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OPTIMIZATION OF BONE FORMATION AT
CATHODES

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

BACKGROUND AND SUMMARY OF THE
INVENTION

The present invention relates generally to electrically-
induced osteogenesis and more specifically to an improved
method and apparatus for optimizing stimulated osteogen-
€£s18,

It 15 known in the prior art to apply a cathode of metal
such as platinum (Pt), titantum (11) or stainless steel at a
bone site and an anode at a skin or tissue location near the
cathode implant. The signal is applied to pass currents
between the ancde and cathode. Bone formation 1s said to be
particularly favorable at 20 microamperes for single or
multiple cathodes as described in U.S. Pat. No. 3,842,841 to

Brighton, et al.

More recently, it has been reported in U.S. Pat. No.
4,519,394 to Black, et al that optimum bone formation is
assisted by maintaining a current in the range of 0.1 to 100
microamperes per cathode port and maintaining the cathode
port at a voltage substantially constant in the range of 1.0 to
1.26 volts relative to a silver-silver chlonide {(Ag/AgCl)
reference electrode implanted or contacting body tissue. As
indicated in FIG. 1 this is a three electrode system including
a percutancous or implanted cathode 18 having a port 20
positioned at a tissue site 12 of a bone 10. A transcutaneous
anode 22 may be placed on the skin 16 or fully implanted in
muscle or other convenient tissue. A percutaneous or
implanted reference electrode 30 having a port 32 1s inserted
into the living tissue 14 at a point remote from the cathode
and anode locations.

The current between cathodes of materials such as stain-
less steel, platinum, titanium or carbon and an appropriately
chosen anode rises slowly with applied volitage until a
voltage zone is reached at which the curtent increases more
rapidly for small increases in voltage. This transition region
(“knee”) of the current-voltage characteristic or curve cor-
responds with the onset of chemical reactions such as
oxygen reduction and hydroxide ion formation in the region
of the cathode. Typically the knee occurs at an inter-
electrode voltage of about 2.4 volts in physiological condi-
tions for anode-cathode pairs such as stainless steel-stainless
steel. The position of the knee also depends on tissue
impedance (which changes over time) and electrode posi-
tion, among other variables.

It is also known from animal experiments that bone
accretion occurs at the cathode and that overly large currents
cause bone loss and necrosis due to local formation of
amounts of electrode reaction Products in excess of the
ability of the tissue region to absorb and disperse them.
There 1s aiso evidence that with particular cathodes such as
stainless steel or titanium, the entire current may pass
through a region ciose to the end of the insulation of the lead
accessing the treatment site. Correspondingly, the finding in
amimals that 20 microamperes i1s optimal for the tested
cathodes and cathode geometries will not describe optimum
stimulation for other cathodes and geometnies. Furthermore,
the prior methods discussed above for maintainming the
cathode voltage in a fixed ranpe relative to a reference
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electrode does not necessarily optimize the voltage-current
relationships with respect to the growth process and have
required three electrodes.

Thus it is an object of the present invention to provide a
two electrode sysiem which provides an optimization of the
current-voltage for an osteogenic sttmulation.

Another object of the present invention is to provide an
apparatus and method for optimising osteogenic stimulation
which adapts for vanation in the tissue impedance and
cathode properties over time.

These and other objects are achieved by applying varying
signals {0 a first electrode at the tissue site and a second
electrode remote from the tissue site and monitoring the
results to determine a distinctive transition (knee) in the
current-voltage characteristics of the pair of electrodes. A
signal is then sclected and applied to the electrodes to
operate beyond the transition. Periodically, varying signals
arc applied to the two electrodes and the monitoring process
reperformed to determine a new transition and the appro-
priate signal is selected to operate beyond the transition. The
current between the electrodes is typically between 10 and
50 microamps and an appropriate voltage is selected to
operate beyond the transition. In some tissue repair situa-
tions it will be useful to use more than one cathode
implanted in separate positions within the repair region, and
each cathode may be optimised independently as described
for single cathodes. In other circumstances a branched or
multiport cathode may be convenient, and currents typically
between 10 and 50 microamps per branch or port may be
chosen at potentials beyond the transition as determined for
the assembly.

