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Aim of this Thesis

The number of patients with Lower Urinary Tract Symptoms (LUTS) will continue to rise. Most 
important cause for this is the increasing average life span of the population of most developed 
countries. Furthermore, an increasing knowledge of the general public on this subject, generated 
by the media, will cause an increase in demand for health care interventions. This implies that 
workload for clinicians involved with treatment of LUTS will rise. Unfortunately, national health 
care budgets will not rise in parallel. Therefore, for justification of use of new treatment options, 
we must not only prove these new, sophisticated treatments to be more effective but also to be 
more cost-effective compared to existing treatments.

LUTS do highly affect patient’s quality of life. Patients with non-neurogenic lower urinary tract 
dysfunction may present with different complains: besides obstructive complaints in men, urge 
urinary incontinence, urgency and/or frequency, chronic pelvic pain or non-obstructive urinary 
retention. Treatments of choice options are firstly conservative and include pharmacotherapy 
(anticholinergic) and behavioural techniques (pelvic floor muscle exercises, bladder re-education). 
Unfortunately, only a limited number of patients do respond successful to these conservative opti-
ons, leaving a group of patients with refractory complaints. In the past, irreversible and aggressive 
surgical procedures, including urinary diversion and bladder augmentation were performed on 
these patients. 

Monitoring the efficacy of treatment modalities is often disappointing, especially the use of tra-
ditional parameters, like urodynamic proven detrusor overactitivity, does not lead to a better un-
derstanding and patient selection so far. In literature, the value of urethral pressure recording on 
traditional filling cystometry in relation to clinical treatment outcome is not clear. This is also true 
for the finding of urethral pressure changes (i.e. urethral instability) during filling cystometry.

With an increasing interest in the “pelvic floor” and multi-disciplinary approach to treat patients, 
there is a need to look for (urodynamic) parameters, which are valuable for both patient selec-
tion and measurement of treatment modalities. Since the 90’s, selected patients do respond with 
good result to new neuromodulation techniques like Sacral Neuromodulation. However, the exact 
mode of action is still not known as well as the value of urodynamic evaluation in the process of 
patients’ selection and assessment of clinical success. A better understanding of the mechanism of 
action is definitely needed for good selection of patients with refractory lower urinary tract dys-
functions, favourable for neuromodulation. Furthermore, increasing knowledge on urodynamic 
parameters and their role in patients selection as well as in evaluating treatment, will led to better 
clinical results. This thesis gives an outline of different neuromodulation techniques together with 
urodynamic changes evoked by neuromodulation. Also the predictive value of some urodynamic 
parameters, especially in relation to urethral pressure variations will be assessed.  The role of the 
urethra and its function seems to be underestimated so far.
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Neuromodulation: treatment modalities, indications, 
clinical efficacy, and mode of action 

Neuromodulation, in all its forms, offers a treatment option for patients with refractory lower 
urinary tract symptoms. Complaints in these patients may vary from voiding disorders, impaired 
micturition or chronic non-obstructive urinary retention to storing disorders, including complaints 
of an overactive bladder to chronic pelvic pain. Cause of the lower urinary tract dysfunction in 
patients without an objective neurogenic laesion is mostly unknown.
Neuromodulation is often used in patients with voiding symptoms who do not respond to conser-
vative therapy. Conservative therapies include physiotherapy, pharmacotherapy and behavioural 
techniques. In patients with chronic non-obstructive retention, clean intermittent catherization 
maybe the treatment of choice. From a patient’s point of view, this however is a burden with tedi-
ous side effects like urinary tract infections. Invasive extensive surgery is irreversible, and in many 
patients, does not lower the impact of their illness. Therefore, neuromodulation, especially the 
minor invasive techniques, maybe treatment option of choice for patients with refractory voiding 
symptoms, who failed all conservative therapeutic options.
Neuromodulation is defined as the physiological process in which the influence of the activity in 
one neural pathway modulates the pre-existing activity in another through synaptic interaction 
[1]. Different kind of therapies has been developed for different indications with variable clinical 
success, illustrating the difficulty to treat lower urinary tract dysfunction [2]. More recent, the 
use of Sacral Neuromodulation (SNM) and Percutaneous Tibial Nerve Stimulation (PTNS) has 
been emphasized [3,4]. Both treatment modalities have acceptable clinical success rates although 
patient selection still is a point of discussion and remains empiric [5]. Further investigation on 
patient selection is therefore strongly needed. Other ‘new’ neuromodulation treatment options 
included Transcutaneous Electrical Nerve Stimulation (TENS) and modulation of the pelvic floor 
by magnetic stimulation (‘magnetic chair’). Unfortunately, clinical success rates of both methods 
are limited [6].

