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Throughout medical history, surgical treatments of various conditions involve 
removal of abnormal tissues and reconstruction of normal (or nearly normal) 
anatomy in order to improve a patient’s functional status. Such invasive pro-
cedures are highly morbid and may not accomplish the goal of correcting 
organ dysfunction. With the advent of neuromodulation, clinicians are now 
armed with minimally invasive techniques to identify and modify abnormal 
nerve conduction impulses to organ systems, which in turn provide either 
symptom relief or improvement.

The technology of neuromodulation continues to advance, and its applica-
tions are ever expanding. While this modality is currently indicated to treat a 
limited number of diseases and/or organ dysfunction, we hope this textbook 
demonstrates the depth and breadth of conditions that can respond to neuro-
modulation. We also look forward to the future of neuromodulation and its 
interface with modern digital technology, which can lead to noninvasive 
approaches that can be used at home and empower patients of all ages to man-
age these difficult conditions.

Royal Oak, MI, USA Jason P. Gilleran 
Columbus, OH, USA  Seth A. Alpert
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Basic Neuroanatomy 
and Neurophysiology of the Lower 
Urinary Tract

Lauren Tennyson and Christopher J. Chermansky

Key Points

• Review normal sympathetic and parasympa-
thetic neural connections within the lower uri-
nary tract.

• Review pathophysiology of urologic dysfunc-
tion that results from common neurologic dis-
orders, such as cerebrovascular accident, 
Parkinson’s disease, multiple sclerosis, and 
spinal cord injury.

• Review landmark basic science studies and 
relevant animal studies on neuromodulation 
from the last 10 years.

 Overview of the Lower Urinary Tract 
Neural Activity During Bladder 
Storage and Voiding

The lower urinary tract (LUT) serves to store and 
periodically eliminate urine through complex 
mechanisms coordinated by local, spinal, and 

brain circuits. These neural circuits coordinate the 
activities of the bladder and urethra, alternating 
between two primary modes of operation: urine 
storage and urine elimination [1]. The bladder 
remains in storage mode for the majority of the 
time, where it accommodates increasing volumes 
of urine at low pressures. Continence is main-
tained through neural reflexes that inhibit detrusor 
contractions and promote external urethral 
sphincter (EUS) activation. To initiate voiding, 
the neural reflex switches to allow EUS relaxation 
and bladder contraction, resulting in the flow of 
urine. This switch is triggered by the sensation of 
bladder fullness, and it is mediated by a long loop 
spinalbulbospinal reflex pathway [1]. Three sets 
of peripheral nerves are responsible for the coor-
dination of events involved in urine storage and 
expulsion: pelvic parasympathetic nerves, lumbar 
sympathetic nerves, and pudendal somatic nerves. 
These nerves contain afferent (sensory) fibers, 
which monitor bladder volume and the amplitude 
of bladder contractions.

Discrete neurologic lesions typically result in 
predictable patterns of LUT dysfunction. The 
nature of the dysfunction depends on the nervous 
system area affected, the function of that area, 
and whether the neurologic lesion is destructive, 
inflammatory, or irritative [2]. The pathophysiol-
ogy of the neurologic disorders commonly 
affecting LUT function will be described later in 
this chapter.

L. Tennyson 
Department of Urology, University of Pittsburgh 
Medical Center, Pittsburgh, PA, USA
e-mail: ginsburgle@upmc.edu 
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Department of Urology, UPMC Magee Womens 
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 Neural Connections to the Lower 
Urinary Tract

 Efferent Innervation to the LUT

Efferent pathways of the LUT include the pelvic, 
hypogastric, and pudendal nerves (Fig. 1.1). The 
motor innervation to the bladder is through pelvic 
parasympathetic nerves, which originate in the 
intermediolateral gray matter of the sacral spinal 
cord (S2–S4) and promote bladder emptying and 
urethral relaxation [3]. Both pre- and postgangli-
onic parasympathetic nerves release acetylcho-

line (ACh), an excitatory neurotransmitter that 
acts on muscarinic receptors (M2 and M3) within 
the detrusor to result in bladder contraction. 
Detrusor contraction and resultant urinary flow is 
mediated primarily by M3 receptors.

Bladder sympathetic nerves arise from the 
thoracic and lumbar spinal cord between T11-L2 
[3]. During bladder filling, these noradrenergic 
nerves provide inhibitory input to the bladder 
body and excitatory input to the urethra and blad-
der base, resulting in bladder relaxation and ure-
thral contraction. Peripheral sympathetic nerves 
travel a complex route through the sympathetic 

Fig. 1.1 Efferent pathways of the LUT. (a) Innervation of 
the female lower urinary tract. Sympathetic fibers (shown 
in blue) originate in the T11-L2 segments in the spinal cord 
and run through the inferior mesenteric ganglia (inferior 
mesenteric plexus, IMP) and hypogastric nerve (HGN) or 
through the paravertebral chain to enter the pelvic nerves at 
the base of the bladder and the urethra. Parasympathetic 
preganglionic fibers (shown in green) arise from the S2–S4 
spinal segments and travel in sacral roots and pelvic nerves 
(PEL) to ganglia in the pelvic plexus (PP) and in the blad-
der wall. This is where the postganglionic nerves that sup-
ply parasympathetic innervation to the bladder arise. 
Somatic motor nerves (shown in yellow) that supply the 
striated muscles of the external urethral sphincter arise 
from the S2–S4 motor neurons and pass through the 
pudendal nerves. (b) Efferent pathways and neurotransmit-
ter mechanisms that regulate the lower urinary tract. 
Parasympathetic postganglionic axons in the pelvic nerve 

release acetylcholine (ACh), which produces a bladder 
contraction by stimulating M3 muscarinic receptors in the 
bladder smooth muscle. Sympathetic postganglionic neu-
rons release noradrenaline (NA), which activates β3 adren-
ergic receptors to relax bladder smooth muscle and 
activates α2 adrenergic receptors to contract urethral 
smooth muscle. Somatic axons in the pudendal nerve also 
release ACh, which produces a contraction of the external 
sphincter striated muscle by activating nicotinic choliner-
gic receptors. Parasympathetic postganglionic nerves also 
release ATP, which excites bladder smooth muscle (not 
shown). L1 first lumbar root, S1 first sacral root, SHP supe-
rior hypogastric plexus, SN sciatic nerve, T9 ninth thoracic 
root. From: de Groat WM. Neuroanatomy and neurophysi-
ology: innervation of the lower urinary tract. In: Female 
Urology (Third Edition). Raz S, Rodríguez LV, eds. 
W.B. Saunders, Philadelphia;2008:26–46. Reprinted with 
permission from Elsevier

L. Tennyson and C. J. Chermansky
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chain ganglia to the inferior mesenteric ganglia 
and then through the hypogastric nerves to the 
pelvic ganglia [4]. Sympathetic input to the LUT 
is not essential for micturition to occur; however, 
sympathetic stimulation allows the bladder to 
accommodate larger volumes during filling/stor-
age [5]. Under normal conditions, the guarding 
reflex inhibits parasympathetic innervation of the 
detrusor during filling until bladder capacity is 
reached, at which point micturition begins. 
Surgical injury or pharmacologic blockade of 
bladder sympathetic nerves reduces outflow 
resistance, decreases bladder capacity, and 
increases the frequency and amplitude of bladder 
non-voiding contractions [6].

The motor nerves of the EUS originate in 
Onuf’s nucleus within S2–S4 and travel through 
the pudendal nerve to innervate the striated mus-
cles of the EUS and pelvic floor [7]. The puden-
dal nerve terminals release ACh, which acts on 
nicotinic cholinergic receptors to induce muscle 
contraction during storage/filling [8]. The activ-
ity of the sphincter EMG increases with bladder 
filling, reflecting an increase in efferent firing 
from the pudendal nerve which in turn increases 
bladder outlet resistance and contributes to uri-
nary continence [9]. During voiding, relaxation 
of urethral smooth muscle occurs by activation of 
a parasympathetic pathway, which triggers the 
release of nitric oxide, and by removal of adren-
ergic and somatic cholinergic excitatory inputs.

 Afferent Innervation to the LUT

The pelvic, hypogastric, and pudendal nerves 
carry afferent information from the LUT to the 
lumbosacral spinal cord. The majority of the 
afferent input from the bladder and urethra travel 
in the pelvic nerve, with a smaller component 
from the hypogastric nerve [10]. Signals from the 
striated muscles of the sphincter and pelvic floor 
travel through the pudendal nerve. Afferent 
nerves consist of small myelinated (Aδ) and 
unmyelinated (C) fibers. The Aδ-fibers in the 
bladder are located in the detrusor smooth mus-
cle and respond to detrusor stretching during 
bladder filling to convey a sense of fullness [11]. 

Unmyelinated C-fibers are located in both the 
detrusor muscle and lamina propria, and these C 
fibers lie directly adjacent to urothelial cells [12]. 
In humans, the somata of the pelvic and pudendal 
afferent nerves are located within the S2–S4 dor-
sal root ganglion (DRG), and the somata of the 
hypogastric nerve are within the T11-L2 
DRG. Afferent fibers enter the spinal cord 
through the dorsal horn where they diverge and 
project either locally to interneurons or to second 
order neurons which ascend to supraspinal cen-
ters involved in the control of micturition [13]. 
Interneurons make excitatory or inhibitory con-
nections that either facilitate segmental spinal 
reflexes or send longer projections to supraspinal 
centers.

The periaqueductal gray (PAG) and pontine 
micturition center (PMC) are two important 
supraspinal centers that control the micturition 
reflex (Fig. 1.2). The neural pathways between 
the PAG and PMC integrate afferent signals and 
descending commands from higher brain centers 
to transition from bladder storage to micturition 
[14, 15]. Chemical or electrical stimulation of the 
PMC in a feline model produces voiding that is 
similar to the micturition reflex, supporting the 
critical role the PMC in the micturition reflex 
pathway [16]. Experiments by Takasaki et al. 
sought to better define the role of the PAG in 
reflex micturition. They interrupted connections 
between the PAG and PMC in various places 
within the feline midbrain, and reflex bladder 
contractions were found to persist [17]. The 
authors concluded that the PAG does not have a 
critical role in reflex micturition, but rather the 
PAG transmits sensory information about bladder 
filling to higher brain centers. Stone et al. ques-
tioned these findings after they showed in a male 
rat model that the PAG was essential for micturi-
tion [18]. Thus, the role of the PAG in the mictu-
rition pathway remains unclear and may differ 
between species.

Electrophysiological studies in cats and rats 
have shown that the normal micturition reflex is 
triggered by myelinated Aδ-fibers that respond to 
both passive distension and active bladder con-
traction [19–22]. These nerves are silent when the 
bladder is empty, and during slow bladder  filling 

1 Basic Neuroanatomy and Neurophysiology of the Lower Urinary Tract
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they gradually increase in discharge frequency at 
intravesical pressures below 25 mmHg [23, 24]. 
Multiunit recordings have shown a successive 
recruitment of mechanoreceptors with different 
thresholds during bladder filling, and these thresh-
olds correlate with the intravesical pressures at 
which humans report the first sensation of bladder 
filling [1]. In cats, C-fibers are generally mecha-
noinsensitive and have been termed “silent 
C-fibers” [20]. They are nociceptive and respond 
to cold, chemical, or other noxious stimuli such as 

high potassium, low pH, and high osmolality [25, 
26]. Evidence exists that C-fibers become sensi-
tized and drive reflex bladder contractions after 
spinal cord injury (SCI) [27–29]. Animal models 
of SCI have provided convincing evidence that 
the spinal reflex that develops is clearly different 
from animals with intact spinal cords. In SCI cats, 
the spinal reflex occurs after a short delay of 
approximately 5  milliseconds (ms), and it is trig-
gered by C-fibers. This is in contrast to the mictu-
rition reflex in normal animals that occurs after a 

Fig. 1.2 Neural circuits that control continence and mic-
turition. (a) Urine storage reflexes. During the storage of 
urine, distention of the bladder produces low-level vesical 
afferent firing. This in turn stimulates the sympathetic out-
flow in the hypogastric nerve to the bladder outlet (the 
bladder base and the urethra) and the pudendal outflow to 
the external urethral sphincter. These responses occur by 
spinal reflex pathways and represent guarding reflexes, 
which promote continence. Sympathetic firing also inhib-
its contraction of the detrusor muscle and modulates neu-
rotransmission in bladder ganglia. A region in the rostral 
pons (the pontine storage center) might increase striated 
urethral sphincter activity. (b) Voiding reflexes. During 
the elimination of urine, intense bladder-afferent firing in 
the pelvic nerve activates spinobulbospinal reflex path-

ways (shown in blue) that pass through the pontine mictu-
rition center. This stimulates the parasympathetic outflow 
to the bladder and to the urethral smooth muscle (shown 
in green) and inhibits the sympathetic and pudendal out-
flow to the urethral outlet (shown in red). Ascending affer-
ent input from the spinal cord might pass through relay 
neurons in the periaqueductal gray (PAG) before reaching 
the pontine micturition center. Note that these diagrams 
do not address the generation of conscious bladder sensa-
tions, nor the mechanisms that underlie the switch from 
storage to voiding, both of which presumably involve 
cerebral circuits above the PAG. R represents receptors on 
afferent nerve terminals. From Fowler CJ, Griffiths D, de 
Groat WC. The neural control of micturition. Nat Rev 
Neurosci 2008;9:453–66 (Nature Publishing Group)

L. Tennyson and C. J. Chermansky
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longer central delay of 60–70 ms, and this reflex 
is triggered by Aδ-fibers [30]. The sensitization of 
“silent” C-fibers is mediated by alterations in cen-
tral neural connections and the properties of 
peripheral afferent receptors [31].

 Neurogenic Dysfunction 
of the Lower Urinary Tract

Neurologic lesions generally affect LUT function 
in a predictable manner, depending on location of 
injury within the nervous system. Lesions above 
the brainstem that affect micturition typically 
result in involuntary bladder contractions, 
referred to as neurogenic detrusor overactivity 
(NDO). Coordinated sphincter function is main-
tained with these lesions. Following a cerebro-
vascular accident (CVA), the most common type 
of LUT dysfunction is NDO, experienced by 
patients as urinary urgency and frequency with 
possible urgency urinary incontinence (UUI) [32, 
33]. Detrusor areflexia may occur initially after 
CVA. Patients with aphasia, diabetes mellitus, 
and a lower functional status have higher rates of 
urinary retention [34]. Additionally, although uri-
nary retention related to detrusor areflexia is very 
common in the acute phase following CVA, over 
95% of these patients will see resolution of their 
urinary retention within 2 months [35].

The relatively high rate of UUI after CVA has 
prompted investigators to look more closely at 
sphincter function. Khan et al. correlated urody-
namic findings with stroke location on computed 
tomography, and they found that only patients 
with lesions in the basal ganglia and thalamus 
had normal sphincter function [32]. Patients who 
had strokes involving the cerebral cortex, internal 
capsule, or both were unable to generate adequate 
sphincter contraction in this setting, and these 
patients leaked. Another study evaluating geriat-
ric patients with UUI found that half had reduced 
sensation of bladder filling. Thus, another possi-
ble mechanism for UUI after CVA is decreased 
bladder fullness and early urgency [36].

Parkinson’s disease (PD) is a movement disor-
der that is associated with the degradation of 
dopaminergic neurons in the substantia nigra of 

the basal ganglia. Researchers believe dopamine 
normally exerts an inhibitory effect on the mictu-
rition reflex, and therefore decreased dopamine 
leads to an exaggeration of voiding reflexes, 
manifested as LUTS. Studies on PD patients 
report that bladder storage symptoms are present 
in 57–83% of patients and voiding symptoms are 
seen in 17–27% [37]. The most common symp-
tom in PD patients is nocturia in >60%, followed 
by urgency in 33–54%, and frequency in 16–36% 
[38–40]. Urodynamic evaluation revealed neuro-
genic detrusor overactivity (NDO) in 67% of 
patients and detrusor hyporeflexia in 16%. 
Detrusor-external sphincter dyssynergia (DESD) 
and NDO with impaired contractile function 
were observed in 9% and 3%, respectively, and 
only at advanced stages. Normal detrusor func-
tion was seen in 6% [41].

Multiple sclerosis (MS), the most common 
neuroinflammatory disorder of the central ner-
vous system (CNS), is characterized by neural 
demyelination within the brain and spinal cord. 
Plaques are seen scattered throughout the white 
matter of the CNS, and they cause impaired axo-
nal conduction. Autopsy studies of MS patients 
have demonstrated evidence of cervical spinal 
cord demyelination, but lumbar and sacral cord 
involvement occurs in approximately 40% and 
18%, respectively [42]. Litwiller and colleagues 
published a comprehensive literature review of 
the genitourinary effects of MS on the LUT, and 
they reported urinary frequency and urgency in 
31–85% of patients, UUI in 37–72%, and urinary 
retention in 2–52% [43]. Recent urodynamic 
studies suggest that 62% of MS patients have 
NDO, 25% have NDO with DESD, 20% have 
detrusor underactivity, and 10% have no abnor-
mal urodynamic findings. Bladder filling sensa-
tions remain intact. Finally, it is important to 
distinguish pseudodyssynergia caused by strain-
ing to void from true DESD [44].

Spinal cord injury (SCI) interrupts normal 
bladder function by impairing both the  transmission 
of afferent information from the LUT to the higher 
brain centers and the efferent information that 
drives LUT function. Initially, SCI above the lum-
bosacral cord eliminates voluntary and supraspinal 
control of voiding, and this leads to a period of 

1 Basic Neuroanatomy and Neurophysiology of the Lower Urinary Tract
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bladder areflexia during spinal shock [30, 31]. 
Urinary retention can last from hours to years 
depending whether the suprasacral spinal cord 
lesion is complete or incomplete, and incomplete 
lesions generally result in shorter periods of reten-
tion [45]. After spinal shock recovery, there is syn-
aptic reorganization between the sacral cord and 
the bladder. The urodynamic findings of SCI 
patients with lesions between T6-S2 include 
absent bladder filling sensations, NDO, and 
DESD; there is no detrusor internal sphincter dys-
synergia (DISD).

Patients with injuries above T6 typically have 
NDO, DESD, and DISD. Furthermore, they can 
develop autonomic hyperreflexia, during which 
sympathetic nervous system reflexes become 
exaggerated in response to stimuli below the T6 
lesion. The symptoms from autonomic hyperre-
flexia include hypertension, bradycardia, head-
ache, and flushing/sweating above the lesion. The 
UI seen in these patients results from NDO and 
urinary retention (caused by DESD) with over-
flow. Sacral SCI below S2 results in detrusor are-
flexia with either normal or decreased compliance, 
which develops from neurologic decentralization 
and bladder wall fibrosis [46].

Because SCI results in damaged circuitry that 
regulates bladder and urethral sphincter function, 
there has been interest in artificially modulating 
the nervous system to both contract the detrusor 
and relax the external urethral sphincter [47]. An 
implantable device was created in the late 1970s 
by Brindley to stimulate the anterior sacral nerve 
roots S2–S4. Electrical stimulation at low fre-
quencies (10–30 Hz) was noted to induce detru-
sor contraction with concurrent external 
sphincteric contraction [48]. Furthermore, with 
intermittent stimulation, there was both sphinc-
teric relaxation and detrusor contraction, thereby 
allowing bladder emptying at low detrusor pres-
sures. Several stimulation/relaxation cycles were 
typically necessary to achieve adequate emptying 
[49]. While this device has shown promise, it has 
not been widely adopted as a treatment for detru-
sor underactivity (DU) in SCI patients. More 
recently, Sievert et al. investigated the benefit of 
early implantation of sacral nerve modulators 

during the acute phase of DU following thoracic 
SCI [50]. They found that early implantation of 
these devices helped to mitigate the development 
of NDO and improved urinary continence rates. 
Unfortunately, there has been limited success in 
advancing the application of neuromodulation to 
the treatment of SCI patients because of the com-
plexity of neurogenic LUT dysfunction, associ-
ated comorbidities, and the invasiveness and 
risks with current neuromodulation techniques 
[51, 52].

 Experimental Studies 
of Neuromodulation

Neuromodulation, either sacral or tibial, is a 
US Food and Drug Administration (FDA)-
approved treatment for pelvic organ disorders, 
including OAB (both approved) and fecal incon-
tinence (only sacral approved). Pelvic neuromod-
ulation stimulates somatic afferent fibers, thereby 
influencing continence and voiding reflex path-
ways within the spinal cord.

Sacral neuromodulation (SNM) and percuta-
neous tibial nerve stimulation (PTNS) are the two 
FDA-approved therapies currently on the market. 
It should be noted that SNM and PTNS are 
approved only for the treatment of LUT dysfunc-
tion that is nonneurogenic in nature. Experimental 
neurmodulation techniques that remain under 
investigation include pudendal nerve stimulation, 
transcutaneous tibial nerve stimulation, direct 
electrical stimulation of the bladder and urethra, 
and dorsal genital nerve stimulation [53].

The mechanisms underlying the effects of 
neuromodulation on LUT function have not been 
fully understood, but it is thought that stimulation 
of somatic afferent nerves entering the spinal 
cord modulate abnormal visceral sensations and/
or involuntary motor responses [53]. Multiple 
studies have contributed to an increased under-
standing of the mechanisms involved in the inhi-
bition of reflex bladder activity [54–58]. 
Differences exist based on the experimental 
model (nociceptive versus non-nociceptive, 
intact versus transected spinal cord versus decer-
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ebrate), stimulation parameters, site of action, 
and response to drugs [53]. In cats, tibial nerve 
stimulation (TNS) and pudendal nerve stimula-
tion (PNS) have been shown to inhibit the spino-
bulbospinal micturition reflex passing through 
the pontine micturition center (PMC); however, 
evidence suggests that they target different areas 
of the CNS through different neurotransmitters 
[59–61]. Initial studies suggested that PNS inhib-
ited the bladder via activation of sympathetic 
efferents within the hypogastric nerve [62]. The 
notion has since been challenged by studies dem-
onstrating that bilateral hypogastric nerve tran-
section weakens and not abolishes PNS inhibition 
on the bladder [63]. Tai et al. demonstrated that 
the inhibitory neurotransmitter GABAA within 
the lumbosacral spinal cord is required for PNS 
bladder inhibition, and they suggested that gly-
cineric, adrenergic, and opioidergic mechanisms 
may not be necessary [64]. In addition, Tai et al. 
showed that opioid receptors play an important 
role in tibial neuromodulation but not pudendal 
neuromodulation [59, 65]. In the cat model, 
Rogers et al. showed that PNS inhibition remains 
effective in spinal cord transected and TNS inhi-
bition does not [61]. This study provides evi-
dence that tibial nerve afferents cannot directly 
inhibit the nociceptive C-fiber-mediated bladder 
reflexes within the lumbosacral spinal cord. Thus, 
TNS requires intact supraspinal pathways. 
Additional investigations are necessary to further 
elucidate sites and mechanisms of action.

PNS is frequency dependent, and it has an 
inhibitory effect at low frequencies (3–10 Hz) 
and an excitatory effect at higher frequencies 
(20–30 Hz). PNS is only effective during the 
period of stimulation, and the effects cease within 
minutes of stimulus termination. This lack of a 
post- stimulatory effect limits the clinical trans-
latability of PNS [54, 62]. TNS has an inhibitory 
effect across a broad range of frequencies 
(5–30 Hz) [52]. Tai et al. recently showed that the 
inhibitory effects of TNS persist for more than 
2 h after termination of stimulus [60]. These 
basic science results were consistent with clinical 
reports demonstrating prolonged inhibitory 
effects following PTNS in OAB patients.

Zhang et al. recently established a feline ani-
mal model to compare the effects of sacral neuro-
modulation on reflex bladder activity to other 
types of neuromodulation [54]. They found that 
S1–S3 dorsal root stimulation, and not S1–S3 
ventral root stimulation, inhibited reflex bladder 
activity. They also discovered that similar to 
TNS, there was a poststimulation inhibitory 
effect that maintained an increase in bladder 
capacity. They concluded that SNM inhibition of 
reflex bladder activity occurs in the CNS via inhi-
bition of ascending or descending pathways of 
the spinobulbospinal micturition reflex.

Evidence that neuromodulation is at least in 
part acting on the afferent pathway of the micturi-
tion reflex is offered by experiments that showed 
increased bladder capacity without changes in the 
amplitudes of reflex bladder contractions [5]. This 
is because afferent signaling delays the gating of 
the all-or-nothing PAG-PMC switch in the reflex 
circuit without affecting efferent pathways. These 
results are consistent with the clinical findings that 
neuromodulation reduces urinary urgency and uri-
nary frequency without impacting voiding effi-
ciency [53]. Although not FDA approved, 
pudendal neuromodulation has been shown in pre-
liminary studies to rival sacral neuromodulation 
for patients with OAB and non-obstructive urinary 
retention [66].

 Conclusion

The information presented in this chapter reveals 
the complexity of the neural control of micturi-
tion, incorporating nicely the role of neuromodu-
lation in correcting LUT dysfunction. Future 
research will hopefully answer these remaining 
questions: (1) Does neuromodulation result in 
permanent changes in neural control (neuroplas-
ticity)? (2) Does neuromodulation treat symp-
toms alone, or can it also correct pathophysiologic 
processes? Uncovering and confirming pelvic 
neuromodulatory mechanisms of action in ani-
mal models and validating them in humans will 
expand potential treatment options for LUT 
dysfunction.
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 Neuromodulation for Pain

Chronic pain is a disabling condition that has a 
variety of clinical presentations and confers an 
enormous personal, social, and economic burden. 
Despite medical and technical advancements, the 
treatment of chronic pain syndromes continues to 
be challenging and often frustrating for both the 
patient and healthcare provider. In response to 
these challenges, the field of neuromodulation 
has emerged as a critical component of a multi-
disciplinary approach to pain management. 
Neuromodulation refers to the modification or 
alteration of normal nervous system activity via 
the precise delivery of electrical stimulation or 
pharmacological agent to the brain, spinal cord, 
or peripheral nerves.

The introduction of the “gate control” the-
ory of pain in 1965 was instrumental in the 
formulation of modern understandings of pain 
mechanisms [1] and laid the foundation for the 
development of unique neurosurgical treat-
ments and the use of neuromodulation. 
According to this theory, stimulation of large-

diameter afferent fibers that carry light touch 
and proprioception sensory information to the 
dorsal horn of the spinal cord has an inhibitory 
effect on small- diameter fibers that relay nox-
ious pain-related signals and have a higher 
threshold of activation. Thus, pain pathways 
were hypothesized to be dynamic and poten-
tially modifiable. Prior to this revelation, the 
surgical treatment of pain primarily involved 
ablative and irreversible procedures [2], but 
the discovery that pain pathways are modifi-
able allowed a shift in focus from destructive 
ablation of pain pathways to reversible neuro-
modulation procedures.

The gate control theory directly led to two 
pivotal studies in the development of neuro-
modulation as a pain management paradigm: 
peripheral nerve stimulation (PNS) by Wall and 
Sweet [3], and dorsal column stimulation by 
Shealy et al. [4], both published in 1967. The 
theory behind dorsal column stimulation, now 
referred to as spinal cord stimulation (SCS), is 
that retrograde transmission of a stimulation 
impulse to the dorsal root entry zone of the 
affected spinal level “closes the gate” and 
inhibits pain neurotransmission. In effect, stim-
ulation can be adjusted to provide a non- painful 
instead of painful sensation. The successes of 
these initial experiments were realized by the 
development of implantable stimulator devices 
[5, 6] and the foundation of modern neuromod-
ulation procedures.
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Subsequently, additional modalities of 
neurostimulation have been utilized in the neu-
rosurgical treatment of pain, including deep 
brain stimulation (DBS) and motor cortex stim-
ulation (MCS). Although the primary use of 
DBS is in the treatment of movement disorders, 
its role in pain management has its foundations 
in the early observations by Heath and Mickle 
that septal stimulation was able to alleviate 
intractable pain related to cancer or rheumatoid 
arthritis [7]. Stimulation of additional compo-
nents of the mesolimbic pathway, including the 
medial forebrain bundle, has also been demon-
strated to alleviate cancer-related pain [8]. 
However, the modern use of DBS in the treat-
ment of intractable pain owes much to the dis-
covery of the sensory thalamus [9, 10] and 
periventricular areas [11, 12] as targets for 
chronic stimulation. Stimulation of the motor 
cortex was then developed in response to the 
inadequacy of treating central deafferentation 
pain with DBS [13], although its clinical effi-
cacy continues to be debated.

Another facet of neuromodulation is chemical 
modulation via precise drug delivery. This was 
first described in 1979 when lasting anesthesia 
was found following the intrathecal (IT) or 
epidural administration of morphine [14, 15]. 
The use of IT therapy and implantable intrathecal 
drug delivery systems in the treatment of 
spasticity and pain syndromes has since rapidly 
expanded to utilize a variety of opioid and non- 
opioid agents.

Since development of the first implantable 
neuromodulation devices, the technology has 
continued to improve and, despite increasing 
sophistication and complexity, implantable 
devices have become smaller and more user- 
friendly. In addition, the indications for the use of 
neuromodulation in the treatment of chronic pain 
have expanded and become more diverse. The 
aim of this chapter is to review the indications for 
and evidence underlying commonly employed 
neuromodulation procedures in the treatment of 
chronic non-urologic pain.

 Spinal Cord Stimulation

The initial case reported by Shealy et al. involved 
the placement of an epidural electrode at the T3 
thoracic level for the alleviation of chest and 
abdominal pain related to metastatic bronchogenic 
carcinoma [4]. Subsequently, SCS has been 
studied in the treatment of many presentations of 
chronic pain, and in its current form, SCS has 
shown to be most efficacious in the treatment of 
neuropathic extremity pain. The effect of SCS on 
neuropathic axial pain is more controversial and 
is generally thought to be ineffective for 
nociceptive pain; pain related to ischemia in an 
exception, but these effects are likely to be due to 
induced changes in blood flow rather than direct 
modification of pain pathways. The use of SCS in 
the treatment of chronic pain is FDA approved 
and is most commonly utilized in the context of 
failed back surgery syndrome (FBSS) and 
complex regional pain syndrome (CRPS) [16].

FBSS refers to the development of chronic 
pain in a patient who has previously undergone 
back surgery and is also known as post- 
laminectomy syndrome. When considering 
treatment of FBSS, it is important to recognize 
that SCS is effective for primarily appendicular 
pain, with axial pain being less responsive. In 
appropriately selected patients, SCS has been 
demonstrated to provide superior pain relief and 
improved quality-of-life outcomes when 
compared to standard therapy alone [17–19]. The 
long-term cost-effectiveness of SCS has also 
been demonstrated, despite high initial costs of 
the hardware [20]. In addition to FBSS, SCS is 
highly effective in the initial treatment of patients 
with CRPS, with randomized control trials dem-
onstrating improved pain control and quality  of 
 life [21, 22]. Long-term observations have 
described diminishing effectiveness over time 
although with a high rate of patient satisfaction 
[23]. Although the majority of studies examining 
the effectiveness for SCS in the treatment of 
neuropathic pain syndromes are observational or 
retrospective in nature, it appears that at least 
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50% of patients are satisfied with the quality of 
pain relief [24–26].

Interestingly, SCS has also been demonstrated 
to provide significant benefit in those patients 
with nociceptive ischemic pain conditions, 
particularly peripheral vascular disease and 
angina pectoris. One of the first clinical reports 
on the treatment of peripheral vascular disease 
with SCS was published in 1976 [27] although its 
use would not gain prominence until the 1980s 
and 1990s [28, 29]. In addition to the effects of 
SCS on pain alleviation associated with ischemic 
disease, much clinical interest has also been 
related to the potential for improved limb salvage 
and wound healing, which has been demonstrated 
in a number of randomized and prospective 
studies [30, 31]. The efficacy of SCS on ischemic 
pain is actually greater than that for neuropathic 
pain; in fact, up to 90% of patients will describe 
significant relief from pain related to angina, as 
well as fewer angina attacks and emergency 
room visits [29, 32]. These anti-anginal and anti- 
ischemic effects have a physiological correlate, 
such as reducing myocardial oxygen consump-
tion [33]. These patients also have better exercise 
tolerance and reduced nitrate consumption [34] 

and have an improved New York Heart 
Association functional class [35].

Stimulation is delivered via epidural leads 
placed either percutaneously or as a surgically 
placed paddle lead (Fig. 2.1). Conventional stim-
ulation parameters involve the tonic delivery of 
current, usually within 40–80 Hz. Newer neuro-
stimulator technology has recently been devel-
oped that is capable of delivering paresthesia-free 
stimulation. One technology involves the deliv-
ery of high pulses rates up to 10,000 Hz [36, 37], 
whereas the other delivers non-tonic “bursts” of 
stimulation [38, 39]. Early clinical observations 
demonstrate a greater ability to target axial neu-
ropathic pain, in addition to salvaging patients 
who have failed or are non- responders to conven-
tional SCS. Furthermore, there is interest in addi-
tional SCS targets, including the dorsal root 
ganglion (DRG). Preliminary studies indicate 
that DRG stimulation may be able to provide 
highly targeted pain control to treat focal neuro-
pathic or nociceptive pain [40, 41].

Despite decades of clinical experience, our 
understanding of the mechanisms underlying 
SCS remain elusive. This is complicated by the 
fact that preclinical models are not truly transla-

Fig. 2.1 Intraoperative fluoroscopy demonstrating 
percutaneous placement of thoracic epidural spinal 
cord stimulator electrodes in a vertical (a) and side-by-side 

(b) orientation. Placement of epidural paddle lead via tho-
racic laminotomy (c)
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tional due to the reliance on animal analogs of 
pain, described as “pain-like behaviors” and 
including measures such as withdrawal reflexes 
[42, 43]. In addition to the gate control theory, 
numerous other mechanisms have been hypothe-
sized, including modulation of neurotransmitters, 
supraspinal centers, and sympathetic outputs 
[40]. Despite the lack of a clear mechanism, there 
is ample clinical and observational evidence for 
the effectiveness of SCS.

 Peripheral Nerve Stimulation

In the same year that Shealy et al. published their 
landmark study on dorsal column stimulation, 
Wall and Sweet stimulated their own infraorbital 
nerves to test the gate control theory of pain [3]. 
Subsequently, they implanted subcutaneous or 
surface electrodes in patients with chronic 
cutaneous pain, resulting in suppression of pain 
signals during stimulation [3]. Encouraged by 
these early results, a permanent PNS device was 
implanted into a patient with a previous median 
nerve injury [44], establishing PNS as a viable 
treatment modality in management of chronic 
pain. For the next few decades, PNS devices 
were implanted via open surgery until the 
introduction of percutaneous lead placement in 
1999 [45, 46]. Due to the diversity of neuropathic 
pain syndromes attributable to peripheral nerve 
etiology, there have been numerous attempts at 
defining a variety of indications for PNS. 
However, the use of PNS is not as widespread as 
other neuromodulation modalities, and thus the 
literature lacks robust, long-term data. Currently, 
the vast majority of PNS devices are not FDA 
approved and are used off-label.

The most common indication for PNS is per-
cutaneous occipital nerve stimulation (ONS) for 
occipital neuralgia, which is a pain syndrome 
characterized predominantly by sharp and 
electrical pain in the distribution of the occipital 
nerves. Weiner and Reed described the first use of 
percutaneous ONS in the treatment of occipital 
neuralgia as an alternative to traditional open 
techniques [45]. This was followed by numerous 
prospective and retrospective case series [47–

50], defining ONS as a viable treatment option in 
the treatment of medically intractable occipital 
neuralgia [51]. However, there are few 
robust prospective studies, and most contain 
small patient populations without a control or 
comparison group [51]. Despite these limitations, 
significant pain alleviation has often been 
described, with sustained resolution up to 1 year.

Additional indications for the use of PNS 
include broadly defined headaches and facial 
pain. ONS has been used in the treatment of 
chronic migraines, as stimulation of the occipital 
nerves can modulate areas innervated by the 
cervical and trigeminal nerves [46, 52]. Previous 
studies have demonstrated the feasibility of this 
treatment modality in chronic migraines [53], 
although the long-term effectiveness is debatable 
and warrants further study [54]. Sphenopalatine 
ganglion stimulation has been investigated for 
the treatment of cluster headaches, with promis-
ing early results [55]. Facial pain syndromes 
which are considered indications for PNS include 
pain secondary to peripheral nerve injury, trigem-
inal neuralgia, post-stroke central pain, and post- 
herpetic neuralgia [40]; with the exception of this 
latter indication of post-herpetic neuralgia [56], 
the effectiveness of PNS has consistently been 
demonstrated. Typical targets include branches 
of the trigeminal nerve [57] or the trigeminal 
ganglion itself [56].

A distinction must be made between PNS and 
peripheral nerve field stimulation; the former 
directly targets the nerve itself whereas the latter 
targets a non-dermatomal area or “field” of pain, 
typically via a subcutaneously inserted electrode 
[40]. There are a wide variety of indications for 
this type of stimulation, including joint, low 
back, chest wall, and abdominal wall pain [46]. 
The use of peripheral nerve field stimulation has 
also been described as an adjunct to SCS, 
potentially offering superior back pain control 
when SCS as monotherapy is ineffective [58, 59].

The percutaneous surgical technique of PNS 
device implantation is relatively simple, with few 
contraindications and a low risk of injuring 
neurovascular structures. As such, there is 
continued interest in this field to develop new 
stimulation devices and define appropriate 
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clinical indications. As this field lacks robust and 
standardized data, this will necessitate the 
development of adequately powered studies in 
the future.

 Deep Brain Stimulation

The discovery of DBS as a potential pain treat-
ment modality predates SCS [7], but studies to 
identify appropriate stimulation targets were not 
performed until the 1970s. Common targets for 
intracranial stimulation with DBS include the 
sensory thalamus [9, 60] and periventricular- 
periaqueductal gray (PVG-PAG), which are 
generally targeted for neuropathic and nocicep-
tive pain, respectively (Fig. 2.2). Additional tar-
gets have been described but are not commonly 
used, including internal capsule [61] and centro-
median nucleus [62]. Currently, DBS is not 
FDA  approved for pain [63] and is considered 
off-label.

Stimulation of the sensory thalamus is one of 
the primary indications for the use of DBS in the 
treatment of neuropathic pain. The thalamus has 
a well-studied role in pain signaling, and certain 

stimulation parameters are known to induce 
painful sensations [64]. Some of the earliest 
studies by Hosobuchi et al. [9] and Mazars et al. 
[65] targeted the sensory thalamus in the 
treatment of facial anesthesia dolorosa, phantom 
limb pain, and post-stroke central pain. Although 
these early studies reported alleviation of pain in 
the early post-operative period, the effects of 
stimulation were observed eventually to wane 
and pain almost invariably recurred. It has been 
suggested that much of the early therapeutic 
effect may have been related to electrode 
insertion as opposed to ongoing stimulation [66].

Early preclinical studies in rats identified that 
PVG-PAG stimulation can provide an anti- 
nociceptive role without the need for additional 
chemical anesthetic agents [67] although stimu-
lation has also been observed to be effective in 
certain neuropathic pain syndromes as well [68]. 
This therapeutic effect on anti-nociception has 
been hypothesized to be mediated by endorphin 
release [12]; however, the role of endogenous 
opioids has been debated, as the therapeutic 
effect of stimulation has been demonstrated to be 
reversed by both naloxone [69] and placebo [70]. 
Thus, the analgesic effects of PVG-PAG stimula-

Fig. 2.2 Preoperative planning for deep brain stimulator 
electrode insertion in a patient with previous left middle 
cerebral artery infarction and post-stroke central pain. 
Coronal (a) and axial (b) T1-weighted MRI demonstrates 

trajectory for electrodes targeting the left ventrocaudal 
nucleus of the thalamus (lateral) and periventricular gray 
matter (medial)
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tion are believed to be multifactorial, encompass-
ing both opioid and non-opioid mechanisms. 
Functional imaging has also demonstrated activa-
tion of the anterior cingulate cortex, suggesting a 
potential modulatory role of the emotional 
response to pain [71]. Interestingly, a potential 
side effect of PVG-PAG stimulation in humans is 
characterized by a fearful response, or an 
“impending sense of dread” [66].

Despite initial enthusiasm and generally high 
reported rates of success, the clinical efficacy of 
DBS as a pain treatment modality has not held up 
to scrutiny [63] although the efficacy may be 
dependent on patient selection and clinical 
indication [72]. As a result, clinical efficacy has 
been reported in the range of 20–80% of treated 
patients [68, 73, 74]. In general, nociceptive pain 
appears to respond better than neuropathic or 
deafferentation pain [72]. Unfortunately, PVG- 
PAG stimulation is particularly susceptible to 
tolerance, with the need for higher stimulation 
parameters over time to achieve the same 
therapeutic effect [61]. Currently, DBS continues 
to be used clinically in the treatment of pain, and 
electrodes are often inserted to target both the 
sensory thalamus and PVG-PAG simultaneously.

The field of DBS continues to evolve as poten-
tial new targets and clinical indications are iden-
tified. The anterior limb of the internal capsule 
and ventral capsule and ventral striatal area have 
been identified as potential therapeutic targets for 
obsessive-compulsive disorder [75] and treat-
ment-refractory depression [76, 77], respectively, 
although the clinical effectiveness has not been 
realized in larger clinical studies. It has been 
hypothesized that targeting the affective compo-
nent of pain may be as important as the sensory-
discriminative components, suggesting a 
potential avenue for future study [78].

 Motor Cortex Stimulation

Motor cortex stimulation (MCS) was developed 
in response to the inadequacy of DBS in treating 
central deafferentation pain syndromes, including 
atypical trigeminal neuropathic pain and post- 
stroke central pain. These are less common forms 

of neuropathic pain which manifest as a result of 
spinothalamic tract injury and sensory conduction 
interruption, causing sensitization and 
hyperactivity of normal sensory neurons; these 
syndromes tend to be refractory to conservative 
and interventional management [79]. The use of 
MCS has been expanded to a number of other 
neuropathic pain syndromes, including pain 
related to peripheral nerve injury, spinal cord 
injury and phantom limb pain, although robust, 
long-term data are lacking [80]. As with DBS, 
the use of MCS in the treatment of pain is not 
FDA approved and is thus considered off-label.

The initial preclinical studies of MCS in the 
treatment of central deafferentation pain utilized 
ablation of the anterior spinothalamic tract in a 
cat model, resulting in hypersensitivity of the 
thalamic sensory nucleus [81]. With MCS, a 
decrease in mean spike density was observed, 
suggesting that thalamic hyperactivity had been 
reduced. These preclinical results were then 
translated into human studies, primarily in 
patients with pain secondary to hemorrhagic or 
ischemic stroke [13, 82]. These results were 
again promising, with some patients having 
partial or complete alleviation of pain. An early 
attempt to reproduce these results in three patients 
unfortunately did not result in clinical pain relief, 
but interestingly had a significant effect on 
atypical trigeminal neuropathic pain [83]. 
However, numerous case reports and case series 
evaluating the use of MCS to treat post-stroke 
central pain have since followed these initial 
clinical trials, with variable improvement in pain 
scores [84–86].

The other primary indication for the use of 
MCS is the treatment of trigeminal neuropathic 
pain, which is constant facial pain secondary to 
injury of the trigeminal nerve or ganglion. This 
type of pain may be caused by failed treatment 
for trigeminal neuralgia, dental or sinus surgery, 
or trauma. Unlike trigeminal neuralgia, there are 
few effective treatment paradigms for trigeminal 
neuropathic pain. In an early study by Meyerson 
et al., five patients with trigeminal neuropathic 
pain reported significant and lasting pain relief 
with MCS [83]. Subsequent studies have 
supported these initial findings by demonstrating 
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lasting pain relief and safety in this patient 
population [87–89].

It is generally reported that 50–75% of patients 
with trigeminal neuropathic pain or post-stroke 
central pain will achieve significant pain relief 
from MCS [90, 91]. However, the duration of 
benefit is highly variable, and intensive 
reprogramming is often required to restore 
beneficial stimulation parameters [92]. Reports 
of long-term pain relief continue to be 
inconsistent, usually due to small patient 
populations and the potential for publication bias 
[93]. An important potential complication of 
stimulation is the development of seizures during 
programming and is related to both stimulation 
amplitude and frequency [92]. It has been 
suggested that final stimulation parameters 
should be slightly less than the motor threshold, 
which is the lowest voltage that produces motor 
contractions [94].

Despite evidence of clinical efficacy with 
MCS, the therapeutic mechanisms involved in 
pain relief remain poorly understood [95]. 
Positron emission tomography studies have 
demonstrated increased cerebral blood flow in 
the cingulate cortex, orbitofrontal cortex, thala-
mus, brainstem, and periaqueductal gray matter 
[96, 97]. As these are diverse regions with numer-
ous cortico-thalamic or cortico-cortical connec-
tions, it has been suggested that MCS may act via 
both emotional modulation and descending inhi-
bition toward the spinal cord [97].

 Intrathecal Drug Delivery

The use of IT drug therapy has revolutionized the 
medical treatment of patients with spasticity, 
with increasing enthusiasm for the treatment of 
chronic pain. Currently, there are only three IT 
agents approved by the FDA: morphine (an 
opioid) and ziconitide (a non-opioid calcium 
channel antagonist) are approved in the treatment 
of pain, and baclofen (a GABAB receptor agonist) 
is approved for the treatment of spasticity. 
Numerous other IT therapies are utilized off- 
label by pain practitioners as alternative 
monotherapies, or combination therapy to 

synergistically target multiple pain receptors. 
These agents include opioids (hydromorphone, 
fentanyl), local anesthetics (bupivacaine, 
ropivacaine), adrenergic agonists (clonidine), 
and GABA agonists (baclofen), among others.

The use of IT morphine was first described in 
the treatment of cancer-related pain [14], but has 
since been applied to patients with chronic 
refractory neuropathic or nociceptive pain. 
Conventional treatment with oral opioids may 
fail due to inadequate pain relief, the use of high 
 dosages and development of tolerance, or the 
development of serious side effects. The IT 
administration of morphine is recognized as first- 
line therapy in chronic neuropathic or nociceptive 
pain, and extensive preclinical and clinical 
evidence has demonstrated excellent pain relief 
with fewer side effects than systemic opioid 
therapy and potentially longer overall survival, 
possibly due to less toxicity from systemic 
treatment [98]. However, IT morphine therapy 
will be inadequate in a subset of patients, 
necessitating the use of alternative agents or 
combination therapy with multiple agents.

In response to the complexity of treating this 
patient population, a comprehensive IT treatment 
algorithm based on clinical evidence and expert 
experience has been developed [98]. Typically, 
IT morphine is first trialed and additional agents 
are added in a stepwise fashion if pain control is 
not adequate. It is estimated that only 20–25% of 
patients’ pain is adequately controlled with 
morphine or ziconitide; thus many patients are 
treated off-label and with combination therapy 
[99]. It is important to carefully consider the 
dosing of multiple agents, as each compound has 
its own therapeutic window and complication 
profile.

As monotherapy, ziconotide provides signifi-
cant pain relief in patients refractory to opioid 
therapy [100]. Combination therapy with IT mor-
phine has been demonstrated to safely and effec-
tively treat cancer and non-cancer-related pain 
[101]. Combination IT therapy with other agents 
has also been reported, including baclofen to 
treat concurrent neuropathic pain and spasticity 
[102]. A primary concern in combination therapy 
is drug stability, as opioids can induce ziconotide 
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degradation and necessitate more frequent pump 
refills [101]. Optimal stability can be achieved 
with lower opioid dosages, necessitating careful 
titration and individualized patient regimens.

The use of local anesthetics, particularly 
bupivacaine, has been widely adopted as an 
adjunct in chronic pain treatment. Combination 
therapy with IT opioids and bupivacaine has 
been demonstrated to provide superior pain 
relief when compared to IT opioids alone, in 
addition to decreased healthcare-associated 
costs such as clinic and emergency room visits, 
and decreased oral opioid use [103]. In patients 
tolerant to systemic opioid therapy, combination 
IT morphine and levobupivacaine provides sig-
nificant pain relief with lower side effects than 
systemic therapy [104]. Another promising 
agent is clonidine, an alpha-2 adrenergic agonist 
that modulates neurotransmission at the dorsal 
horn. IT clonidine has been extensively studied 
as an anesthetic adjunct, and also as monother-
apy in chronic pain patients [105]. However, its 
efficacy as monotherapy has been debated [106], 
and is thus recommended as third-line mono-
therapy for neuropathic pain or second line 
when used in combination with opioids [98]. 
Combination therapy with IT morphine has 
been reported to provide superior pain relief 
compared to either agent alone in the treatment 
of neuropathic pain [106, 107].

The use of IT therapy with both on- and off- 
label agents is widely used and supported by 
clinical experience. It is important to carefully 
consider the dosing of multiple agents, as each 
compound has its own therapeutic window and 
complications. However, most challenges are 
technical in nature, including accelerated motor 
stalling and device failures in commercial pumps 
using off-label agents [108], as well as the 
inability to adjust drug concentrations without 
completely emptying and refilling the chamber 
[99]. Additional clinical experience with a variety 
of IT agents is necessary to expand the efficacy 
of monotherapy and combination therapy, as well 
as the indications for patient selection.

 Summary

There is good evidence to support the use of neu-
romodulation in the treatment of chronic pain 
syndromes with sustained long-term success in 
carefully selected patients and clinical indications. 
SCS is currently the most commonly used 
neuromodulation modality and is supported by 
decades of research and clinical interest. 
However, certain pain syndromes may not 
adequately be treated by a single modality, and it 
is possible that a combination of neuromodulation 
techniques may be beneficial. Although PNS, 
DBS, and MCS do not have the same robust lit-
erature base as SCS, there is good evidence to 
support their use in appropriate clinical scenarios. 
As neuromodulation technology improves, 
device implantation will become more 
straightforward, and this is likely to lead to the 
development of high-quality evidence with even 
more diverse clinical indications.
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Abbreviations

AUA American Urologic Association
BoNT-A Botulinum Toxin A
CIC Clean intermittent catheterization
EAU European Urologic Association
FDA Food and drug administration
LUTD Lower urinary tract dysfunction
LUTS Lower urinary tract symptoms
MRI Magnetic resonance imaging
MS Multiple sclerosis
OAB Overactive bladder
OMT Optimal medical therapy
PTNS Percutaneous tibial nerve stimulation
QAYL Quality adjusted life years
QoL Quality of life
SNM Sacral neuromodulation

 Introduction

Overactive bladder (OAB) is a common urologic 
condition that affects both men and women, with a 
prevalence of 16.5–23.3% in the United States [1, 2]. 

This represents a significant public health burden 
which carries an associated $65.9 billion annual 
expenditure on the management of OAB [3]. The 
social burden of OAB is also notable. The symp-
toms of OAB are detrimental to a patient’s work, 
relationships, social events, exercise, and sleep, and 
they ultimately lead to reduced quality of life and 
productivity [4]. While lifestyle changes and oral 
medication have been successful in the manage-
ment of OAB, sacral neuromodulation (SNM) was 
developed for patients refractory to these interven-
tions. This chapter will focus on the use of SNM in 
patients with overactive bladder syndrome.

 Summary of OAB

 Definitions and Terminology

OAB has been defined by the International 
Continence Society (ICS) Standardization 
Committee as urinary urgency, with or without 
incontinence, usually with increased daytime fre-
quency and nocturia in the absence of infection or 
other obvious pathology [5]. Other terms that 
have been used interchangeably with OAB include 
urge syndrome or urgency-frequency syndrome. It 
should be noted that OAB is a symptomatic diag-
nosis, distinct from detrusor overactivity, which is 
a urodynamic observation characterized by invol-
untary detrusor contractions during the filling 
phase of the cystometrogram [5].
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Urgency is the hallmark symptom of OAB, 
causing patients the most bother and carrying the 
greatest influence on quality of life, anxiety, and 
depression [6, 7]. Urgency is a sudden compel-
ling desire to pass urine that is difficult to defer 
[5]. This is often accompanied by a fear of leak-
age. Involuntary leakage of urine which accom-
panies or immediately precedes the sensation of 
urgency is termed urge urinary incontinence 
(UUI) [5].

 Epidemiology

The National Overactive Bladder Evaluation 
(NOBLE) study was a nationwide, randomized, 
case-controlled study demonstrating that the preva-
lence of OAB in the United States is 16.5%. Further 
breakdown revealed that 10.4% had OAB without 
UUI (“dry OAB”), and that 6.1% had OAB with 
UUI (“wet OAB”). The overall prevalence of OAB 
was similar in men (16%) and women (16.9%). 
Men were found to have a higher rate of dry OAB 
(13.4% in men vs. 7.6% in women), while women 
were more likely to experience wet OAB (2.6% in 
men vs. 9.3% in women) [2].

Data from other epidemiologic studies, includ-
ing EpiLUTS and OAB-POLL, have shown 
higher prevalence rates in the United States, the 
UK, and Sweden, with rates increasing as the 
population ages [4, 7]. These studies also focused 
on factors contributing to OAB, including age 
and race. African-Americans had a higher preva-
lence of OAB compared to Caucasian, Hispanic, 
or Asian participants.

 Pathophysiology

The origin of OAB is multifactorial, with neuro-
genic, myogenic, or idiopathic components likely 
contributing to its etiology. Disturbances of the 
nervous system, urothelium, or any component of 
the urinary bladder can contribute to the develop-
ment of OAB.

The sensation of urgency is thought to origi-
nate in the urothelium and suburothelium, where 

the firing of afferent nerves is mediated by the 
release of inflammatory cytokines and growth 
factors [8–10]. These afferent nerve fibers 
include fast-conduction A delta fibers, which 
convey a sensation of distention and contraction, 
and slow- conduction unmyelinated C fibers, 
which respond primarily to chemical irritation or 
thermal stimuli of the bladder mucosa [11–13]. 
In the physiologic state, C fibers are significantly 
less active than A delta fibers. During certain 
pathophysiologic states, C fibers are recruited or 
overexpressed, leading to an increase in their 
contribution to afferent sensory information 
[14]. It is theorized that this inappropriately high 
level of sensory activity manifests as the symp-
toms of OAB.

Additional hypotheses have been proposed 
regarding the pathophysiology of OAB. The neu-
rogenic hypothesis suggests that OAB arises 
from generalized, efferent nerve-mediated exci-
tation of the detrusor muscle in which there is 
loss of tonic inhibition, resurgence of primitive 
spinal reflexes, and sensitization of afferent 
nerves [15]. The myogenic hypothesis suggests 
that OAB results from increased likelihood of 
spontaneous excitation within the smooth muscle 
of the bladder [16, 17]. This is supported by find-
ings of patchy denervation in bladders with OAB, 
which leads to upregulation of surface membrane 
receptors, altering membrane potential and 
increasing the likelihood of contraction [18]. 
Finally, the integrative hypothesis suggests that a 
multitude of triggers can generate small, focused, 
microcontractions, which propagate throughout 
the bladder, ultimately resulting in coordinated, 
global bladder contractions [19]. These small 
contractions, also called micromotions, may be 
involved in the generation of the sensation of 
urgency [20].

The exact mechanism for how neuromodulation 
affects OAB symptoms is not completely under-
stood. Evidence suggests that neuromodulation 
most likely activates the somatic sacral afferent 
axons, causing inhibition at the spinal and supra-
spinal levels, and thereby suppresses interneuronal 
transmissions involved in both the storage and 
emptying reflexes in the bladder [21–24].
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 Management of OAB

Guidelines for the treatment of overactive blad-
der have been published by the AUA [25]. Since 
OAB is bothersome but not life threatening, 
observation/non-treatment may be an acceptable 
plan for some patients, given adequate discussion 
of the risks and benefits of the available treatment 
options.

First-line treatment for OAB involves conser-
vative management with behavioral, lifestyle, 
and environmental modification. This can include 
various combinations of diet and fluid intake 
modifications, changes in voiding habits, and 
pelvic floor rehabilitation. Although conservative 
management strategies may not result in com-
plete symptom relief, they can improve quality of 
life by significantly reducing urinary urgency, 
frequency, and incontinence episodes [26–29].

When conservative management fails, second- 
line treatments include antimuscarinics and beta- 
3- adrenoceptor agonists. There is no compelling 
Level 1 evidence demonstrating superior efficacy 
for one antimuscarinic medication over another 
[30–32]. However, patients who do not experi-
ence adequate symptom relief with one antimus-
carinic may have a better response to another of 
the same class [33–35]. The main barrier to anti-
muscarinic therapy is poor compliance. The attri-
tion rate is 24–50% at 1 year, which is primarily 
a consequence of the side effects (dry mouth, 
constipation, dry eyes, and impaired cognitive 
function) [36, 37]. Extended release formulations 
offer the advantage of reduced side effects and 
should preferentially be prescribed over immedi-
ate release formulations [38]. Additionally, frail 
and/or elderly patients are particularly suscepti-
ble to the cognitive side effects of antimuscarin-
ics [39]. Quaternary ammonium compounds such 
as trospium, which have minimal entry into the 
CNS, are less likely to cause confusion and dis-
orientation [35].

Beta-3 adrenoceptor agonists also promote 
detrusor smooth muscle relaxation and bladder 
filling. The only currently available beta-3 ago-
nist is mirabegron, which significantly reduces 
the frequency of voids and incontinence episodes 
per day [39–41]. The typical side effects of anti-
cholinergics are not seen with mirabegron [42], 

This may be especially advantageous for those 
patients at risk for cognitive impairment, although 
this side effect has not been directly studied in 
any trial comparing mirabegron and anticholiner-
gics [43].

The third-line treatments for OAB include 
onabotulinumtoxinA, percutaneous tibial nerve 
stimulation (PTNS), and sacral neuromodulation 
(SNM). Intravesical onabotulinumtoxinA signifi-
cantly reduces incontinence episodes and urgency 
[44–46]. The risks include acute urinary reten-
tion, straining to void, gross hematuria, UTI, and 
general weakness [47, 48]. PTNS is an option for 
patients with moderately severe baseline levels of 
incontinence and frequency. The literature dem-
onstrates that PTNS can improve incontinence, 
frequency, nocturia, and quality of life, with the 
benefit of minimal adverse events [49–51]. SNM 
can be offered to patients with severe or refrac-
tory OAB who are willing and able to undergo 
surgery. Success rates range from 62 to 90%, with 
overall improvement in quality of life and signifi-
cant reduction in voids and incontinence episodes 
per day [52–54]. Risks include pain at the implant 
site, lead migration, infection, undesirable sensa-
tions, and adverse changes in bowel function.

 Sacral Neuromodulation for OAB: 
A Brief History

In 1981, Tanagho and Schmidt initiated a small 
case series of SNM demonstrating improvement 
in medication-refractory OAB symptoms [55]. 
This was followed by a large, multicenter trial 
demonstrating significant improvement in epi-
sodes of urgency, urge incontinence, and voids 
per day in patients with medication-refractory 
OAB. FDA approval of SNM for the treatment of 
refractory urge incontinence was obtained in 
September 1997, and the indications were later 
broadened to include refractory urgency and fre-
quency of micturition [56].

The majority of the early literature examining 
SNM for OAB demonstrated reasonable success 
rates (62–90%), but also reported frequent adverse 
events, including pain at the stimulator site or lead 
site (up to 34% of patients), lead migration (8.6% 
of patients), infection/irritation (14.3% of 
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patients), electric shock (7.9% of patients), and 
need for surgical revision (30–40%) [52–54]. The 
rates of adverse events and surgical revision in 
these series were significantly higher than those 
reported in modern studies primarily due to the 
fact that abdominal placement of the intermittent 
pulse generator, which is associated with increased 
rates of surgical revision, was standard technique 
prior to 2001. Additionally, the lead was placed 
through an open sacral incision, as compared with 
the modern, minimally invasive approach using a 
tined lead under fluoroscopic guidance.

Advances in surgical technique have led to a 
reduction in adverse events. Scheepens and col-
leagues were among the first to relocate the genera-
tor to a subcutaneous gluteal pocket, an innovation 
that reduced the number of incisions from 3 to 2 
and more than halved the rate of pain- related 
adverse events to 10% [57]. The advent of the self-
anchoring tined lead reduced the number of techni-
cal failures and improved success rates of the 
testing phase significantly, from 60 to 80% [58, 
59]. Hijaz and Vasavada reported that the tined lead 
reduced the incidence of lead migration to less than 
1%, compared with a prior rate of 8.4% [60]. The 
overall surgical revision rate utilizing the tined lead 
was 12.2% for stage I and 20% for stage II, com-
pared with historical rates of 33–40% [52–54].

Recent publications continue to reveal a 
decline in high-grade complications with further 
advancement and minimization of surgical inter-
vention. Modern trials report surgical revision 
rates of 3–16% as compared to a prior average of 
42% [61, 62].

Currently, SNM has been implanted in over 
200,000 patients worldwide and continues to be a 
popular and efficacious option for patients suffering 
from refractory overactive bladder symptoms [63].

 Patient Selection, Evaluation, 
and Counseling

 Patient Selection 
and Contraindications

An appropriate candidate for SNM has failed 
both conservative behavioral therapy and an ade-
quate trial of medications. Alternatively, patients 

who refuse or harbor contraindications to phar-
macotherapy may proceed directly to SNM. There 
are no defined clinical factors, urodynamic or 
otherwise, which predict a favorable response to 
SNM. Currently, a trial of stimulation is the only 
reliable means of predicting success with a fully 
implanted SNM.

There are several basic clinical factors that 
must be considered. Patients must be reasonably 
compliant and possess the mental and physical 
capacity necessary to manage their device set-
tings and judge the clinical outcome of the stimu-
lation trial. There is no maximum age limit 
although patients greater than 55 years of age 
experience lower success rates [64]. Patients with 
degenerative disorders or congenital anatomic 
disorders of the spine or sacrum may have foram-
inal stenosis or abhorrent anatomy, precluding 
access to the sacral nerves.

Contraindications may include necessity of 
future MRI and pregnancy. Because magnetic 
fields produce currents in electrodes, there is a 
theoretic risk of damage to the pulse generator. 
Currently, all available literature demonstrates that 
MRI may be safely performed in patients with an 
InterStim® device with no incidence of adverse 
events, provided that the device has been com-
pletely turned off and is out of the isocenter of the 
MRI scanner (outside of the magnet bore) [65–67]. 
Despite this, manufacturer recommendations allow 
only for an MRI of the head, if the device is turned 
off and a 1.5-Tesla magnet or lower is used [68].

SNM is still contraindicated in pregnancy due 
to the theoretical potential for teratogenicity or 
abortion. Whether or not sacral neuromodulation 
can induce abortion or fetal malformation is not 
known. Yaiesh and colleagues found no impact 
on the rate of preterm labor, pregnancy complica-
tions, or postnatal effects on either mother or off-
spring [69]. Women with an indwelling SNM 
device who become pregnant are recommended 
to deactivate their devices until delivery.

 Patient Counseling

Patients should be aware that SNM carries a rela-
tively frequent incidence of adverse events, includ-
ing pain at the stimulator site or lead site (7–10%), 
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undesirable change in stimulation (12%), lead 
migration (1%), infection (3%), and need for surgi-
cal revision (3–16%) [61, 62, 70]. SNM patients 
should understand that, although the majority of 
studies demonstrate high rates of durable efficacy, 
they are predominantly small, single cohort, pro-
spective studies with an AUA/SUFU evidence 
strength recommendation of grade C. Finally, 
patients should be aware that the devices have a 
finite lifespan and will require periodic replacement 
for battery depletion or mechanical deterioration, 
and that the length of time between replacements 
will vary between patients (mean 62.5 months) [71].

 Patient Evaluation

In addition to a history and physical examination, a 
urinalysis is routinely performed [72]. Urine cytol-
ogy can be obtained at the discretion of the clini-
cian, but should be considered in patients at risk 
for urothelial carcinoma (e.g., smokers). Use of a 
voiding diary is critical to document and establish 
an objective measure of the patient’s urinary com-
plaints. This should be utilized throughout the 
patient’s evaluation, from baseline pre-assessment 
through the trial phase, which will be used to eval-
uate the patient’s candidacy for permanent implan-
tation (>50% improvement in symptoms).

There are no established urodynamic findings 
predictive of a favorable response to sacral neuro-
modulation [73]. Therefore, urodynamic evalua-
tion should be performed on a selected basis or in 
complicated patients to provide further objective 
data to complement the voiding diary. 
Cystourethroscopy is also an optional adjunctive 
preoperative study that can reveal anatomic anom-
alies such as urethral stenosis or stricture, bladder 
lesions, or a urethral diverticulum which may 
impact the ultimate management of the patient.

 Guidelines and Evidence

 Guidelines

The 2014 AUA/SUFU guidelines for the treat-
ment of OAB recommend sacral neuromodula-
tion as a third-line option (Level C evidence), 

after failure of an adequate trial of first-line ther-
apy (8–12 weeks of behavior/lifestyle changes) 
and second-line therapy (4–8 weeks of an anti-
muscarinic and/or beta 3 agonist) for OAB symp-
toms. The panel notes that SNM may be offered 
as a second-line therapy in patients who are 
unwilling or unable to trial pharmacotherapy 
[54].

Similar to the AUA, the EAU recommends 
conservative behavioral modification as first line, 
followed by pharmacotherapy. Patients with 
refractory symptoms should be offered SNM 
before bladder augmentation or urinary diversion 
is considered (Grade A).

 The Evidence for Sacral 
Neuromodulation

 Retrospective and Prospective Case 
Series
The majority of the early literature following 
FDA approval consisted of single group observa-
tional studies [52, 56, 57, 59, 60, 74–76]. The 
cohorts were primarily middle-aged females with 
severe, medication-refractory symptoms. Despite 
high rates of adverse events, these studies gener-
ally showed promising results, with significant 
improvement in nearly all measured parameters 
(voids/day, incontinence episodes/day, volume/
void) and quality of life (QoL) scores. Success 
rates ranged from 62 to 90%. Interpretation of 
these results is complicated by the fact that the 
studies often included patients with varying indi-
cations for SNM, or patients with more than one 
indication for SNM (e.g., pelvic pain and sexual 
dysfunction in addition to OAB). These patients 
were frequently lumped into a single cohort in 
the final analysis, making it difficult to assess the 
impact of SNM on QoL as it relates specifically 
to OAB.

