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 Applications of Neurostimulation 
for Urinary Storage and Voiding 
Dysfunction in Neurological Patients 

 Neuroanatomy and Pathophysiology 

 Normal bladder function consists of storage and ex-
pulsion of urine. In order to do so, the lower urinary tract 
requires extensive input and control from the peripheral 
autonomic, somatic and central nervous systems. Abnor-
malities of any component of these control pathways may 
result in voiding dysfunction. The pontine micturition 
centres are connected to the sacral cord through trans-
spinal pathways. Intact afferent and efferent pathways are 
necessary to initialize the reciprocal activity of the detru-
sor and sphincter needed to switch between storage and 
voiding ( fig. 1 ).

  During storage of urine, the goal is to achieve conti-
nence and maintain low intravesical pressure. This is for 
the better part regulated by the sympathetic nervous sys-
tem. Originating from Th10-L2, the sympathetic efferent 
motor neurons travel to the pelvis, the hypogastric plex-
us. Here, they will synapse in the ganglia of the pelvic 
plexus. The sympathetic neuron will then innervate the 
dome of the bladder, the bladder neck and urethra through 
adrenergic transmission. The dome of the bladder con-
tains mostly  � -adrenergic receptors (providing relax-
ation of the muscle), whereas the bladder neck and ure-
thra predominantly have  � -adrenergic receptors (provid-
ing contraction). 

  Afferent information about the degree of bladder fill-
ing originates from A �  fibres in the bladder wall and trav-
els through the lumbosacral spinal cord via the pelvic and 
hypogastric nerves to local interneurons and higher lev-
els of the central nervous system. If storage is to be main-
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 Abstract 

 The application of various forms of electrical stimulation is 
considered a therapeutic option to manage different types 
of lower urinary tract dysfunction. However, even though 
lower urinary tract dysfunction is common in patients with 
neurological disease, apart from patients with spinal cord 
injury, electrostimulation is still not widely applied in a neu-
rological patient population. Urologists frequently encoun-
ter patients with neurogenic lower urinary tract dysfunction 
in their daily practice. Often, the conservative treatment mo-
dalities do not offer adequate relief of symptoms in these 
patients. In most cases, surgical options including transure-
thral stents, augmentation cystoplasty stoma or derivation 
surgery are considered a last resort. With this in mind, it is 
essential that healthcare professionals are informed about 
the possibilities of nerve stimulation in neurogenic patients. 
We review the utilization and the results of electrical stimula-
tion by means of pudendal nerve stimulation, stimulation of 
the sacral nerve roots and lower limb stimulation in patients 
with neurogenic detrusor overactivity. 
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tained, the above-mentioned pathways will provide de-
trusor relaxation. Apart from relaxation of the bladder 
dome and contraction of the bladder neck initiated by the 
sympathetic nervous system, the so-called ‘guarding re-
flex’ provides a progressive, involuntary increase in the 
activity of the external urethral sphincter during bladder 
filling. With guarding reflex activation, it is believed that 
the afferent signals travel from the contracting external 
urethral sphincter via pudendal branches to the sacral 
cord and inhibit parasympathetic bladder motor neurons 
directly through spinal interneurons. Animal studies 
have shown that stimulation of the external urethral 
sphincter, through peripheral nerves (i.e. pudendal nerve 
and  tibial  nerve),  results  in  inhibition  of  detrusor activ-
ity  [1] .

  In case of bladder fullness and appropriate timing, the 
brain cortex will signal the pontine micturition centre. 
The pontine micturition centre will then stimulate para-
sympathetic preganglionic motor neurons in the sacral 
cord (originating from S2–S4), which in turn will activate 

postganglionic neurons in the pelvic ganglia. The musca-
rinic receptors located in the bladder are innervated by 
this parasympathetic input. Bladder contraction and the 
initiation of micturition is the result. 

  The somatic innervation of the rhabdosphincter is 
through the pudendal nerve. From S2–S4, where it origi-
nates, it travels trough the motor horn of the spinal cord 
directly to the   muscle fibres of the external urinary 
sphincter. In this process, the muscarinic receptor is the 
receptor of use. The control of the external urinary 
sphincter is voluntary. Voiding is initiated with relax-
ation of the rhabdosphincter and ends with its contrac-
tion. 