The use of neuromodulation treatment in daily practice is relatively new.  Most research in this 
field is published during the last three decades. With increasing knowledge concerning neurophy-
siology, investigators were looking for therapeutic use of stimulation and modulation of the nerve 
system, both peripheral and central. Most of the work was empiric, but with time, clinical suc-
cess was fortunately increasing. Better knowledge of involved neurological connections between 
central and peripheral nerve systems and bladder however did not led to a straightforward expla-
nation of the mode of action and even nowadays there is debate on the working mechanisms of 
neuromodulation in the treatment of lower urinary tract dysfunction [7].  In recent years, more 
applications of various types have been developed. This review presents an overview of neuro-
modulation therapies together with different theories on the mode of action.



Sacral Neuromodulation (SNM)

In SNM therapy, also known as Sacral Nerve Stimulation. the third sacral nerve (S3) is stimulated 
by a permanent neurostimulator (InterStim®, Medtronic Inc., Minneapolis, Minnesota, USA). 
An electrode is placed in foramen S3 (sometimes S4)of the sacral bone by a dorsal approach and 
connected to the stimulator. Stimulation of the nerve occurs with a frequency of 10-20 pulses 
per second, a pulse width of 210 μsec, and variable amplitude. The procedure is considered as 
minimally invasive. Unfortunately, reported complication rate in the past was relative high and 
up to 30% of patients required a new operation. The improved temporary lead design makes the 
Peripheral Nerve Evaluation more reliable while new techniques, like the tined lead, make the 
procedure easier. This will hopefully lead to a decrease in re-operations and adverse events ratio 
over time.  

Several groups have studied the efficacy of SNM with the InterStim implantable neurostimulator 
intensively. Tanagho and Schmidt first reported on this treatment in 1982 after conducting ani-
mal studies [3]. In 1988, the three stages of electrode placement were discussed by Schmidt [8]. 
Reported results vary between 41% and 100%, depending on patient’s selection and treatment 
indication [9]. However, one should kept in mind that the reported success rates are obtained 
after patient selection based on a positive Percutaneous Nerve Evaluation (PNE) test. Patients are 
mostly considered for permanent implant after an improvement of more than 50% in their main 
voiding symptoms, as described by Schmidt, Senn and Tanagho [10]. Approximately 40% of 
selected candidates do not pass the PNE. Therefore, reported cure rates must be evaluated with 
some precaution. A prolonged testing with tined lead seems to be more reliable for accurate pa-
tient selection with implantation rate increased to 80%. At median follow-up of 22 months 88% 
of the implanted patients remain successful. No infection was reported during prolonged test 
period [11]. This new approach for patient selection will lead to more patients positively selected 
for permanent implant.

Indications for SNM
In 1997, SNM therapy was approved by the FDA for refractory urge urinary incontinence, fol-
lowed by urgency and frequency symptoms and chronic non-obstructive urinary retention in 
1999. Nowadays, patients with complaints of an ‘overactive bladder’ are considered candidates 
for SNM when their symptoms are persistent, do affect their quality of life significantly and do not 
respond to conservative treatment modalities. Contraindications are few. Patients with anatomic 
variations, like bone abnormalities of the sacrum cannot be treated by SNM due to difficulty to 
access the sacral foramen. Patients, in which future MRI studies are critical, must also be conside-
red as poor candidates. Furthermore, patients must be able to operate the device and report on 
comfort of stimulation. This is essential for optimal clinical result. Of course, patients who have 
failed the PNE test are inappropriate for permanent implant.
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SNM success rates for different indications

SNM for urge urinary incontinence (UI) and urgency/frequency (UF)
Reports on SNM outcome on symptoms of an overactive bladder (OAB), i.e. urgency and/or fre-
quency are mostly presented together with patients implanted with a permanent neurostimulator 
because of refractory UI.  
The efficacy of SNM for symptomatic treatment of refractory UI has been published extensively. 
Hassouna et al reported in 2000 on efficacy and safety for patients treated with sacral neuro-
modulation. Sacral neuromodulation is safe and shows significant clinical benefit in treated ur-
gency and frequency patients [12]. Long-term effectiveness, with an average follow-up of 30.8 
months, showed sustained benefit for urge urinary incontinence patients [13]. In 2006, Latini et 
al. reported an improvement in symptoms of ≥ 50% in 90% of patients with refractory UI, after 
one-staged or two-staged InterStim implant [14]. Number of urge incontinence episodes reduced 
by 74% and number of pads used per day by 83% compared to baseline. Statistically significant 
improvement in number of UI episodes and quality of life in both younger and older patients 
is seen [15]. The cure rates in patients with UI are associated with age, with individuals youn-
ger than 55 years having a statistically significant better cure rate. Long-term follow-up shows 
sustained benefit in over 2/3 of patients with refractory complaints of an OAB, implanted with a 
permanent neurostimulator [16]. Our 5-years follow-up results show a comprehensive outcome 
with a significant decrease in symptoms in 10 out of 15 UI patients [17]. In an independent inves-
tigation of 1827 implants from 34 clinical trials, InterStim therapy was shown to be an effective 
treatment option for the treatment of UI. In randomized controlled trials 80% of the patients 
achieved continence or more than 50% improvement in their symptoms, for case series reports 
this was 67% [18]. SNM may improve sexual frequency and sexual function scores in female 
patients with UF and UI. Device implant impacted sexual function in a positive way by decreasing 
urgency and by increasing desire [19]. Recently, the long-term results of 152 patients, enrolled 
in the worldwide MDT-103 study, were published. At 5-year follow-up, sacral neuromodulation 
was successful in 68% of patients with urge urinary incontinence, 56% with urgency/frequency 
and 71% with urinary retention [20]. 