More recent literature continues to demon-
strate success in the majority of trial participants 
with continually declining rates of adverse events 
(Table 3.1). Aboseif et al. published one of the 
earliest prospective trials examining SNM in 44 
patients with medication-refractory OAB [74]. 
Seventy-seven percent of the patients experi-
enced a 50% or greater improvement in symp-
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toms and QoL, with a mean follow-up of 2 years. 
There was a significant reduction in episodes of 
UUI per day and pad use. Patients with frequency- 
urgency also showed a reduction in voids per day 
(from 17.9 to 8.6), with a nearly 100% increase in 
voided volume. Notably, patients also experi-
enced a decrease in severity of pain. In contrast to 
other trials at the time, these patients underwent 
minimally invasive lead placement and sacral 
IPG implantation, likely contributing to their rel-
atively lower rate of surgical revision at 18.7%.

Van Kerrebroeck et al., Marcelissen et al., and 
Groen et al. reported more modest success rates 
in their OAB cohorts (62%, 65%, 62%, respec-
tively) [71, 77, 78]. These three studies are nota-
ble for an average follow-up of nearly 5 years. 
The three studies reported significant improve-
ments in reduction of voids per day, reduction in 
pads per day, and increase in voided volume. 
Interestingly, Groen et al. experienced a wane in 
efficacy over time, from 87% success at 1 month 
down to 62% at the conclusion of the study at 
5 years. Lastly, these three studies reported higher 
rates of surgical revision (40%, 33%, 39%, 
respectively), when compared with the 
 contemporary literature. The most likely expla-
nation is that these studies included patients 
throughout the full history and evolution of SNM 

surgical technique and the associated higher revi-
sion rates of early techniques.

Cardarelli et al. and Moon et al. followed their 
cohorts for shorter durations of 11 and 12 months, 
respectively [79, 80]. Cardarelli et al. reported 
significant decreases in UUI episodes, frequency, 
nocturia, and pad use as well as significant 
increases in voided volumes at 48 weeks post- 
implant. Moon et al. evaluated OAB-wet and 
OAB-dry patients as separate cohorts. Both 
groups experienced significant decreases in fre-
quency, UUI, urgency episodes, and nocturia at 
statistically similar rates. OAB questionnaire 
scores improved as did all tested urodynamic 
parameters.

 Randomized Trials
There is a relative paucity of randomized, pro-
spective trials comparing SNM to other treatment 
modalities. Designing such a trial is challenging 
due to the difficulty in recruiting patients who 
must be prepared to accept randomization to one 
of two completely different treatment modalities 
with different risk profiles. Additionally, a truly 
blinded study will likely never be realized, given 
the ethical considerations of implanting a sham 
device without the potential of any actual benefit.

Despite this, there are several well-designed 
randomized, non-blinded trials. Schmidt et al. 

Table 3.1 Prospective cohort studies examining the effectiveness of SNM for OAB

Voids/
day

UUI/
day

Pads/
day

Volume/void 
(mL)

Success 
rate

Surgical 
revision rate

Follow-up 
(months)

Mean 
age

Aboseif et al. 2002 
[74]

−9.3* −4.4* −2.3* +130* 77% 18.7% 24 47

Groen et al. 2011 
[78]

−2.9* −5.7* −2.9* +44* 62% 39% 60 48

Marcelissen et al. 
2010 [71]

−2* −3.7* −2.3* +32* 65% 33% 53 49

Van Kerrebroeck 
et al. 2007 [77]

−4.5* −5.7* −3.2* +72.9* 62% 40% 60 45

Cardarelli et al. 2012 
[79]

−4.8* −2.6* −2.1* +63.1* NR 14% 11 58

Al-Zahrani et al. 
2011 [94]

NR NR NR NR 85% 39% 51 54

Moon et al. 2013 
[80]

−11.9* −7.1* −2.5* +31* NR NR 12 54

Success in each study is defined as percent of patients reporting >50% improvement in symptoms at conclusion of study 
period
*p = <0.05
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conducted the first prospective, randomized trial 
comparing SNM to optimal medical therapy 
(OMT) for 6 months [56]. This study demon-
strated that daily incontinence episodes, severity 
of episodes, and pads per day used were signifi-
cantly reduced in the SNM cohort compared to 
the OMT cohort. In the SNM cohort, the overall 
success rate was 76%, with 47% of patients 
becoming completely dry. This efficacy was 
maintained at 18 months of follow-up. The over-
all surgical revision rate was 33%. Complications 
included pain at the IPG site in 16%, infections in 
19%, and lead migration in 7%.

Hassouna et al. reported on the outcomes of a 
similarly designed study, which randomized 
refractory OAB patients to either SNM implanta-
tion or OMT for 6 months [75]. The SNM cohort 
experienced statistically significant improve-
ments in number of daily voids, volume per void, 
and degree of urgency compared to the OMT 
group. The devices were then turned off and uri-
nary symptoms returned to baseline levels. The 
stimulators were then reactivated and prior levels 
of efficacy were documented at 12 and 24 months 
follow-up.

Weil et al. randomized 44 patients to either 
SNM or continuation of conservative manage-
ment [76]. At 6 months follow-up, the SNM 
cohort demonstrated significantly lower rates of 
incontinence (88%), incontinence severity (24%), 
and pad use (90%) when compared with the cor-
responding control group. Additionally, SNM 
resulted in a 220% increase in bladder volume at 
first contraction and a 39% increase in maximum 
capacity on urodynamics. However, this study 
was significantly affected by attrition bias, with 
only 76% of the original SNM cohort being avail-
able for evaluation at the conclusion of the study.

More recently, Siegel and colleagues random-
ized 147 OAB refractory patients 1:1 to SNM 
and OMT in a prospective, multicenter, clinical 
trial [81]. The primary outcome was overall ther-
apeutic success, defined as demonstrating either a 
≥50% improvement in average leaks/day or 
voids/day from baseline or a return to normal 
voiding frequency (<8 voids/day). At 6 months 
follow-up, the study found significantly higher 
rates of subjective improvement in OAB symp-

toms (86% vs. 44%), overall therapeutic success 
(76% vs. 49%), and complete continence (39% 
vs. 21%) in the SNM group as compared to the 
OMT group, respectively. Additionally, the SNM 
cohort showed significantly greater improvement 
in scores assessing QoL, sexual function, and 
depression. The overall rate of adverse events in 
the SNM arm was 30.5%, compared with 27.3% 
in the OMT arm, which was not statistically dif-
ferent. One notable limitation of the study was 
the homogeneous nature of the study population 
(89% Caucasian and 93% female).

 Long-Term Follow-Up of Sacral 
Neuromodulation for OAB

There are several recent literature reviews evalu-
ating the long-term efficacy of SNM. Van 
Kerrebroeck et al. reported the results of a multi-
center international trial of 163 participants with 
5 years of follow-up demonstrating overall suc-
cess rates for urgency-frequency at 56% and UUI 
at 68% [77]. Peeters et al. reviewed 217 patients 
who received an SNM over a 14-year span [62]. 
After a mean follow-up of 46.9 months, patients 
experienced success and cure rates of 70% and 
20% for UUI, respectively, and 68% and 33% for 
urgency-frequency syndrome, respectively. 
Finally, Leong et al. assessed long-term satisfac-
tion with SNM in 207 patients and reported that 
90% of patients were satisfied with SNM at a 
median follow-up of 77 months [82].

 SNM for OAB in Patients 
with Neurogenic Lower Urinary Tract 
Dysfunction

Currently, the only FDA-approved indications for 
SNM are: (1) urgency and frequency of micturi-
tion, (2) urge urinary incontinence, and (3) idio-
pathic or non-obstructive urinary retention. The 
studies that lead to FDA approval of SNM 
excluded patients with neurologic conditions, 
and SNM is not currently FDA approved to treat 
neurologic lower urinary tract dysfunction 
(LUTD) [56]. Nonetheless, this patient subset 
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often suffers from severe urgency, frequency, and 
UUI, and currently available literature suggests 
that patients with neurogenic LUTD may benefit 
from SNM. In a recent meta-analysis, the success 
rate of SNM for neurogenic LUTD was 92% with 
adverse event rates and success/satisfaction rates 
comparable to non-neurogenic indications [83]. 
Although the majority of the studies was small 
and examined heterogeneous populations, this 
evidence suggests that neuromodulation is safe 
and effective in patients with neurogenic 
LUTD. This section will explore SNM in the 
treatment of neurogenic LUTD.

 Spinal Cord Injury
In 1989, Tanagho and Schmidt reported on the 
ability of SNM to restore continence in patients 
with urgency incontinence secondary to supra-
sacral spinal cord injury (SCI) [84]. Since then, 
evidence supporting the use of SNM to treat 
OAB secondary to SCI has come primarily in 
the form of small case series. An Italian study 
evaluated 11 patients with incomplete spinal 
cord lesions and DO on urodynamics who 
underwent SNM for refractory neurogenic 
LUTD. Post- implantation, at a mean follow-up 
of 61 months, patients experienced significant 
improvements in voids per day, incontinence 
episodes, pads per day, mean voided volume, 
and nocturia [85]. On postoperative urodynam-
ics, patients experienced an 84% increase in 
urodynamic bladder capacity and a 50% 
decrease in mean maximum detrusor pressure. A 
follow-up study from the same group evaluated 
six more SCI patients with isolated urge urinary 
incontinence. All patients demonstrated signifi-
cant improvements in voiding diary parameters 
by at least 50% compared to baseline [86].

Chen and colleagues reported on the results of 
SNM in 23 patients with SCI and refractory 
OAB. Ultimately, 13 of 23 patients received per-
manent implantation, and the mean time between 
injury/disease onset and SNM test was 14.4 years. 
The mean rates of improvement for urgency/fre-
quency and urinary incontinence were 64.7% and 
69.2%, respectively, with all patients experienc-
ing >50% improvement in their symptoms [87].

More recently, a review of 26 patients with 
OAB following SCI found no significant differ-
ence in the rate of neurogenic detrusor overactiv-
ity on pre- and post-implant urodynamics. In 
contrast, voids per day were significantly reduced 
and pads per day were significantly improved. 
Altogether, 94% of patients reported that they 
were either satisfied or very satisfied with the 
efficacy of their SNM device [88].

 Multiple Sclerosis
Sacral neuromodulation has been studied as a 
potentially effective treatment for bladder disor-
ders associated with multiple sclerosis (MS). 
Most patients with MS suffer from a spectrum of 
diverse LUTS, including detrusor overactivity, 
detrusor underactivity, and/or detrusor-sphincter 
dyssynergia. Management is complicated by pro-
gressive and often unpredictable deterioration in 
urinary function and by the fact that MS can dis-
rupt both the storage and emptying phase of the 
micturition cycle.

As expected, studies examining SNM for MS 
patients are small. Minardi et al. studied a retro-
spective series of 25 MS patients with refractory 
LUTD with a mean duration of MS of 13.7 years. 
Ultimately, 15 of 25 patients experienced greater 
than 50% improvement in OAB symptoms and 
received a permanent SNM implant. Patients 
reported statistically significant improvements in 
incontinence episodes per day and voided vol-
ume at a mean follow-up of 49.4 months. In all of 
the nine patients who were on CIC, there was a 
significant decrease in residual volume, an 
increase in voided volume, and an increase in 
number of volitional voids per day [89].

Engeler et al. prospectively evaluated 17 patients 
with MS and refractory LUTS, excluding patients 
with unstable or rapidly progressive disease. All 
but one patient (94%) had a positive test phase, 
defined as a >70% improvement in symptoms. At 
3 years, there were significant improvements in 
mean voided volume (from 125 to 265 mL), post-
void residual (from 170 mL to 25 mL), urinary fre-
quency (from 12 to 7 voids per day), and UUI 
(from 3 to 0 episodes per day). The median subjec-
tive degree of satisfaction was 80% [90].
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More recently, Puccini et al. noted that the 
majority of studies of SNM in MS patients lacked 
homogeneity in their methods for evaluating out-
comes and generally failed to offer an objective 
definition of cure. However, the authors reported 
that patients generally responded well to SNM 
and had high subjective reports of satisfaction 
with a mean of 85%. A notable observation was 
that the therapeutic effects of SNM persisted over 
time, even with follow-up as long as 7 years post- 
implantation. This suggests that the progressive 
nature of MS does not necessarily condemn the 
patient to fail SNM treatment [91].

 Other Neurological Disorders (Stroke, 
Parkinson’s Disease, Cerebral Palsy)
Scant data exists examining the impact of SNM on 
OAB in patients with a history of stroke, Parkinson’s 
disease, or cerebral palsy. In general, the data 
shows that these patients benefit from a reduction 
in bothersome LUTS post- implantation at similar 
rates to patients without neurological disorders.

Wallace et al. reported on the results of a ret-
rospective case series of 33 patients with neuro-
logic disease and LUTD who underwent 
placement of a permanent SNM, including 6 with 
Parkinson disease, 13 with multiple sclerosis, 
and 11 others with various neurologic conditions. 
Incontinence episodes per 24 h decreased 68%, 
number of voids per 24 h decreased 43%, and 
nocturia decreased 70%. Overall, 93% of patients 
reported subjective satisfaction [92].

Peters and colleagues examined the outcomes 
of SNM in patients with (n = 71) and without 
(n = 269) a comorbid neurologic diagnosis, 
including 17 patients with a history of stroke, 13 
patients with multiple sclerosis, 10 with 
Parkinson’s disease, and 1 with cerebral palsy 
[93]. The rate of complications, revisions, and 
reprogramming sessions were similar between 
the two groups. Statistically significant improve-
ments were seen in both groups on the OAB-q 
questionnaire and voiding diary variables, with 
the exception of incontinence episodes and 
incontinence severity in the neurologic disorders 
group. The majority of patients in both groups 
reported moderate or marked improvement at 
final follow-up.

 Technique for Sacral 
Neuromodulation

 Considerations

Once it has been established that a patient is an 
appropriate candidate for SNM, the implantation 
and surgical technique follows a two-step pro-
cess. The first step is either (1) an office-based 
peripheral nerve evaluation (basic evaluation or 
PNE) using a temporary neurostimulator lead or 
(2) a formal staged test (advanced evaluation or 
Stage 1) where the permanent, tined neurostimu-
lator lead is placed under fluoroscopic guidance 
in the operating room. There are particular advan-
tages and disadvantages to each approach. The 
second step is dependent on which first step is 
utilized. In the case of a successful basic evalua-
tion, both the permanent neurostimulator lead 
and pulse generator are implanted in the operat-
ing room at the same setting. In the case of a suc-
cessful advanced evaluation, only the pulse 
generator needs to be placed since the permanent 
neurostimulator lead was already placed and 
positioned during the advanced evaluation.

 Test Phase

The choice of test technique (advanced vs. basic 
evaluation) ultimately rests with the physician 
and there is no single “correct” approach. Some 
practices utilize a purely advanced evaluation 
approach whereas others will only use an 
advanced evaluation in cases of an equivocal 
basic evaluation. In our practice, we favor a 
staged approach utilizing the advanced evalua-
tion given that use of the permanent neurostimu-
lator lead for the evaluation has been shown to 
nearly double the response rate [95–97]. We 
reserve the office-based basic evaluation for 
selected patients who are younger, have less 
severe symptomatology, fewer comorbidities, or 
have concern regarding the invasiveness of an 
operating room procedure. Failure of a basic 
evaluation does not preclude proceeding to an 
advanced evaluation, and it is our practice to 
offer an advanced evaluation to patients who 
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have a negative or equivocal result from a basic 
evaluation.

 Basic Evaluation (Peripheral Nerve 
Evaluation)
A basic evaluation (peripheral nerve evaluation 
or PNE) is done in the office and is quick, conve-
nient, and well tolerated by patients. The goal of 
the procedure is to place a temporary unipolar 
electrode in close approximation to the S3 nerve 
root. Typically, bilateral temporary leads are uti-
lized and a standard Verify™ temporary pulse 
generator system is used to deliver the stimula-
tion to either lead [98]. Details on this approach 
are provided in a separate chapter in this text, but 
we will discuss our own approach in comparison 
to the staged permanent lead placement.

The patient is placed in the prone position on 
the procedure table, and the lower back and but-
tocks are draped after prepping with a 4% 
chlorhexidine gluconate or iodine preparation. 
A grounding pad is attached to the patient’s heel 
and connected to the hook electrode and 
Verify™ pulse generator unit to stimulate the 
nerve root. The landmarks utilized for a basic 
evaluation are identical to those used in an 
advanced evaluation. Initially, the tip of the coc-
cyx is identified, and the midline is marked 
approximately 9–11 cm cephalad to this point. It 
is vital that the patient be positioned well so that 
the sacral region is relatively parallel to the 
operating table. This facilitates directing the 
20-gauge insulated 3.5″ foramen needle into the 
S3 foramen. Once the midline point is identi-
fied, points 2 cm directly lateral to this on either 
side of the midline are marked with a skin 
marker. This is typically the approximate loca-
tion of the S3 foramen (Fig. 3.1). It is optional 
to mark locations 2 cm cephalad and caudad to 
this point as individual anatomy will vary, and 
this may facilitate needle placement.

Next, the skin and subcutaneous tissues at 
both sites are infiltrated with local anesthesia. We 
use a 50/50 mixture of lidocaine and bupivacaine. 
Care should be taken to obtain anesthesia in the 
deep subcutaneous tissue but not in the foramen 
itself. The foramen needle is then inserted at an 
approximately 60° angle relative to the skin 
(Fig. 3.2) and down into the S3 foramen. Medial 

insertion of the needle in the foramen increases 
the chance of optimal sensation and a more 
tightly focused motor response [95, 99–101].

Maintaining a needle course parallel to the 
midline is critical to successful placement. 
Frequently cannulation of the foramen requires 
“walking” the needle caudally or cranially on the 
sacrum. Longer in-and-out movement of the 
needle is better than short movements and is 
more efficient to needle placement. Additionally, 
individual anatomy will affect needle placement 
on the skin. We have found that a flat sacrum 
generally requires a more cephalad placement of 
the needle (Fig. 3.2) and at a more acute angle to 
the skin. Conversely, a curved sacrum often 
requires a more caudal needle insertion and at a 
less acute angle.

Fig. 3.1 Marking the approximate location of the S3 
foramen 9–11 cm from the tip of the coccyx and 2 cm lat-
eral to the midline

Fig. 3.2 The foramen needle is initially inserted at a 60° 
angle but often requires adjustment to successfully enter 
the S3 foramen. This subject ultimately required both 
angle adjustment and more cephalad placement of the 
needle on the skin due to flat sacral anatomy
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Once the foramen is cannulated, the needle is 
attached to the hook electrode and test stimula-
tion is performed (Fig. 3.3). Correct needle 
placement will ideally result in both a motor and 
sensory response in the patient. If the needles 
are correctly positioned, there will be an inward 
and cephalad bellows movement of the pelvic 
floor muscles. Additionally, the ipsilateral hallux 
should contract in a plantar direction. The sen-
sory cue is a deep “tapping” or “buzzing” sensa-
tion in the perineum. This can be described as 
perianal, perineal, or vaginal/labial in a female 
patient or the base of the penis/scrotum in a male 
patient. The importance of motor versus sensory 
response is a debated topic. Cohen et al. reported 
superiority of motor responses and recom-
mended permanent electrode placement only in 
cases where motor responses were elicited 
[102]. Subsequently, Govaert et al. found an 
equal prognostic value of sensory or motor 
responses to the prediction of successful treat-
ment [103]. Ideally, an anterior sensory location 
is more likely to result in a successful evalua-
tion. In our practice, we strive to obtain both 
proper motor and sensory response during either 
temporary or permanent lead placement. We 
also attempt to ensure proper stimulation occurs 
at low voltages (ideally below 2 volts). Given 
that the temporary lead is not placed with fluo-
roscopy, we advocate testing both sides in a 
basic evaluation since the additional lead can aid 
in identification of better response for the patient 
on one side or the other [98].

Once the foramen needle location is satisfac-
tory, the inner cannula is removed, and the unipo-
lar lead is threaded through the needle. The 
needle is then carefully removed so as to not dis-
lodge the lead. The leads are then secured to the 
patient with steri-strips and a sterile dressing is 
applied. One lead is initially connected to the test 
system, and the patient receives instruction on its 
use. We typically first utilize the lead that pro-
duced the better motor and sensory response 
 during placement. The patient records daily 
symptoms on a voiding log.

The basic evaluation is typically carried out 
over 3–7 days. Our practice is to have the patient 
return to the office after 1 week to assess success 
or failure by reviewing the voiding diary and also 
to remove the temporary electrodes. Typically, 
prophylactic antibiotics are administered during 
the test phase while the unipolar electrode is in 
place. During the basic evaluation, we advise 
patients to avoid strenuous physical activity or 
excessive bending to help mitigate any chance of 
lead migration and subsequent lack of efficacy 
during the evaluation.

 Advanced Evaluation (Stage 1 
Permanent Lead Implantation)
An advanced evaluation is performed similarly 
to the basic evaluation but is done in the 
 operating theater under fluoroscopic guidance. 
This affords the advantage of using the same 
quadripolar neurostimulator lead that resulted 
in a successful test for later attachment to 
the implanted pulse generator at Stage 2. 
Additionally, for patients with anxiety or lim-
ited mobility, the use of conscious sedation may 
ease lead placement and improve the success of 
the evaluation [95–97]. Though the invasiveness 
of the advanced evaluation is perceived by some 
patients to be greater than the basic evaluation, 
the techniques are quite similar, and it is typi-
cally well tolerated.

The patient receives an intravenous dose of 
appropriate antibiotics and the patient position-
ing is identical to the basic evaluation: prone on 
the operating room table, carefully padded with 
chest rolls and a pillow under the hips and feet 
such that the knees are bent. The lower back and 

Fig. 3.3 Once in the S3 foramen, a test stimulation is per-
formed with the hook electrode to elicit motor and sen-
sory response in the patient
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buttocks are prepared in a sterile fashion. We pre-
fer to use a Jackson fluoroscopy table which 
greatly facilitates efficient positioning of the flu-
oroscopy C-arm (Fig. 3.4).

Due the fact that the advanced trial is usually 
carried out over 2 weeks, we utilize a double skin 
preparation to minimize the possibility of infec-
tion. This consists of an initial prep with a 
chlorhexidine 4% solution, followed by a 
chlorhexidine/alcohol preparation such as 
ChloraPrep™. Based on surgeon preference, the 
use of an iodophor-impregnated barrier can also 
be utilized.

Landmark identification, demarcation, and 
local anesthesia are all delivered in an identical 
fashion to the basic evaluation. The addition of 
intravenous analgesia and amnesia improves 
patient comfort and relaxation throughout the 
advanced evaluation procedure. Good communi-
cation with the anesthesia provider is critical to 
avoid over sedation and resultant inability to 
assess sensory perception during an advanced 
evaluation. We have had excellent success with 
the use of dexmedetomidine as a continuous infu-
sion. This allows for well-controlled anesthetic 
with reduced need for opioids and benzodiaze-
pines and their associated respiratory and cardio-
vascular risks [104].

Placement of the foramen needles is expedited 
with the use of cross table and AP fluoroscopy. As 

noted previously, medial cannulation of the fora-
men is ideal to improve sensory and motor 
responses [99–101]. Furthermore, fluoroscopy 
allows for the easier identification of the S3 fora-
men level. This is especially true in the cross table 
view where the S3 foramen should be at the same 
cranio-caudal level as the iliac crests. Moreover, 
in the cross table view the S3 foramen is typically 
half the distance from the sacral promontory to 
the tip of the coccyx, and there is an anterior hill-
ock or bump at its location (Fig. 3.5). In the AP 
view, the expected location of the S3 foramen is 
at the level of the sacroiliac joints [98].

Again, as in a basic evaluation, we advocate 
for cannulating both S3 foramina and testing 
both sides to optimize response and minimize 
voltage required for lead placement. The use of 
fluoroscopy allows for positioning of the foramen 
needle tips just anterior to the sacral periosteum.

Once a side has been selected for lead place-
ment, the inner obturator is removed, a guidewire 
is placed through the needle, and a small skin 
incision is made to allow for passage of the dila-
tor and its obturator. The depth of this placement 
is important to avoid a false passage for the quad-
ripolar lead to travel away from the course of the 
S3 nerve. To avoid this, the radio-opaque marker 
on the dilator should be placed between 1/2 and 
2/3 of the way across the width of the sacrum 
(Fig. 3.6). The obturator is then removed and the 

Fig. 3.4 The patient is 
positioned on a Jackson 
fluoroscopy table with 
chest rolls, a pillow 
under the hips, and 
pillows under the feet 
such that the knees are 
bent
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permanent neurostimulator lead is passed through 
the dilator sheath. Lead insertion using a curved 
stylet (Fig. 3.7) as opposed to a straight stylet has 
been shown to improve response rates by posi-
tioning the contact points of the electrode in 
closer proximity to the course of the S3 nerve 
[105]. The lead should be inserted to the point 
where the fourth electrode is just dorsal to the 
ventral surface of the sacrum [98] (Fig. 3.8), 

although final location can vary as long as one 
has all four electrodes in contact with the nerve 
root.

At this point, test stimulation is again per-
formed with the hook electrode on all four con-
tact points of the lead. Subtle changes in response 
can be seen in comparison to the test stimulation 
done with the foramen needle. Ideally, there 
should be proper motor and sensory response 
upon stimulating each electrode [102, 103]. Once 
proper response has been confirmed, the dilator is 
slowly withdrawn while holding the electrode in 
place to prevent migration. It can be advanta-
geous to have a fixed image on a second fluoro-
scopic screen for comparison during removal of 

Fig. 3.5 Lateral fluoroscopy showing the foramen needle 
properly placed in the S3 foramen. Note that the location 
of the S3 foramen is roughly halfway between the sacral 
promontory and the tip of the coccyx and that there is a 
slight protuberance on the ventral surface of the sacrum at 
its location

Fig. 3.6 The radio-opaque marker on the dilator is placed 
between 1/2 and 2/3 of the way across the width of the 
sacrum on lateral fluoroscopy

Fig. 3.7 The curved stylet angles the end of the neuro-
stimulator lead during insertion and facilitates passage of 
the lead along the course of the S3 nerve

Fig. 3.8 The neurostimulator lead is first positioned with 
the fourth electrode just dorsal to the ventral surface of the 
sacrum on lateral fluoroscopy
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the dilator to ensure proper positioning. At this 
point, we perform one final test stimulation of all 
four contact points and record the voltage thresh-
old associated with each electrode as reference 
points for initial IPG programming. The final AP 
position of the lead is also recorded on fluoros-
copy (Fig. 3.9).

Next a separate area of skin is infiltrated 
with local anesthesia, and a 2–3 cm incision is 
made on the high lateral buttocks where the 
lead will be connected to the internal lead 
extension wire. We typically cross the midline 
and make the incision on the opposite side of 
lead placement, but an ipsilateral incision is 
also acceptable [95]. Electrocautery and blunt 
dissection is then utilized to develop a small 
subcutaneous pocket to accommodate the con-
nection between the neurostimulator lead and 
the internal extension wire.

The tunneling device is then passed from the 
lead insertion incision to the gluteal incision, and 
the end of the neurostimulator lead passed into 
the gluteal incision (Fig. 3.10). The insulation 
boot is placed, and the extension wire is secured 
to the electrode using the provided torque wrench 
(Fig. 3.11). The insulation boot is then secured 
over this connection with a silk tie at either end 
(Fig. 3.12).

The end of the internal extension wire is 
then tunneled away from the gluteal incision 

and brought out of the skin medially in the 
lower back region (Fig. 3.13). The free end of 
the internal lead extension wire is then attached 

Fig. 3.9 The final AP view of the permanent neurostimu-
lator lead showing the classic medial to lateral curve along 
the course of the S3 nerve

Fig. 3.10 The lead tunneling trocar is used to pass the 
end of the neurostimulator lead into the second incision 
where the internal lead extension wire will be connected

Fig. 3.11 The internal lead extension wire is connected 
to the neurostimulator lead by using the torque wrench to 
tighten all four contact screws

Fig. 3.12 The internal lead extension connection is 
sealed by covering it with the insulation boot which is fas-
tened in place with two permanent sutures
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to the Verify™ external lead extension wire and 
a sterile dressing is applied (Fig. 3.14). The 
external lead extension wire connects to the 
Verify™ external pulse generator device 
(Fig. 3.15). Similar to a basic evaluation, the 
patient is placed on 5–7 days of prophylactic 
antibiotics targeted towards skin flora to 
decrease the likelihood of bacterial contamina-
tion of the electrode.

It is important to note that variability in sacral 
anatomy influences the placement, positioning, 
and success of either an advanced or basic evalu-
ation. The surgeon must gain experience and 
knowledge over many cases to understand and 
adjust to these fine points of placement that can 
ultimately impact the likelihood of success or 
failure of the evaluation.

 Pulse Generator Placement

The decision to proceed with placement of the 
pulse generator (IPG) is based on the degree of 
improvement in urinary frequency, urgency, and 
urge incontinence. If a basic or advanced evalua-
tion is successful, then the patient proceeds to the 
operating room for IPG placement under either a 
local or general anesthetic, depending on surgeon 
and patient preference. If the patient underwent a 
 successful basic evaluation, we strongly recom-
mend that local anesthesia should be used for 
implantation of the permanent lead and IPG to 
permit sensory feedback from the patient during 
placement of the permanent neurostimulator 
lead.

Historically, three different implantable pulse 
generators (IPG) have been available: the 
InterStim® INC (Model 3023), the InterStim® II 
(Model 3058), and the InterStim® TWIN (Model 
7427T) which can stimulate bilateral leads. This 
section will limit the discussion to the InterStim® 
II (Model 3058) pulse generator since it is the 
only model currently in production. Advantages 
of this model include smaller size of the implant 
itself and a streamlined, direct connection with 
the neurostimulator lead. Disadvantages of the 
Model 3058 are reduced battery capacity in com-
parison to the 3023 and the fact that it only con-
nects to a single neurostimulator lead.

Fig. 3.13 The free end of the internal lead extension wire 
is tunneled out through a separate point on the skin of the 
lower back using the lead tunneling trocar

Fig. 3.14 The free end of the internal lead extension wire 
is connected to the Verify™ external lead extension wire, 
and the connection is covered with a sterile dressing

Fig. 3.15 The external lead extension wire is connected 
to the Verify™ external pulse generator device after all the 
incisions are covered with sterile dressings, and the 
Verify™ device is ready for programming
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 Pulse Generator Placement 
After Advanced Evaluation
The IPG placement proceeds with the same 
prepping and draping procedure as the advanced 
evaluation with dual skin prep using chlorhexi-
dine 4% solution, followed by a chlorhexidine/
alcohol preparation. The external extension wire 
and Verify™ device are removed prior to skin 
preparation. Fluoroscopy is not required for 
placement of the IPG after an advanced evalua-
tion. The externalized tip of the extension wire 
can be prepped into the field or excluded from 
the field depending on surgeon preference. We 
typically exclude the distal end of the extension 
wire from the field. The previous incision from 
the advanced evaluation is anesthetized and the 
incision is opened and extended slightly to 
accommodate the IPG.

At this point, the connection between the per-
manent neurostimulator lead and the internal lead 
extension wire is exposed. The insulation boot 
covering the connection is removed and the 
wrench included with the IPG is used to discon-
nect the internal extension wire. Care needs to be 
taken to preserve the sterility of the incision 
while the internal extension wire is removed. In 
particular, the distal end must not contaminate 
the incision. In our technique, the extension wire 
is cut, and the proximal end is removed through 
the incision while the distal end (which we prep 
out of the surgical field) is removed by the circu-
lating nurse.

Next, a subcutaneous pocket large enough to 
accommodate the IPG is developed with blunt 
dissection and/or electrocautery, and the IPG is 
attached to the neurostimulator lead using the 
torque wrench (Fig. 3.16). The IPG is placed into 
the pocket, and the incision is irrigated with anti-
biotic solution. The InterStim® logo etching on 
the IPG should be outward facing (i.e., the logo 
should face the surgeon) when it is placed into 
the pocket (Fig. 3.17). This ensures that there will 
be good communication between the IPG and the 
telemetry used to program it.

We advocate for a two-layer closure of the 
IPG pocket using absorbable sutures of the sur-
geon’s preference. Steri-strips or surgical glue 
can then be applied, and the patient is transferred 

to the recovery room for device programming 
and patient education.

 Pulse Generator Placement After Basic 
Evaluation
Placement of the IPG after a basic evaluation 
requires both insertion of the permanent neuro-
stimulator lead under fluoroscopy and insertion 
of the IPG. This should be carried out with local 
anesthesia and sedation. The side of implanta-
tion of the permanent neurostimulator lead is 
selected based on the response observed during 
the basic evaluation. The technique for place-
ment of the permanent lead is identical to place-
ment of the permanent lead for an advanced 
evaluation without the need for connecting a 

Fig. 3.16 The Model 3058 pulse generator connects 
directly to the free end of the neurostimulator lead by 
tightening the single set screw with the supplied torque 
wrench

Fig. 3.17 The IPG is placed into its subcutaneous pocket 
with the InterStim® logo facing the surgeon to ensure 
good communication with the telemetry used to program 
the IPG
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lead extension wire. Instead, the IPG pocket is 
developed as described in the preceding section 
and the neurostimulator lead is tunneled into the 
IPG pocket. Then neurostimulator lead is con-
nected to the IPG which is placed into the subcu-
taneous pocket as described above. The wound is 
irrigated with antibiotics and closed as described 
previously.

 Cost-Effectiveness of SNM 
for the Management of OAB

The disease-specific total cost of OAB in the 
United States is an estimated $24.9 billion [106]. 
As expected, the upfront cost associated with 
SNM is substantial when compared to botulinum 
toxin A (BoNT-A), percutaneous tibial nerve stim-
ulation (PTNS), or optimal medical therapy 
(OMT). However, it is also the most permanent of 
the interventions, offering the longest interval 
between repeat interventions with a decrease in 
overall cost expenditure over time. A US study 
evaluating healthcare expenditures 1 year after 
SNM implantation found a 73% reduction in 
office visit expenses from $994 to $265 per patient. 
There was also a significant decrease in diagnostic 
and therapeutic procedures leading to an addi-
tional $674 in savings per patient. Drug costs were 
also decreased from $693 to $483 per patient 
[107]. In another US study, Siddiqui et al. found 
that SNM was more expensive than BoNT-A 
($15,743 vs. $4392) but possibly more effective 
(1.73 vs. 1.63 quality adjusted life years) than 
BoNT-A during a 2-year treatment period [108]. 
The ultimate conclusion was that SNM was less 
cost-effective than BoNT-A for refractory 
UUI. However, given the limited 2-year follow-
up, one must consider how the additional cost of 
repeated BoNT-A injections over a longer time 
period would impact the cost- effectiveness 
comparison.

Three long-term European studies further 
explored the cost-effectiveness of SNM versus 
other therapies. These studies are each notable 
for their long evaluation period of 10 years. 
Autiero et al. evaluated the cost-effectiveness of 

SNM versus BoNT-A, PTNS, and OMT for 
patients with refractory OAB with respect to 
quality adjusted life years (QALY). At 10 years, 
SNM was less costly than the other therapies 
[109]. A study of the cost-effectiveness of SNM, 
BoNT-A, and OMT in refractory OAB patients 
within the Spanish healthcare system found that 
the 10-year cumulative costs of the three thera-
pies were nearly equivalent. The QALY for SNM, 
BoNT-A, and OMT were 6.89, 6.38, and 5.12, 
respectively. Although the initial costs for SNM 
were higher, it was the economically preferred 
option in the long term given the decreasing fol-
low- up costs and consistently greater efficacy 
[110]. Similarly, Bertapelle et al. assessed the 
cost-effectiveness of SNM and BoNT-A within 
the Italian healthcare system. They discovered 
that SNM was cost-effective at 3 years and 
became economically dominant (more effective 
and less costly) starting at 10 years post- 
implantation [111]. One Canadian study found 
that SNM was highly cost-effective when com-
pared to either BoNT-A or OMT at 10 years of 
follow-up and recommended SNM as the pre-
ferred treatment option in the management of 
OAB refractory to conservative therapies [112].

Given the differing healthcare systems and 
economic climates in Europe and Canada, these 
results are not entirely applicable to the United 
States, but they do suggest that the long-term 
cost-effectiveness of SNM may be comparable to 
that of BoNT-A, PTNS, and OMT in patients 
with refractory OAB.

 Conclusion

OAB affects a significant proportion of the adult 
population, and SNM is a valuable tool in the 
urologist’s armamentarium for treating patients 
with refractory OAB symptoms. Although the 
neurophysiologic basis for SNM’s therapeutic 
effects is not fully understood, the literature con-
tinues to support the efficacy of this treatment 
modality. Further work is required to decrease 
the rate of adverse events and optimize the cost 
benefit ratio of SNM therapy.
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 Introduction

Non-obstructive urinary retention can be a chal-
lenging condition to treat. The prevalence of 
lower urinary tract symptoms (LUTS) in adult 
subjects residing in the USA, the UK, and 
Sweden is surprisingly high according to data 
from the 2009 EPILUTS project. LUTS is a 
widely encompassing term that includes urinary 
retention, and 72.3% of male respondents 
reported “at least sometimes” being bothered by 
one of the LUTS listed, while 76.3% of women 
reported being bothered [1].

 Urinary Retention

LUTS imply that there are bothersome symp-
toms, but chronic urinary retention can be asymp-
tomatic as well. In addition to this, it is difficult 
to estimate the prevalence of urinary retention in 
the USA and elsewhere since there is no stan-
dardized, generally agreed upon definition for 
urinary retention [2]. The most exact definition 
comes from the International Continence Society 
(ICS). This organization notes several important 

parameters to consider: (1) the ability of patient 
to release any urine (complete or partial), (2) 
duration (acute or chronic), (3) symptoms (pain-
ful or silent), (4) mechanism (obstructive or non- 
obstructive), and (5) urodynamic findings (high 
or low pressure) [3]. The key feature is that the 
patient is unable to empty the bladder to comple-
tion, but the amount remaining in the bladder that 
would define urinary retention, also called post-
void residual (PVR) ranges from 100 to 1000 mL 
[4–7]. One other important feature is the degree 
of urinary obstruction present, determined not 
only by the urinary flow rate, but also by the 
voiding pressure. These two parameters, taken 
together, form the basis for nomograms to deter-
mine the severity of obstruction, such as the 
Schaefer and Abrams- Griffiths nomograms, use-
ful in men suspected of urinary obstruction [8]. 
Women suspected of urinary obstruction can be 
categorized by female- specific nomograms, such 
as the Blaivas-Groutz nomogram, which can 
serve as a method to measure severity of urinary 
obstruction in women [9, 10].

Acute urinary retention, as the term implies, 
has not been present for long, and is often ini-
tially managed with a temporary urinary cathe-
ter until more definitive therapy can be planned, 
or until the acute process responsible for the uri-
nary retention subsides with time. Chronic 
 urinary retention, on the other hand, is often not 
painful and can be present for months or even 
years before coming to the attention of caregivers. 
In the worst cases, this can lead to hydrone-
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phrosis, recurrent urinary tract infection, sep-
sis, or renal failure [11]. One useful way to 
categorize causes of urinary retention is to 
make a distinction between patients having 
high risk features and low risk features. This 
concept was formalized in the 2016 American 
Urological Association (AUA) white paper on 
chronic urinary retention and underscores the 
idea that some patients with chronic urinary 
retention can be safely monitored without inter-
vention while others cannot [4]. The degree of 
risk can be associated with certain causes, and 
so some of these are discussed below. In par-
ticular, some of the neurologic causes discussed 
below are more commonly associated with high 
risk features [11].

In addition to categorizing urinary retention 
by risk, it is also commonly categorized as 
either obstructive (implying a fixed anatomical 
blockage) or non-obstructive, and this helps 
determine therapy. In cases of obstructive uri-
nary retention, relieving the obstruction remains 
the key philosophy of therapy. This distinction 
is best made with a urodynamic study. Figure 4.1 
demonstrates an example of an obstructed void-
ing pattern, with a coordinated, relaxed urinary 
sphincter, high voiding pressures, and low flow. 
For cases of non-obstructive urinary retention 
the two approaches are to relax the bladder out-
let or to increase the intravesical pressure with 
extrinsic (Valsalva straining) or intrinsic (detru-
sor muscle) compression. One therapy that has 
been very successful at relaxing the bladder out-
let is neuromodulation, but some recent evi-
dence suggests sacral neuromodulation in 
particular might also work by increasing detru-
sor muscle tone of the bladder.

The most common anatomic cause for obstruc-
tive urinary retention in men with benign pros-
tatic hyperplasia (BPH) is bladder outlet 
obstruction, and the most straight forward treat-
ment is to relieve the obstruction [5, 12]. Bladders 
that do not exhibit damage from long standing 
severe obstruction often recover function follow-
ing surgical resection of the prostate, such as with 
transurethral resection of the prostate (TURP), 
holmium laser ablation of the prostate (HOLEP), 
or any one of the many other treatments address-

ing the prostate. Women, when found to have 
anatomic cause for obstruction, such as a mid-
urethral sling (MUS), urethral stricture, or pelvic 
organ prolapse, will often benefit from relief of 
the obstructing anatomy, such as incision of the 
sling [13], although this is a much rarer phenom-
enon. Other causes of urinary retention include 
trauma, cancer, and particularly neurologic 
conditions.

Addressing the concerns of the patients suffer-
ing from urinary retention who do not exhibit 
obvious anatomic causes of urinary retention, 
however, can pose a challenge to clinicians. This 
is also known as non-obstructive urinary reten-
tion. Neuromodulation has been found to be 
effective in some of these cases, and situations 
where neuromodulation is most effective, as well 
as the literature supporting its use will be explored 
in this chapter.

 Causes of Urinary Retention

It is most important to consider the cause of non- 
obstructive urinary retention before a plan for 
therapy can be considered. Causes of non- 
obstructive urinary retention vary widely, and a 
complete history and physical, serum creatinine, 
renal ultrasound, and urodynamic study are often 
helpful in determining the cause of non- 
obstructive urinary retention. After the history 
and physical exam, the urodynamic study is the 
most useful piece of information.

 Idiopathic Causes of Non-obstructive 
Urinary Retention

Functional bladder outlet obstruction in chil-
dren such as dysfunctional elimination syndrome 
(DES) [14], Hinman’s syndrome, and bladder 
bowel dysfunction might be caused by neuro-
logic dysfunction, but these conditions by defini-
tion are not associated with a known neurologic 
disorder, making them idiopathic. If urodynamic 
studies demonstrate high pressure or what some 
experts consider “high risk” features such as 
hydronephrosis, chronic kidney disease stage 
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3 (CKD 3), recurrent UTI, hospitalization for 
urosepsis, incontinence with perineal changes, 
or decubitus ulcers, the AUA white paper panel 
advocates intervention [4]. If low pressures and 
no high risk features are present, the panel advises 
that no intervention is warranted. Patients with 
primary functional bladder outlet obstruction 
may benefit from intermittent catheterization and 
medication, such as oxybutynin to reduce urgency 
or alpha-blockers such as tamsulosin to aid in 
emptying [15]. Similarly, non-invasive, non-
pharmacologic therapies such as biofeedback 
have been noted to be effective and often consid-
ered first-line therapy for children with DES [16, 
17]. When these measures fail to relieve the non-
obstructive urinary retention, sacral neuromodu-
lation (SNM) has been demonstrated to be 
effective by multiple investigators [18–21]. The 

largest series, describing outcomes in 105 chil-
dren with DES, reports improvement for consti-
pation in 79% (defined as at least 50% 
improvement), nocturnal enuresis in 66%, while 
88% experienced improvement in urinary incon-
tinence [19]. This study includes children with 
non-obstructive urinary retention, but these 
patients were not categorized in such a way to 
extract the outcomes from that indication alone. 
Groen and colleagues examined two children 
with DES and noted a reduction in PVR as well 
as seven children they labeled with Fowler’s syn-
drome, in which five responded, 1/3 previously 
dependent on CIC was able to stop CIC, and two 
partial responders, as well as two failures [21]. It 
is important to note that SNM is not yet standard 
of care for children. It is not FDA approved for 
use in patients under 18 years of age, and the re-

Fig. 4.1 Urodynamic tracing of a patient with anatomic bladder outlet obstruction secondary to benign prostatic hyper-
plasia. Note the elevated voiding pressure, low flow, and relaxed EMG tracing
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operation rate was 56%. Re-operations were nec-
essary for “device malfunction” which includes 
lead migration, broken wires, dislocation of the 
device, and depleted battery. The authors included 
resolution of symptoms as a reason to “re-oper-
ate” so the device can be removed [19]. An under-
standing of the relationship between DES, 
childhood voiding syndromes, and Hinman’s 
syndrome is evolving, and so the term “bladder-
bowel dysfunction” is now recommended by the 
International Children’s Continence Society 
(ICCS) to describe these syndromes, which 
include non- obstructive urinary retention as well 
as bowel dysfunction [22, 23].

Fowler’s syndrome, like bladder-bowel dys-
function, DES, and Hinman’s syndrome, includes 
uncoordinated and inappropriate urinary sphinc-
ter contraction as a cause of non- obstructive uri-
nary retention, but the syndrome usually refers to 
dysfunction in the adult population [24]. An uro-
dynamic tracing is shown in Fig. 4.2 exhibiting 
elevated vesical pressures, non-relaxing EMG 
tracing, and low flow that is typical of Fowler’s 
syndrome. Sacral neuromodulation was first 
approved for non- obstructive urinary retention in 
adults by the US Food and Drug Association in 
1999, 2 years after it was initially approved for 
urinary urgency and frequency [25]. First-line 
therapy for Fowler’s syndrome includes biofeed-
back, selective alpha-blocker medication such as 
tamsulosin, and clean intermittent self- 
catheterization (CIC), but SNM has proven very 
effective for cases that do not respond to these 
measures. De Ridder and colleagues noted a 75% 
persistent benefit 5 years after undergoing SNM 
for non-obstructive urinary retention due to 
Fowler’s syndrome compared with 50% of a 
matched cohort having non-obstructive urinary 
retention from other causes. They also noted that 
patients who were screened and found to be posi-
tive for somatization or depression did not pre-
dict for success or failure. SNM has a long track 
record of success in the treatment of non- 
obstructive urinary retention [26]. Table 4.1 lists 
a summary of some significant studies published 
in this area, specifically addressing SNM studies 
with ten or more subjects. As early as 1989 

Tanagho and colleagues noted success in treating 
these patients by performing dorsal rhizotomy 
and stimulating S3 (third Sacral Foramen) and S4 
ventral (motor) nerve roots. An example of intra- 
operative lead placement relative to the bony 
landmarks can be seen in Fig. 4.3. Although this 
is not the minimally invasive technique now used 
routinely to achieve SNM with commercial stim-
ulators, it proved the concept and paved the way 
for the current technique [40]. The mechanism by 
which SNM works to relieve functional bladder 
outlet obstruction is unclear, but evolving evi-
dence suggests it works centrally in the spinal 
cord reflex centers as well as in the brain. Studies 
utilizing functional magnetic resonance imaging 
(fMRI) demonstrated decreased activity in the 
brainstem of women suffering from Fowler’s 
syndrome and enhanced limbic cortical activity 
during full bladder cycles compared with normal 
controls. When SNM was applied and the affected 
subjects were re-imaged, the brainstem activity 
rose to normal levels and the limbic cortical 
activity decreased to normal levels, suggesting a 
central-acting mechanism of action [41]. Further 
insight can be gained by looking at the work of 
DasGupta and Fowler who subjected 30 women 
to urodynamic studies before SNM and after 
SNM was applied. They noted that the sphincter 
activity remained elevated and unchanged, as did 
maximum urethral closure pressure, and only 
detrusor pressure increased to improve flow and 
decrease post-void residual in women affected by 
Fowler’s syndrome [42]. Investigators from Italy 
explored a novel method to screen patients for 
SNM that may provide some additional insight. 
They stimulated sacral nerves under anesthesia 
and used urodynamic catheters to determine if a 
detrusor contraction was elicited. If it was not, 
the investigators determined the subject had 
detrusor acontractility and SNS was abandoned. 
By selecting patients in this way, the authors 
noted that 65% had no bladder contraction, but 
since they were not implanted it is not clear if 
they would have done well regardless of the neg-
ative screening test. Moreover, those testing posi-
tive for the screen did not all undergo SNM 
implantation, with only 12/24 receiving generators. 
Follow-up at 12–48 months revealed 67% with 
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no need to catheterize, voiding well, and 25% 
with the need to perform CIC 1–2 times per day. 
One patient was explanted [43]. This does not 
seem to provide any advantage over the tradi-
tional staged trial, when compared with the next 
investigation below.

Although not specifically enrolling patients 
with Fowler’s syndrome, the most robust evi-
dence for the effectiveness of SNM for non- 
obstructive urinary retention comes from a 
randomized controlled trial (RCT) involving 68 
patients screened from 177 patients presenting 
at multiple centers in which the controls all 
demonstrated non-obstructive urinary retention, 
randomized to a 6-month delay in SNM implan-

tation. Subjects were able to stop all catheteriz-
ing by the 6-month follow-up in 69% of cases, 
and an additional 14% (83% total) were able to 
reduce the PVR by 50% or more. Those ran-
domized to the SNM group experienced a reduc-
tion in PVR of 270 mL compared with the 
6-month delay subjects (controls) and a mean 
increase in voided volume of 104 mL [29]. This 
work was later validated by Datta and col-
leagues who reviewed their series of 60 patients 
who received SNS for non-obstructive urinary 
retention, 50% of whom were able to stop cath-
eterizing, while 72% were voiding spontane-
ously with a mean PVR of 100 mL [35]. Similar 
results were described by White and colleagues 

Fig. 4.2 Urodynamic tracing of a patient with Fowler’s 
syndrome. It is important to note that this EMG tracing is 
created by patch electrodes and not a needle electrode as 

described by the original investigators. One can see the 
activity, elevated Pves and Pdet, as well as low flow charac-
teristic of this type of non-obstructive urinary retention
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with 70% implantation rate, all of whom were 
still experiencing 50% improvement at a mean 
of 40 months’ follow-up and 55% were able to 
stop catheterizing altogether. 14.3% had to be 
explanted, despite good outcomes, for infection, 
need for MRI, and pain, suggesting these 
patients require close follow-up after implanta-
tion [36]. Gross and colleagues performed a 
meta-analysis of non-obstructive urinary reten-
tion treated with SNM including the previously 
mentioned RCT by Jonas as well as 13 case 
series and noted a mean decrease in PVR of 236 
and a mean increase in voided volume of 344 

favoring SNM. It should be noted that only 
seven studies reported PVR. Pain at the implant 
site was noted in 10.3% while lead migration 
occurred in 4.8% [44]. In a more contemporary 
retrospective report, Denzinger and colleagues 
report a 90% implantation rate following a test 
phase which yielded a reduction in PVR from 
350 mL to 135 mL which they report did not 
reach statistical significance, but a reduction in 
the number of catheterizations from 4 to 1 which 
was significant [37]. The authors note that a pre-
operative PVR of <400 mL is predictive of suc-
cess (86% compared with 33%).

Table 4.1 Reports in the literature including prospective RCTs and retrospective case reviews having >10 subjects 
describing outcomes using sacral neuromodulation to treat non-obstructive urinary retention

Reference n =
Follow-up  
period (month)

Reduction  
in PVR

Reduction in CIC  
per day Etiology of retention

Shaker J Urol 98 [27] 20 15 78 mL to 
5 mL

NA Idiopathic

Grunewald Rest Neuro 
Neurosci 99 [28]

43 
(21)

43 578 mL to 
113 mL

(13/21) “voided 
without residual”

NA

Jonas J Urol 01[29] 68 18 333 mL to 
109 mL

4.9 to 2.7 NA

Aboseif BJU Int 02 [25] 20 24 315 mL to 
60 mL

17/20 stopped CIC NA

Everaert BJU Int 03 [30] 13 31 582 mL to 
56 mL

9/13 stopped CIC Post-hysterectomy

Dasgupta BJU Int 04 [31] 26 37 NA to 
75 mL

NA NA

Van Voskuilen Euro Urol 
06 [32]

149 
(42)

70.5 NA NA NA

Van Voskuilen BJU Int 
07 [33]

49 
(10)

15.5 298 mL to 
112 mL

5.4 to 1.2 NA

DeRidder Euro Urol 07 
[26]

62 43.4 NA NA Fowler’s in 30 
idiopathic in 32

Van Kerrebroeck J Urol 
07 [34]

163 
(18)

60 380 mL to 
109 mL

5.3 to 1.9 NA

Datta BJU Int 08 [35] 60 48 NA 30/60 stopped CIC NA

White Urology 08 [36] 28 40 333 mL to 
87 mL

4.3 to 1 Idiopathic

Denzinger Neuromod  
12 [37]

20 12 350 mL to 
135 mL

4 to 1 Idiopathic (12) 
neurogenic (8)

Lombardi Spinal Cord  
14 [38]

36 50 353 mL to 
100 mL

3.6 to 0.7 Spinal cord injury

Engeler BMC Urology  
15 [39]

14 36 170 mL to 
25 mL

NA Multiple sclerosis

Series reporting on mixed populations having indications for SNM other than non-obstructive urinary retention will be 
reported in (parentheses)
NA signifies not given by the authors in the manuscript
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 Neurogenic Causes of Non- 
obstructive Urinary Retention

In addition to idiopathic causes of non-obstruc-
tive urinary retention, such as pediatric DES, 
bladder–bowel dysfunction, as well as adult con-
ditions such as Fowler’s syndrome, SNM has 
been successfully used to treat LUTS caused by 
certain neurologic conditions such as Parkinson’s 
disease, spinal cord injury, multiple sclerosis, 
cerebrovascular accident, and diabetes mellitus. 
Despite having been FDA approved only for 
non-neurogenic causes of LUTS, SNM appears 
to be effective for neurogenic causes of LUTS as 
well [45]. International guidelines recommend 
additional measures such as periodic renal 
ultrasound, serum creatinine, and urodynamic 
studies be performed on patients with neurogenic 
voiding dysfunction because many of these 
patients are at risk for deteriorating renal and 
even bladder function [46].

Spinal cord injury (SCI) is one controversial 
area where SNM was once thought to be ineffective 
and now has been proven modestly effective 
when other options have failed [45]. Recently, 
authors have reported a 42.5% response rate in a 
group of men with complete and incomplete SCI 
and urinary retention. This is lower than the suc-

cess rates for other causes of non-obstructive uri-
nary retention. The status of the SCI, ASIA score, 
and preoperative PVR did not appear to predict 
successful response to stage 1 SNM test lead, but 
those who did respond experienced a decrease in 
PVR from 353 to 100 and reduction in CIC from 
3.5 times per day to 0.67 [38]. Kessler and col-
leagues performed a meta-analysis on the effec-
tiveness of SNM for neurogenic causes of LUTS 
and noted that 67/119 (56%) had a successful test 
stimulation and progressed to implantation of the 
generator, while 65/89 (73%) experienced con-
tinued success following generator placement. 
This may not compare favorably to the overall 
pooled success rate of 92% following implanta-
tion for all indications, but still offers a reason-
able chance for success in a challenging 
population [47]. Wollner and colleagues exam-
ined 50 SCI subjects at a spine rehabilitation 
facility in Switzerland and noted nine with uri-
nary retention. Following successful implanta-
tion with a SNM generator, the median PVR 
decreased from 370 mL to 59 mL. Interestingly, 
when urodynamic studies were repeated no 
significant decrease in urodynamic proven 
neurogenic detrusor overactivity was noted 
although the patients reported significant 
improvements in urinary frequency and urge 
incontinence [48].

Fig. 4.3 Anterior-posterior (a) and lateral (b) films of a typical sacral neuromodulation lead going through the S3 fora-
men on the left
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 Sacral Neuromodulation as a Catalyst 
for Neurologic Remodeling

Some evidence exists suggesting neurologic 
remodeling is possible with early SNM. The 
assertion is that neuromodulation has the ability 
to remodel the brain and possibly repair damaged 
or dysfunctional pathways, perhaps through 
repurposing pathways that remain intact. One 
disease state where this may be particularly 
beneficial is acute spinal cord injury. Sacral 
neuromodulation has been used in patients with 
neurogenic bladder after spinal cord injury early 
during the spinal shock period, when the bladder 
is atonic (detrusor underactivity), which often 
improves with time. This was suggested in a 
recent investigation by Sievert and colleagues 
who performed urodynamic studies on ten 
patients who received early bilateral S3 leads. 
SNM occurred within 2.9 months of the injury 
and urodynamics confirmed an adynamic 
detrusor. Six patients who refused SNM were 
also included as control patients, but were not 
randomized to that group nor blinded. The 
controls demonstrated lower bladder capacity 
(294 cc vs. 582 cc) and more urinary tract 
infections (3.8 UTIs per year vs. 0.5) over 
26 months of follow-up [49]. It is notable that 
erectile function and bowel function were also 
improved in the early neuromodulation group.

In addition to acute spinal cord injury patients, 
children may also exhibit neurologic remodel-
ing. Reinberg and colleagues note this phenom-
enon in their experience in children with 
dysfunctional elimination syndrome, in which 
11% (13 of 118 children) are able to be explanted 
with continued resolution of symptoms at an 
average of 40.9 months follow-up [50]. More 
investigation is needed as none of these were 
controlled studies, but rather retrospective 
reviews. Critics might argue that clinical evi-
dence should be used to generate hypotheses that 
should then be tested with animal studies. Apart 
from SNM, pudendal neuromodulation has been 
noted in dogs to have a protective effect on the 
bladder if instituted within a month of a surgi-
cally induced spinal cord injury, but not if ther-
apy is delayed 6 months after the injury, further 

supporting the hypothesis that early neuromodu-
lation might provide benefit [51].

 Brindley Finetech Stimulator
Introduced in 1978, this therapy for patients 
with neurogenic voiding dysfunction secondary 
to complete spinal cord injury has enjoyed mod-
erate success at a limited number of centers. 
Typically, patients suffer both urge urinary 
incontinence and non-obstructive urinary reten-
tion. The continence comes from the surgical 
rhizotomy of the dorsal root of the sacral nerves 
and the ability to void comes from stimulation 
of the afferent anterior roots of S2, S3, and S4 
using a surgically implanted cuff electrode. The 
most recent report is from Krasmik and col-
leagues from Germany who found that 107/137 
(78%) of enrolled patients who received the rhi-
zotomy and sacral anterior root stimulation 
(SARS) with a Brindley Finetech stimulator 
were still using it after 14.8-year follow-up. 
They noted 62% were continent with 80 surgical 
revisions, and a mean PVR of 96, suggesting 
that surgical revision is very common over the 
lifetime of the device, and improvements in 
PVR appear modest [52].

Another recent report from the Netherlands 
compared SARS with matched spinal cord 
injured controls. 53% of the 46 patients who 
responded reported being continent to urine, 
compared with 14% of 28 patients who did not 
undergo the procedure. The afferent stimulation 
has a modest effect on voiding efficiency, as 37% 
of those with the stimulator reported they no 
longer used it for volitional voiding, but 33% of 
them still enjoyed improved continence 
secondary to the rhizotomy. The UTI rate for the 
Brindley stimulator group was 50% (at least 1 per 
year) compared with 64% for the controls, 86% 
of whom were managed with CIC. Those still 
using it reported significantly higher quality of 
life scores (Qualiveen) [53]. MRI has been safely 
used in spinal cord injury patients who have 
undergone this therapy but one device began to 
malfunction and had to be explanted [54].

Cerebral vascular accident (CVA) is classified 
as a supra-pontine neurologic injury and as such 
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typically causes loss of inhibition and detrusor 
overactivity, often leading to urge incontinence, 
but seldom leading to urinary retention [55]. One 
paper in the literature describes the use of poste-
rior tibial nerve stimulation (PTNS) in a RCT 
involving 24 men, all of whom suffered a CVA, 
who were randomized to PTNS twice per week 
or “general advice and stretching” for 6 weeks. 
PTNS-treated patients experienced significant 
reductions in urgency (−34%), nocturia (−41%), 
and urge urinary incontinence (−25%); however, 
these differences all failed to improve upon the 
control group at 6 weeks and at 1 year [56]. 
Although the subjects did not suffer from non-
obstructive urinary retention, the work demon-
strates a role for PTNS in supra-pontine 
neurogenic voiding dysfunction.

Multiple sclerosis (MS) can be characterized by 
four subtypes—relapsing, remitting is the most 
common, affecting approximately 85% of 
patients, but a significant number will convert to 
secondary progressive MS, about 10% will have 
primary progressive, and the fourth and least 
common category is progressive relapsing MS 
[57]. It is common, with a prevalence of 100 per 
100,000 Americans. Over 75% of MS patient suf-
fer LUTS, making it one of the most frequent neu-
rologic causes of LUTS [58]. This makes 
predicting the effects of MS on the bladder of 
affected individuals difficult and adds heterogene-
ity to study subjects. Detrusor underactivity (DU) 
affects 25% and detrusor sphincter dyssynergia 
(DSD) affects approximately 35%, making non-
obstructive urinary retention a significant problem 
in this patient group [57]. Neuromodulation has 
been studied in this group by multiple authors. 
Engeler and colleagues treated 16 of 17 subjects 
with SNM and noted a reduction in urinary fre-
quency from 12 to 7 voids per day, PVR decreased 
from 170 mL to 25 mL, and voided volume 
increased from 125 mL to 265 mL. It should be 
noted that although the authors did report that 16 
of 17 enrolled patients with MS had “incomplete 
voiding,” only five were reported to perform CIC 
and the median PVR for all 17 subjects was 
83 mL [39]. One concern raised by some experts 
is the progressive nature of MS, and the future 

need for MRI, which is incompatible with SNM 
for most regions of the body [59]. The manufac-
turer (Medtronic Inc., Minnesota USA) has posted 
a safety advisory update, noting that MRI of the 
head (only) is safe for InterStim® II model 3058 
and certain InterStim® 3023 devices [60]. 
Posterior tibial nerve stimulation is another form 
of neuromodulation used to treat LUTS, but 
unlike SNM, it has not been approved by the US 
Food and Drug Administration (FDA) for treat-
ment of urinary retention. Gobbi and colleagues 
found PTNS improved urinary frequency in MS 
from 9 to 6 voids per day. Nocturia decreased 
from 3 to 1 episode per night, and post-void resid-
ual from 98 cc to 45 cc. Quality of life was 
improved in most domains assessed immediately 
after 12 weeks of PTNS therapy, but not the 
domain related to urinary retention [61]. Other 
investigators examining the role of PTNS in MS 
noted an increase bladder capacity before unin-
hibited contractions were seen from 124 to 217 cc. 
Maximum capacity increased from 199 to 266 cc 
[62]. Some authors have described a similar tech-
nique not requiring needles called transcutaneous 
posterior tibial nerve stimulation (TPTNS) used 
for multiple sclerosis with 82% of 70 subjects 
reporting “improvement of OAB” at 30 days and 
83% at 90 days. The subjects underwent daily 
20 min sessions at home. The endpoint was the 
absence of all of the following: >8 voids per day, 
>1 nocturia episode, and >3 urinary incontinence 
episodes weekly [63]. Although the endpoint was 
not a traditional one, this therapy can be applied 
daily at home and appears effective, but is not 
equal to sacral neuromodulation. The evidence at 
this time does not support either PTNS or TPTNS 
for urinary retention.

Myelomeningocele is a common congenital neu-
rogenic cause for non-obstructive urinary reten-
tion. SNM has been used with some limited 
success in this population in children, but not in 
the context of a well-designed, prospective 
RCT. Investigators in China noted 6/9 patients 
with myelomeningocele in their series of 23 sub-
jects suffering neurologic voiding dysfunction 
were able to successfully undergo SNM genera-
tor implantation, with 5/6 demonstrating preop-
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erative detrusor sphincter dyssynergia (DSD). 
After implantation 5/6 showed improvement in 
urinary frequency, 5/6 had improvement in con-
stipation, and 4/6 experienced an improvement in 
urge urinary incontinence [64]. Investigators in 
Iran have demonstrated efficacy treating myelo-
meningocele using a neuromodulation technique 
known as interferential electrical stimulation. 
This was performed by a physical therapist using 
two adhesive electrodes on the pubic symphysis 
and two beneath the buttocks, near the ischial 
tuberosities, through which a 0–50 mAmp cur-
rent was passed at 1–20 Hz. They randomized 20 
subjects age 3–16 years with myelomeningocele 
to treatment three times weekly for 6 weeks and 
performed sham procedure on ten control sub-
jects. All subjects had elevated bladder pressure 
at capacity >40 cm H2O and urodynamic proven 
detrusor overactivity. They were all treated with 
CIC and anticholinergic medication throughout 
the study period. Most importantly, DSD was 
noted to decrease from 18/19 subjects to 7/19 
post-procedure, suggesting this therapy might 
significantly improve the main cause of urinary 
retention in this patient population. Compliance 
improved temporarily 2 weeks following the end 
of the stimulation period (from 9.7 to 12.7 mL/
cm H2O) but the benefit was lost at the 6-month 
follow-up. PVR also improved and remained 
improved at 6 months (113 mL to 51 mL, and 
then 49 at 6 months) [65].

