. 12 shows an
exemplary placement of two implantable devices 100, _, and
100, , that are used to measure the distance 434 between
portions of a muscle 436 coupled to bones via tendons 438
and 438' at opposing ends of the muscle 436 and consequently
corresponds to the joint angle 440 resulting from extension or
retraction of the muscle. Advantageously, the angle (relative
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orientations) between the two implantable devices 100y, ,
and 100, , stays relatively constant and since the distance
between the implantable devices is relatively smaller than
embodiments where the implantable devices surround the
joint 442, this approach facilitates an improved measurement
accuracy. This approach may also be used for estimating digit
flexion/location by implanting devices 100 in digit flexor
muscles as well as a reference implantable device 100 in a
non-moving location in the patient’s forearm.

Such implantable devices 100 may also include stimula-
tion circuitry (previously described) that stimulates the vari-
ous neural pathways.

Additionally, such implantable devices may wirelessly
communicate with other implantable devices 100 such that a
system controller, while not being physically present, may
still exist by being functionally distributed over a plurality of
such implanted devices 100.

Similar goniometric sensors (internal or external) may be
used for the other motor movements, e.g., to sense wrist or
finger extension (see, for example, the S720 miniature joint
angle ShapeSensor™ from Measurand, Inc. of Fredericton,
NB Canada). However, it is presently preferred that a fitting
system 450 (shown in FIG. 13 and described further below)
be used to set stimulation parameters, e.g., the pulse fre-
quency and/or amplitude, for the desired muscle extension.

As a final portion of the desired functional movement, it
may be desired for the patient to be able to regain the ability
to grasp a desired object. To facilitate this goal, embodiments
of the present invention preferably include a proximity sensor
420 (see FIG. 8) to determine when a desired position relative
to the desired object 404 has been reached. In a first imple-
mentation, the desired destination device 404, e.g., a con-
tainer or a cup, (or its environment) may include circuitry to
determine the proximity of the patient’s hand to the container
404. This circuitry may include various types of proximity
sensors 420, e.g., a magnetic sensor (see, for example, sensor
186 which is described above) or metallic sensor (see, for
example, U.S. Pat. No. 6,750,747, the >747 patent, and U.S.
Pat. No. 6,784,775, the >775 patent, both to Mandell et al.)
which sense a magnetic or metallic ring 422 on the patient’s
hand, an infrared sensor (see, for example, U.S. Pat. No.
6,393,718, the *718 patent, to Harris et al.) which senses the
infrared energy from the patient’s hand, an ultrasonic trans-
ducer, i.e., emitter/sensor, that senses distance to the patient’s
hand, a pressure sensor (see, for example, commonly
assigned U.S. Provisional Patent Application No. 60/497,
391, the *391 application, entitled “Pressure Sensing” and its
progeny U.S. patent application Ser. No. 10/921,750, the *750
application) that senses contact with the patient’s hand, etc.
The aforementioned *747, 775, and *718 patents as well as
the *391 and 750 applications are incorporated herein by
reference in their entirety. Alteratively, the container 404
may sit upon a pad 424 that is either sensed via a sensor 420"
at the lower surface of the container, e.g., using an integral
magnetic or metallic layer 426 in pad 424 (see, for example,
the *747 and *775 patents to Mandell et al.) or sensor 420' may
sense a pressure disruption when the patient’s hand makes
contact with the container 404. Conversely, similar circuitry
420" (for example, a pressure sensor via resistors that alter in
resistance due to force variances in a Wheatstone bridge or an
accelerometer) may be included within, below (e.g., pad feet
423), or on the pad 424 to sense the container 404 or variances
in the sensed weight or forces from the container as seen by
the pad). In these cases a physical, i.e., non-wireless connec-
tion (e.g., path 446) may be made to the external system
controller 402. Preferably, this sensing circuitry wirelessly
communicates via path 444 using communication circuitry
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430 to the system controller 402 (which may be internal or
external to the patient’s body).

