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Stimulation of the Dorsal Root Ganglion (DRG) can provide long-term, 
focused pain relief, while avoiding unwanted side-effects such as positional 

dependencies. It is highly suited for the treatment of pain in focal and/or 
challenging locations, including the foot, knee, back, breast, and the groin.
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GENERAL INTRODUCTION
Chronic pain
Chronic pain is a pain that lasts beyond the usual course of the acute disease or 
expected time of healing, which may need several types of treatments before pain 
relief may be accomplished. Chronic pain remains a worldwide issue with almost 40% 
prevalence in the worldwide population (1).

A study that gives a good impression about the epidemiology of chronic pain is the 
study by Breivik et al (2). The mean percentage of people with chronic pain in this study 
is 19%. A One in five European adult suffers from chronic pain. Chronic pain is often 
severe. 34% scores an 8 or higher on an 11-point numeric rating scale. Chronic pain has 
a negative influence on sleeping, functionality, and quality of life. 21% of the people 
with chronic pain in the Breivik study also have a confirmed diagnosis of depression. 
In 25% of the patients with chronic pain it influences their position in work. The natural 
course of chronic pain is unfavorable. 60 % of the patients with chronic pain have 2 till 
15 years complaints, 21% even more then 20 years. 85% of the chronic pain patients have 
an known etiology of there pain. Osteoarthritis and rheumatoid arthritis are combined 
the most prevalent etiologies. Chronic pain patients tend to visit many physicians. 64% 
visited 2 to 5 different doctors (2).

Chronic pain has a large societal burden. In the U.S., the economic cost associated 
with chronic pain is estimated between $560-635 billion annually (3).

Treating chronic pain is a major therapeutic challenge, also for the pain physician (4). 
Chronic pain patients are treated with different therapy strategies. Besides therapies 
focusing on the etiology of the pain, patients are symptomatically treated with 
e.g. pharmacotherapy, physical therapy, and psychological therapy. 

Non-surgical treatment for chronic pain currently includes pain medications, nerve 
blocks, and physical therapy; however, many patients are not responsive to these 
therapies or are not able to tolerate the side effects (3). More invasive treatments can 
include surgical interventions to release entrapment and/or ablate or repair nerves (3). 
All of these options are irreversible and may cause side effects like numbness while they 
may or may not provide pain relief (5). Another way of treatment that has the advantage 
of reversibility is the so-called electrical stimulation therapy. A popular way of electrical 
stimulation is spinal cord stimulation (SCS).

Spinal cord stimulation
The effects of electrical stimulation of the body or nervous system have been 
recognized for thousands of years in every culture. It is said that since circa 9000 BC, 
bracelets and necklaces of magnetite and amber were used to prevent headaches 
and arthritis (6,7).

The ancient Egyptians used electrical discharges of the Nile catfish to treat neuralgia, 
headaches and other painful disorders (8). The first documented attempt to use electricity 
for pain treatment appeared in circa 15 AD. A Roman physician, Scribonius Largus, 
observed torpedo fish shock relieved gout pain and he subsequently recommended 
torpedo fish therapy as a general treatment of pain (9). The first electrostatic generator 
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was presented by the German engineer Otto von Guericke in 1672, almost a century 
before the Leyden jar was developed. From then, man was able to generate, store 
and discharge electricity at any time, thus enabling physicians to provide on-demand 
electrotherapy in patients for the treatment of pain syndromes.

Since the 18th century, electro-analgesia therapy has been embedded in the 
armamentarium of physicians ((7). Its clinical application in English hospitals was called 
‘Franklinism’, after the American statesman and scientist Benjamin Franklin. He acquired 
fame after observing that lightning and electrostatic charge on a Leyden jar were 
identical. Moreover, he was the first to discriminate positive and negative electricity 
and investigated the effects of muscle contraction after the administration of electrical 
shocks. The 19th century, also called ‘the golden age of medical electricity’, commenced 
with the discovery of the electrochemical battery in 1800. Several years later, Michael 
Faraday discovered the principle of electromagnetic induction, which was followed by 
the introduction of the electric generator in 1848 by Du Bois-Raymond. In those years 
electrical machines could be found in every doctor’s consulting room. However, the 
number of skeptics who depicted electrotherapy as ‘medical quackery’ grew. Eventually, 
the Flexner report led to the legal exclusion of electrotherapy from clinical practice in 
1910 (10). The association with ‘quackery’, the growing influence of the drug industry 
and the appearance of radiographic imaging all contributed to the loss of interest of 
science in the phenomenon of electro-analgesia. There was a reawakened interest in 
the application of electricity for pain treatment when Chaffee and Light presented a 
method for remote control of electrical stimulation of the nervous system in the early 
1930s (11). The contemporary evolution of cardiac pacing techniques contributed to 
the development of the first neural stimulators. In the early years of the 20th century, 
the English neurologist Sir Henry Head postulated new conceptual basics for a theory 
of central inhibition of pain by non-painful stimuli. Melzack and Wall presented this 
concept as the Gate Control Theory in 1965 (12). The gate control theory, which is further 
described in chapter 1, page 24, states that stimulation of large primary afferent fibers 
‘close the gate’ and inhibit nociceptive processes. 

After first stimulating their own infra-orbital nerves, Wall and Sweet initiated 
the clinical therapeutic stimulation of peripheral nerves (7). Their initial results were 
promising, as the first patients experienced partial or complete pain alleviation during 
stimulation (13,14). Shealy et al. documented the first clinical application of spinal cord 
stimulation (SCS) or dorsal column stimulation (DCS) in 1967 (15). It was then presented 
as a novel analgesic method to relieve pain in a variety of chronic pain syndromes. 
SCS is actually a clinical outgrowth of the Gate Control Theory (12).  The supposed 
mechanisms of action of SCS were predominantly described in these ‘gating terms’. 
Initially, evidence for the efficacy of SCS in exerting a significant analgesic effect in a 
broad spectrum of neuropathic pain syndromes was lacking. In the 70’s and 80’s several 
studies appeared with the aim of unraveling the mechanisms of action of SCS (16). 
Numerous studies investigated the effects of SCS on noxious stimuli in healthy animals. 
SCS was administrated with current intensities that cannot be used in a clinical setting 
on conscious patients. Therefore, conclusions obtained from these studies cannot be 
translated ‘from bench to bedside’ without question. The development of a reliable 
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animal model of neuropathic pain made it possible to investigate the mechanisms of 
SCS more thoroughly (17). As further studies appeared there was more convincing 
evidence that supra-spinal interactions also play an eminent role in the analgesic effects 
of SCS. The mechanisms of SCS-induced pain relief appeared increasingly elusive and 
complex. A significant part of the current knowledge has been provided by a small 
number of prominent laboratories in this field (B. Linderoth M.D Ph.D. and B.A Meyerson 
M.D Ph.D., Department of Clinical Neuroscience, Karolinska Institute, Stockholm, 
Sweden, and Department of Neurosurgery, Karolinska University Hospital, Stockholm, 
Sweden. N.Saadé Ph.D., Professor, American University of Beirut, Beirut, Lebanon, 
and R. Foreman, Ph.D., Professor and Chair, Department of Physiology, Oklahoma 
Health Sciences Center, Oklahoma, City, Oklahoma). It was not until recently that a 
reawakened interest in exploring the mechanisms of action of SCS was expressed by 
Guan et al. (18). Over the years, many questions have been answered, although details 
of the mechanisms of SCS are still controversial and require additional evidence. In the 
last two decennia, SCS has been increasingly used as a neuromodulation technique in 
a narrow spectrum of pain diagnoses. It is estimated that, currently, more than 30,000 
SCS systems are implanted every year worldwide (19). 

Stimulation of the dorsal root ganglion (DRG)
SCS is not, however, without limitations and is not a panacea. Only about three in 
four patients have a successful trial period and about three in four patients who have 
a permanent implant report good pain relief (20). Although pain relief is sustainable, 
some reduction in effectiveness over time may occur (21,22). A requirement of 
this therapy is that, through a combination of appropriate placement of the leads 
against the target neural tissue and programming of the active electrodes to ‘sculpt’ 
the electrical fields, the perceptible paresthesias associated with treatment must 
overlap with the painful regions. It is recognized that establishing paresthesias 
with SCS can be difficult in axial locations (23) such as the low back (24,25) and 
the groin (26,27) and in distal extremities, such as the feet (28). Additionally, as a 
consequence of achieving acceptable pain-paresthesia concordance, patients may 
experience extraneous paresthesias in non-painful areas (29-31) that can range from 
merely annoying to frankly aversive. SCS is also susceptible to lead migration (20) 
and positional effects, in which gravitational or mechanical forces that result from 
movements of the body change the relative distance between the electrodes and 
the dorsal columns and result in changes in the perception of stimulation (32-34). 

Because of the limitations associated with SCS, other neuromodulation targets have 
been explored. As such, the role of the dorsal root ganglion (DRG) in the development 
and maintenance of chronic pain has been a topic of investigation for some time and in 
the last decade has become a “hot topic”. The DRG is composed of the cell bodies of 
the primary sensory neurons before they enter the spinal cord; it is located within the 
spinal foramen in the lateral epidural space. The DRG is known to be involved in the 
transduction of pain to the CNS, and neurons in the DRG show pathophysiologic changes 
during chronic pain states (35). A new neuromodulation system specifically designed to 
stimulate the DRG (AxiumTM Neuromostimulator System, Spinal Modulation, Inc.), may 
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provide a promising new avenue for the treatment of chronic pain via stimulation of the 
DRG. Neuromodulation of the DRG has been shown to reduce neural excitation in vitro 
(36-38), and patients have been shown to have reduced pain with DRG stimulation in 
case studies (37,38) and in a small series of patients (39), and most recently, by our own 
group, in a multicenter, prospective study (40).  In this latter study we showed that DRG 
stimulation can provide stimulation specificity, positional stability and, long-term relief, 
a combination that is difficult to obtain in other neurostimulation modalities (40). This 
makes stimulation of the DRG a very promising treatment for chronic pain (41).



15

G
EN

ER
A

L IN
TRO

D
U

C
TIO

N

REFERENCES
1. Tsang A, Von Korff M, Lee S, Alonso J, 

Karam E, Angermeyer MC, Borges GL, 
Bromet EJ, Demytteneare K, de Girolamo 
G, de Graaf R, Gureje O, Lepine JP, Haro 
JM, Levinson D, Oakley Browne MA, 
Posada-Villa J, Seedat S, Watanabe M. 
Common chronic pain conditions in devel-
oped and developing countries: gender 
and age differences and comorbidity with 
depression-anxiety disorders. J Pain 2008 
Oct;9(10):883-891.

2. Breivik H, Collett B, Ventafridda V, Cohen 
R, Gallacher D. Survey of chronic pain in 
Europe: prevalence, impact on daily life, and 
treatment. Eur J Pain 2006 May;10(4):287-
333.

3. Institute of Medicine (US) Committee on 
Advancing Pain Research, Care, and Educa-
tion. 2011.

4. Haroutiunian S, Nikolajsen L, Finnerup NB, 
Jensen TS. The neuropathic component in 
persistent postsurgical pain: a systematic litera-
ture review. Pain 2013 Jan;154(1):95-102.

5. Aasvang E, Kehlet H. Surgical management 
of chronic pain after inguinal hernia repair. Br 
J Surg 2005 Jul;92(7):795-801.

6. Schechter DC. Origins of electrotherapy. I. N 
Y State J Med 1971 May 1;71(9):997-1008.

7. Krabbenbos IP, Liem A, van Dongen E, 
Nijhuis H. Mechanisms of Spinal Cord Stimu-
lation in Neuropathic Pain. : INTECH Open 
Access Publisher; 2012.

8. Kane K, Taub A. A history of local electrical 
analgesia. Pain 1975 Jun;1(2):125-138.

9. Stilling D. The first use of electricity for pain 
treatment. Medtronic Archive on Electro-
Stimulation 1971.

10. Macklis RM. Magnetic healing, quackery, and 
the debate about the health effects of elec-
tromagnetic fields. Ann Intern Med 1993 Mar 
1;118(5):376-383.

11. Chaffee EL, Light RU. A Method for the 
Remote Control of Electrical Stimulation of 
the Nervous System. Yale J Biol Med 1934 
Dec;7(2):83-128.

12. Melzack R, Wall PD. Pain mechanisms: a new 
theory. Science 1965 Nov 19;150(3699):971-979.

13. Wall PD, Sweet WH. Temporary aboli-
tion of pain in man. Science 1967 Jan 
6;155(3758):108-109.

14. Wall P. The discovery of transcutaneous 
electrical nerve stimulation. Physiotherapy 
1985;71:348-350.

15. Shealy CN, Mortimer JT, Reswick JB. Elec-
trical inhibition of pain by stimulation of the 
dorsal columns: preliminary clinical report. 
Anesth Analg 1967 Jul-Aug;46(4):489-491.

16. Handwerker HO, Iggo A, Zimmermann 
M. Segmental and supraspinal actions on 
dorsal horn neurons responding to noxious 
and non-noxious skin stimuli. Pain 1975 
Jun;1(2):147-165.

17. Meyerson BA, Herregodts P, Linderoth B, Ren 
B. An experimental animal model of spinal 
cord stimulation for pain. Stereotact Funct 
Neurosurg 1994;62(1-4):256-262.

18. Guan Y, Wacnik PW, Yang F, Carteret AF, 
Chung CY, Meyer RA, Raja SN. Spinal cord 
stimulation-induced analgesia: electrical 
stimulation of dorsal column and dorsal roots 
attenuates dorsal horn neuronal excitability 
in neuropathic rats. Anesthesiology 2010 
Dec;113(6):1392-1405.

19. Linderoth B, Meyerson BA. Spinal cord stimu-
lation: exploration of the physiological basis 
of a widely used therapy. Anesthesiology 
2010 Dec;113(6):1265-1267.

20. Kumar K, Hunter G, Demeria D. Spinal cord 
stimulation in treatment of chronic benign 
pain: challenges in treatment planning and 
present status, a 22-year experience. Neuro-
surgery 2006 Mar;58(3):481-96.