 Hemilaminectomy and Ventral Root 
Microanastomosis, the Xiao Procedure
Another novel and innovative method to apply 
neuromodulation to patients is nerve re-routing, 
using the existing intact nervous system to bypass 
deficient areas. Xiao and colleagues continue to 
garner significant attention after describing their 
work re-routing lumbar to sacral nerve roots 
allowing patients with spinal cord injury to 
increase bladder capacity and stimulate voiding 
by merely scratching a dermatome over the 
appropriate area [66]. This was done in 20 
patients with myelomeningocele, with 85% gain-
ing “satisfactory bladder control and continence 

within 8 to 12 months” [67]. This procedure has 
been reproduced in the USA with patients having 
neurogenic bladder secondary to myelomeningo-
cele. Seven of nine subjects noted improved stor-
age and volitional voiding by scratching a 
dermatome. Two patients were able to stop cath-
eterizing; however, no patient was able to achieve 
complete urinary continence. Unfortunately, 89% 
had some degree of muscle weakness, and one 
demonstrated persistent foot drop at 12 months’ 
follow-up, which is a challenge since many 
patients with myelomeningocele often suffer 
compromised mobility at baseline [68]. This 
innovative technique has been replicated with 
only modest success outside of the originating 
institution and its partner hospitals. The foot 
drop, initially seen in 25% of subjects in the early 
Chinese experience has been reduced to 5% in 
the more contemporary Chinese series by taking 
less of the L5 nerve root. Investigators in 
Denmark had less success, with 10/10 patients 
still requiring CIC after the procedure, with only 
some improvement in urge urinary incontinence 
during follow-up urodynamic studies [69]. The 
remarkable success rate noted by the Chinese 
investigators (85%) has not been reproduced in 
the North American or Denmark series. The sig-
nificant risk and morbidity must be weighed 
against that of comparable options for these 
patients who fail conventional management such 
as clean intermittent self-catheterization, anti-
cholinergics, botox, and sacral neuromodulation. 
Once these options are exhausted, bladder aug-
mentation, continent catheterizable channel, and 
possibly sling are often considered. These carry 
significant morbidity as well. Dr. Xiao reports 
that over 2840 patients with myelomeningocele 
or SCI have undergone the Xiao procedure at 
three medical centers in China [70]. This innova-
tive therapy will likely remain available under 
investigative protocols until other investigators 
can reliably replicate these results. The author 
has offered to host interested surgeons at his 
home institution, maintaining that the patients 
require careful selection and the complex proce-
dure has a steep learning curve [70].
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 Detrusor Underactivity as a Cause 
for Urinary Retention

Detrusor underactivity (DU) has enjoyed sig-
nificant attention recently, as an under- 
diagnosed condition that may be responsible 
for a significant number of cases of urinary 
retention. Specifically, DU can be caused by 
myogenic failure of the detrusor muscle [71] or 
neurogenic impairment, such as with diabetes 
mellitus (DM) [72] or sacral spinal cord injury 
[38]. Rademakers and colleagues have devel-
oped the first nomogram to predict success in 
men suffering from DU, called the Maastricht-
Hannover nomogram combining urodynamic 
findings suggestive of bladder outlet obstruc-
tion with contractility, and found that only 20% 
of men scoring in the tenth percentile or below 
will respond to SNM for non-obstructive uri-
nary retention while those in the 10–25th per-
centile have an 86% response rate [71]. The 
nomogram incorporates Watts factor (Wmax) 
and bladder outlet obstruction index (BOOI) 
[73]. The authors define “success” as having no 
need to perform CIC. As understanding of DU 
evolves, many new pharmacologic targets are 
emerging alongside a more refined understand-
ing of the role of SNM [74].

Behavioral causes of urinary retention can 
include mental retardation, autism, and 
Alzheimer’s dementia. These are challenging 
causes of retention with multiple factors and not 
easily remedied with neuromodulation. At this 
time, it is thought that this population may not 
benefit from neuromodulation.

 The Future of Neuromodulation 
for Non-obstructive Urinary 
Retention

 Improvements to the Existing SNM 
System

Although non-obstructive urinary retention has 
been treated successfully with neuromodulation 
and SNM in particular, improvements are needed. 

The limited battery life and need for surgical 
revision remain two problems with the current 
SNM system, called InterStim®, marketed by 
Medtronic ™. A rechargeable system claiming a 
15-year battery life has received permission in 
June 2016 to begin post-marketing testing in 
Europe and might advance treatment in this area 
[75, 76].

Others have speculated that incorporating 
real-time bladder feedback into neuromodulation 
will reduce unnecessary stimulation cycles and 
improve battery life [77], and in fact this has been 
demonstrated in some animal studies. 
Investigators stimulated the pudendal nerve on 
demand after a bladder “event” and increased 
bladder capacity while reducing stimulation time 
by 67%, saving power and lengthening battery 
life. Using the pudendal nerve electroneurogram 
as a trigger, however, reduced the reliability of 
the technique, as 2 of the 6 cats tested did not 
exhibit a bladder “event” despite obvious leakage 
from the urethra [78]. Using information recorded 
from nerves in vivo has been difficult due to 
migration of nerve electrodes, scarring at the 
interface, damage to the nerve caused by the elec-
trode itself, and poor signal-to-noise ratio, mak-
ing it difficult to distinguish bladder sensory 
information from other information such as 
unrelated muscle contraction [79]. Using real- 
time biologic information to guide stimulation is 
known as closed-loop feedback. One problem 
with closed-loop feedback remains sensing a 
bladder “event” to prevent incontinence, or 
sensing bladder fullness in the case of non- 
obstructive urinary retention. Investigators have 
been able to sense roughly how full a bladder is 
using information from afferent nerves, but the 
technique of electrode implantation is very 
complex and time consuming, while the 
resolution, durability, and reliability are poor 
[80]. Another approach is to use actual bladder 
pressure, similar to what is done during the 
urodynamic study. Pressure sensing technology 
performs poorly over extended periods of time 
when implanted in animals, and, over the long 
term, unpredictable shifts in pressure measure-
ment have hampered this endeavor. To this end, 
investigators have developed an implantable 
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pressure sensor that does not absorb fluid from 
surrounding tissues, as this has been a problem in 
prior attempts to sense pressure in vivo. This is 
known as sensor drift, and although promising, 
this work is in very early stages [81].

 Conclusion

Neuromodulation has many forms. Direct electri-
cal stimulations to nerve roots, nerve ganglia, and 
peripheral nerves have all been described. Sacral 
neuromodulation has been particularly successful 
at providing patients suffering from non-obstruc-
tive urinary retention some relief, but other forms 
have also provided benefit. As technology 
improves and understanding of these conditions 
evolves, new SNM technologies and possibly 
neuromodulation incorporating bladder feedback 
information may allow more patients to avoid 
end-stage therapies such as urinary diversion or 
chronic Foley catheter dependency.
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 Introduction/Background

Sacral neuromodulation (SNM) was initially 
approved by the US Food and Drug administra-
tion in 1997 for refractory urinary urgency 
incontinence (UUI). It was subsequently 
approved for non-obstructive urinary retention 
(UR) and urinary urgency-frequency in 1999, 
and refractory chronic fecal incontinence in 
2011. During this time, more than 200,000 
patients worldwide have received the Medtronic 
InterStim® sacral nerve stimulation system [1]. 
The widespread use of SNM has led to advances 
in patient selection, device quality, and place-
ment technique.

One of the unique aspects of SNM is that 
patients are allowed to undergo a trial period to 
evaluate whether the therapy is efficacious and 
provides adequate symptom relief. As such, SNM 
consists of two phases: an initial test phase: where 
the patient trials the therapy to determine efficacy, 
followed by a second phase. The second phase 

consists of either implantation of the implantable 
pulse generator (IPG) if the trial was successful or 
removal of the lead wire if unsuccessful.

The initial phase is known as a test stimulation 
and includes an acute and subchronic period to 
evaluate for a successful response prior to perma-
nent placement of the device. Prior to the devel-
opment of the tined lead in 2002, the acute period 
was conducted with a peripheral nerve evaluation 
(PNE). Currently, the test stimulation can be per-
formed with either a PNE or with a staged 
approach using the tined lead.

In this chapter, we will discuss peripheral 
nerve evaluation in detail, including patient 
selection, advantages and disadvantages, recom-
mended technique, and clinical outcomes.

 Patient Selection

Candidates for SNM are those with refractory 
UUI, urinary urgency-frequency, OAB, non- 
obstructive UR, and fecal incontinence. The 
American Urology Association recommends 
SNM as a third tier option for urinary dysfunc-
tion, after behavioral modifications and pharma-
cological therapy, which are tier one and two 
therapies, respectively [2]. Additionally, The 
American Society of Colorectal Surgeons recom-
mends SNM for the treatment of chronic fecal 
incontinence [3]. For patients with urinary 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-73266-4_5&domain=pdf
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 retention, the only other currently available man-
agement options are clean intermittent catheter-
ization (CIC) and suprapubic catheter placement. 
These options can be extremely difficult to man-
age for some patients, thus SNM is an excellent 
alternative that requires minimal maintenance by 
the patient.

An ideal candidate for PNE is one who is 
comfortable undergoing a procedure under local 
anesthesia and who is able to tolerate the poten-
tial mild discomfort related to the procedure. 
Patients with heightened levels of anxiety or a 
low pain threshold may benefit from a staged 
procedure in the operating room. However, pro-
vider compassion and a good bedside manner can 
alleviate this to some extent [4]. Additionally, 
body habitus, vertebral shape or history of prior 
back surgery may play a role in patient selection. 
For example, bony landmarks can be difficult to 
identify in an obese patient or one with severe 
kyphosis, without fluoroscopy or ultrasound. In 
these instances, a two-staged procedure may lend 
itself better results while minimizing patient dis-
comfort and procedure length.

 Technique

 Initial Test Phase

 Acute Period: Peripheral Nerve 
Evaluation Technique
PNE refers to the percutaneous placement of a 
monopolar lead through the S3 foramen, fol-
lowed by acute electric stimulation to assess sen-
sory and motor response. Thereafter, the patient 
undergoes a sub-acute period at home, for 
3–7 days, to assess whether they are a responder 
or not.

The PNE stimulation kit contains a foramen 
needle with stylet, percutaneous lead wire, 
J-hook, grounding pad, and external test stimula-
tor. In addition, the provider should have local 
anesthesia, tape or Tegaderm™, and antiseptic 
solution available.

The patient is placed in prone position and the 
buttocks are exposed in order to visualize the 
perineum and anus for evaluation of motor 

response. Some physicians choose to tape the 
buttocks laterally to maximize visualization. The 
upper sacrum (S1 and S2) lies in a more horizon-
tal plane than the lower sacrum (S3–S5), which is 
often oriented in the frontal plane. In order to flat-
ten the sacrum, pillows or bolsters may be placed 
under the lower abdomen and hip area (Fig. 5.1). 
The patient’s toes should dangle freely to assist in 
motor evaluation. This can be achieved by plac-
ing them at the edge of the table or placing a pil-
low underneath the patient’s shins, which also 
relieves pressure on the knees. A grounding pad 
is placed on the patient’s thigh or foot and con-
nected to the test stimulation cable and external 
test stimulator. The patient’s skin is then prepped 
and draped in a sterile fashion from the top of the 
lumbar spine to the anus (Fig. 5.2). Depending on 
physician preference, the procedure can be per-
formed via palpation of bony landmarks, with 
fluoroscopy, or with ultrasound. The PNE is gen-
erally performed bilaterally and takes anywhere 
from 15 to 30 min to complete.

The most common and most readily available 
route of PNE is via palpation of bony landmarks. 
Important landmarks include the sciatic notch, 
coccyx, and sacral midline (Fig. 5.3). The sciatic 
notch represents the junction of the pelvis and 
sacrum and is anatomically in line with the S3 

Contraindications for PNE

Contraindications

Unable to tolerate prone position for up to 
60 min

Requires >1 week for test phase (i.e., uri-
nary retention, fecal incontinence)

Relative Contraindications

Elderly patient (i.e., severe osteoporosis)
Anticipate challenging lead placement 

(i.e., prior back surgery)
Morbidly obese patient

K. Noblett and N. T. Sudol
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Fig. 5.1 Patient 
positioning: A pillow is 
placed under the hips to 
flatten the sacrum. A 
pillow is placed under 
the shins to elevate the 
toes. Reprinted with the 
permission of 
Medtronic, Inc. © 2017

Fig. 5.2 Sterile preparation of the patient. (a) The skin is 
prepped with betadine or chlorhexidine. Prior to cleansing 
the skin, tap can be placed on the lateral aspect of the but-

tocks to expose the anus. (b) The lumbar back to the anus 
are draped in a sterile fashion. Reprinted with the permis-
sion of Medtronic, Inc. © 2017

3rd SACRAL FORAMEN

3rd SACRAL SPINOUS 
PROCESS

MEDIAN SACRAL
CREST

SACRAL ANATOMY

LATERAL SACRAL
CREST

SACRAL HIATUS

SACRAL CORNUA

COCCYXCOCCYGEAL CORNUA

9 cm from tip of coccyx
to S3 foramen

Sciatic notch

Fig. 5.3 Bony landmarks. On the dorsal sacrum, the coc-
cyx and sciatic notch can be palpated. As highlighted by 
the red line, the S3 foramen can be measured 9 cm cepha-

lad and 2 cm lateral from the coccyx. The sciatic notch is 
lateral and in line with the S3 foramen. Reprinted with the 
permission of Medtronic, Inc. © 2017
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foramen. The S3 foramen can also be measured 
9–10 cm cephalad and 2 cm lateral from the tip of 
the coccyx. Local anesthetic is utilized and liber-
ally injected 2 cm cephalad to the expected S3 
foramen to provide anesthesia from the skin to 
the bony shelf. A foramen needle (3.5 or 5 inches) 
is then introduced through the anesthetized skin 
site at an approximate 60° angle and, ideally, 
passed into the superior-medial aspect of S3 fora-
men (Fig. 5.4). The needle is then tested for sen-
sory and motor response using a J-hook cable 
connected to the external test stimulator 
(Fig. 5.5). The needle should be able to be 
advanced 1–2 cm further into the foramen and 
still achieve an adequate response. This will 
ensure a parallel orientation of the lead along the 
nerve root and minimize the loss of response due 
to lead migration. The correct sensory response 
will result in a tingling or tapping sensation in the 
vagina, labia, or perineum in women; in the scro-
tum or base of the penis in men and/or rectum in 
both. Motor response should demonstrate a con-
traction of the levator ani muscles near the anus, 
which appears as a pulling in of the buttocks and 
anus (bellows), and plantar flexion of the ipsilat-
eral great toe (Table 5.1). Motor response is pre-
ferred over sensory in most situations, but is not 
necessary to confirm correct placement, as the 
response can vary based on patient discomfort. In 
a cohort of 21 patients, Cohen et al. found that 

95% of patients with greater than 50% improve-
ment with test stimulation and subsequent per-
manent implant demonstrated a positive motor 
response [5]. Conversely, despite having a sen-
sory response during test stimulation, 48% of the 
patients were not responders.

Once correct placement of the needle is con-
firmed, the stylet is removed and the monopolar 
lead wire is passed through the needle to the cor-
rect depth as determined by marks on the lead 
(Fig. 5.6). The needle is then removed over the 
lead wire, holding the position of the wire steady. 
The response should be tested again to confirm 
that the correct wire placement has been 
 maintained. Care must be taken to secure the lead 
wire so as to minimize risk of dislodgment during 
the subchronic phase (Fig. 5.7). The same proce-
dure is repeated on the contralateral side.

Another approach to office PNE is with the use 
of fluoroscopy. Initial imaging is obtained in the 
AP view to identify the sciatic notch, medial bor-
der of the foramen and vertical midline. The 
C-arm is then moved into the lateral position to 
visualize the S3 foramen. The PNE procedure, as 
discussed above, is performed. The ideal place-
ment of the needle, as visualized on fluoroscopy, 
is the upper most medial border of the foramen. 
This is approximately 1 cm above the hillock and 
parallel to the fusion plate (Fig. 5.8). While sen-
sory and motor findings are the primary means to 
assess correct placement, AP and lateral fluoros-
copy views can further troubleshoot incorrect or 
suboptimal placement [6]. Specifically, they can 
confirm correct lead depth and that it has been 
placed in the upper medial aspect of the foramen.

Another imaging option to aid in identifica-
tion of the sacral foramina is the use of ultra-
sound. Ultrasound guidance has the advantage 
over fluoroscopy of avoiding radiation exposure. 
Additionally, ultrasound is used for many other 
diagnostic purposes and is often more readily 
available than fluoroscopy. A recent study dem-
onstrated that ultrasound was non-inferior to 
 fluoroscopy with regard to locating the foramen 
during the test procedure [7]. Specifically, there 
was no difference between the groups in the 
number of needle passes required to successfully 
place the foramen needle. There are specific 

Fig. 5.4 Correct needle placement. The foramen needle 
correctly enters the superior-medial aspect of S3 foramen 
by puncturing the skin 2 cm cephalad at a 60° angle. 
Reprinted with the permission of Medtronic, Inc. © 2017
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Fig. 5.5 Test stimulation with a J-hook cable. (a) As seen 
in a simple drawing, the J-hook cable is easily connected 
to the foramen needle to assess for the correct motor 

response; anal bellows and toe flexion. (b) Same step of 
the procedure as seen on a live patient. Reprinted with the 
permission of Medtronic, Inc. © 2017

Table 5.1 Sacral nerve motor and sensory responses

Nerve innervation

Response

SensationPelvic floor Foot/calf/leg

S2 Primary somatic contributor of 
pudendal nerve for external 
sphincter, leg, foot

“Clamp”a of 
anal sphincter

Leg/hip rotation, plantar 
flexion of entire foot, 
contraction of calf

Contraction of base of 
penis, vagina

S3 Virtually all pelvic autonomic 
functions and striated muscle 
(levator ani)

“Bellows”b of 
perineum

Plantar flexion of great toe, 
occasionally other toes

Pulling in rectum, 
extending forward to 
scrotum or labia

S4 Pelvic autonomic and somatic
No leg or foot

“Bellows”b No lower extremity motor 
stimulation

Pulling in rectum only

aClamp: contraction of anal sphincter and, in males, retraction of base of penis. Move buttocks aside and look for ante-
rior/posterior shortening of the perineal structures
bBellows: lifting and dropping of the pelvic floor. Look for deepening and flattening of buttock groove
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landmarks that aid in the identification of the S3 
foramen and are shown in Figs. 5.9 and 5.10.

 Subchronic Phase: Home Testing

The sub-acute trial phase is generally conducted 
over 3–7 days after the PNE office procedure. 
During this period, objective data identifying 
change in symptoms is obtained with a voiding 
diary, which is then compared to baseline. A 
responder is defined as a patient who demon-
strates a ≥50% improvement in the number of 
average voids/day or return to normal voiding 

(<8 voids/day) for patients with urinary fre-
quency; and 50% improvement in average leaks/
day in patients with urinary urgency incontinence 
[8]. Those meeting criteria for success are candi-
dates for permanent implantation with the 
SNM. Permanent implantation is performed in 
the operating room with general anesthesia or 
under sedation with local anesthesia.

While the trial may be performed for up to 
2 weeks, this can be difficult to maintain due to 
several restrictions and risk of infection. To avoid 
water damage to the electrode, the patient must 
not bathe or shower during the PNE trial. They 
are also asked to avoid strenuous exercise or 

Fig. 5.6 Placing the PNE lead wire. (a) The stylet is 
removed and the PNE lead wire is advanced through the 
foramen needle. (b) The PNE lead wire should be tested to 

confirm correct placement. Reprinted with the permission 
of Medtronic, Inc. © 2017
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activity to minimize risk of lead migration. Given 
the percutaneous exposure of the lead, risk of 
infection exists. Panneck reported significant 
bacterial growth in 45% of PNE electrodes; 
 however, no patient showed signs of local or sys-
temic infection [9]. The use of antibiotics during 
the PNE and subchronic periods remains contro-
versial and is left to the clinician’s discretion as 
data is lacking to guide best practices in this area.

 Advances

While PNE has several advantages (Table 5.2), 
reported success rates to conversion vary widely 
from 24 to 75% [6, 13]. Prior to 2002, PNE was 
the primary route to accomplish the initial testing 

phase. In 1997, Janknegt and colleagues proposed 
that non-responders were actually a result of lead 
displacement after PNE [6]. They hypothesized 
that the permanent electrode was the only stable 
electrode available, and prospectively enrolled 10 
of 47 non-responders who initially had a good 
response but did not meet criteria for permanent 
implantation. These patients underwent placement 
of the permanent electrode in the operating room, 
of which 80% demonstrated 90% improvement in 
their symptoms. This was significantly better com-
pared to their average response rate of 52% using 
PNE. While their results supported suspicions that 
lead migration during PNE was the etiology for 
varying responder rates, the invasive and costly 
nature of placing the permanent lead for initial 
testing limited its use in clinical practice.

Fig. 5.7 Securing the PNE lead wire. (a) Technique to 
secure bilateral PNE wires using a surgical adhesive that 
water resistant, transparent, conforming tape is critical 

to minimize risk of migration. (b) Securing a unilateral 
PNE wire. Reprinted with the permission of Medtronic, 
Inc. © 2017
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Fig. 5.8 Fluoroscopic view of landmarks. (a) In the AP 
view of the sacrum, the medial aspects of the foramen 
are marked. The lead wire should pass through this 
space. (b) In the lateral view, note the angle of needle 

placement is approximately 1 cm above the hillock and 
is parallel with the fusion plate. Reprinted with the per-
mission of Medtronic, Inc. © 2017

Fig. 5.9 Ultrasound view of landmarks. In the axial view, the S3 foramen can be visualized between the lateral and 
median sacral crest. Reprinted with the permission of Medtronic, Inc. © 2017
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Siegel et al. described good, long term, clinical 
efficacy in a large cohort of patients among 12 
European centers who underwent SNM for UUI, 
UR or urgency-frequency [10]. Despite this, only 
44% (260/581) had successful test stimulation with 
PNE. This highlighted the need to improve test 
stimulation to identify responders. Furthermore, 
when patients did demonstrate a positive response 
to PNE, as many as 28% did not see sustained 
results with permanent implantation [11]. Siegel 
cited a newly available test stimulation lead as a 

hopeful future direction to improve the success of 
PNE for identification of responders.

In 2000, a coiled permanent lead (Medtronic® 
Model 3057) was introduced. This lead could be 
placed percutaneously under local anesthesia but 
still had a 25% rate of lead migration, despite 
various locking devices to secure it to the sacrum. 
In 2002, Medtronic introduced a quadripolar lead 
with self-anchoring tines. The lead contained  
four cylindrical electrodes and four flexible tines 
to act like anchors and minimize migration. The 

Fig. 5.10 Ultrasound view of landmarks. In the sagittal view, the S3 and S4 foramen can be visualized in the same 
image. Reprinted with the permission of Medtronic, Inc. © 2017

Table 5.2 Com-parison of PNE versus TLE

PNE (one-staged implant) TLE (two-staged implant)

Advantages Disadvantages Advantages Disadvantages

Less invasive Patient discomfort Patient comfort Risks of anesthesia

Less resource intensive Risk of lead migration Allows for longer trial 
period

Unreliable sensory 
response

Bilateral Successful conversion 
40%

Ideal for obese patients Costly

Reliable sensory 
response

Unipolar lead Tined lead already placed

Successful conversion 
80–90%

Quadripolar lead

5 Peripheral Nerve Evaluation



72

tines were novel in that lead placement did not 
require a large incision or anchoring.

Spinelli and colleagues presented the first 
experience with the tined lead electrode (TLE) in 
15 patients, of which 12 underwent permanent 
implantation [12]. They concluded that this two- 
staged, percutaneous approach under local anes-
thesia was superior to PNE and two-stage open 
with a responder rate of 80%. Furthermore, the 
minimally invasive nature of the tined lead 
 maintains the ability to assess sensory response 
since it can be performed under local anesthesia 
and mitigates the need for general.

A recent advance is the development of the 
Medtronic Verify™ system: an external genera-
tor that can be used for PNE and the staged 
implant. This is a wireless system that replaces 
the external programmable generator (EPG) that 
had to be directly connected to the externalized 
lead. With the Verify™ system, the patient has a 
handheld controller that remotely connects to the 
EPG. Thus, it simplifies the test period by elimi-
nating the connection wire, which many patients 
found to be troublesome.

 Adverse Events

Adverse events (AE) related to SNM can occur 
with initial test stimulation or permanent implan-
tation. While implantation site infection and cel-
lulitis are rare, more common AEs are undesirable 
changes in stimulation, pain, or skin irritation at 
the implant site. Rarely, temporary leg weakness 
has been reported. While AEs are not uncommon, 
most are therapy or permanent device related 
rather than secondary to initial test stimulation 
with PNE.

 Advantages/Disadvantages

While the PNE has been used less often in recent 
years, it maintains several advantages. It continues 
to be the least invasive approach for test stimula-
tion, requiring only a needle stick, and no incision. 
Furthermore, it avoids the cumbersome aspects of 
going to the operating room twice for placement of 

the lead and subsequent IPG. Patients can be 
promptly scheduled for office PNE once identified 
as a candidate, without a prolonged wait for a sur-
gical date and multiple pre-operative appointments 
for obtaining consent, lab work, and medical clear-
ance. Additionally, the risks associated with anes-
thesia and hospital admission are reduced by only 
having one procedure in the hospital versus two. 
Without the use of sedation or general anesthesia, 
providers can rely on, both, sensory and motor 
response to lead placement and stimulation. In a 
European study comparing cost of PNE versus 
TLE, the cost of each kit was 210 versus 7750 
pounds, respectively [14]. These costs did not 
include the use operating room resources neces-
sary for the two-staged procedure. In an era where 
cost of medical care is highly scrutinized, the role 
for PNE may increase. Another consideration is 
that bilateral placement is the standard for PNE 
and as such, is acceptable for billing. This is not 
the case for the two-staged approach. While, PNE 
has a lower response rate, a bilateral test approach 
can increase a patient’s chance for a successful 
response [4, 15]. Additionally, a modified tech-
nique in which the electrode is subcutaneously 
tunneled can improve the response rate without 
increasing cost [16].

Disadvantages of PNE are highlighted through 
the advantages of TLE (Table 5.2). After receiv-
ing a good response with the PNE lead, one runs 
the risk of losing that precise orientation when 
replacing the permanent lead in the operating 
room. With the current two-staged approach, the 
lead wire that is initially placed is maintained in 
the second stage for responders. Furthermore, 
PNE can be uncomfortable and make correct 
placement difficult. This can lead a physician to 
incorrectly conclude that the patient is not a 
responder. For this reason, patients who do not 
obtain a response to initial stimulation with PNE 
should be considered for a two-staged procedure.

 Conclusion

The peripheral nerve evaluation remains a viable 
option for the testing phase of sacral neuromodu-
lation. It is minimally invasive and carries very 
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little risk. Although the conversion rate to perma-
nent implant is not as high as the staged implant, 
careful patient selection and the use of bilateral 
PNE leads may lead to higher success.
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 Introduction

Neuromodulation is an emerging field that offers 
promise for patients with a variety of pelvic floor 
disorders; these include recalcitrant urge- 
frequency syndrome, urinary retention, and fecal 
incontinence. The use of neuromodulation con-
tinues to grow exponentially and more indica-
tions for neuromodulation will surely follow. For 
neuromodulation to be effective, one has to 
deploy electrodes near the nerve target in a con-
sistent fashion. Unfortunately, there is no clinical 
way to view the actual nerve targeted. Currently, 
only surrogate markers of response are used, 
including visual cues bellows response and great 
toe flexion. These markers are arbitrary and 
depend on personal interpretation. In many cases, 
adequate motor responses may not be possible 
due to medical disease or body habitus. Sensory 
responses are also used and are not consistent. 
These clinical responses are subjective, inaccu-
rate, and leave room for interpretation. Recent 
studies show an 80% response rate to SNS [1, 2]. 
One reason that one in five do not respond may 
be due to the subjective interpretation of 

responses. The use of electroneurodiagnostics 
may aid in better use of neuromodulation. elec-
troneurodiagnostics include electromyography 
(EMG), nerve conduction studies and evoked 
potentials. In this chapter, we will focus on the 
use of EMG. The use of EMG allows recording 
of a compound motor action potential (cMAP). 
The use of compound muscle action potential 
(cMAP) monitoring objectifies the process of 
neuromodulation and may increase the success of 
the therapy. Currently, there is a paucity of data 
evaluating the effectiveness of cMAP monitor-
ing, and most experts in the field are just imple-
menting the use of this technology in clinical 
practice. In time, the use of cMAP evaluation will 
become standard care for the application of pel-
vic neuromodulation. This chapter focuses on a 
complete review of cMAP technology and cMAP 
applications for pelvic neuromodulation.

 Background

As the use of neuromodulation grows, so do 
dilemmas in its use. Many physicians struggle 
with optimal lead placement and often patients 
lack ongoing efficacy. Often it is unknown 
whether clinical failure of neuromodulation rep-
resents a lack of response to the therapy or a fail-
ure in optimal surgical execution. Compound 
motor action potential (cMAP) guidance may fill 
the gap, answering basic questions. Implementing 
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the use of electroneurodiagnostics and the use of 
cMAP responses intraoperatively and in the office 
will result in more effective delivery of neuro-
modulation with better patient outcomes.

Critical to executing and interpreting neuro-
modulation effectively is decreasing reliance on 
subjective findings. Patients may struggle 
expressing accurate sensation during testing 
despite pretreatment counseling. In addition, 
motor responses are also subjective to the 
observer and may not correlate with sensory 
response. Patients may also have physical barri-
ers to exhibiting motor responses as well (muscle 
wasting, paralysis, amputation, etc.). cMAP eval-
uation provides an objective measure of nerve 
response leading to more efficient and accurate 
application of neuromodulation. cMAP monitor-
ing makes up for many patient difficulties. Not 
only does cMAP monitoring assure more consis-
tent application of neuromodulation therapy. 
Application of cMAP monitoring shortens oper-
ating time could reduce the rate of lead revisions 
and increases device battery life, thus leading to a 
more cost-effective procedure.

 History of Electroneurodiagnostics

The role of electrical signaling in muscles has 
been researched for several 100 years. Many inte-
gral discoveries have ultimately led to the useful, 
commercial technology in use today. Francesco 
Redi is first credited with discovery of electric 
current in eels in the 1700s. During the 1800s, 
Matteucci created the first Galvanometer and 
described the action potential. The term electro-
myography was coined by Etienne Marey shortly 
thereafter. In 1929, Adrian and Bronk developed 
the concentric needle for neurorecording. The 
development of the recording needle electrode 
helped facilitate Herpert Jasper’s invention of the 
first form of the electromyograph in 1942. The 
first modern, commercially available EMG came 
on the scene in 1950. In the 1980s, paperless sys-
tems for analysis became available. With the 
advent of the digital age, computer enhanced 
interpretation of signals became possible. 
Computer advancements have made data collec-

tion much less onerous and increased the value of 
EMG for research and clinical use. Today, the use 
of EMG monitoring may be as simple as using a 
“smart” phone. The use of EMG for the science 
of neuromodulation is just beginning and has not 
yet been adopted on a large scale. Few clinicians 
use electroneurodiagnostics and many are unfa-
miliar with its potential value.

This chapter would be remiss if not to mention 
the contributions to the understanding of electro-
physiology of the pelvis by Drs. Tom Benson, 
Chet DeGroat, and Ken Peters. These pioneers 
have helped us understand the complex concepts 
of neural control of the pelvic floor.

Electroneurodiagnostics is a broad term which 
encompasses a variety of nerve testing including 
electromyography (EMG), nerve conduction 
testing (a form of EMG), and somatosensory 
evoked potentials (SSEP). Currently, only EMG 
testing appears to be useful in evaluating success 
of neuromodulation. Other electroneurodiagnos-
tic studies (nerve conduction testing) have been 
used to establish some normative data for a vari-
ety of pelvic floor reflexes, most notably the 
clitoral- anal reflex, bulbocavernosus-anal reflex, 
and the pudendal-anal reflex. Studies looking at 
the implications of abnormal pelvic nerve studies 
have struggled to define a clinically meaningful 
difference in outcomes [3, 4].

Application of neuromodulation for pelvic 
floor disorders is a newly developing field and 
normative data is lacking. No reference studies 
are available. Many questions still remain as to 
the role for electroneurodiagnostics used in con-
junction with neuromodulation.

 Clinical Scenarios Where cMAP 
Monitoring May Be Beneficial

Mrs. Smith is a 42-year-old patient with a 5-year 
history of recalcitrant urinary urgency and urge- 
associated incontinence. In the past, she has tried 
a number of medications, behavioral modifica-
tion, and physical therapy without success. The 
option of sacral neuromodulation is offered. A 
success rate of 80% is discussed. The patient asks 
what factors may influence her chance of  success. 

K. Benson



77

You explain to the patient that deployment of a 
properly placed lead is essential for success of 
the therapy. The use of cMAP monitoring in the 
operating room helps assure an efficient and suc-
cessful primary surgical outcome.

Mrs. Smith is a 42-year-old patient referred to 
your practice after previous placement of sacral 
neuromodulation for recalcitrant urge-frequency 
syndrome. She had InterStim® device placed 
3 months ago and has yet to see clinical success 
despite multiple reprogramming attempts. Office 
interrogation with cMAP determines whether 
reprogramming is possible or whether lead revi-
sion is necessary.

Mrs. Smith is a 42-year-old with recalcitrant 
urge-frequency syndrome that had a sacral neuro-
modulation lead placed 1 year ago and initially 
had excellent response; she now has lost success 
and is unable to return to efficacy despite normal 
device function and sensation. The decision is 
made to proceed with a trial of pudendal neuro-
modulation. CMAP technology is mandatory for 
pudendal neuromodulation as traditional responses 
are not measurable.

In each of the three common scenarios above, 
the use of cMAP evaluation leads to more efficient 
and cost-effective management with greater 
patient satisfaction. Multiple benefits are achieved 
through cMAP monitoring. Some potential bene-
fits are listed below:

 Mechanism of cMAP

CMAP is an abbreviation for compound muscle 
action potential. This is a measurement of simul-
taneous muscle action potentials from a group of 
closely grouped muscle fibers.

At a basic level, cMAP is a recording (sum-
mation) of individual motor unit potentials 
(MUPs). An action potential is a temporary 
depolarization of a nerve membrane that con-
ducts along the nerve leading to muscle con-
traction. An action potential has two phases: 
subthreshold and threshold. An adequate stim-
ulus is needed to reach threshold which 
induces a change in membrane potential open-
ing a sodium channel which triggers the volt-
age difference seen as an action potential [5]. 
In a given muscle, multiple action potentials 
are activated simultaneously resulting in con-
traction. There are a finite minimum number 
of action potentials required to induce muscle 
contraction. The strength of the muscle con-
traction is influenced by the number of action 
potentials activated. Individual action poten-
tial follows an “all-or-none” phenomenon; 
which states if the stimulation reaches thresh-
old, it will create a response, if the stimulation 
does not meet threshold, no response will be 
seen. However, a muscle contraction is 
“graded,” which requires a minimum number 
of motor unit potentials to create contraction 
and additional potentials to increase contrac-
tion strength as seen with recruitment of more 
individual muscle fibers.

To record cMAP, one uses a paired set of 
electrodes to measure neural muscle response to 
stimulation. In some cases, the morphology of 
the cMAP recording may be indicative of cer-
tain disease processes. In the case of neuromod-
ulation, the implications of different tracing 
morphologies is not known. Currently, a sim-
plistic tracing is all that is needed for clinical 
practice. It appears that the binary presence or 
absence of cMAP response is critical to clinical 
response to neuromodulation therapy. CMAP is 
used for a variety of clinical applications includ-
ing measurement of nerve injury, neuropathic 
processes, and nerve degeneration. CMAP may 
be used with a variety of neural targets with 
neuromodulation including sacral, pudendal, 
and dorsal clitoral nerves. Using cMAP for 
measurement of neural response in conjunction 
with neuromodulation is novel and much 
remains unknown.

Potential cMAP Benefits

Reduced operating room time
Less reprogramming
Improved patient satisfaction
Longer battery life
Reduced complications
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 Mechanism of Neural Stimulation 
of the Pelvis

The mechanisms of pelvic neuromodulation are 
described in detail elsewhere in this textbook. 
In brief, in the case of standard pelvic neuro-
modulation (InterStim® therapy) stimulation is 
applied through a quadripolar lead deployed in 
the sacrum (Medtronic 3889-28). Sacral periph-
eral nerve stimulation in turn leads to central 
neural modulation through ascending pathways 
via the spinal cord to the level of several brain 
centers. Central neuromodulation and the gross 
muscle movement seen with stimulation are not 
analogous. For cMAP to be demonstrated, 
motor activation is required. The motor activa-
tion seen through dorsiflexion of the great toe 
or bellows response of the buttocks does not 
occur from direct motor stimulation, but instead 
through an irritative lumbosacral interneuron 
mechanism that induces a response resulting in 
distal muscle contraction. The muscle responses 
seen in the buttocks and great toe are analogous 
to pulling a hand away from a hot stove. 
Therefore, stimulation of pelvic nerves is not 
the same as direct motor activation of the clini-
cally seen muscle contractions in the buttocks 
and foot. It is not known whether central ner-
vous system responses are always coupled with 
motor responses, or whether motor responses 

are necessary to indicate potential for central 
nervous system (CNS) modulation. Currently, 
muscle responses are all that are available as a 
surrogate for CNS modulation.

A typical cMAP tracing represents the sche-
matic depiction of the depolarization of a number 
of individual action potentials within a muscle 
leading to muscular contraction. As shown in 
Fig. 6.1, the baseline represents the resting mus-
cle potential with a recording of “zero” (mem-
brane potential is actually −70 μV).

Before muscle contraction can occur, an elec-
trical stimulus is applied. This is recorded as 
either a positive or negative sharp deflection from 
baseline and is considered a “stimulation spike/
artifact.” Convention recommends this be a posi-
tive deflection. The direction of deflection is 
determined by the position of the recording elec-
trodes. If a sponge electrode is used, this is not 
applicable. If the initial deflection is negative 
(downward), one may reverse the perianal elec-
trode order in the connecting block (Fig. 6.2).

After electrical stimulus is applied to the mus-
cle, if the stimulation is of sufficient intensity 
(threshold), depolarization occurs and muscular 
contraction follows.

In certain situations, measurement of latency 
as well as the size of the action potential (depo-
larization) response is possible. The significance 
of latency and intensity of the cMAP (action 

Fig. 6.1 Anatomy of an 
action potential [15]. 
Source: OpenStax 
College, How Neurons 
Communicate. October 
17, 2013. OpenStax 
CNX Creative 
Commons 3.0
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potential) response remains undetermined using 
current pelvic floor neuromodulation applica-
tions. At this time, one is simply documenting the 
presence or absence of depolarization leading to 
muscular contraction.

Once depolarization occurs the nerve will 
repolarize, hyperpolarize, and then return to the 
baseline resting potential and may be stimulated 
again.

Fig. 6.3 represents a typical real-time cMAP 
EMG tracing recorded during a trial of sacral 
neuromodulation. As depicted, both a “live” and 
a “captured” image are present (live seen in 
white and captured in pink). Further discussion 
of live versus captured images occurs later in 
this chapter. Of note, rarely does the live 
depicted waveform appear exactly as a textbook 
example and some interpretation of the image is 
dependent on the surgeon and operating room 
EMG staff.

 Operating Room Staff

Most operating room-based procedures employ a 
neuro-technologist to help set up the EMG 
machinery and monitoring electrodes. The tech-
nologist often stays throughout the procedure to 
help  interpret results. Reaching out to your hospi-
tal-based technologists is a helpful starting place 
in implementing EMG studies. Neurotechnologists 
are often employed in the department of radiol-
ogy or neurology and may be known as EMG 
technologists or “neuro techs.” Contacting your 
operating room coordinators to determine who 
helps with intraoperative cMAP procedures in 
your institution works well. Neurotechnologists 
work commonly with neurosurgeons and ortho-
pedic surgeons on neurologic surgery cases, such 
as laminectomies and discectomies. Often there 
is a shortage of EMG technologists available and 
scheduling their presence in advance is a neces-
sity for smooth case flow.

 EMG Equipment

For the most part, equipment used for cMAP 
evaluation is readily available as standard equip-
ment used in the operating room or office. Use of 
EMG equipment is commonplace for neurolo-
gists, rehabilitation physicians, and spine sur-
geons. Traditional EMG monitoring equipment is 
available through several manufacturers.

EMG equipment falls into one of two groups, 
a sophisticated, multichannel laptop model or a 
simple, single channel handheld model. A sim-
ple single channel model is ideal for clinic-
based monitoring. However, laptop-based 
systems are more common, and available 
through a hospital-based format (Fig. 6.4). 
Handheld versions are commonly used in clinic 
settings by rehabilitation specialists and physi-
cal therapists for a number of therapy applica-
tions such as biofeedback. For the purposes of 
pelvic floor neuromodulation, a simple, single 
channel device is usually adequate. Often, the 
more robust multichannel laptop system is what 
is available in the OR setting, and although 

Fig. 6.2 Lead input extender connection block. Reversing 
the black and white electrode will change the polarity 
(+/−) of the stimulation artifact on the tracing
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more cumbersome will be more likely accessi-
ble to most physicians. For the purposes of this 
chapter, a laptop-based device will be featured. 
A multichannel EMG system costs $3000.00–
5000.00. Many simple handheld systems are 
substantially less expensive.

Fig. 6.3 Intraoperative 
cMAP recording. Note 
split screen. The top 
screen only 
demonstrates captured 
(suprathreshold) 
recordings. The bottom 
screen reveals all 
responses, whether of 
threshold or not. Actual 
live recording depicted 
in white, captured 
recording in pink. Initial 
stimulation is noted as 
the sharp spike. Patient 
response is seen 
following the spike

Fig. 6.4 Typical laptop-based EMG system. Photo of 
Sierra® Wave courtesy of Cadwell Electronics, Inc.

EMG Components

Laptop based system (Fig. 6.4)
Monopolar needle electrodes (Fig. 6.5)
Sponge electrode-optional (Fig. 6.7)
Electrode connector block (Fig. 6.2)
Programming recording sheet (Fig. 6.9)
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 Equipment Settings

Equipment setup and interpretation is straightfor-
ward and can be mastered quickly. Contemporary 
monitoring devices have settings to help filter 
signals. Essentially, all filter settings are designed 
to narrow the signal width and decrease artifact 
and noise. Selection of appropriate filter settings 
enhances the ability to correctly identify true 
nerve response signals. Standard modifiable filter 
settings are as follows:

High frequency: Sets the device’s upper fre-
quency sensing limit, reducing signals above this 
value, standard setting is 1000 Hz.

Low frequency: Sets the lower limit, reducing sig-
nals below this value, standard setting is 10 Hz.

Notch filter: Eliminates noise/artifact that occurs 
at a set rate, such as electrical interference in 
standard circuits. The standard setting is 60 Hz. It 
is important to use an isolated circuit if possible.

Gain: This setting represents “volume” and 
reflects the input to output ratio. Standard gain 
setting is 100 μV/division.

Sweep speed: This setting represents the “analysis 
time” of how long a recorded event will be stored 
before it is visually replaced on the screen, after the 
triggered event has occurred. Reducing the sweep 
speed results in less the artifact but more missed 
events, increasing the sweep speed captures more 
information along with more artifact. 10 ms/division 
triggered events and 50 ms/division for live display.

Stimulation rate: Represents the rate of stimula-
tion set by the screener box. Standard neuromod-
ulation stimulation rates are 5–14 Hz. Lower 
stimulation rates result in more target separation 
and clearer individual wave forms.

Threshold: Reflects the minimal voltage required 
to create a captured event. A common setting is 
100 μV. There is no standard regarding threshold, 
as it is dependent on each patient’s anatomy and 
electrode placement; this setting is at the discre-
tion of the user.

Time base: Represents a screen setting of incre-
ments of time elapsed per area of display. 
Standard setting is 10 ms/division.

 Electrode Choices

Paired monopolar recording needles are used for 
most applications (Fig. 6.5). Monopolar needles 
are typically placed at 6 and 12 o’clock around the 
anus (Fig. 6.6). Another option is a sponge elec-
trode (Fig. 6.7). Sponge electrodes may be placed 
either in the rectum or vagina. The use of a sponge 
electrode allows for differential recording of leva-
tor muscle and anal sphincter responses. Monopolar 
needles have the advantage of measuring a very 
precise muscular area and have the disadvantage of 
revealing more noise artifact. Monopolar needles 
also are more painful on insertion than a sponge 
electrode and carry the theoretical risk of skin 

Fig. 6.5 Paired monopolar needle electrodes. Reprinted 
with the permission of Medtronic, Inc. © 2015

EMG Settings

High frequency = 1000 Hz
Low frequency = 100 Hz
Notch = 60 Hz
Screener box stimulation rate = 5–15 Hz
Sweep speed = 50 ms/division for live 

recording and 10 ms/division for triggered 
events

Time base = 10 ms/division
Trigger threshold = 100 mV
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infection. Sponge electrodes measure a larger area 
and record averaged responses. Sponge electrodes 
tend to show less movement artifact compared to 

needle  electrodes. Sponge electrodes are also more 
comfortable than needles. Sponge electrodes do 
not allow one to select a focused muscular area. For 
sedated patients’ use of needle electrodes work 
well and can isolate smaller muscles with less noise 
artifact. For patients who are awake or in an office 
setting the use of a rectal or vaginal sponge elec-
trode may be better tolerated. One may wish to 
experiment with both needle and sponge electrodes 
to find which is most feasible for their practice. 
Unfortunately, there is currently a paucity of 
sponge electrode manufacturers and thus availabil-
ity is limited. The majority of monitoring uses 
monopolar needles.

 Patient/Electrode Positioning

Patients are placed in standard prone position. 
Surgical drapes must be placed low enough to 
access the anus for placement of needle elec-
trodes, or the vagina/anus for placement of a 

Fig. 6.7 Rectal/vaginal sponge EMG electrode. Photo of 
electrodes supplied in the past courtesy of Laborie/
Mediwatch

Fig. 6.8 Typical cMAP operating room setup. Note posi-
tioning of drapes to allow for anal access. Also note posi-
tion of EMG display for intraoperative viewing

Fig. 6.6 Placement of perianal concentric needle elec-
trodes, note forceps which should be discarded once 
placed to avoid contamination
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sponge electrode (Fig. 6.8). Care should be taken 
to not contaminate the surgical field during elec-
trode placement. It is recommended to use a for-
ceps to apply the needle electrodes and discard 
the instrument after placement of the electrodes 
(Fig. 6.6). In addition to the recording electrodes, 
a grounding electrode is also placed (generally on 
the thigh). Once the electrodes are placed an 
equipment test is performed. A common source of 
artifact is a lead that is not all the way inserted 
into the skin. If the baseline tracing is not flat, one 
should inspect the recording electrodes. Taping 
the electrodes to the buttock helps ensure that they 
will not become dislodged throughout the surgery 
or office evaluation.

 Operational Steps

Pelvic neuromodulation using cMAP assistance 
is performed as standard practice dictates. The 
steps for successful cMAP lead monitoring:

The only additional steps required are initial 
recording electrode placement and lead “map-
ping” once the lead is placed. Once one is adept 
at performing cMAP interpretation, the time to 
perform neuromodulation is actually expedited 
using cMAP monitoring. One of the most valu-
able steps in cMAP testing is “lead mapping” 
described in the following chapter. Equipment 
needed for implementation of cMAP monitoring 
is listed below.

 CMAP Screen Display

All EMG systems utilize a monitor screen dis-
play for real-time readout. The screen is often 
“split” with captured image on the top and a live 
image below. The “captured” screen is often eas-
ier for interpretation as the only images that 
appear are those that reach threshold. The lower 
image is responses that occur. Figure 6.3 demon-
strates the two readouts seen.

 CMAP Lead Testing Protocol

Establishing a routine intraoperative and office 
protocol for recording CMAP responses is essen-
tial for consistent and effective use of cMAP 
technology. Recording a fixed set of anode/cath-
ode combinations is termed “Mapping.” Mapping 
may be performed intraoperatively or in a clinic 
setting. Intraoperatively, the lead may be tested 
once deployed. It takes just a few minutes to eval-
uate a number of anode/cathode setting responses. 
The recorded responses may be used as a refer-
ence for postoperative patient management. 
Knowing the objective voltage required for nerve 

Fig. 6.9 Intraoperative program recording sheet

Operative Steps for cMAP Monitoring

Apply perianal electrodes-connect to input 
extender connector block

Apply grounding electrode-connect to 
input extender connector block

Assess EMG equipment for function
Perform standard neuromodulation 

technique monitoring for cMAP responses
Once appropriate stimulation is noted, 

perform cMAP bipolar lead assessment
Remove perianal electrodes and ground-

ing electrode
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activation is valuable for programming staff post-
operatively, as patients are often uncertain as to 
sensory feedback.

A typical testing protocol involves a variety of 
bipolar (the use of an electrode as a cathode and 
an electrode as an anode) settings that tests the 
complete lead length using anode/cathode com-
binations (Fig. 6.9).

Fig. 6.10 Medtronic 
3550 lead connector kit 
for intra operative 
testing. Reprinted with 
the permission of 
Medtronic, Inc. © 2015

Bipolar Testing Protocol Anode/Cathode 

Combinations

0(−) & 3(+)
0(−) & 2(+)
1(−) & 2(+)
2(−) & 1(+)
3(−) & 1(+)
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To facilitate bipolar testing, one needs to use 
the Short Stylet contained within the Medtronic 
accessory kit 3550-03 (Fig. 6.10). Contained in 
the 3550 kit is a small white snap-on adaptor that 
replaces the long stylet and connects the Twist- 
lock Screening Cable to a screener box or to the 
Medtronic Verify© system. Once connected, one 
may test a variety of anode/cathode combinations 
in an orderly fashion. Monopolar settings cannot 
be tested with this setup. Usual stimulation com-
binations are listed below. Once response thresh-
olds are established for each anode/cathode 
combination it allows for rapid postoperative 
programming and postoperative patient surveil-
lance. Knowing objective levels of stimulation is 
invaluable as staff can rapidly and consistently 
assess response without questioning the level of 
stimulation applied.

 Applications of CMAP Monitoring

CMAP monitoring is a useful tool in a variety of 
settings. From original lead placement to assess-
ing need for lead revision/replacement cMAP is 
beneficial. Once one incorporates the technology 
it is useful for all applications of neuromodula-
tion. Listed below are some specific circum-
stances applicable for cMAP monitoring.

 Initial Lead Placement

Initial cMAP lead placement guidance objectifies 
neural response. The use of sensory response or 
visual motor response to judge electrode place-

ment allows for subjective interpretation. The use 
of sensory responses appears inferior to the use 
of motor responses in measurement of patient 
outcomes [6]. cMAP simplifies the process using 
objective measures. Many patients may not give 
accurate verbal information during the procedure 
and often visual motor responses are difficult to 
see due to body habitus or muscle wasting or 
neurologic conditions. cMAP technology helps 
to guide intraoperative staged lead placement and 
in-office percutaneous lead placement (PNE).

 Reprogramming

Patients who initially respond to neuromodula-
tion may lose efficacy over time. The cause of 
this loss of effectiveness is not known. Theories 
for loss of efficacy include lead migration and 
modulation of brain responses due to chronic 
stimulation. The former may require lead revi-
sion, the latter may respond to reprogramming. 
Reprogramming to positive cMAP responses 
may reduce the rate of lead revision and removal. 
A study by Everaet et al. [7] revealed that in 
patients with an optimal cMAP response at time 
of failure reprogramming or lead revision was 
not successful and in those with suboptimal ini-
tial cMAP response either reprogramming to 
positive cMAP or lead revision to positive cMAP 
had resumption of success. When loss of efficacy 
occurs, it is frustrating to both the patient and 
physician. Reprogramming with cMAP guidance 
may provide help in restoring efficacy. A recent 
study by Lee et al. [8] investigated 31 patients 
previously implanted with InterStim® therapy to 
determine the correlation between sensory and 
motor responses and whether those repro-
grammed under cMAP guidance would see 
improvement in voiding parameters. Of the 31 
patients 12 had cMAP responses at baseline. Ten 
of those with baseline + cMAP responses (83%) 
experienced >50% improvement in symptoms 
compared to 13 of 19 (63%) of those without 
baseline +cMAP. Sixteen of nineteen without 
baseline motor response were successfully repro-
grammed to achieve cMAP. Improvements of 
15–20% in nocturia, incontinence and urgency 

CMAP Applications

Initial lead placement
Reprogramming
Lead replacement
Lead revision
Pudendal neuromodulation
Dorsal genital nerve stimulation
Subsensory programming
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incontinence episodes were seen in the repro-
grammed group. These two studies point to the 
potential benefit of additional objective guidance 
for reprogramming/lead replacement.

 Lead Revision

Just as cMAP is useful with initial lead place-
ment, it can be used to guide lead revision as 
well. Often the decision to revise the lead can be 
made more expeditiously with in-office cMAP 
testing. Many patients present with leads that 
were originally not placed with cMAP guidance 
and lead revision may be the first opportunity to 
utilize cMAP guidance.

 Pudendal Neuromodulation

Pudendal neuromodulation is an emerging form 
of therapy which may have some advantages over 
traditional sacral neuromodulation. The pudendal 
nerve is a mixed sensory and motor nerve arising 
from levels S2–S4 and, as such, it is a major con-
tributor to pelvic floor function. As outlined else-
where in this text, this may represent a different 
neural target for a variety of disorders including 
urinary dysfunction, fecal incontinence, consti-
pation, pudendal neuralgia, and persistent genital 
arousal disorder. A paucity of data exists on com-
parative effects of pudendal neuromodulation 
versus traditional sacral neuromodulation. There 
is evidence that it may be superior for patients 
that have failed sacral neuromodulation [9]. The 
pudendal nerve is accessible through a variety of 
approaches including transgluteal and transperi-
neal. Proper lead placement requires intraopera-
tive EMG guidance as lower extremity responses 
are not demonstrable. cMAP responses are robust 
and easy to demonstrate.

 Dorsal Genital Neuromodulation

The dorsal genital nerve (DGN) is a branch of 
the pudendal nerve supplying sensory innerva-
tion for the clitoris and penis. Several publica-

tions show promise for neuromodulation of the 
target to treat a variety of conditions including 
overactive bladder, urinary retention, fecal 
incontinence, and sexual dysfunction [10–14]. 
The use of cMAP guidance fits nicely for this 
application as well.

 Subsensory Programming

For many, stimulation applied to a sensory thresh-
old may be uncomfortable or associated with 
radicular symptoms. Potentially, many may 
respond at levels below conscious awareness. Up 
to 25% of patients exhibit motor response before 
awareness of sensory feedback. CMAP may allow 
one to benefit from stimulation without the nega-
tive stimulation sensation. This may allow use of 
a previous implanted lead saving explantation.
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Abbreviations

AMPA  α -amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid

EMG Electromyography
GABA Gamma ammino-butyric acid
IPG Implantable pulse generator
IS Ischial spine
NMDA N-methyl-D-aspartate
OAB Overactive bladder
PN Pudendal nerve
PNM Pudendal neuromodulation
PNS Pudendal nerve stimulation
PTNS Percutaneous tibial nerve stimulation
SNM Sacral neuromodulation
TNS Tibial nerve stimulation

 Introduction

The pudendal nerve (PN) was first named in 1762 
by Camper, its root from the Latin word puden-
dus, meaning “to be ashamed,” a reference to its 

role in the private areas of the human body [1]. 
The PN innervates the anogenital region and has 
dual functions of both motor and sensory inner-
vation. Because of its focused innervation of the 
lower urinary tract and pelvic floor, it has been 
proposed as an ideal site for neuromodulation in 
select patients. Early studies of electrostimula-
tion using animal models from Tanagho and 
Schmidt [2] at the University of California, San 
Francisco, in the 1980s described use of the 
pudendal nerve as a useful target, and in 1986, 
Vodusek stated that “it seems quite clear that the 
somatic afferent input having the most consistent 
vesicoinhibitory influence is excitation of the 
pudendal nerve” [3]. However, in spite of the 
lumbodorsal fascia cutdown required, S3 neuro-
prosthesis placement remained less invasive than 
a pudendal nerve exposure and became standard 
by 1992 [4].

The pudendal nerve continues to be of notable 
interest to clinicians who perform neuromodula-
tion on a regular basis. This chapter will discuss 
recent animal studies that have helped elucidate 
the unique role of the pudendal nerve and its role 
in neural control of the lower urinary tract and 
will present outcomes from clinical studies in 
several indications. The focus will be on puden-
dal neuromodulation, rather than other forms of 
pudendal nerve surgery, such as nerve blocks and 
decompression. We will also present our experi-
ence with patient selection, perioperative man-
agement, and the surgical technique when using 
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the PN as an alternative to the standard sacral 
approach for patients with overactive bladder 
and/or pelvic pain.

 Pudendal Nerve Anatomy

The pudendal nerve comprises contributions 
from the ventral, or anterior, rami of nerves 
from the S2, S3, and S4 foramina. Once 
formed, the “supralevator” portion of the PN 
traverses the ventral surface of the piriformis 
muscle within the greater sciatic foramen. 
From the piriformis muscle, the PN then 
courses behind the sacrospinous ligament and 
the overlying coccygeus muscle, just medial to 
the ischial spine. Because of the course of the 
nerve, the ischial spine is a clinically relevant 
landmark for pudendal nerve block. Knowledge 
of the close proximity of the PN to the ischial 
spine also allows for identification of the PN 
during sacrospinous ligament fixation, which 
helps to avoid ligation or injury to the nerve. 
The PN then exits the pelvis through the greater 
sciatic foramen, traveling on the posterolateral 
surface of the sacrospinous ligament. It enters 
the perineum through the lesser sciatic fora-
men and then enters Alcock’s canal, which is 
located on the lateral wall of the ischioanal 
fossa. This canal, formed by a splitting of the 
obturator internus muscle fascia, contains 
roughly one- third of the length of the pudendal 
nerve and embeds the nerve in loose areolar 
tissue [5].

While considerable anatomic variation 
exists, the pudendal nerve generally has three 
terminal branches: the inferior rectal nerve, the 
dorsal nerve to the clitoris, and the perineal 
nerve. The inferior rectal nerve typically 
branches within the pudendal canal and pierces 
the wall of the canal medially around its mid-
point; it then courses inferomedially and its 
branches innervate the external anal sphincter 
and perianal skin [6]. The dorsal nerve to the 
clitoris exits the pudendal canal, traveling 
along the inferior pubic ramus, and terminates 
at the clitoris. After exiting the pudendal canal, 
the perineal nerve branches and supplies the 

ischiocavernous, bulbocavernous, and superfi-
cial transverse perineal muscles as well as the 
external urethral sphincter and the skin of the 
labia [6, 7].

 Pudendal Nerve Studies in Animal 
Models

Recent animal model studies have been essential 
in elucidating underlying mechanisms and effects 
associated with pudendal nerve stimulation. 
Several studies have been generated from the lab 
of Dr. William C. de Groat at the University of 
Pittsburgh, who deserves special notoriety.

 Neurotransmitters

Important inhibitory neurotransmitters involved in 
pudendal neuromodulation include gamma amino-
butyric acidA, 5-HT3, β-adrenergic, and glutamate 
receptors. GABAA receptor inhibition primarily 
works in the spinal cord via interneurons [8]. 
5-HT3 receptors rely on serotonin receptors in the 
sacral spinal cord, with input from the brainstem 
[9]. In addition, the non specific 5-HT2 receptors 
also play a role in PNS inhibition of reflex bladder 
activity, and at the same time interact with opioid 
mechanisms in micturition reflex pathway [10]. 
β-adrenergic receptors cause reflex activation of 
sympathetic inhibition in the lumbar sympathetics 
of the spinal cord [11, 12]. Several important glu-
taminergic receptors include Gln-5 [13] as well as 
N-methyl-D-aspartate (NMDA) and α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA), which are all involved in modulating 
pudendal nerve stimulation’s effect on bladder 
capacity in cats with reduced bladder capacity due 
to acetic acid irritation [14].

 Pudendal Stimulation Compared 
to Tibial Stimulation

Pertinent negative studies showed that different 
receptors are responsible for PNS than 
TNS. Opioid receptors play a very minor role in 
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PNS inhibition of bladder overactivity but a large 
role in the inhibitory behavior of TNS [15–17]. 
Cannabinoid-1 (CB1) receptors are more associ-
ated with tibial inhibition of bladder overactivity, 
not PNS [18]. Lyon et al. showed that only PNS, 
not TNS, utilizes β-adrenergic receptors [12].

A recent neuroanatomical study from Bansal 
et al. isolated the nerve roots involved with tibial 
or pudendal nerve stimulation. The authors found 
that transection of the ipsilateral S2 nerve root 
completely inhibited the effect of pudendal nerve 
stimulation, thus S2 clearly has a profound effect 
on PNS efficacy [19].

Another difference between PNS and TNS 
seen in animal studies is how stimulation fre-
quency leads to different outcomes. At low fre-
quencies (5 Hz), PNS is inhibitory to the bladder 
but excitatory at high frequencies (20–30 Hz), 
whereas TNS is inhibitory both at low (5 Hz) and 
high (30 Hz) frequencies [13, 20, 21].

 Pudendal Stimulation and Effect 
on Bladder Capacity

In a nociceptive C-fiber afferent-mediated 
feline model of bladder overactivity, transder-
mal amplitude- modulated stimulation of the 
pudendal nerve inhibited the spinal bladder 
reflex and increased bladder capacity [22]. 
Intraurethral stimulation of female rats with 
overactive bladder (OAB) using a 2.5-Hz fre-
quency has been another means shown to 
improve bladder capacity [23].

In another rat model using pulsed radiofre-
quency (PRF) stimulation, Jen et al. showed 
increased bladder capacity lasting 4 h after stim-
ulation ended [24]. Of note, PRF also was shown 
to cause no neural damage, as no caspase-3 activ-
ity was seen (a marker of apoptosis).

 Intermittent Versus Continuous 
Stimulation

In feline studies, stimulation of the pudendal 
nerve led to sustained bladder contractions [25]. 
Tai et al. showed that intermittent electrical stim-

ulation of PN was as effective as continuous 
stimulation in cats [13]. They proposed that 
intermittent stimulation could be applicable in 
humans and conserve battery life when using a 
chronic stimulator.

 Mechanism of Action in Humans

Pudendal nerve stimulation, compared to sacral, 
modulates a much broader composition of 
fibers from S2, S3, and S4. This allows the PN 
to have a wide range of effects, since it inner-
vates the bladder, external urethral and anal 
sphincters, the pelvic organs, and the pelvic 
floor musculature.

Centrally, pudendal stimulation leads to 
increased activity in the cortical regions involved 
with bladder control. In their study of 8 spinal 
cord injured patients who underwent acute puden-
dal stimulation while being monitored with func-
tional MRI, Zempleni et al. reported increased 
activity in the right posterior insula [26].

Peripherally, a majority of pudendal afferent 
activity is derived from the S2 nerve root. Huang 
et al. provided an early description of the puden-
dal afferent mapping in 105 children with cere-
bral palsy and spasticity (but no bladder 
dysfunction). They found the S1, S2, and S3 
roots provided 4, 60.5, and 35.5% of the overall 
afferent activity, respectively. The distribution 
was asymmetric in more than half, and in 18% 
was confined to a single sacral level [27].

Locally, pudendal nerve stimulation causes 
increased pressure in the bladder neck and external 
urethral sphincter. In a study of 20 spinal cord 
injured males, PN stimulation, delivered via the dor-
sal penile nerve, resulted in increased pressure in the 
bladder neck (via autonomic afferents) and external 
urethral sphincter (via somatic afferents) [28].

 Patient Selection and Perioperative 
Counseling

The discussion on expectations, recovery, risks, 
and postoperative care is similar to that for sacral 
neuromodulation with some notable exceptions. 
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The most important and obvious surgical difference 
between sacral and pudendal is the location of the 
lead itself.

Rather than placed via transforaminal 
approach and anchored to the periosteum, the 
pudendal lead passes through the ischiorectal 
space, as explained in the surgical technique sec-
tion of this chapter.

 Indications/Appropriate Patient 
Selection

The most common indication for trial of puden-
dal neuromodulation implant is after failed 
attempt to address OAB symptoms with S3 nerve 
root stimulation. If placement of a tined sacral 
lead during a first-stage procedure is unsuccess-
ful, the patient can be offered to place a pudendal 
lead at the time previously saved for second-stage 
implantation—that is, instead of implanting the 
implantable pulse generator, the sacral lead can 
be removed and a pudendal lead placed, saving 
the patient an additional procedure.

Unlike SNM, PNM is not FDA approved and 
is currently an off-label therapy for patients with 
refractory lower urinary tract symptoms. Since 
pudendal neuromodulation utilizes some of the 
same sacral afferents as SNM (S3), we will anno-
tate the surgical dictation as “placement of tined 
electrode to the lesser sciatic foramen at the 
pudendal nerve as a means of sacral neuromodu-
lation with intraoperative monitoring of EMG 
programming and fluoroscopy.” This clarifies the 
lead location but still provides a means to per-
form sacral neuromodulation.

 Surgical Technique

 Positioning, EMG Needle Placement 
and Draping

Patient positioning for the pudendal approach is 
similar to that for sacral neuromodulator 
implant: prone with all pressure points padded. 
However, one important difference between 
PNM and SNM is that the entire buttock and 

upper thigh area needs to be exposed for PNM 
to provide access to the lower buttock near the 
ischial tuberosities. Deep conscious sedation 
and local anesthesia is usually sufficient for 
patient comfort. We drape off about 10–15 cm 
caudal to the cleft between the buttock and 
upper thigh (Fig. 7.1). We use a chlorhexidine 
prep to cleanse the entire lumbosacral area, but-
tocks, and upper thigh, and the final portion of 
the prep includes the gluteal cleft and perianal 
region. Care must be taken to allow the prep to 
dry for 3 min before beginning the surgery. 
Sterile blue towels are used to surround the 
operative area—one placed across the mid-
thigh, one on either side up the lateral thigh and 
flanks, then one across the mid-back. We use a 
51 by 51 inch adhesive barrier (3M™ Steri- 
Drape™ Medium Drape with Incise Film 1060) 
to cover the upper thigh area transversely after 
placing towels.

Since pudendal nerve identification cannot be 
done without intraoperative neurophysiologic 
guidance, electromyography (EMG) needles are 
placed in the 3- and 9-o’clock positions next to 
the anal sphincter (anal sphincter electromyogra-
phy), then secured with a Nexcare™ Steri- 
Strip™ skin closure strip at 2–3 points, after the 
adhesive barrier but before the surgical drape 
(Fig. 7.2). They are then passed off to the neuro-
physiology technologist to hook into the comput-
erized oscilloscope. We recommend first 
double-gloving to place the needle, then immedi-

Fig. 7.1 Patient positioning for first-stage pudendal lead 
placement. Note that lower buttocks and upper thighs 
must be completely exposed and prepped, unlike sacral 
lead placement
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ately discarding the external pair of gloves to 
avoid contamination from the anal region.