Other objects, advantages and novel features of the
present invention will become apparent from the following
detailed description of the invention when considered in
conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a side view of a prior art osteogenesis electrode
arrangement,

FIG. 2a is a typical graph of the current-voltage charac-
teristics of an anode and cathode pair;

FIG. 2b shows the graph of FIG. 2a within the current
shown in a logarithmic scale;

FIG. 3 is a block diagram of a ostcogenic stimulator
according to the principles of the present invention.

DETAILED DESCRIPTION OF THE DRAWINGS

There is evidence that a voltage optimum exists for bone
formation at an inert metal cathode and there is also evi-
dence of an optimum current for a given electrode. The two
optima may be fairly close together for cathodes of the form
used to date by selecting an appropriate anode material and
geometry (electrode length, diameter and folding). The
present invention, for the optimization of both the current
and voltage, 1s substantially independent of the materials
chosen and number of ports and is capable of adapting to
changes in cathode geometry and of the impedance at the
tissue site.

Referring to the graphs of FIG. 2a and 2b, the voitage
applied between the anode and cathode has a substantial and
definite rise as the current increases until a narrow region is
reached beyond which the current increases rather rapidly
for small increments of the applied voltage. This change in
{irend s here described as a transition or knee, corresponding
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with the onset of chemical reactions such as oxygen reduc-
tion and hydroxide ion formation in the region of the
cathode.

The present invention has determined that optimum
parameters for current-voltage are likely to be at potentials
a little above the knee. The present invention monitors the
applied voltage difference between the anode and cathode
for various currents to determine the knee of the resulting
curves.

Over a period of time, the impedance and composition of
the region being treated may change with progression of
healing. Thus the position of the knee on a current-voltage
characteristic shifts with time and must be adjusted to
maintain the current-voltage characteristic beyond the knee.

A system that is illustrated in FIG. 3 includes an anode
port 42 and a cathode port 44 connectable to the anode 22
and cathode 18 with the cathode being at the tissue site. A
controller 50, for example a microcomputer, provides a
digital signal to digital to analog device 32 whose output is
an analog voltage. This voltage 1s applied to the voltage/
current converter 46 which provides an output current to the
anode terminal 42. The anode terminal 42 and cathode
terminal 44 are connected to multiplexer 54 which provides,
selectively, the vollage at the anode or the cathode to analog
to digital converter 56. The output of the A/D converter 56
is a digital signal provided back to the controller 50.

The process is carried out by providing varying signals to
the ports 42 and 44 to produce the varying current-voltage
characteristic graph. Once the knee of the curve is deter-
mined for that period of time, the voltage and current are
then set to operate beyond the knee. Periodically, for
example, every twelve hours, the process 1s repeated to
determine the new current-voltage characteristic graph and
then selecting an appropriate voltage/current characteristic
to operaie beyond the knee.

This process is carried out by the controller S0 supplying
increasing values of voltage to the voltage to current con-
verter 46 which provides increasing values of current to the
anode electrode 42. Between each value of voltage provided
to the D/A converter 52, the controller 50 reads the cathode
and anode voltage with respect to an internal ground by
controlling the multiplexer 54 and the A/D converter 56. The
controller 50 will then compute the change of voltage per
change of current and determined the decreased in change of
voltage per change of current step to determine the existence
of the knee. Once the knee has been determined, the con-
troller 50 provides an appropriate voltage through the D/A
converter 52 to set the appropriate current to the anode port
42 through the voltage to current converter 46.

The controller 50 has an internal timer which periodically
reinvestigates the location of the knee and varies the appro-
priate signal being sent to the electrode. A typical exampie
for the controller 50 would be a microcomputer 68 HCE0S by
Motorola. The voltage to current converter may simply be an
operational amplifier receiving on the positive terminal the
output of the D/A converter 52 and on the minus terminal the
feedback signal from the cathode port 44.

Although an automatic system 1s 1llustrated in FI1G. 3, the
process of the present invention may also be carried out with
a manual system. A variable voliage may be provide as an
input to the voltage to current converter 46 and the output
from the anode port 42 and cathode port 44 may be provided
to a monitor which would display the voltage-current char-
acteristics. Thus, an operator can vary the input voltage and
determine visually the location of the knee and thereby set
the appropriale signal to achieve the desired operating
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characteristics, Periodically, the operator would reperform
this process by changing the voltage input to the voltage to
current converter 46 to redetermine the location of the knee
and thereby set an appropriate voltage input.

