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INTRODUCTION

The discovery of electricity introduced enormous changes
to human society: Electricity not only improved daily life,
but also opened up new opportunities in scientific research.
The effects of electrical stimulation on muscular and ner-
vous tissue have been known for several centuries, but the
underlying electrophysiological theory to explain these
effects was first derived after the development of classical
electrodynamics and the development of nerve cell models
(1).

Luigi Galvani first suggested that electricity could pro-
duce muscular contraction in his animal experiments (2).
He found that a device constructed from dissimilar metals,
when applied to the nerve or muscle of a frog’s leg, would
induce muscular contraction. His work formed the founda-
tion for later discoveries of transmembrane potential and
electrically mediated nerve impulses. Alessandro Volta,
the inventor of the electrical battery (or voltaic pile) (3),
was later able to induce a muscle contraction by producing
a potential with his battery and conducting it to a muscle
strip. The use of Volta’s battery for stimulating nerves or
muscles became known as galvanic stimulation.

Another basis for modern neural stimulators was the
discovery of the connection between electricity and mag-
netism, demonstrated by Oersted in 1820; he described
the effect of current passing through a wire on a magne-
tized needle. One year later, Faraday showed the con-
verse—that a magnet could exert a force on a current-
carrying wire. He continued to investigate magnetic
induction by inducing current in a metal wire rotating
in a magnetic field. This device was a forerunner of the
electric motor and made it possible to build the magneto-
electric and the induction coil stimulator. The latter, the
first electric generator, was called the Faraday stimula-
tor. Faradic stimulation could produce sustained titanic
contractions of muscles, instead of a single muscle twitch
as galvanic stimulation had done.

Duchenne used an induction coil stimulator to study the
anatomy, physiology, and pathology of human muscles.
Finally, he was able to study the functional anatomy of
individual muscles (4,5). This work is still valid for the
investigation of functional neuromuscular stimulation.

Another basis for modern stimulator devices lay in the
work of Chaffee and Light (6). They examined the problem
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of stimulating neural structures deep in the body, while
avoiding the risk of infection from percutaneous leads:
They implanted a secondary coil underneath the skin
and placed a primary coil outside the body, using magnetic
induction for energy transfer and modulation. Further
improvement was achieved by radio frequency (rf) induc-
tion (7,8). The Glenn group developed a totally implanted
heart pacemaker—one of the first commercially available
stimulators. In the ensuing years, stimulators for different
organ systems were developed, among them the above-
mentioned heart pacemaker, a diaphragmatic pacemaker
(7,8), and the cochlear implant (9).

BLADDER STIMULATION

Electrical stimulation of the bladder dates back to 1878.
The Danish surgeon M.H. Saxtorph treated patients with
urinary retention by inserting a special catheter with a
metal electrode into the urinary bladder transurethrally
and placing a neutral electrode suprapubically (10). Also,
Katona et al. (11) described their technique of intraluminal
electrotherapy, a method that was initially designed to
treat a paralytic gastrointestinal tract, but was later used
for neurogenic bladder dysfunction in patients with incom-
plete central or peripheral nerve lesions (11,12).

Further interest in the electrical control of bladder
function began in the 1950s and 1960s. The most pressing
question at that time was the appropriate location for
stimulation. Several groups attempted to initiate or pre-
vent voiding (in urinary retention and incontinence,
respectively) by stimulation of the pelvic floor, the detrusor
directly, the spinal cord, or the pelvic and sacral nerves or
sacral roots. Even other parts of the body, such as the skin,
were stimulated in an attempt to influence bladder func-
tion (13).

In 1954, McGuire performed extensive experiments of
direct bladder stimulations in dogs (14) with a variety
of electrodes, both single and multiple, in a variety of
positions. Boyce and associates continued this research
(15).

It was realized that with a single pair of electrodes, the
maximal response was obtained when the electrodes were
placed on both lateral bladder walls so that the points of
stimulation encompassed a maximal amount of detrusor
muscle. When this was performed in human studies, an
induction coil for direct bladder stimulation was implanted
in three paraplegic men with complete paralysis of the
detrusor muscle. The secondary coil was implanted in the
subcutaneous tissue of the lower abdominal wall. Of the
three, only one was a success, with the other a failure and
the third only partially successful (15).

In 1963, Bradley and associates published their experi-
ence with an implantable stimulator (16). They were able
to achieve complete bladder evacuation in the chronic dog
model over 14 months. However, when the stimulator was
implanted in seven patients, detrusor contraction was
produced, but bladder evacuation resulted in only two.
Further experiments were performed in the sheep, calf,
and monkey in an attempt to resolve species discrepancies.
These animals were chosen because, in the sheep and calf,

the bladder is approximately the same size as in the
human, and this similarity could determine whether more
power is needed for a bladder larger than that of the dog. In
addition, the pelvis of monkeys and humans is similarly
deep; thus, the influence (if any) of pelvic structure could be
investigated. The results showed that a larger bladder
needs more power and wider contact between the electro-
des and that differences in structure do not necessitate
different stimulation techniques (13,16).

PELVIC FLOOR STIMULATION

In 1963, Caldwell described his clinical experience with the
first implantable pelvic floor stimulator (17). The electrodes
were placed into the sphincter, with the secondary coil placed
subcutaneously near the iliac spine. Though this device was
primarily designed for the treatment of fecal incontinence;
Caldwell also treated urinary incontinence successfully.

Another approach to pelvic floor stimulation for females
is intravaginal electrical stimulation, reported initially by
Magnus Fall’s group (1977) (18). They published numerous
studies dealing with this subject in the ensuing years and
found that intravaginal electrical stimulation also induces
bladder inhibition in patients with detrusor instability.
Lindstram, a member of the same group, demonstrated
that bladder inhibition is accomplished by reflexogenic
activation of sympathetic hypogastric inhibitory neurons
and by central inhibition of pelvic parasympathetic exci-
tatory neurons to the bladder (13,19). The afferent path-
ways for these effects could be shown to originate from the
pudendal nerves.

POSTERIOR TIBIAL OR COMMON PERONEAL

Another interesting application of electrical stimulation for
inhibition of detrusor activity is the transcutaneous stimu-
lation of the posterior tibial or common peroneal nerve.
This technique, drawn from traditional Chinese medicine,
is based on the acupuncture points for inhibition of bladder
activity and was reported by McGuire et al. in 1983 (20).