Alternatively, a proximity sensor 420™ (see Detail “A” in
FIG. 8) may be included proximate to the patient’s hand, i.e.,
either within or external to, to sense the proximity of the
container 404. For example, such sensors 420" may be
attached external to the patient’s wrist, implanted within the
patient’s hand, attached external to one or more of the
patient’s fingers, implanted within one or more of the
patient’s fingers, etc. In such a case, the container 404 may
contain a magnet or metallic element 432 (which may be the
container itself). Alternatively, a pressure sensor, ultrasonic
transducer, ie., emitter/transducer, or accelerometer 448
coupled to the controller 130 (see FIG. 3A), implemented
within an implantable device 100, (see Detail “A”) implant-
able in the patient’s hand, may detect contact with the con-
tainer 404. Again, while implanted versions will wirelessly
communicate with the system controller 402, e.g., via wire-
less path 428, and it is preferable that an external proximity
sensor 420, 420", or 420" wirelessly communicate as well (see
path 444 via communication circuitry 430), an external prox-
imity sensor 420" may alternatively use a hardwired connec-
tion (e.g., see paths 446 or 429) to the system controller 402.

Alternatively, paths 412, 429 may include an electrical
connection to the patient and path 446 may include an elec-
trical connection to an upper surface of pad 424 that makes
electrical contact with the lower surface of the container 404
which is electrically conductive, e.g., metallic, at least on its
outer surface. Accordingly, system controller 402 may
include circuitry that can detect electrical connection
between the patient’s hand and the container 404, e.g., by
passing a very small current between the patient and the
container 404, and thus may detect the patient’s hand making
contact with the container 404. This circuitry, also referred to
in this context as a proximity detector, can use this detected
contact to cause the system controller 402 to trigger activation
ofimplantable devices in the third set of implantable devices.

Alternatively, a machine vision based controller may be
used for detecting the various phases of the arm movements
used in embodiments of the present invention. A machine
vision based controller uses a video camera 530 that captures
the arm movement, e.g., relative to the destination device 404
and a computer and associated program (either residing at the
camera 530, a separate box (not shown), or as a portion of the
system controller 402) that operates on the received video and
analyzes it using machine vision algorithms to detect such
elements as elbow angle and/or proximity (or contact) to the
destination device 404. Preferably, this technique does not
require the use of special markers on the arm or the destina-
tion device 404. The video camera 530 could alternatively be
worn by the patient, e.g., as a portion of a pair of eyeglasses
532, or could be mounted on a tripod 534 or other support
structure next to the patient. Communication to the system
controller may either be wireless via path 536 (system con-
troller 402 or 402') or hardwired via path 538 (system con-
troller 402).

FIG. 13 shows an exemplary fitting system 450 that is of
particular use with the RF-powered class of implantable
devices 100. In this system, the system controller 402 is
coupled via connectors 452 and 454 to RF coils 456 that are
positioned on the patient’s arm proximate to the implanted
devices 100 (not shown in this figure). As has been previously
described, the RF-powered class of implantable devices
derive their power from an AC magnetic field and the AC
magnetic field is modulated with data to provided command
signals. In this exemplary embodiment, the system controller
402 is preferably powered by a rechargeable battery (not
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shown) contained within the controller’s housing. The
rechargeable battery may be recharged via an AC adaptor 458
(or alternatively the AC adaptor 458 may power the system
controller 402 directly). In an alternative implementation, the
battery-powered class of implantable devices 100 still peri-
odically requires an AC magnetic field to recharge its internal
battery. The system of FIG. 13 may be used to provide this
charging magnetic field or alternative charging structures
may be used (see for example, the charger described in U.S.
Patent Application Publication No. 2003/0078634 corre-
sponding to U.S. patent application Ser. No. 10/272,229
which is incorporated herein by reference in its entirety). In
this alternative implementation, communication preferably
occurs between the system controller 402 and the implantable
devices via an RF communication link 460. The parameters,
e.g., stimulation parameters, used by the system controller
may be adjusted (a process referred to as fitting) via a PC 462
that communicates with the system controller 402 via com-
munication link 464 (which may be wired or wireless). Once
the system controller 402 has been programmed and/or its
operating parameters have been loaded into the system con-
troller 402, PC 462 may be disconnected and, if the system
controller 402 is battery powered, the AC adaptor 458 may be
disconnected as well, leaving the system controller 402 as a
self sufficient interface to the implantable devices 100.