 Pudendal Nerve Location 
and Landmarks

Begin with palpation of the medial aspect of each 
ischial tuberosity, and mark the skin to delineate 
this landmark (Fig. 7.3). After liberal infusion of 
local anesthesia to the skin just medial to these 
markings, insert a 5″ foramen needle with the 

Verify™ cable attached to provide electrical stim-
ulation at the tip. The entry point should be near 
the level of the perineum, about 2–3 cm superior to 
the anal verge, but hugging close to the tuberosity 
(Fig. 7.4). The initial passes are designed to “find” 
the nerve, and we stimulate using 5 V at 5 Hz—a 
voltage higher and a frequency lower than stan-
dard sacral stimulation—to allow our EMG tech-
nician to better visualize the compound muscle 
action potential (CMAP). We start with AP fluo-
roscopy, and aim the tip of the 5″ foramen needle 
along the tuberosity, through the ischiorectal 

Fig. 7.2 Patient positioned with bilateral electromyogra-
phy (EMG) needles placed in the external anal sphincter 
at 3 and 9 o’clock

Fig. 7.3 Skin markings noting the palpable medial edges 
of the ischial tuberosities

Fig. 7.4 Access to pudendal nerve through the ischiorec-
tal fossa using a 5″ spinal needle with the stimulating 
cable attached and set at 5 V and 5 Hz to allow for optimal 
visualization of a CMAP

Fig. 7.5 AP view of pelvis, with needle denoting ischial 
spine landmark for locating pudendal nerve
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space, and at a slight medial-to-lateral angle. The 
target should be a point just medial to the ischial 
spine, which should be seen on AP fluoroscopy as 
a thin, triangular protuberance (Fig. 7.5).

 Lead Placement

Once the pudendal nerve is in contact with the 
stimulating needle, a CMAP of variable strength is 
identified, often accompanied by a motor reflex of 
an anal sphincter spasm. Be mindful that a motor 
reflex can be deceptive, and it must be accompa-
nied by a CMAP to assure accurate placement 
along the pudendal nerve. As the goal is to slide a 
quadripolar lead along the nerve, with contact on 
all four electrodes ideally, it is critical to align the 
introducer needle along the path of the nerve. To 
accomplish this, we will advance the needle ~1 cm 
deeper than the point of initial nerve contact; if the 
CMAP does not abolish during this passage, one 
can assume that the needle is oriented in the proper 
manner to allow lead placement.

In the event, the nerve cannot be easily found 
on this initial attempt, lateral view fluoroscopy 
may facilitate identification of proper needle pas-
sage, which should be approximately halfway 
between femoral head and coccyx, almost paral-
lel to the femur. Once in the proper plane, save 
both the AP and lateral images in the event access 
is lost and one needs to repeat initial introducer 
needle passage.

 Placement of the Tined Lead

Similar to the sacral stimulator implant, the next 
step is to carefully pass the directional guide wire 
to the appropriate depth, as shown in Fig. 7.6. 
With the guide wire in the same location as the 
introducer needle, make a 1 cm skin incision 
above and below the guide wire, with extreme 
care to avoid moving it in or out at all. Upon pass-
ing the lead introducer, reattach the lead stimula-
tion cable to the metal portion (Fig. 7.7) to allow 
for stimulation upon entry of the introducer.

Once along the course of the nerve again and 
with stimulation of the nerve (and accompany-
ing CMAP), slowly remove the trocar of the 

introducer and guide wire, leaving only the 
access sheath. We recommend doing this under 
live AP fluoroscopy to assure the radiopaque tip 
of the introducer does not deviate medially, 
which would make lead placement along the 
nerve very difficult. Be mindful that the CMAP 
will abolish upon removal of the trocar. We 
advise using the 41 cm straight InterStim® elec-
trode (Model #3889-41) to allow for adequate 
length to reach the subcutaneous pocket at the 
upper buttock. Upon passing the lead, use the 
cable to stimulate the 0 (zero, or deepest) lead 
and advance deeper along the course of the nerve 
until the lead is passed about 1–1.5 cm or the 
CMAP is lost (Fig. 7.8).

Check all four electrodes in standard fashion 
and record the threshold for CMAP on each (simi-
lar thresholds will be measured in bipolar fashion 
once connected to the external source). Ideally, one 
should attain CMAP on all 4 electrodes, but 3 (or 
in rare cases 2) may be adequate for programming 
and clinical efficacy. Consider repassing the trocar 
at a different angle if one is uncertain about ade-
quate stimulation. Confirm final position of lead 
on AP and lateral fluoroscopy, as demonstrated in 
Fig. 7.9. Figure 7.10 shows ideal lead placement 
along the nerve in a cadaver model, with corre-
sponding fluoroscopic images in AP and lateral 
views. If the lead is placed improperly across the 
nerve, one may be limited to a single electrode in 
contact with the PN, as shown in Fig. 7.11.

Fig. 7.6 Once spinal needle is along the course of the 
pudendal nerve, a bidirectional guide wire (similar to that 
used for sacral lead placement) is passed through the 
lumen, while still providing electrical stimulation
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Lastly, repeat testing on either the deepest (0) 
or most superficial (3) electrode with gentle 
upward pressure on the bottom of the buttock to 
simulate the sitting position, followed by ven-
tral pressure on the buttock to simulate the 
supine position.

 Tunneling and Connecting 
to Temporary Percutaneous 
Extension

Once satisfied with lead position, the subcutane-
ous pocket is made in the ipsilateral upper buttock, 
identical to location for a sacral lead. The long 
lead tunneler is then passed from the upper to the 
lower buttock incision, with extreme care taken to 
protect the lead from damage with the sharp tip of 
the tunneler (if necessary, place a finger over the 
incision to protect the lead) (Fig. 7.12). The proxi-
mal end of the lead is passed cephalad and con-
nected, then tunneled again, in standard fashion 
similar to a stage I sacral lead implant. The inci-
sions are closed with absorbable subcutaneous or 
horizontal mattress suture.

 Surgical Approaches

There are currently four published approaches 
for electrostimulation of the pudendal nerve—the 
posterior, perineal, the “STAR” approach, and a 
laparoscopic approach. While we describe the 

Fig. 7.7 (a) Stimulating needle attached to lead introducer, contacting metal of the inner obturator sheath, then (b) 
passed over bidirectional guide wire

Fig. 7.8 41 cm tined lead is passed through sheath, with 
stimulating cable attached to deepest electrode (electrode 
0), before testing all four electrodes
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perineal technique in this chapter, the other 
approaches have also been successful.

The posterior approach, also called the 
ischiorectal approach, was described in detail 
by Schmidt and localizes the pudendal nerve 
through the sacrum by palpation of external 
anatomical landmarks. By triangulating a hori-
zontal plane from the greater trochanter with a 
vertical plane from the ischial tuberosity with a 
needle, one should pass through the sacrotuber-
ous ligament, feel the ischial spine, and encoun-
ter the pudendal nerve [29]. The approach 
described by Spinelli in 2005 touted the benefit 
of the electrode contacting the PN at a more 
orthogonal, rather than tangential, angle [30]. 
Bock described a similar technique that relied 
on palpation with a gloved finger in the rectum 
[31]. While accessing the nerve reliably, these 
techniques may not allow for contact of all four 
electrodes with the PN, using the current lead 
in use. The surgical approach for the perineal 
technique is the one described at length in this 
chapter and was first described by Vodusek in 
1988 [32].

Another technique that relies on fixed anatom-
ical landmarks is the STAR method. STAR is an 
acronym where S stands for ischial spine, T for 
ischial tuberosity, A for acetabulum, and R for 
anal rim (Fig. 7.13). Heinze et al. showed that by 
using this method, one decreases the anatomic 
variability between patients and can more reli-
ably locate the ischial spine for lead placement 
[33]. The anatomic basis of these approaches is 
summarized in Fig. 7.14 [34].

More recently, a laparoscopic approach to 
access the pudendal nerve for neuromodulation 
was described by Possover in 2014 and then by 
Konschake in 2016 [35, 36]. Intra-abdominally, 
the internal iliac artery and its anterior trunk are 
identified. From there, the internal pudendal 
artery (IPA) is located and followed to the pelvic 
floor, where overlying coccygeus is partially 
incised to expose the sacrospinous ligament 
(SSL). The medial portion of the SSL is opened 
so that the PN is now visualized in the “biliga-
mentary tunnel” that comprises of the SSL and 
the sacrotuberous ligaments, and a stimulating 
lead is placed [35].

Fig. 7.9 (a) AP and (b) lateral fluoroscopic view of pudendal lead in final proper position, PN in contact with all four 
electrodes
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 Complications

Like the standard sacral neuromodulator implant, 
patients need adequate counseling on the risks of 
infection, mechanical malfunction, such as lead 
breakage resulting in open or closed circuits, and 
local complications such as exposure of lead or 
IPG, or pain at IPG site. Due to the unique loca-
tion of the lead at the incision site, the pudendal 
lead is at a slightly increased risk of lead migra-
tion. The most likely mechanism of action is due 

to excessive or abrupt increase in pressure to the 
low buttock area, particularly with sitting down 
on a hard surface. The tined leads function like 
an arrowhead—they allow forward migration 
but resist backward movement. Since the tines 
are not anchored in the ischiorectal space con-
nective tissue as they are in SNM, there is a 
greater risk of lead migration for PNM. Thus, we 
counsel patients to sit as gently as possible, par-
ticularly on the side of the lead for the first 
6–8 weeks to allow the lead and tines to scar in. 
Table 7.1 details the studies that reported rates of 

Fig. 7.10 (a) Cadaver model showing ideal placement of lead along the pudendal nerve. Corresponding fluoroscopy, 
showing (b) AP view, and (c) lateral view
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complications after PNM. The most common 
event is lead migration. When a lead is placed at 
the pudendal nerve no bony landmarks secure 
the lead in place. Peters et al. reported lead 
migration in 3/55 patients with PNM, two of 
which were revised to a sacral lead to avoid 
repeat migration [37].

If the lead needs to be removed, the approach 
is similar to removing a sacral lead. Under 

sedation, the insertion incision in the low but-
tock is anesthetized and opened. Dissection is 
performed to find the electrode and the elec-
trode is grasped and pulled in a circular motion. 
Typically, the tines on the lead will cause resis-
tance, so dissection may extend deep into the 
buttock and ischiorectal fat, but once the tines 
can be grasped, the lead can usually be 
extracted.

Fig. 7.11 (a) Cadaver model of lead “crossing” the nerve, with only one electrode in contact, (b) Corresponding fluo-
roscopic AP, and (c) lateral view of same lead
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 Outcomes

 Idiopathic Overactive Bladder

Like sacral neuromodulation, PNM is effective in 
managing overactive bladder (OAB) and urge 
incontinence. In a novel randomized study, 30 
subjects with various voiding dysfunctions had 
leads placed at both the sacral and pudendal 
nerve. Each lead was stimulated for 7 days (sub-

chronic phase) and the patients were blinded to 
which stimulation was being used. Symptom 
improvement was assessed for each lead after the 
7-day period. The patients were then allowed to 
choose which one they wanted attached to an for 

Fig. 7.12 Lead is now tunneled to upper buttock, with 
care taken to avoid lead trauma with sharp end of tun-
neler trocar

Fig. 7.13 Fixed 
anatomical landmarks 
result into a triangle on 
skin surface, the initials 
of the different 
landmarks add up to the 
STAR acronym (S 
ischial spine, T ischial 
tuberosity, A 
Acetabulum, R anal 
rim). The junction of the 
bisection lines serves as 
the starting point for 
needle puncture (yellow 
circle), the apical tip of 
the triangle pinpoints the 
spina, i.e., the 
anatomical area of the 
trunk of the PN (red 
circle). From Heinze 
et al., [33]. Reprinted 
with permission from 
Springer

Fig. 7.14 Various approaches for electrical stimulation of 
pudendal nerve. A and B show access points around the 
ischial spine—A denotes the posterior approach and B the 
perineal approach. C shows where the pudendal nerve can 
also be reached perineally via Alcock’s canal. D denotes 
dorsal genital nerve access. From Martens et al. [34]. 
Reprinted with permission from Elsevier Limited
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permanent implantation. Of the 24 patients (80%) 
who went on to stage II, 19 (79%) patients chose 
the pudendal lead versus 5 (21%) who chose the 
sacral lead. PNM also resulted in better overall 
 symptom improvement than SNM (63 vs. 46%, 
p = 0.02) and was also superior to SNM for 
improving urgency (p = 0.005), frequency 
(p = 0.007), bowel function (p = 0.049), and pel-
vic pain (p = 0.024) [38].

Using a permanent bion® implant to the puden-
dal nerve near Alcock’s canal, Groen et al. tested 
14 and ultimately modulated 6 women with treat-
ment-resistant urodynamic detrusor overactivity. 
The implanted cohort went from a mean of 6.2 
incontinence episodes daily down to 2.4 and from 
using a mean of 5.2 pads daily to 2.8. Repeat uro-
dynamics showed that the bladder volume at 
which the first involuntary detrusor contraction 
was seen nearly doubled—from a mean of 
191 ± 152 mL to 341 ± 94 mL (p = 0.046) [39].

Possover et al. laparoscopically implanted tined 
leads to the pudendal nerve in 14 patients (12 
women, 2 men) who reported at least a year of 
OAB and urge incontinence episodes. 11/14 
(78.5%) went on to permanent implantation, with 
71.4% reporting greater than 50% improvement in 
symptoms [35]. Mean number of voids per day 
decreased from 25 (range 13–50, SD 11.7) to 10.2 
(range 7–15, SD 2.75), nocturia episodes decreased 
from 5.8 to 2.2, and daily pad use decreased from 
7.3 to 1.6 pads daily. By final evaluation at a mean 
of 18 months (range 9–49 months), six patients 
were totally dry on a 3-day bladder diary. Repeat 
urodynamics showed improved maximum cysto-
metric capacities, from 159 (range 80–230 mL) to 
312 mL (range 160–500 mL). No patients devel-
oped urinary retention.

In a large group of women (N = 106) with 
refractory idiopathic OAB in China, long acu-
puncture needles were used to stimulate four 
sacrococcygeal points to perform electrical 
pudendal nerve stimulation (EPNS). 42.5% of 
women  indicated complete OAB symptom reso-
lution and 91 (85.8%) reported greater than 50% 
symptom improvement after a mean of 21.2 ses-
sions. These findings were durable, with 62/91 
who had >50% symptom improvement followed 
at a median of 98 months. Of these, 53/62 had 

either maintained or improved response [40]. The 
same group randomized 120 women with refrac-
tory idiopathic urge incontinence to EPNS or 
transvaginal electrical stimulation and showed 
significantly better improvement in women who 
underwent EPNS, with a complete resolution rate 
of urge UI of 42.5% and greater than 50% symp-
tom improvement in 70.1% of patients receiving 
EPNS [41].

 Pudendal After Failed Sacral 
Stimulation Trial

Although SNM has a high success rate, between 
10 and 25% of patients fail to respond to first-
stage implant [42, 43], with an additional per-
centage losing efficacy after that; management of 
this population can be challenging. Another 
third-line therapy, such as detrusor chemodener-
vation with onabotulinumtoxin-A or PTNS, can 
be offered. PNM is a particularly safe and effec-
tive therapy in patients who have failed SNM. One 
study of 84 patients with refractory OAB and IC/
BPS symptoms, of whom 44 had failed SNM 
treatment, showed a 93% (41/44) response to 
PNM in this subset [37]. The study population of 
Groen et al. was notable for having a high failure 
rate of previous forms of neuromodulation, 
including 9/14 who failed test peripheral nerve 
evaluation (PNE), 2/14 who failed SNM, and 
4/14 who failed percutaneous tibial nerve stimu-
lation (PTNS) [39]. Similarly, Possover presented 
nine patients who previously failed SNM, of 
whom 93.2% responded to PNM [35].

As previously discussed, PNM can be offered 
at second-stage procedure if symptom response 
is inadequate after SNM as part of preoperative 
counseling, or as a salvage for patients who have 
undergone SNM with inadequate improvement 
in OAB symptoms.

 Neurogenic OAB

One of the earliest studies looked at acute PNM in 
three people with neurogenic bladder and demon-
strated detrusor inhibition and increased micturi-
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tion thresholds in all subjects on cystometrogram; 
no chronic implant was used [32]. Fifteen neuro-
genic bladder patients had a dorsal transcutaneous 
placement of pudendal lead, with 12 undergoing 
chronic IPG implant [30]. Incontinence episodes 
per day decreased from 7 ± 3.3 to 2.6 ± 3.3 
(p = <0.02). Urodynamic follow-up in six patients 
showed decreased detrusor pressures and 
increased maximum cystometric capacity.

 Urinary Retention

Chronic non-obstructive urinary retention (UR) is 
an FDA-approved indication for sacral neuromod-
ulation, but if unsuccessful, PNM is considered a 
viable alternative approach. In a small subset of 13 
patients with UR, Peters et al. found no difference 
in catheterized volumes and number of catheter-
izations at 1-year follow-up; however, two of these 
patients (both of whom had failed multiple 
attempts at SNM) regained complete ability to 
void at 3 months post-implant [37]. While this may 
seem like a minor success, PNM should remain a 
tool in the armamentarium of the clinician treating 
UR due to underactive bladder. Further studies 
with longer follow-up are necessary to identify 
accurate outcomes of PNM for UR.

 Pelvic Pain

Chronic pelvic pain due to pudendal neuralgia, a 
challenging condition to manage that can be 
debilitating. The Nantes criteria delineates 
pudendal neuralgia using the following criteria: 
(1) pain in the anatomical distribution of the 
pudendal nerve, (2) worse with sitting, (3) pain 
does not wake the patient at night, (4) no objec-
tive sensory loss on examination, and (5) positive 
anesthetic pudendal block. Not all criteria need to 
be met to diagnose pudendal neuralgia [44]. In 
our practice, we will perform one or more blocks, 
either in the office setting or under sedation, with 
or without ultrasound, fluoroscopic, and/or EMG 
guidance. If patients respond to these blocks, 
they can be considered for PNM, if in addition to 
pain they have refractory OAB, chronic retention, 

voiding dysfunction, or fecal incontinence (FI), 
as these are the FDA-approved indications for 
neuromodulation using InterStim®.

A cohort of 19 complex subjects with pudendal 
neuralgia, 18 of whom had undergone a total of 77 
pudendal blocks, received a pudendal lead for neu-
romodulation [45]. Pain relief was “significant/
remarkable,” “almost complete,” or “complete” in 
10, 3, and 3 patients, respectively. While 5/19 had 
explantation at a mean of 3 years, only three were 
for loss of efficacy. A pilot study was conducted in 
20 patients with chronic pelvic pain, using four 
different techniques. They report that the mean 
pain intensity decreased statistically significant 
from a baseline of 85 mm to 40 mm (p = 0.018) 
using the STAR and Bock technique [33]. Carmel 
et al. presented a report of three patients who had 
PNM via the Spinelli transgluteal approach for 
pelvic pain [46]. Pudendal nerve terminal motor 
latency (PTNML) was measured using multiple 
EMG needles. All three women reported almost 
complete pain relief at >2 years follow-up.

 Fecal Incontinence

The relationship between the pudendal nerve and 
FI has been studied mainly in the context of 
pudendal neuropathy or injury. Anorectal func-
tion studies in people with pudendal neuropathy 
have shown that unconscious contraction of the 
external anal sphincter is not affected in those 
with pudendal neuropathy; however, conscious 
contraction of the anal sphincter is mediated by 
the PN [47]. Given these findings, the authors 
concluded that pudendal neuropathy results in 
fecal urge incontinence, and not complete FI.

Currently, the literature on neuromodulation 
for FI is limited to sacral nerve stimulation, with 
only a few series describing outcomes with PNM 
for this troublesome condition. As cited previ-
ously, Bock et al. reported on a feasibility study 
in two women using the technique described by 
Spinelli, with both patients having excellent out-
comes in terms of bowel control at short-term 
follow-up [31]. Given the innervation of the 
external anal sphincter by the PN, and the out-
comes seen thus far for OAB, one would expect 
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that PNM should not be inferior to sacral stimula-
tion, but larger studies focused on PNM for FI are 
required to corroborate this statement.

 Conclusion

The ability to access the pudendal nerve offers 
the neuromodulation specialist an alternative 
approach to addressing refractory overactive 
bladder, but also has proven to benefit select 
patients with neuralgia, pelvic pain, and other 
complex pelvic floor and voiding disorders. The 
procedure to place the lead is an extension of the 
sacral lead placement, which is familiar to many 
clinicians who practice in this field, but requires 
some careful adjustments and the use of neuro-
physiologic guidance to insure proper position-
ing. Despite the enthusiasm for this procedure, it 
should be tempered by the lack of large, multi-
center studies to prove its role beside sacral stim-
ulation, as well as long-term outcomes.
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 Overview

The goal of this chapter is to provide an in-depth 
overview of the pathophysiology of chronic pel-
vic pain (CPP), more specifically interstitial cys-
titis/painful bladder syndrome (IC/PBS) as well 
as review the AUA IC/PBS treatment guidelines 
with an emphasis on neuromodulation.

 Pathophysiology of Chronic 
Pelvic Pain

The pelvic floor plays a critical role in supporting 
the pelvic viscera, as well as permitting the storage 
and evacuation of urine and feces, sexual function 
and, in women, parturition. Given these complex 
functions, it follows that the pelvic viscera and 
musculature would be at risk for chronic pain 
states. The nature of pelvic innervation further 
complicates the matter, as the sympathetic, para-
sympathetic, and somatic nervous systems all play 
a role, sometimes acting in consort and at other 
instances, singularly. The pelvic structural config-
uration and complex neuroanatomy make identi-
fying noxious stimuli in this area troublesome. 

Indeed, delays in diagnosis can lead to a delayed 
treatment, which may risk conversion of an acute, 
unpleasant stimulus into a state of CPP [1].

CPP is a complex condition defined as “non- 
malignant pain perceived in the pelvis in either 
men or women.In the case of documented noci-
ceptive pain that becomes chronic, the pain must 
have been chronic or continuous for at least 6 
months” [2]. This disease can be debilitating, 
with negative cognitive, behavioral, sexual, and 
emotional consequences that have a major impact 
on quality of life. CPP is seen more commonly in 
the female population, and was estimated in 2010 
to affect over nine million American women [3]. 
The direct costs of CPP have been estimated at 
over $2.8 billion [4].

The etiology of CPP is likely multifactorial 
and variable between patients, but development 
of this pain syndrome is more common in women 
who have a history of endometriosis, sexual 
abuse [5, 6], vulvar vestibulitis, fibromyalgia [7], 
and irritable bowel syndrome [8]. In men, the 
most commonly suspected inciting factor is pros-
tate pain, arising from either infectious or aseptic 
inflammatory etiologies [9, 10]. There is, how-
ever, no gold standard for diagnostic algorithm of 
chronic pelvic pain, and it remains a diagnosis of 
exclusion.

Although unclear, the pathophysiology of 
CPP seems to parallel many common central-
ized neuropathic and sympathetically driven 
pain models [1]. The prevailing hypothesis is 
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that an insult or injury damages a specific 
structure or organ, leading to either: (1) somatic 
pain from skin, muscles, or soft tissues trans-
mitted via sensory afferent nerves, or (2) vis-
ceral pain originating from a viscous structure 
transmitted through autonomic or sympathetic 
fibers (or both), which over time develops into 
neuropathic pain characterized by unpleasant 
paresthesias, allodynia, and hyperalgesia [11]. 
Just as patients with complex regional pain 
syndrome suffer hyperesthesia and allodynia in 
the affected extremity, patients with CPP often 
experience similar painful sensations with rou-
tine pelvic functions, such as urination, sexual 
intercourse, or ovulation. Indeed, in 2003, 
Janicki and colleagues postulated that CPP was 
a variant of complex regional pain syndrome, 
secondary to an inciting insult and subsequent 
“wind-up” phenomenon that subsequently 
hypersensitized local pelvic neurons, leading 
to the perception of pain with non-noxious 
stimuli [12].

In a pelvic medicine practice, one condition 
commonly associated with chronic pelvic pain 
is IC/BPS. IC/BPS is characterized by urinary 
frequency, urgency, dyspareunia, nocturia, and 
pelvic pain [13]. In 2009, the Rand Interstitial 
Cystitis Epidemiology study detailed a preva-
lence of 3–6% in the general population, 
affecting approximately 3.4 million US 
women [14].

The exact causal cascade of IC/BPS remains 
elusive though many experts agree that a defect 
in the urothelial glycosaminoglycan layer is 
the most likely primary underlying factor [3]. 
When the urothelium is exposed to urine due to 
inadequate GAG covering, mast cell activation 
occurs within the bladder wall, generating an 
influx of potassium ions that upregulates the 
afferent nerves, which in turn activate more 
mast cells, creating a positive feedback loop 
that leads to increased sensory nerve fiber 
activity in the bladder, chronic inflammation, 
and ultimately neuropathic pain, which can be 
manifested through visceral allodynia and 
hyperalgesia of the bladder and adjacent pelvic 
organs [15].

 AUA Guidelines for Treatment 
of Interstitial Cystitis/Bladder Pain 
Syndrome

In an effort to clarify and standardize care for 
patients with IC/BPS, the American Urological 
Association published guidelines in 2014 [16]. 
With regard to diagnosis, the authors recommend 
that basic assessment should include “a careful 
history, physical examination, and laboratory 
examination to rule symptoms that characterize 
IC/BPS and rule out other confusable disorders.” 
Moreover, they encourage that baseline voiding 
symptoms and pain scores be captured, in order 
to measure subsequent treatment effects. Per the 
diagnostic guidelines, cystoscopy and urodynam-
ics are not necessary for the diagnosis of IC/BPS, 
but may be considered in complex presentations.

Treatments that may be offered are divided into 
first- through sixth-line groups based on the poten-
tial benefits to the patient, potential severity of the 
side effects, and reversibility of the treatment.

 First-Line Treatments: Patient 
Education and Lifestyle Modification

First-line treatments should include patient edu-
cation regarding normal bladder function and 
what is known and not known about IC/BPS. The 
multimodal approach to therapy should be 
explained to patients, as well as the rationale for 
a stepwise approach to therapy. Behavioral modi-
fication strategies include manipulating urine 
concentration and/or volume, application of local 
heat or cold to the suprapubic region, avoidance 
of foods known to irritate the bladder, medita-
tion, guided imagery, pelvic floor muscle relax-
ation, and bladder training to suppress urinary 
urgency [17–20]. These interventions are recom-
mended based on an NIDDK multicenter trial 
focused on treatment naïve IC/BPS patients. 
After undergoing a standardized education and 
behavioral modification program, including 
increased understanding of bladder and voiding 
physiology, stress management strategies, and 
avoidance of symptom triggers, 45% of patients 
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reported markedly or moderately improved 
symptoms on the Global Response Assessment 
[18]. In addition to global management of psy-
chological stress, the guidelines also emphasize 
that clinicians may want to include multidisci-
plinary assistance when appropriate for manage-
ment of factors that may exacerbate IC/BPS, 
such as irritable bowel syndrome symptoms, 
endometriosis, recurrent vaginitis/vestibulitis, 
menstrual pain, panic attacks, depressive epi-
sodes, and the like.

 Second-Line Treatments: Physical 
Therapy, Pain Management, 
Medications, and Intravesical 
Instillations

Second-line treatments are numerous. They 
include manual physical therapy techniques, 
multimodal pain management, provision of cer-
tain medications (i.e., amitriptyline, cimetidine, 
hydroxyzine, or pentosan polysulfate), and instil-
lation of intravesical therapies, such as DMSO, 
heparin, lidocaine, or a combination thereof.

Patients with IC/BPS often exhibit tenderness 
and/or banding of the pelvic floor musculature 
[21, 22]. It is unclear if these musculoskeletal 
findings represent primary pain generators or are 
themselves secondary phenomena elicited by the 
primary bladder pain of IC/BPS. Regardless of 
etiology, literature supports that manual physical 
therapy can provide symptom relief by treating 
these soft tissue abnormalities [23–25]. Preferred 
physical therapy techniques include myofascial 
and trigger point release. These targeted inter-
ventions fared better than global therapeutic mas-
sage in a 2012 randomized controlled trial, with 
59% of patients undergoing myofascial release 
reporting moderate or marked improvement, ver-
sus only 26% of those receiving massage therapy 
[25]. Pelvic floor strengthening interventions, 
such as Kegel exercises, may exacerbate symp-
toms and should be avoided.

Multimodal pain management is encouraged 
in the AUA IC/BPS guideline. The goal of phar-
macotherapy is to find a medication regimen that 
will provide significant pain relief with minimal 

side effects; tools include urinary analgesics, 
NSAIDs, narcotics, and a variety of non-opioid 
medications now being used for treatment of 
chronic pain, such as antidepressants, anti- 
epileptics, and the like. The panel’s clinical expe-
rience reflected diverse approaches to effective 
pain management, ranging from primary man-
agement by the urologist to use a multidisci-
plinary team incorporating an anesthesiologist or 
pain specialist provider. Complementary thera-
pies, including physical therapy, psychological 
counseling, and stress management, are also rec-
ommended. Ultimately, the panel concluded that 
“the decision regarding how to approach [pain 
management] depends on the judgment and 
experience of the involved clinician, the severity 
of the patient’s symptoms, and the availability of 
expertise and resources.”

Also included in second-line therapies are a 
variety of oral medications directed specifically 
at the underlying mechanisms of IC/BPS, includ-
ing (in alphabetical order) amitriptyline, cimeti-
dine, hydroxyzine, and pentosan polysulfate. 
Amitriptyline has central and peripheral anticho-
linergic actions, it blocks the active transport sys-
tem in the presynaptic nerve ending that is 
responsible for the reuptake of serotonin and nor-
adrenaline, and it is a sedative with action that is 
presumably centrally based but is perhaps also 
related to antihistaminic properties [18]. This 
may explain the potential benefits in patients 
with IC/BPS. One randomized, controlled trial 
reported efficacy of oral amitriptyline (25 mg 
daily titrated over several weeks to 100 mg daily 
if tolerated) to be superior to placebo at 4 months, 
with 63% of the treatment group clinically 
improved compared to 4% of the placebo group 
[26]. However, side effects, including drowsi-
ness, sedation, and nausea, were very common 
and were the major reason for withdrawal from 
the study.

The antihistamine cimetidine is proposed to 
benefit IC/BPS patients by competitive antago-
nism of the H2 histamine receptor [27]. In their 
randomized controlled trial, Thilagarajah and 
colleagues reported efficacy of oral cimetidine 
(400 mg twice daily) to be statistically signifi-
cantly superior to placebo in terms of total 

8 Neuromodulation for Chronic Pelvic Pain



108

 symptoms, pain, and nocturia after 3 months of 
treatment [27]. Two observational studies 
reported that oral cimetidine (300 mg twice daily 
or 200 mg three times daily) resulted in 44–57% 
of patients reporting clinically significant 
improvement in symptoms at follow-up intervals 
of one and more than 2 years [28, 29]. No adverse 
events (AEs) were reported in these studies.

Hydroxyzine is a long-standing oral pharma-
cotherapeutic agent used for IC/BPS patients, on 
the principle that it prevents bladder mastocyto-
sis via its antihistamine effects [30]. There is one 
randomized, controlled trial that, though under-
powered, failed to show a statistically significant 
difference in symptom control relative to placebo 
with hydroxyzine therapy [31]. In contrast, an 
observational study reported 92% of patients 
experienced clinically significant improvement 
on hydroxyzine therapy, though this population 
all had systemic allergies, and may represent a 
subset of patients that is more likely to respond to 
hydroxyzine [32]. Adverse effects were com-
mon, but usually minor and self-limited, includ-
ing short-lasting sedation and subjective 
weakness.

Pentosan polysulfate is hypothesized to 
improve IC symptoms by adhering to the bladder 
wall, buffering against cell permeability and pen-
etration by irritating solutes. It is by far the most- 
studied oral medication for use in IC/BPS. Indeed, 
the AUA panel was able to consider seven ran-
domized trials reporting on more than 500 
patients including five trials that compared PPS 
to placebo, one trial that examined PPS dose–
response effects, and one that compared PPS to 
cyclosporine A. Ultimately, after consideration of 
the data, the panel concluded that there was a sta-
tistically significant but clinically weak improve-
ment in IC/BPS symptoms with use of pentosan 
polysulfate [16]. Adverse events were rare and 
generally not serious. The panel did specify that 
pentosan polysulfate appears to have lower effi-
cacy in patients with Hunner’s lesions.

Finally, intravesical therapies are also included 
in the second-line category, including (listed in 
alphabetical order) dimethyl sulfoxide (DMSO), 
heparin, and lidocaine instillations. DMSO is an 
organosulfur compound that is believed to reduce 

inflammation, relax the detrusor muscle, and act 
locally as an analgesic [33]. It may also cause 
temporary urothelial injury that allows for better 
penetration of other agents. If DMSO is to be 
used, the panel recommended limiting dwell time 
to 15–20 min, as DMSO is rapidly absorbed into 
the bladder wall and longer dwell periods are 
paradoxically associated with worsening pain. 
Additionally, the panel noted that if DMSO is 
administered in conjunction with other agents, 
such as heparin, sodium bicarbonate, steroid, or 
lidocaine, it potentially enhances absorption of 
these other substances, which could yield toxic-
ity, particularly from local anesthetics such as 
lidocaine. No clinical studies have addressed the 
safety or potential for increased efficacy of these 
“cocktail” regimens relative to DMSO alone

Heparin is a highly sulfonated glycosamino-
glycan (GAG) best known for its use in antico-
agulation. However, when instilled intravesically, 
it can act as an exogenous GAG to decrease uro-
thelial penetrability in IC patients [33]. Side 
effects with heparin instillation are infrequent 
and appear minor. Placebo-controlled trials are 
lacking.

Intravesical lidocaine functions as a topical 
anesthetic. Notably, alkalinization increases uro-
thelial penetration of lidocaine and therefore is 
believed to increase efficacy; however, this can 
increase systemic absorption and potential toxic-
ity. Relief is generally short term and limited to 
2 weeks or less. Researchers are attempting to 
remedy this problem with an implantable 
lidocaine- eluting device, but this technology is 
not yet available to patients [34].

 Third-Line Treatments: 
Hydrodistension and Fulguration 
of Hunner’s Lesions

As third-line treatment, cystoscopy under anes-
thesia with hydrodistension can be performed. 
This intervention should be at low pressure (60–
80 cm H2O) and for short duration (<10 min). 
This intervention is intended to serve three pur-
poses: first, prior to distension, to inspect the 
bladder for other potential sources of symptoms 
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(bladder stones, tumors, etc.) and for Hunner’s 
lesions; second, the distension itself may offer 
therapeutic benefit, and finally distension allows 
for disease “staging” by determining the ana-
tomic as opposed to functional bladder capacity, 
thus identifying the subset of patients with sub-
stantially reduced capacity due to fibrosis. Three 
observational studies reported that one or two 
exposures to low-pressure, short-duration hydro-
distention resulted in clinically significant relief 
of symptoms for a subset of patients. However, 
these benefits did decline over time: at 1-month 
efficacy ranged from 30 to 54%; at 2–3 months, 
from 18 to 56%; at 5–6 months, from 0 to 7% 
[35–37]. No adverse events were reported. The 
panel warns that potential benefits must be bal-
anced against the possibility of a flare in symp-
toms following instrumentation.

During cystoscopy, if Hunner’s lesions are 
visualized, the panel recommends fulguration 
with laser or electrocautery and/or injection of 
triamcinolone. Patients with Hunner’s lesions 
who experience relief after fulguration or injec-
tion should be counseled that periodic re treatment 
is often required to maintain symptom control. 
Adverse events for these interventions are rare in 
the literature though the panel does recommend 
that patients undergoing laser fulguration be 
warned of the risk for forward energy scatter and 
resultant delayed bowel perforation.

 Fourth-Line Treatments: Intradetrusor 
Botulinum Toxin and Trial of Sacral 
Nerve Stimulation (SNS)

Intradetrusor onabotulinum toxin-A (BTX-A) 
injection is a fourth-line off-label therapy for IC/
BPS. It has more recently been combined with 
hydrodistension in the IC/BPS population, and 
clinicians are becoming more comfortable repeat-
ing dosing (typically 100 units, u) when symp-
toms return. A single RCT has been performed, 
by Kuo and Chancellor in 2009 [38]. Three 
groups were compared: Botox 200u with hydro-
distension 2 weeks after injection, Botox 100u 
with hydrodistension at the time of initial injec-
tion, and Botox 100u with hydrodistension at the 

time of initial injection and 2 weeks afterward. 
Side effects, including elevated post-void resid-
ual and dysuria were markedly higher in the 200u 
group, such that randomization to this group was 
stopped prior to completion of the study. Patients 
were followed for 2 years, and success ranged 
from 80% at 3 months to 47% at 24 months in the 
BTX-A 200+ hydrodistension group, 72% at 
3 months to 21% at 24 months in the BTX-A 
100 + hydrodistension group, and 48% at 
3 months to 17% at 24 months in the hydrodis-
tension only group.

Pinto injected 100u into the trigone with 
retreatment at symptom return and followed 
patients for up to 3 years [39]. All patients 
reported subjective improvement at 1- and 
3 months follow-up. Pain, daytime and nighttime 
voiding frequency and quality of life (QoL) 
improved significantly. Treatment remained 
effective in greater than 50% of the patients at 
9-month follow-up. Retreatment was also effec-
tive in all patients with return of symptoms 
(62% of patients), with similar duration. Nearly 
one- third of patients had UTIs post-treatment 2 
(but not after the other treatments); there was no 
urinary retention or clean intermittent catheter-
ization required in this study. In the absence of 
placebo-controlled studies, the true effect of 
Botox injection for IC/BPS remains unclear. 
However, the existing studies suggest that a sub-
set of patients will experience symptom relief 
for several months after treatment. Given the fre-
quency and potential seriousness of side effects 
with the 200u dose, the AUA guideline panel rec-
ommends injection of the 100u dose as a fourth-
line intervention for IC/BPS.

The guidelines also state that a trial of SNS 
may be offered to patients with refractory IC/
BPS symptoms. Nonetheless, it is important to 
note that SNS is currently not FDA approved for 
the treatment of CPP or IC/BPS. However, many 
patients meet the urgency/frequency indication, 
for which SNS is FDA approved. While there 
are no prospective randomized trials a variety of 
observational studies were considered by the 
panel [40–43]. Follow-up ranged from 60 to 
86 months across the studies, with success rates 
ranging from 72 to 80%. Significant improvements 
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in urgency, frequency, nocturia, voided vol-
umes, and pain scores were noted amongst the 
studies. Device explantation for lack of efficacy 
or intractable side effects occurred in 0–28% of 
patients, and revision procedures for battery 
replacement, lead revision, or site change 
ranged from 21 to 50%. Mean battery life was 
approximately 93 months. Notably, Powell and 
Kreder note that patients are significantly less 
likely to proceed with stage 2 SNS implantation 
after PNE, relative to a stage 1 SNS trial [43]. 
Given the paucity of high-quality evidence and 
the moderately invasive nature of SNS, this 
remains a fourth-line treatment option per 
guidelines.

 Fifth-Line Treatments: Cyclosporine 
A Therapy

Cyclosporine A (CyA) immunomodulatory 
therapy has been designated as a fifth-line inter-
vention for refractory IC/BPS. One randomized 
trial compared CyA versus PPS, and demon-
strated 75% improvement in the patients taking 
CyA versus only 19% in those on PPS after 
6 months of treatment [44]. One recent retro-
spective study in the USA reported on 44 
patients followed for a mean of 15 months, and 
reveals 59% reporting a meaningful clinical 
response with CyA therapy [45]. Notably, suc-
cess rates were much higher in patients with 
Hunner’s lesions (85% vs. 30% in those with-
out). AE rates were high, with half of patients 
reporting at least one. These included rising 
serum creatinine, hypertension, alopecia, cuta-
neous lymphoma, mouth ulcers, and gout flares. 
Amongst the Hunner’s lesion group, attrition 
due to AEs decreased the intention-to-treat 
effectiveness to 68%. Ultimately, these data 
suggest substantial efficacy of CyA, particu-
larly in patients with Hunner’s lesions; how-
ever, the lack of long-term data and the potential 
for serious adverse events is not trivial. The 
AUA guidelines panel encourages clinicians 
unfamiliar with CyA administration to seek 
guidance from experts regarding dosing and 
monitoring.

 Sixth-Line Treatments: Major Surgical 
Intervention

Per AUA guidelines, major surgical interventions, 
such as substitution cystoplasty and urinary diver-
sion with or without cystectomy, may be under-
taken in carefully selected patients for whom all 
other therapies have proven ineffective with regard 
to symptom control or quality of life. The panel 
cautions that “major surgery should be reserved for 
the small proportion of patients with severe, unre-
sponsive disease, who are motivated to undergo the 
risks and lifelong changes associated with irrevers-
ible major surgery.” The panel emphasizes that 
pain relief is not guaranteed, even with this aggres-
sive intervention, as pain can persist even after cys-
tectomy, especially in non-ulcer IC/BPS [46].

The AUA guidelines committee also com-
ments on inappropriate therapies. Neither long- 
term oral antibiotic therapy nor long-term 
systemic steroid treatment should be offered. 
Similarly, intravesical Bacillus Calmette–Guérin 
(BCG) vaccine should not be administered. In 
terms of surgical interventions, the panel speci-
fies that high-pressure, long-duration hydrodis-
tension is potentially harmful and should not be 
offered. The panel concludes by emphasizing 
that the IC/BPS population constitutes an under-
served group in need of adequate medical man-
agement, and encourages future efforts both at 
the basic science and clinical levels to develop 
better, safer treatment modalities for this com-
plex condition. In particular, there is emerging 
interest in determination of an IC/BPS biomarker, 
both for diagnosis and outcomes measurement.

 SNS for the Treatment of CPP 
and IC/PBS

An understanding of pelvic neuroanatomy is 
critical prior to consideration of sacral neuro-
modulation for CPP. The pelvic viscera are 
parasympathetically innervated by the S2–S4 
nerve roots, and sympathetically innervated by 
the T12-L2 nerve roots. The parasympathetic 
outflow is transmitted via the pelvic splanchnic 
nerves (S2–S4), which converge into the 
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 preganglionic pelvic splanchnic nerves. 
Sympathetic input to the pelvis arises from the 
thoracolumbar cord by way of the superior 
hypogastric plexus. The somatic afferents and 
efferents to the pelvis originate from the S2–S4 
cord via the pudendal nerve, with S3 offering 
the primary supply to the anterior perineal mus-
culature [1].

The first reported use of pelvic nerve electro-
stimulation occurred in 1878, when Saxtroph 
described his treatment of patients with urinary 
retention due to an a contractile bladder [47]. 
Over time, this modality evolved into modern 
day sacral neuromodulation when, in 1971, 
Nashold et al. described the first successful 
implantation of an SNS system to initiate voiding 
in a patient with spinal cord injury [48]. In 1981, 
Tanagho and Schmidt subsequently demonstrated 
that stimulation of the S3 nerve root could be 
applied to a variety of urologic pathologies, 
including incontinence and refractory urgency/
frequency, by modulating detrusor and urinary 
sphincter function [49]. This research ultimately 
led to FDA approval of SNS for urinary urgency, 
frequency, and urgency incontinence in 1997. 
Later, in 1999, the SNS system was approved for 
idiopathic urinary retention and in 2011 for fecal 
incontinence. To date IC/PBS is not an FDA- 
approved indication for SNS.

The exact mechanism by which SNS modu-
lates micturition remains unclear. It may activate 
or reset the somatic afferents involved with sen-
sory processing and the micturition reflex path-
ways in the spinal cord [49]. Additional theories 
propose that SNS may interfere with the sympa-
thetic signals to the bladder involved in the 
guarding and the vesicosympathetic reflexes, 
which control continence and filling, respec-
tively [50]. On PET study, SNS has also been 
correlated with increased activity of the paraven-
tricular gray area of the brain, which is involved 
in activation or inhibition of the micturition 
reflex [51].

Given that the etiology and pathophysiology 
of chronic pelvic pain can be hard to delineate 
and may vary between patients, if follows that 
the mechanism by which SNS may improve CPP 
symptoms is also unknown. However, most 

researchers agree that dysregulated central ner-
vous system responses to non-noxious stimuli are 
the major underlying feature [52, 53]. Therefore, 
reason suggests that effective therapies work to 
modulate the nervous system. A possible mecha-
nism for neuromodulation as therapy for CPP is 
based on the gate control theory, which states 
that pain perception depends on a pattern of 
peripheral nervous input. It is believed that a gate 
control mechanism is present at the spinal seg-
ment level that regulates the interaction between 
afferent nerve signals and pain sensation [54]. 
Interneurons of the spinal cord dorsal horn create 
gating components, and inhibition or facilitation 
of afferent fibers modulates pain signal input to 
the spinal transmission neurons. Impulses from 
the dorsal horn are controlled by a descending 
system containing fibers from the brainstem, 
thalamus, and limbic lobes [55]. Neuromodulation 
is believed to restore control at the spinal seg-
mental gate as well as at the supraspinal sites 
such as the brainstem and limbic system nuclei, 
thereby “gating” peripheral stimuli and prevent-
ing the CNS signaling that leads to hyperalgesia. 
In essence, SNS restores the balance between 
excitatory and inhibitory impulses to and from 
the pelvic organs at the sacral and suprasacral 
levels.

Another possible mechanism of action lies in 
the treatment of underlying pelvic floor dysfunc-
tion. Hypertonia of the pelvic floor is commonly 
associated with CPP. SNS may inhibit inappro-
priate excitation of the pelvic floor musculature, 
thereby facilitating voiding and other pelvic floor 
functions [56].

SNS has shown consistent efficacy in the 
treatment of refractory overactive bladder, idio-
pathic urinary retention, and fecal incontinence. 
However, while studies suggest that SNS can 
relieve the concomitant voiding symptoms seen 
in IC/BPS, pain relief has proven more difficult 
to achieve [57]. One evolution of the therapy to 
address this deficit includes bilateral, rather than 
unilateral, lead placement, since pain is seldom 
unilateral [52]. Subsequent small-scale studies 
have suggested reductions in pain and narcotic 
use with this more aggressive approach to 
SNS. Indeed, Maher reported reduction in pain of 
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27% with SNS in a cohort of 15 patients [58], and 
Siegel described 60% improvement in pain with 
ten patients followed for a median of 19 months 
[59]. In addition to IC/BPS, SNS has proven 
effective for treatment of other pathologies, such 
as coccydynia, vulvodynia, anorectal pain, and 
pain from pelvic floor muscle dysfunction in 
small-scale studies [1]. Nonetheless, the extent of 
pain control varies greatly amongst patients and 
from one study to the next, and research has 
failed to consistently demonstrate an overall 
improvement in quality of life for CPP patients 
following SNS [60].

Everaert and colleagues performed one of the 
initial studies suggesting improvement in pelvic 
pain with SNS in a cohort of 26 patients with 
CPP refractory to conservative management 
[61]. S3 stimulation was effective in 16 of 26 
patients, 11 of whom underwent implantation. At 
a mean follow-up of 36 months, all had improve-
ment in pain, achieving pain scores <3/10 and 
reporting >50% pain relief relative to baseline.

Comiter prospectively studied a group of 25 
patients with refractory IC/BPS undergoing trial 
of SNS [13]. Of these, 17 had at least 50% 
improvement in their voiding and pain symptoms 
and went on to permanent implantation. Average 
reported pain decreased from 5.8 to 1.6 on a 0–10 
visual analog scale (VAS). Ultimately, 94% of 
patients who underwent implantation reported 
sustained improvement in all pain and voiding 
parameters at their last postoperative visits, with 
a mean follow-up of 14 months.

Whitmore et al. conducted a prospective mul-
ticenter clinical trial in 2003, for women with 
refractory IC/BPS [62]. They enrolled 33 patients 
with intractable IC/BPS who failed alternative 
therapies. Analysis of voiding diaries showed sta-
tistically significant decreases in urinary fre-
quency, bladder pain, average volume voided, 
and maximum volume voided following SNS.

Siegel and colleagues used SNM to treat ten 
patients with refractory CPP, inserting leads into 
S3 for eight patients and S4 in two patients [59]. 
At follow-up of 19 months, 9 of the 10 patients 
reported decreased pain, with mean hours of pain 
per day decreasing from 13.1 to 6.9 following 

SNS implantation. The severity of pain decreased 
from 9.7 to 4.4 on a 0–10 pain scale.

Maher and colleagues prospectively evaluated 
15 women undergoing SNS with IC/BPS using 
pain scores, voiding diaries, and validated quality 
of life surveys [58]. Mean bladder pain decreased 
from 8.9 to 2.4 points on a 0–10 pain scale. 
Quality of life parameters related to social func-
tioning, bodily pain, and general health signifi-
cantly improved during the stimulation period. 
Of the subjects, 73% requested to proceed to 
complete device implantation.

Peters and Konstandt retrospectively assessed 
the efficacy of long-term SNS in treating chronic 
pelvic pain associated with IC/BPS in a cohort of 
21 patients [63]. Of these, 20 reported moderate 
or marked improvement in pain following SNS 
implantation. In those using chronic opioids, the 
mean dose decreased by 36% and 4 of 18 patients 
stopped all narcotics after SNS implantation.

Several studies have assessed the long-term 
efficacy of SNM for IC/BPS. Rackley and col-
leagues followed 22 patients with refractory 
IC/BPS who underwent implantation of SNS 
[64]. Over a 2-year period, five devices were 
explanted; two devices were removed because 
of infection and three because of failure to 
maintain efficacy. Amongst those whose 
devices remained in situ, 13 expressed contin-
ued benefit and 4 complained of loss of effi-
cacy. The overall success rate at 2 years was 
48%, suggesting that the device may lose some 
degree of success over time.

In 30 patients who underwent SNS, Marinkovic 
et al. report a 64% reduction in pain at an average 
of 86 months follow-up [42]. Similarly, Powell 
and Kreder report 78% ongoing efficacy in their 
cohort of nine patients followed for 5 years [43]. 
In their retrospective review, Gajewksi and 
Al-Zahrani reported on their cohort of 46 patients 
who underwent SNS implantation for CPP; these 
patients were then followed for an average of 
62 months, and 13 of the 46 (28%) underwent 
removal, most commonly for poor outcome or 
painful stimulation [40]. In a follow-up study of 
21 female patients with SNS for bladder pain syn-
drome, they had an implant rate of 52% after 
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PNE, with durable long-term improvements in 
reported visual  analog pain scale scores at 5 years 
of follow-up [41].

Given the inconclusive data regarding long- 
term efficacy of SNS, management of patient 
expectations at the time of trial stimulation and 
device implantation is essential. Patients must be 
told that SNS is not FDA approved for the treat-
ment of chronic pelvic pain and counseled that 
the long-term durability of SNS for management 
of chronic pelvic pain remains unclear.

 Technical Considerations and Lead 
Placement

Despite interest in SNS for treatment of chronic 
pelvic pain, conflict remains regarding the correct 
lead position for optimal benefit. Targeting of non 
S3 nerve roots or multiple unilateral nerve roots, 
as well as bilateral stimulation, has been proposed. 
Indeed, some authors even postulate that a spinal 
cord stimulator, rather than a sacral nerve stimula-
tor, offers the greatest potential for benefit [1]. 
With neuropathic pelvic pain, the sacral portion of 
the cord theoretically appears to be the most ideal 
target for neuromodulation. However, even though 
the pelvis receives both somatic and visceral inner-
vation from the sacral cord, the unpredictable 
course of the sympathetic nervous system fibers 
means that some innervation could escape neuro-
modulation directed at the sacral cord, diminish-
ing pain relief. Thus, coming to consensus 
regarding optimal lead placement proves difficult.

For FDA-approved indications, SNS targets 
the S3 nerve root. However, some authors have 
inquired as to whether targeting other nerve roots 
may offer greater benefit for CPP patients. In 
their 2008 study, Zabihi and colleagues evaluated 
the efficacy of bilateral caudal epidural sacral 
neuromodulation for the treatment of refractory 
pelvic pain in the setting of IC/BPS [52]. This 
was accomplished by deploying a quadripolar 
lead in a retrograde fashion under fluoroscopy 
over the S2–S4 nerve roots. In their study, 30 
consecutive female patients underwent bilateral 
S2–S4 sacral neuromodulation via the retrograde 
approach. Of these patients, 77% had good 

responses and underwent permanent implanta-
tion. At last  follow-up (mean 15 months, mini-
mum 6 months), quality of life measures were 
significantly improved relative to pre-implanta-
tion, with mean 40% improvement in pain scores 
by VAS. Thus, the authors conclude that in 
patients with refractory CPP, bilateral caudal epi-
dural sacral neuromodulation is another possible 
mode of treatment.

Since CPP is likely mediated by more than 
one sacral root, either unilaterally or bilaterally, 
the stimulation of only one nerve root may not be 
sufficient for symptom control. To date, no trial 
has compared unilateral versus bilateral stimula-
tion although several studies suggest efficacy of 
the bilateral approach. Steinberg and colleagues 
retrospectively reviewed 15 patients who under-
went bilateral S3 stimulators for refractory IC/
BPS symptoms, including pain [65]. At a mean 
follow-up of 14 months, the mean decrease in 
frequency and nocturia was 10.4 voids and 2.6 
voids, respectively. Pain scores were not cap-
tured independently, but patient satisfaction did 
improve as measured by the urinary distress 
inventory short form, which queries pain levels.

 Future Directions for Treatment 
of CPP Using Neuromodulation

In addition to SNS, other neuromodulatory 
approaches have been suggested for the treat-
ment of CPP, including posterior tibial nerve 
stimulation (PTNS), pudendal nerve stimulation 
(PNS), and caudal epidural S2–S4 SNS place-
ment. Kim et al. evaluated the effect of PTNS in 
15 patients (10 women and 5 men) with CPP in 
an open prospective clinical trial [66]. After 
12 weeks of PTNS, 60% of patients had an 
improvement of more than 50% on a visual ana-
log pain scale, and 40% achieved a mean VAS 
less than 3. Van Balken et al. evaluated PTNS in 
33 patients with CPP as their primary complaint 
in a prospective multicenter trial [67]. In 21% of 
patients, mean VAS decreased more than 50%, 
and after 12 weeks of treatment, 7 patients (21%) 
had a mean VAS less than 3. In aggregate, PTNS 
boasts modest overall success rates for chronic 

8 Neuromodulation for Chronic Pelvic Pain



114

pelvic pain, and randomized, placebo-controlled 
trials with longer term follow-up are warranted.

The pudendal nerve originates from the S2, 
S3, and S4 nerve roots, such that PNS provides 
broader stimulation compared to targeting S3 
alone. In a retrospective study by Peters et al., 84 
patients underwent PNS for IC/BPS and overac-
tive bladder [68]. A positive pudendal response, 
defined as greater than 50% improvement in 
symptoms following pudendal lead placement, 
was achieved in 71% of subjects. Notably, almost 
all (93%) with a history of failed sacral neuro-
modulation responded to the pudendal lead. This 
may be due to the unique ability of the pudendal 
approach to offer increased afferent stimulation 
through the S2–S4 nerve roots. However, accu-
rate placement of the tined lead in the pudendal 
location can prove challenging and time consum-
ing for the surgeon. To combat this pitfall, Heinze 
and colleagues devised the STAR (ischial Spine, 
ischial Tuberosity, acetabulum, and anal Rim) 
technique using fixed anatomic landmarks to 
improve PNS placement in their 2014 pilot study 
using this technique in 20 patients with refractory 
chronic pelvic pain [69]. In the ten patients who 
underwent placement by the STAR technique, 
they noted a mean operative time of 85 min for 
bilateral PNS lead placement, versus a mean of 
105 min for unilateral PNM lead placement using 
techniques previously described in the literature. 
In the patients who underwent STAR PNS place-
ment, there was a statistically significant decrease 
in pain at the conclusion of the 4-week trial, with 
90% proceeding to generator implantation.

In a follow-up study in 2007, Peters and col-
leagues compared sacral neuromodulation versus 
PNS for refractory IC/BPS symptoms [70]. In 
their study, 22 patients with refractory IC/BPS 
underwent placement of a tined lead at S3 and 
another lead at the pudendal nerve. Each was 
tested in a blinded manner for 7 days. The authors 
found that the time required to place a pudendal 
lead was about 30% less than that required for a 
sacral lead. Of the 22 patients, 77% responded 
and had a permanent implant placed. PNS was 
chosen as the better lead in 77% and SNS in 24%. 
The order in which the lead was stimulated had no 
effect on the final lead implanted, and there was 

no measurable “carry-over” effect. The overall 
reduction in symptoms was 59% for PNS and 
44% for SNS, leading the authors to conclude that 
PNS may offer advantages beyond traditional 
SNS in some patients with refractory IC/BPS.

Caudal epidural SNS also provides stimula-
tion of the S2–S4 nerve roots. This procedure 
involves deploying a quadripolar lead over the 
S2–S4 sacral nerve roots. While literature regard-
ing this technique is scarce, Zabihi et al. did eval-
uate the efficacy of bilateral caudal epidural SNS 
for the treatment of refractory chronic pelvic pain 
and IC/BPS in a 2008 study [52]. In his trial of 30 
patients, 77% had a successful trial stimulation 
and underwent permanent implantation. At mean 
follow-up of 15 months, median pain scores were 
improved by 40% relative to baseline. Similar 
improvements were seen on validated patient 
symptom questionnaires. On average, patients 
reported a 42% improvement in symptoms. 
However, four patients eventually underwent 
explantation due to treatment failure. Subsequent 
studies are still needed.

Before SNS is widely adopted for the treat-
ment of chronic pelvic pain, further investigation 
is warranted. Indeed, large-scale, multicenter 
randomized controlled trials with long-term 
 follow-up data, comparing SNS with other non- 
neuromodulatory modalities, as well as 
non-sacral neuromodulation, for treating CPP 
would help clinicians counsel patients and offer 
appropriate interventions. Moreover, such stud-
ies could offer insight into predictors of SNS 
treatment response. Given that this intervention 
is moderately invasive, it is important to avoid it 
in patients who are unlikely to benefit and rather 
target it toward likely responders, and we cur-
rently do not have high-quality evidence regard-
ing how to make this distinction.

 Summary

SNS has been shown to be an effective treatment 
for refractory non-obstructive urinary retention, 
urgency/frequency, urgency urinary inconti-
nence, and fecal incontinence. However, SNS 
currently has no FDA approval for the treatment 
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of chronic pelvic pain. Since many patients with 
CPP experience insufficient results with conser-
vative treatment, minimally invasive intervention 
such as SNS could offer a promising middle 
ground that avoids a major surgery, such as blad-
der augmentation or urinary diversion. The cur-
rently published results suggest that SNS may be 
a valuable alternative treatment option for CPP 
patients. However, the majority of published 
studies were small, retrospective, and lacking in 
long-term follow-up. Inclusion and exclusion cri-
teria varied between studies and outcomes were 
not uniform. In particular, not all studies clarified 
improvements in voiding outcomes versus pain 
outcomes. These features make the current body 
of literature regarding SNS for CPP difficult to 
generalize. Large-scale randomized trials with 
long-term follow-up and clearly stated, strict 
inclusion criteria are needed in order to more 
thoroughly evaluate SNS as a treatment for CPP.
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9

 Introduction

Fecal incontinence refers to the involuntary pas-
sage of gas or liquid stool (minor incontinence) or 
the involuntary passage of solid stool (major 
incontinence). The condition is common, and 
affects an estimated 8.3% of all noninstitutional-
ized adults in the United States [1]. The prevalence 
of fecal incontinence in institutionalized adults is 
thought to be higher. The prevalence of fecal 
incontinence is likely underestimated as many 
patients affected by it are reluctant to report or dis-
cuss it. Greater than 70% of patients who suffer 
from fecal incontinence do not seek treatment, for 
a variety of reasons ranging from limited health 
care access to self-blame [2] (Fig. 9.1).

In a meta-analysis performed on fecal inconti-
nence in the community with face to face or phone 
interviews, the prevalence was established at 
8.4%. In patients who submitted mail-in surveys, 
the prevalence of fecal incontinence was 12.4% 
[3]. This study demonstrates that patients with 

fecal incontinence may underreport their symptoms 
when they have to disclose them to another 
individual. Fecal incontinence can have a devas-
tating impact on the quality of life of those 
affected as it can lead to issues with self-esteem 
and even social isolation. While sacral neuromod-
ulation has been performed for disorders of the 
urinary system since 1999, it was not FDA 
approved for the indication of fecal incontinence 
until March 2011.

 Background

One of the challenges of treating fecal inconti-
nence is that continence is an incompletely under-
stood phenomenon. In terms of the factors 
contributing to fecal incontinence, there are four 
general categories: sphincteric, neurologic, stool 
characteristics, and the rectum. The internal 
sphincter muscle is tonically contracted. This, 
along with the natural hemorrhoidal tissue, cre-
ates a water and air tight ring of closure of the 
anal canal. Sphincteric injury often leads to fecal 
incontinence; common causes being obstetric 
injuries and iatrogenic injuries secondary to ano-
rectal surgery. The pelvic floor muscles, when 
contracted, help to maintain continence. During 
the process of defecation, these muscles con-
versely will relax and assist in opening the anus. 
Intact rectal and anal sensations are also  important 
in maintaining continence mechanism as the 
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 sensation of stool within the distal rectum gener-
ates contraction of the external sphincter, which 
assists the internal sphincter. Neurologic pathol-
ogy which can cause fecal incontinence includes 
diabetic neuropathy and injury to the internal 
pudendal nerve. Rectal compliance is an impor-
tant factor in achieving continence of stool as the 
rectum is responsible for relaxing when a bolus of 
stool enters it. This relaxation decreases the 
 intrarectal pressure and assists both the sphincter 
muscles and pelvic floor in retaining stool until 
the individual opts to defecate. A rectum which is 
not capable of distending can cause patients to 
experience frequency, urgency, and potential 
incontinence if a bathroom is not immediately 
available. Diseases which decrease rectal compli-
ance and place the patient at risk for fecal incon-
tinence include ulcerative colitis and radiation 
proctitis. Finally, stool consistency is an impor-
tant factor in fecal continence, as liquid stool is 
more difficult to retain than solid stool. Stool con-
sistency can be altered in a variety of medical 
conditions and an increased liquid component 
can overwhelm the continence mechanisms, 
listed previously, leading to incontinence. Given 
the number of factors which contribute to fecal 
continence, all of which have incompletely 

understood mechanisms of action, there are 
many potential causes for the development of 
incontinence.

 Evaluation

 History

A thorough history of the patient presenting with 
fecal incontinence is paramount. Symptoms 
should be documented in terms of severity, onset, 
duration, and the degree of incontinence from 
fecal seepage to overflow incontinence. Any 
associated pathology including rectal or vaginal 
prolapse, and urinary incontinence should be 
documented. A detailed obstetrical and surgical 
history should be obtained as well as coexisting 
previous treatments, medical conditions, and cur-
rent medications.

 Physical Examination

A thorough abdominal exam should be per-
formed with any scars from previous operations 
noted. The perianal region should then be exam-

Fig. 9.1 Themes across 
barriers to care-seeking 
for accidental bowel 
leakage. From Brown 
HW, et al. [2]. Reprinted 
with permission from 
Springer
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ined in the prone or lateral Sim’s position. The 
presence of feculent material on the perianal skin 
or irritation of the perianal skin may indicate the 
patient is experiencing fecal incontinence. Scars 
on the perianal skin should also be noted and may 
be an indication of previous anorectal surgery or 
if located anteriorly may represent a previous 
obstetric injury. On digital rectal exam, a patu-
lous anus can be an indication of rectal prolapse, 
but can also occur in the setting of a patient who 
frequently engages in ano-receptive intercourse. 
The resting tone of the internal anal sphincter can 
be noted during digital rectal exam. Decreased 
tone may be caused by previous anorectal sur-
gery, obstetric injuries, rectal prolapse, and fre-
quent ano-receptive intercourse. The function of 
the external sphincter can be established by 
assessing squeeze pressure on the examiner’s fin-
ger. The rectum should be examined for the pres-
ence of a rectocele and the vagina should also be 
examined for evidence of an enterocele, cysto-
cele, rectocele, and/or vaginal prolapse. 
Assessment of the perineal body can be per-
formed by simultaneously placing the examiner’s 
index finger in the rectum and thumb in the 
vagina. A short or absent perineal body may indi-
cate an obstetric injury to the sphincter complex.

 Assessment of Severity and Impact 
on Quality of Life

Grading of the severity of fecal incontinence and 
the subjective effect on the patient’s quality of 
life are important as well. Establishing an objec-
tive measure of the severity, in which a patient is 
experiencing fecal incontinence prior to treat-
ment, allows for a more accurate evaluation of 
the success of the patient’s treatment regimen. 
Several severity scales have been developed and 
one of the most commonly used is the Wexner 
(Cleveland Clinic) fecal incontinence score, 
which utilizes five parameters scored on a scale 
from zero (absent) to four (daily). These param-
eters include frequency of incontinence to gas, 
liquid stool, and solid stool; in addition to the 
need to wear a pad, and lifestyle changes. 
Another commonly used system is the fecal 
incontinence severity index (FISI), based on four 

types of leakage (gas, mucus, liquid stool, solid 
stool) and five frequencies (once to three times 
per month, once per week, twice per week, once 
per day, and twice or more per day) (Fig. 9.2). 
While other scoring systems exist, in general, the 
more detailed summary scales such as the Wexner 
and FISI are thought to have greater validity and 
can be utilized to quantify improvements in con-
tinence scores after treatment [4–7].

 Diagnostics

As part of the workup for incontinence, careful 
consideration to other etiologies of fecal leakage 
should be considered. There are many patients 
who are considered to be incontinent, yet on fur-
ther examination are diagnosed with diarrhea of 
various etiologies. This illustrates the importance 
of a carefully documented history and sequential 
workup. If there is concern for concomitant or 
solitary diarrhea resulting in “incontinence,” it is 
important to perform endoscopic evaluation with 
modalities such as flexible sigmoidoscopy or 
colonoscopy to rule out etiologies such as muco-
sal inflammation, masses, or strictures. Other eti-
ologies of diarrhea such as infections and 
metabolic derangements need to be ruled out as 
well by performing stool studies and testing for 
thyroid dysfunction, diabetes, and food intoler-
ances. The studies ordered to evaluate for infec-
tion include stool culture, ova and parasites, fecal 
leukocytes, and Clostridium difficile toxin [8].