A percutaneous tibial nerve stimulation (PTNS) (Urgent
PC, CystoMedix, Anoka, MN) was approved by the Food and
Drug Administration in 2000. A needle is inserted �5 cm
cephalad from the medial malleolus and just posterior to the
margin of the tibia. Stimulation is done using a self-adhesive
surface stimulation electrode without an implanted needle
electrode (21). Current data describe results after an initial
treatment period of 10–12 weeks. If patients get a good
response, they are offered tapered chronic treatment. As in
sacral root neuromodulation, PTNS seems less effective for
treating chronic pelvic pain (22).

More substantial data, in particular on objective para-
meters and long-term follow up, are needed, as are studies
looking into the underlying neurophysiological mechan-
isms of this treatment modality. Although minimally inva-
sive, easily applicable, and well tolerated, the main
disadvantage of PTNS seems to be the necessity of chronic
treatment. The development of an implantable subcuta-
neous stimulation device might ameliorate this problem
(23). It has never found widespread acceptance.
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PELVIC NERVE STIMULATION

Pelvic nerves do not tolerate chronic stimulation and the
pudendal nerves are activated, increasing outflow
resistance. Also, in humans the fibers of the parasympa-
thetic nervous system innervating the bladder split early
in the pelvis, forming a broad plexus unsuitable for elec-
trode application (24).

DETRUSOR STIMULATION

Direct detrusor stimulation offers high specificity to the
target organ (25), but its disadvantages are electrode dis-
placement and malfunction due to bladder movement dur-
ing voiding, and fibrosis (even erosion) of the bladder wall.
In 1967, Hald et al. (26) reported their experience of direct
detrusor stimulation with a radio-linked stimulator in four
patients, three with upper motor-neuron lesions and one
with a lower motor-neuron lesion. The receiver was placed
in a paraumbilical subcutaneous pocket. Two wires from
the receiver were passed subcutaneously to the ventral
bladder wall, where they were implanted. A small portable
external transmitter generated the necessary energy. The
procedure worked in three patients; in one it failed because
of technical problems (13).

SPINAL CORD STIMULATION

The first attempt to achieve micturition via spinal cord
stimulation was through the exploration of the possibility
of direct electrical activation of the micturition center in
the sacral segments of the conus medullaris. This was
conducted by Nashold, Friedman, and associates, and
had reported that the region for optimal stimulation was
S1–S3.

Effectiveness was determined not only by location, but
also by frequency. In two subsequent experiments, the
same group compared the stimulation of the dorsal surface
of the spinal cord at LS, S1, and S2 with depth stimulation
(2–3 mm) at S1 and S2 in acute and chronic settings (27). It
was only through the latter, the depth stimulation, that
voiding was produced: High bladder pressures were
achieved by surface stimulation, but external sphincter
relaxation did not occur, and was noted only after direct
application of the stimulus to the micturition center in the
spinal cord. Stimulation between L5 and S1 produced
pressure without voiding, even with depth stimulation
(13).

Jonas et al. continued the investigation of direct spinal
cord stimulation to achieve voiding (28–30). They com-
pared 12 different types of electrodes: three surface (bipo-
lar surface electrode, dorsal column electrode, and wrap-
around electrode) and nine depth electrodes. These differed
in many parameters (e.g., bipolar–tripolar, horizontal–
vertical–transverse). Regardless of the type of electrode,
the detrusor response to stimulation was similar. Inter-
estingly, the wrap-around surface electrode with the most
extended current spread provoked the same results as
the coaxial depth electrode with the least current spread,
prompting those authors to theorize that current does not

cross the midline of the spinal cord. Unfortunately, no real
voiding was achieved. It was found that the stimulation of
the spinal cord motor centers stimulates the urethral
smooth and striated sphincteric elements simultaneously:
The expected detrusor contraction resulted, but sphinc-
teric contraction was associated. The sphincteric resis-
tance was too high to allow voiding: It allowed only
minimal voiding at the end of the stimulation, so-called
poststimulus voiding (13). These results contrasted with
the earlier work of Nashold and Friedman (27,31).

Thurhoff et al. (32) determined the existence of two
nuclei, a parasympathetic and a pudendal nucleus. The
parasympathetic nucleus could be shown within the
pudendal nucleus; thus, at the level of the spinal cord,
stimulation of the bladder separate to that of the sphincter
is difficult.

SACRAL ROOT STIMULATION

Based on the hypothesis that different roots would carry
different neuronal axons to different locations. The culmi-
nation of these studies led to the feasibility of sacral rootlet
stimulation.

It appears that sacral nerve-root stimulation is the most
attractive method since the space within the spinal column
facilitates mechanically stable electrode positioning and
the application of electrodes is relatively simple due to the
long intraspinal course of the sacral roots.

The University of California, San Francisco (UCSF)
group performed numerous experiments on a canine model
(33), as the anatomy of bladder innervation of the dog is
similar to that of the human. After laminectomy, the spinal
roots were explored and stimulated, either intradurally or
extradurally, but within the spinal canal, in the following
modes:

1. Unilateral stimulation of the intact sacral root at
various levels.

2. Simultaneous bilateral stimulation of the intact
sacral root at various levels.

3. Stimulation of the intact ventral and dorsal root
separately.

4. Stimulation of the proximal and distal ends of the
divided sacral root.

5. Stimulation of the proximal and distal ends of the
divided dorsal and ventral roots (13).

From these studies, it became clear that stimulating the
intact root is least effective and stimulating the ventral
component is most effective and that no difference exists
between right- and left-root stimulation (33).

However, this stimulation also causes some sphincteric
contraction, owing to the presence of both autonomic and
somatic fibers in the ventral root, and the studies were
continued with the addition of neurotomy to eliminate the
afferent fibers. These experiments showed that, to achieve
maximally specific detrusor stimulation, the dorsal compo-
nent must be separated from the ventral component and
the somatic fibers of the root must be isolated and selec-
tively cut (34).
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The experiments also demonstrated that stimulation
with low frequency and low voltage can maintain adequate
sphincteric activity, but that stimulation with high fre-
quency and low voltage will fatigue the external sphincter
and block its activity. When high frequency/low voltage
stimulation is followed by high voltage stimulation, blad-
der contraction will be induced and voiding achieved.

