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COMPUTER-OPTIMIZED NEUROSTIMULATION

An implantable device called a neurostimulator alleviates chronic pain by delivering electrical pulses to
the nervous system of a patient. The Applied Physics Laboratory, in collaboration with the Department of
Neurosurgery at the Johns Hopkins Hospital, has developed software and a computer interface for patients
to adjust and test their neurostimulators. The computer and interface extend the capabilities of the neu-

rostimulators in both research and clinical practice.

INTRODUCTION

For the past two decades, electrical stimulation has
been used to manage chronic, intractable pain. Stimula-
tion of nervous tissue can evoke a sensation—paresthe-
sia—while producing relief from pain—analgesia. Em-
pirically, the paresthesia must correspond closely to the
area of the pain within the body for therapeutic and anal-
gesic effects to occur.

Permanently implanted devices generate and deliver
the stimulation to the nervous system via electrodes. The
most common site to implant the electrodes has been
over the spinal cord in the dorsal spinal epidural space.'
Stimulating nerves in the spinal cord can alleviate pain
following lower back surgery and pain from injury to the
lower extremities.

Figure 1 illustrates the general configuration for
delivering electrical stimulation to nervous tissue. The
transmitter and implanted receiver are RF coupled. The
transmitter, worn externally by the patient, encodes the
stimulation parameters and the electrode selections,
which are then transmitted to the implanted receiver. The
implant decodes the transmitted information and gener-
ates the desired electrical impulses for stimulation. The
implant derives power for stimulation by rectification of
RF energy generated by the transmitter; a typical implant
generally has no other source of power.

Historically, the first stimulation devices were single-
channel systems that drove monopolar or fixed bipolar
electrodes. Because the position of the electrodes near
the spinal cord proved critical to the analgesic effect, ar-
rays of electrodes were developed that could be in-
troduced and positioned through a needle.” At first, per-
cutaneous (i.e, through-the-skin) test leads were used to
determine the hard-wired configuration of an array of
electrodes connected to a single-channel implant. For the
past several years, programmable, multichannel implants
have permitted the noninvasive selection of anodes and
cathodes from arrays of electrodes. By permitting post-
operative selection of electrodes, multichannel implants
expedite surgical implantation and minimize the need for
subsequent surgical revision of electrode position.
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LIMITATIONS

Adjustments of multichannel implants pose consider-
able challenge, however, particularly if all combinations
of anodes and cathodes are to be studied exhaustively.
With four-electrode systems, fifty electrode combina-
tions are possible; for newer systems incorporating addi-
tional electrodes, the number increases disproportionate-
ly. In general, for an array of n electrodes, the aggregate
number of unique combinations of anodes and cathodes
(including at least one of each polarity) is given by
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Figure 1. Schema for neurological stimulation.
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For example, eight-electrode systems have 6050 possible
combinations.

Clearly, more electrodes tax the capabilities of the
physician and medical staff to inventory the available
electrode combinations in a reasonable time. Adjust-
ments to the stimulation’s pulse width or frequency com-
pound the problem. Further difficulties arise with opera-
tor bias and with data acquisition and reduction.

COMPUTER INTERFACE

Optimizing stimulation for pain relief requires a large
number of rather trivial, repetitive, and time-consuming
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tasks. Obviously, automating the process would save
time for health professionals and would improve the ac-
quisition and analysis of data. Therefore, we have devel-
oped an interface from an 1BM personal computer to three
commercially available RF transmitters (the Neuromed
MNT-4, and the Medtronic SE4 and 3522). The com-
puter, interface, and transmitters are collectively called
the Neurological Stimulation System (NSS).

The Nss controls the associated implanted receivers
and electrodes through antennas and RF coupling to
stimulate the nervous system. The transmitters are
housed in a peripheral enclosure and are connected by a
cable to the computer. The enclosure also incorporates
potentiometer and push-button controls for patient use.
Figure 2 shows the first version of the NsS.
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Figure 2. Neurological Stimulation
System (NSS) currently in clinical use.
A. Block diagram of the first version
of the Nss. B. General configuration
of the NSss.
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The patient interacts with the NSs without direct su-
pervision from the physician. The controls are both easi-
er for the patient to operate and fewer in number than
those of a standard commercial transmitter. A Koalapad
graphics tablet permits the patient to enter outlines of his
painful areas and of the stimulation paresthesias. Visual
feedback and instructions are presented to the patient via
the computer. The keyboard is required only by the sys-
tem operator for program initialization and data analysis.

