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   Foreword to Comprehensive Treatment 
of Chronic Pain by Medical, Interventional, 
and Integrative Approaches  

  A brand new textbook is a testament to many things—an editor’s vision, many authors’ indi-
vidual and collective expertise, the publisher’s commitment, and all told, thousands of hours of 
hard work. This book encapsulates all of this, and with its compendium of up-to-date informa-
tion covering the full spectrum of the fi eld of pain medicine, it stands as an authoritative and 
highly practical reference for specialists and primary care clinicians alike. These attributes 
would be ample, in and of themselves, yet this important addition to the growing pain medicine 
library represents a rather novel attribute. It is a tangible embodiment of a professional medical 
society’s fi delity to its avowed mission. With its commission of this text, under the editorial 
stewardship of highly dedicated and seasoned pain medicine specialists, the American 
Academy of Pain Medicine has made an important incremental step forward to realizing its 
ambitious mission, “to optimize the health of patients in pain and eliminate the major public 
health problem of pain by advancing the practice and specialty of pain medicine.” 

 This last year, the Institute of Medicine (IOM) of the National Academies undertook the 
fi rst comprehensive evaluation of the state of pain care in the United States. This seminal work 
culminated in a report and recommendations entitled “Relieving Pain in America: A Blueprint 
for Transforming Prevention, Care, Education, and Research.” Clearly, as a nation, we have 
much work to do in order to meet the extraordinary public health needs revealed by the IOM 
committee. This comprehensive textbook is both timely and relevant as a resource for clini-
cians, educators, and researchers to ensure that the converging goals of the American Academy 
of Pain Medicine and the Institute of Medicine are realized. This book has been written; it is 
now all of ours to read and implement. Godspeed!  

    Salt Lake City ,  UT ,  USA       Perry   G.   Fine,   M.D.    
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  The maturation of a medical specialty rests on both its ability to project its values, science, and 
mission into the medical academy and the salience of its mission to the public health. The 
arrival of the American Academy of Pain Medicine (AAPM)’s  Comprehensive Treatment of 
Chronic Pain by Medical ,  Interventional ,  and Integrative Approaches :  the American Academy 
of Pain Medicine Textbook on Patient Management  is another accomplishment that signals 
AAPM’s emergence as the premier medical organization solely dedicated to the development 
of pain medicine as a specialty in the service of patients in pain and the public health. 

 Allow me the privilege of brief comment on our progress leading to this accomplishment. 
The problem of pain as both a neurophysiological event and as human suffering has been a 
core dialectic of the physician-healer experience over the millennia, driving scientifi c and reli-
gious inquiry in all cultures and civilizations. The sentinel concepts and historical develop-
ments in pain medicine science and practice are well outlined in this and other volumes. Our 
history, like all of medicine’s, is replete with examples of sociopolitical forces fostering envi-
ronments in which individuals with vision and character initiated major advances in medical 
care. Thus the challenge of managing chronic pain and suffering born of injuries to troops in 
WWII galvanized John Bonica and other pioneers, representing several specialties, into action. 
They refused to consider that their duty to these soldiers, and by extension their brethren in 
chronic pain of all causes, was fi nished once pain was controlled after an acute injury or during 
a surgical procedure. They and other clinicians joined scientists in forming the IASP 
(International Association for the Study of Pain) in 1974, and the APS (American Pain Society) 
was ratifi ed as its American chapter in 1978. Shortly thereafter, APS physicians with a primary 
interest in the development of pain management as a distinct medical practice began discuss-
ing the need for an organizational home for physicians dedicated to pain treatment; in 1984, 
they formally chartered AAPM. We soon obtained a seat in the AMA (American Medical 
Association). Since then, we have provided over two decades of leadership to the “House of 
Medicine,” culminating in leadership of the AMA’s Pain and Palliative Medicine Specialty 
Section Council that sponsored and conducted the fi rst Pain Medicine Summit in 2009. The 
summit, whose participants represented all specialties caring for pain, made specifi c recom-
mendations to improve pain education for all medical students and pain medicine training of 
residents in all specialties and to lengthen and strengthen the training of pain medicine special-
ists who would assume responsibility for the standards of pain education and care and help 
guide research. 

 Other organizational accomplishments have also marked our maturation as a specialty. 
AAPM developed a code of ethics for practice, delineated training and certifi cation require-
ments, and formed a certifying body (American Board of Pain Medicine, ABPM) whose exami-
nation was based on the science and practice of our several parent specialties coalesced into one. 
We applied for specialty recognition in ABMS (American Board of Medical Specialties), and 
we continue to pursue this goal in coordination with other specialty organizations to assure the 
public and our medical colleagues of adequate training for pain medicine specialists. We have 
become a recognized and effective voice in medical policy. The AAPM, APS, and AHA 
(American Hospital Association) established the Pain Care Coalition (PCC), recently joined by 
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the ASA (American Society of Anesthesiologists). Once again, by garnering sociopolitical sup-
port galvanized by concern for the care of our wounded warriors, the PCC was able to partner 
with the American Pain Foundation (APF) and other organizations to pass three new laws 
requiring the Veterans Administration and the military to report yearly on advances in pain 
management, training, and research and requiring the NIH (National Institute of Health) to 
examine its pain research portfolio and undertake the recently completed IOM report on pain. 

 AAPM has developed a robust scientifi c presence in medicine. We publish our own journal, 
 Pain Medicine , which has grown from a small quarterly journal to a respected monthly publi-
cation that represents the full scope of pain medicine science and practice. Annually, we con-
duct the only medical conference that is dedicated to coverage of the full scope of pain medicine 
science and practice and present a robust and scientifi c poster session that represents our latest 
progress. Yet, year to year, we lament that the incredible clinical wisdom displayed at this 
conference, born out of years of specialty practice in our fi eld, is lost between meetings. Now 
comes a remedy, our textbook —Comprehensive Treatment of Chronic Pain by Medical, 
Interventional, and Integrative Approaches . 

 Several years ago, Editor Tim Deer, who co-chaired an Annual Meeting Program Committee 
with Todd Sitzman, recognized the special nature of our annual conference and proposed that 
the AAPM engages the considerable expertise of our membership in producing a textbook 
specifi cally focused on the concepts and practice of our specialty. Under the visionary and 
vigorous leadership of Tim as Editor-in-Chief and his editorial group,  Comprehensive 
Treatment of Chronic Pain by Medical ,  Interventional ,  and Integrative Approaches  has arrived. 
Kudos to Tim, his Associate Editor-in-Chief Michael Leong, Associate Editors Asokumar 
Buvanendran, Vitaly Gordin, Philip Kim, Sunil Panchal, and Albert Ray for guiding our busy 
authors to the fi nish line. The expertise herein represents the best of our specialty and its prac-
tice. And fi nally, a specialty organization of physician volunteers needs a steady and resource-
ful professional staff to successfully complete its projects in the service of its mission. 
Ms. Susie Flynn, AAPM’s Director of Education, worked behind-the-scenes with our capable 
Springer publishers and Tim and his editors to assure our book’s timely publication. Truly, this 
many-faceted effort signals that the academy has achieved yet another developmental mile-
stone as a medical organization inexorably destined to achieve specialty status in the American 
medical pantheon.  