The finding that detrusor contraction can be activated
separately from sphincteric activity and that adequate
sphincteric contraction can be sustained without exciting a
detrusor reaction made it seem possible that a true bladder
pacemaker could be achieved. In addition, in histological and
electron microscopic examination of the stimulated sacral
roots, no damage was found when they were compared with
the contralateral nonstimulated roots. Neither the operation
nor the chronic stimulation damaged the ventral root, and
the responses remained reliable and stable (13).

Tanagho’s group later performed detailed anatomical
studies on human cadavers. The aim was to establish the
exact anatomical distribution of the entire sacral plexus,
following it from the sacral roots in the spinal cord through
the sacral foramen inside the pelvic cavity. Emphasis was
placed on the autonomic pelvic plexus as well as the
somatic fibers. With this anatomical knowledge, the sti-
mulation of human sacral roots in neurogenic bladder
dysfunction was developed and made clinically applicable
as a long-term treatment (35). Direct electrical stimulation
was performed through a permanently implanted elec-
trode, placed mostly in contact with S3 nerve roots in
the sacral foramen, after deafferentation.

The stimulation of sacral rootlet bundles isolated from
the rest of the sacral root gave the same increase of bladder
pressure when stimulated close to the exit from the dura, in
the mid-segment, or close to the origin in the spinal cord.
This could make the stimulation more selective, eliminat-
ing detrusor-sphincter dyssynergia.

In additional work, taking advantage of the knowledge
that high frequency current can block large somatic fibers,
electrical blockade of undesired responses was tested to
replace selective somatic neurotomies. High frequency
sinusoidal stimulation was effective in blocking external
sphincter activity. However, the sinusoidal waveform is
not efficient. Alternate-phase, rectangular wave is more
efficient and induces the same blockade: alternating pulses
of high frequency and low amplitude followed by pulses of
low frequency and high amplitude were effective in indu-
cing low pressure voiding without the need for somatic
neurotomies. This approach has not yet been tried clini-
cally, but it might prove to be the answer to the problem of
detrusor-sphincter dyssynergia in electrically stimulated
voiding (13).

The three main devices used for sacral neuromodulation
is the Medtronic InterStim, the Finetech–Brindley
(VOCARE) bladder system, and the rf BION systems. Each
is explained in detail below.

MEDTRONIC INTERSTIM

Indications for use: urge incontinence, retention and
urgency frequency, male and female dysfunctional voiding

syndromes and postprostatectomy incontinence. There are
also benefits beyond voiding disorders, including re-estab-
lishment of pelvic floor awareness, resolution of pelvic floor
muscle tension and pain, reduction in bladder pain (inter-
stitial cystitis) and normalization of bowel function.

The basic concept behind the implantable pulse gen-
erator (IPG) that provides stimulation to the sacral nerve is
not far removed from the concepts behind cardiac pacing. A
long-lived battery encased in biocompatible material is
programmed to deliver pulses of electricity to a specific
region of the body through an electrode at the end of an
encapsulated wire.

Medtronic is the manufacturer of the InterStim neuro-
stimulator. Earl Bakken, the founder of the company, first
created a wearable, battery-operated pacemaker at the
request of Dr. C. Walton Lillehei, a pioneer in open-heart
surgery at the University of Minnesota Medical School
Hospital, who was treating young patients for heart block.

The Itrel I, the first-generation neurostimulator, was
introduced in 1983. Current versions are used for the
treatment of incontinence, pain, and movement disorders.

System Overview

There are two established methods for sacral root neuro-
modulation using the Medtronic InterStim system.

1. An initial test phase, then the more permanent
hardware is implanted.

2. An alternative method uses a staged testing–
implant procedure, where a chronic lead is
implanted and connected to a percutaneous exten-
sion and test stimulator.

Testing Phase (See Fig. 1). The testing hardware consists
of a needle, test lead, test stimulator, interconnect cabling
and a ground pad (Fig. 1).

� Needle (see Figs. 2 and 3).

A 20-gauge foramen needle with a bevelled tip is used to
gain access to the sacral nerve for placing the test stimula-
tion lead. The stainless steel needle is depth-marked along
its length and electrically insulated along its center length.
The portion near the hub is exposed to allow connection to
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the test stimulator. By stimulating through the uninsu-
lated tip of the needle, the physician can determine the
correct SNS site for the test stimulation lead.

� Test lead (see Fig. 4).

The initial test lead is a peripheral nerve evaluation (PNE)
test lead with a coiled, seven-stranded stainless steel wire
coated with fluoropolymer. Its electrode is extended to
10 mm (0.4 in.) to increase the length of coverage and
reduce the effects of minor migration. Depth indicators
help to align the lead electrode with the needle tip. The lead
contains its own stylet, which is removed once the correct
position has been found, leaving the lead flexible and
stretchable, to mitigate migration.

� Test stimulator (see Fig. 5).

The most current version of test stimulators is the model
3625. The model 3625 test stimulator can be used both for
patient screening, where the patient is sent home with the
device, and for intraoperative usage in determining lead
placement thresholds. It provides output characteristics
that are similar to those of the implantable neurostimu-
lator and can be operated in either monopolar or bipolar
modes. It is battery operated by a regular, 9 V battery. The
physician sets the maximum and minimum amplitude
settings, allowing the patient to control the amplitude
(within those maximum and minimum settings) to what-
ever level is comfortable.

The safety features of the stimulator include; an auto-
matic output shut-off occurs when the amplitude is turned
up too rapidly (as when the control is inadvertently
bumped), a loose device battery will cause output shut-
off also to prevent intermittent stimulation and shock to
the patient, and sensors, which detect when electrocautery
is being used, shut the output off. Turning the test stimu-
lator off for a minimum of 3 s can reset the protection
circuitry.

� Interconnect cables (see Fig. 6).

Single-use electrical cables are used to hook the test
stimulation lead to the model 3625 test stimulator during
the test stimulation procedure in the physician’s office

and when the patient goes home for the evaluation
period.