Advantageously, embodiments of the present invention
may be used for various purposes, e.g., following a stroke or
otherwise caused neural deficit. In a first mode of operation,
embodiments of the present invention may be used to
strengthen muscles, retrain neural pathways by taking advan-
tage of the neuroplasticity of these pathways, etc. For
example, the timing diagram 470 of FIG. 14A and its associ-
ated flow chart comprised of blocks 472-489 (see F1G. 14B)
that periodically stimulate muscles via associated implant-
able devices 100 in three sets, a first set for the elbow exten-
sors, a second set for the wrist extensors, and a third set for the
finger and thumb extensors. The activation of the associated
sets of implantable devices and the timing between activa-
tions (or causing concurrent activations) is determined
according to a program within the system controller 402
which is preferably user selectable, e.g., via a switch (not
shown) on the system controller 402. Preferably, this
sequence and associated timing may be determined/altered
via the fitting system 450 shown in F1G. 13.

Alternatively, a functional result can be achieved, i.e., a
result that directly restores use of a portion of the patient’s
body that otherwise suffers a neurological deficit. For
example, the timing diagram 490 of FIG. 15A and its associ-
ated flow chart comprised of blocks 492-528 (see F1G. 15B)
and associated timing marks 492'-516' (see FIG. 15A) that
stimulate muscles via associated implantable devices 100 in
three sets, a first set for the elbow extensors, a second set for
the wrist extensors and a third set for the finger and thumb
extensors. The activation of the associated sets of implantable
devices and the timing between activations (or causing con-
current activations) is determined according to a program
within the system controller 402 which is preferably user
selectable, e.g., via a switch 406 on the system controller 402.
Preferably, this sequence and associated timing may be deter-
mined/altered via the fitting system 450 shown in FIG. 13.
Preferably, this sequence is additionally dependent upon vari-
ous sensors (previously described). Accordingly, following a
switch 406 activation (or sensing of a predetermined neuro-
logical sequence), the process begins with block 492. Inputs
from the previously described goniometer (either internally
located within a plurality of implantable devices 100 or exter-
nally located as shown as goniometer 408 in FIG. 8) or adelay
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in block 494 then triggers block 496 and consequently begins
extension of the patient’s wrist and, following a predeter-
mined delay in block 498, begins opening of the patient’s
hand at block 500. Upon detection of the target location, e.g.,
container 404, or a delay in block 502 the patient’s hand is
commanded to close (or actually, the stimulation signal that
causes it to open may be removed) at block 504. Following a
time delay in block 506 (or switch activation or sensing of a
predetermined neurological sequence), the patient’s elbow
now begins to bend at block 508 (again, in this case, this may
be done by removing the signal that causes the patient’s
elbow to extend) to now take the retrieved container 404 back
towards the patient during a delay in block 510. Following
activation of switch 406 (or sensing of a predetermined neu-
rological signal), the reverse sequence begins at block 512
and the container 404 may be returned during a delay in block
514 to the pad 424. In this sequence, it is preferable that an
embodiment is used in which the pad 424 actually detects the
presence of the container 404, e.g., the aforementioned elec-
trical connection, magnetic, accelerometer, or pressure sens-
ing may be used to trigger block 516. Alternatively, the
release sequence starting at block 516 may be instigated by a
button depression (or sensing of a predetermined neurologi-
cal sequence). At block 516, the patient’s hand is opened to
release the container 404. Following a delay in block 518, the
patient’s elbow is bent (or actually allowed to bend) at block
520. Following a delay in block 522, the patient’s hand is
closed (or actually allowed to close) in block 524. Following
a delay in block 526, the patient’s wrist is bent (or actually
allowed to bend) in block 528, thus restoring the patient’s arm
to its rest, i.e., non-stimulated, position.

Typically, the setting of the stimulation parameters of the
implantable devices, e.g., amplitude, duration, frequency,
etc,, are set by the medical practitioner in response to
observed or measured responses from the patient. However,
due to the presence of the goniometric functionality described
above in reference to FIGS. 8 and 12, systems of the present
invention may additionally include the capability of adjusting
its stimulation parameters based upon measurements by the
goniometric measuring devices, e.g., the external goniomet-
ric sensor 408 or the internal goniometers described above
that are formed from two or more implantable devices 100
and their associated communications between devices. For
example, it is anticipated that as systems of the present inven-
tion are used, the patient’s muscle tone will improve and the
required stimulation parameters may be decreased, e.g., the
associated amplitude, duration, and/or frequency, etc., may
be decreased while retaining the same level/speed of the
associated bending rate of a muscle joint. Alternatively, a
desired rate of goniometric change, i.e., bending rate of a
muscle joint, could be specified and the stimulation param-
eters could be automatically adjusted to obtain the desired
goniometric response. Finally, the rate of change of the gonio-
metric response with a constant set of stimulation parameters
or the rate of change of the automatic adjustment of the
stimulation parameters to retain a desired rate of goniometric
change could be used as a metric to determine how well the
patient is responding to treatment. This metric, i.e., the asso-
ciated data, could then be communicated to the patient control
unit 174, the clinician’s programmer 172, or fitting system
450 (at PC 462).