    Philadelphia ,  PA ,  USA       Rollin   M.   Gallagher ,  M.D., M.P.H.    
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 We are grateful for the positive reception of  Comprehensive Treatment of Chronic Pain by 
Medical, Interventional, and Integrative Approaches:   The   AMERICAN ACADEMY OF PAIN 
MEDICINE   Textbook on Patient Management  following its publication last year. The book was 
conceived as an all-encompassing clinical reference covering the entire spectrum of approaches 
to pain management: medical, interventional, and integrative. Discussions with pain medicine 
physicians and health professionals since then have persuaded us that the book could serve 
even more readers if sections on each of the major approaches were made available as indi-
vidual volumes – while some readers want a comprehensive resource, others may need only a 
certain slice. We are pleased that these “spin-off” volumes are now available. I would like to 
take this opportunity to acknowledge once more the outstanding efforts and hard work of the 
Associate Editors responsible for the sections:
   Treatment of Chronic Pain by Medical Approaches: 
  The   American Academy of Pain Medicine   Textbook on Patient Management  
  Associate Editor:  Vitaly Gordin, MD  

  Treatment of Chronic Pain by Interventional Approaches: 
  The   American Academy of Pain Medicine   Textbook on Patient Management  
  Associate Editors:  Asokumar Buvanendran, MD, Sunil J. Panchal, MD, Philip S. Kim, MD  

  Treatment of Chronic Pain by Integrative Approaches: 
  The   American Academy of Pain Medicine   Textbook on Patient Management  
  Associate Editor:  Albert L. Ray, MD    

 We greatly appreciate the feedback of our readers and strive to continue to improve our 
educational materials as we educate each other. Please send me your input and thoughts to 
improve future volumes. 

 Our main goal is to improve patient safety and outcomes. We are hopeful that the content of 
these materials accomplishes this mission for you and for the patients to whom you offer care 
and compassion.  

  Charleston, WV, USA     Timothy     R.     Deer, M.D.     

  Preface to  Treatment of Chronic P ain 
by Interventional Approaches    



     



xiii

  Preface to Comprehensive Treatment 
of Chronic Pain b y Medical, Interventional, 
and Integrative Approaches  

  In recent years, I have found that the need for guidance in treating those suffering from chronic 
pain has increased, as the burden for those patients has become a very diffi cult issue in daily 
life. Our task has been overwhelming at times, when we consider the lack of knowledge that 
many of us found when considering issues that are not part of our personal repertoire and train-
ing. We must be mentors of others and elevate our practice, while at the same time maintain 
our patient-centric target. Not only do we need to train and nurture the medical student, but 
also those in postgraduate training and those in private and academic practice who are long 
separated from their training. We are burdened with complex issues such as the cost of chronic 
pain, loss of functional individuals to society, abuse, addiction, and diversion of controlled 
substances, complicated and high-risk spinal procedures, the increase in successful but expen-
sive technology, and the humanistic morose that are part of the heavy load that we must strive 
to summit. 

 In this maze of diffi culties, we fi nd ourselves branded as “interventionalist” and “non-inter-
ventionalist.” In shaping this book, it was my goal to overcome these labels and give a diverse 
overview of the specialty. Separated into fi ve sections, the contents of this book give balance 
to the disciplines that make up our fi eld. There is a very complete overview of interventions, 
medication management, and the important areas of rehabilitation, psychological support, and 
the personal side of suffering. We have tried to give a thorough overview while striving to 
make this book practical for the physician who needs insight into the daily care of pain patients. 
This book was created as one of the many tools from the American Academy of Pain Medicine 
to shape the proper practice of those who strive to do the right things for the chronic pain 
patient focusing on ethics and medical necessity issues in each section. You will fi nd that the 
authors, Associate Editor-in-chief, Associate Editors, and I have given rise to a project that will 
be all encompassing in its goals. 

 With this text, the American Academy of Pain Medicine has set down the gauntlet for the 
mission of educating our members, friends, and concerned parties regarding the intricacies of 
our specialty. I wish you the best as you read this material and offer you my grandest hope that 
it will change the lives of your patients for the better. 

 We must remember that chronic pain treatment, like that of diabetes and hypertension, 
needs ongoing effort and ongoing innovation to defeat the limits of our current abilities. These 
thoughts are critical when you consider the long standing words of Emily Dickinson… 

 “Pain has an element of blank; it cannot recollect when it began, or if there were a day when 
it was not. It has no future but itself, its infi nite realms contain its past, enlightened to perceive 
new periods of pain.” 

 Best of luck as we fi ght our battles together.  

    Charleston ,  WV ,  USA       Timothy   R.   Deer ,  M.D.    
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Anatomy and Physiology of Pain        
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            Introduction 

 The neuroanatomy and neurophysiology of pain can be dis-
cussed with regard to every level of the nervous system, from 
peripheral nerve to cerebral cortex. Rudimentary  nociception  
is the physiologic perception of a potentially tissue- damaging 
stimulus and is the commonplace conception that holds 
when one claims that “something hurts.” However, as we 
review here, “something hurting” for an extended period of 
time will induce changes in the nervous system that may be 
irreversible. For this reason, many experts believe that all 
chronic pain is, to some extent,  neuropathic . This makes it 
often impossible to merely remove the thorn from the lion’s 

paw (treat a defi ned bodily source) and eliminate chronic 
pain, as much as patients wish we could. Pain as a subjective, 
even abstract, experience involving a complex array of emo-
tions may occur independent of  any  discernable bodily tissue 
damage, such as the case of fi bromyalgia. For this reason, 
most chronic pain treatments – whether with medications, 
cognitive therapies or interventional procedures – attempt to 
alter physiological pain processing in the peripheral nerve, 
spinal cord, or forebrain. 

 In the modern era, there have been three watershed 
moments in the scientifi c understanding of pain. The fi rst was 
the “gate theory” of Melzack and Wall [ 1 ]. This theory held 
that circuitry existed in the spinal cord whereby an innocuous 
stimulus could block transmission of a noxious stimulus to the 
brain. This theory is still discussed and referenced by research-
ers who study pain processing in the spinal dorsal horn. The 
second was the delineation of a descending pathway from the 
brain stem to the spinal dorsal horn that could block ascending 
pain-related information, the so- called descending inhibitory 
system [ 2 ]. This opened the door for the study of mechanisms 
of analgesia, as it became clear that many analgesics, includ-
ing morphine, utilized this endogenous circuitry to produce 
their effects. Thirdly, the advent of functional imaging in the 
early 1990s has yielded a wealth of information on how 
chronic pain is processed in the forebrain, defi ning potential 
sites of action for novel analgesics and providing more objec-
tive data than previously available on chronic pain outcomes 
and the mechanisms of action of therapeutic interventions.  

    Pain Neuroanatomy and Physiology 

    Peripheral and Spinal Neuroanatomy 

 Primary afferent (or sensory) neurons provide ongoing 
 information about the external environment and the internal 
bodily milieu. Primary afferent nociceptors (PANs) detect 
chiefl y temperature, trauma, and acidosis of tissues [ 3 ]. 
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   Key Points 

•     All chronic pain, to a greater or lesser extent, alters ner-
vous system physiology and is therefore neuropathic.  

•   Electrical neuromodulation may be employed against the 
peripheral and intraspinal nervous system in a variety of 
ways to “gate” the fl ow of pain information to 
consciousness.  

•   Modern functional imaging of the forebrain has con-
fi rmed and extended our understanding of pain neuro-
anatomy and may be an outcome measure for studies 
of pain in the future.  

•   In the future, research may be able to better match par-
ticular clinical characteristics to underlying pain phys-
iology, understand how to act on autonomic and 
visceral pathways, and control glial and infl ammatory 
activity to reduce neuropathic pain.    
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Their cell  bodies reside in the “dorsal root ganglion” (DRG) 
which sits just outside the spinal cord. Their axons bifurcate 
within the ganglion, sending one branch out to innervate 
various tissues and the other to innervate the dorsal horn of 
the spinal cord. Most PANs have smaller cell bodies and thin 
lightly myelinated (Aδ) or unmyelinated (C) axons, the latter 
terminating as free nerve endings in various organs – skin, 
muscle, and visceral organs. The conduction velocities of 
PAN are slower than the large, heavily myelinated axons that 
act as motoneurons or mechanoreceptors that detect vibra-
tion or position sense. 

 Lightly myelinated Aδ nociceptors enter the spinal cord 
often in or near Lissauer’s tract with terminations primarily 
in laminae I and IIo of the superfi cial dorsal horn [ 4 ]; some 
terminations can be found in deeper laminae III–V and X as 
well. A subset of Aδ nociceptors ramify rostrally and cau-
dally through several spinal segments of Lissauer’s tract 
before terminating. These neurons respond to different stim-
ulus modalities (mechanical or thermal) and are thought to 
convey fast pricking or sharp pain. 