The patient cable is used to deliver acute stimulation
during the test procedure. The insulated tin-plated copper
cable has a 2 mm socket at one end and a spring-activated
minihook at the other end. The minihook makes a sterile
connection to the foramen needle, test stimulation lead, or
implant lead. The socket end is connected to the test
stimulator by a long screener cable, the latter being a
two-wire cable with a single connector to the model 3625
test stimulator at one end; one of the wires is connected
to the patient cable and the other to the ground pad.
After the test stimulation, the patient cable is removed
and a short screener cable is substituted for at-home use.
This cable is connected to the ground pad and directly to
the test lead. It is designed to withstand the rigours of
home use and can be disconnected, to facilitate changing
clothes (13).

� Ground pad.

The ground pad provides the positive polarity in the elec-
trical circuit during the test stimulation and the at-home
trial. It is made of silicone rubber and is adhered to the
patient’s skin. As described above, for the at-home trial a
short screener cable is substituted for the long screener
cable and connected directly to the lead.

Surgical Technique Used for Acute Testing Phase:. The
aims of percutaneous neurostimulation testing (PNE) are
to check the neural and functional integrity of the sacral
nerves, to determine whether neurostimulation is benefi-
cial for each particular patient, and to clarify which sacral
spinal nerves must be stimulated to achieve the optimum
therapeutic effect in each individual case.

Local anesthetic is injected into the subcutaneous fatty
tissue and the muscles, but not into the sacral foramen
itself. The S3 foramen is localized on one side with a 20-
gauge foramen needle. By stimulating through the unin-
sulated tip of the needle, the physician can find the correct
sacral nerve stimulation site for placement of the test
stimulation lead. Once the location of the S3 foramen is
established, tracing of the other foramina is done. The
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Figure 2. Model 041828 (20 gauge) 3.5 in. (88.9 mm) foramen
needles.

Figure 3. Model 041829 (20 gauge) 5 in. (127 mm) foramen
needles.

Figure 4. Model 3057 test stimulation lead.

Figure 5. Model 3625 sacral nerve test stimulator.

Figure 6. Model 041831 patient cable.



portion near the hub is exposed to allow connection to the
test stimulator.

Keeping the needle at a 608 angle to the skin surface
with a rostrocaudal and slightly lateral pointing tip of the
needle will ensure that the needle is inserted into the
targeted foramen. The puncture should progress parallel
to the course of the sacral nerve, which normally enters at
the upper medial margin of the foramen. This method
achieves optimal positioning of the needle for stimulation
and avoids injuring the spinal nerve. The insulated needle
(cathode) is then connected to an external, portable pulse
generator (Medtronic model 3625 test stimulator) via a
connection cable. The pulse generator itself is connected to
a neutral electrode (anode) attached to the shoulder.

Because patient sensitivity varies, the voltage used is
between 1–6 V, which starts at 1 and is increased in 20 Hz
increments. Stimulation of the S3 evokes the ‘‘bellows’’
effect (contraction of the levator ani and the sphincter
urethrea). Also, there is plantar flexion of the foot on the
ipsilateral side. If plantar flexion of the entire foot is
observed, the gastrocnemius muscle should be palpated,
because a strong contraction usually indicates stimulation
of S2 fibers and should be avoided.

Stimulation of S3 generally produces the most beneficial
effect. Furthermore, most patients will not tolerate the
permanent external rotation of the leg caused by stimula-
tion of S2. Occasionally, stimulating S4 also causes clinical
improvement. Stimulation of S4 provokes a strong contrac-
tion of the levator ani muscle, accompanied by a dragging
sensation in the rectal region. If stimulating one side
produces an inadequate response, the contralateral side
should be tested; the aim is to obtain a typical painless
stimulatory response.

Once the optimal stimulation site has been identified,
the obturator is removed from the foramen needle, and a
temporary wire test lead (Medtronic model 3057 test lead)
is inserted through the lumen of the needle. Once the test
lead has been inserted into the needle, the latter must not
be advanced any further in order to avoid severing the lead.
The needle is then carefully removed from the sacral fora-
men, leaving the test lead in place. The stimulation is then
repeated to check the correct position of the test electrode.
To mitigate migration the lead contains its own stylet,
which is removed once the correct position has been found,
leaving the lead flexible and stretchable.

A repetition of the test stimulation, confirming the
correct position of the test lead, is therefore mandatory
at this stage; otherwise the test lead cannot be reinserted.

After correct positioning, the test lead is coiled on the
skin and fixed with adhesive transparent film. Finally, the
correct position of the wire is radiologically confirmed and
the portable external impulse generator is connected.

Percutaneous Extension Hardware (see Fig. 7). If acute
testing is inconclusive, or when there is a need for positive
fixation of the test lead, percutaneous extension hardware
is the best method used. Also called the staged implant, it is
an alternative method for patient screening.

The chronic lead is implanted in the normal manner and
is connected to a percutaneous extension (model 3550-05).
The extension is designed to provide a connection between

the chronic lead and the external test stimulator. Positive
contact is made using four set screws; the connection is
sealed with a silicone boot that covers the set screws. The
percutaneous extension, which is intended for temporary
use, features four insulated wires, wound together and
sized for a small incision, so that they can be brought
through the skin. The percutaneous extension is then
connected to the screener cable, as described above (13).

Chronic System. The chronic system consists of an
implantable neurostimulator, a lead, an extension, a phy-
sician programmer and a patient programmer.

� Neurostimulator (see Fig. 8).

The implantable neurostimulator (Medtronic model 3023)
weighs �42 g and has a volume of 22 cm3. It comprises
�70% battery and 30% electronics. The physician has
unlimited access to programmable parameters such as
amplitude, frequency, and pulse width. Each parameter
can be changed by means of an external, physician pro-
grammer that establishes a rf link with the implanted
device. A patient programmer provides limited access to
allow the patient to turn the neurostimulator on and off, or
to change amplitude within a range established by the
physician (via the physician programmer) (13).

The external titanium container of the neurostimulator
may be used in either a monopolar configuration (lead nega-
tive, can positive) or a bipolar configuration, which will result
in marginally better longevity. The life of the neurostimula-
tors is usually �7–10 years. Factors that affect this are the
mode, programming of the amplitude, pulse width and fre-
quency, and the use of more than one active electrode.