Accordingly, what has been shown is a system and method
that facilitates stimulating neural pathways, e.g., muscles
and/or associated nerves, of a patient’s body for the purpose
of medical treatment by rehabilitating weakened muscles and
using neuroplasticity to retrain sequential muscle movements
and/or to provide the ability to directly deliver functional
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motor movements. While the invention has been described by
means of specific embodiments and applications thereof, it is
understood that numerous modifications and variations could
be made thereto by those skilled in the art without departing
from the spirit and scope of the invention. For example, while
proximity sensors have been described as being formed from
a magnetic sensor, a metal sensor, an infrared sensor, an
ultrasonic emitter/sensor, an accelerometer, a pressure sen-
sor, or a machine vision based controller, a radar emitter/
sensor may also be used to perform this function. Addition-
ally, while the present invention is particularly suited to
therapeutic treatment and or functional stimulation of upper
limbs in response to a neurological deficit, e.g., following a
stroke, the described functions and devices could be equally
useful in treating other neurological deficits, e.g., foot drop
following a stroke, multiple sclerosis, cerebral palsy, spinal
cord injury, etc., and is not limited to the particular muscles or
muscle groups or activations shown or described, which are
only exemplary uses of the present invention. It is therefore to
be understood that within the scope of the claims, the inven-
tion may be practiced otherwise than as specifically described
herein.

What is claimed is:

1. A system for sequentially activating a plurality of dis-
tinct neural pathways in a patient’s body, said system com-
prising:

a first set of one or more discrete implantable devices
suitable for placement proximate to a first neural path-
way for stimulating the first neural pathway;

a second set of one or more discrete implantable devices
suitable for placement proximate to a second neural
pathway for stimulating the second neural pathway;

wherein each of said discrete implantable devices is con-
tained within a sealed elongate housing having an axial
dimension of less than 60 mm and a lateral dimension of
less than 6 mm and includes at least two electrodes
integral with and on opposing ends of said housing,
whereby said housings are suitable for injection into the
patient’s body and said discrete implantable devices are
configured for affecting at least one neural pathway of
the patient’s body via said electrodes in response to first
communication/control circuitry mounted within each
said housing and responsive to a unique predefined iden-
tification address for each of said discrete implantable
devices;

a system controller having second communication/control
circuitry configured for wireless communication with
said first communication/control circuitry within each
of said discrete implantable devices;

wherein following a first activation sequence of said first
neural pathway transmitted from said system controller
to said first set of one or more discrete implantable
devices, said system controller additionally transmits a
temporally displaced, by a predetermined delay, second
activation sequence to said second set of one or more
discrete implantable devices; and

a position sensor in communication with said system con-
troller for determining the relative position of at least
two portions of the patients body; and

wherein said temporal displacement between transmitting
said first and second activation sequences to said first
and second sets of one or more discrete implantable
devices is determined at least in part according to infor-
mation communicated from said position sensor.

2. The system of claim 1 wherein said position sensor is

positioned external to the patient’s body.
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3. The system of claim 1 wherein at least a portion of said
first and second sets of one or more discrete implantable
devices is configured to wirelessly determine the relative
positions of at least portions of said first and second sets of
one or more discrete implantable devices and thus operate as
said position sensor which is positioned internal to the
patient’s body.

4. The system of claim 1 wherein at least two of said
discrete implantable devices are configured to be positioned
at different portions of a selected muscle or muscle group and
are additionally configured to wirelessly determine the rela-
tive positions of said discrete implantable devices and thereby
the amount of extension or retraction of the selected muscle
and accordingly movement of an associated body portion and
thus said discrete implantable devices operate as said position
sensor which is positioned internal to the patient’s body.

5. The system of claim 1 wherein said position sensor is
configured for wireless communication with said system con-
troller.

6. The system of claim 1 wherein at least a portion of said
discrete implantable devices is configured to receive power
from an externally-provided AC magnetic field.

7. The system of claim 6 wherein said system controller is
located external to the patient’s body and said externally-
provided AC magnetic fleld is provided from said system
controller.

