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Abstract
Implantable neuroprosthetic systems are an important area of practice and research in urinary care for individuals
with spinal cord injury (SCI). These devices need to manage three lower urinary tract conditions: urethral sphincter
contractions during bladder contractions, an underactive bladder producing poor voiding responses, and neurogenic
detrusor overactivity causing urinary incontinence. Two neuroprosthetic approaches have addressed these
conditions: sacral anterior root stimulation (SARS) and direct bladder wall stimulation (DBWS). The SARS approach
is commercialized for SCI bladder management as the Brindley-Finetech Bladder Control System and is available in
Europe. Limitations of this device include invasive surgery and the need for rhizotomy of sacral dorsal (sensory)
nerve roots. The DBWS implants produced daily voiding in many SCI individuals, however, clinical use was
discontinued primarily because of technical concerns with stimulators and electrodes as well as some cases of poor
voiding responses and side effects. These limitations are reviewed as well as efforts to return DBWS to clinical
investigations using Permaloc® Systems (Synapse Biomedical Inc., Oberlin OH). This new neuroprosthetic platform
includes mapping and intramuscular electrodes as well as multilead cables and new stimulator devices.

Keywords: Spinal cord injury; Urination; Electrical stimulation;
Functional electrical stimulation

Neuroprosthetic Approaches
For the spinal cord injured (SCI) individual, urinary management
has to address three lower urinary tract conditions: first, detrusorsphincter-dyssynergia (DSD) or reflex sphincter contractions caused
by bladder contractions that prevent voiding; second, an underactive
bladder where spontaneous bladder contractions do not continue long
enough or with sufficient pressure to produce effective bladder
emptying; and, third, neurogenic detrusor overactivity (NDO, where
detrusor is the bladder pressure after subtraction of abdominal
pressure) were unwanted events occur spontaneously causing urinary
incontinence [1-6]. Following SCI, intermittent catheterization in
conjunction with anticholinergic medication or botulinum toxin (BT)
injection into the bladder wall to manage NDO and urinary
incontinence addresses these three conditions and is the most
common method of bladder management. Catheters, however, are
associated with lower urinary tract morbidity such as urinary tract
infections, incontinence, and urethral trauma [1,2].
Two neuroprosthetic approaches have been used as alternatives to
intermittent catheterization: sacral anterior root stimulation (SARS)
and direct bladder wall stimulation (DBWS) [6-13]. The SARS
approach has been commercialized under the name Brindley-Finetech
Bladder Control System (FineTech Medical Ltd, Welwyn Garden, UK)
in Europe, and Vocare in the United States; however, it is currently
only available in Europe [6-13]. Limitations of this device; however,
include invasive surgery and the need for rhizotomies of sacral dorsal
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(sensory) nerve roots. This approach has been extensively reviewed;
therefore, only recent developments to address outstanding limitations
are discussed. The DBWS approach has demonstrated daily voiding in
many SCI individuals; however, clinical studies were discontinued
because of concerns with stimulators and electrodes in some patients
that limited voiding or caused side effects such as increased urethral
resistance or pain [8,9]. Recent developments for both neuroprosthetic
approaches to address identified limitations are reviewed.
Developments for DBWS are discussed in detail including work by
Synapse Biomedical Inc. (Oberlin, OH) to bring Permaloc® Systems to
clinical investigations.

Sacral Anterior Root Stimulation
Brindley-finetech bladder control system
The Brindley-Finetech SARS device uses an implanted stimulator
and tripolar cuff electrodes to stimulate the second to fourth anterior
sacral nerve roots as well as a dorsal afferent rhizotomy of the same
sacral roots [7-13]. The anterior nerve roots that are stimulated
include fibers innervating the skeletal urethral sphincter and the
bladder; thus, voiding is prevented during stimulation induced bladder
contractions due to urethral sphincter contractions. Only poststimulation voiding is produced and this method relies on longer
bladder contractions after the end of stimulation periods than for
urethral skeletal sphincter muscle. Multiple stimulation periods are
needed with peak bladder pressures of 50 cm H20 required for
complete voiding [7]. Voiding responses with the Brindley-Finetech
SARS can vary; for example, we reported that two SCI individuals
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implanted with this system had voiding problems [12]. The first
individual could not void with a standard 24 Hz stimulation
frequency; however, 35 Hz was found to be effective. The second
individual had a urethral sphincterotomy (unannounced) prior to his
implant and could not void with stimulation in the sitting position;
this was resolved by using a donut shaped seat cushion. A recent
review of the Brindley-Finetech device outcomes stated that a large
majority of SCI individuals obtained daily voiding that was catheter,
incontinence, and infection free as well as improved patient quality of
life [7,11,13].