SNM for chronic non-obstructive urinary retention
Jonas et al reported effectiveness in 83% of patients with urinary retention, 18 months after im-
plantation [21]. Efficacy rates up to 77%, with spontaneous voiding, have been reported on the 
long term in women with Fowler’s syndrome, treated by SNM. Mean post-void residual volume 
was 75 ml, which is acceptable [22]. Similar good results, defined as complete and lasting disap-
pearance of symptoms or satisfactory symptoms for the patients, were found by van Voskuilen et 
al. [16]. The presence of Fowler’s syndrome, with specific electromyography abnormalities of the 
external sphincter, is a positive predictive factor for SNM in female urinary retention. Idiopathic 
urinary retention patients do benefit as well, but the success rate might be less predictable [23]. 
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SNM for constipation and faecal incontinence
Following the use of SNM in patients with voiding disorders, beneficial effects for patients with 
concomitant bowel dysfunction was seen. SNM in faecal incontinence is not effective for all 
patients eligible for the procedure. A PNE test period of 2-3 weeks allows selection of those 
patients who are likely to respond with good result to a permanent implant [24]. Aetiology of 
faecal incontinence is various and idiopathic, obstetric, surgical and spinal cord pathology causes 
are mentioned. Complete faecal continence after SNM was reported in 41% to 75% of patients 
whereas an improvement of more than 50% in number of incontinence episodes was seen in 
96% of patients after permanent implant [25,26]. Similar results have been noted in patients with 
idiopathic constipation [27].
A total of 30000 patients are treated worldwide with InterStim therapy so far. With changing 
techniques, the procedure can now be performed under local anaesthesia and therefore be con-
sidered as minimally invasive. 

SNM mode of action
Recently, van der Pal et al. published on the mode of action of all neuromodulation techniques [7]. 
Once again, it is evident that a straightforward explanation on the mode of action is hard to give. 
Several hypothesis have been reported in the past. Generally, and adapted by most investigators, 
it is believed that SNM works via stimulation of afferent rather than efferent nerves [28]. Others 
however stated that direct stimulation of the nervus pudendus does explain working mechanism 
of SNM [29]. It is clear that further investigation is needed before this debate will be ended.
By novel neuroimaging techniques (Positron Emission Tomography, PET scan), the existence of 
abnormal interaction between brainstem and cortical centres in women with urinary retention 
was seen. The therapeutic effect of SNM is achieved through restoration of activity associated 
with brainstem auto regulation and attenuation of cingulate activity [30]. Blok et al. performed 
a PET-scan study on UI patients, previously implanted with a neurostimulator and UI patients, 
stimulated for the first time in the PET-scan. Group analysis between acute and chronic stimulated 
patients showed significant differences in the associative sensory cortex, premotor cortex and 
cerebellum, all three involved in learning behaviour. They concluded that acute SNM modulates 
brain areas involved in sensorimotor learning. Furthermore, chronic SNM influences, presumably 
via the spinal cord, brain areas previously involved in detrusor hyperactivy, awareness of bladder 
filling, the urge to void and timing of micturition. Also SNM affects areas involved in alertness 
and awareness [31]. 

Expanding indications for SNM
New frontiers for SNM therapy are patients with interstitial cystitis (IC), chronic pelvic pain syn-
dromes, neurogenic bladder dysfunctions (MS) and erectile dysfunction. 
IC symptoms include pelvic pain, dyspareunia, small voided volumes, frequency, nocturia, and 
urgency. Pharmacological therapy is varied and efficacy is often poor, indicating the difficulty to 
treat IC. A sustained clinical improvement in symptoms is reported by Comiter in a prospective 
study, evaluating SNM for refractory IC [32]. A decrease in narcotic requirement for refractory IC 
patients implanted by a permanent neurostimulator is noted. Patients were overwhelmingly satis-
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fied with SNM compared with prior therapies [33]. SNM elevates urinary levels of antiproliferative 
factor and epidermal growth factors in IC patients. This may explain restoration of normal voiding 
[34]. SNM improves quality of life and decreases severity and duration of patients with chronic 
genitourinary pain [35].  Cavernous nerve stimulation achieved full erections in a serie of 15 men 
with erectile dysfunction [36]. This therapy however is anecdotal at the moment. 
  