21. Kemler MA, de Vet HC, Barendse GA, van den 
Wildenberg FA, van Kleef M. Effect of spinal 
cord stimulation for chronic complex regional 
pain syndrome Type I: five-year final follow-
up of patients in a randomized controlled 
trial. J Neurosurg 2008 Feb;108(2):292-298.

22. Kumar K, Taylor RS, Jacques L, Eldabe S, 
Meglio M, Molet J, Thomson S, O’Callaghan 
J, Eisenberg E, Milbouw G, Buchser E, Fortini 
G, Richardson J, North RB. The effects 
of spinal cord stimulation in neuropathic 
pain are sustained: a 24-month follow-up 
of the prospective randomized controlled 
multicenter trial of the effectiveness of 
spinal cord stimulation. Neurosurgery 2008 
Oct;63(4):762-70.

23. Alo KM, Yland MJ, Redko V, Feler C, 
Naumann C. Lumbar and Sacral Nerve Root 
Stimulation (NRS) in the Treatment of Chronic 
Pain: A Novel Anatomic Approach and Neuro 
Stimulation Technique. Neuromodulation 
1999 Jan;2(1):23-31.

24. Oakley JC. Spinal cord stimulation in axial 
low back pain: solving the dilemma. Pain 
Medicine 2006;7:S58-S63.



16

25. Rigoard P, Desai MJ, North RB, Taylor RS, 
Annemans L, Greening C, Tan Y, Van den 
Abeele C, Shipley J, Kumar K. Spinal cord 
stimulation for predominant low back pain in 
failed back surgery syndrome; study protocol 
for an international multicenter randomized 
controlled trial (PROMISE study). Trials 
2013;14:376.

26. Lepski G, Vahedi P, Tatagiba MS, Morgalla 
M. Combined spinal cord and peripheral 
nerve field stimulation for persistent post-
herniorrhaphy pain. Neuromodulation 2013 
Jan-Feb;16(1):84-8; discussion 88-9.

27. Schu S, Gulve A, Eldabe S, Baranidharan G, 
Wolf K, Demmel W, Rasche D, Sharma M, 
Klase D, Jahnichen G, Wahlstedt A, Nijhuis H, 
Liem L. Spinal Cord Stimulation of the Dorsal 
Root Ganglion for Groin Pain-A Retrospec-
tive Review. Pain Pract 2014.

28. Deer TR, Barolat G. Stimulation of the 
nervous system to treat neuropathic pain of 
the foot. Deer TR, ed. Atlas of Implantable 
Therapies for Pain Management. New York, 
Springer. 2011:81-86.

29. North RB, Lanning A, Hessels R, Cutchis PN. 
Spinal cord stimulation with percutaneous 
and plate electrodes: side effects and quan-
titative comparisons. Neurosurg Focus 1997 
Jan 15;2(1):e3.

30. North R, Shipley J, Prager J, Barolat G, 
Barulich M, Bedder M, Calodney A, Daniels 
A, Deer T, DeLeon O, Drees S, Fautdch 
M, Fehrenbach W, Hernandez J, Kloth D, 
Krames ES, Lubenow T, North R, Osenbach 
R, Panchal SJ, Sitzman T, Staats P, Tremmel 
J, Wetzel T, American Academy of Pain M. 
Practice parameters for the use of spinal cord 
stimulation in the treatment of chronic neuro-
pathic pain. Pain Med 2007 Dec;8 Suppl 
4:S200-75.

31. North RB, Kidd DH, Olin J, Sieracki JM, 
Farrokhi F, Petrucci L, Cutchis PN. Spinal cord 
stimulation for axial low back pain: a prospec-
tive, controlled trial comparing dual with 
single percutaneous electrodes. Spine (Phila 
Pa 1976) 2005 Jun 15;30(12):1412-1418.

32. Barolat G, Schwartzman R, Woo R. Epidural 
spinal cord stimulation in the management 
of reflex sympathetic dystrophy. Stereotact 
Funct Neurosurg 1989;53(1):29-39.

33. Schade CM, Schultz DM, Tamayo N, Iyer 
S, Panken E. Automatic adaptation of 
neurostimulation therapy in response to 
changes in patient position: results of the 
Posture Responsive Spinal Cord Stimulation 
(PRS) Research Study. Pain Physician 2011 
Sep-Oct;14(5):407-417.

34. Parker JL, Karantonis DM, Single PS, Obra-
dovic M, Cousins MJ. Compound action 
potentials recorded in the human spinal cord 
during neurostimulation for pain relief. Pain 
2012 Mar;153(3):593-601.

35. McCallum JB, Kwok WM, Sapunar D, Fuchs 
A, Hogan QH. Painful peripheral nerve injury 
decreases calcium current in axotomized 
sensory neurons. Anesthesiology 2006 
Jul;105(1):160-168.

36. Koopmeiners AS, Mueller S, Kramer J, Hogan 
QH. Effect of electrical field stimulation 
on dorsal root ganglion neuronal function. 
Neuromodulation 2013 Jul-Aug;16(4):304-
11.

37. Neurostimulation of the L2 dorsal root 
ganglion for intractable disc pain: descrip-
tion of a novel technique. IFESS 3rd Annual 
Conference Proceedings; 1998.

38. Lynch PJ, McJunkin T, Eross E, Gooch 
S, Maloney J. Case report: successful 
epiradicular peripheral nerve stimulation 
of the C2 dorsal root ganglion for posther-
petic neuralgia. Neuromodulation 2011 
Jan;14(1):58-61.

39. Deer TR, Grigsby E, Weiner RL, Wilcosky B, 
Kramer JM. A prospective study of dorsal 
root ganglion stimulation for the relief 
of chronic pain. Neuromodulation 2013 
Jan-Feb;16(1):67-71.

40. Liem L, Russo M, Huygen FJ, Van Buyten JP, 
Smet I, Verrills P, Cousins M, Brooker C, Levy 
R, Deer T, Kramer J. A multicenter, prospec-
tive trial to assess the safety and performance 
of the spinal modulation dorsal root ganglion 
neurostimulator system in the treatment 
of chronic pain. Neuromodulation 2013 
Sep-Oct;16(5):471-82; discussion 482.

41. A Safety and Effectiveness Trial of Spinal 
Cord Stimulation of the Dorsal Root 
Ganglion for Chronic Lower Limb Pain 
(ACCURATE). ClinicalTrials.gov, Ident
ifier:NCT01923285(September 2014). 







OUTLINE OF THE THESIS





21

O
U

TLIN
E O

F TH
E TH

ESIS

OUTLINE OF THE THESIS
The research presented in this thesis was part of a collaboration between the Pain 
Department of the St Antonius Hospital in Nieuwegein and the Pain Department of 
the Erasmus Medical Center of the University of Rotterdam. Over the last years, we 
have been looking for better methods to stimulate the spinal cord and the DRG. 

The aim of this thesis was to improve the clinical results in difficult patient populations 
using new and improved new technologies. In this context, we investigated what pain 
indications would benefit most from electrical stimulation of the DRG and defined 
appropriate patient selection criteria for this treatment. We studied (maintenance 
of) pain relief, paresthesia locations, and stability of the electrodes, as well as the 
therapeutic effect at different postures. Furthermore, the purpose of this work was to 
explore new technologies within the field of neuromodulation of the spinal cord. We 
look back to see what we have learned over the years and we look forward and discuss 
the potential future of spinal cord stimulation and especially stimulation of the DRG. 

First, in Chapter 1, the mechanisms of spinal cord stimulation (SCS) from both a 
clinical and technological perspective are discussed. Then, in Chapter 2, a multicenter 
prospective trial is described which was conducted to evaluate the clinical performance 
of the neurostimulation system designed to treat chronic pain through the electrical 
neuromodulation of the DRG described above, in patients with painful regions of the 
limbs and/or trunk. One year post-implantation, as described in Chapter 3, the subjects 
participated in further prospective follow-up addressing the maintenance of pain relief, 
improvement in mood, and quality of life for an additional six months, or one year in total 
after the implantation of the active DRG neurostimulator device. Since one prominent 
side-effect from neurostimulation techniques, and in particular SCS, is the change in 
intensity of stimulation when moving from an upright (vertical) to a recumbent or supine 
(horizontal) position, and vice versa, in Chapter 4 the effects of posture changes on DRG 
stimulation intensity were investigated using a newly-developed scoring scale. Since 
different patients benefit from different therapies, Chapter 5 reviews the SCS therapy 
and its mechanisms, and establishes a set of criteria for appropriate patient selection 
for neuromodulation of the DRG. Chapter 6, in turn, discusses neuropathic groin pain 
and its treatment options and recommendations and provides, based on a review of the 
knowledge base, a treatment algorithm for treatment of post-herniorrhaphy pain. Then 
in Chapter 7, the results from a retrospective review of data regarding the efficiency 
and safety of stimulation of the DRG in patients with groin pain of various etiologies 
are presented. Finally, Chapter 8 discusses several novel approaches for neuropathic 
pain management, including pharmacological intervention, radiofrequency therapy, 
electrical stimulation, and gene therapy.
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ABSTRACT
Our understanding of the role of primary sensory neurons in the development and 
maintenance of chronic pain of varying diagnoses and etiologies has significantly 
increased over the past decade. The membrane properties of these cells are 
altered, which in turn results in an enhanced state of excitability involving multiple 
ion channels, second messenger systems and other physiological changes. These 
membrane alterations provide a fundamental opportunity to direct the delivery of 
therapy to a specific region of pathology as opposed to an upstream or downstream 
area as is so often the case in palliative neuromodulation techniques. Targeted 
stimulation of the dorsal root ganglion for the treatment of chronic pain is now 
technically feasible with recent implantable device innovations. Here, the evidence 
to support its effectiveness is reviewed. Previous techniques targeting the DRG have 
yielded excellent results demonstrating not only the safety of targeting the DRG, but 
also the potential opportunity for developing techniques that can provide longer-
lasting pain relief. Preliminary results from completed and ongoing prospective 
studies suggest that DRG stimulation can provide good pain relief, while avoiding 
the unwanted side-effects of current neurostimulation techniques.
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PHYSIOLOGICAL ANATOMY OF THE SPINAL CORD
A thorough understanding of the mechanisms of spinal cord stimulation needs a 
thorough knowledge of the anatomy and neurophysiology of the spinal cord and 
related structures. Furthermore, appreciation of the electrical characteristics of 
intraspinal structures is required. Primary afferent fibers have their cell bodies of the 
first order located in the dorsal root ganglia. Proximal to the dorsal root ganglion 
the afferent fibers form a single dorsal nerve root (14). Dorsal root fibers have a 
curved shape and an average diameter of 15 μm. As these axons proceed towards 
the dorsal column they bifurcate into ascending and descending pathways. A 
segregation of innocuous and nociceptive afferents occurs as the axons approach 
the spinal cord. The angle of the fibers varies as they enter the spinal cord, which 
has major consequences for their excitation thresholds. The dorsal horn of the spinal 
cord encompasses the grey matter of the spinal cord located dorsal to the central 
canal. In the 1950s Rexed distinguished six more-or-less different laminae of the 
spinal grey matter, using cytoarchitectonic criteria (15). Collaterals of large-diameter 
fibers, which mediate tactile sense and proprioception, enter the dorsal horn and 
extent mainly to lamina III and IV (14). The dorsal column refers to the area of white 
matter in the dorsomedial side of the spinal cord. Collaterals of large-diameters 
fibers occupy the largest part, about 85%, of the dorsal columns. Their averaged 
diameter diminishes from 12μm at the origin to 8μm a few segments rostrally (16). 
The fasciculus gracilis contains neurons of the dorsal column-medial lemniscus 
system, which carries primary afferents from the lower extremities, and synapses in 
the nucleus gracilis at the level of the foramen magnum. The fasciculus cuneatus is 
positioned more laterally in the dorsal column and carries primary afferent signals 
from the upper extremities (16). As the primary afferent fibers ascend, they gradually 
shift medially and dorsally. Therefore, the accessibility to dorsal medial-stimulating 
electrode changes as their location in the spinal cord varies. Posterior located 
ascending and descending pathways are most accessible at normal stimulation 
parameters (17). Hence, the anatomy and physiology of the spinal cord is complex, 
and understanding this is essential when discussing issues around the mechanisms 
of spinal cord stimulation.

ELECTRICAL STIMULATION OF THE SPINAL CORD
In spinal cord stimulation, a lead is positioned in the dorsal epidural space 
and connected to a subcutaneously implantable pulse generator (IPG). The 
rostrocaudal position of the lead, with multiple contacts, can be altered to 
enable electrical stimulation at several spinal levels. The cathode is positioned 
between the dorsal median sulcus and the dorsal root entry zone area. During 
a stimulation pulse, current flows from a negatively charged active electrode 
(cathode) to a positively charged electrode (anode). In principle, sufficiently high 
electrical stimulation can activate every neural structure in close proximity of 
the cathode (18). However, current flow chooses the path of lowest resistance 
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and is therefore directed through anatomic structures characterized by high 
electrical conductivity (see Table 1). Cerebrospinal fluid (CSF) obviously has 
the lowest electrical resistance and therefore conducts approximately 90% of 
injected current, followed by longitudinal white matter. Because of its anisotropic 
characteristics, transverse white matter has been proven to be less conductive 
than grey matter. Epidural fat and dura mater also demonstrate low conductivity. 
Vertebral bone is characterized by having the lowest electrical conductivity. 
Therefore it functions as an insulator and prevents surrounding tissues (e.g. the 
heart and pelvic structures) from being stimulated (17, 18). 