There are two primary areas of limitations for the Brindley-Finetech
SARS device. The first area is with invasive surgical procedures
including two spinal laminectomies: the first bone removal is over the
lower lumbar vertebra to gain access for the sacral sensory nerve roots
and the second bone removal is over the sacrum to implant bilateral
electrodes on second to fourth anterior sacral nerve roots [11]. The
second limitation is with the sacral nerve afferent rhizotomy which
causes a loss of spinal reflexes to pelvic organs including the bladder,
bowel, and sexual organs [7]. The loss of bladder reflexes is managed
with a post stimulation voiding program; bowel evacuation is also
facilitated by simulation. The loss of erectile activity has been more
difficult to restore [7]; for example, at our institution where two SCI
individuals were implanted with this device, both complained about
loss of erectile function [11]. In summary, the limitations identified for
the Brindley-Finetech SARS System have fostered extensive new
research to address the concerns.
Invasive procedures for SARS vertebral laminectomies are hard to
avoid because access to the sacral nerves within the sacral canal are
needed. In addition, avoiding the sacral afferent neurectomy is also
difficult because it is important for post-stimulation voiding in two
ways. First, neurectomy prevents sphincter contractions that can occur
after each stimulation period due to sensory activation during the
stimulation period. We conducted studies that identified this problem
in four chronic SCI felines with intact sacral nerves; studies were
conducted during terminal procedures under anesthesia, and
compared SARS and DBWS with implanted electrodes [14]. For the
first test, equivalent stimulating parameters were used for both
methods; but, there was a urethral catheter to record bladder pressure
which prevented voiding. Both SARS and DBWS induced similar high
peak bladder pressures. The catheter was then removed and the same
stimulation induced robust voiding with DBWS both during and after
stimulation whereas SARS only induced a small amount of voiding
after stimulation. Subsequent tests investigated the causes of poor
voiding responses to SARS with intact sacral nerves. Recordings of
urethral electromyography and pressure after stimulation
demonstrated that sphincter contractions occured and these
contractions were not present with DBWS. Adverse urethral effects of
SARS after stimulation with intact sacral nerves should not be
unexpected as it is well known that for SCI individuals even slight
sensory stimulation below the level of the lesion can cause prolonged
leg spasms. Therefore, with conditions of SARS and intact sacral
sensory nerves, the large amounts of sensory activation occurring
during stimulation can be expected to cause ongoing sphincter reflexes
and spasms after stimulation.
The second way that sacral afferent neurectomy assists with poststimulation voiding is by preventing DSD [7,11]. This adverse bladder
reflex caused urethral sphincter contractions that are prevented by the
rhizotomy. It should also be mentioned that the sensory lesion also
managas NDO and urinary incontinence [7,11]. In summary, access to
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the sacral nerve roots is needed for SARS making it difficult to avoid
invasive surgical procedure and the sacral afferent rhizotomy has
multiple benefits for SARS.
New SARS methods: One new SARS method that has avoided the
invasive laminectomies and nerve rhizotomy was conducted by
Possover et al. [15]. Laparoscopic methods were used to implant two
Brindley-Finetech electrodes on bilateral sacral nerves in the pelvic
area near the spine of three SCI participants. Bilateral pudendal nerves
also had wire electrodes sutured to them [16-22]. Continuous
stimulation of the pudendal nerves at 20 Hz was used to manage NDO
and prevent urinary incontinence resulting in bladder filling volumes
of 500 ml. This strong bladder inhibition shown by the very large
bladder filling volumes was described as ‘bladder block,’ a novel
concept in the area of neuromodulation for SCI. In two of the three
individuals, when the 20 Hz pudendal nerve stimulation was turned
off, strong spontaneous contractions occurred with effective voiding
and small residual volumes. As these patients could not void prior to
their implants due to DSD, the pudendal nerve stimulation appeared
to provide reduction of the DSD. For the third individual, voiding did
not occur when pudendal nerve neuromodulation was stopped at the
500 ml bladder volume. Sacral nerve stimulation was needed to induce
bladder contractions and emptying and this was conducted in
conjunction with high-frequency (1.2 KHz) stimulation of the
pudendal nerves to manage DSD and lower urethral resistance. These
novel neuroprosthetic approaches by Possover et al. [15] need further
investigation. Possible limitations with this approach include difficult
laparoscopic methods and need for implantation of multiple electrodes
and stimulators.