Typically, the current range of operation is in the 10 to 50
microamperes range. In some tissue repair situations 1t will
be useful to use more than one cathode implanted in separate
positions within the repair region, and each cathode may be
optimised independently as described for single cathodes. In
other circumstances a branched or multiport cathode may be
convenient, and currents typically between 10 and 50 micro-
amps per branch or port may be chosen at potentials beyond
the transition as determined for the assembly.

The cathode may, per example, be stainless steel, titanium
or a carbon cathode whereas the anode may be for example,
stainless steel mesh or a platimum-plated titanium or other
inert metals or other tissue-compatable electrodes such as
salt bridge or conducting polymers. The cathode or anode
may be attached to insulated leads. It should also be noted
that the anode may be placed transcutaneous, percutaneous
or totally implanted and that the cathode may be placed
transcutancously or fully implanted. Insulated leads which
may be attached to the anode or cathode may also be placed
percutancously or totally implanted. The stimulator or signal
generator may be totally implanted or may be external and
connected to the electrodes by leads or inductivity. It should
also be noted that the present invention 1s not to be limited
to fractures but to any bone growth process including spinal
fusion, for example.

Although the present invention has been described and
illustrated in detail, it is to be clearly understood that the
same is by way of illustration and example only, and 15 not
to be taken by way of limitation. The spirit and scope of the
present invention arc to be limited only by the terms of the
appended claims.

What 1s claimed:;

1. A method of stimulating osteogenesis or other tissue
repair processes al a tissue site within a living body com-
prising:

locating a first electrode at said tissue site within the living

body;

coupling a second electrode to said living body remote
from said tissue site;

applying various signal levels to said first and second
clectrodes and monitoring the resulting current flows
between the electrodes to delermine a current-voltage
characteristic of said electrodes;

identifying a voltage signal level at which a distinctive
transition occurs in said current-voltage charactenstic;
and

applying a voltage signal level to said electrodes to cause
the clectrodes to operate at a point on the current-
voltage characteristic which is just beyond the point at
which said transition occurs.

2. A method according to claim 1, including periodically
applying said signal levels to said electrodes and monitoring
the resulting current flow between the electrodes (o re-
determine the location along said current voltage character-
istic of said transition point, and modifying said voltage
signal applied to said electrodes to cause the electrodes to
operate just beyond said newly determined transition point.

3. A method according to claim 1, wherein said electrodes
are operated at a current level between 10 and 50 microam-
peres.

4. A method according to claim 1, wherein said first
electrode is a cathode and said second electrode ts an anode.
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5. A method according to claim 1, wherein said second
electrode is percutancous.

6. A method according to claim 1, wherein said second
electrode is fully implanted.

7. A method according to claim 1, wherein said second
electrode is located transcutaneous.

8. A method according to claim 1, including:

locating a plurality of first electrodes at said tissue site;

applying said signal levels to said plurality of first elec-
trodes and said second electrodes and montitoring the
resulting current flows to determine the voltage signal
level associated with said distinctive transition for each
of said first electrodes; and

applying a voltage signal level to each of said first
electrodes to cause each of said electrodes to operate
just beyond its respective transition point.

9. A method according to claim 8, wherein

each of first electrodes includes a plurality of conducting
ports at said tissue site; and

wherein said voltage signal level is applied to said elec-
trodes such that each conducting port carries a current
between 10 and 50 microamps.

10. A method according to claim 1, wherein:

said first electrode includes a plurality of conducting ports
at said tissue site; and

wherein said signal level is applied to said electrodes such
that each conducting port carries a current between 10
and 350 microamps.

11. An apparatus for stimulating osteogenesis or other

tissue repair processes at a tissue site 1n living tissue
comprising:
a first electrode adapted to be positioned at said tissue site
within the living body;
a second electrode adapted to be positioned in electrical
contact with said living body;

signal means connected to said first and second electrodes
for applying various voltage signal levels to said first
and second electrodes and for monitoring resulting
current flows between the electrodes to determine a
current-voltage characteristic of said electrodes, and for
applying a voliage signal level to the electrodes to
cause the electrodes to operate at a point along the
current-voltage characteristic which is just beyond the
point at which a distinctive transition in said charac-
teristic occurs.

12. An apparatus according to claim 11, wherein said

signal means further comprises:

monitor means for monitoring said current-voitage char-
acteristic and for recognizing changes in the point at
which the distinctive transition occurs;

control means for causing said signal means to maintain
the operation of the electrodes at a point which 1s just
beyond the point at which the changed transition
OCCUrs.