Table 1.  Conductivity of intraspinal structures

Compartment Conductivity (S m-1)

Cerebrospinal fluid 1.7

White matter (longitudinal) 0.60

 (transversal) 0.083

Grey matter 0.23

Epidural fat 0.04

Vertebral bone 0.04

Dura mater 0.03

Surrounding layer 0.004

Electrode insulation 0.001

Modified from [Holsheimer, 1995] (18)

Initially, it was thought that dorsomedial electrical stimulation first activated fibers 
in the dorsal column as implied by the name ‘dorsal column stimulation’ (19, 20). 
Coburn introduced the hypothesis that dorsal root fibers may also be involved, 
based on a theoretical study which indicated that dorsal root fibers have lower 
stimulation thresholds than dorsal column fibers (21). Moreover, the name ‘dorsal 
column stimulation’ has been proven to be physiologically simplistic. Despite 
the fact that the distance between electrodes and dorsal root fibers is higher 
compared to the dorsal column fibers, the activation threshold is predicted to 
be lower. Therefore, correct positioning of the lead in the radiological midline is 
essential to prevent excitation of dorsal roots. Several factors have been shown to 
contribute to lower dorsal root activation threshold, including the curved shape 
and larger fiber diameter of dorsal root fibers. Dorsal root fibers are activated in 
the dorsal root entry zone (DREZ), where fibers enter the dorsal horn, because 
of its lower activation threshold. Electrical activation of large fiber afferents 
in the dorsal root or dorsal column by configuration of cathodal and anodal 
contacts causes a tingling sensation, called paresthesia. Large fiber afferents 
are activated during stimulation within the usage range and can subsequently 
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‘close the gate’. Excitation of dorsal root afferent fibers produces paresthesias 
in a few dermatomes, as only rootlets in close proximity to the cathode will be 
activated. Stimulation of one afferent Aβ fiber may elicit paresthesia in the whole 
corresponding dermatome. Lemniscal dorsal column fiber stimulation generates 
an extensive area of paresthesia coverage, because all dorsal column fibers below 
the level of the electrode may potentially be activated. 

A prerequisite for effective pain management is to direct generated paresthesias 
to cover the whole painful area, which is often difficult to achieve because optimal lead 
positioning remains difficult. Several empirical and theoretical computer modeling 
studies have been performed in order to obtain a more thorough understanding of 
factors determining optimal lead positioning (21, 22). Holsheimer and colleagues 
investigated whether the geometry of a rostrocaudal array of electrode contacts and 
contact combination changes the stimulation threshold ratio of dorsal column and 
dorsal root fibers. Monopolar stimulation with a large cathode favors activation of dorsal 
root fibers. Preferential activation of dorsal column fibers is effectuated by tripolar 
stimulation with small contacts and small contact spacings. The problem of optimal 
lead positioning can be solved by increasing the number of electrode contacts, which 
increases contact points and anode-cathode combinations and therefore the probability 
for generating effective paresthesias. The leads are positioned a few segments rostral 
to the level of where target dorsal roots enter the spinal cord (23). Furthermore, several 
anatomical and technical factors have been reported to determine the topographical 
area of induced paresthesias, including pulse width and amplitude, nerve fiber diameter, 
electrode-spinal cord distance, and anode-cathode combination. Empirical studies have 
shown that incomplete paresthesia coverage of the painful area can be compensated for 
by increasing pulse width (PW) as the pulse amplitude extends caudally with increasing 
PW. (24). 

The therapeutic range of spinal cord stimulation is between the perception threshold 
(PT) and discomfort threshold (DT) (See Figure 1). The perception threshold is defined 
as the lowest stimulus amplitude needed to elicit paresthesia. The discomfort threshold 
is defined as the stimulation amplitude above which paresthesia become unendurable. 
DT is generally reached at a mean stimulus amplitude of 40-60% above perception 
threshold. The PT for eliciting paresthesia is related to the activation of dorsal root 
fibers, indicated by the observation of progressively decreased PT as the electrode 
deviates from the midline (23). 

At the cervical and low thoracic level some dorsal column fibers may be activated 
when the electrode-to-spinal distance is less than 2 mm. The electrode-to-spinal 
distance is largest in most patients at the mid-thoracic level (T4-T7). Therefore, it is 
unlikely that dorsal column fibers are stimulated within the therapeutic range, whereas 
paresthesiae get a segmentary distribution (25). It is well known that the range of 
stimulation amplitude between PT and DT is narrow and therefore stimulation regularly 
results in incomplete paresthesia coverage of the painful area. Only large fiber afferents 
in the dorsal column and dorsal roots are activated at voltages within the therapeutic 
range during SCS. In the dorsal column only superficially oriented fibers (0.20-0.25 mm 
depth) with a diameter > 9.4 μm are activated during SCS (18). The mean diameter of 
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large afferents in the dorsal root is 15μm. As voltage is increased to approximate DT, 
smaller fibers (±12 μm) are also excited. These proprioceptive fibers elicit segmental 
motor effects and uncomfortable sensations, which is a major drawback of dorsal root 
stimulation. This prevents stimulation amplitude from being increased in order to recruit 
more dorsal column fibers. 

To increase SCS efficacy, recruitment of dorsal column fibers is maximized as it 
generally results in a broad paresthesia coverage of the painful area which is the main 
goal of SCS. Despite the fact that SCS techniques have developed enormously over the 
past decennia, there are some major drawbacks in the application of SCS that need to be 
solved (26). Computer modeling provides an important contribution to our knowledge 
about the physiological effects of spinal cord stimulation. Most clinical phenomena 
observed during spinal cord stimulation are predicted by computer modeling studies, 
which emphasizes their usefulness. However, because of large intersubject variation 
in anatomical characteristics, a computer model remains a simplification of reality. 
Conclusions drawn from these studies need to be questioned with regard to their clinical 
relevance (26). Close interdisciplinary collaboration is warranted in order to direct future 
research and provide a better understanding of the effects of electrical stimulation on 
spinal nerve fibers.

NEUROPHYSIOLOGICAL MECHANISMS OF SPINAL 
CORD STIMULATION
The well-known Gate Control Theory (GCT) was proposed by Melzack and Wall in 1965 
(See Figure 2). The theory describes in an elegant and concise way, how activation 
of afferent Aβ fibers attenuates spinal pain transmission (6). The gate control theory 
hypothesizes that an excess of small fiber activity would ‘open’ the ‘gate’, while an 
excess of large fiber activity would ‘close’ the ‘gate’. Moreover, large fibers have a 
lower activation threshold than small fibers for depolarization by an electrical field 
and they may be selectively stimulated. The GCT provided a framework for studying 

Monopolar stimulation with a large cathode favors activation of dorsal root fibers. Preferential 
activation of dorsal column fibers is effectuated by tripolar stimulation with small contacts and small 
contact spacings. The problem of optimal lead positioning can be solved by increasing the number of 
electrode contacts, which increases contact points and anode-cathode combinations and therefore 
the probability for generating effective paresthesias. The leads are positioned a few segments rostral 
to the level of where target dorsal roots enter the spinal cord (23). Furthermore, several anatomical 
and technical factors have been reported to determine the topographical area of induced 
paresthesias, including pulse width and amplitude, nerve fiber diameter, electrode-spinal cord 
distance, and anode-cathode combination. Empirical studies have shown that incomplete 
paresthesia coverage of the painful area can be compensated for by increasing pulse width (PW) as 
the pulse amplitude extends caudally with increasing PW. (24).  
 
The therapeutic range of spinal cord stimulation is between the perception threshold (PT) and 
discomfort threshold (DT) (See Figure 1). The perception threshold is defined as the lowest stimulus 
amplitude needed to elicit paresthesia. The discomfort threshold is defined as the stimulation 
amplitude above which paresthesia become unendurable. DT is generally reached at a mean stimulus 
amplitude of 40-60% above perception threshold. The PT for eliciting paresthesia is related to the 
activation of dorsal root fibers, indicated by the observation of progressively decreased PT as the 
electrode deviates from the midline (23).  
 

 
Figure 1.  Therapeutic range in Spinal Cord Stimulation 

 
At the cervical and low thoracic level some dorsal column fibers may be activated when the 
electrode-to-spinal distance is less than 2 mm. The electrode-to-spinal distance is largest in most 
patients at the mid-thoracic level (T4-T7). Therefore, it is unlikely that dorsal column fibers are 
stimulated within the therapeutic range, whereas paresthesiae get a segmentary distribution (25). It 
is well known that the range of stimulation amplitude between PT and DT is narrow and therefore 
stimulation regularly results in incomplete paresthesia coverage of the painful area. Only large fiber 
afferents in the dorsal column and dorsal roots are activated at voltages within the therapeutic range 
during SCS. In the dorsal column only superficially oriented fibers (0.20-0.25 mm depth) with a 
diameter > 9.4 μm are activated during SCS (18). The mean diameter of large afferents in the dorsal 
root is 15μm. As voltage is increased to approximate DT, smaller fibers (±12 μm) are also excited. 
These proprioceptive fibers elicit segmental motor effects and uncomfortable sensations, which is a 
major drawback of dorsal root stimulation. This prevents stimulation amplitude from being increased 
in order to recruit more dorsal column fibers.  
 
To increase SCS efficacy, recruitment of dorsal column fibers is maximized as it generally results in a 
broad paresthesia coverage of the painful area which is the main goal of SCS. Despite the fact that 
SCS techniques have developed enormously over the past decennia, there are some major 
drawbacks in the application of SCS that need to be solved (26). Computer modeling provides an 
important contribution to our knowledge about the physiological effects of spinal cord stimulation. 
Most clinical phenomena observed during spinal cord stimulation are predicted by computer 

Figure 1. Therapeutic range in Spinal Cord Stimulation



29

M
EC

H
A

N
ISM

S O
F SPIN

A
L C

O
RD

 STIM
U

LATIO
N

 FO
R TH

E TREATM
EN

T O
F C

H
RO

N
IC

 PA
IN

1

the interactions between local and distant excitatory and inhibitory systems in the 
dorsal horn (27). As previously mentioned, spinal cord stimulation is actually a clinical 
outgrowth of the gate control theory. The exact mechanism of SCS is still largely 
unknown, but the supposed mechanisms of actions of spinal cord stimulation (SCS) 
are still predominantly described in these ‘gating’ terms. 

One would expect, at least theoretically, that spinal cord stimulation could alleviate 
nociceptive forms of pain. Despite a small number of reports, it is still very controversial 
whether spinal cord stimulation directly attenuates nociceptive pain. Moreover, spinal 
cord stimulation is clinically most often administrated in specific neuropathic pain 
conditions. Flexion reflex thresholds of the lower limbs (RIII responses) have been 
reported to be lowered in neuropathic pain patients, which is in agreement with former 
experimental findings in rats (28). They also showed a close relationship between the 
threshold of flexor responses (RIII) and the subjective sensation of pain. Spinal cord 
stimulation induced an increase of these abnormally lowered withdrawal thresholds, 
which are mediated through alpha and beta fibers. These observations suggest that 
SCS predominantly affects pain related to abnormal Aβ fiber function, as in allodynia 
(10, 17, 28-30). 

Repetitive noxious stimulation of primary afferent fibers after peripheral nerve injury 
induces long-term changes in the excitability of spinal cord neurons (31). These plastic 
neural changes involve increased spontaneous and evoked firing rate of wide dynamic 
range (WDR) neurons in the dorsal horn and contribute to the development of chronic 
pain. SCS may effectuate a normalization of the hyperexcitability of these wide dynamic 
range cells in the dorsal horn in response to innocuous stimuli (32). Therefore, wide 
dynamic range neurons in the dorsal horn are thought to play a key role in spinal pain 
transmission and may play the integrative role of the ‘transmission’ (T) cells as described 
in the GCT (12, 33-35). 
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epetitive noxious stimulation of primary afferent fibers after peripheral nerve injury induces long-
term changes in the excitability of spinal cord neurons (31). These plastic neural changes involve 
increased spontaneous and evoked firing rate of wide dynamic range (WD ) neurons in the dorsal 
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Figure 2. The Gate Control Theory. 
Central transmission cells (T), located in the dorsal horn of the spinal cord, receive a balanced input 
of large (Aβ) and small (Aδ and C) fiber activity in peripheral nerves. Inhibitory interneurons, located 
in the substantia gelatinosa (SG), can be activated by large (L) afferents and can modulate pain 
transmission via projection to small (S) fibers and central transmission cells (Melzack and Wall; 6).
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Since the 70’s multiple studies have suggested that the mechanisms of action of 
SCS cannot solely be explained by interactions of neurons located in the dorsal horn 
and have postulated the existence of supraspinal loops (36, 37). In a series of studies 
Saadé and colleagues demonstrated the contribution of brainstem pain-modulating 
centers in inhibiting nociceptive processing (38-42). Roberts and Rees have shown that 
SCS in animals activates the anterior pretectal nucleus, which has descending pain 
inhibitory influences on lower segments (43). Furthermore, SCS produces increased 
activity in the somatosensory cortex (SI and SII areas) and cingulate gyri. These brain 
areas activated by spinal cord stimulation correspond to pain pathways involved in the 
processing of somatosensory (SI, SII) and affective components (cingulate gyri) of pain. 
Hence, during SCS both segmental and supraspinal (spinal-brainstem-spinal loops and 
thalamocortical systems) pathways are activated and contribute to the inhibition of 
neuropathic pain manifestation.

SPINAL CORD STIMULATORS
Introduction
Shortly after the gate control theory was proposed by Melzack and Wall, attention 
became focused upon the dorsal column as a target for pain management. The 
first reports described how an anesthetic needle was placed in the cerebrospinal 
fluid at the level of target nerve roots (44). An electrode was advanced through 
the needle and positioned along the dorsal column. Patients experienced 
significant pain relief during short periods of gentle electrical stimulation (7). 
After realizing that electrical stimulation in close proximity to sensory roots 
can alleviate chronic pain, more radical procedures were developed in order to 
allow chronic stimulation of the dorsal column (19). Shealy and colleagues first 
investigated the efficacy of dorsal column stimulation in cats, placing electrodes 
via cervical laminectomy. Shortly thereafter they reported that electrical 
stimulation of the dorsal columns of the thoracic spinal cord abolished intractable 
pain in a patient suffering inoperable bronchogenic carcinoma (9). They placed 
an intradural electrode dorsal to the spinal cord. The circuit design was based 
on a modified Medtronic device (Medtronic, Inc., Minneapolis, MN, USA) for the 
stimulation of the carotid sinus to control angina and hypertension (45). These 
procedures comprised major surgical interventions which were often complicated 
with equipment failure (lead breakage), cerebrospinal fluid leakage or infection. 
Furthermore, induced pain relief appeared to be transient. 