In routine clinical use, the NSs automatically presents
a pseudorandom sequence of two-, three-, or four-elec-
trode combinations. In addition, the NSS presents the
stimulation with the pulse width and interpulse intervals
defined by the physician or operator. The patient re-
sponds to the stimulation by controlling the amplitude of
the stimulation and recording its effects. The patient then
outlines the areas of paresthesia on sketches of the body
on the tablet and subjectively rates the effect of the stim-
ulation by adjusting a potentiometer. In this manner, the
Nss records the optimal settings for the patient’s trans-
mitter. Figure 3 shows the graphical interface of the NsS.
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Press YES to record; NO te erase.
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Figure 3. Graphical displays of data entered by a patient.
A. Outlines of painful areas as entered by the patient. B. Outlines
of stimulation paresthesias as entered by the patient.
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GRAPHICAL DATA ANALYSIS

After recording graphical data from the patient, the
NSS quantitatively analyzes it. The software anneals the
raw data that represent outlines around painful areas and
stimulation paresthesias by closing the open contours
and then by filling the interior of each outline. The soft-
ware identifies the intersection of each outline with the
interior of the body outline, compares the resulting pain
and stimulation 1aaps, and identifies the areas of overlap.
Overlap is quantified as the ratio of intersection of pain
and stimulation maps to the total area of the pain map,
and is then tabulated with corresponding amplitude set-
tings and patient estimations of pain relief.

Figure 4 illustrates the analysis that calculates overlap
between areas of pain and stimulation. The calculated
overlap, shown as “pain cover” in Figure 4, is 32%. The
patient’s rating of pain relief, shown as “pt. cover” in
Figure 4, is 45%. The amplitude of stimulation at the us-
age level (Fig. 4) is 32% of full scale. The usage level is
one of three levels of instruction given to the patient to
indicate the amplitude of the self-administered stimula-
tion. The combination of electrode polarities used in this
session is “— off + off.”

INITIAL CLINICAL APPLICATIONS

The goals of the stimulator adjustment were to max-
imize the overlap of stimulation paresthesia with the
topography of pain, to minimize extraneous paresthesia

fimplitude = 32

usage

Figure 4. Analysis of the overlap between painful areas and
stimulation paresthesias. A. Outlines filled with blue color indi-
cate areas of stimulation paresthesias. B. Results of calculating
overlap for one combination of electrode polarities at one stimula-
tion level.
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outside the topography of pain, and to minimize the as-
sociated uncomfortable muscle cramping. Two experi-
ments examined and optimized the overlap of the painful
areas with stimulation. In the first experiment, the opera-
tion of the NSs and the manual operation of a transmitter
were compared to determine the utility of the Nss. The
metrics of comparison were the time duration of testing
and the number of combinations of electrode polarities
that the patient used for pain relief. In the second experi-
ment, the computer-calculated overlap between the stim-
ulation paresthesias and painful areas was correlated to
the patient’s estimate of overlap.

The Nss optimized stimulation for each patient
through a series of steps. First, each patient ran a tutorial
program for instruction in operating the controls and
graphics tablet. The NSs then prompted the patient to
draw outlines on the graphics tablet to indicate the areas
of pain on the sketches of the body. The Nss selected, in
random sequence, a combination of polarities for the
four electrodes and then generated stimulation at fixed
parameters (e.g., pulse widths of 200 ms and repetition
rates of 60 pulses/s) while the patient controlled the am-
plitude. For each combination, the NSs prompted the pa-
tient to adjust the amplitude incrementally upward to one
of three levels. At each amplitude and for each electrode
combination, the patient recorded both an outline of the
topography of the paresthesia and a magnitude estima-
tion of the paresthesia’s overlap with the topography of
the pain. Patients were selected randomly from an ongo-
ing clinical series regardless of prior exposure to com-
puters or perceived aptitude.

To compare patient operation of the Nss, each patient
manually adjusted the transmitter under supervised in-
struction. First, each patient received instructions in us-
ing the standard transmitter from a physician’s assistant.
Then the patient was assisted in testing the stimulation
parameters. For each combination of electrode polarities,
the assistant recorded verbal descriptions of both the
stimulation coverage and the magnitude estimations of
the overlap between paresthesia and pain. Following dis-
charge from the hospital, each patient continued to test
stimulation parameters so as to optimize pain relief.