  Neurological disorders will often cause various types 
of disturbances of lower urinary tract functioning. Dam-
age to the central inhibitory pathways that inhibit the 
primitive voiding reflexes or sensitization of the periph-
eral afferent nerves to the bladder can trigger detrusor 
overactivity  [2] . Spinal lesions above the sacral micturi-
tion centre may cause hyperreflexia and dyssynergia of 
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  Fig. 1.  Neuroanatomy and pathophysiology. With permission from Michael Craggs. 
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function may be compromised by elevated intravesical 
pressure and reduced functional capacity. This may re-
sult in urinary incontinence and chronic renal failure  [4, 
5] . In neurogenic diseases like spinal cord injury (SCI) 
patients, the pathways that connect the pontine micturi-
tion centre to the sacral cord are interrupted. Immedi-
ately after the SCI, the detrusor is usually acontractile for 
a period of several weeks. We refer to this period as ‘the 
spinal shock phase’. After this period, 2 ‘detrusor exter-
nal sphincter dyssynergia’ (the sphincter contracts when 
the bladder is contracting) occur as a result of the lost re-
ciprocal coordination between bladder and sphincter as 
well as reflex detrusor contractions. This is a result of the 
normally ‘silent’ C-fibres taking over afferent control, 
forming a spinal segmental reflex.

  Sacral Nerve Stimulation and Modulation 

 Sacral Nerve Stimulation 
 Stimulation at the level of the sacral nerve roots is the 

most widely applied neurostimulation in neurogenic 
voiding dysfunction. 

  Stimulation of the anterior (efferent) axons of the 
sacral nerves (SARS – sacral anterior root stimulation), 
located intradurally in the cauda equina, has first been 
reported by Brindley  [6] . Combining the stimulation of 
SARS with sacral deafferentation, in order to abolish hy-
per-reflexia and gain bladder capacity and compliance, 
was shortly thereafter described by Sauerwein  [7]  ( fig. 2 ). 
After identifying and transecting the posterior sacral 
roots, the anterior roots of S2–S4 are placed in so-called 
electrode books. The connected leads are tunnelled sub-
cutaneously to the anterior abdominal wall. There they 
are connected to a receiver block. An external stimulator 
operated by the patient transmits radiofrequency signals 
to the receiver block. These signals excite the sacral ven-
tral roots. Stimulation is delivered to the sacral anterior 
roots to induce bladder contraction for bladder emptying. 
The electrical stimulation causes activation of small non-
myelinated efferent parasympathetic nerve fibres, direct-
ly inducing contraction of detrusor smooth muscles and 
external sphincter striated muscle. Bladder emptying is 
achieved by post-stimulus voiding: stimulation of the an-
terior roots results in both a contraction of the detrusor 
and the external urethral sphincter, but as the ‘fast twitch’ 
striated muscle fibres of the external sphincter contract 
and relax more quickly than the ‘slow twitch’ smooth 
muscle of the detrusor, intermittent stimulation will lead 

to effective bladder emptying between the 2 stimulation 
pulses. Other substantial advantages are an increased 
bladder capacity and bladder compliance, as well as pro-
tection of the upper urinary tract due to the abolition of 
detrusor hyper-reflexia, which also improves the conti-
nence status. A disadvantage is weakness of the pelvic 
floor muscles. The technique is only applied to paraplegic 
patients, mostly SCI patients with a complete suprasacral 
lesion. Follow-up results of this technique show a great 
efficacy and safety and increase in quality of life in SCI 
patients  [8, 9] . Complete continence was achieved in 73–
83% of the patients, and complications of urinary tract 
infections and deterioration of kidney function are only 
sporadically seen in patients with the implant. As a result 
of the complete dorsal rhizotomy, not only detrusor hy-
perreflexia is eliminated, but also a loss of reflex defeca-
tion and reflex erection/reflex lubrication will occur. In 
the majority of patients, efficient bowel emptying and/or 
erection/lubrication can also be achieved by stimula-
tion.

  The loss of reflex defecation and reflex erection/reflex 
lubrication as well as new developments in stimulation 
patterns have provoked a debate about the necessity of a 
complete dorsal rhizotomy. This led to the development 
of a sacral root stimulator technique using the established 

S2–5 sacral
posterior nerve

roots cut
bilaterally

Electrical
stimulation

of the S3 sacral
anterior roots

  Fig. 2.  Stimulation of the anterior (efferent) axons combined with 
deafferentation (posteriorly), as first reported by Brindley  [6]. 
With permission from Michael Craggs . 
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Finetech-Brindley stimulator combined with neuromod-
ulation of the posterior sacral roots. Instead of the deaf-
ferentation, neuromodulation is used to suppress detru-
sor hyper-reflexia. This concept is called SPARSI (sa-
cral posterior and anterior root stimulator implant)  [10]  
( fig. 3 ). Both continued as well as conditional neuromod-
ulation via a SPARSI was effective in 5 patients and may 
replace the need for rhizotomy. They do warrant caution 
in case of patients with persisting detrusor external 
sphincter dyssynergia, as it may prevent complete bladder 
emptying  [10] .