 Anal Manometry

The primary utility of anal manometry in evalua-
tion of a patient with fecal incontinence is to rule 
out impaired function of the sphincter muscles. 
Typically, the resting pressure, squeeze pressure, 
rectoanal inhibitory reflex (RAIR), rectal compli-
ance, and rectal distensibility are measured. The 
resting pressure is a function of the internal anal 
sphincter, whereas the squeeze pressure is a func-
tion of the external anal sphincter. Resting and 
squeeze pressures are typically lower in patients 
with fecal incontinence. These  pressures do not 
typically correspond with the degree of fecal 
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incontinence. Even those patients who experi-
ence fecal soilage typically have decreased rest-
ing pressures and normal squeeze pressures. Men 
typically have higher resting and squeeze pres-
sures than women which may be related to prior 
obstetric injuries to the sphincter complex.

 Pudendal Nerve Motor Latency

Pudendal nerve terminal motor latency 
(PNTML) testing has proven to be a useful diag-
nostic tool in fecal incontinence. It has also 
been used as a predictive factor in sphinctero-
plasty repairs. Patients who demonstrate a bilat-
eral pudendal nerve neuropathy on PNTML 
testing generally do not have good outcomes 
with a sphincteroplasty. The procedure is per-
formed by placing an electrode mounted on a 
glove within the rectum on the internal pudendal 
nerve. Electrical stimulation of the nerve is then 
performed, and the time until a motor response 
from the sphincter complex and muscles of the 
pelvic floor is determined. A value of greater 
than 2 ms is considered abnormal and consistent 
with a pudendal nerve neuropathy. In a study 
reviewing over 1000 patients being evaluated 

for fecal incontinence, a subcohort of 83 patients 
who had intact anal sphincters, and no evidence 
of prolapse on imaging were evaluated with 
PNTML. Twenty eight percent of patients had 
prolonged latency unilaterally and 12% bilater-
ally when using a 2.2-ms threshold. When com-
paring fecal incontinence scores, patients who 
had bilateral prolonged PNTML testing were 
noted to have normal mean squeeze pressure, 
decreased mean resting pressure, and increased 
fecal incontinence scores. Those with unilateral 
prolonged PNTML had no association with 
changes in pressures or fecal incontinence 
scores [9].

 Imaging

 Endoanal Ultrasound
Endoanal ultrasound and anal manometry are 
complementary studies. This study is utilized to 
evaluate the sphincter muscles and is consid-
ered the gold standard of sphincter evaluation. 
Sensitivity has been reported as high as 100% 
for detection of sphincter defects, though the 
technique is heavily operator dependent. 
Defects indicate a tear; internal anal sphincter 
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Fig. 9.2 Fecal incontinence severity index (Each event is weighted from “0” as never to the highest score “4/5” as 2 or 
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tears are hyperechoic while external anal 
sphincter tears are typically hypoechoic. 
Scarring is noted on visualization of loss of 
normal texture and low reflectiveness. 
Measurement of the perineal body is thought to 
be important in the technique of determining a 
sphincter defect on endoanal ultrasound such 
that a perineal body measuring 12 mm or 
greater is not likely to have a sphincter defect 
unless some surgical augmentation has occurred 
in the past. To appropriately document sphinc-
ter defects, both the location(s) and extent of 
the defect(s) should be noted. The extent of the 
defect is reported by the estimated number of 
degrees of the tear based on a circle having 
360° [10–13]. It is also important to document 
any sphincter atrophy as this is associated with 
poor outcomes in those patients who subse-
quently undergo sphincteroplasty.

 Magnetic Resonance Imaging
MRI allows for enhanced and precise visualiza-
tion of the pelvic structures. The addition of an 
endo-coil allows for an improved evaluation of 
the anal sphincters. While endoanal ultrasound is 
considered the gold standard for imaging of the 
anal sphincters in general, endoanal MRI is con-
sidered more specific for identifying external 
anal sphincter defects with specificity ranging 
90–95%, in some reports. MRI is not operator 
dependent like endoanal ultrasound; however, it 
does have its drawbacks. In comparison to ultra-
sound, it is significantly more expensive, is not 
readily available at many institutions, and cannot 
be performed in some patients who have metallic 
implants [14].

 Defecating Proctography
This study involves the fluoroscopic evaluation 
of the process of defecation. It provides an 
interactive evaluation of the patient’s defeca-
tion by recording the expulsion of rectal bar-
ium, which is thought to simulate the 
consistency of feces. The study serves to evalu-
ate the sequential phases of defecation. In the 
evaluation of a patient with fecal incontinence, 
a defecating proctogram mainly serves to eval-
uate for the presence of external rectal prolapse 

or an outlet obstruction caused by internal rectal 
intussusception. Obstructed defecation second-
ary to internal rectal prolapse can lead to over-
flow incontinence in patients with the condition. 
In addition to rectal barium, the patient ingests 
oral barium for evaluation of enteroceles and 
the vagina is coated with a diatrizoic acid 
containing gel. Patients are then imaged in a 
lateral position at rest, during pelvic floor con-
tracture, and during evacuation of the rectum, 
which in turn estimates completeness of defe-
cation and measurement of pelvic floor descent. 
Morphological abnormalities are also discern-
ible during this part of procedure [15].

 Treatment of Fecal Incontinence

Treatment algorithms can be divided into nonsur-
gical medical and surgical interventions.

 Medical Management

 Dietary Modification
Dietary modification involves such interventions 
as increasing the patient’s daily fiber intake and 
consuming the BRAT diet. The BRAT diet 
(Bananas, Rice, Applesauce, and dry Toast) is 
usually prescribed for diarrhea treatment in chil-
dren; however, it typically works in adults as well. 
It serves to decrease the liquid component of 
stool. It should be noted that this diet should not 
be adhered to in sole fashion as a long-term solu-
tion given its lack of protein and other necessary 
dietary supplements as prescribed by the Center 
for Nutrition Policy and Promotion. Foods which 
tend to promote leakage of feces should also be 
avoided. The most common dietary culprits are 
caffeine products (coffee, soda, and tea), alcohol, 
spicy foods, and chocolate. In patients with only 
mild leakage issues, cotton balls placed against 
the anus or perineal pads may provide sufficient 
treatment. If dietary modification is unsuccessful 
in bulking the stool, then antidiarrheal medica-
tions including loperamide (Imodium), diphenox-
ylate (Lomotil), and tincture of opium should be 
considered.
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 Biofeedback Therapy
The purpose of biofeedback is to use sensory 
information including visual, auditory, and touch 
to improve the patient’s sensation of rectal dis-
tension and reinforce appropriate sphincter con-
traction. Balloon training using a Miller–Abbott 
balloon as a sensor attached to a polygraph to 
improve the quality of Kegel exercises can be 
incorporated into pelvic floor physical therapy. 
By increasing the volume of water within a rec-
tally placed balloon over time rectal sensation 
can be improved. Published studies typically 
demonstrate over 70% improvement in conti-
nence for both adults and children. Described 
methods are highly variable and studies indicate 
no one regimen is superior to the next. Patients 
with decreased rectal compliance generally do 
not respond well to biofeedback therapy [16].

 Surgical Management

 Dynamic and Adynamic Gracilis Flap
This surgical procedure involves mobilizing the 
gracilis muscle while preserving its neurovascu-
lar bundle so that the muscle can be wrapped 
around the anal canal. The gracilis muscle is not 
tonically contracted as the anal sphincter muscles 
are, and it is widely believed that optimal results 
with this procedure require an Implantable Pulse 
Generator (IPG) in order to stimulate the muscle. 
Patients who undergo an Adynamic Graciloplasty 
(no IPG) typically experience improvement in 
their fecal incontinence; however, those who 
undergo a Dynamic Graciloplasty (DGP, with an 
IPG) often experience superior results. The addi-
tion of an IPG to the procedure increases the 
complication rates of the procedure which mainly 
involve infection or malfunction of the device. 
The IPG for this procedure is currently not 
approved by the FDA, and therefore dynamic 
graciloplasty is only available outside of the 
United States. A meta-analysis which reported on 
dynamic graciloplasty found an overall success 
rate of 49.3%. The rates of surgical revisions and 
explantations were 46.2% and 32.5%, respec-
tively. The overall complication rate for DGP in 
the study was 82.8% [17].

 Overlapping Sphincteroplasty
The initial technique was described by Parks 
and McPartlin in 1971 [18] and slightly modi-
fied to the currently utilized technique by Slade 
in 1977. This technique is largely indicated for 
patients with fecal incontinence related to a 
sphincter defect usually caused by an obstetric 
or iatrogenic anterior injury. Sphincteroplasty 
for posterior or lateral injuries is typically less 
successful. The procedure is performed under 
general anesthesia with the patient in the prone 
jackknife position. The sphincter is repaired via 
a curvilinear incision made transversely 
between the anus and the vagina parallel to the 
outer edge of the external sphincter separating 
the scar from the vagina and the rectum. 
Mobilization of the sphincters is performed 
generously to avoid tension on the repair. Once 
mobilized circumferentially, the two ends of the 
sphincter are overlapped and secured typically 
with absorbable suture. The skin is closed 
loosely over the repair to allow for drainage. 
Some surgeons will also perform a levatorplasty 
at the time of the repair. Initial success rates of 
the procedure are generally reported in the 
70–90% range; however, many patients experi-
ence a decline in results over time, with only 
40% of patients reporting good control of their 
bowel movements at a median of 10 years after 
the operation [19]. In one retrospective study 
[20] which reviewed 31 patients followed for 
36 months postoperatively, 15 patients had 
complete continence or incontinence to gas 
only while five had incontinence to liquid or 
solid stool. Incontinence to anything but gas 
was considered a failure. Bravo-Gutierrez 
reviewed 130 patients followed for a median of 
10 years post sphincteroplasty. In this study, 
complete continence was reported in only 6% 
of patients while 58% of patients reported 
incontinence to solid stool [19]. The issue of 
when to perform definitive repair of injured 
sphincter muscles is often debated. No study 
has ascertained whether immediate primary 
repair versus delayed secondary repair months 
to years later is best [21]. Several studies have 
looked at the success rates of primary repair. In 
one such study [22], 34 women undergoing pri-
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mary (end to end) repair after enduring a third 
degree tear during delivering were followed for 
an extended period ranging from 42 to 651 days. 
In follow-up, a persistent defect was found on 
endoanal ultrasound in 85% of the patients, 
41% had incontinence to flatus or flatus and liq-
uid stool, and 26% had fecal urgency. Other 
studies have revealed similar results, thus indi-
cating that for more extensive obstetrical inju-
ries (i.e., third or fourth degree tears) there is a 
high incidence of persistent sphincter defects 
and symptomatic incontinence following pri-
mary repair and perhaps these should be 
referred for delayed repair with a colorectal sur-
geon [23].

 Artificial Bowel Sphincter
The typical approach is through the perineum or 
alternatively through the vagina. The device 
consists of three components, including a fluid-
filled silicone cuff which encircles the anus, a 
fluid- filled pressure regulating balloon which is 
placed in the peritoneal cavity, and a control 
pump which connects the previous two compo-
nents and is placed either in the scrotum or the 
labia majora. The silicone cuff and control pump 
are connected by tubing which allows for man-
ual pumping of fluid into and out of the cuff. 
When the cuff is inflated, the anus is closed pre-
venting defecation. When the patient wishes to 
defecate, the pump can be used to transfer the 
fluid into the balloon which desufflates the cuff 
and opens the anus. A meta-analysis which 
reviewed the literature on the artificial bowel 
sphincter procedure found an overall 42.6% 
success rate of the procedure. Surgical revisions 
and explantations were commonly required and 
occurred in 45.5% and 33% of patients, respec-
tively [17]. In this study, the total complication 
rate was 168% for the ABS procedure due to a 
large number of patients suffering multiple 
complications. The success rate for this proce-
dure is high in the subset of patients who have a 
functioning device without complication; how-
ever, the total complication rates are high 
enough that the procedure is not widely accepted 
and is performed at a limited number of special-
ized centers worldwide.

 Injectables
Urologists have utilized injectable bulking agents 
to treat urinary incontinence for more than a 
decade, which has been extrapolated into the 
treatment of fecal incontinence [24]. The pro-
posed mechanism of action is augmentation by 
mechanical bulking of proximal portion of the 
internal anal sphincter. This was first imple-
mented in 1992 [25]. There are several different 
methods of injection and injectable bulking 
agents [26]. Perhaps one of the most studied 
injectable is Solesta® also known as dextranomer 
in stabilized sodium hyaluronate (dextranomer/
hyaluronic acid). This substance is injected into 
the submucosa of the anal canal just proximal to 
the dentate line. In a study by Danielson [27], 34 
patients were injected with Solesta® and observed 
for a 50% reduction in fecal incontinence epi-
sodes post injection. Patients were followed out 
to 12 months. Pre-treatment, the median number 
of incontinent episodes was 22, and reduced to 9 
at 6 months, and 10 at 12 months post injection. 
Forty-four percent of patients were responders at 
6 months and 56% at 12 months. No long-term 
side effects were noted in this study. While 
encouraging, until 2011 a randomized trial had 
not been conducted. Graf conducted a random-
ized, double-blind, sham-controlled, multina-
tional study and a non-comparative, multinational 
study in 2011. The primary endpoint was greater 
than 50% reduction in incontinent episodes at 
6 months and greater than 25% reduction at 
12 months. Subjects undergoing Solesta® injec-
tions achieved the primary endpoints at a statisti-
cally significantly higher rate than the sham 
group. The treatment group also experienced an 
improvement in quality of life scores in compari-
son to the sham group. Adverse events were typi-
cally mild in nature and limited to transient 
injection site bleeding or pain. Two abscesses 
were encountered with one being a prostatic 
abscess and the other a rectal abscess requiring 
operative drainage [28].

 SECCA®: Radiofrequency Ablation
The SECCA® procedure involves the administra-
tion of temperature-controlled radiofrequency 
energy to the anal canal. The procedure is tar-
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geted to the muscle and collagen component of 
the anal sphincter to improve sphincter function 
and sensitivity of the anal canal, and it requires 
 adequate muscle availability. It was first approved 
by the FDA in 2002 for use in the USA for fecal 
incontinence though it was piloted in Mexico in 
1999. The proposed mechanism of action is 
thought to be locally induced fibrosis, which may 
in turn help with improved continence. The pro-
cedure is performed on an outpatient basis, typi-
cally with only a local anesthetic block. Patient 
positioning is prone jackknife, with a clear ano-
scopic handle with four nickel-titanium elec-
trodes. These electrodes are deployed into the 
internal sphincter muscle through the mucosa of 
the anal canal. The ablation is secured via these 
electrodes. During the ablation, while the deeper 
tissue is ablated, chilled water is perfused through 
the anoscope to keep the anoderm cool. Several 
clinical studies, though small in terms of patient 
numbers, have shown positive results with the 
use of SECCA® with patients reporting improve-
ments in quality of life scores. These improve-
ments have been shown to be durable to at least 
6 months with some suggestion of benefit out to 
5 years [29, 30]. In one such study, the SECCA® 
procedure was performed in 24 patients of whom 
16 were followed for 12 months. There was a 
noted improvement in the fecal incontinence 
quality of life scores in all areas except for 
depression. Most patients continued to have 
moderate fecal incontinence on reporting but still 
indicated quality of life improvements [31]. In 
another study, similar positive results were 
reported in 15 patients followed out to 12 months, 
with the mean Wexner incontinence score 
decreasing from 14.07 at baseline to 12.33 at 
1 year (P = 0.02). The mean fecal incontinence 
quality of life score had only improved in the 
domain of depression [32].

 Diverting Colostomy
While not a particularly desirable option for 
many patients, diverting colostomy is an effective 
treatment for fecal incontinence and should 
remain in the physician’s armamentarium, though 
it is reasonable to consider this as a last resort 
when faced with other treatment failures. The 

sigmoid colon is most commonly used and is 
brought up to the abdominal wall via either an 
open or laparoscopic approach. Physicians often 
avoid discussing this option as it is perceived that 
the quality of life with fecal incontinence is better 
than with a stoma. Recent investigations on this 
subject have demonstrated the opposite [33, 34]. 
In a direct comparison of patients who were 
treated with or without a colostomy, those with a 
colostomy reported a higher level of social func-
tion, coping, less embarrassment, depression, and 
improved lifestyle scores in comparison to those 
with ongoing fecal incontinence. Patients who 
had received a stoma reported over 80% satisfac-
tion with the stoma and little to no restriction on 
their quality of life. It is important that the deci-
sion to proceed with a diverting stoma not be 
rushed, allowing the patient to come to terms 
with the upcoming changes. Involvement of 
enterostomal nurses is key in the preoperative 
discussion and planning and the postoperative 
follow-up for these patients. Patients should be 
counseled preoperatively on the continued inter-
mittent loss of small amounts of fluid or mucous 
from the anus, as the bowel distal to the colos-
tomy will continue to generate mucous. In unpre-
pared patients, this can be a source of angst.

 Neuromodulation

Fecal incontinence refractory to dietary modifi-
cation, biofeedback, and antidiarrheal medica-
tions often warrants more aggressive 
management. Other surgical procedures briefly 
outlined above have been shown to lack durabil-
ity and are fraught with high complication rates. 
While overlapping sphincteroplasty addresses 
the underlying mechanical defect, it has not 
shown long-term durability. Artificial bowel 
sphincter and dynamic graciloplasty are com-
plex procedures with high complication rates. 
Given the anecdotal reports in improvement in 
fecal incontinence in patients who underwent 
placement of a sacral nerve stimulator for the 
indication of urinary incontinence, investigation 
into the efficacy in stand-alone fecal inconti-
nence was undertaken. The results were positive 
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with an overall 80% success rate in patients with 
a neurologically intact sacral plexus and an ana-
tomically intact anal sphincter and rectum. 
Unfortunately, until the early 2000s there were 
no randomized trials to substantiate the efficacy 
of sacral neuromodulation for fecal inconti-
nence. In 2005, Le Roi et al. published the first 
double-blind multicenter European trial examin-
ing the effectiveness of sacral nerve stimulation 
in fecally incontinent patients. Thirty-four 
patients underwent sacral nerve stimulation for 
fecal incontinence. After implantation, 27 of 34 
patients were randomized in a double-blind 
crossover design to stimulation ON or OFF for 
1-month periods. While still blinded, the patients 
chose the period of stimulation that they had pre-
ferred. The mode of stimulation corresponding 
to the selected period was continued for 
3 months. Results indicated a statistically sig-
nificant improvement in the reduction of epi-
sodes of fecal incontinence when the patient’s 
device was set to ON. The ability to postpone 
defecation, anal sphincter function, the score for 
symptom severity, and quality of life were 
improved. The authors concluded that given the 
improvements in the crossover period these 
results were not related to placebo effect [35]. 
Following the approval of sacral nerve stimula-
tion for fecal incontinence in Europe, investiga-
tions into the morbidity and quality of life during 
long-term stimulation were undertaken. Hetzer 
et al. conducted a prospective trial aimed at this 
between 2001 and 2005. Forty-four patients 
were assessed with the main outcome measures 
being morbidity, improvements in the stool 
diary, Wexner Score for fecal incontinence, 
Hanley Score for urinary incontinence, and qual-
ity of life questionnaires. A permanent stimula-
tor was implanted in 37 patients (84%). Eight 
patients (22%) experienced complications with 
reimplantation successful in five of those 
patients. Wexner Scores decreased from a 
median of 16 points preoperatively (range, 
6–20), to a median of five points postoperatively 
(range, 0–13; P < 0.001). The median number of 
involuntary stool losses and urge defecations 
also decreased significantly. Significant improve-
ment in quality of life was found in both generic 

and incontinence- specific questionnaires 
(P < 0.05). The success rate of the sacral nerve 
stimulator (SNS) in this study overall was 77 and 
92% in patients with permanent implantation. 
Patients who underwent a placement of a SNS 
reported significant improvement in quality of 
life from both a physical and psychological 
standpoint with low overall morbidity [35]. 
Despite these encouraging results, the SNS 
(InterStim® device) remained unapproved by the 
FDA for fecal incontinence until 2011, follow-
ing publication of a landmark study performed 
by Mellgren et al. investigating the safety and 
efficacy of sacral nerve stimulation using an 
FDA-approved protocol in a multicenter pro-
spective nonrandomized trial. The patient cohort 
included 129 patients from 16 centers in North 
America and Australia between 2002 and 2008. 
A temporary electrode was placed in the S2, S3, 
or S4 foramen. Patients experiencing a reduction 
of ≥50% in the number of incontinent episodes 
or days per week in the 2-week test period under-
went implantation of a permanent neurostimula-
tion device. Patients completed a bowel diary at 
baseline, during the test period at 3, 6, 12 months, 
and annually. Of the 129 who underwent the 
2-week test stimulation, 120 demonstrated thera-
peutic success and underwent permanent implan-
tation. Therapeutic success was seen in 83% at 
12 months, 85% at 2 years, and 87% at 3 years. 
Perfect continence was achieved in 40% of the 
patients. Weekly frequency of incontinent epi-
sodes decreased from 9.4 at baseline to 1.9 at 
12 months, 2.7 at 2 years, and 1.4 at 3 years. 
Logistic regression analysis demonstrated that 
internal anal sphincter defects decreased the suc-
cess rate (65% vs. 87%, p 0.025). Patients had 
improvement in all four quality of life domains. 
Adverse effects occurred in 26 patients, and 
were primarily listed as implant site pain or 
infection which led to device explant in 4% of 
patients [36].

More recently sacral nerve stimulation has 
emerged as the surgical procedure of choice for 
patients experiencing fecal incontinence. This is 
the case even in patients with a sphincter defect. 
A retrospective study comparing a 26-patient 
cohort matched for age, gender, body mass index, 
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and duration of follow-up with the main outcome 
measure of the change in the Cleveland Clinic 
Florida Fecal Incontinence Score (CCF-FIS). 
The analysis demonstrated a statistically signifi-
cant reduction in this score among the 13 patients 
who received the SNS, but not amongst the 13 
who underwent a sphincteroplasty. There were 
no differences observed in parity, the rate of con-
current urinary incontinence of early postopera-
tive complications. The differences observed in 
CCF-FIS were not observed in side by side com-
parisons of the groups [37].

 Method of Neurostimulator 
Implantation

Sacral neuromodulation is delivered via the 
InterStim® system manufactured by Medtronic. 
The device consists of a stimulating electrode 
attached to an implanted pulse generator. This 
system sends electrical pulses to an area near the 
sacral nerve root to modulate the neural activity 
between the brain, the pelvic floor, lower uri-
nary tract, urinary and anal sphincters, and 
colon. The precise mechanism of action remains 
largely unknown and is under investigation. 
Once the decision to perform sacral nerve stim-
ulator implantation has occurred, the procedure 
is typically performed in a two-stage process. 
Both stages are performed in the prone position 
under general anesthesia without paralysis or 
which short acting paralytics for intubation pur-
poses. Some studies have described the proce-
dure performed under local anesthetic with 
intravenous sedation. For the Stage I procedure, 
a 22-gauge insulated needle is inserted into the 
S3 foramen and the location confirmed with 
fluoroscopy and monitoring of functional 
response. The functional response evaluated 
may include plantar flexion of the great toe, bel-
lowing of the buttocks, or tightening of the leva-
tor muscles. In those patients undergoing 
implantation under local sedation, sensations 
such as tightening or vibration in the rectum, 
vagina, and scrotum are often described. Once 
response is confirmed, a quadripolar stimulating 

electrode is attached to a modified connecting 
lead and tunneled subcutaneously where it is 
attached to an external neurostimulator [38]. 
The patient is then discharged with instructions 
to keep a bowel diary for a 2-week period of 
time. For those patients experiencing a 50% 
reduction in episodes of incontinence, the 
neurostimulator is deemed successful and the 
patient returns for stage II of the implantation. 
During this stage, a permanent implantable 
pulse generator is placed in a subcutaneous 
pocket in the upper buttock, attached to the lead, 
and secured in twist-lock fashion. This genera-
tor can be manipulated by adjusting the stimula-
tion amplitude for improved symptom 
management.

 Complications of Sacral Nerve 
Stimulation

Serious complications involving sacral nerve 
stimulation are infrequent. Several studies have 
reported on these with the most common related 
to lead migration (12%), pain (3%) though other 
studies report up to 34%, infection (10%), and 
re-operation (15%) [39, 40]. Re-operation gen-
erally is undertaken for decreased response, 
infection, lead migration, and less frequently for 
pain [39]. Infection can be severe resulting in 
immediate explantation, or mild requiring sub-
cutaneous debridement and antibiotic manage-
ment with interim salvage of the stimulator. In 
terms of pain, initially the site of generator 
placement was thought to play a role, but com-
parison of placement in the flank, sacral, and 
abdominal regions did not yield a difference. 
Pain has been reported to improve with physio-
therapy. Lead migration can be managed with 
reprogramming and does not typically require 
insertion of a new lead. Electrical circuitry 
responses have been reported in up to 11% of 
patients. Poor response to stimulation is thought 
to be due to issues of impedance, thus patients 
with poor or a sudden decrease in response 
should undergo impedance testing. High imped-
ance measurements are indicative of an open cir-
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cuit caused by a fractured lead, loose wires, or 
loose connections. In these circumstances, 
patients will generally feel no stimulation. When 
the impedance measurements are low, patients 
typically experience stimulation distant to the 
desired site. This happens in instances where the 
wires are crushed and crossed or bodily fluids 
have leaked into the connectors. Ultimately if 
unable to troubleshoot and repair with repro-
gramming in these situations, contralateral lead 
insertion or explantation with re-insertion may 
be required [41, 42]. Most of these electrical 
complications provide only minor forms of irri-
tation or decrease in stimulation which requires 
only reassurance to the patients while the trou-
bleshooting is ongoing.

 Conclusions

Fecal incontinence remains a significant medical 
concern which can be socially and emotionally 
devastating for those carrying the diagnosis. The 
algorithm for surgical management of fecal 
incontinence has changed significantly in the 
past several years due to the addition of sacral 
neuromodulation. Patients presenting with fecal 
incontinence should initially be treated medi-
cally achieving a significant quality of life 
improvement in many through augmentation of 
stool consistency and improvement in pelvic 
floor tone. For those patients in whom medical 
management fails, though long-term data on effi-
cacy and complication rates are absent for the 
specific indication of fecal incontinence, sacral 
neuromodulation is currently the most effective 
surgical option available with a low morbidity 
rate as compared to other surgical options. This 
remains the case even for those patients with 
anatomical sphincter defects. For patients in 
whom neuromodulation fails to improve quality 
of life, there remains a variety of surgical options 
with varying degrees of success, and the selec-
tion of a specific procedure will generally need 
to be tailored to the individual patient.
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 Introduction

Percutaneous Tibial Nerve Stimulation (PTNS) is 
a lower urinary tract neuromodulation technique 
involving the intermittent, weekly stimulation of 
the tibial nerve at the ankle. PTNS is a minimally 
invasive technique that requires no permanent 
lead or implanted stimulator. It is currently 
approved by the United States Food and Drug 
Administration (FDA) for the treatment of over-
active bladder (OAB) and its associated fre-
quency, urgency, and urgency urinary 
incontinence, but its uses in other clinical con-
texts are still under investigation.

 History and Mechanism of Action

The history and development of electrical stimula-
tion therapy has been covered in depth in previous 
chapters. In this section, we will do a brief review 
with a focus on posterior tibial nerve stimulation. 
In the 1870s, researchers began experimenting 

with electrical stimulation to target organs and 
began developing methods to direct stimulation to 
select peripheral and sacral nerves [1]. In the 
1980s, while Tanagho and Schmidt were develop-
ing the concepts of sacral nerve stimulation [2], 
McGuire was laying the groundwork for the devel-
opment of PTNS. He used traditional Chinese acu-
puncture techniques and found that electrical 
stimulation of the tibial nerve inhibited bladder 
overactivity [3]. PTNS was approved by the FDA 
for non-neurogenic bladder overactivity in the late 
1990s and its application to other symptoms has 
been expanding.

The mechanism of action of PTNS is not fully 
understood, but it is postulated to act upon exist-
ing innervation pathways to the lower urinary 
tract. The posterior tibial nerve is a mixed 
sensory- motor nerve arising from the L4-S3 spi-
nal roots and then proceeds down the leg 
(Fig. 10.1). The peripheral nerves involved in 
sensory and motor control of the bladder and pel-
vic floor similarly arise from L4-S3, and it is 
thought that PTNS modulates the lower urinary 
tract via these shared spinal tracts.

In the normal micturition reflex, bladder affer-
ent fibers signal fullness to bladder efferent fibers 
through spinal interneurons. These spinal inter-
neurons are influenced by either negative inhibi-
tion of voiding or positive initiation of voiding 
through supraspinal feedback (Fig. 10.2). One 
theory is that PTNS remodels reflex loops such as 
the detrusor inhibition reflex, by stimulating 
afferent nerve fibers of the posterior tibial nerve 
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that influence these reflex loops via the spinal 
cord [4]. It has also been proposed that neuro-
modulation may act centrally. Tai et al. [5] dem-
onstrated in a cat model that stimulation of the 
posterior tibial nerve induces a persistent bladder 
inhibitory effect and increases bladder capacity. 
It was postulated that this effect resulted from 
direct modulation of the pontine micturition cen-
ter (PMC) gating circuits of the suppression 
afferent input to the PMC.

 Patient Evaluation

PTNS is most often utilized after behavioral and 
medical management has failed. As mentioned 
above, it is a noninvasive neuromodulation tech-
nique that can be performed in the outpatient 

 setting and requires no local or general anesthesia. 
No permanent hardware is left in place such as 
leads or generators. Thus, PTNS may be an attrac-
tive option for patients who are either unable or 
unwilling to undergo a surgery, or who do not wish 
to have an implant such as those who may need 
magnetic resonance imaging (MRI) in the future. 
Absolute contraindications for PTNS include 
patients with pacemakers, implantable defibrilla-
tors, coagulopathies, or who are pregnant. 
However, PTNS can be performed safely even on 
most anticoagulants within therapeutic range.

The evaluation of patients for PTNS is no dif-
ferent from that of any patient unresponsive or 
refractory to first- and second-line therapies. 
Evaluations should begin with a directed history 
and physical exam. The history should reveal the 
nature and course of the patient’s symptoms 

Fig. 10.1 The 
peripheral tibial nerve 
stimulation pathway to 
the sacral plexus. 
©Cogentix Medical. All 
rights reserved. Used 
with permission
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including chronicity, exacerbating factors, previ-
ous treatments, pelvic surgeries, comorbidities, 
and associated symptoms. Symptoms should be 
objectively measured and followed using bladder 
diaries and appropriate validated questionnaires. 
If present, incontinence should be evaluated 
including the presence of stress, urgency, or 
mixed incontinence. The number and type of 
pads should also be recorded.

A physical exam should note the patient’s 
overall mobility and functional status and include 
a pelvic exam to evaluate for pelvic organ pro-
lapse, urethral, uterine or vaginal pathology. The 
patient’s neurological status may be assessed with 
a focused neurological exam, noting sensory and 
motor function of the S2-S4 distribution, and may 
include a cognitive assessment with a mini- mental 

status exam. Bladder emptying should also 
be evaluated with a post-void residual volume 
measured by either a bladder scanner or a 
catheterization.

As storage symptoms of urgency, frequency, 
and urgency incontinence may have other etiolo-
gies, persistent symptoms should be further 
evaluated. A urinalysis and urine culture should 
be performed to evaluate for hematuria and 
 infection. One must also not ignore irritative 
storage symptoms in patients with risk factors 
such as tobacco use, environmental exposures, 
or family or personal history of urothelial carci-
noma, as these should prompt a workup. This 
includes cystoscopy, upper tract studies such as 
a CT urogram, and urine cytology at the discre-
tion of the clinician. Cystourethroscopy can also 

Fig. 10.2 In the normal micturition reflex, bladder 
C-fiber afferents signal bladder fullness. These signals 
affect bladder efferent fibers through spinal interneurons. 
These interneurons are themselves influenced by supra-
spinal feedback, both negative and positive. One theory of 
overactive bladder postulates that there is a derangement 
of supraspinal feedback regulation. PTNS is theorized to 

work by activating a peripheral afferent nerve, the poste-
rior tibial nerve. This activation in turn inhibits signals 
from bladder afferents at the level of the spinal cord and 
disrupts aberrant micturition reflexes. From: Sanford MT, 
Suskind AM. Neuromodulation in neurogenic bladder. 
Transl Androl Urol 2016;5(1):117–126. Open Access
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be performed to evaluate for foreign bodies, 
stigmata of interstitial cystitis, or any anatomic 
pathology.

Although not uniformly required, we often 
perform urodynamic studies (UDS) in patients 
who have failed behavioral and medical manage-
ment. This includes uninstrumented uroflow, cys-
tometrogram, and pressure-flow study with 
accompanying electromyogram (EMG) evalua-
tion. UDS measure bladder capacity, compliance, 
sensation, and the presence of detrusor overactiv-
ity (DO) or incontinence. We utilize UDS to con-
firm our diagnosis and to rule out other etiologies 
of lower urinary tract symptoms such as dysfunc-
tional voiding. Not all patients with overactive 
bladder have DO on urodynamic studies, how-
ever, one case series noted that patients without 
or with late onset DO were more likely to respond 
to PTNS [6].

 Technique

To better understand PTNS needle placement, a 
brief review of the anatomy of the posterior tibial 
nerve will be reviewed (Fig. 10.3). The posterior 
tibial nerve is a mixed sensory-motor nerve that 
arises from L4-S3 nerve roots, and originates 
from the same spinal segments as the innervations 

to the bladder and pelvic floor [3, 7]. The poste-
rior tibial nerve is a branch of the sciatic nerve, 
arising at the apex of the popliteal fossa. It then 
travels through the popliteal fossa and down the 
leg giving off motor branches to the leg. As it 
approaches the foot, the nerve passes posteriorly 
and inferiorly to the medial malleolus through the 
tarsal tunnel, where it gives rise to branches sup-
plying cutaneous innervation to the heel it then 
terminates into sensory branches innervating the 
sole of the foot.

 Needle Placement and Setup

The patient can be placed into a frog leg position 
or with the therapy leg elevated. It is imperative 
that they maintain a comfortable position, as they 
will need to stay there for the 30-min therapy ses-
sion. The nerve is stimulated using a 34 gauge 
needle electrode. The needle is placed 4–5 cm 
cephalad to the medial malleolus and about 2 cm 
posterior to the tibia. The needle is inserted at a 
60° angle to the skin and advanced 3–4 cm into 
the tissue (Figs. 10.4 and 10.5). A stick-on 
grounding pad is placed on the medial surface of 
the foot or leg or onto the sole of the foot. The 
stimulator is then attached to the needle and to 
the grounding pad.

Plantar proper
digital nerves

Lateral plantar
nerve

Medial plantar
nerve

Flexor retinaculum

Medial calcaneal
nerve

Inferior
calcaneal
nerve

Posterior
tibial nerve

Fig. 10.3 The posterior tibial nerve passes into the foot 
running posterior to the medial malleolus. The nerve 
courses through the tibial tunnel prior to giving off its ter-

minal branches, the medial and lateral plantar nerves. 
(Image courtesy of Springer)
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Current is then applied and slowly increased. 
The presence of motor responses, including flex-
ion of the big toe, toe fanning, or extension of the 
entire foot, determines correct needle placement. 
Patients will describe sensory responses that 
accompany these reflexes as a tingling sensation 
that travels away from the insertion site to the 
arch, toes (ideally the first toe), or (rarely) up the 
leg. The electric current applied is a continuous, 
square waveform with a duration of 200 μs and a 
frequency of 20 Hz. Stimulation intensity is 
titrated based upon patient tolerance.

 Troubleshooting

Lower extremity edema can prove a challenge to 
needle placement as the nerve is situated deeper 
than usual. In these circumstances, some altera-
tions in technique may prove useful. In order to 
access deeper tissue, the needle may be placed at 
closer to a 90° angle than a 60° angle. Additionally, 
longer acupuncture needles can be helpful. 
Furthermore, the edema can be reduced prior to 
placing the needle by applying manual pressure 
to the limb.

Fig. 10.4 Percutaneous access to the posterior tibial 
nerve is achieved by inserting the needle 4–5 cm cephalad 
to the medial malleolus and about 2 cm posterior to the 
tibia. In some patients, the correct placement spot can be 

palpated as a slightly hollow space between the flexor 
digitorum longus tendon and the flexor halluces longus 
tendon, where the nerve runs. Reprinted with the permis-
sion of Medtronic, Inc. ©

Fig. 10.5 The needle is 
inserted at a 60° angle to 
the skin and advanced 
2–4 cm into the tissue 
(depending on tissue 
edema, etc.) Reprinted 
with the permission of 
Medtronic, Inc. ©
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 Treatment Protocols

In most clinical trials, patients are assigned to 
undergo 30-min sessions once a week for a total 
of 12 weeks. Treatment effectiveness is assessed 
after the initial 12-week sessions. Patients 
responding to treatment are then monitored for 
the reappearance or worsening of symptoms.

Alternative PTNS scheduling protocols have 
also been evaluated. Finazzi Agro et al. [8] stud-
ied 35 patients undergoing 12 PTNS sessions 
either weekly or three-times per week. They 
found no significant difference in “success” 
(reduction >50% micturitions/24 h) between the 
two groups; 11/17 (63%) vs. 12/18 (67%) in the 
weekly vs. tri-weekly group, respectively. In both 
groups, subjective reports of initial improvement 
were reported after 6–8 sessions. From these 
data, the authors postulated that it is not the peri-
odicity of stimulation, but rather the total number 
of sessions that impact success. They suggested 
that more frequent stimulation sessions could 
lead to earlier clinical improvement. Although 
there is no data regarding the durability of these 
treatments, patients wishing for sustained suc-
cess would likely need to undergo maintenance 
therapy and require long-term periodic treatment 
regardless.

Yoong et al. [9] reported on an observational 
study of a shortened 6-week protocol with once a 
week PTNS sessions. Of the 43 women with 
OAB studied, there was a positive response rate 
of 69.7%, with reductions in daytime and noctur-
nal frequency, reductions in urge incontinence 
episodes, and improvements in reported quality 
of life (QOL.) Following the 6-week session, the 
median time to return of symptoms in the 
responders was 3 weeks.

 Clinical Results

 Idiopathic OAB

The International Urogynecological Association 
(IUGA) and International Continence Society 
(ICS) define OAB as a symptom complex of uri-
nary urgency that may be associated with fre-
quency and/or nocturia, with or without urinary 

urge incontinence (UUI), in the absence of urinary 
tract infection or other obvious pathology [10, 11]. 
OAB may cause significant bother, leading to a 
negative impact on a person’s quality of life (QoL). 
American Urological Association (AUA)/Society 
for Urodynamics, Female Pelvic Medicine and 
Urogenital Reconstruction (SUFU) guidelines 
emphasize individual treatment plans to optimize 
QoL, and much of the research on PTNS and OAB 
use QoL measures as primary outcomes.

Diagnosis and treatment algorithms identify 
behavioral therapies, possibly combined with 
pharmacologic management, as first-line thera-
pies for adult non-neurogenic OAB (Fig. 10.6). 
Medications likewise serve as the second-line 
therapy options. PTNS may be offered as third- 
line treatment in carefully selected patients with 
moderate to severe symptoms.

The evidence for PTNS in individuals with 
OAB includes randomized controlled trials 
(RCTs) and systematic reviews. Outcomes stud-
ied included symptoms, QoL measures, voiding 
diary parameters as well as urodynamic findings 
[12]. A number of RCTs have been published, 
including two key industry-sponsored RCTs, the 
OrBIT and SUmiT trials.

Peters et al. [13] conducted the OAB 
Innovative Therapy trial (OrBIT), a multicenter 
RCT of 100 patients with urinary frequency who 
were randomized to receive either 12 weekly 
PTNS treatments or to receive once daily toltero-
dine 4 mg ER. After 12 weeks both groups 
improved from baseline with 79.5% of the PTNS 
arm reporting cure or improvement compared to 
54.8% in the tolterodine arm (p < 0.01). Between 
the two arms no statistically significant  difference 
was found in objective measures such as fre-
quency, UUI episodes, and improvements in 
voided volume, with both groups similarly 
improving from baseline. No serious adverse 
events or device malfunctions were reported 
although there was a higher frequency of consti-
pation and dry mouth in the medication arm.

The validity of PTNS treatment response was 
further supported by the SUmiT Trial (Sham 
Effectiveness in Treatment of Overactive Bladder 
Symptoms) [14]. In this study, 220 adults with 
OAB were randomized to either 12 weekly 
PTNS treatments or to sham PTNS treatments. 

G. F. Wolff and R. M. Krlin



137

In order to blind the subjects, a sham Streitberger 
placebo needle was used in the control arm. The 
tip of the Streitberger needle, when applied to 
the skin, caused a slight prick but then retracted 
into the handle and never punctured the skin. 
A transcutaneous electrical nerve stimulation 
(TENS) unit was then applied to the foot in order 
to simulate the local sensation of stimulation; 
however, no PTNS ever occurred because no 
needle was placed percutaneously close to the 

nerve. The results of this study showed in the 
PTNS arm a statistically significant improve-
ment in bladder symptoms from baseline (54.5%) 
compared to the sham arm (20.9%) (p < 0.001). 
Improvements were seen also in voiding diary 
parameters such as frequency, nighttime voids, 
urgency, and urge urinary incontinence episodes. 
Adverse reactions were uncommon and included 
 discomfort or bleeding at the needle site and tin-
gling of the leg.

Fig. 10.6 The diagnosis and treatment algorithm: AUA/
SUFU Guideline on non-neurogenic overactive bladder in 
adults. PTNS is considered as one possible third-line treat-
ment for OAB in carefully selected and thoroughly coun-
seled patients. From: American Urological Association. 

Diagnosis and Treatment of Non-Neurogenic Overactive 
Bladder (OAB) in Adults: AUA/SUFU Guideline. Published 
2012; Amended 2014. Reprinted with permission. Available 
at: http://www.auanet.org/guidelines/overactive-bladder-
(oab)-(aua/sufu-guideline-2012-amended-2014)
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 Maintenance PTNS
Most studies report a decay in the effect of PTNS 
after the initial 12 weekly sessions. Van der Pal 
et al. [15] found that in 11 patients with medically 
refractory OAB who had previously responded to 
PTNS, 64% had worsening of symptoms 6 weeks 
after discontinuation of therapy. Repeated mainte-
nance treatments, perhaps over a lifetime, are 
required for sustained PTNS efficacy, although 
the ideal maintenance schedule is not known.

The STEP (Sustained Therapeutic Effects of 
Percutaneous Tibial Nerve Stimulation) study 
was designed to assess the durability of PTNS 
effectiveness and to guide interval maintenance 
treatments [16]. This study was a 3-year exten-
sion of the 12-week SUmiT trial. As described 
above, the SUmiT trial provided level 1 evidence 
showing PTNS was superior to sham treatment 
for OAB. The STEP trial enrolled 50 patients who 
met the primary end point of moderately or mark-
edly improved bladder symptoms after the initial 
12 weekly treatments. These participants contin-
ued PTNS therapy under a fixed 14-week tapering 
process. The tapering protocol was designed to 
allow patients to recognize the return of their 
symptoms and to schedule appropriate intervals 
for further therapy. Following the tapering proto-
col each patient was individually assessed and 
personalized treatment plans were devised.

Of these 50 patients, about 75% had sustained 
symptom improvement though 3 years. Interval 
stimulations occurred at an average of 1 treat-
ment per month. This sustained symptom 
improvement was documented subjectively and 
objectively through questionnaires and voiding 
diary parameters.

Similarly, a continuation of the OrBIT trial 
followed 33 PTNS responders for continued 
treatment for 1 year. Patients had a mean of 
21 days between treatments and showed sus-
tained improvement from 12 weeks to 6 and 
12 months [17].

In summary, PTNS is FDA approved for idio-
pathic OAB and is recommended as a third-line 
therapy in the OAB pathway [11]. A number of 
RCTs have been published, including two key 
industry-sponsored RCTs, the OrBIT and 
SUmiT trials. Systematic reviews of the pub-
lished trials have found short-term improve-
ments with PTNS and have not identified 

long-term comparative studies. The largest, 
highest quality study was the double-blinded, 
sham-controlled SUmiT trial. It reported a statis-
tically significant benefit of PTNS to sham at 
12 weeks. The non-blinded OrBIT trial found 
that PTNS was non-inferior to medication treat-
ment at 12 weeks. Unfortunately, longer term 
comparative data are not available after the ini-
tial 12-week treatment period. Up to 36 months 
of uncontrolled data are available, but only for 
patients who were enrolled in RCTs and 
responded to an initial course of treatment. 
However, these patients may not be representa-
tive of the patient population as a whole. Overall 
it appears that sustained efficacy from PTNS 
will require interval maintenance treatments. 
Further studies are underway evaluating home-
based solutions.

 Nonobstructive Urinary Retention

Unlike sacral nerve stimulation, PTNS is not 
FDA approved for nonobstructive urinary reten-
tion, and there is a paucity of robust data support-
ing its use in this clinical situation. A small 
number of published case series involving 12–39 
patients show promising results for a number 
of outcomes including a reduction of total cathe-
terized volume per 24 h and improvement in 
 urodynamic voiding phase measures, including 
maximal flow and post-void residual urine [6].

 Neurogenic Bladder

The neurogenic population was initially excluded 
from FDA approval of PTNS in the late 1990s as 
it was thought an intact nervous system was 
required for the procedure to be effective. More 
recently, however, there have been several small 
heterogeneous trials testing the use of PTNS in 
this population.

 Multiple Sclerosis

Multiple sclerosis (MS) is a chronic demyelinat-
ing disease of the central and peripheral nervous 
system that can lead to a variety of symptomatic 
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voiding dysfunctions including neurogenic 
detrusor overactivity, detrusor-sphincter dyssyn-
ergia, areflexia, or any combinations of these. 
Anticholinergic and antispasmodic medications, 
behavioral therapy, and clean intermittent cathe-
terization (CIC) are all first-line therapies for 
MS-related voiding dysfunction. The cognitive 
symptoms of some MS patients may limit the 
use of anticholinergic medications, and limited 
hand dexterity may impede CIC. Intradetrusor 
injections of onabotulinumtoxinA and sacral 
neuromodulation (SNM) are both third-line ther-
apies for management; SNM has been shown to 
have a high success rate in MS populations as 
well [18]. In patients unable to perform CIC and 
in those followed with MRI, PTNS may be an 
appropriate third-line option.

There are currently no randomized controlled 
trials evaluating the use of PTNS in MS patients. 
Unfortunately, the data available are limited by 
small sample sizes, heterogeneous patient popula-
tions, and lack of standardized treatment protocols.

Gobbi et al. [19] reported on a small study look-
ing at 18 MS patients with LUTS treated with 
PTNS. At 3-month follow-up, 89% were subjec-
tively pleased with the results as assessed by patient 
perception of bladder condition (PPBC) and a 
visual analog scale. Interestingly, no statistically 
significant decreases in urinary incontinence were 
observed. De Seze et al. [20] performed a multi-
center prospective study of 70 ambulatory MS 
patients for a 3-month period. All patients were 
free of MS relapse for at least 3 months but had 
bothersome storage symptoms. Patients underwent 
daily 20-min PTNS sessions. The results were 
impressive with 82.6% of subjects reporting 
improved urgency, 51.3% urgency resolution, 
66.7% improved frequency, 62% improved conti-
nence, and 44.9% resolution of incontinence.

 Parkinson’s Disease, Stroke, 
and Spinal Cord Injury

There is limited published data on the efficacy of 
PTNS in other neurogenic populations such as 
Parkinson’s disease, stroke, and spinal cord injury. 
Two case series of 6 and 29 Parkinson’s patients 
found improvements in subjective measures based 

on standardized patient questionnaires in 83–89% 
subjects [21, 22]. One randomized clinical trial is 
available examining the use of PTNS in patients 
with neurogenic OAB due to ischemic stroke. 
Twenty-four men were randomized to receive 
either PTNS twice weekly for 6 weeks or “general 
advice and stretching sessions” for 6 weeks. While 
not statistically better than controls, the PTNS arm 
did show a decrease in urgency, urgency urinary 
incontinence, nocturia, and nocturnal enuresis 
[23]. Chen et al. [24] randomized 100 patients 
with spinal cord injuries to either PTNS or solife-
nacin. At 2 weeks, both arms showed improve-
ment in volumes per catheterization, leakage per 
day, and quality of life from baseline. The treat-
ment results were similar in both arms with no sig-
nificant differences observed between PTNS and 
solifenacin. The PTNS arm did appear to be more 
tolerable with fewer side effects. Five percent of 
patients in the solifenacin arm reported bother-
some side effects, and as is often seen in practice, 
two patients discontinued the trial due to the intol-
erability of the medication.

 Fecal Incontinence

The use of neuromodulation, specifically sacral 
nerve modulation, for the treatment of fecal 
incontinence (FI) is well established. SNM is 
considered first-line surgical treatment for FI 
after conservative management strategies such 
as diet, bowel training, and medications have 
failed. Because of shared sacral segmental 
innervation, PTNS has been proposed in the 
treatment  algorithm for FI. The data supporting 
the use of PTNS for treatment of FI is less robust 
than that of SNM [25]. The Clinical Practice 
Guidelines Committee of the American Society 
of Colon and Rectal Surgeons notes a weak rec-
ommendation based upon low or very low qual-
ity evidence for the use of PTNS in FI, stating 
there are only limited case series showing 
improvements from baseline in several clinical 
parameters such as bowel diaries, symptom 
scores, and QOL improvements [26]. Despite 
these promising results, these findings did not 
bear out in a large multicenter clinical trial com-
paring PTNS to sham. The CONFIDeNT trial 
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randomized 227 patients with FI who had failed 
medical management. Patients were included if 
their FI was sufficiently severe to warrant inter-
vention as recommended by the principle investi-
gator at each site. Patients underwent weekly 
sessions of either PTNS or sham electrical stimu-
lation for 12 weeks. At the conclusion of the trial, 
PTNS did not show significant improvement over 
sham in the primary outcome of 50% or greater 
reduction in weekly FI episodes (38% of the 
PTNS vs. 31% of the sham). Similarly, no signifi-
cant improvements were observed for summative 
symptom scores, disease- specific, or generic 
quality of life measures. The study group had het-
erogeneous cases of FI, including both passive 
and urge FI, and some efficacy was shown spe-
cifically in the reduction of urge FI [27]. At this 
time, PTNS is still considered investigational and 
is not approved by the FDA for FI.

 Chronic Pelvic Pain

Neuromodulation has been used as treatment for 
many chronic pain conditions such as migraine 
headache, facial pain, back pain, and neuropathic 
pain [28]. The evidence supporting the use of 
PTNS for chronic pelvic pain (CPP) is limited. 
Several small, heterogeneous case series have 
examined the use of PTNS for CPP with mixed 
results. Zhao et al. examined 14 patients with 
interstitial cystitis (IC) undergoing 10 weekly 
sessions. After 0, 4, and 10 weeks, they found no 
difference in voiding frequency or volume, pain 
scores, IC-specific questionnaires, or general 
QOL scores [29]. Ragab et al. evaluated 12 
weekly PTNS sessions in 20 women with IC and 
again found no significant improvement in pain 
scores, IC or general QOL questionnaires. 
Seventeen patients (85%) reported PTNS had no 
effect, one patient (5%) reported worsening pain, 
and two patients (10%) reported only having a 
“mildly good response” [30]. Kabay et al. [31] 
reported a trial on 89 men with medically refrac-
tory CPP who were randomized to either 12 
weekly PTNS treatments or sham treatments. 
They found that compared to sham the PTNS 
group had improvements in pain scores with a 
good response in 18 (40%), and a partial response 

in 27 (60%). Further follow-up after these 
12 weeks was not reported. While promising, fur-
ther larger trials are needed.

 Conclusion

Posterior tibial nerve stimulation remains a valid 
and FDA approved third-line option for overac-
tive bladder. Multiple randomized controlled tri-
als support short-term efficacy for treatment of 
OAB. PTNS may be an attractive option for 
patients either unwilling or unable to undergo 
more invasive therapies or who are unable to tol-
erate standard medical therapy. Multiple therapy 
sessions, as well as continued maintenance ther-
apy, may pose a hurdle for some patients. The 
efficacy of PTNS for other conditions such as 
neurogenic bladder, nonobstructive urinary reten-
tion, and pain is still under investigation.
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Management of Complications 
and Revisions of Sacral 
Neuromodulation

Ragheed M. Saoud and Adonis Hijaz

 Introduction

Lower urinary tract symptoms (LUTS) may pres-
ent in several forms, including chronic urinary 
retention (UR), overactive bladder (OAB), uri-
nary urgency/urgency incontinence (UUI), etc. 
Such symptoms may vary from mild to debilitat-
ing and hence may jeopardize the patient’s qual-
ity of life. The treatment of chronic urinary 
symptoms is of prime importance and varies 
based on symptom severity.

The treatment of LUTS has evolved. 
Historically, conservative therapy was the main-
stay, ranging from bladder retraining to pelvic 
floor musculature (Kegel’s) exercises and bio-
feedback [1]. Such regimens may provide relief 
in patients with mild LUTS; however, patients 
complaining of severe symptoms require addi-
tional pharmacological therapy like antimusca-
rinics or β-3 agonists, which have proven to be 
beneficial for overactive bladder and urgency/
frequency symptoms [2, 3]. Despite this, roughly 

40% of patients treated with medication will still 
complain of refractory symptoms and will require 
more invasive treatment [1]. Surgical interven-
tions including urinary diversion and bladder 
augmentation have been proposed as radical 
solutions for chronic refractory LUTS, but those 
are invasive and are not free of associated mor-
bidity. In 1979, Schmidt and colleagues proposed 
the idea of using electrical current to stimulate 
the sacral plexus, in an attempt to control bladder 
function. Currently known as sacral neuromodu-
lation (SNM), this minimally invasive procedure 
has been approved by the United States Food & 
Drug Administration for the treatment of refrac-
tory UR, UUI, and OAB [4]. This chapter will 
briefly describe the surgical technique and fur-
ther focus on its complications and how to trou-
bleshoot in case of adverse events.

 Surgical Technique

Sacral neuromodulation comprises two major 
phases—the initial screening phase and the per-
manent evaluation phase. The screening phase has 
undergone changes in technique since its initial 
description in 1979. Two different screening 
methods exist, the percutaneous nerve evaluation 
(PNE) test and the staged test [5]. The PNE test 
starts by inserting a test needle into the third sacral 
foramen to stimulate the sacral nerve root. Motor 
and sensory responses are then detected upon 
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stimulation. A bellows reflex of the pelvic floor 
musculature or plantar flexion of the great toe and 
genital/rectal/perineal paresthesias are indicative 
of S3 nerve stimulation. Patients with a positive 
response will carry a temporary electrode for few 
days to monitor the effect of PNE on their chronic 
urinary symptoms. Patients who report more than 
50% improvement will be considered responsive 
and will undergo second stage permanent genera-
tor and lead placement for SNS therapy.

An alternative approach for screening is the 
two-stage tined lead implantation devised by 
Spinelli and colleagues in 1999. It is less invasive 
as it can be performed in an outpatient setting 
under sedation. The tined lead is self-anchoring 
and does not require a large incision for eventual 
implantation of the permanent lead. While the 
patient is in a prone position, local anesthetic is 
applied posterior to the sacrum around the area 
where the definitive lead will be eventually 
implanted. A foramen needle is inserted to the S3 
foramen, followed by a guidewire, which will 
allow insertion of an 8-F dilator to accommodate 
placement of the definitive lead [6]. The proce-
dure is guided by fluoroscopy to ensure the lead 
is implanted in the correct anatomical position. 
Moreover, electrical stimulation is applied to 
induce a motor and/or sensory response and con-
firm correct positioning of the electrode. Patients 
are then followed up with voiding diaries to mon-
itor symptomatic improvement. Those who 
report more than 50% improvement are consid-
ered successful and will undergo permanent gen-
erator (IPG) insertion. The key to successful SNS 
treatment is patient selection. False positives dur-
ing the testing phase are common. In a prospec-
tive study of 85 patients with UUI who underwent 
PNE testing with a temporary electrode, 40% of 
those who benefited from the PNE test ultimately 
failed neurostimulator treatment on the long term 
[7]. The advantage of the tined lead in such a situ-
ation is that it allows for a longer testing phase 
and hence true positive responders who would 
eventually benefit from IPG placement can be 
more accurately selected.

In a prospective randomized study by 
Borawski et al. of 30 patients with UUI, 17 
underwent traditional PNE placement while 13 
underwent two-stage tined lead placement. 

Subjects assigned to the tined lead (88%) were 
significantly more likely to undergo IPG place-
ment than the PNE group (46%). When com-
pared based on symptomatic improvement, both 
groups were not significantly different, indicating 
that the two-stage tined lead technique can better 
predict true responders to SNS therapy [8, 9].

 Complications

With the increasing popularity of sacral neuro-
modulation as a minimally invasive means to 
treat chronic LUTS, it is important to discuss the 
complications of this procedure, especially that it 
has undergone technical changes over the past 
two decades. The complications of SNS therapy 
vary and can be categorized into device-related 
(mechanical), response-related, and patient- 
related complications. Depending on the type of 
complication encountered, the treating physician 
will revise the implant, explant it, or simply treat 
the presenting symptom.

 Device-Related Complications

Traditionally, a one-stage approach was devised 
for testing response and lead implantation. The 
reoperation rate after such procedures was esti-
mated to be 40% with an explantation rate of 11%. 
Currently, a shift has been towards a two- stage 
technique for implantation of the quadripolar lead 
and testing it. In a study of 60 implants using the 
staged technique performed by a single surgeon, 
Peters and colleagues showed that 83% of patients 
who were tested for symptom improvement even-
tually proceeded towards implantation. In addi-
tion, the percentage of patients who underwent 
revision was 15% while only 1.7% required 
explantation due to IPG infection [10]. Different 
leads may result in variable outcomes especially 
when comparing the old fascial anchoring lead to 
the newer tined lead. In a retrospective review of 
104 patients between 1994 and 2004, Sutherland 
et al. found that the rate of reoperation is three 
times higher (73% vs. 28%, p < 0.01) with a higher 
risk of complications when using the non-tined 
lead in comparison to the tined lead [11]. Moreover, 
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the newer tined leads (e.g., Model 3893 and 3058) 
are at least 50% lighter and require a shorter inci-
sion for percutaneous placement, resulting in a 
decreased operative time [12]. They also connect 
directly to the lead, eliminating the need for an 
extension cable and can accommodate multiple 
lead sizes. Another comparative study by 
Al-Zahrani and colleagues showed that the revi-
sion rate decreased from 51 to 31% using the tined 
lead (p = 0.1) with an increased “median time to 
revision” (21 months vs. 15.7 months, p = 0.4) [4].

The most common reasons for revision after 
implantation are lead migration and pain. Such 
complaints vary depending on surgical technique 
and the type of lead utilized. In a prospective 
review of 12 centers worldwide, Siegel et al. fol-
lowed up 581 patients who underwent temporary 
percutaneous SNS (stage 1). Only patients with a 
50% reduction in target symptoms (UUI, U/F, 
UR) over at least 3 days progressed to surgical 
implantation of a permanent Medtronic 
InterStim® lead and neurostimulator (stage 2). 
Lead implantation was performed through an 
incision over the sacral area followed by insertion 
of a 4-electrode lead into the chosen foramen. 
Stimulation of the electrodes and a consequent 
motor response ensured proper lead placement. 
At 3 years follow-up, the most commonly 
encountered complication was lead migration 
(11.8%) during stage 1, while the risk of lead 
migration in patients who proceeded to stage 2 
was lower (8.4%) [13]. Displacement of a lead 
depends on the anchoring system utilized to fix it. 
Multiple anchoring systems have been devised. 
In a study of 32 patients undergoing the percuta-
neous approach to SNS, 22 patients underwent 
final generator placement after the initial trial 
period. Among those, four lead displacements 
were encountered, two of which occurred when 
silicon anchoring was used and another two 
where the electrode was fixed without anchoring. 
The rest of the patients who were implanted using 
the twist-lock anchor did not experience lead dis-
placement [14]. The introduction of the tined lead 
electrode allows for a longer testing period after 
its minimally invasive percutaneous placement 
using four sets of self-anchoring tines. It can be 
performed under local anesthesia through a min-
iature incision. Its major advantage however is 

the decreased rate of reoperation to adjust its 
location and decreased rate of lead migration. In 
a European study of 127 patients undergoing 
tined lead placement, 77% achieved more than 
50% improvement in chronic voiding symptoms 
at 30 days follow-up, and hence all of them 
underwent pulse generator placement as second 
stage. In another review of 167 patients who 
underwent SNM using the tined lead at the 
Cleveland Clinic Foundation, 27.8% of those 
patients had to be explanted during stage 1, but 
none of them were due to lead migration [15]. 
Similarly, 12.2% (22/180 implants) of the patients 
underwent revision during stage 1 either due to 
marginal response (13/22) or other causes; how-
ever, none of the revisions resulted from lead 
migration which further attests to the advantage 
of the self-anchoring lead in that regard. Deng 
and colleagues also report on their 3-year experi-
ence using the InterStim® tined lead. Among 235 
patients who underwent implantation, only 1 suf-
fered lead displacement during stage 1, and 4 oth-
ers during stage 2, totaling 2.1% (5/235) [16]. 
Such complications can be managed easily with-
out significant morbidity to the patient.

Pain is a frequently encountered complaint as 
well; however, patients commonly present 
because of pain after placement of the permanent 
generator. Among 219 patients who underwent 
permanent InterStim® implantation, 15.3% com-
plained of pain at the neurostimulator site or new 
onset pain (9%), which was significantly higher 
than the pain complaints during stage 1 of the 
procedure (2.1%) [13]. Of the 219 patients who 
underwent stage 2 implantation, 73 (33%) needed 
surgical revision, and the most common reason 
for revision was pain at the subcutaneous pocket. 
This highlights the significance of pain as a 
potential complication of SNS therapy and the 
need to create solutions to avoid it. Different 
patients have variable pain thresholds, so the 
complaint itself can be subjective. However, pain 
may also vary depending on the site of implanta-
tion of the neurostimulator. In a multicenter 
European study conducted in 1999, 39 patients 
underwent buttock implantation of the IPG 
instead of traditional abdominal implantation. On 
follow-up, the former complained of less pain 
(10% vs. 35% for abdominal placement), and 
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thus a decreased need for stimulator reposition-
ing post-op [17]. Similarly, Van Kerrebroeck and 
colleagues reported on 152 patients who under-
went InterStim® neurostimulator placement, 121 
of which were implanted in the abdomen and 
31 in the buttock. The most common indication 
necessitating revision was pain at the site of 
implantation (11.8%), namely the abdomen, as 
none of the buttock-implanted patients com-
plained of pain [18].

 Patient-Related Complications

Despite the utilization of pre-procedural antibiot-
ics, infections at the implantation site or the con-
necting wires still constitute a major cause of 
morbidity after SNM. Even though the rate of 
lead site infection is reported in the range of 5–8% 
in the literature [9], several studies of the staged 
approach have reported higher rates. Among 76 
patients who underwent staged SNM implanta-
tion, a total of 9 patients (12%) developed lead 
infection during stage 1 and 11% (5/45 patients) 
during stage 2. Multiple risk factors have been 
postulated, including steroid use (one patient) and 
psoriasis (one patient), but a few were proven to 
significantly cause post- procedural infections 
[19]. In the aforementioned cohort, the only sig-
nificant difference identified between infected 
and noninfected patients was a longer mean oper-
ative time for stage 2 procedures (IPG placement) 
in patients with infection (68.8 min vs. 52.4 min). 
The most commonly isolated organism was 
Staphylococcus aureus [19]. A group in Germany 
studied the effect of prolonged testing with the 
permanent electrode on infection-associated 
explantation rates in 21 patients undergoing SNM. 
Despite the presence of bacterial colonization of 
the extension leads in 43% of patients, this did not 
affect outcomes and did not increase the risk of 
explantation of the chronic implant (94% success 
rate after stage 2) [20]; hence prolonged testing is 
essential to improve outcomes and bacterial colo-
nization should not be a limiting factor in that 
regard. Other groups have also investigated risk 
factors for periprocedural infections like gender, 
existing comorbidities, history of urinary tract 

infections, location the procedure is performed 
(i.e., outpatient center vs. university hospital), and 
preoperative antibiotics [21]. Among 136 patients 
undergoing SNM implantation, Haraway and col-
leagues showed that the only significant risk fac-
tor for infection was the choice of antibiotic given 
before the procedure. Cefazolin was found to be 
the culprit as the majority of infections were S. 
aureus resistant to cephalosporins and the patients 
treated with a different class of antibiotics were 
seven times less likely to acquire a post- procedural 
infection. Of the 35 patients given cefazolin pre-
operatively, a total of 6 were explanted (17.1%) 
due to infection, while only 2% of those given 
vancomycin or vancomycin and gentamicin were 
explanted (2/101) [21]. None of the other vari-
ables proved to be a statistically significant con-
tributor to the risk of implantation failure. There is 
currently no consensus on the best antibiotic regi-
men for perioperative coverage as long as the skin 
flora including methicillin- resistant S. aureus are 
covered. In cases of infection despite antibiotic 
therapy, explantation of the whole system is the 
optimal solution [15].