� Implantable lead system (see Fig. 9–14).
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The lead is a quadripolar design, with four separate elec-
trodes that can be individually programmed to plus, minus,
or off. This allows the physician to optimize the electrode
configuration for each patient and to change programm-
ing, without additional surgery, at a later date, to adapt to
minor lead migration or changing disease states. The
electrode sizes, spacing, and configurations have been
designed specifically for SNS.

The lead is supplied with multiple stylets and anchors, to
accommodate physician preferences. A stylet (straight or
bent) is inserted into the lumen of the lead to provide extra
stiffness during implant. Two different degrees of stiffness
provide the physician with options to tailor the handling and
steering properties of the lead, as preferred. The stylet must
be removed before connection with the mating component.

The physician also has a choice of anchors, which allow
fixation of the lead to stable tissue to prevent dislodging of
the lead after implantation. Three anchor configurations
are available: a silicone rubber anchor fixed in place on the
lead has wings, holes and grooves to facilitate suturing; a
second type, also made of silicone, slides into place any-
where along the lead body, and must be sutured to the lead
to hold it in place; a new plastic anchor is also available,
which can be locked in place anywhere along the lead body
without a suture to the lead.

� Quadripolar extension (see Fig. 15).

The quadripolar extension, which is available in varying
lengths to facilitate flexibility in IPG placement, is designed
to provide a sealed connection to the lead. This extension
provides the interface with the neurostimulator. Positive
contact is made with four set screws, and the connection is
sealed with a silicone boot covering the screws.

� Physician programmer (Fig. 16).

The console programmer (Medtronic model 8840
N’Vision) is a microprocessor-based system that the phy-
sician uses to program the implanted neurostimulator
noninvasively. The programmer uses an application-spe-
cific memory module, installed by means of a plug-in soft-
ware module.

� Patient programmer (Fig. 17).

The patient programmer also communicates with the
implanted neurostimulator by an rf link. The patient
can adjust stimulation parameters within the range set
by the physician. This range is intended to allow the
patient to turn the device on or off, and to change ampli-
tude for comfort (as during postural changes), without
returning to the physician’s office.

Surgical Technique Used for Chronic Implantable
System. The sacral foramen electrode and impulse genera-
tor are implanted under general anesthesia. Long-acting
muscle relaxants must not be used, as these would impair
the intraoperative electrostimulation.

The patient is placed in the prone position with a 458
flexion of the hip and knee joints. An 8 cm long midline
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Figure 9. Model 3080 lead.

Figure 10. Model 3092 lead.

Figure 11. Model 3093 lead.

Figure 12. Model 3886 lead.

Figure 13. Model 3889 lead.

Figure 14. Model 3966 lead.

Figure 15. Series 3095 extension.

Figure 16. Physician programmer.



incision is made above the sacrum, reaching one-third
caudal and two-thirds cranial from the S3 foramen. After
transection of the subcutaneous fat, the muscle fascia
(thoracolumbar fascia) is incised approximately 1 cm lat-
eral of the midline in a longitudinal direction.

Usually, the Gluteus maximus has to be incised over a
length of 1–2 cm for good exposure of the S3 foramen and a
little further caudal if implantation of the S4 foramen is
intended. The paraspinal muscles are then divided long-
itudinally and the dorsal aspect of the sacrum is exposed.

Intraoperative test stimulation, using the same equip-
ment as for the acute testing phase, will confirm the precise
location of the foramen selected. The foramen needle is left
in place to avoid relocalisation of the foramen while pre-
paring the permanent electrode for implantation. Proximal
to the four contact points of the permanent electrode, a
silicon rubber cuff is glued to the electrode body. The cuff is
fitted with three eyelets to accommodate nonabsorbable
atraumatic needle-armed sutures.

After removal of the foramen needle, the permanent
electrode (Medtronic quadripolar lead, model 3080) is
gently inserted into the foramen. Renewed test stimulation
will determine the most effective contact point between the
electrode and spinal nerve; the most distal contact point is
termed ‘‘0’’, with the subsequent three being numbered 1–3
sequentially. An identical motor response at all four con-
tact points is ideal. If only one contact gives a satisfactory
response, the electrode should be repositioned at a different
angle to the foramen and the test stimulation repeated.
The preattached sutures are then used to secure the elec-
trode to the ligaments overlying the periosteum of the
sacral bone. Test stimulation should be repeated at this
stage to confirm an appropriate position of the electrode
after fixation.

A small skin incision is now made in the flank between
the iliac crest and the 12th rib on the side where the
electrode has been placed. A subcutaneous tunnel is formed
between the two wounds, starting from the flank incision
and running toward the sacral incision.

The obturator of the tunneling device is removed and
the silicone sheath, which is open at both ends, left in place.
The free end of the electrode is guided through the sheath
to the flank incision, after the stylet has been removed from
the electrode.

The silicone sheath is now removed from the flank
incision, the proximal end of the electrode is marked with
a suture, and the electrode is buried in a subcutaneous
pocket that has been created at the site of the flank inci-
sion. The flank incision is temporarily closed, leaving the
marking suture exposed between the skin sutures. The
sacral incision is then closed in layers and covered with a
sterile dressing.

The patient is now positioned on the contralateral flank.
The flank and abdomen on the side chosen previously for
placement of the Medtronic InterStim model 3023 implan-
table pulse generator are disinfected and the surgical field
is draped with a sterile cover. The flank incision is now
reopened, and a subcutaneous tunnel is again created
between the flank incision and the subcutaneous pocket
in the lower abdomen through which a connecting exten-
sion cable (Medtronic quadripolar extension, model 3095)
between electrode and impulse generator is guided.

Once the electrode has been connected to the extension
cable in the area of the flank incision, the contact point is
sealed with a silicone cover, fixed with two sutures and
placed subcutaneously. The flank incision is closed in
layers and covered with a sterile dressing.

Finally, the other end of the connecting cable is attached
to the impulse generator. The generator is attached to the
rectus fascia using two nonabsorbable sutures. The abdom-
inal incision is closed in two layers and covered with sterile
dressings.

On the first postoperative day, anterior–posterior and
lateral radiographs of the implant are obtained to verify
that all components are correctly positioned and will act as
a control for comparison in case of subsequent problems.