Five new methods to avoid the SARS afferent rhizotomy are under
development as highlighted by the recent work by Chew et al. [16].
First, stimulation and blocking of separated sacral afferent and efferent
nerve roots has potential [7,16]. Second, a unidirectional, tripolar
nerve cuff electrode on the pudendal nerve has been proposed [8,17].
Third, high-frequency stimulation for pudendal or sacral nerve
blocking [9,16,18-10]; this method is limited by the need for nerve cuff
electrodes to be implant on pelvic pudendal nerves that are located
deep in the pelvis [21]. Fourth, improved methods of
neuromodulation for bladder inhibition and NDO management are
being investigated on sacral and pudendal nerves [9,22-25]. And, fifth,
botulinum toxin (BT) injections into the urethral skeletal sphincter
should be considered; such injections might allow for voiding during
stimulation, a condition that would greatly facilitate SARS technology
[26]. We also investigated several methods to avoid afferent
neurectomy including minimally invasive SARS electrodes implanted
in the sacral canal [14,27-30], optimization of sacral nerve stimulation
[31], and sacral nerve neuromodulation for NDO and urinary
incontinence management [32]. With the exception of work by
Possover et al. [15] new SARS techniques have not been extended to
clinical studies and technical challenges remain difficult to resolve.

Direct bladder wall stimulation (DBWS)
DSD, NDO management: Management of DSD and NDO following
SCI is important for DBWS methods. Detrusor sphincter dyssynergia
can be caused by three different uninhibited spinal reflex pathways.
The first and primary pathway is an uninhibited reflex between the
bladder and the urethral sphincter where bladder contractions result
in sphincter contractions. The second is an uninhibited urethral-tourethral reflex where passage of urine in the urethra causes reflex
sphincter contractions. The third pathway involves the sympathetic
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nervous system where sensory activity from the bladder or urethra
cause reflex sympathetic activity and urethral smooth muscle
contractions prevent voiding [1,5,33,34]. A related problem to this
sympathetic induced urethral constriction is autonomic dysreflexia
where uninhibited sympathetic activity causes increased blood
pressure [2,3].
Three classification systems have been used to characterize DSD
following SCI. Early classification systems used electromyography
whereas more recent criteria have included functional voiding [35].
Characterization of DSD is complicated by the duration and
characteristics of bladder contractions that can confound assessment.
Classifications have not separated DSD occurring during the initiation
of a bladder contraction or changing peak bladder pressure from DSD
during a sustained and constant peak bladder pressure. We were able
to distinguish DSD based on these different types of bladder
contractions in a series of SCI individuals where some exhibited
sustained peak bladder pressures [35,36]. Our assessment also
included using a dynamic bulbocavernosus reflex (DBC) test. This test
periodically elicits bulbocavernosus reflex (BC) by stimulating the
dorsal nerve of the penis with surface electrodes once every 4 s and
recording peak reflex anal sphincter pressure responses. The anal
sphincter was used to mimic the urethral sphincter as there is a close
association of these two sphincters following SCI. The DBC test was
evaluated during cystometry to provide an independent measure of
spinal reflex excitability, an underlying condition of DSD, during a
bladder filling and bladder contraction cycle [35,36].
The DBC during cystometry was evaluated in five SCI patients and
the baseline anal sphincter pressure increased at the onset of bladder
contractions but returned to baseline values during sustained bladder
contraction [35]. Severe DSD, therefore, only occurred during the
onset of the bladder contraction and occurred during changing peak
bladder pressures. These conditions of bladder contractions causing
severe DSD is consistent with the understanding that the highest
amounts of afferent activity arises from the bladder wall during the
period of maximal wall shear when active movement of bladder wall
muscles occurs during shortening. In contrast, peak bladder pressures
that are sustained and non-fluctuating have reduced wall sheer activity
with a corresponding reduced afferent sensory activity [5,35].
