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ENERGY CONSIDERATION IN THE DESIGN OF IMPLANTABLE ELECTRODES

FOR PERIPHERAL NERVE STIMULATION - A PRELIMINARY REPORT

H. Friedman

Summary

Implantable electrodes are currently used in a number of clinical
programs to achieve motor or sensory nerve stimulation., Many of the design
charateristics of these electrodes were a result of limited subjective in-
vegtigations; some were based on classical parameters successful under i-
deal laboratory conditions.

The primary objective of this study has been to evaluate various
electrode configurations in regard to the stimulation energy required to
achieve desired levels of muscle contraction. Four electrode configura-
tione (unipolar, "guarded" bipolar, narrow-spaced bipolar, and wide-spa—
ced bipolar) were evaluated in this study.

A total of ten leads were placed on the sciatic nerves of each of
five dogs (two leads in each dog). The leads were allowed to stabilizes
for a 12 week period. When data was to be collected, the connector end of
the leads system was exposed without disturbing the rest of the lead.

For each electrode configuration, stimulation energy versus strength
of muscle contraction (as measured with a strain gauge attached to the Achi-
les tendon) data were taken. Energy values were directly recorded as the
product of voltage and current pulses integrated with time.

Preliminary data show that the unipolar configuration is optimal in
termg.of energy required to elicit a response.

Objectives

Implantable electrodes are currently used in a number of clinical
programs to achieve motor or sensory nerve stimulation /1, 3, 9, 10,
16, 23/. Many of the design characteristics of these electrodes were a
result of limited subjective investigations; some were based on clini-
cal parameters successful under ideal laboratory conditions /12, 16/.

The objective of this study was to demonstrate that there is a si-

"gnificant difference in the amount of energy .required to stimulate a
nerve depending on the design configuration of the electrodes used.Fur-
ther, it was an objective to show that the testing system used could be
-used to quantitatively evaluate electrode designs. ’

Classically, literature describes nerve stimulation with an isola-
ted nerve bundle laying across bipolar electrodes /2, 7, 20, 21/. Per-
haps it is only natural, then, that a bipolar electrode was the most
common means adopted for implantable nerve stimulation with little re-
gard to design and dimensions /1, 5, 19/. Hagfors /8/ and Testerman /22/

appear to be the only authors to attempt an exact justification of the
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design characteristics used (such as electrode spacing and surface
area exposed). Further, most efforts to quantitatively evaluate

the physiological effectiveness of electrode designs have been more
qualitative in nature /4, 8, 22/. A major area of exception to this
has bezen in the electrode design for implantable cardiac pacemakers
wherc “threshold" (heart capture) can be precisely and repeatedly
measured /6, 17/.

The physiology of the nerve bundle and its fibers, along with
the characteristics of the electrical stimulation used for nerve
excitation, are as important /2, 5, 11, 15/ for effective stimula-
tion but were not dealt with in this work.

Discussion of Electrodes

In this discussion an "electrode" refers to that end of a
"lead" whose exposed conductors interface directly with a nerve,
while the other end of the lead is referred to as the "connector"
end. The electrodes used in this study are of a "wraparound" type.
when the two tab portions of an electrode (Gray in Figure 1) are
brought together and sutured, a cuff is formed. The bare portion
of the conductors are then exposed only to the nerve wrapped within
the cuff. The conductors are made of a woven platinum wire and sup-

ported by a silicone rubber, dacron filled structure.




605

The author and his associates have used bipoiar electrodes
for stimulating the carotid sinus nerve (CSN) for the clinical
treatment of hypertension /18/ and the relief of intractable an-
gina pectoris /2/ and the stimulation of the peroneal nerve for
the clinical treatment of "foot drop" /14, 24, 25/. Because of its
common use, the bipolar electrode is used as the standard of com-
parison in this study, Figure 1 (D).

One of the configurations evaluated in this study is called a
guarded, bipolar electrode, Figure 1 (B). Hagfors and Testerman /22/
described and examined the use of the guarded electrode to minimize
current spread to surrounding tissue. They demonstrated by elect-
rical field maps on Teledeltose* conducting paper and in animal
experiments that the guarded bipolar electrode could be "just as
effecﬁive as the bipolar electrode in stimulating the CSN" /8/.

The unipolar electrode configuration used in this study intro-
duces a new concept for an indifferent electrode. As illustrated in
Figure 1 (A and E) the indifferent electrode consists of a conduc-
tor wrapped in a helical fashion and partially embedded in the
outer silicone rubber surface of the load. Its exposed length and
spacing prevent local stimulation.

Finally, two simple bipolar electrode configurations were
compared: one with widely spaced electrodes and one with the elec-
trodes closely spaced about the nerve, Figure 1 (C and D). In ge-
neral, this study uses a bipolar electrode configuration as the
basis for comparisons. In this case, however, some indication was
being sought to show the importance of electrode spacing.