These radicular methods of dorsal column stimulation were replaced in the mid 
70’s with percutaneously implantable flexible electrodes (46). A 17G thin-walled Tuohy 
spinal needle permitted leads to be inserted in the spinal cord and positioned close to 
the dorsal columns. The development of percutaneous inserted flexible leads allowed 
a trial of stimulation which mimicked that of the permanent implantable device. During 
trial stimulation, candidate suitability for permanent implantation was determined. 
However, the technique of inserting electrodes into the spinal cord seemed associated 
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with several complications including spinal fluid leaks, postdural puncture headache and 
infection (bacterial meningitis) (46). It was soon realized that permanent implantation of 
stimulators over the dorsum of the spinal cord under the dura would ultimately fail (47). 
The technique of epidural electrode placement evolved since complications like those 
seen after sub- or intradural electrode implantation, were less likely to occur.

Devices
Spinal cord stimulation (SCS) systems comprise trial or permanent (plate) electrodes, 
implantable pulse generators and radiofrequency (RF)-driven passive drivers. SCS 
systems have been produced by multiple manufacturers, including Medtronic, 
Cordis, Advanced Neuromodulation Systems, and Boston Scientific. Initially, SCS 
systems used unipolar electrodes to deliver stimulation. RF-driven passive drivers 
were nonprogrammable and could not be implanted. Because of the contribution 
of private industry to the development of neuromodulatory systems, equipment 
has improved enormously in the course of the last 40 years. Moreover, progressive 
advances in cardiac pacemaker technology were utilized in the design and technology 
of the implantable pulse generators (IPG). 

Nowadays, systems are composed of complex electrode arrays, and an 
implantable pulse generator (IPG) or radiofrequency-driven radio receiver. The basic 
goal of these connected components is to provide an isolated electrical pathway 
to the neural structures being activated. Several electrodes, either percutaneous 
or plate, with octapolar or even up to 16 electrodes are available. Contact spacing 
and contact points vary according to the therapeutic goal (e.g., quadripolar 
electrodes for limb pain and octopolar electrodes for axial pain). Furthermore, multi-
programmable and even rechargeable power units are available. Plate electrodes 
are permanently implanted and require an open procedure and direct visualization 
for implantation. Initially laminectomy was required to insert plate electrodes for 
spinal cord stimulation. More recently, thinner and more flexible plate electrodes 
have been developed, permitting insertion via a less invasive laminotomy. 

SPINAL CORD STIMULATOR IMPLANTATION
Percutaneous techniques
First of all it is important to emphasize that the entire procedure of electrode 
placement is a sterile technique. Infection is potentially hazardous and requires 
re-operation and/or intravenous antibiotic therapy. Percutaneous placement is 
performed with the patient in the prone position on an X-ray-compatible table 
with pillows under the abdomen in order to create a kyphosis which facilitates 
electrode implantation. The prone position combined with sedation may potentially 
complicate airway management. Some clinicians prefer the lateral decubitus position 
as it facilitates subcutaneous implantation of the pulse generator in the buttock or 
lateral abdominal wall. Positioning is important as rotation of the spine increases the 
difficulty of electrode placement (16). The electrodes are placed under fluoroscopy 
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guidance to allow anteroposterior and lateral views in order to ensure midline lead 
placement and appropriate entry into the epidural space. The insertion point of a 
17G Tuohy needle is usually in the midline, although a paramedian approach may 
also be employed. 

Several methods have been used to identify the epidural space. Most clinicians 
use the loss-of-resistance technique. This technique comprises the use of a syringe 
filled with saline or air. When the needle is advanced through the ligamentum flavum, 
a sudden absence of resistance to injection is felt. There is no consensus as to whether 
air or a liquid should be used for identifying the epidural space when using the loss-
of-resistance technique. It has been hypothesized that the use of liquid expands the 
epidural space and therefore predisposes to lead migration. Furthermore, liquid 
flush may attenuate the uniformity of paresthesias (48). Alternative approaches to 
needle placement have been described for specific circumstances where the loss-of-
resistance technique seems inappropriate, for example, congenital underdeveloped 
ligamentum flavum or defects of the ligamentum flavum after spinal surgery. In these 
conditions identification of the epidural space using the loss-of-resistance technique 
is potentially difficult, because the level of resistance is unclear and the risk of false 
loss is present (49). 

Zhu and colleagues described an approach for percutaneous lead placement 
which relies on lateral views of fluoroscopic landmarks to confirm when the 
needle tip enters the epidural space. When the epidural space is identified, 
electrodes are advanced rostrally under patient feedback in order to optimize 
their position. The lead is inserted at least a few centimeters into the epidural 
space to ascertain its position and to prevent migration of the lead. After lead 
placement it is important to confirm its position in the epidural space since 
accidental subarachnoidal placement has been described in the literature. 
Implantation of cervical electrodes below the cervical spine enlargement which 
extends from about C3 to Th2 is advisable. For the treatment of back and lower 
limb pain, identification of the epidural space at the level of Th12-L1, L1-2, or L2-3 
is preferred. Electrode insertion for upper extremity pain is recommended at the 
level of Th1-2 or Th2-3 (16, 48). 

For permanent stimulation, when optimal lead position is achieved, the 
leads are anchored and sutured internally. The leads may then be tunneled 
subcutaneously a few centimeters laterally to the flank, where they may be 
externalized for trial stimulation, or connected to an implanted pulse generator 
(50). The definitive placement of a spinal cord stimulator is preceded by a trial 
stimulation phase of approximately 7 days. The introduction of a test phase 
and thorough preoperative screening has increased the success rates of the 
procedure. After the trial period, the patient is asked whether the elicited 
paresthesias were effective in reducing the pain they were experiencing before 
the trial phase. If trial stimulation reduces the patient’s pain by more than 50%, 
a permanent system is implanted. 
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Surgical techniques
Most spinal cord leads are inserted percutaneously, as the technique is easier, less-
invasive and less-expensive, compared to surgical methods. However, surgical lead 
placement may become a necessity if the patient’s anatomy prevents percutaneous 
implantation of the leads, when lead breakage or dislodgement repeatedly requires 
lead revision, or when trial stimulation does not result in adequate paresthesia coverage 
(51). Surgical techniques involve electrode positioning under direct vision, following 
a minor laminotomy. Under fluoroscopic guidance the plate electrode is introduced 
into the epidural space. Laminotomy up to Th8-Th9 can be performed using spinal 
anesthesia (52). Moreover, during spinal anesthesia not all sensory transmission is 
blocked, which enables intraoperative testing for correct lead positioning. 

However, laminotomy is generally performed using general anesthesia whereas 
accurate lead positioning relies on radiographic imaging, somatosensory evoked 
potentials or patient feedback. After paresthesia is elicited in the anatomic 
distribution of the patient’s pain, a strain relief loop is placed in the epifascial 
plane and the lead is anchored (51). There are some advantages of surgical leads 
compared to percutaneous leads: higher success rates (up to 80-90%); less long-
term migration rates, and better long term survival have been reported (53, 54). It 
has been suggested that increased effectiveness of stimulation and consequently 
higher success rates can be explained by the larger sized plate electrodes which 
cause compression of the cerebrospinal fluid space and bring electrodes into closer 
contact with the dorsal column of the spinal cord.
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Figure . ercutaneou l  in erted epidural electrode  including pul e generator. 

 
owever, laminotomy is generally performed using general anesthesia whereas accurate lead 

positioning relies on radiographic imaging, somatosensory evoked potentials or patient feedback. 

Figure 3. Percutaneously inserted epidural electrodes including pulse generator.
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CLINICAL APPLICATION OF SPINAL CORD 
STIMULATION
Since SCS was first described as a last-resort modality for pain relief in a patient 
with terminal cancer (9), the clinical potential of active implantable dorsal column 
neuromodulation devices has been recognized and there have been massive 
advances in the application of such technology to the field of chronic pain 
management. Hardware has been miniaturized and made fully implantable with 
wireless programmers and remote controls. Sophisticated lead design combined with 
complex programming algorithms and refined implantation techniques have given 
implanting physicians unprecedented ability to provide pain relief for conditions that 
would otherwise be intractable (55-57). A wealth of published research spanning 
computer modeling, preclinical animal models, and clinical trials has supported 
these advances. 

Although the initial costs associated with the SCS device can be steep, it is a cost-
effective intervention (56, 58-60) and SCS has most likely enjoyed its surge in popularity 
due to the provision of three important benefits. Firstly, the effectiveness of the 
device can be tested prior to permanent implantation (61). Epidurally-placed leads are 
attached to a temporary external stimulator for several days and the permanent device 
is implanted only if the patient reports significant pain relief and is capable of operating 
the device. Hence, a patient who is unlikely to improve with the intervention may be 
identified before proceeding with an ultimately unnecessary procedure. Secondly, 
the SCS implantation procedure is minimally invasive (62). Leads are epidural and are 
placed via a percutaneous procedure. The implantable pulse generator device is housed 
subcutaneously. Although risks such as dural puncture do exist (63), the clinical risks 
associated with SCS are far lower than with open procedures such as spinal surgery. 
The third benefit of SCS is its reversibility (62) relative to ablative procedures. The leads 
and device can be removed in a minor procedure that leaves minimal scarring and no 
change in spinal function. These features have contributed to the movement of SCS up 
the ‘pain ladder’. Once considered a somewhat capricious therapy of last resort, SCS 
is now recommended as a first-line intervention before more invasive or irreversible 
ablative options (64-66).

THE RISE OF A NEW INTERVENTION: STIMULATION OF 
THE DORSAL ROOT GANGLION
As outlined in the General Introduction, SCS is not, however, without limitations and 
is not a panacea. Therefore, other neuromodulation targets have been explored. 
Peripheral nerve stimulation (PNS) has moved neuromodulation closer to the site 
of pain transduction and/or transmission. Although undeniably satisfactory for a 
number of pain etiologies (82, 83), PNS is also prone to lead migration and can 
produce considerable local irritation (82). Other investigators have modified SCS 
techniques to identify feasible targets in the epidural space. Nerve root stimulation 
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has emerged as an effective therapy (84), particularly for pain in caudal dermatomal 
distributions (85). As a natural extension of nerve root stimulation, isolated case 
reports have discussed the extreme lateral placement of leads in an attempt to recruit 
the DRG (70, 86). This structure houses primary sensory neuron (PSN) somata inside 
the vertebral foramen and is an emerging target for a number of pain treatment 
options (87, 88). 

The role of the dorsal root ganglion in the development and maintenance of 
chronic pain has been a topic of investigation for some time and in the last decade has 
become a “hot topic” (89-91). In general, both the early and later stages of injury or 
neuroinflammatory activation are characterized by several pathophysiologic alterations 
in PSN function.

Alterations in sodium channel expression and function, and increased production of 
neuroinflammatory intermediates all have an impact on the basic membrane excitability 
of the PSNs. As these cells become hyperexcitable the threshold for generating action 
potentials is lowered, which in turn produces a heightened “painful” input into the spinal 
cord. Neurons in the DRG have also been shown to produce ectopic, or spontaneous, 
action potentials that are generally not observed in healthy conditions. The secondary 
ramifications of this overactivity and increased action potential generation are manifested 
at the first synapse in the dorsal horn of the spinal cord. Increased excitatory amino 

The role of the dorsal root ganglion in the development and maintenance of chronic pain has been a 
topic of investigation for some time and in the last decade has become a hot topic  (89-91). In 
general, both the early and later stages of injury or neuroinflammatory activation are characterized 
by several pathophysiologic alterations in PS  function. 
 
Alterations in sodium channel expression and function, and increased production of 
neuroinflammatory intermediates all have an impact on the basic membrane excitability of the PS s. 
As these cells become hyperexcitable the threshold for generating action potentials is lowered, 
which in turn produces a heightened painful  input into the spinal cord. eurons in the D  have 
also been shown to produce ectopic, or spontaneous, action potentials that are generally not 
observed in healthy conditions. The secondary ramifications of this overactivity and increased action 
potential generation are manifested at the first synapse in the dorsal horn of the spinal cord. 
Increased excitatory amino acid release, neuropeptide release and a host of other secondary 
neuroinflammatory cascades result from the effects on the D . Thus, the PS s in the D  
contribute both to the development and maintenance of chronic pain conditions. 
 

 
Figure .  Con ergence and di ergence at the . 

oth di ergent and con ergence o  en or  input ha e een documented. e t  igure 
demon trating the con ergence o  en or  input into the C S. anglionectomie  per ormed in 
the 1  and 1  documented thi  a ociated ith multile el en or  input. ight  depict  
the di ergence o  en or  input rom a ingle le el then nap ing at multiple pinal le el  

ithin the dor al horn. 
 
Electrical neurostimulation of the D  has recently been called D  stimulation of the spinal cord  
due to its similarity to the SCS procedure. eads are placed through percutaneous epidural antegrade 
access in the lateral recess of the spinal canal. The electrical field of D  stimulation of the spinal 
cord electrodes thus placed is centrally biased by virtue of being medial to the bifurcation of the 
dorsal root and the ventral root, as well as orthodromic recruitment of spinal dorsal root fibers. 
Empirical evidence supporting the central structure and function of D s can be found in the 
paresthesias generated by stimulation of these structures. Although focal stimulation at regionally 
delimited areas is possible, D  stimulation of the spinal cord can also produce diffuse paresthesias 
that approach dermatomal distributions (92), similar to traditional SCS. This is in contrast to P S-
generated paresthesias that are extremely focal and follow the nerve distribution (93). Thus, D  

Figure 4. Convergence and divergence at the DRG.
Both divergent and convergence of sensory input have been documented. Left: figure 
demonstrating the convergence of sensory input into the CNS. Ganglionectomies performed in 
the 1970s and 1980s documented this associated with multilevel sensory input. Right: depicts 
the divergence of sensory input from a single level then synapsing at multiple spinal levels within 
the dorsal horn.
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acid release, neuropeptide release and a host of other secondary neuroinflammatory 
cascades result from the effects on the DRG. Thus, the PSNs in the DRG contribute both 
to the development and maintenance of chronic pain conditions.