RESULTS

Twenty-five patients with spinal cord stimulators im-
planted for the relief of chronic, intractable pain used the
NsS, and their results demonstrated its utility.

The Nss eliminated the time required by a health
professional to supervise the adjustment of a transmitter,
while slightly increasing the time for adjustment by a pa-
tient. In addition, the Nss yielded useful combinations of
electrode polarities for the patient in the same proportion
as those found from supervised adjustment by a physi-
cian’s assistant. In contrast, unsupervised testing by pa-
tients outside the clinic resulted in significantly fewer
useful combinations being found in comparison with test-
ing with the Nss or a physician’s assistant.

Pain relief is associated with the overlap of painful
areas by stimulation paresthesias. Analysis of the clinical
data strongly correlated the overlap of stimulation par-
esthesias and pain topographies with magnitude estima-
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tions of pain relief by the patients. Figure 5 is a graph of
the correlation between the overlap and pain relief for
patients six weeks after the initial adjustment of the
stimulators. Multivariate analysis of the relationship be-
tween stimulation performance and electrode geometry
revealed that “guarded dipole” configurations (central
cathodes flanked by anodes) enjoyed a significant perfor-
mance advantage. Furthermore, cathode and anode posi-
tions, dipole lengths, and dipole orientations were not
statistically significant predictors of overlap of stimula-
tion paresthesias and pain.*

DISCUSSION

The great majority of our patients have adapted readi-
ly to the Nss—interacting with the computer and peri-
pherals directly, running the tutorial program quickly,
and requiring no ongoing supervision. By comparison,
routine patient instruction in the use of the standard com-
mercial transmitter is more time-consuming for health
professionals.

For many patients, the NSs has become the primary
method of optimizing the adjustment of stimulators, at
considerable savings in professional time. In practice,
the NSs has not replaced, but rather has supplemented,
patient education in the manual adjustment of the stan-
dard device. Psychophysical data collected by the system
have shown a close correspondence between graphical
data (that indicate the topographies of pain and stimula-
tion paresthesias) and patient ratings of pain relief. For
typical topographies of lower back and lower extremity
pain, overlap was significantly better for guarded dipole
configurations.

ONGOING DEVELOPMENT

For future research purposes, we are redesigning the
NSS so that it may reprogram all electrode combinations
and stimulation pulse parameters in less than 1 ms from
one pulse to the next. The redesigned Nss will confer vir-
tual multichannel capabilities on neurostimulation de-
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Figure 5. Pain relief compared with the amount of overlap be-
tween stimulation paresthesias and painful areas.
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vices, which technically are single-channel systems gat-
ed to multiple outputs. Various pulse-modulation algo-
rithms that cannot be achieved with standard commercial
hardware will be generated by the redesigned interface
and studied for therapeutic effect.

Figure 6 shows the components of the redesigned sys-
tem. The interface replaces the manual adjustment knobs
and switches of a commercial transmitter with a graphics
tablet. The microcontroller within the interface accurate-
ly times the pulse width and frequency of the stimulation
produced by the transmitter. The redesigned Nss will
have a new graphics tablet that is easier to use and has

much greater resolution. All input from the patient will
be accepted through the graphics tablet, including the
outlines of pain and stimulation paresthesia, analog rat-
ing scale, and stimulus amplitude control.

The redesigned interface will free the host computer
from the mundane task of real-time control of the trans-
mitters and will provide independence from the host
computer architecture and software. Therefore, the host
computer may perform real-time analysis or other tasks
while the interface controls the transmitters. Also, the in-
terface will allow a variety of computers to fill the role of
host for the Nss.
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Figure 6. Components of the redesigned neurological stimulation system. A. Block diagram of the re-
designed interface. B. Components of the system.
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CONCLUSION

Computer-controlled, patient-interactive adjustment
of implanted stimulators has proven clinically useful.
Psychophysical data collected by the NSs have been con-
sistent with clinical observations, indicating performance
advantages for particular electrode geometries. Ongoing
development of the Nss will accommodate the increasing
number of electrodes provided by new generations of
neurostimulation devices and will permit the delivery of
novel stimulation sequences.
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