 Unmyelinated C fi bers respond to a diversity of noxious 
mechanical, thermal, or chemical modalities. They are clas-
sifi ed into two broad types: peptidergic and non-peptidergic 
[ 5 ]. Peptidergic C fi bers carry TrkA, the high-affi nity recep-
tor for nerve growth factor, and contain peptides such as cal-
citonin gene-related peptide, substance P and/or galanin. The 
second type appears to lack peptide neurotransmitters, 
responds to glial cell line-derived neurotrophic factor, and 
can be identifi ed using binding sites for the lectin IB4. 
Studies indicate that these two types of C fi ber segregate dif-
ferently in the dorsal horn. Non-peptidergic IB4-labeled C 
fi bers gather in the central part of inner lamina II, while pep-
tidergic fi bers branch out through lamina I and outer lamina 
II, but with scattered terminals deeper (laminae III–V) [ 5 ]. 

 Nearly all visceral afferents are small unmyelinated C 
fi bers which express similar markers to somatic nociceptors, 
such as vanilloid receptor TRPV1 and tetrodotoxin-resistant 
sodium channels [ 6 ]. Visceral afferents terminate in laminae 
I, V–VII, and X of the spinal cord. Laminae I and V contrib-
ute fi bers to the spinothalamic tract in the contralateral 
lateral- ventral portion of the cord; thus, visceral travels with 
somatic nociceptive information from both somatic C fi bers 
(lamina I) and Aδ fi bers (lamina V) rostrally [ 7 ,  8 ]. In addi-
tion, a second pathway for visceral pain information from 
medial lamina VII and lamina X propagates along the dorsal 
columns [ 9 ]. Viscerally innervated lamina X neurons are par-
ticularly numerous in the sacral spinal cord and important for 
pelvic and perineal pain transmission.  

    Peripheral and Spinal Physiology 

 Injury to peripheral nerves is believed to cause paroxysmal, 
spontaneous pain through changes in voltage-sensitive sodium 

channel expression that lead to ectopic action potentials in 
sensory neurons [ 10 ]. These Na(v) channels accumulate in 
neuromas and demyelinated areas of peripheral nerve in ani-
mal and human models. Four such channels are of particular 
interest given their restricted distribution in nociceptors and 
their experimental association with neuropathic pain: tetrodo-
toxin-sensitive Na(v) 1.3 and 1.7 and tetrodotoxin- resistant 
Na(v) 1.8 and 1.9 [ 11 ]. Demyelination and the more even dis-
tribution of sodium channels along axons after peripheral 
nerve injury can lead to diffi culty with obtaining a peripheral 
block in response to local anesthetic agents. 

 A phenotypic switch has been observed after axotomy, 
whereby large Aβ fi bers begin to express neuromediators 
that transmit nociceptive information, including substance P 
[ 12 ,  13 ]. Some investigators insist that a subset of Aβ fi bers 
maintains extensive projections throughout the superfi cial 
dorsal horn which, after the phenotypic switch, could excite 
spinothalamic neurons [ 14 ]. There is a larger body of work to 
suggest ingrowth of large-diameter sensory afferents into the 
superfi cial dorsal horn when there has been loss of small- 
fi ber inputs due to cell death [ 15 ]. Because large-diameter 
afferents transmit innocuous sensory information such as 
light touch, it is believed that a pathological change allowing 
them to excite the superfi cial dorsal horn – either through a 
phenotypic switch that provides them with pain-related neu-
rotransmitters or pathological ingrowth into deafferented 
portions of superfi cial dorsal horn – underlies the phenome-
non of mechanical allodynia. 

 Nociceptive afferents provided excitatory glutamatergic, 
and sometimes peptidergic (substance P), inputs to their 
respective spinal laminae that increase activity in spinotha-
lamic projection neurons. Glutamate acts primarily on AMPA 
or NMDA receptors and substance P on the neurokinin- 1 
(NK1) receptor. Glutamatergic activity leads to increased 
intracellular calcium and changes in gene expression of these 
neurons, or, in some cases, neuronal cell death [ 16 ]. 

 Two primary mechanisms reduce excitation in the dorsal 
horn. The fi rst is presynaptic inhibition of neurotransmitter 
release from primary afferent terminals in the dorsal horn. 
Serotonergic, adrenergic, opioidergic, and dopaminergic 
receptors are present on nociceptive afferents whose activity 
will block calcium entry and vesicular release of glutamate 
or substance P. Secondly, dopaminergic D2, serotoninergic 
5-HT1A, and GABAergic receptors on spinothalamic neu-
rons will inhibit neuronal cell fi ring when those receptors are 
activated. The monoamines, serotonin, norepinephrine, and 
dopamine acting on pre- and postsynaptic receptors in the 
dorsal horn are released from the terminals of descending 
fi bers from brain stem nuclei. As a sidenote, spinal presynap-
tic serotonergic 5-HT3, postsynaptic 5-HT2 and dopaminer-
gic D1 receptors are all generally pro-nociceptive, in that 
activation of these receptors will either increase excitatory 
transmitter release and/or directly increase spinothalamic 
neuronal activity [ 17 – 19 ]. 

A.R. Burkey
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 Intrinsic local inhibitory neurons containing GABA will 
reduce activity in spinothalamic neurons. About 30 % of 
 neurons in superfi cial laminae I–III are inhibitory, all 
GABAergic of which some also contain glycine [ 4 ]. Most 
islet cells in the substantia gelatinosa contain GABA and 
receive excitatory input from C fi bers; they provide mono-
synaptic, bicuculline-sensitive input to excitatory “central” 
neurons which also receive direct excitatory input from other 
C fi bers. The “central” neurons, responding to convergent 
inputs from islet cells and C fi bers, gate output from lamina 
I through the spinothalamic tract [ 20 ]. A recent study [ 21 ] 
detected large numbers of GABA-inhibitory interneurons 
postsynaptic to large, heavily myelinated dorsal root ganglia 
neurons (presumably Aβ fi bers) in spinal laminae III–V, con-
sistent with the gate theory of large-fi ber inhibition of noci-
ceptive transmission [ 1 ]. It has been shown that partial nerve 
injury will lead to loss of GABAergic inhibition in the super-
fi cial dorsal horn secondary to neuronal cell death [ 22 ,  23 ]; 
loss of this endogenous suppression of central sensitization 
is a key factor in the diffi culty with treating neuropathic pain. 

 Infl ammatory and immune mediators also maintain neu-
ropathic pain. With peripheral nerve injury, mast cells, neu-
trophils, and macrophages will release immune mediators 
such as prostaglandin E2, histamine, and tumor necrosis 
factor-alpha [ 24 ]. Supportive glia and Schwann cells can 
also release nerve growth factor, interleukins, cytokines, che-
mokines, and ATP which excite axons under pathological 
conditions [ 25 ]. Central glial cells can modulate neuronal 
activity in other ways, i.e., by acting as ion buffers, and their 
role has lead to the term “gliopathic” pain [ 26 ]. 

 Preganglionic sympathetic neurons, which reside in the 
intermediolateral cell column of the thoracic spinal cord to 
the upper second or third lumbar segments, are controlled by 
both spinal and supraspinal inputs. Particularly, they appear 
to be subject to tonic GABAergic inhibition which is lifted to 
quickly increase sympathetic outfl ow (“disinhibition”) [ 27 , 
 28 ]. Preganglionic sympathetic fi bers exit through the ventral 
root of the spinal nerve and then connect to the paravertebral 
sympathetic chain via the “white ramus communicantes” to 
travel to the appropriate sympathetic ganglion to synapse 
with its postsynaptic neuron. Visceral afferents travel with 
the sympathetic nerves to that organ, and therefore, the clini-
cian should consider the possibility of thoracic radiculopathy 
when confronted with poorly localized unilateral fl ank and 
abdominal or pelvic pain, especially if a separate thoracic 
dermatomal pain can be determined on careful interview. 