Electrical neurostimulation of the DRG has recently been called ‘DRG stimulation 
of the spinal cord’ due to its similarity to the SCS procedure. Leads are placed 
through percutaneous epidural antegrade access in the lateral recess of the spinal 
canal. The electrical field of DRG stimulation of the spinal cord electrodes thus 
placed is centrally biased by virtue of being medial to the bifurcation of the dorsal 
root and the ventral root, as well as orthodromic recruitment of spinal dorsal root 
fibers. Empirical evidence supporting the central structure and function of DRGs 
can be found in the paresthesias generated by stimulation of these structures. 
Although focal stimulation at regionally delimited areas is possible, DRG stimulation 
of the spinal cord can also produce diffuse paresthesias that approach dermatomal 
distributions (92), similar to traditional SCS. This is in contrast to PNS-generated 
paresthesias that are extremely focal and follow the nerve distribution (93). Thus, 
DRG stimulation of the spinal cord involves recruitment of a central nervous system 
structure while PNS involves electrode placement at or distal to the point where the 
rootlets exit the dura mater and the lateral vertebral foramen. 

DEVICE AND IMPLANTATION
Few case reports have been published concerning DRG stimulation of the 
spinal cord for the treatment of chronic pain. There are conflicting reports on 
the effectiveness of the therapy, and this is likely due partly to differences in 
implantation techniques and also due to the fact that the equipment being used 
was not designed to target the DRG. On the whole, the stimulation leads used 
in the earlier reports were designed for an epidural midline approach and for 
targeting the dorsal columns. The contact size and spacing are inappropriate for 
the smaller target – this is important to remember when considering the potential 
limitations of earlier work in this area.

Recently, a new system was created which is specifically designed for stimulating 
the DRG; the Axium™ system (Spinal Modulation, Menlo Park, California, USA) is a 
constant-voltage primary-cell spinal neurostimulation device that accommodates 
up to four quadripolar cylindrical percutaneous leads that are placed via standard 
epidural loss-of-resistance methods using an antegrade approach. The leads have 
a slim 1-mm diameter profile and are very flexible under fluoroscopic guidance due 
to their external curved guidance sheath and hollow lumen. With these features, 
leads are especially amenable to placement near the DRGs in the lateral recesses 
of the intraspinal foramen, and conform to the exterior surface of the DRG without 
compressing the neural tissue. Initial testing has shown that 93% of leads could be 
deployed to the target foramen within two minutes of obtaining epidural access (92).
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PROPOSED ANALGESIC MECHANISMS OF DRG 
STIMULATION OF THE SPINAL CORD
It has been established that a net increase in activity in the DRG neurons drives 
the neural changes in neuropathic pain conditions.  Ablative interventions such as 
ganglionectomy and dorsal root entry zone lesions achieve their effect by preventing 
the hyperexcitable peripheral activity from being transmitted to the spinal cord and 
to supraspinal sites. DRG neurostimulation may serve a similar conceptual function 
by actively reducing the net nociceptive input to the spinal cord. Such reduction 
of PSN activity by field stimulation has been demonstrated in vitro (94). Thus, DRG 
stimulation of the spinal cord may restore the neural filtering function of the DRG 
that was lost in response to peripheral injuries. This could have consequences for 
all downstream neural structures, including the spinal cord, intraspinal nerves, rami 
communicantes, and the lumbar sympathetic trunk (95). 

The gate control theory, in which activation of large-diameter sensory fibers blocks 
the transmission of nociceptive signals in small-diameter fibers, was proposed in 1965 
(6); it is considered an underlying mechanism of action for SCS (19, 56, 62)and has been 
supported by recent empirical evidence (81). However, the gate control theory may be 
insufficient as an explanation for the mechanism of DRG stimulation of the spinal cord. 
This is because DRG stimulation of the spinal cord normalizes peripheral input before 
it arrives at the spinal cord, making the challenge of preferentially recruiting the dorsal 
fibers involved in the individual expression of the neuropathic condition unnecessary. It 
is possible that over time DRG stimulation of the spinal cord could reverse the central 
pathologic plasticity and reduce central sensitization. It is also possible that, if initiated 
early in the neuropathic pain development cascade, DRG stimulation of the spinal cord 
could prevent the maladaptive plastic changes. Further research is required for a more 
comprehensive understanding of the analgesic mechanisms of DRG stimulation of the 
spinal cord.

CLINICAL APPLICATION OF DRG STIMULATION OF THE 
SPINAL CORD
DRG stimulation of the spinal cord has demonstrated effectiveness for up to 
12 months in a number of cohorts of mixed etiologies, including the radicular pain 
of failed back surgery syndrome (FBSS), complex regional pain syndrome (CPRS) 
in lower extremities, and chronic post-surgical pain (CPSP) (92, 96). Analgesia 
specific to chronic post-herniorrhaphy groin pain (74) and foot pain (97) has also 
been reported, suggesting that in addition to broad regional coverage, DRG-SCS is 
capable of achieving coverage of sub-dermatomal regions. Additionally, case reports 
involving patients with low back pain (98), post-herpetic neuralgia (99), amputation / 
deafferentation pain (100), phantom limb pain (101), visceral pain (102), body wall 
pain (103), and upper extremity pain (104) have been presented. Hitherto difficult to 
treat because of lack of targeted paresthesia, patients with CRPS of the knee, a small 
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sub-population of the larger CRPS cohort, have demonstrated good early clinical 
response. Similar results have been reported in post-surgical knee pain patients.

Pain-paresthesia overlap is typically established with a high degree of precision in 
DRG stimulation of the spinal cord, e.g., there is a high concordance of painful areas 
with paresthesia and very little extraneous stimulation (64). This is likely due to the 
recruitment of PSNs that project to the painful regions and allows sub-dermatomal 
paresthesia coverage to be established, a goal that in SCS may require complex lead 
design and programming (72). Importantly, DRG stimulation paresthesia distributions 
are maintained over time and appear largely indifferent to changes in body position 
(64). The stability of paresthesia may be due to the location of the DRG inside the bony 
enclosure of the vertebral foramen. This both helps to brace the lead in its desired 
position and ensures that the DRG and lead remain largely unperturbed by flexion or 
movement in the highly mobile spine. The CSF layer that surrounds the DRG is another 
relevant factor within the stimulation milieu. Since it is very narrow (105) limiting its 
potential role as a current sink to disperse electrical fields. Thus, DRG stimulation of the 
spinal cord can be achieved at low amplitudes, requiring on average about 15% of the 
power output of a dorsal column stimulation system (92). Given that a primary-cell SCS 
system may have an average battery lifetime of 3-5 years under normal use conditions 
(106, 107), this could represent a considerable reduction in battery-replacement 
procedures, along with reduced cost and morbidity risk.

CONCLUSIONS
DRG stimulation of the spinal cord is now technically feasible with recent implantable 
device innovations and the evidence to support its effectiveness is accumulating. 
Previous techniques targeting the DRG have yielded excellent results demonstrating 
not only the safety of targeting the DRG, but also the potential opportunity for 
developing techniques that can provide longer-lasting pain relief. Preliminary results 
from completed and ongoing prospective studies suggest that DRG stimulation 
can provide good pain relief, while avoiding the unwanted side-effects of current 
neurostimulation techniques.
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ABSTRACT
This multicenter prospective trial was conducted to evaluate the clinical performance 
of a new neurostimulation system designed to treat chronic pain through the electrical 
neuromodulation of the dorsal root ganglia (DRG) neurophysiologically associated 
with painful regions of the limbs and/or trunk. To this end, thirty-two subjects were 
implanted with a novel neuromodulation device. Pain ratings during stimulation were 
followed up to 6 months and compared to baseline ratings. Subjects also completed 
two separate reversal periods in which stimulation was briefly stopped in order 
to establish the effects of the intervention. It was found that, at all assessments, 
more than half of subjects reported pain relief of 50% or better. At 6 months post-
implant, average overall pain ratings were 58% lower than baseline (p<0.001), and 
the proportions of subjects experiencing 50% or more reduction in pain specific to 
back, leg and foot regions were 67%, 68%, and 89%, respectively. When stimulation 
was discontinued for a short time, pain returned to baseline levels. Discrete coverage 
of hard-to-treat areas was obtained across a variety of anatomical pain distributions. 
Paresthesia intensity remained stable over time and there was no significant 
difference in the paresthesia intensity perceived during different body postures/
positions (standing up vs. lying down). In conclusion, the results of this clinical trial 
demonstrate that neurostimulation of the DRG is a viable neuromodulatory technique 
for the treatment of chronic pain. Additionally, the capture of discrete painful areas 
such as the feet combined with stable paresthesia intensities across body positions 
suggest that this stimulation modality may allow more selective targeting of painful 
areas and reduce unwanted side effects observed in traditional SCS.
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INTRODUCTION
Electricity has been used for the neuromodulation of pain pathways for over a century 
(1). In the 1960s, development of the Gate Control theory and pioneering clinical 
work in spinal cord stimulation (SCS) ushered in the current era of neurostimulation 
as an accepted pain-treatment modality, particularly for chronic neuropathic pain in 
which more traditional options often prove ineffective (2, 3). Neurostimulation can 
offer relief for intractable pain conditions which may otherwise negatively impact 
on quality of life and participation in community and social roles, and take a heavy 
economic toll both in health care costs as well as lost productivity (4, 5). 

Spinal cord stimulation (SCS) is a thoroughly tested and well-described 
neurostimulation technology; its usage has grown rapidly in the past 40 years and over 
27,000 SCS devices are implanted per year in the US alone (6). Several recent systematic 
reviews have shown that it is a relatively safe and often effective treatment option for 
patients suffering from chronic, intractable pain (7, 8, 9).  In the largest prospective trial 
published to date, SCS was found to significantly reduce lower limb pain associated with 
failed back surgery syndrome (FBSS) relative to a conventional medical management 
control group over an extended time period (10, 11). Similarly, SCS can be effective in 
the treatment of complex regional pain syndrome (CRPS) (12, 13, 14). 

Despite its clinical utility for some patients, SCS therapy carries limitations. Twenty 
percent of subjects trialing an SCS system do not proceed beyond the trial stimulation 
(15). Overall, the treatment has been found to be a successful long-term solution in 
approximately 50% of patients that have a successful temporary trial stimulation (7, 
11, 15, 16). Failures may be due to difficulty in programming the device to align the 
stimulation-associated paresthesias with the painful areas of the body, inability to derive 
the correct combination of pulse width, frequency, and amplitude of the electrical 
waveform needed to address the individual’s pain, or due to device issues such as 
lead migration. SCS can also be vulnerable to positional or postural effects in which 
the intensity or location of paresthesias may change when the subject changes their 
body position such as moving from lying to sitting (17). This change is due to shifts 
in the relative distance between the stimulating electrodes and the dorsal columns 
through the effects of gravity or physical forces due to epidural lead placement in the 
highly mobile spine (7, 18, 19). Additionally, some patients may not tolerate the pins-
and-needles sensation of the paresthesias associated with SCS, particularly if these are 
extraneous and located in non-painful areas of the body (20). These issues suggest that 
alternative neuromodulation techniques or targets should be investigated to allow the 
implanting physician to more properly address challenging pain presentations.

Housed within the bony structure of the bilateral vertebral foramen of each spinal 
level is the neural structure of the dorsal root ganglion (DRG), a cluster of primary sensory 
neuron somata enclosed in the dural sheath. These cells transmit sensory information, 
including nociceptive signals, from distal locations in the body to the dorsal columns 
of the spinal cord and thence to the rest of the central nervous system (21). Previous 
reports have implicated the DRG in the development and maintenance of chronic pain 
(22, 23). In animal models, several pathophysiologic changes in the DRG occur including 
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altered electrophysiological membrane properties (24), changes in the expression of 
integral membrane proteins (25), and altered gene expression (26). These changes may 
explain how the DRG can significantly contribute to chronic pain states (22).

In addition to the putative clinical value of DRG stimulation for long-term pain relief, 
it is possible that this modality may address the issues that make SCS untenable for 
some patients. Further, because the DRG is encased in bony vertebral structures, it may 
be possible to mitigate the over- or under-stimulation artifacts that some SCS patients 
report occur with certain movements or postures. The relative immobility of the bony 
vertebral structures surrounding the DRG may also provide some defense against lead 
migration. The cerebrospinal fluid (CSF) layer interposing the DRG and the lead is 
smaller than that between the spinal cord and the lead in dorsal column stimulation, 
and the stimulation targets are presumably located less deep than dorsal column fibers; 
together, this suggests that the energy requirements of a DRG stimulator will be lower 
than that of traditional SCS systems (27). The proximity of the leads to the DRG and the 
lack of CSF that could act as a current sink (28) may also reduce the power demands of 
the stimulator.

Given the success in treating various pain conditions with electrical neuromodulation 
techniques and the emerging role of the DRG in the development, maintenance, and 
treatment of chronic pain, we report on a novel stimulation system to treat chronic pain 
through electrical neuromodulation of the DRG. The aim of this study to evaluate the 
safety and effectiveness of neuromodulation of the DRG in a prospective, open-label, 
single-arm, internally controlled study across five clinical sites. 

MATERIALS AND METHODS
Subjects
Subjects were recruited from investigators’ practices at three European sites and 
four Australian sites from March 2011 through February 2012. All study elements 
were ethics committee-approved and each subject gave written informed consent 
prior to beginning any study activities.

To be eligible for the study, subjects were required to be 18 years or older; be 
diagnosed with chronic, intractable pain in the trunk, limbs, and/or sacral region for a 
minimum of six months; have a minimum baseline pain rating of 60 mm on the Visual 
Analog Scale (VAS; 0 mm indicates no pain and 100 mm indicates the worst possible 
pain); have failed other treatment modalities (e.g., pharmacological, surgical); have 
stable pain medication dosage for a minimum of 30 days prior to study enrollment; and 
have a stable pattern of neurological symptoms.