Percutaneous Tibial Nerve Stimulation (PTNS)

In PTNS, formerly called Stoller Afferent Nerve Stimulation (SANS), a needle electrode is placed 
near the tibial nerve, a few centimetres above the ankle. This spot is known by acupuncturists 
and considered of significance in treatment of urological symptoms [37]. The needle electrode is 
connected to an external neurostimulator generating 1-10 mA. Working mechanism is unknown. 
Patients are mostly treated weekly during a 9-week period. After this period, clinical benefit is 
evaluated and the treatment may be continued with an increasing time interval between tre-
atments. If treatment is terminated this usually results in return of patient’s symptoms. PTNS is 
indicated for refractory symptoms of an OAB, including UF and UI. Treatment is conducted in an 
outpatient setting and normally, the tibial nerve is stimulated for 30 minutes at an amplitude just 
below pain threshold. The tibial nerve is sometimes mentioned as posterior tibial nerve, indicating 
the existence of an anterior tibial nerve. Review of anatomy however shows there is no such 
nerve. Therefore, it is better to speak of tibial nerve in literature. The tibial nerve originates from 
spinal roots L4 through S3 and is a mixed sensory-motor nerve. A neuro feedback mechanism 
via the plexus pelvicus may reduce bladder activity, resulting in a decreased symptom awareness. 
Modulation of the somatic and autonomic nerve system may influence urinary sphincter and 
bladder behaviour.
Approximately 50% of all patients do respond positively on PTNS. Treatment however is relative-
ly time consuming and it remains unclear how and/or when treatment can be stopped. Increasing 
amount of patients may frustrate other activities at the outpatient department. For this reason, 
some urologists do perform PTNS in day care treatment. Fortunately, only minor side effects, 
mostly pain at the puncture site, have been reported.
PTNS efficacy is studied by several groups. In 1998, Payne published on a statistically significant 
improvement in 98 patients with frequency, incontinence and pelvic pain [38]. Van Balken et al. 
reported a success rate of 60% for urge urinary incontinence, defined as the wish of the patient 
to continue treatment after an initial 12-week treatment period. A decrease in leaking episodes of 
63% was observed, compared to 24% for those patients who did not respond successful. Seven 
out of 12 patients with non-obstructive retention were considered successful while no significant 
urodynamic changes could be observed for this group [39].    
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Transcutaneous Electrical Nerve Stimulation (TENS)

In TENS, carbon-rubber electrodes are placed on the skin and an external stimulator is connec-
ted. Intensity, pulse rate and pulse frequency of the stimulation vary in literature. Generally, two 
methods of TENS are used and published in literature, one providing direct S2 or S3 dermatome 
stimulation, the other placed suprapubically. First publication on this neuromodulation technique 
was by Fall et al. in 1980. In this study, suprapubical transcutaneous electrical nerve stimulation 
was used in interstitial cystitis patients with OAB symptoms and pain. Especially, this method was 
shown to be effective in relieving pain and decreasing frequency [40]. More recent studies on 
suprapubical TENS reported an improvement in voiding pattern of 26 to 73% in patients with 
non-neurogenic voiding dysfunctions [41,42]. By placement of the electrodes over S2 and S3 
dermatomes, a better clinical outcome was expected. Reported efficacy however was low and not 
favourable over anticholinergic drug therapy [43]. Promising results with sacral dermatomes TENS 
were noted by Walsh et al. Urgency improved in 60% while daytime voiding frequency even 
improved by 76% [44]. Unfortunately, if stimulation is stopped, symptoms return almost im-
mediately. Although stimulation is given at maximum tolerable intensity, the threshold for proper 
electrical stimulation of the nerves involved might not be reached by TENS. Unfortunately, this 
promising non-invasive technique did not show enough clinical outcome for a wide spread use in 
patients with non-neurogenic voiding dysfunctions. Side events seen in 1/3 of treated patients, 
are mainly local skin irritation at the site of the carbon-rubber electrodes.

Functional Electro Stimulation (FES)

Different minimally invasive techniques for neuromodulation have been tested, including various 
direct and indirect percutaneous, vaginal and anal modalities. 
Transvaginal stimulation is not well accepted by most patients. Disadvantages include the long 
period of treatment time and stimulation at high intensity, not easily tolerated by women with 
normal sensation in the pelvic region. Cure rates vary between 22 and 49% while an improve-
ment in outcome of 81% is reported [45,46].
The use of anal electrical stimulation did not find broad acceptance. Main reason for this is the 
physical and psychological discomfort, experienced by the patients. With newer more comfor-
table stimulation techniques, publications on this topic are rare nowadays. Studies published in 
the 70’s and 80’s often use both vaginal and anal stimulation. Improvement rates up to 100% 
are mentioned [47], but the average outcome is an improvement in symptoms of approximately 
50% [48]. 
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Functional Magnetic Stimulation (FMS) or Extracorporeal Magnetic Innervation 
therapy (ExMI)