Modifications of the surgical procedure include place-
ment of the pulse generator in the gluteal area thus
avoiding repositioning of the patient during the procedure
and implantation of bilateral electrodes, which should be
powered by a two-channel pulse generator (Medtronic
Synergy, model 7427) for adequate synchronous indepen-
dent stimulation of each side. The implant remains deac-
tivated at least until the day following surgery and will be
activated by a telemetric programming unit (Medtronic
Console Programmer, model 7432) allowing programming
of all features of the implant by the physician during the
initial activation and follow-up stages.

NEW MEDTRONIC TINED LEAD PERCUTANEOUS IMPLANT
(SEE FIGS. 18 AND 19)

Tined leads offer sacral nerve stimulation through a mini-
mally invasive implant procedure. The use of local anesthesia
allows for patient sensory response during the implant pro-
cedure. This response helps ensure optimal lead placement
and may result in better patient outcomes. With previous
lead designs, many physicians used general anesthesia,
which did not allow for patient sensory response.
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Among the advantages of the minimally invasive
implant procedure are the radiopaque markers to identify
where tines are deployed, helping physicians in identifying
the exact lead location relative to the sacrum and nerves.
Tactile markers indicate lead deployment, and a white
marker bands on the lead and tactile markers aid in proper
lead placement and to notify the physician when the tines
are ready to be deployed.

Percutaneous lead placement allows use of local
anesthesia. This reduces the risks of general anesthesia
and surgical incision and may facilitate faster patient
recovery time as a result of less muscle trauma and a
minimized surgical incision. Also, it may reduce surgical
time as a result of a sutureless anchoring procedure and
reduced number of surgical steps.

To date, a positive response to the PNE test has been the
only predictive factor for the long-term efficacy of sacral
nerve stimulation therapy. Current studies show that up to
40% of patients who experience improvement in symptoms
during PNE test stimulation with a temporary lead do not
have this improvement carried through after neurostimu-
lator implantation (36). A study by Spinelli et al. looked at
patients who underwent tined lead implant without PNE
testing, and reported a positive outcome of 80% during the
screening phase, which was maintained at an average
follow up of 11 months, resulting in a higher success rate
than that currently reported in the literature (37).

The development of the new tined lead allows fully
percutaneous implantation of the permanent lead and offers
the possibility of a longer and more reliable screening period
than that possible with the PNE test. The advantage for
patient screening are that the permanent tined lead is less
prone to migration, hence if the results of screening are

positive, the lead is already in the precise place where
positive results were obtained, and there is a decrease in
false-positive and false-negative results after screening (37).
However, use (or lack thereof) of PNE testing in conjunction
with the tined lead differs from center to center, depending
on fiscal and/or other reasons.

The tined lead models 3093 and 3889 are designed to
work with the current lead introducer model 355018 or
042294.

Surgical Technique for Tined Lead Implant. The foramen
needle is inserted and tested for nerve response. The fora-
men needle stylet is then removed and replaced with the
directional guide (see Fig. 20). The foramen needle itself is
then removed.

A small incision is made on either side of the directional
guide, which is followed by fitting the dilator and the
introducer sheath over the directional guide and advanced
into the foramen (see Fig. 21). The guide and the dilator are
then removed, leaving the introducer sheath in place.

The lead is then inserted into the introducer sheath and
advanced until visual marker band C on the lead lines up
with the top of the introducer sheath handle. Using fluoro-
scopy, electrode 0 of the lead is confirmed to be proximal to
the radiopaque marker band at the distal tip of the sheath
(see Fig. 22).

While holding the lead in place, the introducer sheath is
retracted until visual marker band D on the lead lines up
with the introducer sheath handle. Using fluoroscopy,
radiopaque marker band at the tip of the sheath is
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Figure 18. Tined lead percutaneous implant.

Figure 19. Tined lead percutaneous implant.

Figure 20. The foramen needle stylet and directional guide.

Figure 21. Fitting the dilator and introducer sheath.



confirmed to be proximal to electrode 3 and adjacent to
radiopaque marker band A on the lead (see Fig. 23).

Test stimulation of the various electrodes (0, 1, 2, 3) is
done and the responses are observed. If necessary, the lead
is repositioned within the foramen. When the lead is in the
proper position, the lead is held in place and the introducer
sheath and lead stylet are carefully withdrawn, thereby
deploying the tines and anchoring the lead.

FINETECH–BRINDLEY (VOCARE) BLADDER SYSTEM

Introduction (see Fig. 24)

Indications for use: The VOCARE bladder system is indi-
cated for the treatment of patients who have clinically
complete spinal cord lesions with intact parasympathetic
innervation of the bladder and are skeletally mature and
neurologically stable. However, patients with other neuro-
logical disorders, including multiple scleroses, spinal cord
tumours, transverse myelitis, cerebral palsy and meningo-
myelocele, have also benefited from the implant(38). A
secondary use of the device is to aid in bowel evacuation
and promote penile erection.

The sacral anterior root stimulation (SARS) system was
developed by Brindley with the support of the Medical
Research Council (Welwyn Garden City, Herts, UK), is
manufactured by Finetech Medical Ltd. in England, and is

marketed as the Vocare system by NeuroControl Corpora-
tion (Cleveland, OH) (1).

Beginning in 1969, Brindley developed a new device to
stimulate sacral roots at the level of the cauda equina. This
technique, first tested in baboons, led to the development of
a stimulator that was first successfully implanted in a
patient in 1978 (39).

Hardware

The Finetech–Brindley bladder controller is composed of
external and internal equipment.

1. External (see Fig. 25):

One analog and three digital versions of the external
controller are available in different countries (1).
This device has no batteries but is powered and
controlled by rf transmission from a portable external
controller operated by the user and programmed by
the clinician. It consists of a transmitter block con-
nected to the control box via a transmitter lead. The
patient holds the transmitter over the implanted
receiver to apply stimulation. A new, smaller control
box that is more powerful will be available in the
coming months (39).

2. Internal (see Fig. 26):

The internal equipment consists of three main parts:
(1) the electrodes, (2) the cables, (3) and the receiver
block.

Two types of electrodes are used, depending on the
approach (intra- or extradural).