Exclusion criteria were presence of an escalating or changing pain condition within 
the month prior to enrollment in the study; pain primarily within a cervical dermatomal 
distribution; corticosteroid therapy at the intended site of stimulation within the past 
30 days; coagulation disorder; diagnosis of a malignancy; radiofrequency treatment of an 
intended target DRG within the past 3 months; existing indwelling devices (e.g., urinary 
catheter, etc.); and existing spinal cord stimulators, ICDs or pacemakers. 
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Study design
After enrollment, subjects underwent a medical history review and brief physical/
neurological examination and then completed baseline clinical assessments 
including VAS pain ratings for overall pain and specific anatomies (back, leg, foot), 
quality of life using the EQ-5D-3L (29), psychological disposition using the 30-item 
Brief Profile of Mood States (POMS), and the impact of pain on daily functions using 
the Brief Pain Inventory (BPI) through pain severity and pain interference composite 
scores. Pain severity is the average of worst pain in the last 24 hours, least pain in 
the last 24 hours, average and current pain scores. Pain interference is the average 
interference of seven daily functions during the past 24 hours: general activity, mood, 
walking ability, normal work, relations with other people, sleep and enjoyment of life. 

After baseline assessments, subjects were implanted with quadripolar 
neurostimulation leads (described below) according to standard surgical procedures. 
The stimulating contacts were placed near relevant DRGs according to the individual’s 
location and distribution of pain (see Figure 5). Stimulation leads were connected to an 
external neurostimulator, and the device was programmed with combinations of pulse 
width, amplitude, and frequency that generated the best pain/paresthesia overlap. 
On an average, the temporary trial phase lasted 9.4 (±1.0, standard error of the mean 
(SEM)) days, although the protocol allowed anywhere from 3-30 days. At the end of the 

days, although the protocol allowed anywhere from 3-30 days. At the end of the trial period, 
stimulation was discontinued until (and if) the permanent neurostimulation system was implanted.  
 

 
Figure 5.  Fluoroscopic image of leads placed near the DRG.  

Notice that second-most distal contact in each lead is underneath the pedicle. 
 
At the end of the trial period, subjects were asked to name the percentage of pain improvement 
experienced (in all areas of pain and overall) as a result of neurostimulation of the DRG. Subjects who 
achieved 50% or greater pain relief in their primary pain area during the trial period completed pre-
implant pain ratings as a stimulation-off internal control and then received the fully-implantable 
neurostimulator under standard surgical procedure; data for only these subjects were included for 
analysis in this study. Stimulation was initiated within 24 hours of implantation. Subjects repeated the 
baseline assessments at 1 and 4 weeks post-implant. After the 4-week assessment, stimulation was 
temporarily suspended for approximately 1 week as another internal control; during this time, subjects 
had access to pain medication as well as rescue stimulation if needed. A stimulation-off pain 
assessment was completed at 5 weeks post-implant and stimulation was resumed. Clinical endpoints 
were again assessed at 2, 3 and 6 months post-implant, although it should be noted that three sites 
did not collect data for the 2-month point. Adverse events were monitored throughout the study. The 
study design is summarized below; see Figure 6. 
 

 
 

Figure 6.  Schematic of the study design. 
The * symbol indicates that 2 month data was not collected by three of the sites. 

 

Figure 5. Fluoroscopic image of leads placed near the DRG. 
Notice that second-most distal contact in each lead is underneath the pedicle.
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trial period, stimulation was discontinued until (and if) the permanent neurostimulation 
system was implanted. 

At the end of the trial period, subjects were asked to name the percentage of pain 
improvement experienced (in all areas of pain and overall) as a result of neurostimulation 
of the DRG. Subjects who achieved 50% or greater pain relief in their primary pain 
area during the trial period completed pre-implant pain ratings as a stimulation-off 
internal control and then received the fully-implantable neurostimulator under standard 
surgical procedure; data for only these subjects were included for analysis in this study. 
Stimulation was initiated within 24 hours of implantation. Subjects repeated the baseline 
assessments at 1 and 4 weeks post-implant. After the 4-week assessment, stimulation 
was temporarily suspended for approximately 1 week as another internal control; 
during this time, subjects had access to pain medication as well as rescue stimulation if 
needed. A stimulation-off pain assessment was completed at 5 weeks post-implant and 
stimulation was resumed. Clinical endpoints were again assessed at 2, 3 and 6 months 
post-implant, although it should be noted that three sites did not collect data for the 
2-month point. Adverse events were monitored throughout the study. The study design 
is summarized below; see Figure 6.

The primary objective of the study was to evaluate the adverse event rate and 
paresthesia generation while the secondary objectives include pain relief as measured 
by VAS, quality of life as measured with the EQ-5D questionnaire, mood as measured 
by the POMS, and physical functioning as measured with the BPI.

Determining paresthesia intensity
Testing took place in the clinic at the post-implantation programming session, 
0-1  days after the surgical procedure. A VAS for paresthesia (0= no feeling and 
10= very intense) was used to determine the effect of body position on stimulation 
intensity. Subjects were asked to stand upright and, after adjusting the amplitude of 
stimulation in their preferred program to a comfortable level, to rate the perceived 
intensity of the paresthesia. Subjects then lay supine on an examination table without 
changing the stimulation parameters, and again rated their paresthesia intensity. The 
paresthesia intensity rating scale was validated during the clinical trial. The results of 
the validation are currently being drafted as a separate manuscript. 

Figure 6.  Schematic of the study design.
The * symbol indicates that 2 month data was not collected by three of the sites.

Under monitored anesthesia care, leads are placed via an epidural
approach, with access gained using the loss-of-resistance technique
standard for this type of intervention. Leads are advanced in an
anterograde fashion and then are steered into the intervertebral
foramen near the DRG under fluoroscopic guidance. Appropriate
lead position is determined through intraoperative device program-
ming to confirm paresthesia overlap with the painful regions. If
pain–paresthesia overlap is not achieved through programming,
the leads are repositioned under fluoroscopy and programmed
again. The DRG is in a consistent location anatomically, thus lead
position can accurately reflect the ability to stimulate the ganglion.
Also, because cell bodies are present in the ganglion and not in the
nerve root, coupled with the fact that many membrane alterations
occur in the parykaria of primary sensory neurons and not nerve
roots, there are electrophysiological difference between these
structures. In part, the ability to steer an electric field around a
ganglion provides an enhanced ability to provide acute and specific
sub-dermatomal coverage compared with a nerve root. And
although prior investigators had tried DRG stimulation, limitations
were realized in both the methodology of lead placement and also
ability to provide desired stimulation therapy. The technology uti-
lized in the current study provides differences in both the lead deliv-
ery methods and also the ability to provide stimulation to the DRG
compared with the older technology utilized in prior studies. For the
trial period of up to 30 days, either trial or implant leads may be
used. If trial leads are used, they are removed and replaced with
implant leads at the end of a successful trial. If implant leads are
used, disposable lead extensions are also employed to allow the
leads to remain in place at the end of the trial period. Measures
intended to limit lead migration, such as strain relief loops and use
of lead anchors, are used. Stimulation programming is based on
patient feedback; stimulation amplitude can be adjusted by the
patient at any time.

Data Management and Analysis
ISO 14155 guidelines were adhered to during data collection.

Data were gathered on preprinted case report forms by site staff.
Data quality and compliance with study procedures and regulatory
requirements were confirmed at regular monitoring visits. Safety
endpoints were expressed as the cumulative frequency of adverse
events (AEs) related to the device and/or the procedure throughout
the study. Clinical endpoints were analyzed using SPSS V20 (IBM,
Armonk, NY, USA) through descriptive statistics and two-tailed
paired t-tests (with the exception of the paresthesia ratings in dif-
ferent positions, which used unpaired t-tests) with significance
levels set at p = 0.05. All data are presented as average ! SEM. With
the exception of the end of the trial period, the percentage of pain
relief at all time points is expressed as the mean of the subjects’

baseline-to-follow-up pain reduction percentage. Hypothesis
testing for pain ratings compares baseline VAS scores against scores
at all follow-up time points for overall pain, and at six months
postimplant for pain specific to back, legs, and feet.

This report represents a six-month interim analysis of prospective
results. As with any interim analysis of an ongoing study, the later
follow-up time points in this report have fewer subjects than at
baseline; this artifact is not an indication of study attrition.

RESULTS
Patient Demographics and Baseline Characteristics

Of the 51 individuals screened, 39 reported greater than 50%
improvement in pain relief at the end of TNS while 12 subjects failed
the trial (76.5% success rate). Thirty-two subjects received the INS
(women = 17, men= 15). The mean age of the men was 58.9 (!8.9)
years while the women had a mean age of 46.9 (!12.5) years. All
subjects had chronic pain of neuropathic origin of varying etiolo-
gies. The most common pain diagnoses were CRPS and FBSS. Sub-
jects experienced pain located in the back, leg, and foot; many
subjects experienced pain in more than one region. A number of
subjects experienced pain in other diverse anatomical regions;
owing to the small samples across heterogeneous locations, these
“other” locations were not analyzed. The distribution of subjects
across diagnoses and pain locations is listed in Table 1.

Seven of the 39 subjects with >50% pain reduction at the end of
TNS did not proceed to the INS stage. Two subjects had not indi-
cated any reason for refusing the implant. One subject’s pain had
not recurred since TNS and hence refused any further intervention.
Another subject, with 100% pain relief in one foot but none in the
other, also did not receive the INS. One subject was withdrawn by
the investigator while two more subjects withdrew from the study
(atrial fibrillation and infection).

Lead Placement
Surgeons used implant leads during the TNS procedure for 22 of

the 32 subjects who received an INS; in the other 10 subjects, the
temporary trial leads were removed and replaced with implant
leads during the INS procedure. Although the neurostimulation
system could accommodate up to four leads, the majority of INS
subjects (N = 21) were implanted with two leads while five subjects
were implanted with only one lead. The average stimulation set-
tings for all the implanted leads were: pulse width—362 msec,
amplitude—907 mA, and frequency—46 Hz.

Safety
A total of 70 events (9 severe adverse events [SAEs] and 61 AEs)

were reported in 24 subjects. No SAEs were definitely related to the

Baseline Trial Neurostimulator (TNS) 
(3-30 days) Success?

Screen Fail

Yes

No

Implanted 
Neurostimulator (INS)

INS Baseline
(Stim off)

1 week4 weeks5 weeks
(Stim Off)

2 months*3 months6 months

Figure 2. Schematic of the study design. *Two-month data were not collected by three sites.
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Device description and implantation technique
The Spinal Modulation Axium neurostimulator system is comprised of a stimulator 
device (an external trial neurostimulator [TNS] is used for the trial period, followed by 
an implanted neurostimulator [INS] if successful), up to four quadripolar percutaneous 
leads and wireless patient- and clinician programmer devices. Both TNS and INS are 
constant voltage devices.

Under monitored anesthesia care, leads are placed via an epidural approach, 
with access gained using the loss-of-resistance technique standard for this type of 
intervention. Leads are advanced in an anterograde fashion and then are steered into 
the intervertebral foramen near the DRG under fluoroscopic guidance. Appropriate 
lead position is determined through intraoperative device programming to confirm 
paresthesia overlap with the painful regions. If pain-paresthesia overlap is not achieved 
through programming, the leads are repositioned under fluoroscopy and programmed 
again. The DRG is in a consistent location anatomically, thus lead position can accurately 
reflect the ability to stimulate the ganglion. Also because cell bodies are present in 
the ganglion and not in the nerve root, coupled with the fact that many membrane 
alterations occur in the perikarya of primary sensory neurons and not nerve roots 
there are electrophysiological difference between these structures. In part the ability 
to steer an electric field around a ganglion provides an enhanced ability to provide 
acute and specific sub-dermatomal coverage compared to a nerve root. And although 
prior investigators had tried DRG stimulation, limitations were realized in both the 
methodology of lead placement and also ability to provide desired stimulation therapy. 
The technology utilized in the current study provides differences in both the lead 
delivery methods and also the ability to provide stimulation to the DRG compared to 
the older technology utilized in prior studies. For the trial period of up to 30 days, either 
trial or implant leads may be used. If trial leads are used, they are removed and replaced 
with implant leads at the end of a successful trial. If implant leads are used, disposable 
lead extensions are also employed to allow the leads to remain in place at the end of 
the trial period. Measures intended to limit lead migration, such as strain relief loops and 
use of lead anchors, are used. Stimulation programming is based on patient feedback; 
stimulation amplitude can be adjusted by the patient at any time. 

Data management and analysis
ISO 14155 guidelines were adhered to during data collection. Data were gathered on 
pre-printed case report forms by site staff. Data quality and compliance with study 
procedures and regulatory requirements were confirmed at regular monitoring visits. 
Safety endpoints were expressed as the cumulative frequency of adverse events (AEs) 
related to the device and/or the procedure throughout the study. Clinical endpoints 
were analyzed using SPSS V20 (IBM, New York) through descriptive statistics and 
two-tailed paired t-tests (with the exception of the paresthesia ratings in different 
positions, which used unpaired t-tests) with significance levels set at p=0.05. All data 
are presented as average ± SEM. With the exception of the end of the trial period, 
the percentage of pain relief at every time point is expressed as the mean of the 
subjects’ baseline-to-follow-up pain reduction percentage. Hypothesis testing for 
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pain ratings compares baseline VAS scores against scores at all follow-up time points 
for overall pain, and at 6 months post-implant for pain specific to back, legs, and feet.

This report represents a 6-month interim analysis of prospective results. As with any 
interim analysis of an ongoing study, the later follow-up time points in this report have 
fewer subjects than at baseline; this artifact is not an indication of study attrition.