8. The system of claim 1 wherein at least a portion of said
discrete implantable devices additionally comprise a
rechargeable battery that is suitable for charging via an exter-
nally-provided AC magnetic field.

9. The system of claim 1 wherein said system controller is
configured for implantation within the patient’s body.

10. The system of claim 1 wherein said system controller is
configured for use external to the patient’s body.

11. The system of claim 1 additionally comprising;

a third set of one or more discrete implantable devices
suitable for placement proximate to a third neural path-
way for stimulating the third neural pathway:;

a proximity sensor in communication with said system
controller for sensing a proximity of a portion of the
patient’s body to a predetermined goal position; and
wherein

in response to reaching said predetermined goal position,
said system controller transmits a third activation
sequence to one or more discrete implantable devices in
said third set of one or more discrete implantable
devices.

12. The system of claim 11 wherein said proximity sensor

is selected from the group consisting of a magnetic sensor, a
metal sensor, an infrared sensor, an ultrasonic emitter/sensor,
a radar emitter/sensor, an accelerometer, a pressure sensor,
and a machine vision based controller.

13. The system of claim 11 wherein said proximity sensor
is positioned proximate to the patient’s hand.

14. The system of claim 11 wherein said proximity sensor
is located external to the patient’s body and is configured to
wirelessly communicate to said system controller.

15. The system of claim 11 wherein said proximity sensor
is located external to the patient’s body and is configured to
communicate with one or more discrete implantable devices
to determine the relative distance between said externally
located proximity sensor and one or more of said discrete
implantable devices.

16. The system of claim 1 wherein said system controller
commences said first activation sequence in response to an
activation signal.
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17. The system of claim 16 wherein said activation signal

originates from a switch.

18. The system of claim 16 wherein said activation signal

originates in response to a sensed neurological signal.

19. The system of claim 18 wherein said neurological

signal is sensed by one of said discrete implantable devices.

20. A system for sequentially activating a plurality of dis-

tinct neural pathways in a patient’s body, said system com-
prising:

a first set of one or more discrete implantable devices
suitable for placement proximate to a first neural path-
way for stimulating the first neural pathway correspond-
ing to bending of the patient’s elbow;

a second set of one or more discrete implantable devices
suitable for placement proximate to a second neural
pathway for stimulating the second neural pathway cor-
responding to bending of the patient’s wrist;

a third set of one or more discrete implantable devices
suitable for placement proximate to a third neural path-
way for stimulating the third neural pathway corre-
sponding to bending of one or more of the patient’s
fingers;

wherein each of said discrete implantable devices is con-
tained within a sealed elongate housing having an axial
dimension of less than 60 mm and a lateral dimension of
less than 6 mm and includes at least two electrodes
integral with and on opposing ends of said housing,
whereby said housings are suitable for injection into the
patient’s body and said discrete implantable devices are
configured for affecting at least one neural pathway of
the patients body via said electrodes in response to first
communication/control circuitry mounted within each
said housing and responsive to a unique predefined iden-
tification address for each of said discrete implantable
devices;

a system controller having second communication/control
circuitry configured for wireless communication with
said first communication/control circuitry within each
of said discrete implantable devices;

wherein following a first activation sequence of said first
neural pathway transmitted from said system controller
to said first set of one or more discrete implantable
devices, said system controller additionally transmits a
temporally displaced, by a predetermined delay, second
activation sequence to said second set of one or more
discrete implantable devices and a third activation
sequence to said third set of one or more discrete
implantable devices; and

a position sensor in communication with said system con-
troller for determining the relative position of at least
two portions of the patient’s body; and

wherein said temporal displacement between transmitting
said first and second activation sequences to said first
and second sets of one or more discrete implantable
devices is determined at least in part according to infor-
mation communicated from said position sensor.

21. The system of claim 20 wherein said position sensor is

positioned external to the patient’body.

22.The system of claim 20 wherein at least a portion of said

first and second sets of one or more discrete implantable
devices is configured to wirelessly determine the relative
positions of at least portions of said first and second sets of
one or more discrete implantable devices and thus operate as
said position sensor which is positioned internal to the
patient’s body.

23. The system of claim 20 wherein at least two of said

discrete implantable devices are configured to be positioned
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at different portions of a selected muscle or muscle group and
are additionally configured to wirelessly determine the rela-
tive positions of said devices and thereby the amount of
extension or retraction of the selected muscle and accordingly
movement of an associated body portion and thus said dis-
crete implantable devices operate as said position sensor
which is positioned internal to the patient’s body.