  Sacral Nerve Modulation 
 In 1980, Illis et al.  [11]  reported the beneficial effects 

of spinal cord stimulation in multiple sclerosis (MS) pa-
tients. By introducing electrodes into the epidural space, 
percutaneous test stimulation could be carried out. In 
case of success, permanent stimulation was offered. They 
state that the bladder dysfunction is the manifestation of 
MS, which responds best to spinal cord stimulation. Spi-

nal cord stimulation was first carried out with Davis and 
Geck electrodes and later with Avery or Medtronic elec-
trodes  [12, 13] . This way of neuromodulation is the pre-
decessor of neuromodulation through sacral afferent 
pathways.

  Electrical stimulation of the sacral afferent (sensory) 
roots (through which pudendal afferents pass) has been 
shown to inhibit bladder contractions in animals as well 
as in humans  [14] . Tanagho and Schmidt  [15]  observed 
that electrostimulation of the sacral root could inhibit 
inappropriate neural reflex behaviour. Stimulation of 
sacral roots can be achieved by implanting an electrode 
in the sacral foramina (preferably S3), which is connected 
to a pulse generator placed subcutaneously. It is believed 
that the principles underlying the possible mechanisms 
for sacral neuromodulation can be summarized as so-
matic afferent inhibition of sensory processing in the spi-
nal cord  [16] . In the earlier studies for sacral neuromodu-
lation, no report is made on whether patients with neu-
rological conditions were eligible for inclusion  [17, 18] . 
The first results of chronic stimulation of the sacral S3 
nerve by using an implantable device in 4 MS patients 
were published by Bosch and Groen  [19] . They stated that 
sacral nerve stimulation (SNS) therapy is feasible and that 
it is a promising treatment option for selected MS pa-
tients. Chartier-Kastler et al.  [20]  reported on long-term 
results of SNS in the treatment of 9 patients with neuro-
genic refractory urge incontinence. In this study, which 
comprised 5 MS patients, 75% subjective improvement 
after a mean follow-up of 46 months was observed. Re-
cently, Minardi et al.  [21]  published their preliminary re-
port on 5 patients treated with sacral neuromodulation 
and they again state that SNS can be a valuable treatment 
for neurogenic bladder disorders associated with MS. Al-
though several publications show that SNS can be of val-
ue in neurological patients, Scheepens et al.  [22]  found a 
4 times higher chance of a negative test stimulation for 
SNS in neurological patients.

  Stimulation of the Peripheral Nerves 

 Dorsile Penile/Clitoral Nerve Stimulation 
 The pudendal nerve originates in the nerve roots of 

S2–S4; it innervates the pelvic floor and external sphinc-
ter. The dorsal penile and clitoral nerves are the most su-
perficial and exclusively afferent branches of the puden-
dal nerve. These branches have frequently been used for 
electrical stimulation, as they are inhibitory to the mic-
turition reflex. In cat studies, spontaneous bladder con-

Electrical
stimulation
of pudendal

afferent
pathways

at the sacral
posterior roots

Electrical
stimulation

of the S3 sacral
anterior roots

  Fig. 3.  Stimulation of the anterior and the posterior roots
(SPARSI). With permission from Michael Craggs.   
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nerves  [23] . The application of pudendal nerve stimula-
tion in SCI patients showed a significant increase in cys-
tometric bladder capacity, due to the inhibitory actions 
on the micturition reflex, with continuous electrical 
stimulation of the dorsal penile/clitoral nerve. Dalmose 
et al.  [24]  showed that also conditional electrical stimula-
tion of the dorsal penile/clitoral nerve results in an inhi-
bition of detrusor contractions in SCI patients with neu-
rogenic detrusor overactivity (NDO), and therefore, an 
increase in bladder capacity. Even though the application 
of dorsal penile/clitoral nerve stimulation has been shown 
to be effective in inhibiting NDO and increasing bladder 
capacity in patients with SCI, the therapy is not widely 
applied, because a prerequisite for the clinical application 
of this treatment modality is a reliable stimulation tech-
nique. With the development of the implantable mini-
stimulator for the pudendal nerve – the Bion device (Ad-
vanced Bionics, Sylmar, Calif., USA)  [25]  – and a mini-
mally invasive procedure by Spinelli et al.  [26]  in which a 
tined lead is guided into the Alcock’s canal next to the 
pudendal nerve, a beginning can be made in investigat-
ing the applicability of pudendal nerve stimulation.