Announced as a promising non-invasive technique some years ago, the ‘magnetic chair’ is not 
widely used in urologic daily practice nowadays. Main reason for this is the poor reported success 
ratio and relatively high costs of this new technique. Magnetic induction means that a current will 
flow in response to a changing magnetic field. FMS induces a controlled depolarization of adja-
cent nerves and subsequent muscle contraction Hypothesis for its mode of action may be ‘pelvic 
floor re-education’ by stimulation of the pelvis. By creating a strong magnetic field, nerves and 
muscles are stimulated, leading to contractions of all pelvic muscles. 
Several studies show different clinical outcome. It has to be stated that a wide variety of patients, 
with various refractory micturition disorders, are treated with this technique. In 74 patients with 
complaints of urge urinary incontinence, urgency/frequency, stress incontinence, mixed inconti-
nence and defecation problems, no change in pelvic floor function was seen [6]. According to 
Chandi et al. FMS for the treatment of urinary incontinence in women is a safe, non-invasive and 
painless treatment, and effective and easy to administer in an outpatient setting. In 58% of the 
patients an objective (>50%) improvement of incontinence was observed, 71% of the treated 
patients noticed a subjective improvement. Filling cystometry parameters post treatment did not 
show statistically significant changes compared to the data recorded prior to treatment [49]. A 
significant increase in urodynamic parameters maximum intraurethral pressure and maximum 
urethral closure pressure is seen during and after FMS [50]. A significant reduction in urinary in-
continence, measured by median number of pads, detrusor overactivity on cystometry and num-
ber of leakages, is reported by Galloway et al. [51].  Groenendijk et al. demonstrated significant 
urodynamic changes after ExMI; this however could not be correlated with clinical efficacy [52].
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Conclusions

Most of these neurostimulating or neuromodulating treatment modalities are tested and evalua-
ted in patients with different lower urinary tract symptoms like urge urinary incontinence, stress 
incontinence, combined urge- and stress urinary incontinence, symptoms of urgency or frequency 
and voiding difficulty. However, reported results are mostly not based on single blinded, placebo 
controlled studies. Therefore, it should be kept in mind that the reported results may be flawed 
due to patients selection, patients expectations and so on.
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Bladder and urethra anatomy

Improved knowledge of the female lower urinary tract is essential for a better understanding of 
pathophysiology of this tract. However, several problems still remain. Correlations between uro-
dynamic recordings and clinical observations remain insolvent, as we do not always know how to 
interpret the recorded findings. Therefore, anatomical understanding is of importance.

Bladder
The bladder consists of an outer adventitial layer of connective tissue, a smooth muscle layer and 
an inner layer of mucous membrane. A large complex meshwork of bundles of smooth muscle 
cells forms the muscular coat of the bladder; this structure is mostly known as the detrusor mus-
cle. Longitudinally orientated muscle bundles tend to predominate on the inner and outer aspects 
of the detrusor muscle coat [1]. Orientation of the smooth muscle detrusor bundles in a random 
fashion and at all depths of the bladder wall without an arrangement as discrete layers is reported 
by Elbadawi. Furthermore, there is no evidence for gross anatomic differences in males and fema-
les [2]. From a functional point of view, the detrusor comprises a single unit of interlaying smooth 
muscle fibres. On contraction, this will cause a reduction in all dimensions of the bladder lumen. 
The smooth muscle of the trigone consists of two distinct layers, often called deep and superficial 
trigonal muscles. The deep layer merges into the posteroinferior portion of the detrusor muscle. 
The superficial trigonal muscle is composed of relatively small diameter muscle bundles that are 
morphologically distinct from the detrusor muscle. Proximally, this layer is continuous with the 
urethral wall and distally with the smooth muscle of the proximal urethra [3].

Urethra
The mature female urethra has a length of 3 to 4 centimetre. The female urethra consists of an 
inner mucosal lining, continuous with the urothelium of the urinary bladder. Two layers of muscle 
bundles can be identified in the female urethra; an inner layer of smooth muscle fibres, and an 
outer layer of circularly arranged straited muscle fibres, the rhabdosphincter [3]. A thick inner 
sheet of longitudinal oriented fibres and a thin outer layer of circular fibres can be distinguished 
in the urethral smooth muscle layer. A spiral orientation of the inner circular smooth muscle layer 
was noticed by von Hayek [4]. Proximally, the urethral smooth muscles are continuous with the 
muscle bundles of the bladder neck. Distally, urethral smooth muscle fibres terminate in the sub-
cutaneous tissue surrounding the external urethral meatus. 
Anatomical studies have shown that the female urethra is a much more sophisticated system than 
was previously thought. In 1979, Huisman published his study on morfology of the female ure-
thra [5]. This study suggests that the longitudinal muscular layer of the detrusor muscle does not 
extend into the dorsal wall of the urethra. Other studies however concluded that the longitudinal 
muscular layer of the urethra is formed by extension of the inner detrusor muscle and that the 
semi-circular musculature of the urethra is an extension of the outer detrusor muscle layer [6,7]. 
This hypothesis is supported by others on basis of embryological studies [8]. 
The rhabdosphincter is circularly oriented with its thickest part in the middle third section of the 
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urethra. It is composed of both fast- and slow-twitch myofibers, with the slow-switch fibres 
dominating [9]. According to Gosling however, all myofibers of the rhabdosphincter are of the 
slow-twitch variety [10]. Rhabdosphincter fibres are therefore able to exert tone upon the ure-
thral lumen over a prolonged period. The urethral sphincter fibres (rhabdosphincter) are anato-
mically separate from the adjacent periurethral straited muscle of the anterior pelvic floor. In the 
third middle section, the straited muscle fibres do completely surround the urethra [1].  Cranially, 
rhabdosphincter fibres extend to the level of the bladder neck while caudally; the rhabdosphincter 
is attached to the lateral vaginal wall [11].