 Sympathetic nerve terminals have been observed to form 
basket structures around dorsal root ganglion cells after 
peripheral nerve lesions and can thereby activate these neurons 
[ 29 ,  30 ]. Nociceptive axons as well may exhibit adrenergic 
sensitivity in peripheral nerve. These anatomical observations 
may have relevance to mechanisms of sympathetically main-
tained pain and their responsiveness to blockade of sympa-
thetic ganglia and dorsal column neuromodulation (see below).  

    Supraspinal Pain Neuroanatomy 

 Functional imaging methods have been a powerful comple-
ment to traditional anatomical methods in ascertaining the 
supraspinal networks involved in pain processing. The spi-
nothalamic tract terminates in six distinct regions of the thal-
amus, mostly intralaminar and ventrolateral complex nuclei. 
Along the way, terminations from spinobulbar neurons, 
which travel with spinothalamic tract neurons, are found in 
the brain stem reticular formation, periaqueductal gray 
(PAG), parabrachial nucleus, and regions of catecholamine 
cell groups. It is also likely that the hypothalamus receives 
spinothalamic tract input either through a mono- or multi-
synaptic pathway. 

 The PAG and rostral ventromedial (RVM) nuclei of the 
brain stem are involved with descending pain inhibitory 
modulation already mentioned above [ 31 ]. The PAG controls 
spinal nociceptive activity through relays in the RVM and 
the dorsolateral pontine tegmentum. The RVM contains both 
serotonergic and non-serotonergic projection neurons that 
can increase or decrease nociceptive activity in the spinal 
dorsal horn. The dorsolateral pontine tegmentum sends nor-
adrenergic fi bers to the dorsal horn to reduce activity through 
alpha-2 receptor activation. 

 Ascending spinothalamic input from lamina I of the dorsal 
horn is relayed by the thalamus to four principal regions of 
the cerebral cortex: area 24c of the anterior cingulate gyrus, 
area 3a of the primary somatosensory cortex (SI), secondary 
somatosensory cortex on the parietal operculum (SII), and 
dorsal insular cortex. Not coincidentally, these four regions 
have shown activation in a consistent way across functional 
imaging studies, including PET and fMRI, using many differ-
ent experimental paradigms [ 32 ,  33 ]. Ascending spinotha-
lamic input from wide dynamic range neurons in lamina V is 
ultimately received in the SI and SII cortices. Of all the cere-
bral cortical areas activated by pain, the anterior cingulate 
cortex appears to be the most specifi c for pain itself. The insu-
lar cortex serves a more general role for visceral integration 
and monitoring bodily homeostasis [ 34 ]. Finally, nociceptive 
input to the parabrachial area may be relayed to the central 
nucleus of the amygdala, where a major lamina I pathway 
exists in rats [ 35 ]. This input could account in part for some 
of the emotional, “suffering,” aspects of pain experience.   

    Clinical Applications 

    Neuromodulation 

 Virtually every level of the nervous system discussed above 
can be subjected to electrical neuromodulation with some 
benefi t for chronic pain, particularly neuropathic pain. Here, 
we briefl y list these targets with appropriate references for 
further review by the interventionalist. 

1 Neuroanatomy and Neurophysiology of Pain
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    Forebrain 
 Typically, the forebrain is modulated through superfi cial motor 
cortex stimulation or deep brain stimulation. To date, regions 
targeted for deep brain stimulation include the medial septal 
nuclei, sensory thalamus, and PAG. More commonly, superfi -
cial motor cortex stimulation is chosen for dense neuropathic 
pain conditions [ 36 ,  37 ]. Typical indications include central 
neuropathic pain, trigeminal neuralgia, phantom limb pain, 
and postherpetic neuralgia. Anatomic mapping is performed 
by identifying the central sulcus with electrophysiologic stim-
ulation and monitoring. EMG and somatosensory-evoked 
potentials are used to match the motor cortex area with the 
pain pattern. The mechanism of action of motor cortex stimu-
lation is unknown; it may have to do with the relationship of 
the motor cortex to suppression of activity in SI and SII 
somatosensory cortices.  

    Intraspinal Neuromodulation 
 The commonest location for placement of electrodes for pain 
relief is within the spinal canal. Dorsal column neuromodu-
lation via epidural electrodes is an implantable, surgical 
treatment modality commonly used for chronic pain and vas-
cular disorders [ 37 ,  38 ]. Several features of the neural target 
infl uence the effi cacy of stimulation: a longitudinal rather 
than transverse orientation of the fi bers relative to the elec-
trode, the distance from the electrode to the fi ber, and the 
fi ber diameter itself [ 39 ]. Currently available devices activate 
heavily myelinated Aβ fi bers, not the unmyelinated C fi bers 
or lightly myelinated Aδ fi bers. Every attempt should be 
made to align the electrode along the axis of the fi bers being 
stimulated. Furthermore, neuromodulation will be more 
effective at levels of the spinal cord with less intervening 
CSF volume, such as at the lumbar and cervical enlarge-
ments, when leads are placed in the epidural space. 

 The ability of dorsal column neuromodulation to block 
neuropathic pain depends on endogenous mechanisms to 
reduce excitability in the dorsal horn. A substantive body of 
work implicates GABAergic mechanisms of analgesia for 
dorsal column neuromodulation [ 40 ]. Conversely, treatment 
failures for dorsal column neuromodulation may be attribut-
able to loss of large-fi ber function, transformation in the phe-
notype or connectivity of large fi bers, or loss of GABAergic 
inhibitory networks in the dorsal horn. 

 For traditional neuromodulation, a Tuohy needle is placed 
into the epidural space after aseptic preparation of the skin 
several segments caudal to the fi nal desired position. Using 
fl uoroscopic guidance, the electrode is advanced into the 
midline position overlying the spinal segments to be stimu-
lated. Trial stimulation is carried out using an external pro-
grammable pulse generator. The patient describes the 
location and type of paresthesia in relation to their pain. 
Sometimes, more than one electrode is required to cover all 
of the painful areas. A variety of paddle and alternately 
spaced quadric and octopolar leads are available to cover the 

necessary area of the dorsal columns; sometimes, staggered 
leads are placed one above the other in a linear fashion to 
cover a greater rostrocaudal number of segments. 

 With satisfactory stimulation obtained, the lead(s) are 
sutured into place for a trial period of up to 2 weeks. The 
needle is withdrawn without disturbing the electrode place-
ment and anchored into place on skin with bandaging of a 
tension loop to decrease the likelihood of dislodgement. The 
externalized leads can be reprogrammed throughout the trial 
period to optimize capture of the painful territory. At any 
sign of superfi cial infection, they are removed. If successful, 
permanent leads can be placed in the dorsal epidural space 
and tunneled to a rechargeable, programmable battery pack. 

 Other intraspinal neural targets have been successfully 
utilized to provide relief from neuropathic pain. Electrodes 
may be placed laterally over the entering dorsal root entry 
zone, which includes the dorsal roots, Lissauer’s tract, and 
the spinal dorsal horn; this technique has been referred to as 
“intraspinal nerve root stimulation” (INRS; Fig.  1.1 ). INRS 
benefi ts from a closer apposition of the electrode to the target 
fi bers than in the dorsal columns. The electrodes are placed 
along the rostrocaudal axis of the spine and therefore are ori-
ented in parallel to ramifying fi bers in Lissauer’s trace. 
Placement of an electrode along laterally over the entering 
dorsal roots uses the same approach as for midline dorsal 
column placement. Lateral fl uoroscopic views should be 
used to ascertain that the electrode is not ventrally located in 
the epidural space but rather along the posterior border of the 
neural foraminae.  