RESULTS
Patient Demographics and Baseline Characteristics
Of the 51 individuals screened, 39 reported greater than 50% improvement in pain 
relief at the end of TNS while 12 subjects failed the trial (76.5% success rate). Thirty 
two subjects received the INS (females=17, males=15). The mean age of the males 
was 58.9 (± 8.9) years while the females had a mean age of 46.9 (± 12.5) years. All 
subjects had chronic pain of neuropathic origin of varying etiologies. The most 
common pain diagnoses were CRPS and FBSS. Subjects experienced pain located in 
the back, leg, and foot; many subjects experienced pain in more than one region. A 
number of subjects experienced pain in other diverse anatomical regions; owing to 
the small samples across heterogeneous locations, these ‘other’ locations were not 
analyzed. The distribution of subjects across diagnoses and pain locations is listed 
in Table 2. 

Seven of the 39 subjects with >50% pain reduction at the end of TNS did not 
proceed to the INS stage. Two subjects had not indicated any reason for refusing the 
implant. One subject’s pain had not recurred since TNS and hence refused any further 
intervention. Another subject, with 100% pain relief in one foot but none in the other, 
also did not receive the INS. One subject was withdrawn by the investigator while two 
more subjects withdrew from the study (atrial fibrillation and infection). 

Lead Placement
Surgeons used implant leads during the TNS procedure for 22 of the 32 subjects 
who received an INS; in the other 10 subjects, the temporary trial leads were 
removed and replaced with implant leads during the INS procedure. Although the 
neurostimulation system could accommodate up to four leads, the majority of INS 
subjects (n=21) were implanted with two leads while 5 subjects were implanted with 

Table 2.  Breakdown of subject diagnoses and painful regions.

study device. SAEs include: infection (3 events in 3 subjects), CSF
hygroma, loss of paresthesia coverage, prolonged hospital stay,
inflammation, temporary cessation of stimulation and ataxia
(1 event each). All events were resolved and no clinical sequelae
were reported. Further data collection is warranted to look for any
delayed onset AE. Three SAEs were possibly related to the device
(37.5%) and five were not related to the device (62.5%). A relation-
ship of one SAE to the device has not been established. The major-
ity of the SAEs were severe (55.6%). Thirty (49.2%) of the AEs were
not related to the device. Most of the AEs (45 or 73.7%) were either
mild or moderate while 16 (26.2%) of the AEs were deemed severe.
The most common AEs (>3% occurrence) are listed in Table 2. Two
lead revisions were performed in two different subjects for the
following reasons: lead migration and loss of stimulation. Five
devices were explanted (due to infection: 3; lack of efficacy: 1;
subject noncompliance: 1) and one device was switched off (and
the subject withdrawn from the study) before the six-month
follow-up period.

Effectiveness: Overall Pain
At baseline, the 32 subjects rated their overall pain as 77.6 mm

(! 2.1) out of a possible 100 mm. With the TNS, the 32 subjects’
average pain rating dropped to 26.1 mm (! 3.4), a 66.1% decrease
and significantly lower than baseline (p < 0.001). Stimulation was
discontinued at the end of the trial phase until the permanent neu-
rostimulation system was implanted. During this one-week
(minimum) stimulation-off period, the average pain rating
rebounded to 74.0 mm (! 3.0), which was statistically indistinguish-
able from baseline levels (p > 0.05).

One week after receiving the permanent INS, the 32 subjects
reported that their average overall pain was reduced to 34.9 mm

(! 4.3). This represented an average 55.1% (! 5.5%) decrease from
baseline (p < 0.001) and 50% or more pain relief for 53.1% of sub-
jects. At four weeks postimplant, average pain was 36.6 mm (! 4.6)
across 32 subjects, a decrease of 52.7% relative to baseline
(p < 0.001). There were 62.5% of subjects that achieved 50% or
better pain relief at this time point. Stimulation was temporarily
suspended after the four-week assessment in order to verify intra-
subject effectiveness; after a week without stimulation, subjects
reported that their overall pain returned to near-baseline levels:
68.4 mm (!4.6; p = 0.05). Stimulation was then restored. At two
months postimplant (N = 22), the average overall reported pain was
39.5 mm (!6.6; p < 0.001), which was an average of 50.7% (!8.0%)
decrease from baseline pain; 59.1% of subjects reported at least
50% pain relief. At three months postimplant (N = 30), the average
overall pain rating was 38.4 mm (!5.7; p < 0.001), a 50.8% (!7.0%)
decrease from baseline and pain relief of 50% or more for 60.0% of
subjects. At six months postimplant, 25 subjects reported pain of
33.5 mm (!6.0; p < 0.001), a 56.3% decrease from baseline. There
were 52.0% of subjects that had 50% or better pain relief at this time
point. These data are depicted in Figure 3.

Pain relief was also assessed in specific regions: the back, legs, and
feet. Not all subjects had pain in all of these regions. Back pain was
reduced by 16.7% relative to the back-specific baseline at one week
postimplant, by 45.9% at four weeks, by 49.7% at three months, and
by 58.1% at six months. Relative to the leg-specific baseline, leg pain
was reduced by 69.5% at one week postimplant, 68.6% at four
weeks postimplant, by 72.4% at three months, and by 69.3% at six
months. For the foot, pain was reduced relative to the foot-specific
baseline by 78.5% at one week postimplant, by 58.6% at four weeks,
by 67.8% at three months, and by 84.5% at six months (Fig. 4). The
percentage of subjects with >50% improvement in their VAS is listed
in Table 3.

Table 1. Breakdown of Subject Diagnoses and Painful Regions.

Diagnosis Numbers of subjects with pain in specific regions
N Back Leg Foot Other regions

Complex regional pain syndrome 9 0 7 7 5
Failed back surgery syndrome 8 7 7 0 2
Postsurgery pain 5 3 2 2 4
Radicular pain 2 0 2 1 0
Lumbar stenosis 2 0 2 0 1
Disc-related pain 4 1 3 3 1
Others (peripheral nerve damage and pain after postvascular stenting) 2 0 3 1 1
Totals 32 11 26 14 14

Table 2. List of Adverse Events (AEs) and Severe Adverse Events (SAEs) with Percentage of Occurrence Listed in Parentheses.

Biologic AEs and SAEs Device AEs and SAEs
Description of the AE/SAE Frequency Description of the AE/SAE Frequency

Infection 7 (10.0) Uncomfortable stimulation 3 (4.1)
Cerebrospinal fluid leak or associated headache 6 (8.6) Temporary cessation of stimulation 3 (4.1)
Inflammation 6 (8.6)
Inadequate pain relief 4 (5.7)
Flu-like symptoms/cough 4 (5.7)
New injury/condition 5 (7.1)
Temporary motor stimulation 8 (11.4)
Other (unspecified) 8 (11.4)
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only one lead. The average stimulation settings for all the implanted leads were: 
pulse width – 362 ms, amplitude – 907 mA and frequency – 46 Hz.

Safety
A total of 70 events (9 SAEs and 61 AEs) were reported in 24 subjects. No SAEs were 
definitely related to the study device. SAEs include: infection (3 events in 3 subjects), 
CSF hygroma, loss of paresthesia coverage, prolonged hospital stay, inflammation, 
temporary cessation of stimulation and ataxia (1 event each). All events were resolved 
and no clinical sequelae were reported. Further data collection is warranted to look 
for any delayed onset adverse events. Three SAEs were possibly related to the device 
(37.5%) and five were not related to the device (62.5%). Relationship of one SAE to 
the device has not been established. Majority of the SAEs were severe (55.6%). Thirty 
(49.2%) of the AEs were not related to the device. Most of the AEs (45 or 73.7%) 
were either mild or moderate while 16 (26.2%) of the AEs were deemed severe. 
The most common AEs (>3% occurrence) are listed in Table 3. Two lead revisions 
were performed in 2 different subjects for the following reasons: lead migration 
and loss of stimulation. Five devices were explanted (due to infection: 3; lack of 
efficacy:  1; subject non-compliance: 1) and one device was switched off (and the 
subject withdrawn from the study) before the 6 month follow-up period. 

Effectiveness: overall pain
At baseline, the 32 subjects rated their overall pain as 77.6 mm (±2.1) out of a possible 
100 mm. With the TNS, the 32 subjects’ average pain rating dropped to 26.1 mm 
(±3.4), a 66.1% decrease and significantly lower than baseline (p<0.001). Stimulation 
was discontinued at the end of the trial phase until the permanent neurostimulation 
system was implanted. During this one-week (minimum) stimulation-off period, 
the average pain rating rebounded to 74.0 mm (±3.0), which was statistically 
indistinguishable from baseline levels (p>0.05).

One week after receiving the permanent INS, the 32 subjects reported that their 
average overall pain was reduced to 34.9 mm (±4.3). This represented an average 
55.1% (±5.5%) decrease from baseline (p<0.001) and 50% or more pain relief for 53.1% 
of subjects. At four weeks post-implant, average pain was 36.6 mm (±4.6) across 32 
subjects, a decrease of 52.7% relative to baseline (p<0.001). 62.5% of subjects achieved 

Table 3.  List of Adverse Events (AEs) and Serious Adverse Events (SAEs) with percentage of 
occurrence listed in parentheses.

study device. SAEs include: infection (3 events in 3 subjects), CSF
hygroma, loss of paresthesia coverage, prolonged hospital stay,
inflammation, temporary cessation of stimulation and ataxia
(1 event each). All events were resolved and no clinical sequelae
were reported. Further data collection is warranted to look for any
delayed onset AE. Three SAEs were possibly related to the device
(37.5%) and five were not related to the device (62.5%). A relation-
ship of one SAE to the device has not been established. The major-
ity of the SAEs were severe (55.6%). Thirty (49.2%) of the AEs were
not related to the device. Most of the AEs (45 or 73.7%) were either
mild or moderate while 16 (26.2%) of the AEs were deemed severe.
The most common AEs (>3% occurrence) are listed in Table 2. Two
lead revisions were performed in two different subjects for the
following reasons: lead migration and loss of stimulation. Five
devices were explanted (due to infection: 3; lack of efficacy: 1;
subject noncompliance: 1) and one device was switched off (and
the subject withdrawn from the study) before the six-month
follow-up period.

Effectiveness: Overall Pain
At baseline, the 32 subjects rated their overall pain as 77.6 mm

(! 2.1) out of a possible 100 mm. With the TNS, the 32 subjects’
average pain rating dropped to 26.1 mm (! 3.4), a 66.1% decrease
and significantly lower than baseline (p < 0.001). Stimulation was
discontinued at the end of the trial phase until the permanent neu-
rostimulation system was implanted. During this one-week
(minimum) stimulation-off period, the average pain rating
rebounded to 74.0 mm (! 3.0), which was statistically indistinguish-
able from baseline levels (p > 0.05).

One week after receiving the permanent INS, the 32 subjects
reported that their average overall pain was reduced to 34.9 mm

(! 4.3). This represented an average 55.1% (! 5.5%) decrease from
baseline (p < 0.001) and 50% or more pain relief for 53.1% of sub-
jects. At four weeks postimplant, average pain was 36.6 mm (! 4.6)
across 32 subjects, a decrease of 52.7% relative to baseline
(p < 0.001). There were 62.5% of subjects that achieved 50% or
better pain relief at this time point. Stimulation was temporarily
suspended after the four-week assessment in order to verify intra-
subject effectiveness; after a week without stimulation, subjects
reported that their overall pain returned to near-baseline levels:
68.4 mm (!4.6; p = 0.05). Stimulation was then restored. At two
months postimplant (N = 22), the average overall reported pain was
39.5 mm (!6.6; p < 0.001), which was an average of 50.7% (!8.0%)
decrease from baseline pain; 59.1% of subjects reported at least
50% pain relief. At three months postimplant (N = 30), the average
overall pain rating was 38.4 mm (!5.7; p < 0.001), a 50.8% (!7.0%)
decrease from baseline and pain relief of 50% or more for 60.0% of
subjects. At six months postimplant, 25 subjects reported pain of
33.5 mm (!6.0; p < 0.001), a 56.3% decrease from baseline. There
were 52.0% of subjects that had 50% or better pain relief at this time
point. These data are depicted in Figure 3.

Pain relief was also assessed in specific regions: the back, legs, and
feet. Not all subjects had pain in all of these regions. Back pain was
reduced by 16.7% relative to the back-specific baseline at one week
postimplant, by 45.9% at four weeks, by 49.7% at three months, and
by 58.1% at six months. Relative to the leg-specific baseline, leg pain
was reduced by 69.5% at one week postimplant, 68.6% at four
weeks postimplant, by 72.4% at three months, and by 69.3% at six
months. For the foot, pain was reduced relative to the foot-specific
baseline by 78.5% at one week postimplant, by 58.6% at four weeks,
by 67.8% at three months, and by 84.5% at six months (Fig. 4). The
percentage of subjects with >50% improvement in their VAS is listed
in Table 3.

Table 1. Breakdown of Subject Diagnoses and Painful Regions.

Diagnosis Numbers of subjects with pain in specific regions
N Back Leg Foot Other regions

Complex regional pain syndrome 9 0 7 7 5
Failed back surgery syndrome 8 7 7 0 2
Postsurgery pain 5 3 2 2 4
Radicular pain 2 0 2 1 0
Lumbar stenosis 2 0 2 0 1
Disc-related pain 4 1 3 3 1
Others (peripheral nerve damage and pain after postvascular stenting) 2 0 3 1 1
Totals 32 11 26 14 14

Table 2. List of Adverse Events (AEs) and Severe Adverse Events (SAEs) with Percentage of Occurrence Listed in Parentheses.

Biologic AEs and SAEs Device AEs and SAEs
Description of the AE/SAE Frequency Description of the AE/SAE Frequency

Infection 7 (10.0) Uncomfortable stimulation 3 (4.1)
Cerebrospinal fluid leak or associated headache 6 (8.6) Temporary cessation of stimulation 3 (4.1)
Inflammation 6 (8.6)
Inadequate pain relief 4 (5.7)
Flu-like symptoms/cough 4 (5.7)
New injury/condition 5 (7.1)
Temporary motor stimulation 8 (11.4)
Other (unspecified) 8 (11.4)
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Paresthesia: Steerability and Positional Stability
Stimulation was selective and highly steerable, resulting in dis-

crete paresthesia coverage in difficult-to-treat anatomies. Steerabil-
ity of paresthesia was demonstrated through overlapping pain–
paresthesia maps (see representative subject data in Fig. 5). A total
of 23 subjects were assessed at six-month postimplant for stability
of paresthesia intensity across body positions. Paresthesia intensity
ratings were 4.0 ! 0.5 and 3.8 ! 0.5 for supine and upright posi-
tions, respectively. Paresthesia intensity ratings for the two positions
were statistically indistinguishable (p > 0.05).