 Innervation of urethra and bladder

After years of extensive anatomical studies, even nowadays there is still debate on the innervation 
of the human pelvic floor. Only few anatomical studies were performed. Even a straightforward 
approach to determine the origin of a peripheral nerve, leads to a variety of conclusions. Especi-
ally, this is true for the pudendal nerve, the pelvic plexus and for the innervation of the external 
urethral sphincter [12]. All these structures are of major importance for pelvic floor function and 
control. For optimal control on pelvic floor function and micturition several organs and systems, 
from ‘top’ (brain) to ‘bottom’ (bladder and urethra), have to cooperate in a strict and decent way 
to ensure normal function of the lower urinary tract, including the autonomic nervous system 
(sympatic and parasympatic nerves) and somatic nervous system. Striated musculature of the 
pelvic floor, including the urethra, is innervated by the somatic pudendal nerve. 

Brain
Cerebellum, basal ganglia, limbic system, thalamus and hypothalamus are all involved in the 
control of micturition. The brain stem controls external urethral sphincter and detrusor tone [13]. 
Stimulation of the M-region in the dorsolateral pons, also called pontine micturition center or 
Barrington’s nucleus [14] produce detrusor contraction while bilateral destruction leads to chronic 
urinary retention [15]. Located more laterally in the dorsolateral pontine tegmentum is an area 
called the L-region. This area sends fibres to the nucleus of Onuf in the sacral cord, and is involved 
in motor innervation of the pelvic floor, including anal and external urethral sphincters. Electrical 
stimulation of the L-region leads to contraction of pelvic floor and urethral sphincter [14], bilateral 
lesions produce ‘urge’ urinary incontinence [15]. The M-region can be considered as micturition 
control center while the L-region is in control of storage of urine. Afferents in the pelvic nerves 
send sensory information with regard to bladder filling to sensory neurons in caudal lumbar and 
sacral spinal cord. This information enters the Peri Aqueductal Gray (PAG) that stimulates the M-
region. Micturition starts by inhibition of the urethral sphincter tone and activation of the detrusor 
muscle by sacral parasympatic neurons [16].

Spinal Center
The spinal center is the connexion between afferent and efferent pathways. In Onuf’s nucleus in 
the anterior horn of S2-S4, somatic efferents are located [17]. Th11-L2 in the spinal cord is the 
location of the sympatic neurons, parasympatic neurons are located in S2-S4 [18].
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Innervation of bladder and urethra
Parasympatic and sympatic afferent nerves of stimuli from the bladder wall proceed towards 
the spinal cord by the pelvic nerve, consisting of small myelinated A-δ and unmyelinated C-
fibres [19]. A-δ fibres detect bladder distension, C-fibres transfer bladder sensations like pain and 
temperature to the myelum. A-α fibres can be activated by sacral nerve stimulation while the 
threshold of A-δ and C-fibres is too high to achieve proper stimulating effects. The role of sym-
patic nerve afferents is still under investigation but they probably pass nociceptive information to 
the spinal cord.  
Sacral nerves mainly consist of neurons originating from the sacral anterior horn. Fine radiculi of 
myelinated and unmyelinated axons leave the spinal cord both dorsal and ventral to constitute 
radiculi.  The ventral radiculi fuse to form the radi and after passing the sacral foramen S1-S4, the 
rami enter the pelvic floor. Sympatic branches and efferent parasympatic neurons join these rami. 
Sacral nerves also contain afferent neurons, connected to the spinal cord by dorsal rami. Informa-
tion from the pelvic floor, and the bladder including for instance bladder filling, is transferred to 
the spinal cord by these afferent neurons. Sacral nerves form the sacral plexus, with both afferent 
and efferent nerve fibres [12]. The inner smooth muscle layer, orientated along the length of the 
urethra, is parasympatic innervated by the pelvic nerve while the mainly circulary orientated outer 
smooth muscle layer is innervated by the sympatic hypogastric nerve. The striated muscle layer 
receives its nerve fibres from the somatic branches of S2 and S3. 
Both the autonomic nervous system (parasympatic and sympatic nerves), and the somatic ner-
vous system are involved in controlling the lower urinary tract. Knowledge on these pathways is 
mainly based on animal studies and so far, consensus has not been established. Innervation and 
longitudinal orientation of the majority of the muscle fibres suggest that urethral smooth muscle 
in the female may be active during micturition, serving to shorten and widen the urethral lumen 
[1].
The external intrinsic urethral sphincter (the straited rhabdosphincter around the membranous 
urethra) and external extrinsic urethral sphincter, formed by the musculi levator ani and trans-
versus perinei muscles (pelvic floor), receive their innervation through somatic nerve components 
that emanate from S2 and primarily S3 [20]. 