 Selective nerve root stimulation (SNRS) involves 
 targeting the dorsal root of the spinal nerve at the neural fora-
men through an intra- or extraspinal approach where the 
electrode lies in a parallel with the entering fi bers. We include 
sacral nerve stimulation in this category. SNRS accomplishes 
the goal of capturing paresthesia in some diffi cult-to-treat 
lumbosacral segments where traditional methods fail. 
A cephalocaudal (retrograde) lateral epidural approach at 
L2/3 below the conus was developed to facilitate placement 
of the electrode “in line” with lumbosacral roots. Using this 
technique, a quadripolar electrode enters at midline and is 
rotated toward but not into the L4 foramen. The distal con-
tact is commonly programmed as an anode and the three 
proximal contacts as cathodes. Appropriately positioned, one 
may capture the L4, 5 and S1 roots with a  single lead. 
Retrograde cervicothoracic electrode placements have not 
been performed due to the risk of cord injury. 

 S2–4 roots can be captured by directing the quadrupole 
toward but not through the S2 foramen. For sacral neuro-
modulation, trial leads are commonly placed through the 
caudal sacral hiatus and advanced over the lumbosacral 
nerve roots of interest; if successful, a surgically implanted 
paddle lead may be placed via laminotomy. Conditions 
treated with this approach include interstitial cystitis and 
perineal and rectal pain syndromes. 
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 The DRG is another potential target for neuromodulation 
(Fig.  1.2 ). The DRG is reliably located intraspinally between 
the pedicles of the neural foramen. This structure has been 
targeted with radiofrequency energy to treat radicular neuro-
pathic pain. It may be that a reversible treatment like neuro-
modulation is preferable to a destructive technique like 
radiofrequency. In the lumbosacral region, a retrograde 
approach is generally used and the electrode into the neural 
foramen. The difference between this target and SNRS is 
that the electrode is advanced farther into the foramen with 
this procedure, isolating a single dermatome and acting on 
the sensory cell bodies of the DRG. Although it may be more 
effective for this dermatome, it has less breadth of coverage 
than SNRS which can capture several nerve roots.   

    Peripheral Nervous System 
 Peripheral nerves may be individually stimulated or an elec-
trical fi eld generated through an electrode array placed sub-
cutaneously [ 41 ]. In peripheral nerve stimulation, an attempt 
should be made to direct the electrode along the trajectory of 
the target nerve. Common peripheral nerves treated with 
neuromodulation include ilioinguinal nerves for post- 
herniorrhaphy pain, greater and lesser occipital nerves for 
occipital neuralgia, intercostal nerves for rib pain, and lower 
extremity nerves (saphenous, peroneal, tibial, sural) for foot 
pain. One may also use a combination of intraspinal and 
peripheral stimulation to treat, for instance, back and leg 
pain [ 42 ]. The lead is placed in proximity to the nerve rather 
than in contact to the nerve with most cases. In some cases, 
often because of lead migration or failure to capture with 
appropriate coverage, a paddle-type electrode is recom-
mended for implantation. 

  Fig. 1.1    Dual Octrode leads for 
INRS ( a ) The left, lateral lead 
(arrow) in this case overlies the 
entering fi bers of C5, C6, and C7 
for treatment of C6 dermatome 
central pain in an MS patient. 
The more medial lead guards the 
lateral lead to isolate stimulation 
over the dorsal root entry zone at 
C6. On the lateral view ( b ), the 
lateral lead is positioned 
immediately at the dorsal border 
of the neural foraminae. The 
more medial lead rises dorsally 
over the convexity of the spinal 
cord as it courses rostrally toward 
the dorsal columns [ 53 ]       

  Fig. 1.2    DRG stimulation for postherpetic neuralgia. This patient had 
worsened symptoms with dorsal column neuromodulation. This arrange-
ment of two leads stimulating the sensory neuronal perikarya at L1 and L2 
provided 100 % relief with subthreshold stimulation (amplitude 0.5–0.8 
mA with pulse width 120) (Photo courtesy of Dr. Christopher Vije, MD)       
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 In some cases it is not possible to isolate a single nerve 
branch that is responsible for the pain problem. Implantation 
of dual electrodes with appropriate spacing will generate a 
peripheral fi eld that captures the pain problem. There is evi-
dence that the two leads can cross talk to complete an electrical 
circuit and are thus creating a true fi eld and not functioning 
independently [ 43 ]. This has been performed for a variety of 
conditions including lower back pain and abdominal pain [ 44 ].   

    Intrathecal Drug Delivery 

 Carefully selected patients may benefi t from the implanta-
tion of an intrathecal drug-delivery system, typically an opi-
oid with or without an adjunctive medication. These patients 
have failed more conservative options and have poor benefi t 
and/or unacceptable side effects from oral medications. It is 
considered a good option for some patients with cancer pain 
who require large doses of opioid and suffer from severe 
constipation or sedation. 

 Typically, the catheter enters the intrathecal space at the 
lumbar level and is tunneled to a programmable, refi llable 
pump usually in the lower quadrant of the abdomen. The 
catheter tip should be advanced to the optimal spinal level 
for the worst pain. For instance, back pain should have the 
catheter delivering medication at T10 or to the upper cervical 
spine for head and neck pain. These pumps are not without 
risk; beyond the immediate surgical risks of hematoma, cord 
injury, and infection, granulomas may form over time and 
require surgical intervention. 

 Pumps are typically fi lled with morphine, but the interven-
tionalist may use other opioids such as hydromorphone or 
fentanyl. Common adjuncts to the opioid are clonidine or a 
local anesthetic such as bupivacaine. Clonidine takes advan-
tage of the endogenous alpha-2 receptor mechanisms of spi-
nal analgesia but can be complicated by hypotension or 
sedation. Intrathecal bupivacaine can cause numbness, edema, 
incoordination, or urinary retention; in other cases, it is diffi -
cult to deliver a clinically signifi cant amount of bupivacaine, 
given that bupivacaine cannot be concentrated beyond 0.75 % 
and the low volumes required for intrathecal infusion. 

 Intrathecal opioid pumps produce their analgesia through 
an action on the mu-opioid receptors which are equally dis-
tributed on presynaptic fi bers and postsynaptic neuronal cell 
bodies in the dorsal horn. Over time, typically several years, 
signifi cant tolerance can develop. The loss of GABAergic 
inhibitory interneurons in the dorsal horn secondary to 
direct morphine neurotoxicity is thought to be one mecha-
nism of tolerance development [ 45 ]. This is one factor 
that has prompted the development of alternative agents, 
such as ziconotide [ 46 ]. Ziconotide acts as a N-type 
 voltage- dependent calcium  channel. It blocks the release 
of glutamate and pro-nociceptive peptides in the dorsal horn. 

It has a narrow therapeutic window, with signifi cant side 
effects of sedation, hallucinations, and dizziness. It has the 
benefi t of no apparent development of tolerance or depen-
dence, however. It is currently used for severe neuropathic 
pain refractory to other therapies.   

    Future Directions 

    Functional Imaging of Pain 

 PET and fMRI have disclosed activations in certain brain 
areas with chronic pain, including the anterior cingulate and 
insular gyri and the somatosensory cortices and thalamus. In 
some studies, standard MRI has shown reductions in gray 
matter volumes as a consequence not cause of the chronic 
pain of such common conditions as irritable bowel syndrome 
and chronic back pain [ 47 – 49 ]. In the case of chronic low 
back pain, effective treatment in one study showed reversal 
of the gray matter changes [ 50 ]. Should reliable protocols 
for common conditions such as back pain be developed, 
imaging studies could become outcome measures for 
 interventional therapies.  

    Neuropathic Pain 

 Technological improvements in neuromodulation will con-
tinue to enhance their effi cacy and improve our ability to 
treat certain pain states. Chief among these improvements, 
already on the horizon, is the development of small, self- 
contained stimulator devices that may be placed directly next 
to the nerve root or peripheral nerve, obviating the need for 
tunneling electrode leads to a battery pack. This will improve 
accessibility of the DRG and peripheral nerve targets, in par-
ticular, to neurostimulation. 