For intradural implantation the electrode mounts in
which the anterior sacral roots are trapped are called
‘‘books’’ because of their shape.

The two-channel implant has an upper book with
only 1 slot. Trapping of S3 and S4 roots is often
sufficient to obtain bladder contractions. In males,
S2 roots were trapped in the upper book and S3 and
S4 roots, in the lower book.

The three-channel implant is composed of two elec-
trode books. The upper book contains three parallel
slots for S3 and S2 roots and the lower contains one
slot for S4 roots. There are three electrodes in each
slot (one cathode in the center and two anodes at the
two ends) to avoid stimulation of unwanted
structures.

The four-channel implant has two books like those of
the three- channel implant, and the four slots allow
independent stimulation of four sets of nerve fibers. It
is used in patients who retained sacral-segment pain
sensitivity.

The special eight-channel implant allowed the sti-
mulation of four anterior roots and the destruction of
any of the four posterior roots, if necessary, after
implantation. It is no longer used.

For extradural implantation the cables end with
three helical electrodes (a cathode between two
anodes) and are attached to the roots with a strip
of Dacron-reinforced silicone rubber. The cables used
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Figure 22. Confirming lead proximal to radiopaque marker band.

Figure 23. Confirming marker band proximal to electrode 3.
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Figure 24. VOCARE bladder system.

Figure 25. External equipment. (a) New control box. (b) Original
control box. (c) Transmitter lead. (d) Transmitter block. Figure 26. Internal equipment.



are encapsulated in silicone rubber, and the wires
are made of 90% platinum and 10% iridium and
connect the electrodes to the radio receiver block.
The radio receiver block, which contains two, three,
or four radioreceivers imbedded in silicone rubber, is
activated by pulse-modulated rf waves (39).

Surgical Technique for Finetech–Brindley System (see
Fig. 27):. The surgical technique for intrathecal implan-
tation developed by Brindley et al. (40) involves laminect-
omy of the fourth and fifth lumbar vertebrae and the first
two pieces of the sacrum, exposing 10–12 cm of dura. The
dura and arachnoid are opened at the midline to expose the
roots. The roots are identified by their size and situation
and by perioperative stimulation during the recording of
bladder pressure and observation of skeletal muscle
responses with the naked eye.

The S2 anterior roots contract the triceps surae, the
glutei, and the biceps femoris. The S3 anterior roots inner-
vate the pelvic floor and the toe flexors. The S4 anterior
roots innervate the pelvic floor. The sphincters (anorectal
and urethral) are innervated predominantly by S4 and also
by S3 and S2. The detrusor response is always obtainable
by stimulation of S3 and S4 and sometimes achievable by
stimulation of S2.

The roots are split into the anterior and posterior com-
ponents. The identity of the posterior root is confirmed by
electrical stimulation and then a segment measuring �20–
40 mm in length is removed. When the S5 root has been
identified, it is resected if no bladder response is obtained
(39).

If a posterior rhizotomy is performed, stimulation can be
applied to mixed sacral nerves in the sacral spinal canal
extradurally, since the action potentials generated on the
afferent axons do not reach the spinal cord. This has the
advantage that the electrodes can be placed extradurally,
reducing the risk of leakage of cerebrospinal fluid along the
cables, and reducing the risk of breakage of the cables
where they cross the dura. In addition, the extradural

nerves are more robust than the intradural roots, being
covered with epineurium derived from the dura, and
require less dissection than the intradural roots; therefore,
there is less risk of neuropraxia of the axons, which could
otherwise lead to a delay in usage of the stimulator but not
usually in permanent loss of function (1,41).

The benefits of a posterior rhizotomy include abolition
of the neurogenic detrusor over activity, resulting in
increased bladder capacity and compliance, reduced incon-
tinence, and protection of the kidneys from ureteric reflux
and hydronephrosis. The rhizotomy also reduces detrusor-
sphincter dyssynergia, which improves urine flow, and
prevents autonomic dysreflexia arising from distension
or contraction of the bladder or bowel. In addition, a poster-
ior rhizotomy improves implant-driven micturition. How-
ever, there are also drawbacks with a rhizotomy. They
include abolition of reflex erection, reflex ejaculation, reflex
defecation and sacral sensation, if present. Still, in many
subjects with spinal lesions, these reflexes are not ade-
quately functional, and function can be restored by other
techniques (42).

The surgical technique for extradural implantation
involves laminectomy of the first three pieces of the
sacrum. It may also involve laminectomy of the L5 ver-
tebra, depending on whether it is decided to implant
electrodes on S2 roots (39). Extradural electrodes are used
for patients in whom arachnoiditis makes separation of
the sacral roots impossible. In some centers, however,
extradural electrodes are used for all or nearly all
patients.

After electrode implantation, the operation proceeded
with closure of the dura, tunneling of the leads to a sub-
cutaneous pocket in the flank, and closure of the skin. The
patient is turned over and the leads are prepared for
connection to the implantable stimulator.

At this time the leads are connected via an aseptic cable
to an experimental stimulator. Prior to stimulation the
bladder is filled with 200 mL saline using a transurethral
filling catheter. The experimental stimulator consisted of
two synchronized current sources with a common cathode.
Pressure responses are elicited using pulse trains of 3–5 s
duration; containing identical monophasic rectangular
pulses delivered at a rate of 25 pulses � s�1. Stimulation
is usually limited to the S3 and S4 ventral roots since they
contain most of the motoneurons innervating the lower
urinary tract.

After 15–20 min of experimental stimulation the leads
are disconnected from the stimulator and the normal pro-
cedure is resumed with implantation stimulator.

A two-channel transurethral pressure catheter is used
to measure intravesical and intraurethral pressure. The
urethral pressure sensor is positioned at the level of the
external sphincter such that in response to suprathreshold
stimulation a maximal pressure response is measured.
Pressures are sampled at 8 Hz, displayed on a monitor,
and stored in a portable data logger (43).

All patients are followed up according to a fixed protocol.
Urodynamic measurements are taken at 2 days, 15 days, 4
months, and 1 year after surgery and every 2–3 years
thereafter. Renal ultrasound examination is performed
every year. Stimulation is performed for the first time
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Figure 27. Finetech–Brindley system.



between days 8 and 14, depending on the level of the spinal
cord lesion (33).