 Response-Related Complications

The most common response-related cause of 
revision is failure of the permanent implant to 
generate an adequate response. However, the suc-
cess of the implantable generator may vary 
depending on the testing technique utilized. In a 
review of 75 patients undergoing either first stage 
PNE testing (35/70) followed by second stage 
lead or initial permanent tined lead placement 
(35/70), Jenks and colleagues found that 30% 
(5/15) of the PNE patients failed to produce a 
complete response when converted to a  permanent 
implant and thus required revision [22]. Two of 
the failed PNE patients were only salvaged with a 
second lead implantation. The tined lead patients, 
on the other hand, achieved significantly higher 
success rates upon permanent implantation fur-
ther demonstrating the advantage of the latter 
over the staged PNE evaluation. Response failure 
can be witnessed at both stages. In stage 1, it is 
defined by a response lower than 50% reported 
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by the patients, which requires revision prior to 
proceeding to stage 2. In the Cleveland Clinic 
review of SNM therapy, the most common reason 
for revision and explantation during stage 1 of the 
tined lead evaluation was response related [23]. 
Stage 1 revisions totaled 22 of the 180 operations 
(12.2%). Revisions were done for marginal 
response (13/22), frayed subcutaneous extension 
wire (6/22), lead infection (3/22), and improper 
localization of stimulus (1/22) [23]. Upon revi-
sion after stage 1, 38.5% of those achieved a sat-
isfactory response eventually and proceeded to 
final implantation. Stage 2 revisions, on the other 
hand, occur in patients who show an adequate 
response after stage 1, but upon implantation of 
the permanent generator, the response and symp-
tomatic improvement are mediocre. This may be 
due to an infection, failure at the generator-lead 
interface, or an intrinsic malfunctioning IPG 
issue. Otherwise, the device and its connectivity 
may be successful but the response failure is due 
to patient-related etiologies like scarring at the 
lead/neural interface, disease progression, and 
neural plasticity. Stage II complications may be 
solved either via explantation (generator and 
lead) or revision of the device. In the Cleveland 
Clinic cohort, explantation was performed in 16 
of 130 (12.3%) patients, either due to infection 
(56.3%) or failure to maintain response (43.7%). 
Revisions were done for infection, mechanical 
(generator related), and response causes [23].

 Impedance Measurements 
and Troubleshooting in Sacral 
Neuromodulation

The elements of SNM function as part of an elec-
tric circuit composed of the neurostimulator, 
extension wires, the connectors from the exten-
sion wires to the lead wires, the lead and its elec-
trodes, and the patient’s tissue surfaces. With the 
advent of the newer generation IPG-2, the lead 
now directly connects to the generator without the 
need for a connector. However, it is essential to 
understand the intricate details of the functional-
ity of the circuit to be able to identify its short-
comings and manage them. Electrical current is 

the flow of electrons in the circuit, while imped-
ance is the resistance to this flow induced by the 
components of the circuit. Impedance measure-
ments are important as they play a role in identi-
fying the problem and troubleshooting it. A high 
impedance circuit (>4000 Ω), otherwise known as 
an open circuit, is not functional due to inade-
quate electron flow. Multiple etiologies exist (e.g., 
nonfunctional generator, displaced lead, inade-
quate connectivity, fractured wires, etc.) that may 
lead to high impedance. A short circuit, on the 
other hand, is one where the impedance is so low 
(<50 Ω) that electrical current flows in excess and 
thus shortens the battery life of the generator until 
it dies out. This may be due to fluid intrusion into 
the connectors or crushed wires that are touching 
each other [23]. Patients with open circuits usu-
ally do not feel any stimulation, while those with 
a short circuit may feel stimulation in an area dif-
ferent from the generator site or may simply have 
a diminished response to stimulation.

When impedance testing is abnormal, one 
must first rule out malfunctioning extension 
wires and connectors. The first step in manage-
ment is to disconnect the lead from its extensions, 
dry them well, and retest impedance. If still 
abnormal, the physician can then disconnect the 
generator from its extension wires, irrigate them 
with sterile water, dry them judiciously, and 
reconnect the generator. At this juncture, if 
impedance values are still abnormal, it is best that 
the lead is revised. In rare instances when the new 
lead does not resolve the problem, new exten-
sions wires must also be installed. One must note 
however that this may be of historical value as the 
newer generation IPGs do not require extension 
wires to connect to the lead.

It is important to note that the utilization of the 
tined lead has led to a change in the frequency 
and type of encountered complications. In the 
past, lead migration and pain at the IPG site were 
the most frequent complications [13], but con-
temporary series have shown that with the tined 
lead, most complications were either impedance 
related or a failure of response after successful 
implantation [24].

Out of 161 implantations at the Cleveland Clinic, 
12 patients had an aberrant clinical response; of 
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those, 11 suffered an equalization of impedance 
between the leads, despite the fact that the imped-
ance value itself was within normal (400–1500 Ω) 
in the majority of them. In this situation, the physi-
cian must dry the connections between the leads 
and the extension cable and measure impedance 
values again. If they normalize, then the revision is 
concluded. Only the patients whose impedance 
values fail to normalize after reprogramming 
should undergo lead revision along with intraop-
erative sensory testing for lead positioning [15] 
(Table 11.1). Roughly 38% of the patients who 
undergo revision will succeed and eventually pro-
ceed to stage II implantation [24].

It is imperative that the physician measures 
impedances after IPG installation and before clo-
sure of the incision. This will allow reprogram-
ming of the device and adjustment of the 
connection wires in case of aberrant measure-
ment. If the patient response were not improved 
despite reprogramming, then surgical revision 
would be necessary [25].

 Lack of Stimulation, Stimulation 
at a Wrong Area, and Intermittent 
Stimulation

Patients who present with recurrent symptoms 
after installation may perceive the stimulation at 
the wrong area, have no stimulation, or have inter-

mittent stimulation. Patients who perceive the 
stimulation at a site different than the one just after 
first implantation will need reprogramming of the 
device. We recommend going back to each unipo-
lar setting and mapping out where the patient feels 
the stimulation. That is performed by setting the 
device at “0-, case+” and asking the patient where 
(s)he feels the sensation; next we set the device at 
“1-, case+,” “2-, case+,” etc. If all combinations 
fail to identify the target area, then the physician 
must try bipolar combinations. If all reprogram-
ming possibilities fail, then lead repositioning or 
relocation to the opposite side is recommended.

Patients who no longer report any stimulation 
may have a device that was inadvertently turned 
off, an IPG that has run out of battery life, a 
migrated lead, or simply device parameters that 
are not set high enough. One must first measure 
unipolar impedances because those will allow 
differentiation between intact lead wires and 
those that are not [15]. Programming of the 
device should then be performed, along with 
bipolar measurements to rule out short circuits. If 
a battery change or reprogramming does not 
solve the problem and resume function, then sur-
gical revision would be necessary.

Intermittent stimulation may be due to posi-
tional sensitivity or loose connecting wires. The 
physician must measure impedance while the 
patient is experiencing intermittent stimulation. 
This will signify whether the problem is posi-
tional (normal impedance) or mechanical (high 
impedance). When a patient reports a change in 
sensitivity upon motion (e.g., when standing up or 
changing position), this points towards positional 
sensitivity, as the lead position would be shifting 
with motion. It is not always easy to troubleshoot 
such problems when they are encountered [15].

 Conclusion

Sacral neuromodulation has become a popular 
treatment option for patients with refractory 
lower urinary tract symptoms refractory to phar-
macological and intravesical therapy. With the 
increased utilization of this technology, urologists 
are faced with postimplantation complaints that 

Table 11.1 Complications and management of 
InterStim® stage I

Complication Management

Lead infection
Injury to 
subcutaneous 
extension wire

Remove lead and treat with 
antibiotics
If significant objective and 
subjective improvement 
reported, cut extension wire 
close to skin and proceed to 
stage II implantation
If inadequate testing period, 
change subcutaneous extension 
and complete testing period

Equivocal response Revise lead and add 
intraoperative sensory testing 
for lead positioning

From Carmel et al. [25]. Reprinted with permission from 
Springer

R. M. Saoud and A. Hijaz
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require rapid identification and troubleshooting. 
The introduction of the tined lead has decreased 
the overall rate of complications and has made 
sacral neuromodulation a more reasonable treat-
ment option for the patient and the physician. It is 
always important to follow the steps mentioned in 
this chapter to troubleshoot any challenges 
encountered after installation of the lead and its 
implantable generator.
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tDCS Transcranial direct current stimulation
TES Transcranial electric stimulation
TMS Transcranial magnetic stimulation
VGCC Voltage-gated calcium channels

 Introduction

The term non-invasive brain stimulation (NIBS) 
refers to the modulation of brain activity through 
specific techniques requiring no invasive maneu-
vers or instrumentation to the body. NIBS tech-
niques generate electrical currents within neural 
networks, for example through the application of 
either a magnetic or direct electric field to the 
scalp. The two main types of NIBS are transcra-
nial electric stimulation (TES) and transcranial 
magnetic stimulation (TMS).

Although TES and TMS have been considered 
relatively novel techniques, the application of 
electrical currents to the brain is not new. As far 
back as 43 BCE, Scribonius Largus, a court physi-
cian to the Roman Empire, described the use of 
electric torpedo fish to treat headaches and gouty 
arthritis [1]. Almost 1700 years later in the seven-
teenth century, the discovery of electricity and 
magnetism prompted the exploration of the body’s 
electrical properties during the following centu-
ries [2]. By around 1786 CE, Luis Galvani dem-
onstrated that the application of electrical currents 
to the spinal nerves of frogs elicited muscle con-
tractions in a series of experiments known as “ani-
mal electricity” [3, 4]. Galvani has thus been 
acknowledged for laying the foundations of mod-
ern neurophysiology. Following his discoveries, 
the eighteenth and nineteenth centuries witnessed 
the development of electrical stimulation as a 
therapeutic modality. It was used to treat a range 
of medical conditions, such as psychosis, melan-
cholia, pain, and coma [2]. However, for reasons 
not well defined, NIBS techniques were almost 
completely overlooked by the scientific commu-
nity for more than a century.

It was only in the second half of the twentieth 
century that NIBS techniques were reintroduced 
to the scientific community. From the 1960s 
towards the 1980s, experiments revealed that 

direct current delivery to the human scalp could 
influence cortical excitability [5–9]. A series of 
other studies showed that tDCS could modulate 
brain activity by promoting excitation or inhibi-
tion of neural signals [10–12]. These effects were 
shown to last longer than the stimulation itself, 
and to ultimately promote behavioral changes 
depending on the site, frequency, intensity, and 
duration of stimulation [11, 13].

Similarly, in 1985, Barker et al. presented the 
first TMS system, and subsequent studies showed 
that the application of a magnetic field to the 
scalp could alter cortical excitability and behav-
ior depending on stimulation parameters (e.g., 
type of coil, frequency and intensity of stimula-
tion, montage and duration of stimulation) 
[14–20].

These findings opened up a new pathway in 
using NIBS to better understand and treat neuro-
psychiatric disorders, and the knowledge and 
application of these techniques has been increas-
ingly utilized in recent decades. TMS and tDCS 
have been shown to have varying degrees of effi-
cacy and effectiveness in the treatment of depres-
sion, migraine, chronic pain, Parkinson’s disease, 
stroke, epilepsy, and cerebral palsy, among other 
conditions.

This chapter aims to discuss the two most 
studied NIBS techniques: TMS and tDCS. We 
will explain the basic principles behind these two 
techniques, as well as the available data on their 
safety and effectiveness. We will provide some 
insight into two main clinical applications in the 
adult and pediatric populations for each tech-
nique in order to provide a deeper view of their 
effects as well as the unique challenges of 
research in this field.

 Basic Principles

 Transcranial Magnetic Stimulation 
(TMS)

Despite the name, transcranial magnetic stimula-
tion (TMS) induces electrical fields in the brain. 
In the TMS device, a capacitor stores an electric 
charge, which is then discharged through a wire 
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coil, resulting in a current pulse in this circuit. 
Within a TMS coil’s wiring, there is rapid fluc-
tuation of the electric current as the pulse peaks 
in strength then drops back to zero in less than 
1 ms; this generates a magnetic field, within the 
coil’s vicinity, that also rises to roughly 2.5 T and 
falls quickly. This time-varying magnetic field 
induces an electric field in the brain if the coil is 
held over a subject’s head, unaffected by the sub-
ject’s scalp or skull. This magnetic field is per-
pendicular to the plane of the coil, and the current 
induced in the brain is parallel to the plane of the 
coil, but in the opposite direction of the initial 
current; for example, if the initial current direc-
tion is anteroposterior, the induced current direc-
tion is posteroanterior.

The induced electric field leads to ion flow in 
the brain, with subsequent changes in the electric 
charges on both sides of cell membranes, which 
passive ion channels render permeable to the 
ions. These changes then lead to depolarization 
or hyperpolarization of neural elements. Greater 
membrane permeability and conductance leads to 
less change in electric field-induced membrane 
potential, as well as less time to leak the induced 
charge [21, 22].

The magnitude of the electric field induced by 
the magnetic field is directly proportional to the 
magnetic field’s rate of change (Faraday’s prin-
ciple of electromagnetic induction [23]), so the 
higher the rate of magnetic field change, the 
greater the induced electric field, and vice versa. 
However, the interaction between the shape of 
the coil and that of the tissues can lead to signifi-
cant variation in which neural elements are stim-
ulated, and how strongly. Stimulation of neural 
elements should tend to occur where the induced 
electric field is most powerful, and also when this 
field is in a direction where a lower threshold is 
needed for stimulation, such as pointing towards 
where axons terminate (e.g., into synapses) or 
bend sharply, particularly longer axons with 
larger diameters.

When the coil is held in a tangential position, 
TMS-induced currents flow mainly parallel to the 
cortical surface of the brain, and the superficial 
layers (about 1.5–2 or 3 cm deep to the scalp) 
receive most of the TMS stimulation. This is 

because a magnetic field’s power drops exponen-
tially the further it is from the original current 
(inverse cube law), and thus, the current drops 
rapidly the further it is from the coil as well [24]. 
At intensities under 120% of the motor threshold 
(MT), stimulation cannot directly activate tissues 
deeper than 2 cm beneath the scalp (brain-scalp 
distance, or BSD).

The direction and depth of the current is 
affected by the type of TMS coil, with figure-of- 
eight coils leading to shallower, more focal stim-
ulation, while double-cone coils stimulate deeper 
cortical areas but with less focality. Coils 
designed for deep brain tissue stimulation tend to 
be larger than conventional coils, and produce 
electric fields which have a slower rate of decay 
with distance, but they also have decreased focal-
ity. However, all TMS coils have maximum stim-
ulation intensity at the brain surface, even if they 
can affect deeper tissues [25–27].

Stimulus waveforms and current directions 
also significantly affect stimulation thresholds. 
For example, to achieve stimulation using shorter 
stimulus duration, a larger pulse amplitude is 
needed. Meanwhile, over the motor cortex, 
monophasic pulses lead to lower thresholds when 
the induced current flows posteroanteriorly in the 
brain, and biphasic pulses lead to lower thresh-
olds when the induced current flows posteroante-
riorly in the second phase (in the opposite 
direction from the first phase), perhaps due to the 
membrane’s capacitative response.

An important thing to note as well is that the 
types of neural elements (e.g., interneurons, cor-
tical dendrites [28, 29]) involved in TMS stimula-
tion may vary by location and between subjects, 
and that TMS effects on those elements will be 
influenced by their state of activity during stimu-
lation. Additionally, on modeling healthy heads 
vs. those with pathologies such as stroke, atro-
phy, or tumor, significant changes were demon-
strated in TMS-induced currents for stimulation 
proximal to each pathological area. In addition, 
there were changes in the magnitude and direc-
tion of current density distributions, which may 
have altered the neural element populations stim-
ulated. This is largely due to the stimulation cur-
rents flowing along paths of altered resistance, 
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which result from changes in brain tissue con-
ductivity when these tissues are altered.

Early models of electromagnetic field distri-
butions generated during TMS have been too 
simplified, and led to conjectures such as the 
absence of radial currents during TMS. This in 
turn influenced clinical trial interpretations and 
led to claims such as the preferential stimulation 
of interneurons, as they are tangential to cortical 
surfaces. However, when making calculations 
those clinical studies and their interpretations 
should be reassessed in light of more recent mod-
eling work, accounting for variables such as tis-
sue conductivities and subjects’ actual head 
model geometries. It is known that head models 
and BSD vary by age, sex, and other factors. 
Realistic and individualized head models would 
be optimal, but even in the absence of such mod-
els, decades of TMS studies in diverse popula-
tions have shown this form of NIBS to be quite 
safe when guidelines are followed properly.

 Transcranial Direct Current 
Stimulation (tDCS)

In tDCS, which is the most commonly used and 
simplest form of transcranial electrical stimula-
tion (TES), a constant electric current flow of up 
to 2 mA is delivered via a current generator; this 
battery-operated device is connected to two 
sponge electrodes (saline- or water-soaked elec-
trodes placed inside 20–35 cm2 square or rectan-
gular sponges), which deliver the direct current to 
the scalp. The sponges are held in their montage- 
specific positions on the scalp or forehead via 
nonconducting rubber bands.

Despite significant shunting of the current 
through the scalp, skull, and CSF, enough current 
reaches the brain to alter neuronal transmem-
brane potentials. The current does not induce 
action potentials directly; rather, the current 
modulates spontaneous neuronal activity by 
polarizing brain tissue. The direction of polariza-
tion is dependent on the orientation of the axons 
and dendrites within that electric field; overall, 
anodal stimulation generally increases the excit-
ability of the underlying brain tissue (e.g., motor 

cortex, visual cortex) and cathodal stimulation 
generally decreases it.

The mechanisms of the neurophysiologic 
effects are not well understood. It is not clear 
whether tDCS increases or decreases a neuronal 
membrane’s conductance of ions, or its likeli-
hood of reaching a particular threshold. It is also 
not clear whether tDCS indirectly modulates 
spontaneous neuronal activity (e.g., by the induc-
tion of ionic shifts leading to the facilitation or 
inhibition of such activity), nor whether tDCS 
alters transmembrane proteins, or whether its 
long-term effects are NMDA-mediated [30](neu-
roplastic after-effects are considered NMDA- 
dependent, unlike acute effects [31, 32]).

Of major clinical importance, co- administering 
neuropharmacologics with tDCS can alter tDCS 
after-effects to the degree that they can be selec-
tively prolonged, blocked, or even reversed. For 
example, carbamazepine (a voltage-gated sodium 
channel blocker) and flunarizine (a T-type 
voltage- gated calcium channel blocker) can sup-
press anodal after-effects [32]. On the other hand, 
100 mg of l-dopa reverses anodal after-effects, 
making them inhibitory, but does not change 
cathodal inhibition; this addition of l-dopa to 
tDCS also leads to after-effects lasting 30 times 
longer than the addition of placebo to tDCS!

tDCS effects are considered specific to the site 
of stimulation (the area under the electrodes), but 
the effects extend to neural networks beyond this 
region. This has been demonstrated in a number 
of ways. For example, functional effects are often 
seen distant to the stimulation site, such as in the 
case of anodal stimulation of the primary motor 
cortex leading to ipsilateral excitatory effects but 
contralateral motor area inhibitory effects [33, 
34]. Functional magnetic resonance imaging 
(fMRI) studies also show widespread and 
 sustained effects in areas of the brain other than 
those stimulated, and electroencephalography 
(EEG) studies reveal that stimulation of a specific 
area can lead to synchronous oscillatory activity 
changes throughout the brain [35–38]. How these 
distant effects occur is not entirely clear, nor 
whether the clinical neuromodulatory effects 
occur due to after-effects in the area being 
directly stimulated, or whether they occur due to 
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secondary effects (excitatory or inhibitory) on 
other cortical and/or subcortical areas. Indeed, it 
may be a combination of all the above factors, at 
least in some cases.

The outcomes of tDCS stimulation are depen-
dent on the parameters used in the clinical 
 montage, varying by current density (electric cur-
rent intensity/electrode surface area), polarity, 
duration, frequency, and location of stimulation. 
The area under the anode tends to become more 
excitatory, while the area under the cathode tends 
to become more inhibitory. Longer durations of 
stimulation tend to have longer after-effects; for 
example, anodal stimulation of 5–13 min leads to 
after-effects lasting 1–2 h, respectively [10]. 
However, the excitatory after-effects of anodal 
stimulation have a limit (homeostatic plasticity 
ceiling effect), and have been shown to reverse to 
inhibition after 26 min of stimulation [39]. This 
may be avoided and the stimulation optimized by 
introducing intervals; for example, in Monte- Silva 
et al. [39], the after-effects lasted longer when 
stimulation was applied in 13 min intervals with 
13–20 min breaks, compared to either 3 h intervals 
or continuous stimulation without intervals.

Cathodal stimulation is thought to have a lon-
ger duration of after-effects per time unit of stim-
ulation [40]. Increasing the duration of 
stimulation does not appear to reverse excitatory 
after-effects; however, such as when it was 
applied continuously for 18 min in one study 
[41], the after-effects did not last as long as they 
did with more brief time increments. This finding 
may be related to calcium homeostasis [42].

Overall, repetitive tDCS stimulation over days 
tends to increase tDCS efficacy, which is particu-
larly important for neurorehabilitation. The mon-
tage used, the positions and sizes of the electrodes 
play an important part in the clinical after-effects 
and thus their clinical utility (e.g., in stroke reha-
bilitation, pain management), as we discuss in 
the clinical applications section below.

In TES, an electric charge enters the scalp at 
the site of the electrodes, and low amplitude elec-
tric current flows through the skull to the brain. 
Because the skull has low conductivity, a large 
potential difference between the electrodes is 
applied to reach a current density (electric cur-

rent intensity/electrode surface area) in the brain 
that is high enough to induce neuronal stimula-
tion; this leads to a current density in the scalp 
that is even higher, and which may lead to pain. 
Note that TMS can stimulate neurons in the cor-
tex without the pain that may accompany TES, 
simply because TMS does not lead to electric 
charges in the scalp.

It is important to note that the smaller the elec-
trode size, the greater the focality of stimula-
tion—and the greater the current density for the 
same applied intensity as well (current den-
sity = current intensity/electrode surface area), 
and thus the lower the tolerability of stimulation. 
Higher intensities are also less well tolerated, 
such that at 3 mA the current application to the 
scalp begins to get painful even with larger elec-
trode sizes of 35 cm2 [43].

Overall, tDCS is safe when properly applied, 
as we discuss below. Additionally, there is ongo-
ing work on models intended to optimize elec-
trode locations and sizes for more precise 
neuroanatomical targeting. Such models take into 
account the flow routes of different currents 
within the CSF of healthy volunteer brains vs. 
pathologies such as stroke, and some models 
integrate diffusion tensor-imaged MRI weighting 
to better account for conductivity along fiber 
tracts (rather than a perpendicular current flow) 
[44–46].

 Safety

In this section we discuss the safety of the main 
NIBS techniques in current use, tDCS and TMS.

Almost all non-invasive or transcutaneously 
administered electrical stimulation devices have 
been considered Class II by the Food and Drug 
Administration (FDA). It is important to know 
that the FDA monitors reports of adverse events 
and other problems with medical devices, and 
that it alerts both health professionals and the 
public when needed to ensure proper use of 
devices as well as the health and safety of 
patients. According to the FDA, serious adverse 
events are the following: death, life-threatening 
adverse events (e.g., cardiorespiratory arrest, 
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anaphylactic reactions), hospitalization, disabil-
ity/permanent damage, congenital abnormalities 
(when applied to pregnant women), refractory 
seizures, etc.

 tDCS

tDCS has been used in thousands of subjects, 
with some studies concentrating specifically on 
safety. It has been shown to provide clinical ben-
efits without major side effects [47] when stan-
dardized current levels and experimental 
protocols are used.

The side effects associated with tDCS are 
mild and transient. In a systematic review, 
Brunoni et al. [48] found that the most commonly 
reported side effects are itching (39.3%), tingling 
(22.2%), headache (14.8%), burning sensation 
(8.7%), and discomfort (10.4%). Notably, the 
rates of common adverse effects did not differ 
between the active arms of the studies and the 
sham arms. Other less prevalent side effects 
include fatigue, nausea, and difficulty of concen-
tration. Skin redness or erythema is frequently 
ignored as an adverse effect but it is more com-
mon in active groups compared to sham groups 
[49]. Presumably, the erythema is due to an 
increase in the blood flow of dermal vessels asso-
ciated with the electrical current application.

To date, no serious adverse events were 
ascribed to tDCS, and unlike TMS, no seizures 
have been reported as a result of tDCS. 
Furthermore, studies have shown that tDCS has 
no significant changes on serum enolase [40], a 
protein associated with neuronal death. Studies 
have found no significant pathological changes in 
EEG activity [50], or in heart rate.

Although there have been limited tDCS studies 
in pediatric populations, as with adult studies, they 
have reported no significant side effects beyond 
itching or tingling at the site of stimulation [51].

In brief, tDCS presents minimal risk to adult 
and pediatric populations, although data on the 
latter is more limited. Typical adverse effects 
such as itching, tingling, and erythema are mild 
and short in duration. However, this is condi-
tional on following previously validated guide-
lines for safety.

 TMS

Safety guidelines for application of TMS and 
repetitive TMS (rTMS) have been established by 
the research and medical community. In general, 
TMS is safe and well tolerated [52]. Current 
safety precautions and practice recommenda-
tions are guided by the consensus conference 
held at the National Institutes of Health (NIH) in 
June 1996 and summarized in Clinical 
Neurophysiology [53]. A consensus conference 
that took place in Certosa di Pontignano, Siena 
(Italy) in 2008 updated the previous safety 
guidelines [21]. Safety of TMS has also been 
supported by meta-analyses [54].

The most noteworthy side effects and safety 
concerns associated with TMS are discussed 
below.

 Hearing

When the TMS stimulating coil is energized, it 
produces a sound effect that may be greater than 
140 dB of sound pressure level [55]. This exceeds 
recommended safety levels for the auditory sys-
tem (OSHA).

A small fraction of adults has experienced 
transitory increments in auditory threshold [56, 
57] but the majority of studies in which hearing 
protection was used report no change in hearing 
after TMS [26, 56, 58]. In a population of 18 chil-
dren (a small sample size to assure safety in a 
pediatric population), Collado-Corona and col-
leagues [59] reported no change in hearing.

Hearing safety concerns can be addressed by 
using earplugs or ear muffs. Cochlear implants 
are an absolute contraindication to any form of 
TMS.

 Seizures

The most serious adverse effect of repetitive 
TMS is a generalized tonic-clonic seizure [21]. 
However, the risk during a treatment course is 
probably less than 0.5% when safety guidelines 
regarding patient selection and stimulation 
parameters are followed [21].
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A review on the safety of rTMS in epilepsy 
[60] pointed to a 1.4% per-subject risk to develop 
a seizure (4 out of 280 patients), and there were 
no cases of status epilepticus. The seizures 
reported were self-limited, required no medica-
tions and did not recur.

For safety precautions, it is very important 
that conditions that may increase the risk of 
inducing epileptic seizures—such as protocol of 
stimulation, patient’s history of epilepsy, drugs 
that may potentially lower seizure threshold, 
sleep deprivation, and alcoholism—be consid-
ered in advance. Note that TMS has a potent neu-
rophysiological effect on EEG and the 
after-effects can be demonstrated even in the 
absence of a behavioral effect [61–63].

 Local Pain, Ephemeral Headache, 
and Burns from Scalp Electrodes

Local pain is the most common side effect (about 
39%) induced by TMS, and its intensity varies. 
Short-lived headache is another common side 
effect (about 28% of cases). Discomfort due to 
the stimulus itself is described. These physical 
sensations are unpleasant but do not cause safety 
concerns [21]. Less than 2% of study participants 
discontinue TMS due to pain.

Burns from scalp electrodes have been 
reported occasionally with high-frequency rTMS 
only. Burns have not been reported with theta 
burst TMS, although it does have the potential to 
cause burns [21].

 Cognitive and Neuropsychological 
Changes

TMS alters cognition [54], which may be 
improved or worsened, depending on the proto-
col and the circumstance in which it is applied. 
Some cognitive changes may be long-lasting. 
TMS is being studied as a therapy for different 
neurological and psychiatric diseases and despite 
its important effect in improving the symptoms 
of major depressive disorder, it can rarely cause 

cognitive deterioration, as evidenced by some 
studies [64].

Another safety concern is mood changes, 
including psychotic symptoms, anxiety, agita-
tion, and suicidal ideation, as well as insomnia 
[65, 66]. However, the nocebo effect size on these 
findings is unclear. All these findings were tran-
sient and easily treatable.

Transitory acute hypomania induction has 
been rarely reported in low frequency [67]. It is a 
possible side effect following left prefrontal cor-
tex stimulation using high-frequency rTMS; it 
has not been reported in other protocols [21].

 Other Side Effects

Structural brain changes and histotoxicity have 
been inconsistently reported in low- and high- 
frequency rTMS studies.

 Clinical Applications

 TMS

 Single-Pulse TMS
Clinically, single-pulse TMS (spTMS) has been 
used in the assessment and follow-up of various 
neurologic disorders, such as stroke, traumatic 
brain injury, neurodegenerative disorders (e.g., 
Parkinson’s disease, Alzheimer’s disease), epi-
lepsy, as well as various psychiatric disorders, such 
as unipolar major depression, bipolar disorder, and 
schizophrenia. It is not used for induction of thera-
peutic effects, but as a diagnostic and prognostic 
tool (“Transcranial Magnetic Stimulation,” n.d.).

For example, spTMS can be used to measure 
the motor threshold (MT) intensity needed to 
produce a motor response, the motor evoked 
potential (MEP), and the cortical silent period. 
These are important neurophysiological markers 
for monitoring the efficacy of pharmacological, 
behavioral, and electric/magnetic stimulation 
treatments. Moreover, spTMS can also be used 
with EEG or neuroimaging in order to study cor-
tical excitability in specific areas [68].
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In children, spTMS is used in disorders such 
as Tourette syndrome, autism, attention deficit 
hyperactivity disorder (ADHD), and periventric-
ular leukomalacia [69–71], with evidence that 
spTMS protocols undergo maturational changes 
(e.g., resting MT (rMT) is difficult to identify in 
children younger than 6 years of age [72]).

 Repetitive TMS
Repetitive TMS (rTMS)  can be used as a diag-
nostic tool to investigate and measure cortical 
plasticity, sometimes using specialized rTMS 
protocols such as continuous and intermittent 
theta burst stimulation [73, 74]. Unlike single- 
and paired-pulse TMS whose effects last milli-
seconds, rTMS modulates cortical excitability 
over minutes to hours, and its clinical effects may 
last weeks to months. While rTMS has the dual 
advantages of spatiotemporal specificity and lim-
ited side effects, evidence of its therapeutic effi-
cacy remains limited. However, it is used off-label 
as a therapeutic tool, and its effects depend on the 
protocol, including the number and frequency of 
rTMS sessions.

rTMS therapeutic protocols tend to fall under 
three categories according to Horvath et al. [75]: 
direct targeting (where a specific area is targeted 
for modulation), distance effect modulation 
(where a neural area that is functionally related to 
the dysfunctional area is targeted), and distrib-
uted modulation (which attempts to induce neu-
rotransmitter release that is network-specific to 
normalize abnormal brain activity). Protocol 
selection requires being up to date with the litera-
ture as well as individualized tailoring to patients.

Off-label clinical applications of rTMS 
include protocols in depression, obsessive com-
pulsive disorder, schizophrenia, post-traumatic 
stress disorder, chronic pain, tinnitus, and for 
motor function/dysfunction in Parkinson’s dis-
ease and stroke respectively. rTMS is also some-
times used off-label in epilepsy.

Deep TMS will be discussed further as treat-
ment for depression below. Other clinical appli-
cations of TMS including paired-pulse TMS and 
TMS-EEG are beyond the scope of this 
chapter.

While the overwhelming majority of NIBS 
techniques are used off-label, there is FDA 
approval for TMS depression protocol. Therefore, 
in this section, we will focus on TMS treatment 
of depression, and we will also present tDCS 
depression studies in comparison.

 Depression

 rTMS
The end goal of most rTMS depression protocols 
is to normalize abnormal activity via modulation 
of cortical excitability across targeted neural net-
works. Several meta-analyses are consistent with 
the utility of rTMS in alleviating many symptoms 
of medication-resistant depression: eight select 
meta-analyses listed in Horvath et al. [75] each 
included a range of 5–34 trials, and mean effect 
size ranged from 0.39 to 0.81 (active/high- 
frequency stimulation vs. sham, statistically sig-
nificant differences) [76–82]. One meta-analysis 
of five trials showed a number needed to treat 
(NNT) of 2–3 [80], and one meta-analysis of 13 
trials showed a standardized mean difference of 
−0.35 between high-frequency stimulation and 
sham following 2 weeks of treatment (but this 
was nonsignificant 2 weeks later at follow-up) 
[79].

The highest effect size was obtained from 
rTMS monotherapy (rather than add-on) studies 
[82], and low-frequency right dorsolateral pre-
frontal cortex (RDLPFC) stimulation (distance 
effect) showed a trend towards improved response 
compared to high-frequency left dorsolateral pre-
frontal cortex (LDLPFC) stimulation (most clini-
cal rTMS protocols stimulate LDLPFC). Though 
the results of the studies overall were variable, 
they did suggest that rTMS is efficacious in the 
treatment of medication- resistant depression.

Major depressive disorder (MDD) is highly 
prevalent and disabling; an estimated 20–40% of 
patients do not improve sufficiently on the avail-
able interventions, including medications and 
psychotherapy [83]. Patients with clinical depres-
sion commonly have prefrontal cortex dysfunc-
tion; there is also evidence suggesting LDLPFC 
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hypoactivity associated with the severity of 
symptoms in both primary and secondary depres-
sion. The research on TMS effects on depression 
falls under the three paradigms mentioned above, 
mostly direct targeting, although several research-
ers explored distance effect modulation and a 
couple of groups looked at the distributed modu-
lation paradigm in humans with depression 
(compared to extensive animal research in the 
latter paradigm). See Table 12.1 for comparisons 
between the typical parameters of both [75, 84]. 
Note that the neurotransmitter affected in the dis-
tributed modulation paradigm was dopamine, 
and that the results were mixed.

Two highly influential multisite sham- 
controlled RCTs both showed that prefrontal 
rTMS applied daily led to an antidepressant 
effect in antidepressant-free resistant MDD 
patients that was clinically relevant and signifi-
cantly greater than sham; those two studies were 
O’Reardon et al.’s industry-sponsored interna-
tional study on 301 subjects (the study that led to 
FDA-approval K061053 of TMS depression pro-
tocol) [52], and George et al.’s NIH-sponsored 
US study on 109 patients [85]. Both studies 
applied 10 pulses/s (10 Hz) to the LDLPFC of 
antidepressant-free patients at 120% rMT with 
ON time 4 s and OFF time 26 s; 3000 magnetic 
pulses were delivered per treatment session over 
37.5 min. In the first study, sessions were held 
five times/week over 4–6 weeks [52]; in the sec-
ond study, after a 2-week lead-in no-treatment 
phase, they had a 3-week fixed-treatment phase, 
and then clinical improvers had a variable 
3-week extension, while non-improvers were 
crossed over to open-label treatment, and contin-
ued for up to 3 more weeks if they improved suf-
ficiently [85].

Reardon et al. [52] concluded that more than 2 
weeks of rTMS were needed before a significant 

improvement was seen as compared to sham, and 
that 2 more weeks of rTMS beyond the initial 4 
weeks can have an important impact clinically 
(e.g., remission rates doubled during that time 
period). At 6 weeks, active rTMS patients had 
remission at twice the rates—or more—of sham 
patients, with Montgomery Åsberg Depression 
Rating Scale (MADRS) 14.2% vs. 5.2%, 
Hamilton Rating Scale for Depression with 17 
items (HAMD17) 15.5% vs. 7.1%, and HAMD24 
(24 items) 17.4% vs. 8.2%.

George et al. [85] also found that the active 
rTMS had a significant effect on remission 
rates—14.1% vs. 5.1% in the active vs. sham 
group (p = 0.02) at 3–5 weeks (acute phase); 
there were 4.2 times greater odds of remission 
with active rTMS vs. sham (95% confidence 
interval, 1.32–13.24). They concluded that at 
least 3 weeks of treatment were necessary. Then 
about 30% remitted in the open-label period with 
similar proportions from previously active or 
sham groups. They also noted that although their 
sample overall had moderate treatment resistance 
in their lifetime and in the current episode, most 
remitters had lower degrees of treatment resis-
tance. Both studies had effective blinding and 
low rates of serious adverse events.

There have been other open-label and sham- 
controlled RCTs investigating rTMS in depres-
sion as well. There is evidence that the 
antidepressant effects of conventional rTMS last 
beyond the acute stimulation without mainte-
nance treatment. (Note also that in an open-label 
trial on post-traumatic stress disorder, there was 
improvement of comorbid depression symptoms 
on subthreshold LDLPFC stimulation for 600/10 
sessions at 1 or 5 Hz—although post-traumatic 
stress disorder symptoms only had minimal 
improvement [86]; this was a distance effect 
paradigm.)

Table 12.1 Comparisons between the typical parameters for therapeutic rTMS protocols in depression in terms of 
location, frequency, intensity, and duration of stimulation

Therapeutic protocol in depression Location Frequency Intensity Duration

Direct targeting LDLPFC 10–20 Hz (excitatory) Suprathreshold Variable

Distance effect modulation RDLPFC 1 Hz (inhibitory) Suprathreshold Variable

Distributed modulation LDLPFC 10 Hz (excitatory) At threshold 750–3500 pulses
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 DTMS (Deep TMS, H-coil Deep Brain 
Stimulation)

 RCT
In January 2013, the FDA also approved the 
Brainsway Deep TMS System for the treatment 
of depressive episodes in adults with major 
depressive disorder (MDD) who failed to improve 
sufficiently from previous antidepressants in the 
current episode [22, 84]. This was based on an 
international multicenter double- blind random-
ized sham-controlled trial studying 212 MDD 
(single or recurrent episode) outpatients who 
were not on antidepressants, had failed 1–4 anti-
depressant trials or who had not tolerated two or 
more antidepressant treatments in the current 
episode.

The study was sponsored by Brainsway and 
utilized their H-coil Deep TMS System. 
Levkovitz et al. [87] note that different DLPFC 
subregions stimulated by standard protocols vary 
in connectivity with medial prefrontal regions 
such as the subgenual cingulate gyrus (important 
in MDD) [88–90]. The H1-coil was designed to 
stimulate the prefrontal cortex, the fibers con-
necting the prefrontal cortex or the cingulate to 
the nucleus accumbens and ventral tegmental 
area (in order to modulate control of motivation, 
reward, and pleasure). In this way, without sig-
nificantly increasing the electric field induced in 
superficial cortical layers [26, 91–93], more 
extensive neural networks, deeper cortical 
regions, and fibers targeting subcortical regions 
are affected.

After 1–2 weeks of washout/tapering of anti-
depressants, subjects randomly received 20 min 
of active DTMS (18 Hz over the LDLPFC, with 
2 s pulse trains separated by 20 s inter-train inter-
vals, 55 trains/session, MSO 120% of MT) or 
sham 5 days/week over 4 weeks (20 sessions); 
the maintenance phase then lasted 12 weeks, dur-
ing which time subjects received active DTMS or 
sham twice a week (24 sessions).

Subjects’ HDRS-21 total score (from baseline 
to Week 5, the primary endpoint) improved by 
6.39 points on DTMS vs. 3.28 points in the sham 
group (p = 0.008, effect size 0.76). Additionally, 
response (drop of at least 50% in total HDRS-21 

score during that period) and remission (total 
HDRS-21 score of under 10 at Week 5) were also 
better with DTMS vs. sham (response: 38.4% vs. 
21.4%, remission: 32.6% vs. 14.6%, p = 0.013 
and 0.005, respectively). The differences were 
stable over the 12-week maintenance phase, and 
the only serious adverse event in the trial was a 
seizure in the setting of protocol deviation. They 
concluded that DTMS was efficacious and safe in 
MDD patients not responding to antidepressants, 
and that its effect was stable over 3 months of 
maintenance treatment.

 Open-Label Studies in Comparison
There have been multiple open-label trials and 
case studies on DTMS. Kezdior et al. [94] 
included nine open-label studies in a quantitative 
meta-analysis on H-coils in MDD, and added the 
RCT above [87] to the qualitative analysis for a 
total of 10 studies.

The stimulation parameters and patient char-
acteristics were similar between the nine open- 
label studies and the RCT; however, only the 
RCT and 2/9 open-label studies in the analysis 
used DTMS as monotherapy. Also, 7/9 open- 
label studies and the RCT were conducted on 
unipolar patients, while 2/9 studies were on only 
or mostly bipolar patients.

They found that the magnitude of the antide-
pressant effect due to DTMS (as interpreted by 
HDRS improvements) was large, and they noted 
that antidepressant effects as well as response 
rates tended to increase, from 1.3 to 2.04 and 
from 43% to 60%, respectively, as studies were 
cumulatively added to the analysis, implying that 
the truth is likely closer to a higher value of 
improvement compared to a lower value. They 
also found improved antidepressant effect and 
response rate in studies where patients were on 
antidepressant medications compared to the stud-
ies in which they were not. The improved results 
on antidepressant medications are consistent with 
neuromodulation having an additive effect on 
neuroplasticity; neuromodulation tends to work 
best in combination with medications or other 
therapeutic measures, such as physical therapy.

Kezdior et al. [94] concluded that high- 
frequency DTMS was an efficacious and 
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 acceptable acute treatment for major depression, 
particularly unipolar depression. As the single 
RCT [87] showed a significantly greater effect in 
the active DTMS group compared to placebo, 
they noted that any added placebo effect pre-
sumed to contribute to the large effect sizes in the 
open-label studies may better reflect the antide-
pressant effects that would be seen in a clinical 
setting [95]; in fact, placebo effects tend to be 
lower in resistant depression [96, 97].

They also suggested that the higher effect sizes 
seen in the meta-analysis may reflect the effects of 
the H1-coil in stimulating a higher cortical vol-
ume, and/or penetration of stimulation more 
deeply [87, 93, 95], which may have led to 
improvements in other areas of cognitive func-
tions. There is some limited evidence that DTMS 
may improve some cognitive function domains 
(e.g., working and visuospatial memory, cognitive 
planning, and sustained attention) [96–99], and it 
has also been shown to improve global, psycho-
logical, environmental, and social quality of life 
domain scores in treatment-resistant depression, 
with moderate to large effect sizes [95].

They added that the optimized stimulation 
parameters in the meta-analysis such as high- 
frequency (18–20 Hz) stimulation, high intensity, 
and stimulation daily for a month (20 sessions—
in the acute phases) may have contributed to the 
consistently improved antidepressant effects in 
these heterogeneous populations [99]. The analy-
sis suggested that while DTMS antidepressant 
effects may last up to 12 months after acute treat-
ment without maintenance treatment, providing 
maintenance treatment might prolong and 
improve DTMS acute effects. Yet a second 
DTMS course in patients who had relapsed 
within a year of responding well to DTMS led to 
comparatively lower response rates [100].

To conclude, both rTMS and DTMS are 
potentially efficacious treatments for major 
depressive disorder. However, more well- 
designed sham-controlled RCTs are needed to 
optimize stimulation parameters, and to clarify 
other questions such as durability of acute clini-
cal effects, what additional therapies might 
enhance TMS effects, and whether tolerance or 
resistance could occur when treatment is 
reintroduced.

 tDCS

Palm et al. [101] performed a comprehensive 
review on tDCS in depression, from 2002 (as 
they believed this to be the first date seminal 
tDCS studies following good clinical practice 
standards were published) to mid-October 
2015. They thus reported on 11 double-blind, 
placebo- controlled RCTs, 9 open-label stud-
ies, 8 case reports, and multiple meta-analy-
ses. The clinical trials reported on tDCS 
treatment in heterogeneous patient samples (in 
terms of treatment resistance, co-medications, 
unipolar vs. bipolar depression) with variable 
aims (e.g., add-on or long-term therapy, com-
parison to pharmacotherapy or of different 
stimulation protocols) and mostly measured 
HAMD and MADRS. The case reports mainly 
reported on adverse effects, such as mania or 
hypomania.

The original articles had similar stimulation 
parameters, placing the anode over the LDLPFC 
(F3) and the cathode over the right supraorbital 
region or RDLPFC (F4), with the opposite modu-
lation of both hemispheres/transcallosal effects 
aimed to improve efficacy. They used sponge 
electrodes typically 7 × 5 cm (35 cm2), though 
some used smaller electrodes and a few used 
extra-cephalic 100 cm2 electrodes. Initial studies 
used 1 mA, but later studies used 2 mA after it 
was shown to be safe by Boggio et al. [102]. 
Most stimulation sessions were at 20 min per day 
over 2–3 weeks, but in recent years, twice daily 
stimulation (20 min each) or prolonged stimula-
tion duration (30 min) protocols were evaluated 
to enhance neuroplasticity.

Palm et al. [101] concluded that the meta- 
analyses suggested some tDCS efficacy with mod-
erate effect size in treatment of acute depressive 
disorder, but low efficacy in treatment- resistant 
depression, and that its effects can be potentially 
decreased by other drugs (e.g., mood stabilizers, 
antiepileptic drugs, and benzodiazepines).

Rigonatti et al. [103] and Brunoni et al. 
[104] did head to head efficacy comparisons 
between antidepressants and tDCS. Rigonatti 
et al. [103] randomized patients to active tDCS 
(n = 10) vs. sham tDCS (n = 10) vs. fluoxetine 
20 mg (n = 11, not blinded) and showed faster 
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improvements in the tDCS group compared to 
the fluoxetine group, as well as the same Beck 
Depression Inventory (BDI) improvement 6 
weeks later in the tDCS and fluoxetine groups, 
both of which were significantly superior to the 
sham tDCS group.

In the four-arm factorial SELECT-TDCS 
study, 120 patients were randomized to four 
groups combining active tDCS—F3 anode, F4 
cathode, 10 sessions of 30 min per day over 2 
weeks, then one session in each of weeks 3 and 4, 
all at 2 mA, 25 cm2—or sham tDCS with sertra-
line 50 mg or placebo sertraline. Active tDCS + 
sertraline had better results than the other groups, 
and the half-active groups (placebo sertraline + 
active tDCS and active sertraline + sham tDCS) 
had similar results, but these two groups were 
also superior to placebo sertraline + sham tDCS.

Palm et al. [101] suggested that the combina-
tion of tDCS with antidepressants may have led 
to improved results as they may reach all cortico- 
limbic circuits involved in depressive disorders. 
Yet, a meta-analysis by Meron et al. [105], which 
showed that active tDCS was superior to sham, 
also showed that tDCS effects were attenuated by 
antidepressant co-medications and cognitive con-
trol training.

These same authors [101] also reported on 
open-label studies reporting relapses over time. 
Martin et al. [106] showed a relapse rate of 16% 
during weekly tDCS over a 3-month duration, 
which rose to 49% during biweekly tDCS over 
another 3 months. Valiengo et al. [107], in a fol-
low- up of the SELECT-TDCS study, reported a 
40% relapse rate during biweekly tDCS (cathode 
F4 25 cm2) in the initial 3 months of follow-up, 
and a total relapse rate of 53% in the whole 
6-month follow-up period, which included 
monthly tDCS in the last 3 months. The relapse 
rate was higher in cases with treatment resistance 
diagnoses on enrollment. Meanwhile, Dell’Osso 
et al. [108] showed positive after-effects in nearly 
half the sample for 3 months after stimulation, 
despite a progressive loss of study adherence.

Overall, tDCS has been found to be safe and 
well tolerated at standard stimulation parameters, 
cost-effective, and blinding appears to be  feasible. 

However, recent studies [109, 110] showed that 
higher current intensities (e.g., 2 mA) lead to 
more sensory side effects and erythema than 
sham, which may be mitigated by using skin 
cream. Additionally, a recent meta-analysis [111] 
evaluated treatment-emergent mania/hypomania 
during tDCS antidepressant treatment, and found 
that active tDCS was not associated with a sig-
nificantly higher number of treatment-emergent 
mania/hypomania episodes compared to sham.

However, long-term data on tDCS in depres-
sion is lacking overall, and there is a need for 
more data on its effects on neuropsychological 
testing and interventions in patients with depres-
sion compared to healthy controls, and on its 
modulation by psychotropic drugs [112]. Further 
high quality multicentric studies are needed to 
optimize stimulation parameters, particularly for 
treatment-resistant cases, as well as identify out-
come predictors. Al-Kaysi et al. [113] suggested 
that EEG-based classification may help tailor 
patient selection for tDCS depression therapy, 
with frontal channels being especially informa-
tive for outcome prediction.

tDCS does not have FDA approval for treat-
ment of depression at this time, although it can be 
used off-label in specialized centers.

 Chronic Neuropathic Pain

The investigation of NIBS techniques for reliev-
ing neuropathic pain (NP), that is, pain resulting 
from injury to the nervous system, began after 
epidural motor cortex stimulation (EMCS) was 
proposed to have analgesic effects in patients 
with chronic NP [114, 115]. In EMCS, small 
electrodes are surgically placed on the dura over-
lying the primary motor cortex (M1), and a weak, 
subthreshold current is delivered [115]. A num-
ber of randomized clinical trials (RCT) and open- 
label studies proved the efficacy of EMCS in 
treating chronic NP during the 1990s [116–120]. 
rTMS later emerged as a non-invasive alterna-
tive, potentially producing similar analgesia. The 
first trial using rTMS was in 1998, and it showed 
that high-frequency (10 Hz) stimulation was able 
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to relieve NP symptoms [121]. The following 
years witnessed a number of studies confirming 
the value of rTMS, while other studies investi-
gated tDCS as another potential treatment for 
chronic NP.

In this section, we will summarize the main 
findings of current research on the therapeutic 
use of NIBS techniques on neuropathic pain.

 Alterations Observed in Patients 
with Chronic Neuropathic Pain

Studies on patients with NP consistently show 
decreased metabolic activity in the thalamus 
contralateral to the side of ongoing pain [122–
128]. This finding is consistent with other stud-
ies that show decreased gray matter volume, and 
biochemical changes signaling neuronal loss in 
the same location [129–131]. Moreover, studies 
using EEG revealed a shift of electrical brain 
activity towards lower frequencies (i.e., theta) in 
these patients [132, 133]. This phenomenon was 
proposed to be a manifestation of thalamocorti-
cal dysrhythmia, a process which involves 
increased bursting activity of thalamic nuclei, 
and which may represent a state of disinhibition 
[134]. Therefore, the current hypothesis among 
the scientific community is that these patients 
present an imbalance in the excitatory/inhibi-
tory circuits that regulate thalamic processing of 
pain signals.

On the other hand, neuroimaging studies have 
shown that NP is associated with reduced gray 
matter volume in the prefrontal cortex (PFC) 
[135, 136]. This PFC atrophy is correlated with 
the duration of pain, and with altered connectiv-
ity between this region and the nucleus accum-
bens and insula, two areas of the brain related to 
the affective-emotional aspects of the pain expe-
rience [135, 137]. In this way, patients with NP 
present with alterations of varied areas within 
the pain matrix, which may be the reason they 
commonly have not only sensory-discriminative 
disturbances—such as hyperalgesia and allo-
dynia—but also emotional disturbances, such as 
depression.

 Mechanisms of Action of NIBS 
in Neuropathic Pain

Although M1 stimulation has been proven effec-
tive in reducing pain, the exact mechanism of 
action of this analgesic effect is still poorly 
understood. Here we will discuss consistent find-
ings regarding the mechanism of action of these 
techniques across studies.

 rTMS
High-frequency rTMS can elicit action potentials 
in superficially located horizontal interneurons 
when the figure-of-eight coil is placed over the 
M1 contralateral to the pain side, in an anteropos-
terior orientation [138]. This stimulation setting 
has been shown to reduce thalamic hyperactivity 
in NP patients, and the integrity of thalamocorti-
cal pathways is necessary for observing the anal-
gesic effects of rTMS [138–142]. In this way, it is 
hypothesized that M1 stimulation produces anti-
dromic modulation of thalamic activity, altering 
the processing of pain signals at a thalamic level 
[142]. On the other hand, this stimulation para-
digm has also been shown to activate the prefron-
tal, orbitofrontal, and cingulate cortices, 
structures related to the affective-emotional 
aspects of pain processing [143–146]. Thus, the 
analgesic effects of rTMS appear to relate to the 
modulation of networks responsible for provid-
ing the sensory specificity (i.e., thalamus), and 
the emotional-affective valence of the pain 
experience.

Additionally, the effects of rTMS are also 
linked to changes in neurotransmitters. High- 
frequency rTMS has been shown to increase intra-
cortical inhibition (ICI)—a physiological marker 
of GABAergic activity in the motor cortex—in 
correlation to the degree of analgesia [147–149]. 
This way, rTMS may function as an enhancer of 
inhibitory circuitries involved in the modulation of 
pain. On the other hand, rTMS has also been pro-
posed to increase endogenous opioids, and, in fact, 
the analgesic effect of rTMS was blocked by nal-
oxone administration in healthy volunteers [145]. 
Thus, it may also promote analgesia by increasing 
the release of endogenous opioids in important 
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pain networks, including those in the descending 
modulation system.

 tDCS
Anodal stimulation of M1 contralateral to the most 
painful side with 2 mA has also been shown to pro-
mote analgesia in patients with chronic NP. This 
low-intensity current delivered by tDCS is not suf-
ficiently large to promote action potentials. Instead, 
it depolarizes neurons at the site of stimulation and 
in the connected areas, thus increasing the excit-
ability of the neural networks connected to M1 [11, 
150]. This change in excitability promotes transient 
activation of NMDA receptors, and changes in 
molecular cascades that ultimately result in modu-
lation of synaptic plasticity [10, 32]. In addition, 
anodal tDCS over M1 has been shown to activate 
distant areas within the pain matrix that, like rTMS, 
involve sensory- discriminative and emotional-
affective aspects of pain [20, 151].

tDCS has also been shown to promote changes 
in neurotransmitters. The stimulation paradigm 
with anodal tDCS over M1 has been associated 
with increased ICI, which pinpoints the modula-
tion of GABAergic inhibitory systems within the 
motor cortex [152]. The observed increase in ICI 
after tDCS has also been correlated with the degree 
of analgesia [152]. Also, tDCS has been related to 
increases in endogenous opioids over the posterior 
thalamus, which points a possible mechanism for 
the analgesic effect of this technique [153].

 Evidence of NIBS Efficacy on NP

 rTMS
The efficacy of rTMS in treating neuropathic 
pain depends on a number of factors. Firstly, 
parameters of stimulation such as frequency, 
intensity, number of pulses delivered, cortical 
target, and coil orientation are highly determi-
nant of analgesic effects. Moreover, other treat-
ment protocol characteristics such as the number 
of sessions and intervals between them have also 
been shown to be crucial for treatment efficacy. 
Finally, anatomical variations across subjects 
and geometrical precision of stimulation are also 
important.

As to parameters of stimulation, studies com-
paring different frequencies of rTMS over M1 
show that subthreshold stimulation with 10 Hz or 
20 Hz is more effective than 5 Hz or 1 Hz [154–
156]. Moreover, when comparing different types 
and orientation of coils, research has demon-
strated that analgesic effects are only achieved 
when stimuli are delivered through a figure-of- 
eight coil, with the handle positioned in an 
anteroposterior orientation (i.e., parallel to mid-
sagittal line) [138, 142]. Finally, studies have 
shown that at least 1000 pulses delivered per ses-
sion suffice for promoting significant analgesic 
effects [157].

As to treatment protocol, single-session rTMS 
has been shown to provide only short-term anal-
gesic effects, lasting 6–8 days [158, 159]. In 
comparison, protocols with 5–10 daily sessions 
are more effective, and promote pain relief that 
may last for at least 2 weeks beyond the stimula-
tion [160–163]. One study testing optimal main-
tenance sessions indicated that the analgesia 
could last even longer when a sufficient number 
of sessions are in adequate intervals. A study by 
Mhalla et al. [149] tested a long-term protocol in 
40 subjects with fibromyalgia and showed that 
pain relief lasted for 25 weeks. This protocol con-
sisted of 14 sessions distributed in the following 
manner: 5 daily sessions for 1 week, followed by 
1 weekly session for 1 month, 1 fortnightly ses-
sion for 2 months, and 1 monthly session for 3 
months, totaling more than 6 months of treat-
ment. Two case series also demonstrated effects 
lasting for up to 6 months and 1 year, respectively 
[164, 165].

To summarize, rTMS is more effective in 
relieving NP when applied at high frequency 
(10 Hz or 20 Hz), with subthreshold intensity, 
using a figure-of-eight coil placed in an antero-
posterior orientation over the M1 contralateral to 
the most painful side of the body. The duration of 
effects is dependent on the number and interval 
of sessions varying from 2 weeks for 5- to 
10- session protocols, up to 1 year with a 
14- session protocol. However, the optimal treat-
ment protocol for NP is still under investigation 
and may vary with the disorder under investiga-
tion, patient comorbidities, and anatomical varia-
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tions. In fact, regarding potential differences in 
anatomy, recent studies utilized imaging-guided 
rTMS in order to increase precision in the stimu-
lation of the underlying cortex, with improved 
results [165]. Lastly, in terms of effect size, rTMS 
can reduce pain levels by 25–45% after stimula-
tion, and achieve response rates of 35–60% 
(defined as percentage of subjects with at least 
30% pain relief) when administered for at least 5 
days of daily sessions with the optimized param-
eters discussed above [166].

 tDCS
Similar to rTMS, the efficacy of tDCS in treating 
NP depends on various parameters, the most 
important ones being electrode montage, current 
intensity, electrode size, stimulation duration, 
and number of sessions. In the first clinical trial 
investigating the role of tDCS in relieving NP, 
Fregni et al. [167] randomized 17 patients with 
chronic NP secondary to spinal cord injury (SCI) 
to receive either anodal (2 mA, for 20 min) or 
sham stimulation over the M1 contralateral to 
the ongoing side of pain, for 5 consecutive days. 
Significant pain reduction was achieved after the 
active tDCS but not after sham stimulation, and 
the analgesic effects lasted for 16 days [167]. 
The same group compared this protocol (anodal 
M1, 2 mA, 20 min, for 5 days) with anodal stim-
ulation of DLPFC in 32 patients with fibromyal-
gia and showed that anodal tDCS over M1 
provided more pain relief, with effects lasting 
for 3 weeks [168]. Since then, this stimulation 
paradigm has been proven effective for treating 
NP in a number of other conditions [169–173], 
e.g., producing analgesic effects for up to 4 
weeks in patients with NP due to multiple 
 sclerosis [174].

On the other hand, a number of other tDCS 
trials have showed negative findings or only mar-
ginal effects [175–177]. These inconsistencies in 
clinical efficacy may be related to differences in 
study design, stimulation parameters, and disor-
der under study. For example, a recent trial 
showed tDCS to be ineffective in the treatment of 
patients with nonspecific chronic low-back pain 
[175]. Although the very same protocol used by 

Fregni et al. [167] in SCI was used in this condi-
tion, low-back pain is characterized by having a 
mix of nociceptive (i.e., pain elicited by detection 
of noxious or harmful stimuli by peripheral noci-
ceptors) and neuropathic pain. In this way, the 
constant nociceptive component of this condition 
may have compromised the efficacy of 
tDCS. Nonetheless, better stimulation parame-
ters and criteria for patient selection are still 
under investigation for this therapy.

In this context, some directions for improving 
the efficacy of tDCS in treating NP have been 
established in recent years. First, tDCS has been 
shown to provide greater analgesic effects when 
combined with concurrent treatments, such as 
visual illusion therapy. Soler et al. [178] showed 
that a protocol of ten sessions of anodal tDCS 
(2 mA, 20 min) over the right or left M1 com-
bined with visual illusion therapy could provide 
better pain relief than each therapy alone in 
patients with SCI, and analgesic effects lasted up 
to 12 weeks [178]. Second, the low efficacy of 
tDCS has been associated with its diffuse brain 
current flow. In order to overcome this drawback, 
researchers developed High-Definition tDCS 
(HD-tDCS), with a 4 × 1 electrode montage (1 
central anode and 4 encircling cathodes), which 
provides a non-invasive focal application of low- 
intensity direct current [179, 180]. The increased 
focality of HD-tDCS is believed to enhance the 
clinical effects of tDCS. In fact, a recent study 
assessed the necessary number of HD-tDCS ses-
sions needed to achieve more than 50% pain 
relief in patients with fibromyalgia; a median of 
15 sessions were necessary [181].

To conclude, tDCS has been shown to provide 
significant pain relief in patients with NP, when-
ever this population is carefully selected. Overall, 
repeated daily sessions of tDCS may promote 
more than 50% of pain relief in patients with NP, 
which is greater than the effect provided by 
rTMS. Additionally, the efficacy of tDCS can be 
enhanced when using this technique as an add-on 
to other behavioral or pharmacological therapies. 
Lastly, HD-tDCS emerges as a more efficacious 
treatment, and study protocols with extended 
numbers of sessions are under investigation.
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 TMS and tDCS in Pediatric Patients

Most clinical TMS and tDCS studies have 
focused on adults, and there is a great need for 
more research into their therapeutic uses in pedi-
atric patients. Unlike adults, pediatric brains still 
have to go through various stages of neurodevel-
opment. They also have accelerated neuroplasti-
city compared to adults [182–184], which may be 
helpful for therapeutic purposes, but which may 
hypothetically harm brain development in unpre-
dictable ways.

So far, both TMS and tDCS tend to be toler-
ated well by both children and adults. TMS can 
be used for both diagnostic and therapeutic pur-
poses, and has been used for functional motor 
and language mapping prior to surgery in both 
children and adults [185–189]. EEG together 
with TMS further evaluates maturation and 
impaired cortical reactivity in children. Single- 
and paired-pulse TMS are cautiously considered 
safe in patients about the age of 2 years; under 
that age, specialized hearing protection is needed 
due to lack of evidence on risk of acoustic injury.

Quintana [190] reviewed 48 studies involving 
(single-pulse, paired, and repetitive) TMS in peo-
ple less than 18 years of age (n = 1036, age range 
2 months to 18 years). No major adverse effects 
(including seizures) were reported, even in chil-
dren with epilepsy and cerebral palsy. However, 
rTMS had only been applied in seven studies 
(n = 34).

Overall, there is little safety data on rTMS use 
in pediatric populations [191], and while it is not 
believed to carry long-term adverse effects, it is 
unclear whether repeated rTMS over long peri-
ods of time may alter the maturing brain irrevers-
ibly. Therefore, rTMS should only be applied for 
clinical use when the benefit/risk ratio is poten-
tially high, e.g., when there are no better treat-
ments available.

There are unique issues surrounding the 
safety, applicability, and ethics of utilizing tDCS 
in pediatric populations. There are no longitudi-
nal studies exploring tDCS’ impact on the devel-
oping brain. The limited data available 
underscores some of the ethical questions arising 
from tDCS in children. Additionally, as RCTs 

offer therapy only to a subset of the population, 
new techniques are often tested only in compas-
sionate use until found to be safe in pediatric 
populations. Just as recommendations on TMS in 
pediatric populations [21] were issued at a con-
sensus conference, so consensus guidelines 
might help direct research on tDCS in pediatric 
populations as well.

Children’s thinner skulls, the smaller distance 
between scalp and brain, and the gray-white mat-
ter differentiation differences led to studies 
addressing tDCS dosage in pediatrics [192, 193]. 
Several studies show higher peak current densi-
ties in children’s brains compared to adults while 
using similar stimulation parameters [183, 194]. 
Computational models of current flow within the 
brain suggest that we should halve applied cur-
rent strength in children compared to the amper-
age used on adults, though multiple studies have 
used higher intensities. Based on the results of a 
randomized crossover trial (n = 19) in 11–16-year- 
olds, Moliadze et al. [195] hypothesized that 
1 mA could have a ceiling effect in children, and 
that 0.5 mA in children would probably be simi-
lar to 1 mA in adults.

In terms of safety, no severe adverse events 
have been reported in pediatric populations, 
and even in patients with epilepsy, seizures do 
not seem worse with tDCS. However, study 
designs for various disorders tend to be hetero-
geneous, and optimized stimulation protocols 
and dosages over different pediatric age groups 
are far from clear. Additionally, the delineation 
between childhood, adolescence, and adult-
hood is often undefined and can be variable 
between studies [196].

In a comprehensive review on tDCS in chil-
dren and adolescents, Palm et al. [101] report 
that pediatric depression, unlike adult depres-
sion, is not covered by the literature, and that it is 
unclear whether tDCS could treat pediatric 
patients with affective disorders. There is some 
data on ADHD and autism treatment. Most pedi-
atric  placebo- controlled RCTs so far have been 
in movement disorders due to cerebral palsy.

tDCS is considered a potential therapy for 
some pediatric disorders, particularly when there 
are no other safe viable alternatives, but not for 
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cognitive enhancement in healthy pediatric popu-
lations as that would raise ethical questions. In 
this pediatrics section, we focus on tDCS and 
TMS in epilepsy and cerebral palsy.

 Epilepsy

 tDCS in Pediatric Patients 
with Epilepsy

Animal models have supported the hypothesis 
that (cathodal) tDCS’ neuromodulatory effects 
can raise the seizure threshold [197]. Its effects 
appear similar to those induced by rTMS [198, 
199]. Palm et al. [187], in their review on tDCS in 
pediatrics, reported on two placebo-controlled 
RCTs [200, 201] and an open-label trial [201] on 
tDCS in children with epilepsy, all measuring 
seizure frequency (n = 59 overall, the highest 
number of subjects enrolled in studies on any of 
the disorders in this chapter).

In an open-label study, Shelyakin et al. [202] 
evaluated 4–8-year-olds (n = 18) with various 
syndromes (e.g., generalized epilepsy, cerebral 
palsy, and organic brain lesions). They placed the 
anode over the posterior temporal region, the 
cathode over the parietal cortex, and applied 
tDCS at 0.3–0.7 mA for 20–40 min, maximum 
15 sessions. They found that seizure frequency 
improved in all the children, and there was a 
reduction in epileptiform discharges as well as 
slow wave activity. This is particularly interesting 
in view of its effects on patients with generalized 
epilepsy.

It is known that generalized seizures are not 
completely generalized; that is, while they may 
involve wide areas of both hemispheres, they do 
not affect the entire cortex. In invasive studies, 
secondarily generalized seizures do not involve 
all electrodes to an equal degree, or even all elec-
trodes sampled [203]. Additionally, there have 
been a number of centers recording EEG with 
fMRI, revealing the involvement of multiple 
regions. For example, Gotman et al. [204] showed 
activation with generalized epileptic discharges 
that was bilateral and symmetric in the thalamus, 
mesial midfrontal cortex, insula, cerebellum, 

borders of the lateral ventricles, and deactivation 
that was also bilateral and symmetric in the ante-
rior frontal and parietal cortices and in the poste-
rior cingulate gyri as well as the left posterior 
temporal region; that is, there was a broad net-
work involved, including areas of the default 
mode network, but not the whole cortex. Thus, 
focal stimulation with tDCS may be a potential 
therapy for generalized epilepsy syndromes, 
especially when we keep in mind that tDCS can 
also have broad network effects involving regions 
far from those directly stimulated.