  Preliminary data of pudendal nerve stimulation with 
the tined lead in neurogenic patients with NDO show en-
couraging results  [26] . Preliminary data on the acute ef-
fects of conditional stimulation of the dorsal penile/clito-
ral nerve with surface electrode in MS patients are con-
sistent with the results in SCI patients  [27] .

  Tibial Nerve Stimulation 
 Stimulation of the tibial nerve has first been described 

as a neuromodulatory treatment option by McGuire et al. 
 [28]  in 1983. By stimulating the tibial nerve at the site of 
the medial malleolus of the ankle, detrusor activity could 
be suppressed in normal and spinal injured non-human 
primates. The tibial nerve contains fibres originating 
from the spinal roots L4–S3. From this site, also the so-
matic and autonomic nervous supply to the pelvic floor 
originate. It is believed that through this crossover tibial 
nerve stimulation works. Transcutaneous stimulation 
progressed to percutaneous stimulation and was initially 
known as Stoller afferent nerve stimulation. Currently, it 
is known as posterior tibial nerve stimulation (PTNS) 
 [29] .

  PTNS has a subjective efficacy of 63–64% and an ob-
jective efficacy of 46–54% in a non-neurogenic patient 
population with complaints of overactive bladder  [30, 31] . 
Little is known about its efficacy in patients with neuro-
genic lower urinary tract dysfunction. Petta et al.  [32]  

state that PTNS is an effective option to treat detrusor 
hyperreflexia. Clinical improvement was seen in 64% in 
a patient population comprising MS, myelitis, incomplete 
SCI, stroke and Parkinson’s disease. Finazzi et al.  [33]  re-
port that PTNS is an interesting treatment option in pa-
tients with MS. Subjective improvement was observed in 
8/11 (73%) of MS patients.

  Considerations 

 For many years now, electrical nerve stimulation and 
neuromodulation have been investigated and applied in 
the treatment of lower urinary tract dysfunction. Further 
optimizations of stimulation parameters and lead place-
ment have made nerve stimulation/modulation a well-ac-
cepted treatment option in patients in whom conserva-
tive treatment has failed.

  Although lower urinary tract dysfunction is very com-
mon in patients with a neurological condition, little clin-
ical research is done in the field of nerve stimulation and 
neuromodulation apart from neurostimulation in SCI. 
This is remarkable since these therapies are intended to 
correct nerve misbehaviour, and neurogenic patients are 
therefore the most logic group of patients to benefit from 
these treatments.

  The concepts of nerve regenerative treatments have in-
duced renewed caution for the utilization of the Finetech-
Brindley technique, as described by Sauerwein  [7] . It has 
led to new developments and modification of the tech-
nique (SPARSI). Further research in that field is being 
conducted to establish whether SPARSI can be as effec-
tive as SARS with posterior rhizotomy, especially with 
respect to the upper urinary tract. Implantation of a 
SPARSI device (without posterior rhizotomy) is so far not 
advised for patients with severe detrusor-external sphinc-
ter dyssynergia. Other developments are still in a pre-
clinical phase.

  Preliminary results of pudendal nerve stimulation in 
patients with a neurological condition show optimistic 
prospects. The long-term effects of pudendal nerve stim-
ulation with implanted devices have to be awaited.

  Even though neurogenic disease is considered a nega-
tive predictive factor for success, in MS patients, the avail-
able data show positive short- and long-term results. Fur-
ther research in SNS is needed in order to learn more 
about predictive factors for success and optimal stimula-
tion parameters in neurogenic patients, but it could be an 
acceptable treatment option.
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  Lower urinary tract dysfunction is a symptom in many 
neurological conditions (i.e. Parkinson’s disease, bifid 
spine, cerebrovascular disease, diabetes); unfortunately, 
conservative treatment often fails in these patients. Nerve 
stimulation and neuromodulation in these patients 
should also be considered before engaging in non-revers-
ible surgical options.

  Conclusions 

 Electrical nerve stimulation and neuromodulation has 
been widely and successfully applied in patients with SCI. 
In other neurological conditions leading to bladder mis-
behaviour, little research is done and extensive clinical 
evidence is lacking. 