 The fi eld of neuromodulation, like most other in medi-
cine, would benefi t from cohort studies of these different 
approaches used in different neuropathic pain states. 
Although the utility of dorsal column neuromodulation 
for failed back surgery syndrome/lumbosacral nerve root 
injury syndrome is well-established [ 37 ,  51 ,  52 ], to date, 
only anecdotal reports exist for the utility of this and alter-
nate neuromodulatory strategies for other chronic neuro-
pathic conditions. For instance, one case of central pain from 
multiple sclerosis was successfully treated by INRS [ 53 ]. 
Positive results from SNRS have been reported for lumbosa-
cral nerve injury syndrome, ilioinguinal neuralgia, vulvo-
dynia, interstitial cystitis, neuropathic extremity pain, and 
pelvic and rectal pain [ 54 – 59 ]. Subcutaneous peripheral 
nerve or fi eld stimulation has been tried for neuropathic head 
and neck pain, occipital neuralgia, inguinal neuralgia, and 
chronic pelvic or abdominal pain [ 60 – 65 ]. 
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 “Sensory profi les” for neuropathic pain could enhance the 
study of alternate strategies and indications for neuromodu-
lation. The concept proposes that a particular pattern of sen-
sory description corresponds to a specifi c physiological 
change, even among patients with the same disease process. 
Thus, allodynia may represent a greater GABAergic inhibi-
tory defi cit in the dorsal horn; numbness, a signifi cantly 
greater degree of deafferentation; spontaneous pain, a greater 
degree of Aδ fi ber activity; and so on. Physiology in turn 
determines the effi cacy of neuromodulation. These “sensory 
profi les” could then be used to stratify patients within a pop-
ulation to address the issue of nonresponders. 

 A case in point is postherpetic neuralgia, where dorsal 
column neuromodulation and peripheral fi eld stimulation 
have both been reported effective in several patients [ 66 ,  67 ], 
yet is a condition where neurostimulation is not generally 
regarded as a useful modality [ 68 ,  69 ]. A descriptive study of 
2,100 patients with either PHN or DPN demonstrated differ-
ences in hyperalgesia and allodynia between the two popula-
tions [ 70 ]; fi ve patterns of sensory symptom description 
were detected within these two populations although differ-
ing in frequency within each. Distinct neuropathic signs and 
symptoms in PHN (i.e., paroxysmal vs. continuous pain) are 
generated by different patterns of abnormality among pri-
mary afferent neurons (Aβ- vs. Aδ- and C fi bers). This type 
of research where clinical description is matched to underly-
ing physiology may point the way forward, in identifying 
subtypes of neuropathic pain responsive (or not responsive) 
to different approaches to neuromodulation. This could 
greatly reduce the number of unnecessary trials and failed 
implants (see Fig.  1.2 ). 

    Visceral and Autonomic Systems 
 There exists a great deal of information on the utility of dorsal 
column neuromodulation for chronic stable angina and non-
reconstructable lower extremity ischemia (Fig.  1.3 ) [ 38 ,  71 , 
 72 ]. These indications are more widely used in Europe; prac-
titioners in the USA have not managed to partner with vascu-
lar surgery, cardiology, and primary care in such a way as to 
be able to provide this treatment modality to the appropriate 
patients effectively. There is also burgeoning interest in the 
use of cervical spinal cord stimulation to increase cerebral 
perfusion in low-fl ow states, including enhancing chemother-
apy delivery to brain tumors and improving cerebral oxygen-
ation in patients poststroke [ 73 ,  74 ].  

 For chronic visceral pain such as pancreatitis, a guarded 
tripolar lead array is frequently used to drive stimulation 
deeper into the dorsal columns. Presumably, this allows acti-
vation of fi bers in the midline visceral pain pathway which 
engages inhibitory mechanisms in deeper laminae VII and X 
where visceroceptive neurons reside. This existence of this 
pathway has led some to promote the effi cacy of T10 midline 

punctuate myelotomy for intractable cancer-related pelvic 
pain [ 75 ], which may be considered by the surgical interven-
tionalist in their palliative care population.   

    Intrathecal Drug Delivery 

 Currently available technology would benefi t greatly from 
novel analgesics to deliver intraspinally. Gabapentin, a well- 
established drug for the treatment of neuropathic pain, is one 
such candidate for intrathecal administration [ 76 ,  77 ]. 
Alternatively, it may be that adjuncts to morphine, such as 
baclofen, enhance its effi cacy and reduce tolerance develop-
ment [ 78 ]. An intriguing possibility in this regard would be 
medications to inhibit proinfl ammatory mediators in the spi-
nal cord. Cytokine and chemokine activation appears not 
only to drive neuropathic pain itself, but to specifi cally 
reduce analgesia and promote tolerance development associ-
ated with opioids [ 79 ,  80 ].   

    Summary 

 Pain is a neurological condition that affects every level of the 
nervous system. The most reasonable target for therapy 
remains the peripheral nerve and spinal dorsal horn, as fi rst 
proposed by the gate theory; at more rostral levels, pain- 
related activity is distributed among a “pain matrix” whose 
complexity makes it diffi cult to act upon. Imaging of this pain 
matrix, however, may become an objective surrogate marker 
for studies of pain and its treatment. Studies of neuromodulation 

  Fig. 1.3    Dorsal column tripole confi guration. Using an Octrode lead on 
either side of a third Octrode allows one to “guard” the midline lead with 
positive charge. This drives the stimulation deeper into the dorsal columns 
and can prevent limb and thoracic dermatomal paresthesias. This arrange-
ment has been used for chronic pancreatitis and axial low back pain       
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for a variety of neuropathic pain states will benefi t from 
 correlation with clinical characteristics and physiology to 
reduce the number of failed implants. New medications, 
either alone or adjunctive to intrathecal opioids, will make 
infusion pumps a more attractive modality for pain control.     

   References 

     1.    Melzack R, Wall PD. Pain mechanisms: a new theory. Science. 
1965;150(699):971–9.  

    2.    Basbaum AI, Fields HL. Endogenous pain control systems: brain-
stem spinal pathways and endorphin circuitry. Annu Rev Neurosci. 
1984;7:309–38.  

    3.    Levine JD, Fields HL, Basbaum AI. Peptides and the primary affer-
ent nociceptor. J Neurosci. 1993;13(6):2273–86.  

     4.    Todd AJ. Chapter 6 Anatomy and neurochemistry of the dorsal 
horn. Handb Clin Neurol. 2006;81:61–76.  

     5.    Braz JM, et al. Parallel “pain” pathways arise from subpopulations 
of primary afferent nociceptor. Neuron. 2005;47(6):787–93.  

    6.    Bielefeldt K, Christianson JA, Davis BM. Basic and clinical aspects 
of visceral sensation: transmission in the CNS. Neurogastroenterol 
Motil. 2005;17(4):488–99.  

    7.    Traub RJ, Sengupta JN, Gebhart GF. Differential c-fos expression 
in the nucleus of the solitary tract and spinal cord following noxious 
gastric distention in the rat. Neuroscience. 1996;74(3):873–84.  

    8.    Traub RJ, Stitt S, Gebhart GF. Attenuation of c-Fos expression 
in the rat lumbosacral spinal cord by morphine or tramadol follow-
ing noxious colorectal distention. Brain Res. 1995;701(1–2):
175–82.  

    9.    Palecek J, Paleckova V, Willis WD. Fos expression in spinothalamic 
and postsynaptic dorsal column neurons following noxious visceral 
and cutaneous stimuli. Pain. 2003;104(1–2):249–57.  

    10.    Devor M. Sodium channels and mechanisms of neuropathic pain. 
J Pain. 2006;7(1 Suppl 1):S3–12.  

    11.    Momin A, Wood JN. Sensory neuron voltage-gated sodium chan-
nels as analgesic drug targets. Curr Opin Neurobiol. 2008;18(4):
383–8.  

    12.    Costigan M, et al. Replicate high-density rat genome oligonucle-
otide microarrays reveal hundreds of regulated genes in the dorsal 
root ganglion after peripheral nerve injury. BMC Neurosci. 
2002;3(1):16.  

    13.    Weissner W, et al. Time course of substance P expression in dorsal 
root ganglia following complete spinal nerve transection. J Comp 
Neurol. 2006;497(1):78–87.  

