
123

Jason P. Gilleran
Seth A. Alpert
Editors

Adult and Pediatric 
Neuromodulation



Adult and Pediatric Neuromodulation 



Jason P. Gilleran  •  Seth A. Alpert
Editors

Adult and Pediatric 
Neuromodulation



ISBN 978-3-319-73265-7        ISBN 978-3-319-73266-4  (eBook)
https://doi.org/10.1007/978-3-319-73266-4

Library of Congress Control Number: 2018932539

© Springer International Publishing AG, part of Springer Nature 2018
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or 
part of the material is concerned, specifically the rights of translation, reprinting, reuse of 
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, 
and transmission or information storage and retrieval, electronic adaptation, computer software, 
or by similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this 
publication does not imply, even in the absence of a specific statement, that such names are 
exempt from the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in 
this book are believed to be true and accurate at the date of publication. Neither the publisher nor 
the authors or the editors give a warranty, express or implied, with respect to the material 
contained herein or for any errors or omissions that may have been made. The publisher remains 
neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Printed on acid-free paper

This Springer imprint is published by the registered company Springer International Publishing 
AG part of Springer Nature.
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

Editors
Jason P. Gilleran
Department of Urology
Oakland University William
Beaumont School of Medicine
Royal Oak, MI, USA

Seth A. Alpert
Section of Urology
Nationwide Children’s Hospital and  
The Ohio State Wexner Medical Center
Columbus, OH, USA

https://doi.org/10.1007/978-3-319-73266-4


v

In no particular order, I would like to acknowledge the multitude of clinicians 
who have supported me through my early career and continue to do so today, 
starting with Drs. Philippe Zimmern and Gary Lemack at the University of Texas 
Southwestern, Dr. Tony Buffington at The Ohio State University, and to all of the 
knowledgeable professionals at Medtronic, including Ailyn Chapman.

To my colleagues at William Beaumont Hospital, most notably Dr. 
Kenneth Peters, who has and continues to “push the envelope” in the field of 
neuromodulation for pelvic floor disorders, and also Dr. Larry Sirls; Dr. Jamie 
Bartley; Nicole Stanczak, NP; Katherine Turner, NP; and the entire OR staff 
at Beaumont.

To all the authors who tirelessly contributed to this textbook, bringing 
together some of the brightest young minds in the field of neuromodulation, 
and to everyone at Springer, who made this textbook possible.

I would be remiss if I did not acknowledge my wife, Robyn, and my boys, 
Spencer and Elliott, who have always been there for me during the many 
hours involved with the writing of this textbook and the countless more hours 
of my profession. Thank you.

Jason P. Gilleran

To my colleagues on the urology team at Nationwide Children’s Hospital: 
Thank you for all your help and support not only with this project but also on 
a daily basis, as we seek to improve the health and well-being of the children 
entrusted to our care.

To my patients and families: Thank you for allowing me the honor of car-
ing for and performing surgery on your children. The trust you place in me 
cannot be underestimated, and I strive to care for your children as if they were 
my own.

To my current and former residents, fellows, and medical students: I hope 
that you have learned as much from me as I have from you. You constantly 
challenge me to think of why I am doing what I do and make me reevaluate 
that I am doing the right things for the right reasons.

Dedication/Acknowledgments



vi

To Julie, Justin, Scott, and Roxie: Thank you for your love, patience, and 
support of my career, now and always. This textbook is dedicated to you for 
all of your understanding of the times I must be somewhere else, caring for 
other people’s children. You are my world and my everything.

Seth A. Alpert

Dedication/Acknowledgments



vii

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 
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Medical Center, Pittsburgh, PA, USA
e-mail: ginsburgle@upmc.edu 

C. J. Chermansky (*) 
Department of Urology, UPMC Magee Womens 
Hospital, Pittsburgh, PA, USA
e-mail: chermanskycj2@upmc.edu

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-73266-4_1&domain=pdf
mailto:ginsburgle@upmc.edu
mailto:chermanskycj2@upmc.edu


4

�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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