The results of the periodic BC responses during the DBC test
demonstrate increased responses during bladder filling but the largest
BC increases occurr during bladder contractions [35]. A high BC
reflex response during sustained portions of bladder contractions
indicate that spinal reflexes remain in a heightened state. This
heightened state likely produces interrupted voiding pattern that often
occur during SCI reflex voiding when the passage of urine in the
urethra triggers sphincter contraction and interrupted voiding. This
mechanism of DSD has important implications for DBWS where
prolonged bladder contractions are induced for evacuation during
stimulation which is associated with less DSD [14,37,38]. If DBWS
induced voiding occurs at pressures over 50 cm H20 then DSD is
indicated and management of the condition is needed. For skeletal
urethral sphincter contractions due to the first two mechanisms of
DSD, BT injection into the sphincter should be considered [39,40].
Paralysis of the sphincter with BT has no side effects but does require
repeat injection at a six to nine month interval [26,41]. The third
neural pathway causing DSD is the sympathetic system resulting in
contraction of smooth muscle of the bladder neck preventing voiding.
This type of DSD, if shown in video-urodynamic studies, can be
managed with alpha-1 receptor blockers or botulinum toxin injections
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into the proximal urethra [38]. In addition, Magasi et al. [39,40] used
proximal urethral incisions to manage this problem in three patients
using DBWS.
We conducted DBC testing in a chronic SCI feline model [35]. In
contrast to clinical results, peak BC responses were reduced during
bladder contractions showing synergistic effects; however, baseline
anal and urethral sphincter pressures were elevated during bladder
contractions indicating adverse bladder-sphincter reflexes. We
interpreted these results as mixed synergy and dyssynergia of bladderurethral reflexes for this quadruped model of chronic SCI. Limited
DSD in the upper-neuron lesion SCI animal model has been reported;
for example, it is ease to empty the bladder using squeeze maneuvers
(Crede’) [27,28,37,38]. In contrast, squeeze maneuvers produce limited
or only high-pressure voiding in SCI patients [1,2,5].
A possible alternative approach to manage DSD would be
application of surgical clips to the superficial surface of the skeletal
urethral sphincter to produce nerve crush injury (unpublished). Such
an approach would need to be developed first in an animal model.
Locations for the clips should be at the surgical two and ten o’clock
locations near the dorsal neurovascular bundles that include the
sphincter innervation, the perineal branch of the pudendal nerve.
Effects of such procedures should be long lasting as nerve regrowth
past implanted clips would probably not occur. For NDO and urinary
incontinence problems that might be associated with DBWS, use of
anticholinergic medication or neuromodulation for bladder inhibition
should be first line treatment as detailed below [1,2,42].

DBWS studies
Early studies by five investigators demonstrated that DBWS is
viable approach for bladder management following SCI. Stenberg et al.
[43] included four upper-motor neuron lessoned SCI patients
implanted with an Avco-Everett stimulator which had two bipolar sets
(four electrodes total) of stainless steel wire electrodes braded into the
bladder wall. Three of four patients obtained reflex voiding. Hald et al.
[44] implanted the same device in three upper-motor neuron lessoned
SCI patients leading to strong bladder contractions in all three
patients. A third investigative team, Halverstat et al. [45,46] implanted
the Avco-Everett device in eight patients and a MentorR bladder
stimulator with bipolar sets of electrodes (total four electrodes) in two
patients with peripheral nerve injuries. Daily voiding was obtained in
seven; two failures occurred due to lead erosion or detachment and
one failure due to pain. Another group, Merrill et al. [47] implanted
the Mentor device in five cases; four had peripheral nerve injury and
one a complete lower motor neuron injury. Three patients obtained
daily voiding whereas two did not. The protocol failed in one subject
due to chronic urinary tract infections and in another due to pain
during stimulation. The fifth group, Jonas et al. [48] implanted the
Mentor device in two patients with upper-motor-neuron SCI and nine
subjects with incomplete lower motor neuron injuries. Postoperative
follow-up ranged from four months to four years; a bladder neck or
sphincterotomy operation was conducted to lower outflow resistance
and one patient received an artificial sphincter to prevent
incontinence. Voluntary control of voiding returned in seven patients.