    14.    Devor M. Ectopic discharge in Abeta afferents as a source of 
 neuropathic pain. Exp Brain Res. 2009;196(1):115–28.  

    15.    Nakamura S, Myers RR. Myelinated afferents sprout into lamina II 
of L3-5 dorsal horn following chronic constriction nerve injury in 
rats. Brain Res. 1999;818(2):285–90.  

    16.    Whiteside GT, Munglani R. Cell death in the superfi cial dorsal horn 
in a model of neuropathic pain. J Neurosci Res. 2001;64(2):168–73.  

    17.    Yoshimura M, Furue H. Mechanisms for the anti-nociceptive 
actions of the descending noradrenergic and serotonergic systems 
in the spinal cord. J Pharmacol Sci. 2006;101(2):107–17.  

   18.    Lu Y, Perl ER. Selective action of noradrenaline and serotonin on 
neurones of the spinal superfi cial dorsal horn in the rat. J Physiol. 
2007;582(Pt 1):127–36.  

    19.    Benarroch E. Descending monoaminergic pain modulation: bidi-
rectional control and clinical relevance. Neurology. 2008;71(3):
217–21.  

    20.    Lu Y, Perl ER. A specifi c inhibitory pathway between substantia 
gelatinosa neurons receiving direct C-fi ber input. J Neurosci. 
2003;23(25):8752–8.  

    21.    Braz JM, Basbaum AI. Triggering genetically-expressed transneu-
ronal tracers by peripheral axotomy reveals convergent and segre-
gated sensory neuron-spinal cord connectivity. Neuroscience. 
2009;163(4):1220–32.  

    22.    Moore KA, et al. Partial peripheral nerve injury promotes a selec-
tive loss of GABAergic inhibition in the superfi cial dorsal horn of 
the spinal cord. J Neurosci. 2002;22(15):6724–31.  

    23.    Scholz J, et al. Blocking caspase activity prevents transsynaptic 
neuronal apoptosis and the loss of inhibition in lamina II of the 
dorsal horn after peripheral nerve injury. J Neurosci. 2005;25(32):
7317–23.  

    24.    Rittner HL, Brack A, Stein C. Pro-algesic versus analgesic actions 
of immune cells. Curr Opin Anaesthesiol. 2003;16(5):527–33.  

    25.    Moalem G, Tracey DJ. Immune and infl ammatory mechanisms in 
neuropathic pain. Brain Res Rev. 2006;51(2):240–64.  

    26.    Benarroch E. Central neuron-glia interactions and neuropathic 
pain: overview of recent concepts and clinical implications. 
Neurology. 2010;75(3):273–8.  

    27.    Deuchars SA, et al. GABAergic neurons in the central region of the 
spinal cord: a novel substrate for sympathetic inhibition. J Neurosci. 
2005;25(5):1063–70.  

    28.    Wang L, et al. Tonic GABAergic inhibition of sympathetic pregan-
glionic neurons: a novel substrate for sympathetic control. 
J Neurosci. 2008;28(47):12445–52.  

    29.    McLachlan EM, et al. Peripheral nerve injury triggers noradrener-
gic sprouting within dorsal root ganglia. Nature. 1993;363(6429):
543–6.  

    30.    Chung K, et al. Sympathetic sprouting in the dorsal root ganglia of 
the injured peripheral nerve in a rat neuropathic pain model. J Comp 
Neurol. 1996;376(2):241–52.  

    31.    Ossipov MH, et al. Spinal and supraspinal mechanisms of neuro-
pathic pain. Ann N Y Acad Sci. 2000;909:12–24.  

    32.    Casey KL, Lorenz J, Minoshima S. Insights into the pathophysiol-
ogy of neuropathic pain through functional brain imaging. Exp 
Neurol. 2003;184 Suppl 1:S80–8.  

    33.    Garcia-Larrea L, et al. Functional imaging and neurophysiological 
assessment of spinal and brain therapeutic modulation in humans. 
Arch Med Res. 2000;31(3):248–57.  

    34.    Craig AD. The functional anatomy of lamina I and its role in post- 
stroke central pain. Prog Brain Res. 2000;129:137–51.  

    35.    Al-Khater KM, Todd AJ. Collateral projections of neurons in lami-
nae I, III, and IV of rat spinal cord to thalamus, periaqueductal gray 
matter, and lateral parabrachial area. J Comp Neurol. 2009;515(6):
629–46.  

    36.    Canavero S, Bonicalzi V. Extradural cortical stimulation for central 
pain. Acta Neurochir Suppl. 2007;97(Pt 2):27–36.  

      37.    Cruccu G, et al. EFNS guidelines on neurostimulation therapy for 
neuropathic pain. Eur J Neurol. 2007;14(9):952–70.  

     38.    Ubbink DT, Vermeulen H. Spinal cord stimulation for non- 
reconstructable chronic critical leg ischaemia. Cochrane Database 
Syst Rev. 2005;20(3):CD04001.  

    39.    Oakley JC, Prager JP. Spinal cord stimulation: mechanisms of 
action. Spine (Phila Pa 1976). 2002;27(22):2574–83.  

    40.    Meyerson BA, Linderoth B. Mechanisms of spinal cord stimulation 
in neuropathic pain. Neurol Res. 2000;22(3):285–92.  

    41.    Slavin KV. Peripheral nerve stimulation for neuropathic pain. 
Neurotherapeutics. 2008;5(1):100–6.  

    42.    Lipov EG. ‘Hybrid neurostimulator’: simultaneous use of spinal 
cord and peripheral nerve fi eld stimulation to treat low back and leg 
pain. Prog Neurol Surg. 2011;24:147–55.  

    43.    Falco FJ, et al. Cross talk: a new method for peripheral nerve stimu-
lation. An observational report with cadaveric verifi cation. Pain 
Physician. 2009;12(6):965–83.  

    44.    Verrills P, et al. Peripheral nerve fi eld stimulation for chronic pain: 
100 cases and review of the literature. Pain Med. 2011;3(10):
1526–4637.  

A.R. Burkey



11

    45.    Mao J, et al. Neuronal apoptosis associated with morphine 
 tolerance: evidence for an opioid-induced neurotoxic mechanism. 
J Neurosci. 2002;22(17):7650–61.  

    46.    Staats PS, et al. Intrathecal ziconotide in the treatment of refractory 
pain in patients with cancer or AIDS: a randomized controlled trial. 
JAMA. 2004;291(1):63–70.  

    47.    Blankstein U, et al. Altered brain structure in irritable bowel syn-
drome: potential contributions of pre-existing and disease-driven 
factors. Gastroenterology. 2010;138(5):1783–9.  

   48.    May A. Chronic pain may change the structure of the brain. Pain. 
2008;137(1):7–15.  

    49.    Rodriguez-Raecke R, et al. Brain gray matter decrease in chronic 
pain is the consequence and not the cause of pain. J Neurosci. 
2009;29(44):13746–50.  

    50.    Seminowicz DA, et al. Effective treatment of chronic low back pain 
in humans reverses abnormal brain anatomy and function. 
J Neurosci. 2011;31(20):7540–50.  

    51.    Kumar K, et al. Spinal cord stimulation versus conventional medi-
cal management for neuropathic pain: a multicentre randomised 
controlled trial in patients with failed back surgery syndrome. Pain. 
2007;132(1–2):179–88. Epub 2007 Sep 12.  

    52.    Turner JA, et al. Spinal cord stimulation for failed back surgery 
syndrome: outcomes in a workers’ compensation setting. Pain. 
2009;148(1):14–25.  

     53.    Burkey AR, Abla-Yao S. Successful treatment of central pain in a 
multiple sclerosis patient with epidural stimulation of the dorsal 
root entry zone. Pain Med. 2010;11(1):127–32.  

    54.    Alo KM, et al. Lumbar and sacral nerve root stimulation (NRS) in 
the treatment of chronic pain: a novel anatomic approach and 
neurostimulation technique. Neuromodulation. 1999;2:23–31.  