Function of the lower urinary tract

Both bladder and urethra form a functional unit. The bladder functions as a reservoir while the 
urethra is the outlet. There has to be a close relation in working mechanism for proper voiding 
behaviour. The outmost layer of the urethra, formed by the straited circular muscle is also known 
as straited sphincter or rhabdosphincter. Most important function of this straited muscle is to 
achieve increase of urethral pressure during physical stress, thus leading to continence. Almost 
70% of the external urethral sphincter pressure derives from neural impulses from the S3 ventral 
root (m. levator ani en rhabdosphincter), the other 30% is contributed by S2 (pudendal nerve) 
[20]. Pelvic floor muscles are involved in the closing mechanisme of the female urethra. Training 
of pelvic floor muscles does diminish genuine stress incontinence.
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From a functional point of view, it is necessary for the pressure in the urinary bladder to exceed 
the closing pressure within the urethral lumen during voiding. Normally, a fall in urethral pres-
sure precedes a rise in pressure in the bladder lumen by active contraction of the smooth muscle 
detrusor. In case of unvoluntary contraction of the detrusor muscle, the pressure in the lumen of 
the urinary bladder may exceed that in the lumen of the urethra, thus resulting in undemand loss 
of urine. This complaint of involuntary leakage may be accompanied by or preceded by urgency 
and is now defined as urge urinary incontinence [21]. 
During bladder filling, somatic and sympatic arc reflexes are activated to promote continence 
[22]. Tension receptors in the bladder wall transport information concerning bladder filling by the 
afferent sympatic pelvic nerve. The efferent limb of the sympatic reflex travels within the nervus 
hypogastricus. This results in an increase in urethral smooth muscle tone and relaxation of the 
bladder wall [23]. The somatic reflex is conveyed in the pudendal nerve and leads to contraction 
of the external striated muscle urethral sphincter. If there is only small filling of the bladder, one 
is unconscious of this guarding reflex. If bladder filling increases, the spinal guarding pathway is 
transferred to a supraspinal mechanism, the pontine micturition centre, leading to a desire to void.  
If this reflex pathway is blocked, i.e. in patients with a complete spinal cord injury, this may lead 
to detrusor-sphincter dyssynergie [24]. Activation of this guarding reflexes may well be achieved 
by sacral neuromodulation, leading to a larger bladder capacity and increased First Sensation of 
Filling, seen in patients who respond well on the therapy [25]. This mechanism may also influence 
urethral pressure variations and diminished urethral instability [26].

‘Detrusor overactivity’

Well accepted nowadays is the urodynamic observation of unstable detrusor contractions during 
filling cystometry. According to the International Continence Society committee on standardisa-
tion of terminology in 1988, the “unstable detrusor” is “one that is shown objectively to contract, 
spontaneously or on provocation, during the filling phase while the patient is attempting to inhibit 
micturition” [27]. In 2002, the ICS changed the definitions of detrusor function during filling 
cystometry. “Detrusor overactivity” (DO) is now defined as an urodynamic observation charac-
terised by involuntary detrusor contractions during the filling phase that may be spontaneous 
or provoked. Idiopathic DO replaces “detrusor instability” when there is no defined cause [21]. 
The urodynamic finding of DO is recorded on filling cystometry. Filling velocity is mostly 50 ml/
minute, although several groups prefer 25 ml/minute for a more physiologic recording. Diuresis 
cystometry is advocated by van Venrooij and may increase the observation of DO [28]. However, 
cystometric results should be read with caution since involuntary detrusor contractions can be 
missed or provoked. About 30% of anamnestic urge cannot be confirmed on traditional cysto-
metry [29]. Therefore, some investigators advice natural filling of the bladder during an ambulant 
urodynamic registration [30]. Although far from standard, ambulant cystometric recordings can 
help to explain lower urinary tract symptoms in patients where conventional cystometry did not 
show abnormalities [31]. The diagnosis DO may be twice as high compared to traditional cys-
tometry [32]. However, ambulatory urodynamics has some important drawbacks and recordings 
should be read with precaution.