In order to best quantify the data taken, a lead, E, (Fig. 1)
was designed that encompassed all four configurations in one cuff
with the same active electrode common to all. The use of this lead
insures accurate comparison of each configuration while minimizing

handling of the nerve.

Experimental Procedure

Electrode Implants
‘-~ men leads of the design described above, Figure 1 (E), were
implanted on the sciatic nerves of five dogs (two leads in
each dog). The connector ends of the leads were passed sub-
cutaneously to points along the sides of the dog. This was
done so the connector end could later be exposed through a

*Western Union Trademark
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small incision without disturping the electrode end of
the lead.

= All leads were left implanted undisturbed, for a minimum
of twelve weeks. Previous research has shown that any pe-
riod over ten weeks is sufficient for nerve/electrode sta--
bilization /13/. ‘

= At the time of data collection only the connector ends of
the leads were exposed and attached to the stlmulatlng and
monitoring equipment through a distributor box to facili-
tate switching lead pairs,

Tendon Preparation

- At the time of data collection the Achilles tendon was ex-
posed and released from its insertion on the dog“s calca-
neus (heel bone) along with a piece of the bone.

= The hind limb being used was constrained in a spécial hol-
ding apparatus that allows the distal end of the femur to
be pinned, thus maintaining the triceps surae (gastrocne-
mius and soleus muscles) in a fixed position.

= The Achilles tendon is now in such a position that when it
is wired to the strain gauge force transducer the muscle
and tendon are isometrically pulling in natural position
parallel to the two bones of the lower leg.

- Through all data taking the tendon was maintained at a
preset tension of 5% maximum foréé contraction.

Electronic Equipment

- Constant voltage pulses were used to stimulate the nerve.
The output of the pulée generator was variable from 0 to
10 volts at pulse width of 50, 100, 200 and 400 U sec. The
pulse rate was fixed at 50 pulses per second.

~ The test system monitors the force of contraction as mea-
sured by the strain gauge transducer. .

= Voltage and current per pulse are monitored, electronical-
ly multiplied, and integrated with time. This provides the
energy per pulse.

=~ The pulse generator was designed to deliver a one second
burst of pulses every ten seconds (a precaution to mini-
mize fatigue).

~ At the end of the last pulse of the stimulating burst a
voltage that is proportional to the energy in that pulse
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and a voltage that is proportional to the force measured
by the transducer are delivered to an X-Y recorder. A
trigger pulse is also delivered to the recorder. It drops
the recording pen when the pen is in the proper position

to indicate force and energy.

Data Taking

The maximum force of contraction for that limb is measu-
red.
Up to six points between 10 and 70% of maximum force of
contraction are recorded versus energy for each of four
pulse widths, Figure 2.
The above two steps are repeated again for each electrode
configuration and for each of the ten leads.

Along with the automatically recorded data, data sheets as
shown in Figure 5 are filled out and used as follows:

- From these sheets curves such as shown in Figure 2 are

constructed with maximum force now normalized to 100%.

Typical data recorded for wide
hipolar electrode configuration
at constant pulse widths (PW):
50, 100, 200, 400 u seconds

Force (% of max.)

2 3 3 5 3
Energy (u Joules)

]

ig. 2. Force of contraction vs.
stimulation energy.
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From Figure 2 the curves of Figure 3 are constructed for
values of constant force. The horizontal line represents
the optimum pulse width for that electrode configuration.

Constructed from data above
for constant forces (F):

10, 30, 50, 70% of maximum
Fro= force of contraction
Fso;
. a0 Note: for this configuration
100 psec seems to be the
_J___/Fm/ optimum pulse width

|
!
|
|
i
o

Energy (u Joules)

o % 0 B Ty

Pulse width (usec)

Fig. 3. Stimulation energy vs. pulse width.

- Finally, when the optimum pulse width for all of the elec~
trode configurations is recorded, a family of curves
(Fig. 4) is constructed. Each curve represnts a different
electrode configuration and the data for that individual
curve was compiled at the optimum pulse width for that
configuration. By "optimum" the author refers to the pulse
width at which an electrode can operate over a functional
range of stimulation and require the least amount of energy.
In Figure 2 this is represented by a theoretical curve that
is furthest to the right. In Figure 3 the optimum pulse
width is determined by the low point on these curves.

Finally, after several hours had elapsed, much of the data

was again retaken in order to test the system for repeatability.

Discussion of Experimental Technigque

Referring back to the work of Hagforts /8/ and Testerman /22/,
three aspects made it difficult for them to quantitate their data.

First, their use of the uniform conductive paper assumes a model
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Fig. 4. Force of contraction vs. stimulation energy
for four nerve electrode configurations.

for the nerve bundle and its surrounding tissue as homogeneous and
with passive constant impedance. This author feels that these sim-
plifications severely limit the use of this technique as a valid
representation of the nerve and electrode.