PUDENDAL NERVE STIMULATION FOR THE TREATMENT
OF THE OVERACTIVE BLADDER (rf BION) (SEE FIGS. 28
AND 29)

Indications for use: The rf Bion system is still relatively
new, and though no clear, established indications have
been set so far, its activity on the pudendal nerve and
inhibition of the detruser muscle makes it ideal for over-
active bladder disorders.

Electrical stimulation of the pudendal nerve has been
demonstrated to inhibit detrusor activity and chronic elec-
trical stimulation may provide effective treatment for over-
active bladder disorders (44). The hurdle to date has been
the technical challenge of placing and maintaining an
electrode near the pudendal nerve in humans; however,
recent development of the BION has made chronic implan-
tation feasible.

The BION is a small, self-contained microstimulator
that can be injected directly adjacent to the pudendal nerve
(see Fig. 28). The ischial spine is an excellent marker for
the pudendal nerve as it re-enters the pelvis through
Alcock’s canal. This is a very consistent anatomical land-
mark in both men and women. Also, the implanted elec-
trode is protected in this area by both the sacral tuberous
and sacrospinous ligaments. Stimulation in this area acti-
vates afferent innervation over up to three sacral seg-
ments. Efferent stimulation also provides direct
activation of the external urethral sphincter, the external
anal sphincter, and the levator ani muscles, which may be
of some benefit in bladder control. The external compo-
nents of this neural prosthesis include a coil that is worn
around the subject’s hips and a controller that is worn
around the shoulder or waist.

The technique chosen to implant the device is that of the
transperineal pudendal block. This approach is minimally
invasive and is well established. A special implant tool was

devised to facilitate placement. The BION implantation
technique was developed in cadavers. The optimum inser-
tion location is 1.5 cm medial to the ischeal tuberosity using
a vaginal finger to guide the implant toward the ischial
spine where electrical stimulation of the pudendal nerve
may be confirmed (see Fig. 29).

A percutaneous stimulation test (PST) was developed
and proved to be a very effective way to assess acute
changes in bladder volumes while stimulating the puden-
dal nerve. A baseline cystometrogram (CMG) was obtained
followed by percutaneous pudendal nerve stimulation for
10 min with a repeat CMG.

The first implant was done on August 29, 2000. The
BION was implanted under local anesthesia with intrave-
nous sedation. Proper placement was verified by palpation
and EMG activity. An intermittent stimulation mode of 5 s
on 5 s off was used. Subjects returned 5–7 days later for
activation, to distinguish between postoperative pain and
potential stimulation pain. Subjects were followed up at 15,
30, and 45 days after activation. At each follow-up visit
they underwent another cystometrogram and brought in a
72 h voiding diary. The results indicated a favorable
response to maximum cystometric capacity throughout
the study period. Diary entries verified improvement—
incontinent episodes decreased by 65%, and both daytime
and nighttime voids were decreased, as was pad use per
day.

FUTURE DIRECTION OF THE THERAPY HARDWARE

The ongoing development of tools and hardware is driven
by the desire to reduce the invasiveness of the implant and
the likelihood of adverse events. Development efforts are
concentrated on system components and tools that will
allow implantation of the lead system through small inci-
sions or percutaneous approaches. It is inevitable that the
size of the neurostimulator will be reduced as future gen-
erations of the device are developed; more efficient power
batteries and packaging will drive this aspect of develop-
ment.

A rechargeable power battery may allow a smaller
device. Although a smaller device would be welcomed,
attaining this goal with a rechargeable battery is not seen
as the best approach. A rechargeable neurostimulator would
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Figure 28. BION microstimulator.

Figure 29. Placement of BION system near pudendal nerve.



require the patient frequently to recharge the unit; this
would inconvenience the patient and could reduce patient
compliance. Additionally, a rechargeable battery would be
more expensive than a nonrechargeable one owing to the
technology required and the additional equipment neces-
sary for recharging. Furthermore, this would not eliminate
the need for periodic replacement of the neurostimulator
every 5–10 years. System components will be optimized for
the therapy, to reduce the time needed for management of
both implant and patient. The incorporation of micropro-
cessors and implementation of features such as a battery
gauge will provide additional operational information while
decreasing the time needed to manage the patient.

Physicians will be able to analyze system use, lead
status, and other parameters. The addition of sensing
technology may provide an opportunity to create a
closed-loop system that captures data to optimize both
diagnosis and functioning.

Bilateral stimulation may provide more efficacious ther-
apy. There is considerable interest in this approach, and it
seems to be a probable avenue of research in the near
future. However, any use of bilateral stimulation would
have to justify the larger neurostimulator, the extra lead
system, and the additional costs associated with this
approach; at present, there is no scientific experience to
support this approach.

Apart from a reduction in the size of the implanted
device, enhanced physician control is the most likely devel-
opment to occur in the foreseeable future. Graphics-based
programming and control will simplify device program-
ming; it will allow more complex features to be incorpo-
rated in the neurostimulator without adding undue
complexity to the physician programmer. Management
of patient data files will become easier as additional
data-management features are added to the programmer;
the physician will be able to obtain a patient-programming
history and other patient-management data. It is concei-
vable that, in the not-so-distant future, the physician may
be able to access patient-device data over the Internet, thus
making unnecessary some clinic visits and allowing for
remote follow-up of patients who are on holiday or have
moved house.

Future devices may allow software loading in a non-
invasive manner, to upgrade the device long after implan-
tation. Such capability could be used to provide new
therapy algorithms as well as new therapy waveforms.

The future will also bring enhanced test stimulation
devices, which will provide improved fixation during the
test stimulation period. The development of new leads is
one such focus with the aim of allowing a longer test
stimulation period without lead migration.

The future application of SNS is dependent on new
clinical research. Pelvic disorders, such as pelvic pain
and sexual dysfunction, appear likely to be the First areas
of investigation; sacral anterior root stimulation for spinal
cord injury may also provide a worthwhile avenue of
enquiry. The development of these applications—or of
any other, for that matter—will potentially require new
waveforms and the development of new therapy algo-
rithms. The future is as open as the availability of
resources and the application of science allow (45).
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