Three failures were due to poor bladder responses or infection and
device rejection.
These early studies of DBWS identified limitations in some patients
in the areas of: first, electrodes that were too large reducing the charge
injection density needed for stimulating the small-diameter
parasympathetic fibers innervating the bladder wall; second, electrodes
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that were insufficient in number or had less than optimal implant
locations; and third, stimulation may have been conducted at too low
of a frequency or with too short of pulse durations. These limitations;
however, were partly addressed by Magassi et al., conducting the most
recent clinical work for DBWS (1976, 1986) [39,40]. They implanted
the Electrical Vesical Stimulator PMS-3 (Physico-Medical Inc,
Canada) with eight platinum-iridium disk electrodes on the bladder
wall as four bipolar sets in 32 patients. Twenty-one cases had
peripheral neural injuries and eleven had central injuries, most of
which were localized to the spinal cord. Stimulating current was
increased until voiding started and stimulation was continued until the
bladder emptied. Repeated stimulations were used until a small
residual volume was obtained. Voiding was constricted in three
patients with proximal urethral closure which was managed with a
bladder neck incision. Voiding was therefore satisfactory in all 32
patients over a one to two year period. Following these promising
results, no further studies were conducted as the device became
unavailable as the manufacturer went out of business.
Neuroprosthetic systems also need to be developed for SCI
individuals with lower motor neuron injuries. This type of injury
including the lower lumbar and sacral spinal cord causes lesions to
preganglionic nerve fibers innervating the bladder. Thus, SARS
methods because they include sacral nerve roots cannot be used for
these patients. In contrast, DBWS can be effective for stimulation of
the remaining post-ganglionic fibers located on the bladder wall.
Several of the prior investigations [39-45] with implants in patients
with these types of injuries had positive results. In addition, we
conducted chronic studies in chronic lower motor neuron injured SCI
felines and demonstrated induction of high bladder pressure and daily
voiding [37]. Thus, if DBWS returns to clinical investigations, lower
motor injured SCI individual’s should be included in the studies.
Propose permaloc® systems: In 1992 we identified advantages of
DBWS compared to SARS during terminal procedures in anesthetized
chronic spinal felines [14]. Following the studies, we investigated
optimal methods of DBWS with Permaloc® or related electrodes.
Between 1993 and 1997 woven-eye and suture electrodes were tested
on the bladder wall [37,38,49] and in 2005 microstimulators were
tested [50]. In 2008 we also tested monopolar Permaloc® Intramuscular
electrodes [51]. The above studies were conducted in several different
animal models including acute felines and canines with intact spinal
cords and chronic SCI felines both with lower and upper motor
neuron lesions. In all of these studies, bladder pressures over 40 cm
H2O were induced that were suitable for voiding.
In the most recent study from our laboratory (2012), seven female
York-Landrace swine were investigated under anesthesia [51]. Four
bipolar Permaloc® electrodes were implanted on the bladder wall as
two bilateral sets 1 cm medial and 1 cm rostral to the ureters. Using 40
mA of stimulation, peak bladder pressures of only 10 ± 2 cm H2O were
induced. This limited pressure response to stimulation may have
occurred for several reasons: one, because of lack of any spontaneous
bladder activity the animals demonstrated no bladder contractile
activity when filled to over 500 ml. Two, the stimulating surfaces of the
Permaloc® bipolar electrodes were only separated by 5 mm which was
too short whereas Magassi et al. used a much wider separation in their
bipolar sets [39,40]. Three, there were no mapping electrodes available
for better identifying effective electrode implant locations, a limitation
that applies to all prior DBWS stimulation studies; four, too few
electrodes may have also been used as, for example, Magassi et al.,
used eight electrodes that functioned separately [39,40]. Future studies
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for DBWS with Permaloc® systems being designed to address these
concerns are described with developments in six key area [52].
I. Minimally Invasive: laparoscopic methods are currently used for
all Permaloc® electrodes and systems [53-55]. In the future, DBWS
could be considered for SCI individuals receiving Permaloc® systems in
their diaphragm for respiratory management. The implantation
laparoscope could be turned caudally for bladder wall mapping,
implants, and further testing. If effective stimulation were shown
during implantation protocols then they would remain implanted for
chronic use.