The two sham-controlled RCTs reviewed by 
Palm et al. [101, 187] each applied stimulation at 
1 mA for single active sessions of 20 min, with 
the cathode over the seizure focus. Auvichayapat 
et al. [200], which was the first RCT on children 
with focal epilepsy, aimed to investigate safety 
and tolerability of cathodal tDCS in this popula-
tion and so used a single session (1 mA, 20 min, 
electrodes at 35 cm2). They studied 6–15-year- 
olds (n = 36) with focal epilepsy of various eti-
ologies, placed the cathode over the area of 
greatest spike amplitude and, unlike most stud-
ies, they placed the anode over the contralateral 
shoulder. Patients remained on their baseline 
antiepileptic drugs. The stimulation was well tol-
erated, with one case showing an erythematous 
rash lasting 2 h. Epileptiform discharges dropped 
to 43.5% of baseline immediately after stimula-
tion (p = 0.0002), and remained at 57.6% of base-
line 48 h later (p = 0.0014), but rose back to 
baseline levels at the 4-week follow-up. There 
was a small but statistically significant improve-
ment in seizure frequency in the active group 
only (4.8%, p = 0.0035).

Varga et al. [201] was a crossover trial on 
6–11-year-olds (n = 5) with refractory CSWSS 
(continuous spikes and waves during slow wave 
sleep) of focal etiology. The cathode was 25 cm2, 
anode was 100 cm2, intended to increase the 
focality of stimulation and to avoid the opposite 
effect under the reference. They placed the 
 cathode over the seizure focus (peak negativity, 
area of epileptiform discharges as located on a 
3D voltage map) and the anode over the area of 
peak positivity. The patients underwent sham 
stimulation in the first evening, and cathodal 
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tDCS in the second evening. Patients and care-
takers were blinded to active vs. sham sessions, 
with continuous monitoring by an unblinded 
physician. The ethics committee had approved 
five successive tDCS sessions as long as the first 
session reduced the spike-index (SI). However, 
while well tolerated, cathodal tDCS did not 
reduce the SI in any patient.

The authors recounted the work of Fregni 
et al. [50] on adults with malformations of corti-
cal development and refractory epilepsy, where 
tDCS effect was strongest in patients with a sin-
gle lesion; however, that study counted epilepti-
form discharges away from the focus; thus, Varga 
et al. [201] hypothesized that tDCS effects were 
mainly a result of reducing epileptiform dis-
charge propagation rather than activity at the 
focus itself, and that by using a smaller cathode 
size on their CSWSS patients, they may have 
missed possible effects on propagation. They 
then found that the spikes in 3/5 patients appeared 
less propagated following cathodal stimulation. 
This finding, if supported by future RCTs, may 
suggest potential uses of tDCS in epilepsy, and 
may also suggest that it has limited applicability 
in seizures that remain localized, e.g., epilepsia 
partialis continua (EPC).

Faria et al. [205] took a different approach, 
testing a simultaneous tDCS and EEG system for 
tolerability on 15 healthy subjects, and for proof- 
of- principle on two patients with refractory epi-
lepsy (CSWSS). They used a cap with electrodes 
in the 10-10 system; a single EEG electrode was 
used as cathode (placed at CP5 in the patients), 
and three EEG electrodes were shorted together 
as anodes (FP1, FPz, FP2), thereby making stim-
ulation more focal and leading to higher current 
density under the cathode than the larger anode. 
The protocol began immediately after reaching 
stage II sleep, once weekly in three sessions of 
30 min each. In patients 1 and 2, the number of 
epileptiform discharges decreased by about 40% 
and 50%, respectively, in the three sessions, and 
decreased by 10% in Patient 2 even after 
tDCS. The tDCS+EEG system was well toler-
ated, despite having a higher electric field in the 
scalp. Most of the healthy volunteers reported 
some sensation during active stimulation, so 
blinding was a concern.

In another study, Auvichayapat et al. [206] 
performed a pilot double-blind sham-controlled 
RCT on 4–9-year-old children (n = 22) with 
Lennox–Gastaut syndrome, a severe childhood 
epilepsy syndrome. Subjects received their rou-
tine antiepileptic drugs (AEDs) in addition to 
either cathodal tDCS (2 mA over M1, corre-
sponding to C3; 35 cm2) or sham tDCS in 20 min 
sessions for 5 consecutive days. Baseline seizure 
frequency in the active group was 80.67 ± 54.43 
seizures/day, but seizure frequency (recorded in 
diaries) dropped daily during treatment, down to 
a 99.84% reduction on Day 5 of treatment. This 
slowly worsened to 55.96% reduction by the 
4-week follow-up. All reductions relative to sham 
were significant (p ranging from <0.001 to 
p = 0.004).

While cathodal tDCS reduced seizure fre-
quency by over 50% in all seizure types, this drop 
in mean seizure frequency was statistically sig-
nificant only in tonic, atonic, and absence sei-
zures, rather than myoclonic and partial seizures. 
Additionally, on visual EEG analysis, the base-
line for epileptiform discharges in the active 
tDCS group was 640.13 ± 263.30 events/30 min 
awake EEG at baseline; this decreased by 76.48% 
immediately after stimulation. Reductions com-
pared to sham were statistically significant imme-
diately after each session up to the 3-week 
follow-up (p < 0.001 to p = 0.005). They consid-
ered that the longer duration of stimulation and 
higher current density in this study compared to 
the previous one [200] may explain the longer 
duration of antiepileptic effect.

Palm et al. [187] also reported on case reports: 
In Yook et al. [207], an 11-year-old with bilateral 
perisylvian focal cortical dysplasia with a 
 baseline of 8 seizures/month who became seizure 
free during the 2 weeks of treatment had 6 sei-
zures over the following 2 months, then 1 seizure 
over 2 months following a second tDCS course. 
This suggests that repeat courses may have a 
cumulative effect on seizure control.

San-Juan et al. [208] reported on two patients 
with atypical-onset Rasmussen’s encephalitis 
(RE) with ongoing seizures in the affected hemi-
sphere, one of whom was an adult and the other a 
17-year-old; the latter received cathodal tDCS 
via a subdermal needle. Both patients improved 
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in terms of seizures, language, motor function, 
and level of alertness. It is important to note that 
both patients tolerated a small needle electrode 
that lead to a charge density much greater than 
that in previously published studies.

Tekturk et al. [209] also reported on tDCS in 
five patients with RE, two of whom were children 
with left focal seizures and epilepsia partialis 
continua. One child received classic cathodal 
stimulation while the other received an amplitude- 
modulated form (a sinusoidal direct current with 
0.85 mA peak-to-peak intensity was added to a 
1.15 mA direct current); frequency was 12 Hz 
(intending to target normal surrounding cortical 
tissue and increase inhibitory connection effects 
to prevent seizure generation and spread). All 
patients except for one adult had a greater than 
50% drop in seizure frequency, and the adult and 
child receiving modulated cathodal tDCS had 
better results, suggesting that this technique 
should be further investigated.

 Drug Effects on tDCS

It is important to note the possible effects of 
drugs on cathodal tDCS. In Pineda et al. [210], 
the antidepressant citalopram led to the abolition 
of cathodal tDCS-induced inhibition, changing it 
to facilitation. Carbamazepine and flunarizine 
did not affect cathodal tDCS’ excitability reduc-
tion in drug studies [31, 32]. NMDA receptor 
antagonism blocked long-term after-effects irre-
spective of directionality. Lorazepam (a GABA-A 
agonist) had no effect on cathodal tDCS-induced 
diminution of excitability. However, lorazepam 
selectively modulated anodal tDCS effects; it 
delayed then selectively increased and prolonged 
excitability enhancements induced by anodal 
tDCS, an effect that was temporarily disrupted by 
repeating anodal tDCS stimulation. The delay 
was likely due to lorazepam abolishing the intra-
cortical neuroplastic excitability enhancements 
induced by anodal tDCS, and the prolonged 
enhancement of excitability may have resulted 
from more remote mechanisms modulating 
motor cortical excitability [211]. There is a theo-
retical concern that cathodal tDCS may decrease 

the effects of GABAergics [211] and other 
medications.

Overall, tDCS may be considered a potential 
therapy for pediatric patients with various forms 
of epilepsy, and may be particularly useful for 
refractory epilepsy. Additionally, in a letter, 
Scorza and Brunoni [212] suggested that tDCS 
may potentially help prevent sudden unexpected 
death in epilepsy (SUDEP), e.g., by reducing 
generalized tonic-clonic seizures, or aborting 
them with home tDCS-EEG. However, more 
sham-controlled double-blind RCTs assessing 
specific outcomes are needed before we can make 
any definitive determinations on the efficacy of 
tDCS in epilepsy.

 TMS in Pediatric Patients 
with Epilepsy

TMS measures have been used to investigate 
patients with epilepsy (including epileptic myoc-
lonus), for presurgical evaluations, cortical map-
ping, and in evaluating the acute effects of AEDs, 
and their effects on MT [213–216]. 
Electroconvulsive therapy (ECT) has been used 
to terminate status epilepticus in adults and chil-
dren, so there is an interest in rTMS as an alterna-
tive that is less invasive [217, 218].

A meta-analysis [219] on antiepileptic effects 
of low-frequency rTMS concluded that it signifi-
cantly reduced seizure frequency (effect size 
0.34, 95% CI 0.10–0.57), especially in neocorti-
cal epilepsy and cortical dysplasia cases (effect 
size 0.71, 95% CI 0.3–1.12, vs. an effect size of 
0.22 in other epileptic disorders), and that the 
effects could last at least 2–4 weeks using the 
paradigm of 1–2-week stimulation. Of note, an 
effect size of greater than 0.5 is considered clini-
cally meaningful [220]. The pooled effect sizes 
were nonsignificant for other measures such as 
EEG spike number, duration of epileptiform 
abnormalities and rMT, none of which had been 
tested in most studies. Overall, 11 papers 
(n = 164) had been included in the analysis, 
with 10 of them focused on medically intractable 
epilepsy. The studies were mostly on adults, and 
they also noted limitations of the analysis such as 
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the methodological heterogeneity among the dif-
ferent trials, their small sample sizes, the diffi-
culty of estimating possible confounders (e.g., 
AEDs) and that the analysis was on data from 
only active rTMS but not sham.

There have been no studies on rTMS use as a 
therapeutic for pediatric epilepsy patients, pre-
sumably due to the higher likelihood of risks with 
rTMS, leading to its use only in compelling clini-
cal pediatric cases. Some cases are described in 
the literature, with variable parameters showing 
mixed results. A 14-year-old with RE and EPC 
had transient improvements in clinical and EEG 
seizures during rTMS application over 9 days, 
but returned to baseline 30 min afterward each 
day [221].

Rotenberg et al. [222] reported disruption of 
ongoing seizures by rTMS in 5/7 cases, one of 
which was the case above; the others were adults. 
They also summarized published EPC cases of 
various etiologies treated by rTMS (at the site of 
seizure focus) by then, four of whom were chil-
dren. Two children received single rTMS ses-
sions: one had seizure cessation within 24 h 
lasting 2 weeks, while the other had subjective 
clinical seizure improvement with decreased 
spikes on EEG [223]. Both had reduced perfusion 
on single-photon emission computed tomography 
(SPECT) in areas of rTMS application and in dis-
tal regions; Graff-Guerrero et al. [223] believed 
the reduction reflected decreased metabolic 
demands in those areas due to transient reduction 
of focal epileptic activity, probably due to rTMS 
direct effects as well synaptic connections to more 
distal regions [224–227]. They noted that the 
mechanisms of low- and high- frequency rTMS 
are not known, and may lead to LTD or LTP, 
respectively. They also suggested that low-fre-
quency rTMS may help maintain clinical improve-
ment but not acutely interfere with epileptic 
activity, as it is unlikely to give the (low fre-
quency) pulse at the exact time that could cause a 
switch from a synchronized to a desynchronized 
state. Considering this, as well as animal studies, 
direct cortical stimulation and ECT where high-
frequency stimulation was used to switch from a 
synchronized to a desynchronized state, they had 
decided to go with high-frequency (20 Hz) stimu-
lation for their patients.

The two other children summarized by 
Rotenberg et al. [222] had EPC, and one of them 
had a figure-of-eight coil navigation to the fMRI- 
visualized seizure focus; however, neither 
responded to rTMS. Morales et al. [228] sug-
gested that AEDs likely interfered with the 
actions of rTMS.

Rotenberg et al. [222] noted that in all the 
above cases, when clinical benefits did last days 
or longer, they were associated with low- 
frequency rTMS trains (0.5–1 Hz). They did not 
find evidence of worsening clinical or EEG sei-
zures or epileptiform discharges with ictal rTMS 
overall.

There are no studies reporting on rTMS safety 
specifically in pediatric epilepsy cases. Pereira 
et al.’s [229] systematic review concluded that 
rTMS had only a small likelihood of inducing sei-
zures in patients with epilepsy, and that the risk of 
other adverse events was similar to that of rTMS in 
other populations, including healthy subjects. 
Seynaeve and Van Paesschen [230] responded to 
the review by reporting on an rTMS trial on 
patients with refractory focal epilepsy that was 
unpublished at the time of review; one of the 11 
patients had a rebound in seizure frequency, and 
another patient’s seizures increased by a magni-
tude of 4 after active stimulation [231]. This report 
suggests we should exercise extra caution in pedi-
atric patients, who tend to have greater excitability 
overall [190]. On the other hand, rTMS effects on 
the developing fetus are unknown, so in females of 
child-bearing age, pretreatment pregnancy tests as 
well as confirming abstinence or effective birth 
control would be prudent.

It is important to note that there are some 
clues that different parts of the cerebral cortex 
might require different types of rTMS treatment. 
Large, multicenter sham-controlled RCTs on 
rTMS (preferably combined with EEG) are thus 
needed to better elicit the stimulation parameters 
that are safe and efficacious in various epilepsy 
populations, and to clarify the effects of high vs. 
low- frequency rTMS. Additionally, the penetra-
tion of TMS tends to be more superficial than 
that of tDCS; therefore the selection of NIBS 
modes of therapy will depend greatly on the 
extent of the involved cortex and how well it can 
be targeted [232].
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 Movement Disorders (in Cerebral 
Palsy)

 tDCS in Pediatric Patients 
with Cerebral Palsy

Stroke is the most common cause of hemiparetic 
cerebral palsy (CP), which is the commonest 
term-born CP [233–235]; motor deficits are the 
most disabling and prominent finding [236–238]. 
Newborns in the first week since birth have the 
highest risk of ischemic stroke, much higher than 
that of adults with multiple stroke risk factors; 
another 50% of perinatal stroke occurs later dur-
ing infancy, and perinatal stroke is the top cause 
of hemiplegic CP [239–244]. There are two types 
of perinatal stroke, both leading to hemiplegic 
CP: arterial ischemic strokes (following major 
artery occlusions) and periventricular venous 
infarctions (subcortical white matter lesions 
occurring in utero before 34 weeks gestation, fol-
lowing germinal matrix bleeds with subsequent 
medullary venous infarcts).

Most pediatric placebo-controlled tDCS RCTs 
in pediatric populations so far have been in move-
ment disorders due to CP. They show largely 
positive data on the efficacy of tDCS combined 
with physiotherapy.

Palm et al. [187] noted that there were several 
early studies utilizing pulsed transcranial electri-
cal stimulation (electric stimuli for milliseconds 
with intervals in between) for CP in pediatric 
populations, all reporting improvement in phys-
iotherapeutic training in active vs. sham groups, 
and the stimulation was tolerated well. However, 
the pulsed TES was no longer assessed in Europe 
or the USA. Recent research utilized RCTs to 
evaluate tDCS combined with physiotherapeutic 
training.

Palm et al. [187] reported on six RCTs 
(n = 161 overall) and an open-label trial (n = 21) 
on tDCS in treatment of CP. As a rehabilitative 
intervention, 2/6 RCTs added treadmill training, 
2/6 added virtual reality (mobility training game) 
and 2/6 as well as the open-label trial had no 
training. Sham-control was utilized in 5/6 RCTs. 
All of the RCTs in their review placed the anode 
at C3 and 5/6 placed the cathode over the right 

supraorbital region, while 1/6 placed it on the 
right shoulder. They reported overall improved 
mobility, gait distance, body sway velocity, bal-
ance, and spasticity following anodal tDCS (over 
the primary motor cortex of the more affected 
hemisphere) combined with either standard phys-
iotherapeutic training or as monotherapy. This 
effect lasted a short period after a single tDCS 
session, but was more sustained after a series of 
sessions, lasting several weeks to a few months. 
Collange Grecco et al. [245] reported on a sham- 
controlled RCT in spastic diparetic CP and noted 
increased MEP amplitudes after active tDCS.

An early open-label study [246] studied 21 
patients 6–18 years old with a hyperkinetic form 
of infantile CP. They applied the anode at F1, 
and cathode at either C3 or the mastoid; stimu-
lation parameters were 0.2–0.8 mA over 
20–50 min, for 7–15 sessions. They reported 
improved proprioception, decreased postural 
tonic reflexes and hyperkinesia, stable for 3–5 
months. Additionally, there were reduced ampli-
tudes on resting EMG.

Overall, they found some evidence that com-
bined tDCS and physiotherapeutics improve 
motor functioning; however, the studies were 
heterogeneous in design with short follow-ups, 
and longer studies with more consistent protocols 
are needed.

Grecco et al. [247] evaluated data from three 
of their previous 7-week-long double-blind 
sham-controlled RCTs on children aged 5–10 
years with spastic hemiparetic or diparetic CP 
who had independent gait for a year or more. 
These trials combined tDCS (anode over primary 
motor cortex between Cz and C3 or C4, cathode 
over contralateral supraorbital region, 1 mA 
active/sham stimulation over 20 min for ten ses-
sions over 2 weeks) with either treadmill training 
or gait training with virtual reality. Treadmill 
training had significantly better results in both 
active and sham groups on the 6 min walk test, 
walking velocity and gait profile score (p < 0.05 
on all analyses). This was an exploratory study 
using a secondary analysis of previous trial data 
to evaluate the influence of neurophysiologic and 
neuroanatomic biomarkers on the results of phys-
iotherapeutic training combined with tDCS. They 
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found that the presence of MEP was associated 
with functional variables (e.g., 6 min walk test 
and gait speed), while the presence of subcortical 
injury was associated with specific variables such 
as gait kinematics. They also noted that in the lit-
erature, a significant number of patients with 
hemiparetic CP have cortical motor representa-
tions that are ipsilateral to movement, while dipa-
retic CP cases can have ipsilateral or contralateral 
representations [248–250], therefore, anode 
placement over the more affected primary motor 
cortex may not be ideal. However, the groups 
receiving active tDCS with gait training in their 
trials had significant improvements; they hypoth-
esized that the current and effects were distrib-
uted between the anode and cathode (based on 
modeling studies) rather than anode only, so the 
lower limb area may have been affected by stim-
ulation. They concluded that there is a need for 
controlled trials to allow further exploration into 
the effects of MEPs, injury location, and the cor-
tical representations of movement with regard to 
tDCS responsiveness.

Finally, we would like to mention the case of a 
girl who responded well to ten sessions of anodal 
tDCS over the latter half of speech therapy, 
despite poor response to traditional speech ther-
apy over prior years [251].

To conclude, combined tDCS and physiother-
apeutics have been shown to improve motor 
functioning in pediatric CP in heterogeneous 
studies, including multiple RCTs, and early lit-
erature may support well-designed trials investi-
gating the effects of combined tDCS with speech 
therapy aiming to improve speech.

 TMS in Pediatric Patients with Cerebral 
Palsy
Similar to epilepsy, therapeutic TMS/rTMS has 
not been well investigated in pediatric patients 
with CP. D’Agati et al. [252] reviewed English- 
language studies on rTMS in patients under 18 
years of age; 6 published reports met their crite-
ria, involving a total of 19 cases receiving rTMS 
at >1 Hz (including 5 with spastic CP, average 
age 9.8 years). Valle et al. [253] studied 17 
patients (average age 9.1 years) with spastic 

quadriplegic CP in a double-blind sham- 
controlled RCT. They were randomized to either 
1 or 5 Hz rTMS and received 1500 pulses/session 
at intensity 90% of MT, using a figure-of-eight 
coil; however, the pulses were applied in a con-
tinuous train in the 1 Hz group, while the 5 Hz 
group had the pulses divided in 5 of 1 min trains 
with 2 min intervals in between. A sham coil was 
used for the sham group (n = 5), half of which 
received 5 Hz parameters, while the other half 
received 1 Hz parameters.

They had hypothesized that increasing motor 
cortical activity would increase inhibitory input 
to the corticospinal tract and decrease gamma 
and alpha neuron hyperactivity. Quartarone et al. 
[254] had suggested that 5 Hz at 90% MT can 
increase inhibitory input to alpha motoneurons, 
and 1 Hz was used as a comparison to see if 
rTMS effects on spasticity were specific for stim-
ulation frequency. The therapeutic effects of 5 Hz 
rTMS on spasticity in CP patients were modest 
(evaluated 2 h after the last treatment session), 
and were not significant in all joints and tests; 
however, the effects were specific to stimulation 
frequency (5 Hz had the largest effect), suggest-
ing that this frequency may be beneficial. No 
adverse effects were encountered, and impor-
tantly, no seizures were induced by either high- 
or low-frequency rTMS in the patients with 
epilepsy.

Gupta et al. [255] reported assigning 20 pedi-
atric patients with CP (mean age about 8 years) to 
either an rTMS or a control group (ten subjects in 
each group). The therapeutic group received 
rTMS at 5 Hz and 10 Hz for 15 min daily fol-
lowed by 1 h of standard therapy over 20 days; 
the control group received the same standard 
therapy but no rTMS. On statistical analysis of 
pre- and post-therapy Modified Ashworth Scale 
scores, they found that the rTMS group showed a 
significant decrease in muscle tightness for all 
muscles selected for therapy (p < 0.05), while 
few muscles showed tightness reduction in the 
control group, suggesting that rTMS combined 
with therapy was potentially beneficial.

Guo et al. [256] reported on a 6-year-old with 
mild ataxia CP (hypoxic ischemic encephalopa-
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thy on MRI) who received rTMS to the right 
DLPFC 5 consecutive days/week for a total of 8 
months, and had a resting-state fMRI before and 
after each month of rTMS. Overall, there were 
improvements in motor and cognitive functions 
on both clinical assessment and fMRI after rTMS 
treatment.

There is very limited data on the efficacy of 
rTMS in pediatric patients with CP; however, 
based on what we have, it may worthwhile to 
design RCTs evaluating high-frequency rTMS in 
therapy of motor function, and long-term low- 
frequency rTMS in therapy of motor and/or cog-
nitive functions.

 Conclusion

Various modes of non-invasive brain stimulation 
show promise in the treatment of neurological 
disorders in adults and children. The strongest 
evidence of therapeutic efficacy lies in rTMS 
treatment of major depressive disorder in adults, 
which has FDA approval. The heterogeneity of 
studies on tDCS and other forms of TMS (such 
as deep TMS) in therapy of various neurologic 
disorders (e.g., chronic pain, epilepsy, cerebral 
palsy) in adult and pediatric patients represents a 
major challenge that necessitates more well- 
designed sham-controlled RCTs with larger 
sample sizes and greater protocol standardiza-
tion in order to confirm efficacy of each 
protocol.

While TMS and tDCS tend to be well toler-
ated in adult and pediatric populations overall, 
long-term data is rather limited, and caution is 
particularly important in applying rTMS to pedi-
atric populations. Overall, the potential for NIBS 
to safely improve neuroplasticity and treat many 
neurologic disorders, particularly when added to 
rehabilitative therapy, is very encouraging. We 
look forward to enhancing our understanding of 
neural networks and how to treat their pathologi-
cal states in future studies utilizing cutting-edge 
NIBS techniques.
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Neuromodulation has long been used to restore 
physiologic function to patients with overactive 
bladder, urinary retention, pain, and fecal symp-
toms. Despite the commercial availability of neu-
romodulation for almost 20 years, only minimal 
technical advances have been made in the field. 
Approved targets for neuromodulation in urology 
are limited to the sacral and tibial nerves. 
Pudendal neuromodulation has been described, 
but is not FDA-approved (Fig. 13.1). Approved 
urologic indications for sacral neuromodulation 
are urgency incontinence, overactive bladder, and 
nonobstructive urinary retention. Tibial neuro-
modulation is approved only for overactive blad-
der. In recent years, numerous innovative devices 
designed to address the limitations of currently 
available products have been investigated. The 
emergence of new technologies, and the develop-
ment of novel nerve targets, may significantly 
expand the clinical application of neuromodula-
tion in the near future.

 Sacral Nerve

When introduced in 1997, sacral neuromodula-
tion was an invasive procedure requiring an open 
sacral incision, incising the dorsolumbar fascia, 
identifying the foramen, placing a lead adjacent to 
the S3 sacral nerve, and securing the lead to the 
sacral periosteum (Fig. 13.2). The lead required 
an implantable pulse generator (IPG) placed sub-
cutaneously in the upper buttock. Prior to under-
going this relatively invasive procedure that 
required inpatient hospitalization, a peripheral 
nerve evaluation (PNE) was done in the office by 
placing a percutaneous monopolar sacral lead for 
several days while stimulating the nerve with an 
external generator. The PNE test had several limi-
tations including poor placement of the lead, early 
migration, and overall poor clinical response [1, 
2]. It wasn’t until 2002 that a tined lead was intro-
duced making lead placement truly a percutane-
ous procedure. This minimally invasive approach 
allowed for the development of a staged test 
where the permanent lead was placed and exter-
nalized for up to 2 weeks. This increased the 
amount of time the patient had to determine the 
efficacy of the device, allowed for reprogram-
ming and improved clinical outcomes [3, 4]. The 
only other technical update to sacral neuromodu-
lation since its approval was in 2007 when the 
implantable pulse generator was reduced in size 
from 42 to 22 g [5, 6]. This improved patient 
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satisfaction and reduced  complaints of pain at the 
IPG site, but increased the cost of the device as the 
battery life was reduced from 8 to 4 years requir-
ing additional surgery and replacement costs. 
Finally, in 2011 sacral neuromodulation was 
approved for fecal incontinence [7], though this 
had been described since 1995 [8], ending further 
development of the technology.

While sacral neuromodulation (InterStim®, 
Medtronic, Inc.) is safe and effective, it has several 
limitations. First, implantation of a neurostimula-
tor requires at least one (if successful PNE), but 
usually two procedures (staged approach) under 
sedation in the operating room. The implantable 
pulse generator is still bulky in size and may cause 
site symptoms requiring reoperation and, impor-
tantly, is non-rechargeable requiring surgery every 
4–5 years to replace. Another major limitation is 
that the leads and generators are not compatible 
with magnetic resonance imaging (MRI). The 
potential need for MRI can limit the number of 
patients who may otherwise benefit from this ther-
apy and may require the removal of a very expen-
sive device if MRI is required. Finally, the cost of 
sacral neuromodulation to the healthcare system is 
high as there are no competitors on the market to 
drive competitive pricing.

The currently available system relies on 
decades-old technology. New technologies with 

Fig. 13.1 Fluoroscopic images of leads placed percutaneously at the (a) S3 sacral nerve, (b) pudendal nerve, and (c) 
posterior tibial nerve

Fig. 13.2 The first implantable neuromodulation system 
was more invasive than the percutaneous methods used 
today. An insulated needle in the S3 foramen during 
placement of the first generation InterStim® (Medtronic, 
Inc.) via paramedian sacral incision. Reproduced with 
permission from AK Das et al. [76]. Sacral nerve modula-
tion for the management of voiding dysfunction. Rev. 
Urol. 2000; 2: 43–52, 60. Reviews in Urology is a copy-
righted publication of MedReviews®, LLC. All rights 
reserved
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modern capabilities are under investigation 
with a focus on decreasing cost, patient burden, 
and invasiveness of the treatment, while main-
taining or improving efficacy. In the past few 
years, several new technologies have been in 
development including longer lasting and 
rechargeable batteries, wireless charging and 
power sources, advances in programming, 
reducing the invasiveness with a single-stage 
rather than a two-stage procedure, or by simply 
developing new devices to provide a more com-
petitive pricing environment.

 Improved Battery Technology 
and External Power Sources

Cutaneously rechargeable battery technology has 
the ability to reduce the size of the IPG, improv-
ing patient comfort and extending battery life. 
The Axonics® Sacral Neuromodulation System is 
60% smaller than the Medtronic InterStim® II 
device and has a CE mark in Europe, but is not 
yet available in the USA. The battery life is 
15 years, compared to 4–5 years for the InterStim® 
product (see Fig. 13.3) [9]. The system is wire-
lessly and transcutaneously rechargeable and is 
expected to require charging for less than 2 h 
every 1–3 weeks. The patient remote is the size 
of a key fob and controls the intensity of stimula-
tion and notifies the patient when charging is 
required. The clinician programmer has a graphic 
interface and allows for EMG input to enhance 
programming parameters. A clinical trial is cur-
rently underway in Europe [10].

Several other technologies that use external 
power sources are currently also in develop-
ment, including the StimWave® and 
StimGuard® devices. StimWave is currently 
approved for peripheral nerve pain including the 
pudendal nerve, dorsal root ganglion (T7-S1), 
and for spinal cord stimulation (T7-L5). 
StimGuard is studying a percutaneously 
implanted lead for chronic stimulation of poste-
rior tibial nerve and sacral nerve for voiding 
dysfunction. We discuss these technologies in 
more detail later in this chapter.

 Programming

There is minimal data on programming parame-
ters with sacral neuromodulation. Continuous 
stimulation is typically used, but cycling, inter-
mittent, or on-demand use of the InterStim® 
neurostimulator device may improve battery life 
and reduce “nerve fatigue” leading to reduced 
efficacy. Small studies have demonstrated com-
parable symptom score outcomes with use of on- 
demand [11] and intermittent [12] sacral 
neuromodulation. More studies are needed to 
evaluate different programming strategies to 
understand the ideal settings that may improve 
efficacy and prolong battery life.

 Boost Technology

Another new approach to improve clinical effi-
cacy would be to modify the energy delivery by 
transmitting surges of higher amplitude energy 
when there are symptoms of an impending incon-
tinent episode [13, 14]. Theoretically, either the 
patient controller or a dedicated smaller key-fob 
type device could be used to deliver a burst of 
stimulation to suppress oncoming urge symp-
toms of detrusor overactivity. Several small stud-
ies suggest that conditional stimulation may be 
effective in reducing detrusor overactivity.

 Staging of the Procedure

The issue of patient burden and system cost may 
be addressed by moving from a two-stage to a 
single-stage procedure. The single-stage proce-
dure would consist only of implantation of the 
lead and generator in the operating room without 
a testing phase, followed by an extended (several 
weeks or months) trial with optimization of pro-
gramming. The device would be removed in a 
second procedure if ineffective after this trial. 
Nikolavsky et al. found that 90.3% of patients in 
their study would benefit from a single-stage pro-
cedure, reducing operative and anesthesia risks, 
time lost from work, and burden on patients and 
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providers [15]. A single-stage approach was also 
found to decrease cost with Blue Cross/Blue 
Shield reimbursement (overall average savings 
of $3655/patient), but not with Medicare (overall 
average loss of $806/patient) due to differences 
in payment structure. The cost-effectiveness of a 
staged procedure in the operating room has also 
been shown to save $1050 compared to PNE in 
the office followed by placement of a permanent 
lead and generator in the operating room [16].

 Improving Lead Placement 
at Implantation

Further improvements may also be directed at 
enhanced precision of nerve identification during 
neurostimulator implantation. In 2014, Jacobs 
et al. demonstrated improved lead placement 

with a curved over a straight stylet, achieving a 
motor response at lower amplitude at the deepest 
leads and a lower combined altitude over all leads 
[17]. In addition to the use of anatomic and fluo-
roscopic landmarks and motor and sensory 
response, use of intraoperative electromyography 
(EMG) may improve the ability of clinicians to 
accurately pinpoint the location of the targeted 
nerve. Studies are underway to evaluate whether 
EMG guided programming is superior to the 
standard sensory programming

 Additional Nerve Targets

Currently, the S3 sacral nerve is the only FDA-
approved site for the treatment of bladder and 
bowel dysfunction using an implantable device. 
Neuromodulation is thought to improve 

Fig. 13.3 The Axonics sacral neuromodulation (a) full 
system, (b) implantable pulse generator with rechargeable 
battery, and (c) wearable flexible belt with recharging 

device in dock. Reproduced with permission from 
Axonics Modulation Technologies, Inc.
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 symptoms by afferent stimulation to the central 
 nervous system. Other nerve targets such as the 
pudendal nerve (S2, S3, and S4) and the tibial 
nerve (L4, L5, S1, S2, and S3) are proving to be 
alternative sites for implantable technologies.

 Pudendal Nerve

Pudendal neuromodulation for bladder and bowel 
dysfunction is not FDA approved and there have 
been no industry-sponsored studies to assess the 
efficacy of this nerve target. However, there have 
been numerous single-site publications using the 
current InterStim® device at the pudendal nerve. 
The first studies showing efficacy of this technique 
were published in 2005 [18, 19]. Spinelli et al. 
studied 15 patients with neurogenic overactive 
bladder with urge incontinence refractory to medi-
cal therapy, who underwent pudendal InterStim® 
lead placement via perineal or posterior approach 
[18]. Of these patients, three had had prior sacral 
neuromodulation with inadequate results. After 
first-stage lead placement, 12/15 patients pro-
ceeded to second-stage IPG placement. Of these, 
eight patients were completely continent during 
the screening phase; two had greater than 80% 
improvement in number of incontinent episodes 
per day; and two had greater than 50% improve-
ment in number of incontinent episodes per day. 
Objective urodynamic parameters also improved 
in all seven patients who had 6-month follow-up 
with increase in maximal cystometric capacity and 
decrease in maximal detrusor pressure.

The same year, Peters et al. reported on the 
results of a single-blinded randomized clinical 
trial of sacral vs. pudendal neuromodulation in a 
non-neurogenic population (n = 30) with idio-
pathic overactive bladder [19]. These patients 
were all implanted with both sacral and pudendal 
leads and blinded to lead location during the 
screening phase. The majority of patients had a 
chief complaint of urgency/frequency (n = 22), 
with the remaining patients urge incontinence 
and urinary retention (n = 5 and n = 3, respec-
tively). Time to place leads was similar between 
sacral and pudendal sites. After lead placement, 

the patients were randomized to begin pudendal 
or sacral stimulation for the initial 7 days, and 
then switched to the other lead for the next 7 
days. Twenty-four patients had a significant ben-
efit and went on to undergo the second-stage pro-
cedure. Sixty-nine percent found the pudendal 
lead more efficacious and underwent permanent 
implantation. The remaining responders were 
implanted with sacral neuromodulation. This 
study suggested that pudendal neuromodulation 
might be more efficacious than sacral 
neuromodulation.

 Dedicated Product Development

Despite the first report of pudendal neuromodula-
tion in 2005, there have been no attempts by 
industry to complete appropriate clinical trials 
for FDA approval. The currently available 
InterStim® product has been used at the pudendal 
nerve. Migration of the lead is more common 
(6%) than sacral neuromodulation due to the 
placement of the lead in the ischiorectal space 
[19, 20]. However, no dedicated product devel-
opment has been done to reduce lead migration, 
enhance lead positioning or to evaluate patient 
selection. One of the more common uses of 
pudendal neuromodulation has been for pelvic 
pain or pudendal neuropathy associated with 
voiding dysfunction [20, 21]. Recently, Stimwave 
Technologies, Inc. received approval for periph-
eral nerve stimulation for pain using their novel, 
wireless electrode. This electrode is placed 
through a tiny skin nick and has an integrated, 
programmable receiver with adjustable length. 
The energy is delivered via a small rechargeable 
battery and antenna that is placed near the 
receiver either over or under the clothing. This 
system is now being used for pudendal neuro-
modulation for pudendal neuropathy, but is not 
approved for voiding or bowel dysfunction, 
although likely will result in secondary improve-
ment of these symptoms. With the approval of 
this wireless system, the use of pudendal neuro-
modulation may expand for those suffering from 
pudendal nerve directed pain.
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 Tibial Nerve

The tibial nerve has been investigated as a neuro-
modulation target since the 1980s for treatment of 
overactive bladder. Peripheral tibial nerve stimu-
lation (PTNS) had been shown to improve 
urgency, frequency, and number of urge inconti-
nent episodes as early as 2001, but these were 
uncontrolled clinical trials [22, 23]. Randomized 
controlled trials established efficacy compared to 
both pharmacologic therapy and sham treatment 
in 2009 and 2010, respectively. Level 1 evidence 
of the efficacy of PTNS was established and pub-
lished compared to both pharmacologic therapy 
and sham in 2009 and 2010, in the Overactive 
Bladder Innovative Therapy (OrBIT) [24] and 
Study of Urgent® PC versus sham effectiveness in 
overactive bladder Treatment (SUmiT) [25] trials, 
respectively. In the OrBIT trial, 100 adults with 
urinary frequency were randomized 1:1 to 12 
weekly of treatments of PTNS or to 4 mg daily 
extended-release tolterodine. Both arms had sta-
tistically significant improvements in symptoms, 
although PTNS had a 79.5% cure/improvement 
versus 54.8% with tolterodine. In the SUmiT trial, 
220 patients were randomized to PTNS or vali-
dated sham over 12 weeks of therapy. At 13 weeks, 
there was a reported 54.5% improved response 
compared to 20.9% in the sham. Follow-up of the 
patients in both of these pivotal trials confirmed a 
maintained response with continued monthly 
treatments out to 36 months [26, 27]. Following 
these trials, PTNS has become a standard third-
line treatment for overactive bladder and the asso-
ciated symptoms of frequency, urgency, and urge 
incontinence, and a category I CPT code was 
approved by the Centers for Medicare and 
Medicaid Services (effective Jan. 1, 2011).

PTNS, while less invasive than implantable 
neurostimulators, requires frequent weekly visits 
for the initial period then monthly stimulation 
visits indefinitely. Space limitations in the lower 
limb do not allow for implantation of a power 
source. All treatments must take place in the 
office, creating patient burden that can affect 
treatment compliance [26]. While PTNS has 
been shown to be more cost-effective than other 
options including pharmacotherapy [28], the cost 

of frequent visits and indefinite office follow-up 
is a barrier.

 Noninvasive Leads and Home 
Stimulation Devices

The Biowave PTNS System is under investigation 
for use in patients with overactive bladder symp-
toms as an alternative to traditional PTNS. Rather 
than inserting a 35-gauge needle to the tibial nerve, 
stimulation is delivered by a less invasive, micro-
needle skin patch (that is a percutaneous electrode 
array) to allow stimulation of the tibial nerve (see 
Fig. 13.4). Biowave has a patented technology 
allowing easy passage of the energy through the 
impedance of the skin and has been shown to acti-
vate the tibial nerve. A recent pilot study treating 
eight women with overactive bladder with twelve 
30-min weekly sessions [29] showed significant 
decreases in Overactive Bladder Questionnaire 
Symptom Score and Health-Related Quality of 
Life, and Urogenital Distress Inventory 6 (UDI-6) 
[29]. This technology is currently used for treat-
ment of pelvic and groin pain (applied over the 
sacrum), as well as many other types of pain. As a 
patch electrode with a home stimulation unit, the 
Biowave potentially could be used for in-home 
patient- controlled chronic stimulation.

 External Power Sources

The availability of wireless technology with an 
implantable electrode and receiver and an exter-
nal rechargeable energy source and antenna 
could render implantable generators and inter-
mittent percutaneous needle placement obsolete. 
With external wireless power sources, leads can 
be smaller and be used to precisely modulate new 
nerve targets. An implantable tibial nerve stimu-
lator made up of a 4 cm electromagnetic receiver 
composed of two platinum electrodes, called 
Urgent-SQ, had been studied in eight patients 
[30, 31]. The external generator transmits radio-
frequency electromagnetic pulses to the 
 electrodes, creating pulses, stimulating the tibial 
nerve [30, 31]. Patients first underwent PTNS 
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and were evaluated by questionnaires and void-
ing diaries, then PTNS was stopped and all 
patients returned to baseline symptomatology 
prior to implantation. Implantation required a 
two-day hospital admission with bed rest [30]. 
Patients were stimulated at home three times 
weekly for 30-min duration, and four of the eight 
patients met the primary outcome of significantly 
improved symptoms as measured by voiding dia-
ries and quality of life at 12-month follow-up 
[30]. Adverse events included difficulties walk-
ing, urinary tract infection, and spontaneous sen-
sory response; one of the eight patients had the 
device explanted within the first year [30]. Nine- 
year follow-up was recently published and 
showed persistent efficacy in three of the remain-
ing patients [31]. Although older technology, this 
early studied suggested that implantable devices 
at the tibial nerve may be effective.

With the advent of smaller devices, BlueWind, 
a compact tibial neurostimulator placed via an 
open surgical technique, has demonstrated safety 
and efficacy in a small group presented at the 
International Continence Society Annual 
Meeting 2015 (see Fig. 13.5) [32]. This lead is 
placed in the lower limb adjacent to the tibial 
nerve via a cut-down technique. Early results in 
the first 12 patients treated with BlueWind 

 demonstrated that 58% had at least a 50% 
improvement in overactive bladder symptoms. 
This device is undergoing trials in patients with 
overactive bladder and pelvic pain [33, 34].

StimGuard is studying a small, implantable neu-
romodulation electrode with integrated circuitry 
and receiver that can be placed percutaneously at 
the tibial nerve in the office. This new wireless tech-
nology provides patient-controlled chronic stimula-
tion for overactive bladder and was presented at the 
International Continence Society Annual Meeting 
2016 (see Fig. 13.6) [35]. Efficacy was also demon-
strated with data presented at the same conference 
describing two patients with refractory urge inconti-
nence who were completely dry within 48 h after 
implantation [36]. This device has a rechargeable 
external power source and integrated antennas that 
is worn an ankle wrap around the leg at the site of 
the subcutaneous receiver. Patients can stimulate on 
demand and can titrate their stimulation frequency 
based on clinical response. The minimally invasive 
nature of this device and the ability to implant this in 
an office setting has the potential to ease the burden 
of currently available PTNS, improve clinical out-
comes, and reduce the cost associated with implant-
able sacral neuromodulation. A randomized trial 
comparing StimGuard to traditional PTNS is cur-
rently underway [37].

Fig. 13.4 The Biowave Percutaneous Electrical Nerve Stimulation device has a (a) percutaneous electrode array and 
(b) patient-controlled home stimulation unit. Reproduced with permission from Biowave Corporation
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 Potential Undertreatment

The currently available paradigm for PTNS is 
once weekly for 30 min. There is no data to sug-
gest that this is the ideal treatment interval, rather 
it is based on convenience to the patient and the 

physician. Some have shown that daily stimula-
tion leads to more rapid and robust symptom 
improvement [38]. Minimally invasive chronic 
leads with external power sources like the 
BlueWind and StimGuard devices could advance 
tibial nerve neuromodulation by easing patient 

Fig. 13.5 The BlueWind wireless tibial nerve stimulator (a) implantable device, (b) wearable patient-controlled sys-
tem. Reproduced with permission from BlueWind Medical, Ltd

Fig. 13.6 The StimGuard percutaneously implantable 
wireless tibial nerve stimulator (a) tined lead, (b) patient 
controller, (c) wearable energy source. The device can be 

(d) placed percutaneously in a retrograde fashion under 
local anesthetic. Reproduced with permission from 
StimGuard, LLC

K. M. Peters et al.
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burden and potentially improving outcomes 
through daily stimulation.

 Cavernous Nerve Stimulation 
for Erectile Dysfunction

Erectile dysfunction is common in men and 
increases with age [39, 40]. The Massachusetts 
Male Aging Study reported rates of mild, moder-
ate, and complete erectile dysfunction in 17%, 
25%, and 10% of men, respectively [39]. The 
National Health and Social Life Survey study of 
men aged 18–59 reported that 10.2% of the 1244 
men had difficulty achieving or maintaining an 
erection [40]. Treatment of these patients with 
oral phosphodiesterase type 5 inhibitors has 
65–70% efficacy and tolerability [41], yet fewer 
than half of those patients renewed their prescrip-
tions 6–12 months after the initial visit [42]. 
Following oral therapy, patients progress to intra-
cavernous injections or penile implants. 
Intracavernous injections have response rates of 
70–92%, with potential adverse events including 
fibrosis, pain, and priapism [41]. Though penile 
implantation provides high satisfaction rates, 
there is surgical morbidity including infection 
and potential irreversible erectile dysfunction 
[43, 44].

Penile tumescence and erectile response with 
electrical stimulation of the cavernous nerves 
have been demonstrated in canine, primate, and 
rat models in the 1980s and 1990s [45–47]. These 
findings were extrapolated to a clinical setting by 
stimulating the cavernous nerve intraoperatively 
during radical retropubic prostatectomy or penile 
surgery for venous leakage, with erection induced 
in 8/16 and 5/6 patients, respectively [48].

Shafik studied stimulation at the cavernous 
nerve in animal and human models since the 
1990s for treatment of erectile dysfunction [49–
51]. Stimulating the cavernous nerves via an 
extrapelvic subpubic approach using a bipolar 
platinum electrode and radiofrequency receiver 
at a frequency of 60 Hz caused full erections in 
dogs [49]. He repeated this in 15 human patients 
with erectile dysfunction with a similar device, 
using a parapenile incision to expose the 

 cavernous nerve [50]. With similar stimulation 
frequency, he again was able to induce full erec-
tion in all patients. Another study evaluated 
 noninvasive magnetic stimulation of the cavern-
ous nerve by placing a magnetic coil over the 
dorsal penis [51]. In 30 men with erectile dys-
function, the coil was activated, while in 15 con-
trol patients it was placed but not activated. All 
patients in the treatment group reproducibly 
achieved full erections, while none in the control 
group had any change in intracavernous pressure 
or tumescence. While these findings have not 
been reproduced, further investigation of external 
stimulation of the cavernous nerve is warranted. 
Currently, a trial is ongoing evaluating early cav-
ernous nerve stimulation via an implantable 
neurostimulator to enhance nerve erectile recov-
ery after radical prostatectomy [52].

 Expanding Indications and Novel 
Nerve Targets

Dozens of articles have shown that sacral, puden-
dal, and tibial nerve stimulation may provide sec-
ondary gain in the treatment of pelvic pain, 
vulvodynia, persistent genital arousal disorder, 
neurogenic bladder, irritable bowel syndrome, 
chronic constipation, female sexual dysfunction, 
and dysfunctional elimination syndrome in chil-
dren [21, 53–69]. However, these are mostly sin-
gle-center, noncontrolled case reports. The dorsal 
genital nerve (branch of the pudendal) has been 
shown to be a potential site of stimulation for 
overactive bladder and neurogenic detrusor over-
activity [70–74]. Robust, well-controlled trials 
are needed to study other indications to poten-
tially expand our current indications for 
neuromodulation.

Not only is research on new nerve targets and 
clinical indications needed, there is data 
 suggesting that stimulation of different regions of 
the same nerve may impact the clinical effect. 
Grinberg et al. examined the effect of perineural 
thickness, fascicular diameter, and fascicle posi-
tion on axonal excitation thresholds and adjacent 
fascicular recruitment [75]. His findings demon-
strated that increased perineural thickness and 
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fascicular diameter increase axonal excitation 
thresholds, and that size of neighboring fascicles 
affected recruitment (e.g., small fascicles were 
recruited at lower thresholds than larger fasci-
cles, large fascicles caused large changes in acti-
vation threshold of adjacent small fascicles). 
They concluded that studying individual nerve 
targets would thus allow for accurate models to 
improve design of neurostimulators and ulti-
mately clinical outcomes.

 Conclusion

Neuromodulation is changing the future of medi-
cine. Treatment of voiding dysfunction and likely 
other disorders such as pelvic pain, sexual dys-
function, and bowel disorders will no longer rely 
only on medications with moderate efficacy and 
multiple side effects, or destructive and recon-
structive surgeries that are plagued by significant 
complications. Rather, by modulating the nerves, 
the clinician will be able to treat these disorders 
in a minimally invasive and effective fashion. 
Advances in neuromodulation technology will 
allow easier integration of this treatment into 
patients’ lives. Rechargeable and wireless tech-
nologies and new, minimally invasive nerve tar-
gets should reduce the cost to the healthcare 
system and expand availability worldwide.
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 Introduction

Non-neurogenic lower urinary tract dysfunction 
(LUTD) is common throughout the pediatric 
population, with nearly 40% of pediatric urology 
visits being related to voiding dysfunction [1]. 
This is thought to be related to delayed matura-
tion or lack of inhibitory input from higher mic-
turition centers [2]. LUTD can involve a 
combination of symptoms including increased/
decreased urinary frequency, incontinence, 
urgency, nocturia, dysuria, straining, or intermit-
tency [3]. LUTD has been shown to be associated 
with other non-urologic entities such as obstipa-
tion and behavioral problems, and therefore a 
multimodal approach must be taken [4].

On many occasions, these symptoms can 
resolve with age. For example, nocturnal enure-
sis has a 15% resolution rate per year and overall 
decrease in prevalence from 20 to 1% from ages 
5–16 [5]. However, pediatric urologists still fre-
quently encounter patients who require treat-
ment. First-line treatment for non-neurogenic 
LUTD includes behavioral therapy (i.e., bladder 

training, pelvic floor exercises, biofeedback). 
Patients not responding to behavioral therapy 
may require medical therapy (i.e., anticholiner-
gics, alpha-blockers). Although a combination of 
these treatment modalities have been shown to be 
very effective in managing these symptoms in the 
pediatric population, up to 20% of these patients 
will be refractory [6]. This introduces a conun-
drum for both patients and their physicians. In an 
attempt to manage patients who are resistant to 
conventional treatment methods, some uncon-
ventional approaches have been investigated. 
Neuromodulation, including posterior tibial 
nerve stimulation, has emerged as a safe and effi-
cacious tool in the management of refractory 
voiding dysfunction and is well studied in the 
adult population. It has been increasingly studied 
for the management of pediatric LUTD. This 
chapter will discuss relevant literature and 
describe procedural techniques supporting the 
use of PTNS in a pediatric patient population.

 History

Although neuromodulation has established a role 
in the management of adult voiding disorders, 
there were some initial reservations to perform-
ing these techniques in the pediatric population. 
It was thought that neuromodulation was too 
invasive for this population, thus potentially 
resulting in pain and noncompliance [7]. Tanagho 
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was the first to assess the safety and efficacy of 
sacral neuromodulation in the pediatric popula-
tion and he found that in addition to tolerating the 
procedures very well, most patients had improve-
ment of their urinary symptoms after testing and 
many received implant of permanent electrodes 
as a result [8].

PTNS was first described in 1983 by McGuire 
and colleagues, where they showed that percuta-
neous stimulation of the tibial nerve was effec-
tive in treating patients with detrusor instability 
[9]. The idea behind stimulating nerves to control 
voiding dysfunction is one that goes back to tra-
ditional Chinese medicine and acupuncture, 
where various points are stimulated in an attempt 
to normalize voiding function [10]. One of the 
acupuncture points of interest is the Sanyinjiao 
(SP6), a point that is located 5 cm cephalad from 
the medial malleolus, which is the area of the 
tibial nerve [9]. Stimulation of the tibial nerve is 
thought to affect voiding function because it con-
tains fibers that are of the same spinal segments 
as the parasympathetic nerves that innervate the 
bladder and thus, stimulation can modulate blad-
der activation [11].

 Posterior Tibial Nerve Stimulation 
(PTNS) in Pediatrics

PTNS has gained increased popularity in recent 
years in the adult population, gaining approval 
from the Food and Drug Administration in 2000 
for the management of overactive bladder. It was 
around this time that this procedure was intro-
duced in the pediatric population. There are two 
PTNS approaches that have been described in the 
literature for the pediatric population: percutane-
ous and transcutaneous. Both will be discussed in 
this section.

 Percutaneous PTNS

The percutaneous method was the first approach 
described for PTNS and requires a percutaneous 
electrical nerve stimulation device, which con-
sists of the following: interface cable, surface 

electrode, percutaneous needle, portable stimula-
tor (Fig. 14.2). The procedure is performed as 
follows [12]:

 1. Insertion of the needle about 2 cm cephalad to 
the medial malleolus (Figs. 14.1 and 14.2)

 2. Placement of the surface electrode on the 
medial side of the same foot

 3. Adjust the portable stimulator to provide pul-
sations between the needle and electrode at 
20 Hz

 4. Ensure proper stimulation of the tibial nerve 
by observing flexion of the big toe and/or tin-
gling sensation at the bottom of the foot

 5. Adjust amplitude to just below the sensory 
threshold

 6. Continue therapy for 30 min

A pilot study by Hoebeke and colleagues in 
2002 prospectively looked at the utility of percu-
taneous PTNS in 32 children with mixed lower 
urinary tract symptoms (LUTS) who were resis-
tant to conventional therapy [12]. Treatment ses-
sions took place weekly, where needle stimulation 
was performed for 30 min. Children were evalu-
ated at 6 weeks and therapy was continued for 12 
additional sessions, if favorable results were 
observed. They found that there was resolution 
and improvement of urgency in 25% and 36% of 
the patients, respectively. Incontinence also 
resolved in 17% and improved in 63% of the 
patients. Of the patients who had disturbed void-
ing frequency (i.e., less than 4 or more than 8 
voids daily), 84% achieved normal (4–6) fre-
quency of voiding. There was also a statistically 
significant increase in mean bladder capacity 
from 185 to 279 cm3 and 43% of patients had a 
normalized uroflowmetry curve after treatment 
sessions.

One of the perceived drawbacks of perform-
ing this procedure in the pediatric population is 
the pain associated with the needle. In the study 
by Hoebeke and colleagues, one patient discon-
tinued stimulation therapy due to fear of the nee-
dle [12]. Another study by De Gennaro and 
colleagues looked at pain tolerability in addition 
to the efficacy of percutaneous PTNS in pediatric 
patients with refractory bladder dysfunction [13]. 
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There were 23 patients with LUTS refractory to 
conventional treatment in this study and again 
PTNS was found to be effective in improving 
symptoms in 80% of those with overactive blad-
der and 71% of those with urinary retention. 
Incontinence was also cured in 56% of those 
affected. In addition, urodynamic studies showed 
improved detrusor pressure at maximum flow 
and improved flow rate, after stimulation. Pain 
was monitored in ten children at the first, sixth, 
and last sessions during needle insertion and 
electrical stimulation using various scoring sys-
tems (i.e., the faces pain rating scale, Children’s 
Hospital of Eastern Ontario pain scale, visual 
analogue scale, Questionario Italiano del Dolore). 
These metrics demonstrated generally low levels 

of pain associated with needle insertion, which 
decreased significantly during the subsequent 
sessions. This suggests that this procedure is 
well-tolerated in the pediatric population, in spite 
of the use of a needle.

 Transcutaneous PTNS

Boudaoud and colleagues first described the use 
of transcutaneous PTNS in the pediatric popula-
tion in 2015. This group cited the following 
potential advantages to using the transcutaneous 
technique in the pediatric population: simplicity 
of use, noninvasiveness, decreased pain, and lack 
of reported adverse events. The equipment they 

Fig. 14.1 PTNS needle 
placement. © Cogent 
Medical. All rights 
reserved
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used included: adhesive electrode (3), electrical 
stimulator connected to a computer. The proce-
dure is performed as follows [14]:

 1. Two adhesive electrodes are connected to a 
stimulator (connected to a computer)

 2. One electrode is placed above (positive) the 
medial malleolus and the other is placed 
below (negative) the medial malleolus on the 
same foot

 3. A grounding electrode is placed along the 
path of the other electrodes, superior to the 
previous two

 4. Current intensity is set below the pain thresh-
old at 10 mA, frequency at 10 Hz, and con-
tinuous stimulation of 200 μs for 30 min

In the study by Boudaoud and colleagues, 20 
children with overactive bladder were random-
ized in a double-blind, controlled manner. The 
treatment group received transcutaneous PTNS, 
while the control group received sham treat-
ments. Treatments consisted of two weekly 
30-min sessions for 12 weeks. The investigators 

found no difference in subjective clinical results 
(i.e., reported frequency of episodes, urgency, 
daytime continence, presence of nocturia) at the 
end of the study, as recorded by events in a blad-
der diary. They did, however, find significant 
improvement in the urodynamic tests measured 
in the treatment group, including a significant 
increase in the following: volume voided during 
urgency (184–265 mL), maximal cystometric 
volume (215–274 mL), volume at onset of first 
detrusor contraction (48–174 mL). The treatment 
group also experienced a significant decrease in 
the maximal bladder pressure during an overac-
tive detrusor contraction (61–46). In addition, 
Patidar and colleagues performed a randomized 
sham controlled trial evaluating the efficacy of 
transcutaneous PTNS in the treatment of overac-
tive bladder [15]. In contrast to the results of the 
study by Boudaoud and colleagues, this study 
found that with weekly 30-min treatments, the 
treatment group reported a significant subjective 
improvement of overactive bladder symptoms, as 
well as the number of daily voids, by the end of 
12 weeks. In light of the results of these studies, 
the authors in both papers concluded that trans-
cutaneous PTNS should be presented as an option 
for managing pediatric patients with overactive 
bladder refractory to conventional treatments.

The utility of transcutaneous PTNS for ana-
tomical causes of bladder dysfunction has also 
been investigated. In a study by Lecompte and 
colleagues, eight children with fecal and urinary 
incontinence due to congenital intestinal diseases 
or medullary pathologies were managed with 
transcutaneous PTNS [16]. The equipment used 
included: autoadhesive electrode (2), electrical 
stimulation device (Urostim2®). Treatment was 
initiated with a visiting nurse at the patient’s 
home, who instructed the patient on how to prop-
erly perform treatments. Sessions involved the 
following steps:

 1. Two adhesive electrodes are connected to the 
stimulator

 2. One electrode (positive) is placed 3–4 cm 
above the medial malleolus, the other (nega-
tive) is placed just underneath the medial mal-
leolus of the same leg

Fig. 14.2 Percutaneous PTNS
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 3. The frequency was set to 10 Hz, with intensity 
adjusted until flexion of the big toe occurred

 4. Once big toe response was confirmed, the 
intensity was lowered to 10–25 mA

 5. Stimulation is applied for 20 min

Patients underwent daily 20-min sessions for 
6 months. In the patients who had urinary leak-
age, 83% were continent at the 6-month period, 
as measured by the Schurch score for urine. In 
the patients with fecal leakage, 63% no longer 
leaked, 25% improved, and 13% did not respond, 
as measured by Jorge-Wexner score for defeca-
tion. This retrospective study suggested that 
transcutaneous PTNS is potentially an effective 
treatment option in patients with refractory fecal 
and urinary incontinence due to various organic 
pathologies.

 PTNS and the Future

With recent studies showing that PTNS shows 
promise in managing children with voiding 
issues, there has been increased interest in mak-
ing this treatment option more tolerable and con-
venient for these patients. The transcutaneous 
approach, as discussed above, eliminates the 
aspect of a needle, which has been shown to deter 
some of these patients from treatments. With 
regard to convenience, because classic PTNS 
requires weekly or semiweekly visits for applica-
tion of treatments, some researchers have devel-
oped devices that can be used by patients in their 
homes. Lecompte and colleagues specifically 
focused on patients with complex pathology that 
require daily treatments, which made the home- 
device very useful and almost necessary for these 
patients. Ferroni and colleagues recently 
described a novel at-home, transcutaneous tech-
nique for managing nocturnal enuresis in chil-
dren [17]. Their approach focused on stimulating 
peripheral branches of the tibial nerve at the plan-
tar surface of the foot. The equipment used 
included a commercially available transcutane-
ous electrical nerve stimulation (TENS) device 
and two electrode pads. The treatment sessions 
consisted of the following steps:

 1. Place one electrode across the plantar bridge 
(negative) and the other more proximal over 
the medial edge of the foot inferior to the 
medial malleolus (positive)

 2. Set TENS device settings to the following: 
5 Hz frequency, 0.02 ms pulse width

 3. Increase current amplitude (0–100 mA) to the 
maximal intensity comfortable to the child 
and when observable involuntary great toe 
contraction

 4. Continue treatment for 60 min

This was a 6-week study, where baseline void-
ing information was collecting in the first 2 
weeks, treatment sessions conducted in the sec-
ond 2 weeks, and follow-up in the final 2 weeks. 
In the 22 pediatric patients who were studied, 
there was a significant reduction in mean total 
wet nights per week during the stimulation period 
and a sustained reduction during the follow-up 
sessions. This study shows promise with this 
novel technique; however, randomized- controlled 
studies and long-term data are lacking to support 
its efficacy.

In summary, PTNS is an exciting technique 
that should be considered in pediatric patients 
who are refractory to conventional treatments. 
There are various approaches to providing PTNS 
treatments and these options should be included 
in a discussion between the patient, their family, 
and their urologist.
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Abbreviations

BBD Bladder and bowel dysfunction
DSD Detrusor sphincter dyssynergia
DV Dysfunctional voiding
EMG Electromyogram
ENS Electrical nerve stimulation
NMNE Non-monosymptomatic nocturnal 

enuresis
OAB Overactive bladder
PMNE Primary monosymptomatic noctur-

nal enuresis
PTENS Parasacral transcutaneous electrical 

nerve stimulation

 Introduction

The use of electroneurostimulation (ENS) for 
bladder dysfunction has been well established 
within the adult population, with indications for 
treatment of urinary retention and the symptoms 
of overactive bladder, including urinary urge 
incontinence and significant symptoms of 
urgency-frequency. It has also been trialed in 

children with lower urinary tract symptoms 
(LUTS), with promising results [1–3]. There is a 
suggested advantage to ENS use in children ver-
sus adults, in that there may be increased neuro-
plasticity, which could allow for improved 
long-term outcomes [1]. However, this has not 
been established within the literature and remains 
purely theoretical.

Childhood LUTS may be secondary to blad-
der and bowel dysfunction (BBD) which can lead 
to recurrent urinary tract infections (UTIs), vesi-
coureteral reflux, kidney damage, and inconti-
nence, all of which have a serious impact on the 
health and quality of life of affected children and 
their families [4–6]. Pediatric BBD is commonly 
believed to be secondary to learned misbehav-
iors, where the child may prolong having a bowel 
movement or voiding. This holding behavior 
may lead to pain when the child does defecate or 
urinate, which may make it less likely for them to 
use the restroom when necessary, perpetuating 
these issues. In fact, BBD has been described as 
the second most common chronic condition of 
childhood [1]. Pediatric BBD may lead to an 
overactive bladder (OAB) and dysfunctional 
voiding (DV). OAB in children is thought to be 
secondary to detrusor overactivity during the 
bladder storage phase, whereas DV is due to a 
failure of normal relaxation of the external ure-
thral sphincter during the voiding phase [4, 7]. 
Children with OAB commonly present with uri-
nary urgency, frequency, and incontinence. 
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Dysfunctional voiding may be manifested by a 
staccato voiding pattern, urinary straining, and 
incomplete bladder emptying, which may result 
in recurrent urinary tract infections and urinary 
incontinence. In children with DV, an uroflow 
with electromyogram (EMG) or a videourody-
namic study may demonstrate an intermittent 
uroflow pattern along with excessive EMG activ-
ity due to contraction of the sphincter during 
voiding. DV is similar to detrusor sphincter dys-
synergia (DSD), except that DSD, by definition, 
only occurs in patients with a concurrent neuro-
logical disorder; as such DV is also known as 
non-neurogenic neurogenic voiding or Hinman’s 
syndrome [4].

Management of pediatric OAB and DV is var-
ied and targeted at the individual patient, but tra-
ditional therapies include timed voiding, 
management of any concurrent constipation 
through the use of medications or dietary changes, 
anticholinergics, biofeedback, and pelvic floor 
physical therapy. In rare cases, clean intermittent 
catheterization and surgery may be necessary. 
Despite management, it is estimated that 20–40% 
of pediatric OAB and DV cases are resistant to 
conservative traditional treatment [1]. ENS can 
thus be a useful adjunct. A wide variety of ENS 
methods have been utilized and reported to be 
effective, including intravesical electrical stimu-
lation, anal and vaginal stimulation, and transcu-
taneous electrical nerve stimulation (TENS) of 
the suprapubic region, posterior tibial nerve, and 
parasacral nerve roots [1–3, 8]. Of these loca-
tions, transcutaneous parasacral TENS, which 
involves electrical nerve stimulation of the sec-
ond and third sacral dermatomes through the use 
of surface electrodes, has been the most widely 
utilized and studied in the treatment of pediatric 
bladder and bowel dysfunction [1].

This chapter discusses utilization of parasa-
cral transcutaneous electrical nerve stimulation 
in the pediatric population. A review of normal 
bladder neuroanatomy and physiology, PTENS 
technique and its theorized mechanism of action, 
as well as the indications, treatment outcomes, 
and side effects of PTENS therapy is presented.

 Normal Bladder Neuroanatomy 
and Physiology

A full understanding of normal bladder filling 
and emptying is imperative for distinction of 
bladder dysfunction and related symptoms. 
During normal bladder filling, stimulation of the 
sympathetic hypogastric plexus at the spinal 
level of T10–T12 results in detrusor muscle 
relaxation as well as contraction of the intrinsic 
sphincter, inhibiting micturition. Once the blad-
der is full, stimulation of the pelvic parasympa-
thetic plexus at the spinal level of S2–S4 causes 
detrusor muscle contraction and relaxation of the 
intrinsic sphincter, facilitating micturition [9]. 
Somatic innervation of the pelvic floor and exter-
nal urethral sphincter at the spinal level of S2–S4 
through the pudendal nerve is more complex, but 
allows for both afferent and efferent pathways 
between the bladder and the central nervous sys-
tem. There are two types of bladder afferent, A-δ 
fibers from mechanoreceptors in the bladder wall 
which detect fullness and C-fibers which relay 
discomfort or pain [1]. Normal bladder storage 
and micturition cycles depend on intact neural 
pathways in the central nervous system at the 
cortical and pontine micturition centers which 
allow for smooth coordination between the two 
states.