26

The importance of urodynamically observed idiopathic DO is still debated. Most important reason 
for this is lack of correlation between clinical success of a treatment modality and urodynamic 
recordings. Furthermore, DO is found in males and females without any micturition complaints. 
Also, in patients with severe lower urinary tract symptoms, often DO cannot be found on cysto-
metry. A rise in detrusor pressure of 15 cm water is mostly considered as sign of an involuntary 
detrusor contraction. Other thresholds have been used as well. Several studies tried to correlate 
urodynamically observed bladder function with lower urinary tract symptoms [33,34]. No evident 
correlations were found in voiding symptoms of several groups of patients compared to their 
cystometric recordings. Therefore, the diagnosis of idiopathic DO cannot be made clinically but 
is a strictly urodynamic one.
 
An attempt to define urethral instability based on our experiences

At the urology department of the Leiden University Medical Center, Leiden, The Netherlands, fil-
ling cytometry in females is performed with the MMS UD-2000 (Medical Measurement Systems, 
Enschede, the Netherlands) and a Gaeltec CTU/2E/L-4 12F (Gaeltec Ltd, Dunvegan, Isle of Skye, 
Scotland) catheter with 3 urethral sensors and 1 bladder sensor. Space between each urethral sen-
sor is 7 mm; distance between bladder pressure sensor and mid urethral pressure sensor is 50 mm. 
The mid urethral pressure sensor is positioned at the maximum urethral pressure. Urethral and 
detrusor function are monitored, both during filling and voiding. Three urethral sensors are neces-
sary to rule out artefacts due to movements of the catheter in the urethra during filling. Pressure 
changes caused by movement of the catheter will give a shift in recorded pressures. Only pressure 
changes that occur on all 3 urethral sensors are considered relevant, because these are caused by 
pressure changes in the major part of the urethra itself. We define URI when urethral pressure 
variations of more than 15 cm water are observed in all three urethral recordings. We have the 
impression that classification into ‘minor’ urethral pressure changes (16-30 cm water) and ‘major’ 
(>31 cm water) may be important for clinical practice. Slow periodical urethral pressure variations 
with durations of more than 10 seconds and with low amplitude, are considered as normal. The 
impact of presence or absence of DO for defining URI remains controversial in literature. We do 
not consider the presence or absence of DO of importance to define URI. Review of the literature 
did not reveal clear understanding whether sphincter EMG recording is necessary for diagnosing 
URI. Therefore, we do not take EMG recordings into consideration for the diagnosis of URI.  Most 
studies on urethral pressure variations during filling cystometry use only one urethral sensor. We 
measure urethral pressure variations with 3 urethral pressure sensors to rule out artefacts. The use 
of only one urethral pressure sensor may give incorrect recordings and result in a false prevalence 
for the presence of ‘truly’ URI. In order to achieve optimal localisation of the pressure sensors in 
the urethra, at least one sensor has to be positioned at the site of the maximum urethral pres-
sure. In the minority of cases it is impossible, as a result of urethral anatomy, to obtain urethral 
registration with all 3 sensors.
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Figure 1 shows the urodynamic recording of both urethral and detrusor behaviour during filling 
cystometry. Urethral pressure variations are clearly visible on all three urethral pressure recordings. 
Concomitant DO is not present in this female patient with symptoms of an OAB. 

Figure 1: Urethral pressure changes are present in all three urethral pressure measurements. The 
finding is defined as major URI, exceding an amplitude of more than 30 cm water.
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Only when urethral pressure variations are seen on all three urethral pressure recordings, we 
define the observation as URI. In this patient therefore, with urethral pressure changes only in 
the proximal and mid urethral sensor, the observation is not defined as URI. If only one urethral 
pressure sensor would have been used in the same patient, the observation might well be named 
URI (figure 2).

A clear drop in urethral pressure together with a non-physiological early FSF at 60 ml is demon-
strated seen in figure 3. With continuing filling, following FSF (a sensory parameter indicated 
by the patient), more pronounced URI is observed. In this patient, DO is also present.  Figure 3 
illustrates clearly that drops in urethral pressure are synchronic with rises in detrusor pressure. In 
figure 4, the FSF and a drop in urethral pressure is observed, together with an involuntary rise in 
detrusor pressure, indicating DO. During the filling phase further on, urethral pressure variations 
are seen without concomitant DO. 

  Introduction

Figure 2: Urethral pressure variations are only seen in 2 urethral recordings. This observation is 
not defined as URI.
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Figure 3: A pathological low First Sensation of Filling is seen at the start of major urethral pressure 
changes. In this patient detrusor overactivity is also present throughout the filling phase.

Figure 4: In figure 4, the First Sensation of Filling and a drop in urethral pressure is observed at 
15 ml of bladderfilling, together with an involuntary rise in detrusor pressure, indicating detrusor 
overactivity. During the filling phase urethral pressure changes are seen without concomitant 
detrusor overactivity.
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