A second problem they encountered in their work was in their

animal studies. Blood pressure reduction was measured versus ampli-

tude of the stimulating voltage as their means of indicating the
relative merit of various electrode configurations. Here the inves-
tigators were contending with the problem that most of their pres-
sure responses were somewhat transitory because the body was trying
to correct the drop in blood pressure with its various autonomic
mechanisms.

Third, Testerman /22/ notes that the CSN was a difficult nerve
to use in this study because electrode placement was extremely cru-
cial and quite unrepeatable. Even when the need to exchange elec-
trodes on a single nerve bundle was eliminated, the fact that po-
sitioning was a major source of variability in data collecting made
it difficult to correlate quantitative data.

There are several features of this study that help to produce
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Dete, bk Puas [

STUDY

Assisted by
Dog Identification Limb
Type Lsad Pulse rate PPe.
Electrode Configuration Rrun___/.
Measured: 100X force of contraction Fiog _1b
Calculated: Pyg b, Fop b, r3g 1b. ib.
Pulse Width|| Voltage Energy Force Torce

{u sec.) (volts) {u Joules) {1b) (% of 73100)
400
290,
N
A00
Fig. 5.

gquantitative data. They are the following:

The four in one electrode design, which uses a common active
electrode, insures identical placement for each configuration. It
also minimize nerve handling trauma. )

The choice of the sciatic nerve, gastrocnemius-soleus muscles,
and Achilles tendon as the physiological link in this study was a
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good one. The nerve was easily located and the electrode easily
attached. The gastroc-soleus muscles provided strong contractions
thereby minimizing the percent error in the recording force. The
Achilles tendon was large and easily affixed to the force trans-
ducer. The way that the tendon was used did not let the neural re-
flex system interfere with the data collection. This was most im=-
portant.

All electrodes remained chronically implanted in the dogs for
a minimum of twelve weeks for impedance stabilization.

Force of contraction versus stimulation energy per pulse were
" basic parameters measured for this study. Force proved to be a re-
peatable parameter that could easily be heasured. Energy was chosen
as the stimulating parameter because it was felt to be the most "all-
encompassing" taking voltage, current, and time into account. With
the eiectronic equipment used, energy was simply and accurately re-
corded.

Care was taken to minimize neuromuscular fatigue. All force
data was normalized to the percent of maximum force of muscle con-
traction to enable the correlation of the data from all the dogs.

The optimum pulse width determined for each electrode confi-
guration. This enabled all comparisons to be made for each confi-
guration at its "best".

Results

At the time of this writing for early publication, only one
of the five dogs (two of the ten leads) has been evaluated. The
data compiled in Figures 2, 3, and 4 are quite representative for
the first dog.

Keeping in mind the limited sample at this time, from an
energy viewpoint, it can be concluded from Figure 4 that the uni-
polar electrode configuration was the most effective, while the
guarded bipolar electrode configuration was the least effective.
Also, the spacing of bipolar electrodes can make a significant
difference in the energy required for stimulation. '

Several data collecting practice runs were taken. During this
time the physiological system appeared to stabilize (tendon stret-
ching in particular). After this period of time - regardless of
the electrode, pulse width, or elapsed time - most of the data was
repeatable within 5% of maximum force of contraction. Further,
when normalized to 100% maximum force of contraction as in the cur-

ves of Figure 2, the data points between 10 and 70% of maximum were
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within 2% of each point.
Discussion

Despite the limited data, it is felt that the results are a
positive .indication of fulfilling the objectives of this study. A
few points might be made at this time.

The testing system does appear to be a good means of evaluat-
ing nerve electrodes. The repeatability of the data, particularly
when normalized, is quite encouraging. How consistant the data will
look from dog is not yet known, of course.

6ne hundred micro seconds appears to be an optimum pulse width,
based on energy consideratibns for the electrodes used in this stu-
dy. However, working with this narrow of pulse width has some dis-
advantages. Because of the nature of the classic Strength/Duration
curve, the engineer must often design with longer pulse widths in
order to make use of lower voltage power sources.

For this limited seéries the relative effectiveness of each
electrode configuration is summarized in Figure 4. Each Energy vs.
Force curve représents the effectiveness of each electrode confi-
guration at its optimum pulse width. The unipolar electrode looks
promising but there could be one engineering drawback. ‘If the slope
of the Force vs. Energy curve is too steep it is difficult to ob-
tain a graded response from the nerve. That is, it is often desi-
reable to be able to slowly vary the stimulation amplitude and ob-
tain a gradually increasing muscle contraction, "fine tune" the
activity on an autonomic nerve, or whatever the case might be.

A final note. Even if this technique indicates the relative
effectiveness of one electrode type over another, it does not mean
that the parameters used for each design were optimum. This is evi-
dent by looking at the difference between the results obtained from
the two simple bipolar electrodes. Spacing and exposed surface area
are probably quite important and an attempt should be made to opti-
mize these parameters for different size nerve diameters.
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