13. An apparatus according to claam 12, wherein said
monitor means includes timing means for periodically caus-
ing said monitor means to recognize changes in the point at
which the transition occurs, and for causing said signal
means 1o maintain the operation of the electrodes at a point
which is just beyond the point at which the changed tran-
sition occurs.

14. An apparatus according to claim 11, wherein said
signal means provides a current of between 10 to 50 micro-
amperes.

15. An apparatus according to claim 11, wherein said first
electrode is a cathode and said second electrode ts an anode.
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16. An apparatus according to claim 11, wherein said first
electrode is a percutaneous electrode and said second elec-
trode is a transcutancous electrode.

17. An apparatus according to claim 11, wherein said first

electrode is a percutaneous electrode and said second elec-
trode is a percutaneous electrode.

18. An apparatus according to claim 11, wherein said first
and second electrodes are totally implantable electrodes.

19. An apparatus according to claim 18, wherein sad
signal means is totally implantable.

20. An apparatus according to claim 11, further compns-
g

a plurality of first electrodes adapted to be positioned at

said tissue site; and

wherein said signal means applies a voltage signal level to
each of said first electrodes to cause the electrodes to
operate at a point along its respective current-voltage
characteristic which is just beyond its distinctive tran-
sition point.
21. A method of dynamically determining an operating
point for stimulation of osteogenesis or other lissue repair
processes at a tissue site within a living body comprising:

locating a first electrode at said tissue site within the
living body,

coupling a second electrode to said living body remote
from said tissue site;

applying various signal levels to said first and second
electrodes and monitoring the resulting current flows
between the electrodes to determine a current-voltage
characteristic of said electrodes;

identifying a voltage signal level at which a distinctive
transition occurs in said current-voltage characteris-
tic, and
periodically applying said signal levels to said electrodes
and monitoring the resulting current flow between the
electrodes 1o re-determine the location along said
current voltage characteristic of said transition point.
22. A method of stimulating osteogenesis or other tissue
repair processes at a tissue site within a living body com-
prising.
locating a first electrode at said tissue site within the
living body;
coupling a second electrode to said living body remote
from said tissue site;

applying various signal levels to said first and second
electrodes and monitoring the resulting current flows
between the electrodes 1o determine a current-voltage
characteristic of said electrodes;

identifying a voltage signal level at which a distinctive
transition occurs in said current-voltage characteris-
tic,

applying a voltage signal level to said electrodes to cause

the electrodes to operate about a point on the curreni-
voltage characteristic at which said transition occurs,

periodically applyving said signal levels to said electrodes
and monitoring the resulting current flow between the
electrodes 1o re-determine the location along said
current voltage characteristic of said transition point;
and

modifying said voltage signal applied to said electrodes 10
cause the electrodes to operate about said newly deter-
mined transition point.

23. An apparatus for dynamically determining an opetr-

ating point for stimulation of osteogenesis or other tissue
repair processes at a tissue site in living tissue comprising:
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a first electrode adapted to be positioned at said tissue site
within the living body;,

a second electrode adapted to be positioned in electrical
contact with said living body,

signal means connected to said first and second electrodes
for applying various voltage signal levels to said first
and second electrodes and for monitoring resulting
current flows between the electrodes to determine a
current-voltage characteristic of said electrodes, said
signal means including monitor means for monitoring
said current-voltage characteristic and for recognizing
changes in the point at which the distinctive transition
OCCUTS.

24. An apparatus for stimulating osteogenesis or other
lissue repair processes al a lissue site in living tissue
comprising:

a first electrode adapted to be positioned at said tissue site

within the living body;
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a second electrode adapted to be positioned in electrical

contact with said living body; and

signal means connected to said first and second electrodes

for applying various voltage signal levels to said first
and second electrodes and for monitoring resulting
current flows between the electrodes to determine a
current-voltage characteristic of said electrodes, and
Jor applying a voltage signal level to the electrodes to
cause the electrodes to operated about a point along
the current-voltage characteristic at which a distinctive
transition in said characteristic occurs, said signal
means including monitor means for monitoring said
current-voltage characteristic and for recognizing
changes in the point at which the distinctive transition
occurs, and control means for causing said signal
means 1o maintain the operation of the electrodes about
the point at which the changed transition occurs.
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