   55.    Alo KM, McKay E. Sacral nerve root stimulation (SNRS) for the 
treatment of intractable pelvic pain and motor dysfunction: a case 
report. Neuromodulation. 2001;4:53–8.  

   56.    Yearwood TL. Neuropathic extremity pain and spinal cord stimula-
tion. Pain Med. 2006;7 Suppl 1:S97–102.  

   57.    Haque R, Winfree CJ. Spinal nerve root stimulation. Neurosurg 
Focus. 2006;21(6):E4.  

   58.    Stuart RM, Winfree CJ. Neurostimulation techniques for painful 
peripheral nerve disorders. Neurosurg Clin N Am. 2009;20(1):
111–20, vii–viii.  

    59.    Deer TR. Current and future trends in spinal cord stimulation for 
chronic pain. Curr Pain Headache Rep. 2001;5(6):503–9.  

    60.    Tamimi MA, et al. Subcutaneous peripheral nerve stimulation treat-
ment for chronic pelvic pain. Neuromodulation. 2008;11(4):277–81.  

   61.    Weiner RL. Peripheral nerve neurostimulation. Neurosurg Clin N 
Am. 2003;14(3):401–8.  

   62.    Weiner RL, Reed KL. Peripheral neurostimulation for control of 
intractable occipital neuralgia. Neuromodulation. 1999;2:217–21.  

   63.    Oberoi J, Sampson C, Ross E. Head and neck peripheral stimula-
tion for chronic pain: report of three cases. Neuromodulation. 
2008;11(4):272–6.  

   64.    Reverberi C, Bonezzi C, Demartini L. Peripheral subcutaneous 
neurostimulation in the management of neuropathic pain: fi ve case 
reports. Neuromodulation. 2009;12(2):146–55.  

    65.    Paicius RM, Bernstein CA, Lempert-Cohen C. Peripheral nerve 
fi eld stimulation in chronic abdominal pain. Pain Physician. 
2006;9(3):261–6.  

    66.    Jang HD, et al. Analysis of failed spinal cord stimulation trials in 
the treatment of intractable chronic pain. J Korean Neurosurg Soc. 
2008;43(2):85–9.  

    67.    Kouroukli I, et al. Peripheral subcutaneous stimulation for the treat-
ment of intractable postherpetic neuralgia: two case reports and 
literature review. Pain Pract. 2009;9(3):225–9.  

    68.    Baron R. Mechanisms of postherpetic neuralgia–we are hot on the 
scent. Pain. 2008;140(3):395–6.  

    69.    Truini A, et al. Pathophysiology of pain in postherpetic neuralgia: a 
clinical and neurophysiological study. Pain. 2008;140(3):405–10.  

    70.    Baron R, et al. A cross-sectional cohort survey in 2100 patients 
with painful diabetic neuropathy and postherpetic neuralgia: dif-
ferences in demographic data and sensory symptoms. Pain. 
2009;146(1–2):34–40.  

    71.    Wu M, Linderoth B, Foreman RD. Putative mechanisms behind 
effects of spinal cord stimulation on vascular diseases: a review of 
experimental studies. Auton Neurosci. 2008;138(1–2):9–23.  

    72.    Deer TR. Spinal cord stimulation for the treatment of angina and 
peripheral vascular disease. Curr Pain Headache Rep. 2009;13(1):
18–23.  

    73.    Clavo B, et al. Modifi cation of loco-regional microenvironment in 
brain tumors by spinal cord stimulation. Implications for radio- 
chemotherapy. J Neurooncol. 2011;12:12.  

    74.    Robaina F, Clavo B. Spinal cord stimulation in the treatment of 
post-stroke patients: current state and future directions. Acta 
Neurochir Suppl. 2007;97(Pt 1):277–82.  

    75.    Nauta HJ, et al. Punctate midline myelotomy for the relief of 
 visceral cancer pain. J Neurosurg. 2000;92(2 Suppl):125–30.  

    76.    Chu LC, et al. Chronic intrathecal infusion of gabapentin prevents 
nerve ligation-induced pain in rats. Br J Anaesth. 2011;106(5):
699–705.  

    77.    Takasusuki T, Yaksh TL. The effects of intrathecal and systemic 
gabapentin on spinal substance P release. Anesth Analg. 2011;
112(4):971–6.  

    78.    Saulino M. Simultaneous treatment of intractable pain and spasticity: 
observations of combined intrathecal baclofen-morphine therapy 
over a 10-year clinical experience. Eur J Phys Rehabil Med. 
2011;28:28.  

    79.    Hutchinson MR, et al. Proinfl ammatory cytokines oppose opioid- 
induced acute and chronic analgesia. Brain Behav Immun. 
2008;22(8):1178–89.  

    80.    Johnston IN, et al. A role for proinfl ammatory cytokines and frac-
talkine in analgesia, tolerance, and subsequent pain facilitation 
induced by chronic intrathecal morphine. J Neurosci. 2004;24(33):
7353–65.    

1 Neuroanatomy and Neurophysiology of Pain



13T.R. Deer et al. (eds.), Treatment of Chronic Pain by Interventional Approaches: the AMERICAN ACADEMY 
of PAIN MEDICINE Textbook on Patient Management, DOI 10.1007/978-1-4939-1824-9_2,
© American Academy of Pain Medicine 2015

            Introduction 

 As noted in the previous chapter, the transmission of pain 
signals from the peripheral nervous system to the brain 
involves a variety of specialized neuronal and nonneuronal 
cells each with a host of specifi c receptors involved in the 
processing of these signals. The goal of this chapter is to 
briefl y review the various image-guided interventional pain 
management techniques that target spinal structures aimed at 
reducing pain and improving patients’ quality of life. 
Comprehensive medical management aims to accomplish 
these goals by utilizing systemic medications that target spe-
cifi c receptors throughout the peripheral and central nervous 
system. In many cases, this approach is successful with few 
untoward complications. However, in more severe pain con-
ditions or higher doses of medications, patients may experi-
ence medication side effects and toxicities that limit the 
utility of a systemic approach. In contrast, interventional 
pain management techniques employ a variety of technolo-
gies to infl uence specifi c targets involved in nociceptive 
transmission while aiming to minimize the effects on sys-
tems not involved in the nociceptive process. For the pur-
poses of this chapter, the interventional pain management 
techniques to be discussed will be limited to fl uoroscopic 
procedures that target the structural and neural components 
in four distinctive spinal regions: the paraspinal region 
located immediately adjacent to the spine, the structural 
components of the spine including the bone and connective 
tissues, the intraforaminal region located within the spinal 
foramen, and the intraspinal region located within the spinal 
canal. Where appropriate, a distinction will be made between 
the epidural targets and intrathecal targets located within the 
intraspinal region. Knowledge of the spinal structures sub-
ject to interventional procedures is critical for all pain physi-
cians, not just those who perform the interventions. For 
example, by understanding the spinal components involved 
in nociception and how they can be targeted, the clinician 
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   Key Points 

•     Interventional techniques that target specifi c nocicep-
tive transmission sites can reduce pain without having 
the systemic impact that oral medication have on other 
organ systems.  

•   Convergence of nociceptive afferent signals in the spi-
nal cord may explain the clinical observation that 
injury of different organs may produce the same pain 
sensations.  

•   Destruction of specifi c spinal neural targets with either 
neurolytic solutions or thermal probes provides long-
term relief for a limited number of pain conditions.  

•   The primary pharmacological receptors that are tar-
geted for intrathecal medication management of pain 
include opioid receptors, alpha-2 adrenergic receptors, 
sodium channel receptors, and calcium channel 
receptors.  

•   Electrical stimulation can provide effective analgesia 
by targeting various spinal targets including the spinal 
cord, nerve roots, and dorsal root ganglia.  

•   New minimally invasive percutaneous techniques have 
recently been developed to address some of the struc-
tural pathologies including spinal stenosis caused by 
ligamentum fl avum hypertrophy.    
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