Normal bladder filling and emptying and the 
related neuroanatomy are depicted in Fig. 15.1 
and can be divided into (1) urinary storage and 
(2) voiding. During the storage of urine, disten-
tion of the bladder produces low-level vesical 
afferent firing. This in turn stimulates the sympa-
thetic outflow in the hypogastric nerve to the 
bladder outlet (the bladder base and the urethra) 
and the pudendal outflow to the external urethral 
sphincter. These responses occur by spinal reflex 
pathways and represent guarding reflexes, which 
promote continence. Sympathetic firing also 
inhibits contraction of the detrusor muscle and 
modulates neurotransmission in bladder ganglia. 
A region in the rostral pons (the pontine storage 
center) might increase striated urethral sphincter 
activity.
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During the elimination of urine, intense 
bladder- afferent firing in the pelvic nerve 
 activates spinobulbospinal reflex pathways that 
pass through the pontine micturition center. This 
stimulates the parasympathetic outflow to the 
bladder and to the urethral smooth muscle and 
inhibits the sympathetic and pudendal outflow to 
the urethral outlet. Ascending afferent input from 
the spinal cord might pass through relay neurons 
in the periaqueductal grey (PAG) before reaching 
the pontine micturition center.

 Proposed Mechanism of Action 
of ENS on the Lower Urinary Tract

The exact mechanism of action of ENS on the 
lower urinary tract is unclear, but there are sev-
eral theories (Fig. 15.2) [10]:

 1. Affecting the neuroaxis at various levels and 
restoring the balance between excitatory and 
inhibitory regulation within the peripheral and 
central nervous systems

 2. Activation of afferent bladder somatosensors 
with input to micturition center in the brain 
and/or activation of hypogastric sympathetic 
nerves

 3. Downregulation of bladder response with 
recurrent, repetitive electrical stimulation and 
subsequent reduction in detrusor muscle 
activity

 4. Afferent sacral nerve stimulation which 
increases inhibitory stimuli to efferent pelvic 
nerve and reduction in detrusor contractility

 5. Hypogastric nerve stimulation through activa-
tion of sympathetic fibers and low bladder 
volumes, with stimulation of pudendal nerve 
nuclei in spinal cord at maximal bladder 
volume

Fig. 15.1 Neuroanatomy and innervation of the bladder, 
pelvic floor, and urethral sphincter that control continence 
and micturition. (a) Urine storage reflexes. (b) Voiding 

reflexes. From Fowler et al., The neural control of mictu-
rition. Nat Rev. Neurosci 2008;9:453–66. Reprinted with 
permission from Nature Publishing Group
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 Pediatric PTENS Technique

Parasacral transcutaneous electrical nerve stimu-
lation machines utilize electrical energy at vari-
ous frequencies and disposable adhesive surface 
electrodes, which are placed at the sacral region 
(Fig. 15.3). The typical placement of electrodes 
is over the second and third sacral dermatomes 
(lateral border of each electrode over the poste-
rior superior iliac crest, inside border 1 finger- 
width from the midline). This therapy can be 
done in-office but is often done at home, with 
children placing the surface electrodes and wear-

ing them for a specified length of time. The elec-
trodes can be attached using either inexpensive 
carbon rubber electrodes (requiring adhesive 
tape along with an electrolyte gel) or self-adhe-
sive electrodes. The current frequency most 
commonly utilized is 10 Hz, which has been 
established within the adult literature as the fre-
quency that causes inhibition of detrusor activity 
[11]. The pulse duration allows for optimal 
depolarization of the motor and sensory fibers at 
a minimum charge per pulse and in the adult 
population has been reported as between 100 
and 300 μs for sensory fibers and 200 μs for 
motor fibers [12]. Most studies on the use of 

Fig. 15.2 Neurophysiology of the lower urinary tract and 
the proposed sites of action of ENS action. The proposed 
sites of ENS action are depicted with the red check marks 
and include (1) affecting the neuroaxis at various levels, 
(2) activation of afferent bladder somatosensors, (3) 

downregulation of bladder response, (4) afferent sacral 
nerve stimulation, and (5) hypogastric nerve stimulation. 
From Wright et al. [1]. Reprinted with permission from 
Elsevier, Ltd
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PTENS in children have utilized a pulse duration 
ranging from 150 to 700 μs. Stimulus intensity 
has been reported as a range from 0 to 60 mA, 
but is adjustable based on the child’s tolerance 
level. The electrodes are placed and each session 
typically lasts 20 min, performed twice daily 
three times a week, for a total of 20 sessions, but 
can vary depending on patient improvement and 
tolerance to therapy [2, 3, 13–18]. Complete 
resolution of symptoms has been reported in as 
few as three sessions in some cases, with 55–60% 
resolution after 20 sessions [19].

 Indications for Pediatric PTENS

PTENS over the S2–S3 sacral foramina has been 
utilized for all forms of childhood lower urinary 
tract dysfunction. The most common pediatric 
indication for therapy is overactive bladder, 
which is defined as urinary urgency, which may 
be accompanied by urinary frequency with or 
without urinary incontinence [4]. PTENS has 
also been utilized in the treatment of pediatric 
nocturnal enuresis, dysfunctional voiding, and 
constipation. In this section, we will discuss the 
various pediatric bladder and bowel conditions in 

which PTENS has been utilized and the results of 
studies regarding the usage of PTENS in the 
treatment of these abnormalities.

 Overactive Bladder

Classically, pediatric OAB has been managed 
with urotherapy and anticholinergics [4]. 
Urotherapy is considered by most practitioners to 
be a first-line therapy for OAB in children and 
typically involves education of the child and 
family, routine hydration and regular optimal, 
timed voiding regimens and bowel programs. 
Routine treatment may also include anticholiner-
gics and physical therapy and biofeedback train-
ing. While these treatments can be effective, 
there is a significant percentage of patients who 
fail conservative therapy. In addition, while the 
reported rate of response to anticholinergics is 
high (70–80%) [20], the rate of complete symp-
tom resolution is much lower, ranging from 14 to 
35% [20, 21]. Treatment with anticholinergics 
also has several drawbacks, including the neces-
sity of long-term administration, poor long-term 
compliance, and undesirable side effects, which 
lead to discontinuation in up to 10% of children 
[22].

The first reported use of PTENS for the treat-
ment of pediatric overactive bladder was by 
Bower et al. in 2001, with treatment performed 
twice daily at home for 1 h, over a period of 
1–6 months (average 2 months) [3]. Complete 
resolution of symptoms was found in 68% of 
children, with 39% of parents reporting improve-
ment in urgency and 73% with reduced number 
of incontinence episodes. Hoebeke et al. also 
reported similar findings with children treated 
with PTENS in combination with anticholiner-
gics, with a 51% overall cure rate at 1 year, 23% 
decrease in urgency symptoms, and 66% 
improvement in weekly incontinence episodes 
[2]. Malm-Buatsi et al. also retrospectively 
examined the use of PTENS in a treatment- 
resistant group of children with OAB, with a 
reported 13% cure and 66–73% improvement 
rate in urgency and incontinence symptoms, 
respectively [13].

Fig. 15.3 PTENS surface electrode placement. The lat-
eral border of each electrode typically is over the posterior 
superior iliac crest and the inside border should be one 
finger width from the midline
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Several prospective trials have since been per-
formed, with promising results. Barroso et al. 
used PTENS in a predominately treatment-naive 
group of children with OAB for a mean of 
4.4 weeks, with a 63% cure and 32% improve-
ment rate [14]. Wright et al. examined 84 
treatment- resistant (failed standard urotherapy 
and at least one anticholinergic) children treated 
with home-based PTENS for 1 h daily for 
12 weeks and reported a 16.6% cure rate, with 
improvement in 43% of patients, with no serious 
adverse effects [1]. In another study of treatment- 
resistant patients, a complete response to therapy 
was seen in 70%, with an 82% improvement in 
urgency and 81% improvement in incontinence 
symptoms [15].

Randomized prospective trials are limited, 
but there are two reported which compare 
PTENS with sham treatment. Lordêlo et al. 
examined a treatment-naive group of children 
who underwent 20 PTENS sessions of 20 min 
each (10 Hz), performed three times weekly 
[16]. When compared to a scapular electrical 
stimulation group, 62% of parents reported 
complete improvement of symptoms, with no 
cases of complete resolution in the sham group 
(p < 0.001). Significant improvement of symp-
toms was found in 38.1% of patients in the test 
group and 31.3% of those in the sham group. 
Similar findings were found by Hagstroem 
et al. in a treatment-resistant group of children 
with refractory daytime urinary urge inconti-
nence and demonstrable detrusor overactivity 
on urodynamics [18]. In this group of children, 
a 61% partial response rate (improvement 
50–90%) was seen, with a significant decrease 
in incontinence scores, wet days, number of 
daily urge incontinence episodes, and improved 
response to urgency.

Long-term results of pediatric PTENS are not 
yet well established in the literature. However, 
Lordêlo et al. reported a response rate of 84% of 
children with a history of OAB, a 74% response 
rate for children suffering from daytime inconti-
nence and a 78% response rate for all children 
suffering from LUTS at 2 years after treatment 
initiation [17]. They identified a 10% recurrence 
rate of LUTS in their study population.

PTENS has been compared in several trials to 
conventional therapy, with mixed results. Sillén 
et al. compared children with symptoms of OAB 
and incontinence treated with standard urother-
apy (behavioral therapy and lifestyle changes, 
including timed voiding and management of con-
stipation) to those treated with urotherapy and 
PTENS [23]. In this study, children treated with 
PTENS did not achieve a significant reduction in 
number of voids or incontinence episodes com-
pared to standard urotherapy. However, there 
were a higher proportion (67%) of children in the 
PTENS group who were completely dry after 
treatment, compared to 46% in the urotherapy- 
only group, but this result was not statistically 
significant. Quintiliano et al. also compared pedi-
atric PTENS to oxybutynin in a randomized, pro-
spective trial of 28 children with OAB symptoms 
and found complete symptom resolution in 46% 
of patients treated with PTENS versus 20% with 
oxybutynin alone [24]. This was also not statisti-
cally significant, likely due to small sample size.

One published comparison study between 
pediatric PTENS and posterior tibial nerve stim-
ulation (PTNS) found a 70% parent-reported 
symptom response rate in the PTENS group 
compared to 9% in the PTNS group [8]. However, 
there was no statistically significant difference 
between the groups using a standardized pre- and 
post-treatment symptom questionnaire, suggest-
ing that the difference may have been due to dif-
ferent electrical parameters used or placebo 
effect, as PTENS treatment required more fre-
quent office visits.

The effect of pediatric PTENS is less clear 
with regard to pre- and post-treatment urodynam-
ics. Borch et al. examined the effect of PTENS on 
natural-fill urodynamics in a double-blind, 
placebo- controlled study of 24 children with 
severe OAB and daytime urinary incontinence 
[25]. After 24 h of baseline investigation, the chil-
dren were randomized to either active continuous 
PTENS or placebo PTENS. In this study, PTENS 
had no immediate objective effect on bladder 
capacity or number of bladder contractions. 
Barroso et al. performed urodynamic evaluation 
in children with idiopathic isolated OAB immedi-
ately before and after the first session of parasa-
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cral TENS, as well as immediately after the last 
session (7 weeks later) [26]. There was no change 
in the urodynamic parameters immediately after 
the first session of stimulation, and after the last 
session, bladder capacity was the only urody-
namic finding that showed improvement, although 
this was not statistically significant. Table 15.1 
provides a summary of studies focusing on the 
use of PTENS in children with OAB.

 Dysfunctional Voiding

As described in the introduction, pediatric dys-
functional voiding is defined as a fluctuating flow 
rate due to intermittent contractions of the peri- 
urethral striated or levator ani muscles during 
voiding in neurologically normal children, result-
ing in staccato-type voiding. Dysfunctional void-
ing can be diagnosed by the presence of sphincter 
activity on electromyography during voiding [4]. 
The first-line therapy for DV is biofeedback, and 
success rates are typically high, around 90–100% 
[7]. However, there are some children who fail 
conventional therapy, and in this population 
PTENS has been utilized with some benefit.

There are limited studies evaluating the use of 
PTENS in children with DV. Tugtepe et al. exam-
ined the effect of PTENS in a mixed cohort of 
treatment-resistant children with OAB and DV 
[15]. The majority of patients (60%) fell into the 
DV category and had previously failed 6 months 
of treatment with either biofeedback or alpha- 
adrenergic blockers. After 3 months of treatment 
with daily PTENS, there was a 64% improve-
ment in fractionated voiding as well as a statisti-
cally significant increase in bladder capacity and 
Qmax on uroflow-electromyogram. There was an 
overall cure rate of 70% among all children 
treated with PTENS. Barroso et al. also exam-
ined the effect of PTENS in children with DV 
who did not have complete resolution of symp-
toms after biofeedback. In this small subset of 
patients, four had complete improvement of 
symptoms, with the other two patients reporting 
90 and 40% improvement [14]. Table 15.2 pro-
vides a summary of studies focusing on the use of 
PTENS in children with DV.

 Nocturnal Enuresis
The etiology of nocturnal enuresis (NE) is multi-
factorial. It is observed in 15–20% of children at 
the age of 5, which decreases to 1–2% by the age 
of 17 years [27]. This condition can be subdi-
vided into primary monosymptomatic nocturnal 
enuresis (PMNE), where the only symptom is 
loss of urine during sleep, and non- 
monosymptomatic nocturnal enuresis (NMNE), 
where nocturnal enuresis is associated with any 
other daytime lower urinary tract symptom, such 
as urinary urgency, urge incontinence, or fre-
quency [4]. Standard first-line therapy for patients 
with PMNE includes limiting fluids prior to bed-
time, as well as the use of bedwetting alarms and 
medications, including desmopressin and imipra-
mine. In children with NMNE, treatments may 
include those utilized for PMNE, but should also 
include treatment of the daytime issues as well. 
This may include the use of timed toileting, anti-
cholinergics, and the treatment of constipation. 
The treatment of the daytime symptoms in chil-
dren with NMNE is important as studies have 
demonstrated a treatment failure rate of 50% for 
anticholinergics and 53% for bedwetting alarm 
therapy use alone [28].

In some children, PTENS has been considered 
to be a promising alternative option in the treat-
ment of pediatric NE, although there are limited 
studies evaluating this utilization. There has been 
one randomized prospective trial of children with 
PMNE who underwent treatment with behavioral 
therapy as well as PTENS, which showed a 62% 
improvement in number of dry nights after ten 
sessions, compared to 37% in the control group 
[29]. Neither gender nor age influenced the 
effects of PTENS on improving percentage of 
wet nights. A small non-randomized controlled 
trial of children with NMNE showed a 42% rate 
of complete resolution of NE, with 21% of 
patients reporting a reduction in enuresis to less 
than once per week [28]. In a subgroup analysis 
of patients with OAB who also had NE, Barroso 
et al. found a cure rate of 38%, with decreased 
severity of symptoms in 53% after treatment with 
PTENS [14]. Further studies have found a 14% 
rate of complete resolution [13] and 41% 
improvement in NMNE with patients treated 
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with PTENS [14]. Table 15.3 provides a sum-
mary of studies focusing on the use of PTENS in 
children with NE.

 Constipation

There is a strong association between bowel and 
bladder dysfunction, and it has been well estab-
lished that improvement in bowel habits can sig-
nificantly improve bladder dysfunction. 
Traditional treatment of constipation in children 
includes increasing dietary fiber, the use of poly-
ethylene glycol, avoiding postponement of defe-
cation, and laxatives [30].

PTENS has been studied and utilized in chil-
dren who have failed these standard therapies. 
Transcutaneous nerve stimulation has been shown 
to significantly improve colonic transit time, with 
subsequent resolution or improvement in consti-
pation [31]. In a double-blind placebo- controlled 
study of children with OAB, PTENS was found to 
result in a significant increase in the number of 
rectal contractions as measured by rectal manom-
etry during 48-h urodynamic monitoring [30]. 
Other studies have supported the role for TENS in 
constipation, although they have utilized interfer-
ential stimulation, with lead placement over the 
anterior abdominal wall as well as along the para-
spinal region between T9 and L2 [31, 32]. 
Literature supporting the use of parasacral TENS 
is limited, although Veiga et al. found an 85.7% 
improvement in constipation symptoms based on 
Rome III criteria after PTENS therapy [19]. 
Quintiliano also examined children with OAB 
and constipation and found that use of PTENS 
improved constipation in 100% of those treated, 
although this was not statistically significant [24]. 
A recent prospective study in children with OAB 
and constipation found that treatment with 
PTENS resulted in a 49% cure rate for OAB 
symptoms and 60% cure rate for constipation. 
The cure rate for OAB was not associated with 
either the presence or absence of constipation 
before treatment, and PTENS resolved OAB irre-
spective of its positive effect on constipation [32]. 
Table 15.4 provides a summary of studies focus-
ing on the use of PTENS in children with OAB.

 Adverse Effects, Dropout, 
and Recurrence Rates

PTENS is typically well tolerated. The most 
common side effects are skin sensitivity from 
electrode pads, discomfort or pain related to the 
intensity of the TENS machine, and sensation of 
decreased need to void [2, 11, 13, 19]. Given that 
the child or provider can easily titrate the TENS 
intensity up or down, any discomfort is usually 
transient and an intensity level can be chosen that 
is comfortable. The dropout rate in one study was 
found to be 22% [2]. Early discontinuation of 
therapy (less than 2 weeks) has been reported at 
11%, with compliance of therapy beyond 2 weeks 
reported at 78%. The most common reason for 
discontinuing therapy is typically due to lack of 
motivation and/or inconvenience of the treatment 
[13]. The recurrence rate for parasacral TENS 
ranges from 2 to 17%, depending on the follow-
 up interval [1, 2, 16, 17].

 Discussion

The use of parasacral TENS is best established in 
the pediatric OAB population, although there is 
evidence to support its use in patients with dys-
functional voiding, nocturnal enuresis, and con-
stipation. The majority of patients with OAB 
report at least some improvement in symptoms 
with PTENS. The overall cure rate is highly vari-
able, ranging from 13 to 76% (average 50%), 
which may be due to lack of consistency in TENS 
technical parameters, severity of pre-treatment 
symptoms, as well as number and duration of 
stimulation sessions completed by patients 
among available studies [1–3, 8, 13–18, 23, 24]. 
However, PTENS has clear improvement over 
the reported rate of spontaneous resolution of 
pediatric OAB [2]. PTENS therapy also has the 
advantage of being well tolerated with minimal, 
if any, reported side effects. There is an added 
benefit to PTENS, in that it acts on the same 
sacral nerve roots involved in bowel function, 
and has high success in improving constipation 
along with OAB symptoms [19, 24, 32]. This is 
important, as constipation is a common issue in 
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children with lower urinary tract symptoms and 
dysfunction.

The long-term results of PTENS appear to be 
promising, although there is only one published 
study with over 2 years of follow-up. This study 
reported that 78% of children experienced a 
durable response to therapy [17]. Given that 
pediatric lower urinary tract dysfunction is com-
mon and often does not respond adequately to 
traditional treatments such as anticholinergics 
and standard urotherapy, PTENS is a unique 
noninvasive mode of treatment that can be 
offered as second-line therapy to parents and 
children who have persistent symptoms. In 
addition, PTENS may be an attractive option for 
parents and children who are considering poste-
rior tibial nerve stimulation, given that it appears 
to have similar efficacy and does not require the 
use of needles [8].

Unfortunately, there is a lack of high-quality 
evidence that can substantiate the reported effi-
cacy and response rates to therapy in PTENS 
use in children with OAB. Most of the available 
studies are not comparable due to differences in 
study design and definitions of “cure” and 
“improvement in symptoms.” There is inconsis-
tent use of International Children’s Continence 
Society standardization of terminology for 
diagnosis of OAB and dysfunctional voiding, 
which creates difficulty in interpreting actual 
success rates of treatment. Specific details 
regarding presence, severity, and frequency of 
incontinence are often not reported. Electrical 
parameters such as the pulse duration, stimula-
tion frequency, intensity, and number and dura-
tion of stimulation sessions are highly variable 
among studies, which reinforces that there is 
not a universally established regimen for treat-
ment. The use of concurrent anticholinergic 
medication in many studies acts as a confound-
ing variable that may influence the reported 
success rates of treatment. ENS studies in gen-
eral are challenging to perform with a credible 
sham treatment, which allows for a significant 
placebo effect, especially given that many stud-
ies evaluate outcomes based on subjective 
symptom scores, rather than objective measures 

such as voiding diaries, uroflowmetry, or uro-
dynamic studies. While the recurrence rate 
ranges from 2 to 25%, this is from a small sub-
set of studies with short-term follow-up.

The evidence supporting the use of PTENS 
for other conditions, including dysfunctional 
voiding and nocturnal enuresis, is also not robust. 
DV has high success rates with biofeedback ther-
apy, roughly 90–100% [7]. However, in a 
treatment- resistant population of patients, 
PTENS may have some benefit, with limited evi-
dence reporting approximately 66% improve-
ment in symptoms. The success of NE depends 
on whether concomitant symptoms of OAB are 
present. In patients with primary monosymptom-
atic nocturnal enuresis, PTENS has a 25% 
improvement in number of dry nights, but has not 
been associated with complete resolution of 
symptoms [29]. Success rates for patients with 
non-monosymptomatic NE are slightly better, 
with >60% of patients reporting improvement in 
number of dry nights. However, nearly 50% of 
children showed persistence of NE despite reso-
lution of their daytime OAB symptoms [28]. 
Thus, PTENS may be offered as a second-line 
therapy option for patients with NE, with the 
understanding that there will likely be improve-
ment but not complete cure.

 Conclusion

The use of PTENS in children with lower uri-
nary tract symptoms is best established and 
studied within the OAB population, and has 
success rates of approximately 50% among all 
available studies. It may also serve as a treat-
ment modality in children with dysfunctional 
voiding, nocturnal enuresis, and constipation. 
Comparisons between available studies are dif-
ficult due to the heterogeneity of treatment pop-
ulations, lack of consistent electrical parameters, 
duration and total number of sessions, and risk 
of placebo effect and confounding variables. 
Nevertheless, PTENS remains an attractive non-
invasive option for patients suffering from blad-
der and bowel dysfunction.
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Abbreviations

PTNS Posterior tibial nerve stimulation
SNM Sacral neuromodulation
TES Transcutaneous electrical stimulation

 Introduction

Defecatory disorders, namely constipation and 
fecal incontinence, are common among chil-
dren. Constipation and fecal incontinence can 
occur secondary to a variety of disease pro-
cesses, but the majority of children with these 
symptoms have functional constipation [1]. 
Population- based studies estimate the preva-
lence of pediatric functional constipation to be 
12% [2]. In children, fecal incontinence is 
most commonly seen as a result of poorly 

 controlled constipation that leads to overflow 
incontinence, with the involuntary passage of 
soft stools around a fecal impaction [3]. 
Constipation accounts for up to 10% of visits 
to the general pediatrician and up to 25% of 
referrals to pediatric gastroenterologists [4]. A 
study of data from 2003 to 2004 found that the 
cost of care for pediatric constipation resulted 
in an additional healthcare cost of $3.9 billion 
per year in the United States, and with recent 
evidence of rising costs of hospital care for 
constipation, this figure is likely now much 
higher [5, 6].

Conventional treatment of pediatric consti-
pation and fecal incontinence generally con-
sists of education, toilet training, and oral 
laxatives. Although the majority of children 
with constipation and fecal incontinence 
respond to conventional medical and behav-
ioral treatment, a sizable proportion of children 
will have symptoms that remain refractory to 
conventional treatment [7]. Unfortunately, 
treatment options for these children are fairly 
limited. Traditionally, treatment for these more 
challenging cases consists of surgical creation 
of a cecostomy or appendicostomy for ante-
grade continence enema administration, partial 
or total colonic resection, or creation of an ile-
ostomy or colostomy. However, these proce-
dures are generally invasive and can be 
associated with complications [8, 9].

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-73266-4_16&domain=pdf
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There clearly remains a need for less invasive 
treatment options that are effective and safe for 
children with refractory defecatory dysfunction. 
Over the past decade, there has been growing 
interest in the use of neuromodulation for the 
treatment of this population, particularly as its 
use in adults with refractory constipation and 
fecal incontinence has grown. Although experi-
ence with neuromodulation in children with 
refractory defecatory disorders remains relatively 
limited, several treatment modalities have shown 
promise. In this chapter, we will review current 
applications of neuromodulation for the treat-
ment of pediatric defecatory disorders and dis-
cuss its potential future applications.

 Sacral Neuromodulation

Sacral neuromodulation (SNM) is the most estab-
lished of the neuromodulation-based treatments 
that have been used for children with refractory 
defecatory disorders. SNM involves the applica-
tion of low-amplitude electrical stimulation to 
the sacral nerve root through an electrode placed 
in the sacral foramen. This electrode is connected 
to a pulse generator and battery that is implanted 
into a subcutaneous pocket in the buttock. 
Permanent implantation can occur after demon-
stration of clinical response during a temporary 
percutaneous nerve evaluation period, during 
which the pulse generator and battery remain 
external to the patient [10]. SNM has been used 
for adults with urinary or defecatory symptoms 
for nearly three decades, but experience in chil-
dren is limited to the last decade.

 Sacral Neuromodulation for Pediatric 
Bowel and Bladder Dysfunction

In the years following its approval by the United 
States Food and Drug Administration for the 
treatment of adults with urinary incontinence in 
1997, SNM was initially used for children with 
refractory urinary dysfunction. However, even 
the early studies of children primarily treated 
with SNM for urinary symptoms suggested ben-

efit for defecatory symptoms as well. In 2004, 
Guys and colleagues published a randomized 
controlled trial of 42 children with neurogenic 
bladder, many of whom had underlying spina 
bifida. Participants were randomized to either 
SNM treatment or conventional treatment with 
anticholinergic medications, antibiotic treatment 
for urinary tract infections, and bulking agents 
for urinary continence. Nine of the 21 patients 
(43%) treated with SNM reported subjective 
improvement in intestinal transit based on symp-
tom diaries, while none of the control patients 
reported corresponding improvement [11]. While 
encouraging, it was unclear whether these 
patients truly had constipation at baseline and 
whether decreasing anticholinergic use was asso-
ciated with reported improvements.

In 2006, Humphreys and colleagues described 
a multicenter series of 23 children with bowel and 
bladder dysfunction who were treated with SNM 
between 2001 and 2003. Twenty-one of 23 chil-
dren progressed to permanent SNM implantation. 
After an average of 13.3 months of follow- up, 12 
of 15 patients reported improvement in constipa-
tion and 4 of 10 patients reported improvement in 
fecal incontinence, although the reported improve-
ment was not quantified [12]. In 2008, Roth and 
colleagues described a series of 20 children with 
bowel and bladder dysfunction who were treated 
with SNM between 2002 and 2005. Eighteen of 20 
children progressed to permanent SNM implanta-
tion. After a median of 27 months of follow-up, 7 
of 17 patients reported resolution of constipation 
and 5 of 17 reported improvement. Fecal inconti-
nence was not assessed. Interestingly, 2 of 18 
patients were able to undergo stimulator removal 
after a prolonged period of symptom resolution 
and they remained improved at follow-up [13].

In 2010, Haddad and colleagues published the 
results of a multicenter, randomized, crossover 
study of 33 children with urinary incontinence 
and/or fecal incontinence. Five of 33 participants 
had fecal incontinence alone and 19 of 33 had 
both fecal and urinary incontinence. After SNM 
implantation, participants were randomized to 
having the stimulator turned on or kept off for 
6 months, after which the stimulator was then 
switched to the opposite setting for another 
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6 months. The authors found that significantly 
more participants reported a decrease in fecal 
incontinence frequency of >50% when SNM was 
turned on compared to when it was turned off 
(78% vs. 17%), and concluded that SNM was 
more effective than conservative management for 
both fecal and urinary incontinence [14].

In 2014, Dwyer and colleagues published a 
follow-up study to the earlier studies by 
Humphreys and Roth. The authors included 105 
children with bowel and bladder dysfunction 
who had been treated with SNM for a median of 
2.7 years. The majority (88%) of their cohort had 
concurrent constipation, and 79% of these chil-
dren reported improvement in constipation at 
follow-up, which was defined as any increase in 
bowel movement frequency or decrease in the 
frequency of painful defecation. Forty percent of 
these children reported resolution of constipa-
tion. Fecal incontinence was not assessed [15].

 Sacral Neuromodulation 
for Constipation and Fecal 
Incontinence

Experience with the use of SNM to treat children 
with severe constipation refractory to conven-
tional treatment has been growing over the past 
few years. In 2012, van Wunnik and colleagues 
described the use of SNM to treat 12 adolescent 
females with functional constipation refractory to 
conventional treatment. After a median of 
7 months of SNM treatment, patients reported 
significant clinical improvement, including 
improvement in defecation frequency, abdominal 
pain, and overall constipation severity as mea-
sured by the Cleveland Clinic Constipation Score 
[16]. In 2015, Sulkowski and colleagues pub-
lished the short-term outcomes of the first 29 
patients treated with SNM at our institution. This 
cohort included 22 children with constipation, 9 
children with fecal incontinence, and 4 children 
with both symptoms, and 8 of these children had 
a history of anorectal malformation. The authors 
reported significant improvement in gastrointes-
tinal symptoms and quality of life after a median 
of 5 months of SNM treatment [17].

Both of these institutions have recently begun 
to describe the long-term outcomes of SNM 
treatment for children with refractory constipa-
tion. In the Netherlands, van der Wilt and col-
leagues published a follow-up to van Wunnik’s 
earlier study and reported the outcomes of 27 
females, ages 10–20 years, who underwent SNM 
treatment for refractory functional constipation. 
At a median of 22 months of treatment, the 
authors reported continued clinical improvement, 
including improvement in defecation frequency, 
abdominal pain, and overall constipation severity 
as measured by a validated questionnaire. 
However, 15 of 27 were considered not to have 
had a successful response to SNM, which was 
defined as having >2 bowel movements per 
week, and 6 of 15 underwent subsequent colec-
tomy and SNM removal [18].

Our institution recently described the long- 
term outcomes of 25 children and adolescents, 
ages 6–19 years, who had been treated with SNM 
for constipation for at least 2 years. This was a 
heterogeneous cohort and included 16 patients 
with functional constipation, 6 patients with a 
history of anorectal malformation, 2 patients with 
a history of tethered spinal cord, and 1 patient 
with Hirschsprung’s disease. At a median of 
27 months of treatment, patients reported contin-
ued improvement in clinical symptoms, includ-
ing significant decreases in concurrent fecal and 
urinary incontinence, and quality of life. Patients 
were able to decrease the use of laxatives and 
antegrade continence enemas. Seventeen of 25 
patients were considered to have successfully 
responded to SNM, which was defined as having 
>2 bowel movements per week and <1 episode of 
fecal incontinence per week. Six of these 17 
patients met our criteria for successful response 
without concurrent use of laxatives or antegrade 
continence enemas. Families were contacted 
after a median of 27 months of SNM treatment to 
assess perceived health-related patient benefit 
and parent satisfaction. Fifteen of 16 responders 
reported positive patient benefit and all parents 
reported that they would recommend SNM to 
other children with similar symptoms [19].

While it is generally accepted that SNM treat-
ment should only be considered for children with 
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refractory constipation after symptoms have per-
sisted despite optimal conventional treatment, 
the role of SNM in relation to other surgical treat-
ment options, like appendicostomy or cecostomy 
for antegrade continence enema treatment or 
colonic resection, remains unclear. Both studies 
by van der Wilt and Lu included patients receiv-
ing antegrade continence enemas [18, 19]. A 
recent study examined the outcomes of 22 chil-
dren who underwent SNM treatment for contin-
ued constipation despite antegrade continence 
enema treatment. SNM treatment allowed a 
steady decrease in antegrade continence enema 
use over the first year of treatment, from a median 
of 7 antegrade continence enemas per week prior 
to device implantation to 1 antegrade continence 
enema per week at 12 months after SNM initia-
tion. After a median of 18 months of follow-up, 
10 of 22 patients were not only able to discon-
tinue antegrade continence enema treatment, but 
had undergone elective closure of their appendi-
costomy or cecostomy. While there was no com-
parison group included in this study, the 
proportion of patients able to discontinue ante-
grade continence enema treatment during this 
time period was dramatically higher than what 
has been previously reported among children 
treated with antegrade continence enemas. It 
therefore appears that SNM may be a promising 
treatment option for children with severe consti-
pation who are dependent on antegrade conti-
nence enemas or inadequately treated with 
antegrade continence enemas [20].

The existing literature on the use of SNM for 
children with defecatory disorders has primarily 
focused on children with severe constipation, 
with or without concurrent fecal incontinence. 
However, it is important to recognize that in 
adults, SNM is primarily used for the treatment 
of fecal incontinence and a number of recent 
studies have raised doubts regarding its efficacy 
for constipation. Two recent randomized cross-
over studies of adults with severe constipation 
did not find SNM treatment to be more effective 
than sham stimulation [21, 22]. Unlike in adults, 
fecal incontinence in children is most com-
monly the result of poorly controlled constipa-
tion leading to overflow incontinence, and there 

have not been any studies of SNM treatment 
specifically for children with non-retentive fecal 
incontinence [3]. In our recent study on long-
term outcomes of SNM for children with consti-
pation, comparisons were made between 
children with constipation alone and children 
with constipation and concurrent fecal inconti-
nence. Although our analysis was limited by 
sample size, there were no differences in the 
ability to discontinue laxative or antegrade con-
tinence enema use, health- related patient bene-
fit, or parent satisfaction between these two 
groups. Therefore, our results suggested that 
SNM could be beneficial for children with con-
stipation regardless of the presence or absence 
of fecal incontinence [19].

 Complications

Unfortunately, SNM treatment for children with 
defecatory disorders is associated with a fairly 
high rate of complications requiring further sur-
gery. In the two long-term studies of SNM treat-
ment for children with constipation, 24–44% of 
the cohort experienced complications requiring 
at least one further surgical procedure. These 
procedures included lead revision, device 
removal, and device replacement and were per-
formed as a result of lead displacement or mal-
function, local pain or numbness, or local 
infection [18, 19]. This complication rate is con-
sistent with that reported in studies of SNM treat-
ment for children with bowel and bladder 
dysfunction. In the large series published by 
Dwyer and colleagues, 49% of the cohort experi-
enced complications requiring further surgery 
after a median of 2.7 years of treatment. In their 
series, the majority of subsequent surgeries 
resulted from device malfunction [15].

 Mechanism and Predicting Response

The mechanism by which SNM leads to 
improvement in constipation and fecal inconti-
nence remains unclear and our understanding 
of the physiological effects of SNM is limited. 
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A review of adult studies evaluating various 
potential mechanisms of SNM treatment con-
cluded that SNM likely modulates anorectal 
function at the afferent or central level. 
However, adult studies have not identified con-
sistent effects on specific measurements of ano-
rectal function or colonic motility [23]. In their 
randomized crossover study of children with 
urinary and fecal incontinence, Haddad and 
colleagues did not find any differences in ano-
rectal parameters or colonic transit between 
when the stimulator was on or off, although the 
methods by which these variables were assessed 
were not clearly described [14]. There have not 
yet been any further studies comparing mea-
surements of anorectal function or colonic 
motility before and after SNM treatment in 
children.

There has been interest in identifying prog-
nostic factors predictive of response to SNM, 
particularly given the sizable risk of complica-
tions following stimulator implantation. 
Unfortunately, identifying prognostic factors 
has been challenging, in part because of our 
limited understanding of the mechanism by 
which SNM acts and the limited sample sizes 
available. In addition, patients treated with 
SNM tend to be a heterogeneous group with 
varying degrees of bladder and/or bowel dys-
function. In a recent study evaluating the prog-
nostic value of selected patient characteristics 
and manometry testing in predicting response 
to SNM for children with constipation, we did 
not find associations between response and 
concurrent fecal incontinence, concurrent uri-
nary symptoms, or anorectal malformation. In 
20 children who underwent anorectal manome-
try testing prior to SNM and in 7 children who 
underwent colonic manometry testing prior to 
SNM, we did not find an association between 
response and any of the manometry parameters 
we studied. Response was defined as having >2 
bowel movements per week and <1 episode of 
fecal incontinence per week at follow-up. We 
concluded that abnormal anorectal manometry 
or colonic manometry should not preclude chil-
dren with refractory constipation from consid-
eration of SNM treatment [24].

 Abdominal Transcutaneous 
Electrical Stimulation

A number of therapies involving transcutaneous 
electrical stimulation (TES) have been used for 
the treatment of children with defecatory disor-
ders. Abdominal TES is perhaps the best studied 
of these therapies, with growing experience with 
its use for the treatment of children with consti-
pation over the past decade. Abdominal TES was 
first applied to children with constipation after 
gastrointestinal effects were noted during its use 
for children with urinary symptoms [25]. 
Abdominal TES involves the placement of two 
surface electrodes on the anterior abdomen at the 
level of the umbilicus and another two on the 
lower back at the level of the lower thoracic/
upper lumbar spine. These electrodes are then 
used to generate two sinusoidal currents that 
cross within the abdomen, thereby applying 
interferential electrical current to the abdomen. 
This current is applied at an intensity that is 
below the motor threshold [25–27].

 Abdominal Transcutaneous Electrical 
Stimulation for Constipation 
and Fecal Incontinence

In 2005, Chase and colleagues published a pilot 
study using abdominal TES to treat eight chil-
dren with constipation and fecal incontinence 
refractory to laxatives and behavioral treatment. 
Abdominal TES was applied in 20–30 min ses-
sions, three times per week, for 9–12 sessions. 
Treatment was well tolerated without any adverse 
effects. The authors found improvements in 
bowel movement frequency and fecal inconti-
nence in the majority of their cohort, with three 
children reporting continued improvement even 
at 3 months [25]. In 2009, Clarke and colleagues 
followed the pilot study with a randomized con-
trolled trial evaluating the impact of abdominal 
TES on quality of life in 33 children with slow- 
transit constipation. The authors described a sig-
nificant improvement in self-reported quality of 
life after TES when compared to sham stimula-
tion [28]. However, clinical improvement after 
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abdominal TES has been less consistent in subse-
quent studies. A recent Cochrane review summa-
rized the results of a randomized controlled trial 
performed by the same group that evaluated the 
efficacy of abdominal TES in the treatment of 42 
children with slow-transit constipation. Children 
were randomized to receiving either abdominal 
TES, consisting of 20-minute treatments per-
formed three times weekly for 4 week, or sham 
stimulation. The authors reported that there were 
no significant differences in the number of 
patients with normal bowel movement frequency 
or improvement in fecal incontinence, colonic 
transit, or quality of life between children who 
received abdominal TES and sham stimulation. 
The authors concluded that abdominal TES, at 
least as administered in the manner studied, does 
not clearly benefit children with slow-transit con-
stipation [27].

In 2009, Ismail and colleagues demonstrated 
the feasibility of home-based abdominal TES in a 
group of 11 children with slow-transit constipa-
tion who had relapsed or did not respond to an 
initial trial of clinic-based abdominal TES [29]. 
This was followed by a 2012 report by Yik and 
colleagues on outcomes of home-based abdomi-
nal TES in 32 children with slow-transit consti-
pation. TES was administered for an hour each 
day for 3–6 months and, in a proportion of 
patients, led to increased bowel movement fre-
quency, decreased fecal incontinence, and 
decreased abdominal pain. The authors con-
cluded that approximately 50% of their cohort 
benefitted from treatment [30]. Yik and col-
leagues recently applied abdominal TES to a 
cohort of ten children with constipation second-
ary to anorectal retention rather than slow colonic 
transit. The authors found significant improve-
ments in bowel movement frequency and fecal 
incontinence in 9 of 10 children after 3 months of 
treatment [31].

Experience with the use of abdominal TES in 
treating children with constipation has generally 
been limited to children with functional consti-
pation thus far. However, Ladi-Seyedian and 
colleagues recently described the use of abdom-
inal TES to treat 30 children with Hirschsprung’s 
disease who had constipation postoperatively. 

The authors randomized children to receiving 
either behavioral therapy alone or behavioral 
therapy with abdominal TES, and found signifi-
cant improvements in bowel movement fre-
quency, fecal incontinence, and abdominal pain 
in the group treated with both behavioral ther-
apy and abdominal TES. The authors concluded 
that abdominal TES is an effective adjunctive 
treatment for constipation and fecal inconti-
nence in postoperative Hirschsprung’s disease 
patients [32].

 Mechanism

The mechanism by which abdominal TES leads 
to improvement in constipation and fecal inconti-
nence remains unclear. There is some evidence 
that abdominal TES can improve colonic transit 
in children with slow-transit constipation [27]. A 
study of 8 children with slow-transit constipation 
who underwent colonic manometry testing 
before and after abdominal TES showed an 
increase in the frequency of colonic propagating 
contractions even 2–7 months after treatment 
[26]. In the study by Ladi-Seyedian and col-
leagues of children with Hirschsprung’s disease, 
anorectal manometry testing before and 6 months 
after abdominal TES initiation showed decreases 
in anal sphincter resting pressure and balloon 
volume required for recto-anal inhibitory reflex 
in children treated with abdominal TES [32].

 Posterior Tibial Nerve Stimulation

The use of posterior tibial nerve stimulation 
(PTNS) for the treatment of adults with defeca-
tory disorders has been growing over the past 
15 years, but experience in children remains very 
limited. PTNS involves electrical stimulation of 
the posterior tibial nerve at the level of the ankle 
delivered either in a percutaneous manner 
through a needle electrode or in a transcutaneous 
manner through an electrode pad. PTNS is 
thought to modulate urinary and defecatory func-
tion by stimulating the sacral nerve roots, and 
therefore may exert an effect similar to that of 
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SNM [33, 34]. Much like SNM and abdominal 
TES, PTNS was initially used for urologic indi-
cations before application to defecatory 
disorders.

In 2003, Shafik and colleagues reported the 
first application of PTNS to adults with fecal 
incontinence [35]. A number of subsequent stud-
ies have since supported the efficacy of PTNS for 
the treatment of fecal incontinence in adult 
patients [34]. Evidence for the use of PTNS for 
the treatment of constipation is more limited. In 
2012, Collins and colleagues reported the suc-
cessful treatment of 18 women with slow-transit 
constipation with percutaneous PTNS, with sig-
nificant improvements in constipation severity 
and quality of life after treatment [33]. In 2015, 
Iqbal and colleagues reported more measured 
improvement after transcutaneous PTNS in a 
study of 15 adults with constipation. The authors 
concluded that PTNS led to improvement in 
approximately a quarter of their cohort [36].

Lecompte and colleagues recently published 
the only report of PTNS treatment for children 
with defecatory disorders. The authors described 
the use of PTNS in a series of 8 children with 
fecal incontinence secondary to anorectal malfor-
mation, neurological anomaly, or Hirschsprung’s 
disease. Patients were instructed to perform 
home-based transcutaneous PTNS for 20 min a 
day for a total duration of 6 months. Five of 8 
patients experienced resolution of fecal inconti-
nence and 2 of 8 reported improvement. 
Treatment was well tolerated without any adverse 
events [37].

 Conclusion

Defecatory disorders are relatively common in 
children and can have a significant detrimental 
impact on a child’s quality of life. Treatment 
options for constipation and fecal incontinence 
refractory to conventional treatment are limited 
and often require more invasive and permanent 
procedures such as cecostomy or appendicos-
tomy. Neuromodulation is a promising minimally 
invasive, non-destructive treatment modality for 
this population, but the body of evidence thus far 

for its use remains fairly limited. Further studies 
of the use of SNM to treat children with refrac-
tory constipation and fecal incontinence have 
been growing over the past decade, and there are 
reports of improved clinical response in children 
with a variety of underlying disorders, including 
functional constipation, anorectal malformation, 
and spinal cord abnormalities. However, sacral 
neuromodulation is associated with a sizable risk 
of complication requiring further surgery, which 
emphasizes the need for high-quality evidence 
evaluating the efficacy of SNM in comparison to 
more established treatment options for refractory 
constipation. Further studies are also needed to 
identify prognostic factors predictive of response 
and development of complications. Less invasive 
forms of neuromodulation which do not require 
surgery or an implantable device, like abdominal 
TES and PTNS, have been used for children with 
defecatory disorders to a limited extent and with 
mixed results. However, because of the signifi-
cant safety and potential cost advantages of 
abdominal TES and PTNS when compared to 
SNM and other more invasive treatment options, 
these treatment modalities warrant further inves-
tigation if the durability of treatment response 
remains high.
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 Introduction

Voiding dysfunction accounts for approximately 
30% of outpatient visits to the pediatric urolo-
gist’s office [1]. Children typically present with 
any combination of fecal and urinary complaints 
including incontinence, enuresis, urinary tract 
infections, incomplete bladder emptying, consti-
pation, fecal incontinence, urinary frequency or 
urgency, posturing, and/or bladder pain [2]. 
Previously termed “Dysfunctional Elimination 
Syndrome” (DES), this complex of symptoms is 
now known as “Bowel Bladder Dysfunction” 
(BBD). It is well established that functional gas-
trointestinal problems, particularly constipation, 
play a prominent role in the spectrum of 
BBD. First-line therapy remains behavioral ther-
apy, including timed voiding and management of 
constipation.

Pharmacologic agents for urinary symptoms 
are reserved for second-line therapy. It is impor-
tant to always address and treat any constipation 
issues prior to considering any anti-cholinergic 

medication as these are significantly constipating 
and may paradoxically exacerbate voiding symp-
toms if utilized in a very constipated child.

While SNM is well recognized as a third-line 
treatment option for adult patients with overac-
tive bladder (OAB), urinary urgency and fre-
quency, non-obstructive urinary retention, and 
fecal incontinence, this technique is not currently 
approved by the United States Food and Drug 
Administration (FDA) for children less than 
16 years of age. Despite this, neuromodulation 
via sacral nerve stimulation has been performed 
successfully in the pediatric population for more 
than a decade. Unique concerns of SNM in a 
pediatric population include somatic growth with 
subsequent lead migration, multiple surgeries for 
battery replacement over the lifetime of the 
patient, possibility of child requiring future mag-
netic resonance imaging, and the general paucity 
of long-term follow-up data in this patient 
population.

 Sacral Neuromodulation 
in the Pediatric Population

BBD without a discernable neurologic etiology 
remains a frequent complaint within the pediatric 
urology office. First-line treatment includes 
behavioral modifications, particularly timed and 
double voiding, avoidance of dietary bladder irri-
tants, and aggressive treatment for constipation.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-73266-4_17&domain=pdf
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Pediatric voiding dysfunction is typically cat-
egorized as neurogenic or non-neurogenic; both 
of which can be responsive to neuromodulation 
under the appropriate circumstances.

Neurogenic bladder dysfunction in children 
can be due to underlying congenital defects such 
as spina bifida, sacral agenesis, tethered cord, or 
cord lipoma as well as the result of tumor or 
trauma [3]. Neurogenic bladder dysfunction 
often leads to progressive bladder and upper uri-
nary tract deterioration secondary to high pres-
sures generated in the bladder.

Traditionally, therapies have been aimed at 
decreasing the intravesical pressures and includes 
clean intermittent catheterization, anti- 
cholinergics, and in severe cases, enterocysto-
plasty [3]. There is an abundance of literature in 
the adult patient population demonstrating the 
ability of SNM to improve voiding function to 
those with refractory urge incontinence/OAB. In 
general, SNM has been utilized effectively in 
pediatric populations with both storage and non- 
obstructive voiding disorders. It should be 
reserved to motivated, select patients and fami-
lies with refractory symptoms who have failed 
medical and behavioral therapies. Literature to 
date has been unsuccessful in identifying a uni-
versally accepted urodynamic study finding that 
would be predictive of response to SNM [4, 5].

 Pediatric Sacral Neuromodulation

The use of neuromodulation in the pediatric pop-
ulation is relatively novel. In 2001, Hoebeke and 
colleagues demonstrated transcutaneous electri-
cal nerve stimulation with surface electrodes 
placed over the level of the S3 nerve root can 
improve symptoms of detrusor over activity as 
well as improve bladder capacity in children [6]. 
Symptom improvement was also maintained for 
up to a year in some of these patients. In this 
study, 51% of patients were deemed “definitively 
cured” after 1 year. After demonstrating promis-
ing results from transcutaneous neuromodulation 
in children, the next step was permanent device 
placement. One of the first published studies by 
Humphreys et al. investigated a cohort of 23 

patients with significant BBD refractory to 
behavioral and medical therapy. The study 
excluded any patient with known underlying neu-
rological pathology (i.e., cerebral palsy, spina 
bifida, or spinal cord injury). A total of 21 patients 
(91%) underwent permanent device placement 
with mean follow-up greater than 13 months. 
Patients reported a statistically significant reduc-
tion in urinary incontinence, enuresis, incomplete 
emptying, urinary urgency/frequency complaints, 
UTI episodes, and constipation postoperatively. 
Additionally, there was also a significant reduc-
tion on the number of medications required per 
patient after device placement [2].

In the adult population, data has been mixed 
regarding the pre-operative predictive value of 
urodynamic findings in patient response to 
SNM. In regards to post-op urodynamic assess-
ment, data is also conflicting regarding correla-
tion of SNM success and urodynamic parameters. 
The clinical improvement associated with SNM 
is not always associated with a demonstrable 
improvement in urodynamic parameters. Schober 
et al. sought to determine if there is a measurable 
effect on urodynamic parameters after SNM by 
performing pre- and postoperative urodynamic 
studies (UDS) in pediatric patients [4]. Complete 
UDS data was available in 22 patients with OAB/
incontinence. They found a significant decrease 
in the number of uninhibited contractions and 
maximum detrusor pressure during filling cys-
tometry after SNM. Additionally, they found a 
significant improvement in post void residual in a 
small group of pediatric patients with urinary 
retention/incomplete emptying.

In 2014, Dwyer and colleagues reported data 
on their single institution 10-year experience with 
pediatric SNM [7]. In the largest study to date, a 
total of 105 patients were followed prospectively 
for a median of 2.72 years. Ninety- four percent of 
their patients experienced an improvement in at 
least one of their symptoms. Urinary incontinence 
was the most commonly improved symptom, with 
88% of patients reporting an improvement and 
41% reporting complete resolution of symptoms. 
Similarly, patients with constipation, frequency 
and/or urgency and enuresis demonstrated a statis-
tically significant improvement in symptoms. The 

S. C. Hiller and M. S. Schober



235

above studies were conducted in patients without 
any identified bladder neuropathy. Guys et al. 
however, utilized SNM in a neurogenic bladder 
population of 42 patients, aged 5–21 years who 
were refractory to medical therapy or sacral neuro-
modulation [3]. The neuromodulation group 
observed a significant increase in leak point pres-
sure up to 1 year after implantation, theorized by 
the authors to allow for potentially higher conti-
nence rates with the continuation of clean intermit-
tent catheterization (CIC). Patients also 
demonstrated a significant subjective improve-
ment in symptoms. Nine patients also had an 
improvement in fecal transit.

Haddad and colleagues reported a multicenter, 
open label, randomized, cross-over study investi-
gating the use of SNM in 33 pediatric patients with 
urinary and/or fecal incontinence [8]. Response 
was defined as resolution of urinary leakage and/
or fecal soiling, or a decrease of more than 50% in 
the number of leaks and/or soiling with minimum 
protection. At the termination of the study, 81% 
reported a statistically significant reduction in uri-
nary incontinence and 78% reported a statistically 
significant reduction in fecal incontinence. All 
patients undergoing CIC preoperatively continued 
to require catheterization postoperatively, how-
ever, despite response to SNM.

Further evidence of efficacy of pediatric SNM 
was demonstrated in a 2008 study, in which a 
total of 20 children with BBD underwent first 
stage SNM implant, with 90% proceeding to 
stage two generator implant. Median follow-up 
was 25 months and in a subset of primary urinary 
retention patients 82% reported a subjective 
reduction or resolution of incontinence episodes. 
There was also a significant improvement in 
patient-reported enuresis, urinary urgency, uri-
nary frequency, and constipation [9].

Stephany and colleagues reported on a total of 
14 patients with non-neurogenic lower urinary 
tract dysfunction who underwent sacral nerve 
modulator placement. They focused on clinical 
responses to validated questionnaires because 
their results seemed to correlate more to patient 
satisfaction than objective measures. All patients 
completed the Vancouver NLUTD/DES question-
naire and the PedsQ 4.0 General Core Scales. 

Median follow-up was relatively short at 6 months, 
however, 14 patients demonstrated decreased 
voiding symptom scores from 23  preoperatively to 
10.5 postoperatively following lead placement 
(p < 0.001). As demonstrated by the aforemen-
tioned studies, there is a near-uniform improve-
ment in symptomology reported by patients [10].

Complication rates quoted in pediatric studies 
are comparable to those in adults. In the largest 
study to date, Dwyer and colleagues did report a 
reoperation rate of 56%, of which 35% were for 
device malfunction such as lead breakage and 10% 
for wound infection [7]. Haddad et al. reported an 
18.8% complication rate in their population of 33 
patients. Their most common complication was 
infection followed by electrode migration [8].

 Specific Issues Related 
to the Pediatric Population

As with all surgical procedures, but with pediat-
ric patients in particular, attempts are typically 
made to minimize invasiveness, morbidity, pain, 
cost, hospitalization, and maintain good cosme-
sis. Radiation exposure is also of particular con-
cern in the pediatric population due to possible 
consequences later in life from accumulated 
exposure. Traditionally, the implantation of the 
SNM device is performed in a two-stage proce-
dure. McGee and colleagues describe an inci-
sionless first and second stage without 
fluoroscopy. The procedure was performed on 27 
patients, median age of 10.1 years. During the 
first stage procedure, the extender leads of the 
device are tunneled laterally along the line of the 
gluteal cleft to the axillary line of the patient 
using a 14-french ureteral access sheath. After 
placing the quadripolar tined lead and temporary 
external lead through the subcutaneous tract, the 
eventual site of the pulse generator was marked 
with a methylene blue temporary tattoo, obviat-
ing the need for fluoroscopy during the second 
stage procedure [11]. The described procedure 
was similar to the standard in terms of operative 
time, postoperative pain, hospital stay, and inter-
val between first and second stage, but fluoros-
copy time and number of incisions was reduced.
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Voiding function improves gradually after 
SNM placement, particularly in congenital neuro-
genic patients. Thus, it has been proposed to forgo 
the temporary test stimulation period in pediatric 
patients [3]. The test simulation period used in 
adults is considered too short to induce a response 
in children with neurologic conditions [8]. Roth 
and colleagues reserved a second stage procedure 
for patients who exhibited a 50% or greater 
improvement in voiding dysfunction during the 
trial period, which ranged from 14 to 34 days [9]. 
Alternatively, Stephany and colleagues patients 
underwent a 1-week trial period and performed a 
second stage if they reported any improvement in 
symptoms with no significant side effects [10]. 
Schober et al. also utilized a 2–3 week test period 
and proceeded to second stage if patients demon-
strated a significant subjective improvement in 
symptoms [4]. By eliminating a “test period” and 
utilizing a single-stage approach, patients undergo 
only a single anesthetic and surgical morbidity 
may be decreased. However, restrictions on single-
stage procedure eligibility for pediatric patients 
placed by insurance companies may not allow 
widespread use of this option in practical terms.

Developmentally, the child must have suffi-
cient communication skills to respond and inter-
act to allow for modification during the testing 
phase. Careful consideration must be given to 
proper patient selection. Another consideration 
unique to the pediatric population is the expected 
somatic growth that may lead to recurrent lead 
migration and repeated procedures. Clark and 
colleagues reported on a small group of 4 pediat-
ric patients, average age of 12.1 years. In this 
study, 3 patients (75%) required a total of 5 revi-
sions due to lead malfunction with an average of 
1.5 years between surgeries. They found patients 
averaged 8.1 cm of growth between revisions. 
This revision rate is striking compared to their 
reported 5% revision rate in an adult population. 
All of their revisions were performed safely and 
with return of prior device efficacy [12].

Overall, safety and efficacy of SNM in the pedi-
atric population have been repeatedly demonstrated 
in multiple studies despite the current status of not 
having FDA approval for this procedure in patients 
less than 16 years old. As the pediatric SNM patient 

population ages and further longitudinal studies are 
possible, long-term success and complication rates 
will be key in determining the utility of and ideal 
candidacy for neuromodulation in young patients.
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Neurogenic dysfunction (cont.)
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detrusor areflexia, 7
detrusor underactivity (DU) treatment, 8
electrical stimulation, low frequencies, 1
MS, 7
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neuromodulation, 8
PD, 7
SCI, 7

Neuromodulation, 75
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chemical modulation, drug delivery, 14
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feline animal model, 9
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intact supraspinal pathways, 9
motor cortex stimulation, 14
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M1 stimulation, 163
treatment efficacy, 164
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HD-tDCS, 165
M1 stimulation, 164
SCI, 165
treatment efficacy, 165

Nocturia, 201, 204
Nocturnal enuresis (NE), 213
Non-invasive brain stimulation (NIBS), 152
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TMS, (see Transcranial magnetic stimulation (TMS))

Non-obstructive urinary retention, 138
behavioral causes, 57
causes, 48
closed-loop feedback, 57
DU, 57
Fowler’s syndrome, 50
idiopathic causes, 48–53
literature, 52
LUTS, 47

neurogenic causes, 53
sacral neuromodulation, 54
urodynamic tracing, 49

Normal bladder filling and emptying, 208

O
OAB Innovative Therapy trial (OrBIT), 136
Occipital nerve stimulation (ONS), 16
Overactive bladder (OAB), 202–204, 207, 208

anticholinergics, 211
clinical factors, 28
definitions and terminology, 25–26
diagnosis, 219
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guidelines, 29
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LUTD, 31, 32
LUTS, 212
management, 27
MRI and pregnancy, 28
neuromodulation, 32
origin, 26
patient counseling, 28–29
patient evaluation, 29
patient selection, 28
PTENS, 212
randomized trials, 30–31
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SNM, 27
symptom, 26
treatments, 27
urotherapy, 211, 212
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Parasacral electrical stimulation, see Pediatric PTENS
Parkinson’s disease, 7, 33, 139
Pediatric defecatory disorders

constipation, 223
conventional treatment, 223
invasive treatment options, 224
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SNM, (see Sacral neuromodulation (SNM))

Pediatric PTENS
constipation, 217, 218
DV, 216
dysfunctional voiding, 213
electrode placement, 210, 211
nocturnal enuresis, 216
OAB, 214, 215
overactive bladder, 211–213
recurrence rate, 217
side effects, 217

Pediatrics, 167
epilepsy, (see Epilepsy)
PTNS, 202
safety, 166
tDCS, 166
TMS, 166

Pediatric sacral neuromodulation, 234, 235
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Pelvic floor dysfunction, 111
Pelvic neuromodulation, 75, 78, 83
Pelvic pain, 102
Pelvic parasympathetic nerves, 3
Percutaneous nerve evaluation (PNE), 143, 146
Percutaneous PTNS, 202–204
Percutaneous tibial nerve stimulation (PTNS), 136–138

CPP, 140
electrical stimulation therapy, 131
FDA, OAB treatment, 131
FI, 139, 140
idiopathic OAB, (see Idiopathic OAB)
lower urinary tract neuromodulation, 131
MS, 138, 139
needle placement and setup, 134, 135
neurogenic bladder, 138
non-neurogenic bladder overactivity, 131
nonobstructive urinary retention, 138
patient evaluation, 132–134
PD, stroke and spinal cord injury, 139
posterior tibial nerve, 134
sacral plexus, 131, 132
spinal interneurons, 131, 133
treatment protocols, 136
troubleshooting, 135

Peripheral nerve evaluation (PNE), 185
advantages/disadvantages, 72
AEs, 72
contraindication, 64
fluoroscopy, 66
patient selection, 63–64
stimulation kit, 64
sub-acute trial phase, 68

Peripheral nerve stimulation (PNS)
headaches and facial pain, 16
median nerve injury, 16
ONS, 16
pain signals suppression, 16
percutaneous surgical technique, 16
peripheral nerve etiology, 16
sphenopalatine ganglion, 16

Peripheral tibial nerve stimulation (PTNS)
biowave, 190
external wireless power sources, 190, 191
OrBIT, 190
SUmiT, 190

Polarization, 154
Pontine micturition center (PMC) gating circuits, 5, 132
Posterior tibial nerve stimulation (PTNS)

conventional treatments, 205
history, 201–202
neuromodulation, 201
non-neurogenic LUTD, 201
obstipation and behavioral problems, 201
pediatric urologists, 201
percutaneous, 202–204
transcutaneous, 203–205
treatment sessions, 205

Prefrontal cortex (PFC), 163
Pudendal nerve (PN), see also Animal models

anatomy, 90

chronic non-obstructive UR, 102
complications, 97, 98, 100
fecal incontinence (FI), 102–103
in humans, 91
idiopathic overactive bladder, 99, 101
motor and sensory innervation, 89
neurogenic OAB, 101–102
neuromodulation, 89
patient selection and perioperative counseling, 91–92
pelvic pain, 102
surgical techniques

access to, 93
ischial spine landmark, 93
ischial tuberosities, 92, 93
laparoscopic approach, 96
lead placement, 94
positioning, EMG needle placement  

and draping, 92–93
posterior/ischiorectal approach, 96
STAR method, 96, 99, 102
temporary percutaneous extension, 95, 99
tined lead placement, 94–98

vesicoinhibitory influence, 89
Pudendal nerve stimulation (PNS), 9, 113, 114
Pudendal nerve terminal motor latency  

(PNTML) testing, 122
Pudendal neuromodulation, 77, 86
Pudendal somatic nerves, 3
Primary monosymptomatic nocturnal enuresis  

(PMNE), 213
Pulsed radiofrequency (PRF) stimulation, 91

Q
Quality of life, 26, 27, 29

R
Rasmussen’s encephalitis (RE), 168
Rechargeable nerve stimulators, 187, 190, 191
Rectoanal inhibitory reflex (RAIR), 121
Repetitive TMS (rTMS), 159
Repetitive transcranial magnetic stimulation  
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categories, 158
clinical applications, 158
CP, 172, 173
depression, 158, 159
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epilepsy, 169, 170
NIBS

M1 stimulation, 163
treatment efficacy, 164, 165

safety, 157
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Sacral nerve

battery technology, 187
external power sources, 187
IPG pain reduction, 185
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Sacral nerve (cont.)
lead placement, 188
MRI, 186
nerve targets, 189
programming parameters, 187
staged procedure, 188

Sacral nerve stimulation (SNS), 109–110
complications, 128–129
intradetrusor botulinum toxin injection, 109
mean battery life, 110
refractory IC/BPS symptoms, 109
retreatment, 109

Sacral neuromodulation (SNM), 144–146
advanced evaluation, 35–39
basic evaluation, 34–35
complications, 226

device-related, 144, 145
patient-related, 146
response -related, 146

constipation and FI, 225–226
cost-effectiveness, 41
dexmedetomidine, 36
electrical stimulation, 144
first-line treatment, 233
functional response evaluation, 128
impedance testing, 147
InterStim® system, 128
intravesical pressures, 234
intubation purposes, 128
IPG-2, 147
mechanisms, 226–227
needle placement, 35
neurogenic bladder dysfunction, 234
neurogenic/non-neurogenic, 234
neuromodulation-based treatments, 224
OAB, 30
pediatric bowel and bladder dysfunction, 224–225
pediatric, 234, 235
permanent implantable pulse generator, 128
permanent implantation, 224
PNE, 143
stimulation, 148
test stimulation, 37
test technique, 33
tunneling device, 38
two-stage tined lead placement, 144

Sacral peripheral nerve stimulation, 78
Sacrospinous ligament (SSL), 96
Safety guidelines, 156, 157

tDCS, 156
TMS

burns, 157
cognition, 157
headache, 157
hearing, 156
local pain, 157
neuropsychological changes, 157
seizure, 156

SECCA® procedure, 125–126
Sierra®, 80
Single-pulse TMS (spTMS), 157, 158

Spinal cord injury (SCI), 7, 32, 53, 165
Spinal cord stimulation (SCS)

anti-anginal and anti-ischemic effects, 15
clinical and observational evidence, 16
conventional stimulation parameters, 15
DRG stimulation, 15
epidural electrode placement, 14
FBSS and CRPS, 14
long-term observations, 14
neuropathic axial pain, 14
“pain-like behaviors”, 16
peripheral vascular disease and angina pectoris, 15

S3 sacral nerve, 111–113
StimGuard, 187, 191, 192
StimWave, 187, 189
Subsensory programming, 86

T
Tegaderm™, 64
Test stimulation, 63, 64, 66, 67, 71, 72
Tined lead, 144–147
Tined lead electrode (TLE), 72
Tined lead placement, 94–98
Transcranial direct current stimulation (tDCS)

anodal after-effects, 154
antidepressants, 162
cathodal stimulation, 155
CP, 171, 172
CSF, 155
depression, 161, 162
drug effects, 169
epilepsy, 167, 168
fMRI and EEG, 154
HD-tDCS, 165
LDLPFC and RDLPFC, 161
neurorehabilitation, 155
NP, 164
pediatric patients, 166, 167
relapse, 162
safety, 155, 156

Transcranial electrical stimulation (TES), 154, 155
Transcranial magnetic stimulation (TMS)

capacitator, 152
coils, 153
depression, 159
electromagnetic field, 154
epilepsy, 169, 170
induced electric field, 153
pediatric patients, 166, 167
rTMS, 158
safety, 155–157
spTMS, 157

Transcutaneous PTNS, 203–205
Two-stage tined lead technique, 144

U
Ultrasound guidance, 66
Urge incontinence, 27, 39
Urinary frequency, 32, 39, 53, 55, 56

Index



243

Urinary incontinence, 31, 32, 208, 211, 212
Urinary retention (UR), 63, 102
Urinary urgency, 211, 213
Urinary urgency incontinence (UUI), 63
Urine storage reflexes, 6
Urodynamic studies (UDS), 234
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Visual analog scale (VAS), 112
Voiding dysfunction

careful consideration, patient selection, 236

congenital neurogenic patients, 236
DES and BBD, 233
long-term success and complication rates, 236
pediatric population, 233
pharmacologic agents, urinary symptoms, 233
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