24. The system of claim 20 wherein said position sensor is
configured for wireless communication with said system con-
troller.

25. The system of claim 20 wherein at least a portion of said
discrete implantable devices is configured to receive power
from an externally-provided AC magnetic field.

26. The system of claim 25 wherein said system controller
is located external to the patient’s body and said externally-
provided AC magnetic fleld is provided from said system
controller.

27. The system of claim 20 wherein at least a portion of said
discrete implantable devices additionally comprise a
rechargeable battery that is suitable for charging via an exter-
nally-provided AC magnetic field.

28. The system of claim 20 wherein said system controller
is configured for implantation within the patient’s body.

29. The system of claim 20 wherein said system controller
is configured for use external to the patient’s body.

30. The system of claim 20 additionally comprising:

a proximity sensor in communication with said system
controller for sensing a proximity of the patient’s hand
to a predetermined goal position; and wherein

in response to reaching said predetermined goal position,
said system controller transmits a third activation
sequence to one or more discrete implantable devices in
said third set of one or more discrete implantable
devices.

31. The system of claim 30 wherein said proximity sensor

is selected from the group consisting of a magnetic sensor, a
metal sensor, an infrared sensor, an ultrasonic emitter/sensor,
a radar emitter/sensor, an accelerometer, a pressure sensor,
and a machine vision based controller.

32. The system of claim 30 wherein said proximity sensor
is positioned proximate to the patient’s hand.

33. The system of claim 30 wherein said proximity sensor
is located external to the patient’s body and is configured to
wirelessly communicate to said system controller.

34. The system of claim 30 wherein said proximity sensor
is located external to the patient’s body and is configured to
communicate with one or more discrete implantable devices
to determine the relative distance between said externally
located proximity sensor and one or more of said discrete
implantable devices.

35. The system of claim 20 additionally comprising:

a proximity sensor in communication with said system

controller for sensing that the patient’s hand has reached
a predetermined goal position; and wherein

in response to detecting that the patient’s hand has reached
said predetermined goal position, said system controller
transmits a third activation sequence to one or more
discrete implantable devices in said third set of discrete
implantable devices.

36. The system of claim 35 wherein said proximity sensor

is selected from the group consisting of a magnetic sensor, a
metal sensor, an infrared sensor, an ultrasonic emitter/sensor,
an accelerometer, a pressure sensor, an electrical signal detec-
tor, and a machine vision based controller.

37. The system of claim 20 wherein said system controller
commences said first activation sequence in response to an
activation signal.
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38. The system of claim 37 wherein said activation signal
originates from a switch.

39. The system of claim 37 wherein said activation signal
originates in response to a sensed neurological signal.

40. The system of claim 39 wherein said neurological
signal is sensed by one of said discrete implantable devices.

41. A system for determining the movement of a body
portion associated with a selected muscle or muscle group,
said system comprising:

a first discrete implantable device suitable for implantation

in a first portion of the selected muscle or muscle group;

a second discrete implantable device suitable for implan-
tation in a second portion of the selected muscle or
muscle group;

wherein each of said discrete implantable devices is con-
tained within a sealed elongate housing having an axial
dimension of less than 60 mm and a lateral dimension of
less than 6 mm, whereby said housings are suitable for
injection into the patient’s body; and

wherein said discrete implantable devices are configured to
wirelessly communicate signals to determine their rela-
tive distance and accordingly the relative extension or
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retraction of the selected muscle or muscle group and
accordingly movement of the associated body portion.

42. The system of claim 41 wherein said discrete implant-
able devices additionally include at least two electrodes inte-
gral with and on opposing ends of said housing and are
configured for affecting at least one neural pathway of the
patient’s body via said electrodes in response to signals
received by first communication/control circuitry mounted
within each said housing and responsive to a unique pre-
defined identification address for each of said discrete
implantable devices.

43. The system of claim 41 additionally comprising a sys-
tem controller having second communication control cir-
cuitry configured for wireless communication with said first
communication/control circuitry within each of said discrete
implantable devices to send command signals to each of said
discrete implantable devices; and wherein

said system controller is configured to modify command

signals to said discrete implantable devices that cause
stimulation of neural pathways within the patient’s body
in response to relative distance signals measured by said
discrete implantable devices.
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