II. Staged Methods: staged methods for bladder management are
part of DBWS programs. Interventions for each of the three lower
urinary tract problems following SCI would only be used if they were
lower urinary problems that needed to be addressed. For example,
individuals who responded to DBWS with complete evacuation at
detrusor pressures less than 50 cm H20, the same pressure criteria used
for SARS methods, would not need to receive treatment for DSD.
III. Permaloc® Systems: Permaloc® electrode systems are being
developed for future DBWS applications:
Permaloc® Mapping electrodes (Figure 1A): would be used to
determine optimal implantation sites on the bladder wall. The small
diameter electrode is inserted with a 19 gauge needle, and could be
tested at multiple sites to optimize the location prior to implantation
of permanent electrodes. These methods will address concerns raised
in prior studies of DBWS where difficulties in optimal placements of
electrodes on the bladder wall were identified.
Permaloc® Intramuscular electrodes (Figure 1B): this permanent
electrode would be inserted at optimal locations determined with the
mapping electrodes. A slight modification to this commercial
electrode is to move the polypropylene barb 5 mm distal from the tip
exposing the whole length of the helical wire stimulating surface. This
modification is important because implantations with the stimulating
surface of the electrode as close as possible to bladder nerves is to
produce low current activation of the bladder wall [51,52]. The small
size of these electrodes is expected to provide high charge injection
density to better stimulate the bladder innervation, a limitation sited in
prior studies using larger electrodes.
A Permaloc® Multilead-Cable device (Figure 1C): has been designed
to connect to five implanted Permaloc® Intramuscular electrodes. This
will limit the number of cables crossing the skin to an external
stimulator or being tunneled to an implantable stimulator. The
connector for this electrodes is FDA approved for chronic human use.
12-channel Permaloc® Laboratory Stimulator: a 12 channel
Permaloc® Stimulator-Trainer with isolated, high current, bipolar and
biphasic stimulation for bladder wall and pudendal nerve activation is
available from Synapse Biomedical Inc. This is a computer controlled
device and programs are provided for each stimulation protocol. A
small external stimulator that is battery powered is currently used for
FDA approved Permaloc® Systems to manage respiration in SCI
patients [53,54]. This device is expected to be modified for the
proposed bladder application. Implantable stimulators could be
developed in the future, if warranted.
IV. Acute Animal Studies: use of an anesthetized canine model is
recommended to further investigate some of the DBWS methods. This
animal model has been shown to be a good model of the human lower
urinary tract conditions [36-38,50-52]. In addition, use of a modern
anesthetic regime such as respiratory anesthetic and fentanyl should
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reduce the depression of reflexes common with other anesthetics such
as Nembutal.
V. Chronic Animal Studies: Chronic animal studies are expected to
be needed to insure that the Permaloc® Intramuscular Electrodes can
be secured long-term in the bladder wall and also provide effective
long-term stimulation.
VI. Technology Transfer: these processes will depend on resolving
remaining limitations with DBWS in animal models. The development
of a Class III implantable device clinical trial, or through Orphan
Device Program will be needed in the United States for future clinical
investigations. Synapse Biomedical, Inc is developing the Permaloc®
Systems for DBWS applications, and the costs of obtaining the devices
are relatively low compared to the special engineering and
manufacturing requirements of providing them.

being used for the diaphragm and may be used in the future for
accessory muscle pacing. Accessory respiratory muscles, abdominal
and upper-thorax, pacing alone has been shown to induce large
respiratory responses suitable for cough [55]. Other applications are
being considered for this end-organ stimulation approach including
bowel, sexual organs, and limb and trunk stability.

Conclusion
Both DBWS and SARS neuroprosthetic systems hold great promise
to assist SCI individuals with their lower urinary tract management
and without catheterization. Limitations of SARS, however, of invasive
surgical procedures and sacral nerve root dorsal rhizotomy remain as
significant technical hurdles. In contrast, DBWS approaches include
minimally invasive surgery and staged methods. New technology for
DBWS include Permaloc® Electrode Systems that are being developed
include mapping and intramuscular electrodes as well as multileadcable devices and stimulators with multiple independent bipolar and
biphasic stimulation channels. Further animal urinary incontinence
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