Effectiveness: Quality of Life, Mood, and Function
Change in quality of life, as measured by EQ-5D-3L VAS, was

assessed on a 100-mm scale with a rating of 100 corresponding to
best imaginable health. At baseline, the self-rated score was
47.0 mm (! 3.8). After one week of stimulation with the INS, the
score increased to 64.1 mm (! 3.6; p < 0.05) (Fig. 6). The score
remained significantly higher at all follow-up time points (ps<0.05).
The number of subjects that reported problems at baseline in five
different EQ-5D-3L subscales decreased significantly for mobility,
usual activities, and pain-discomfort domains (ps<0.05) (Fig. 7a).

The combination of individual dimension scores of the EQ-5D-3L
can be converted into a single index value for health status that can
be used in the clinical and economic evaluation of health care
(30,31). Index values were calculated based on general population
valuation surveys that used time trade-off (The Netherlands) (32) or
VAS (Belgium) (33) methods in the countries where the trials were
conducted. Index values for the general population in Australia
were not available and hence not included in the calculations.
The EQ-5D index values at baseline and at six months for the sub-
jects included in the analysis were 0.289 ! 0.054 (N = 20) and
0.725 ! 0.066 (N = 15), respectively. The increase in the index value
was statistically significant (p < 0.001) (Fig. 7b).

Mood disturbance was self-reported with the POMS. Mean
ratings on the tension, vigor, and fatigue subscales, as well as the
total mood disturbance score, were statistically significantly
improved at six months relative to baseline (ps<0.05; Table 4).

Pain interference (average of seven domains) as described by the
BPI improved from 6.6 (!0.4) at baseline to 4.1 (!0.5) (p < 0.001),
and maintained this level through six months postimplant, when
the average rating was 3.8 (! 0.6; p < 0.001). Pain severity (compos-
ite score) was rated at 6.9 (!0.2) at baseline. At one week postim-

plant, pain severity decreased to 4.3 (!0.4; p < 0.001). This reduction
in pain was maintained through six months postimplant, when the
average pain severity was 3.9 (! 0.6) at (p < 0.001; Table 5).

DISCUSSION

A prospective, open-label clinical trial with an internally con-
trolled reversal design was conducted across seven clinical sites to
characterize the performance of a neurostimulation system
designed for stimulation of the DRG for management of chronic
pain. Conjectural differentiators of the DRG neurostimulation
system relative to traditional SCS systems include selective stimula-
tion or paresthesia coverage in the dermatomes, lack of postural
effects, ability to drive paresthesia to areas that are typically difficult
to treat using SCS (e.g., foot), and lower therapeutic power
demands. The device demonstrated physical stability with lead
migration of 3% (2 leads out of 67), which is well below the rate of
migration for SCS with percutaneous leads placed over the dorsal
columns, which have been reported at 13.2% in a literature review
of 51 studies (7), and at 23% in a prospective study of implant
techniques and reprogramming compared against radiographic
evidence (34). Similar to previously reported values (7,35), one
subject reported uncomfortable stimulation, a usually transitory
issue associated with developing an effective program for the indi-
vidual. However, it should be noted that other neuromodulation
systems using dorsal column stimulation elicited uncomfortable
paresthesias, which could presume some dorsal root/DRG involve-
ment (36).

At all active stimulation time points through six months postim-
plantation, the average pain relief across subjects was at least 50%
as measured on the VAS. Differences between baseline pain and
stimulation-on pain were statistically significant. The reduction in
pain was also clinically significant; stimulation-induced absolute
reductions in VAS were 40–50 mm, while the minimum clinically
important difference in VAS for back and leg pain has been esti-
mated at approximately 20–30 mm (37,38). The reduction of pain as
measured by the BPI slightly differed in absolute values from the
VAS results reported here, as may be expected when using multiple
instruments with different psychometric properties (39), but
showed the same patterns of pain relief.

DRG stimulation was effective for the pain associated with CRPS
and FBSS, as well as for pain localized to the back, legs, and feet. The
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Figure 3. Overall pain ratings at baseline are reduced with DRG neurostimulation and rebound to preimplant levels when stimulation was discontinued for
one-week periods. Data points represent mean! SEM. DRG, dorsal root ganglia; SEM, standard error of the mean.
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50% or better pain relief at this time point. Stimulation was temporarily suspended after 
the four-week assessment in order to verify intra-subject effectiveness; after a week 
without stimulation, subjects reported that their overall pain returned to near-baseline 
levels: 68.4 mm (±4.6; p=0.05). Stimulation was then restored. At 2 months post-implant 
(n=22), the average overall reported pain was 39.5 mm (±6.6; p<0.001), which was an 
average of 50.7% (±8.0%) decreased from baseline pain; 59.1% of subjects reported at 
least 50% pain relief. At 3 months post-implant (n=30), the average overall pain rating 
was 38.4 mm (±5.7; p<0.001), a 50.8% (±7.0%) decrease from baseline and pain relief 
of 50% or more for 60.0% of subjects. At 6 months post-implant, 25 subjects reported 
pain of 33.5 mm (±6.0; p<0.001), a 56.3% decrease from baseline. 52.0% of subjects had 
50% or better pain relief at this time point. These data are depicted below; see Figure 7.

Pain relief was also assessed in specific regions: the back, legs, and feet. Not all 
subjects had pain in all of these regions. Back pain was reduced by 16.7% relative to 
the back-specific baseline at 1 week post-implant, by 45.9% at 4 weeks, by 49.7% at 
3 months, and by 58.1% at 6 months. Relative to the leg-specific baseline, leg pain was 
reduced by 69.5% at 1 week post-implant, 68.6% at 4 weeks post-implant, by 72.4% 
at 3 months, and by 69.3% at 6 months. For the foot, pain was reduced relative to the 
foot-specific baseline by 78.5% at 1 week post-implant, by 58.6% at 4 weeks, by 67.8% 
at 3 months, and by 84.5% at 6 months (see Figure 8). The percentage of subjects with 
>50% improvement in their VAS is listed in Table 4.

Paresthesia: Steerability and positional stability
Stimulation was selective and highly steerable resulting in discrete paresthesia 
coverage in difficult to treat anatomies. Steerability of paresthesia was demonstrated 
through overlapping pain-paresthesia maps (see representative subject data in 
Figure 9). A total of 23 subjects were assessed at 6 months post-implant for stability 
of paresthesia intensity across body positions. Paresthesia intensity ratings were 
4.0±0.5 and 3.8±0.5 for supine and upright positions, respectively. Paresthesia 
intensity ratings for the two positions were statistically indistinguishable (p>0.05). 

Figure 7. Pain ratings (VAS).
Overall pain ratings at baseline are reduced with DRG neurostimulation and rebound to pre-
implant levels when stimulation was discontinued for one-week periods. Data points represent 
mean ± SEM.
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magnitude of pain relief in this study exceeded that reported in the
largest controlled trial of SCS to date. Data from the PROCESS study
describe that 50–60% of FBSS subjects achieved 50% or better leg
pain relief through six months of SCS therapy (11); in this study,
approximately 75% of clients reported this level of pain relief.
PROCESS reported reduction in back pain from approximately
55 mm at baseline to approximately 40 mm at 4, 12, and 24-week
follow-ups (11); despite higher baseline back pain, subjects in this
study reported reductions of 25–30 mm at the same time points.
However, significant methodological differences exist between the

PROCESS randomized controlled trial and this open-label study
which make direct comparisons of outcomes problematic. For
instance, the PROCESS study’s intent-to-treat analysis included all
randomized subjects while this study excluded screen failures and
explanted/switched-off subjects from analysis and may therefore
emphasize the relative contribution of the positive outcomes. Recent
observational and cohort studies of SCS for a variety of indications
have reported overall pain relief (relative to baseline) of 68% (40,41),
52% (42), and 45% (43). A systematic review that included analysis of
case studies reported that approximately 62% of SCS patients
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Figure 4. Pain ratings associated with (a) back, (b) legs, and (c) feet are reduced with DRG neurostimulation. Data points represent mean! SEM. *p < 0.05, ‡p < 0.001,
†p < 0.005. DRG, dorsal root ganglia; SEM, standard error of the mean.
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Figure 8. VAS in back, legs, and feet.
Pain ratings associated with FBSS and located in the (a) back, (b) legs, and (c) feet are reduced 
with DRG neurostimulation. Data points represent mean ± SEM. *p<0.05, ‡p<0.001, †p<0.005.

Table 4. Percentage of subjects with >50% VAS improvement.

the same paresthesia intensity when standing as compared with
lying supine. This may be due in part to the location of the DRG
inside the vertebral foramen (21,47); they are presumably relatively
physically stable throughout a subject’s changes in position, unlike
the highly mobile spine. Although it is possible that the DRGs may
shift inside their enclosures with the effects of gravity, any such
movements are likely to be slight, given their size and conformation.
Thus, assuming stable lead placement via anchors and strain relief
loops, it is anticipated that a patient’s body movement would result
in very little movement of the DRG or lead relative to each other.

Other secondary endpoints, including quality of life, functional
status, and mood, all improved during this study. Subjective ratings
in these domains are often associated with clinically significant

reduction in pain (48–50). Although the mediating effects of an
individual’s personal outlook (which may incorporate hope and
resiliency (51)) and frequent contact with a pain specialist through
study visits cannot be ruled out, these results suggest that improve-
ment in pain through DRG stimulation establishes lifestyle improve-
ments that would be appreciated holistically.

This study incorporated two reversal periods (also known as
A-B-A) during which stimulation was temporarily stopped for a brief
period of time. Pain ratings were captured during the stimulation-
off periods, and again at resumption of the therapy. This internal-
control methodology is more robust than a design implementing
continuous therapy and may address the criticism inherent to pain
research that an individual’s historical (baseline) pain reporting may
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Figure 6. Subjects’mean self-rated health index as reported on the EQ-5D-3L VAS of overall health increased over time, representing a subjective improvement in
health. Data points represent mean! SEM (*p < 0.05). SEM, standard error of the mean; VAS , visual analog scale.

Table 3. Percentage of Subjects With >50% Improvement in Their VAS for Back, Leg, and Foot Pain.

One week Four weeks Three months Six months

Back pain 20.0 50.0 55.6 57.1
Leg pain* 76.0 76.0 78.3 70.0
Foot pain* 84.6 83.3 81.8 88.9

At baseline, number of subjects with back, leg, and foot pain were 11, 25, and 13, respectively.
*Leg pain and back pain VAS at baseline for one subject could not be obtained.
VAS, visual analog scale.

Table 4. Scores of Profile of Mood States (POMS) Subscale and Total Scores at Baseline and After 6 Months, Demonstrating an Improvement in Mood ThatWas
Statistically Significant Across Multiple Domains.

POMS Subscale Baseline (N = 32) Six months (N = 24)

Tension 6.3! 0.7 4.2! 1.0*
Depression 5.3! 0.8 3.3! 1.2
Anger 6.1! 0.9 3.6! 1.1
Vigor 5.9! 0.9 8.5! 1.0*
Fatigue 11.7! 0.9 6.9! 1.4*
Confusion 4.1! 0.5 4.3! 0.7
Total mood disturbance score 27.5! 3.5 13.8! 5.6*

Data represent mean! SEM.
*p < 0.05.
POMS, Profile of Mood States; SEM, standard error of the mean; VAS, visual analog scale.

479

DORSAL ROOT GANGLION NEUROSTIMULATION FOR CHRONIC PAIN

www.neuromodulationjournal.com Neuromodulation 2013; 16: 471–482© 2013 International Neuromodulation Society



56

2

achieve 50% or better pain relief (8), although it was noted that due
to heterogeneous design and methodologies, there is some diffi-
culty in generalizing across this open-label knowledge base. Against
these reports, the clinical results of DRG stimulation are promising.

The relief of foot pain is of special interest in this study. Reports of
nonvascular neuropathic foot pain relief via SCS are few and small
(12,44–46), likely because foot coverage with traditional SCS
systems are unable to cover discrete painful regions in the foot

without generating extensive extraneous paresthesias or motor
side-effects. Additionally, the pain relief afforded to the feet by SCS
is typically limited. In this study, approximately 90% of subjects with
foot pain reported at least 50% foot pain relief, and the average pain
relief was more than 80%. Importantly, the stimulation was able to
cover the painful areas without generating large unwanted areas of
paresthesia. Furthermore, significant positional effects of stimula-
tion were not noted; paresthesia intensity subjects reported much

PAIN DISTRIBUTION PARESTHESIA MAPa

b

c
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Figure 5. Pain distribution (left column) and paresthesia map (right column) for three representative subjects (a, b, c) in the study. Note the overlap of pain–
paresthesia and the discrete coverage possible with the electrical neuromodulation of the DRG. DRG, dorsal root ganglia.

478

LIEM ET AL.

www.neuromodulationjournal.com Neuromodulation 2013; 16: 471–482© 2013 International Neuromodulation Society

Figure 9.  Pain and paresthesia.
Pain distribution (left column) and paresthesia map (right column) for 3 representative subjects (a, 
b, c) in the study. Note the overlap of pain-paresthesia and the discrete coverage possible with 
the electrical neuromodulation of the DRG.

Effectiveness: quality of life, mood, and function
Change in quality of life, as measured by EQ-5D-3L VAS, was assessed on a 100-mm 
scale with a rating of 100 corresponding to best imaginable health. At baseline, 
the self-rated score was 47.0 mm (±3.8). After one week of stimulation with the INS, 
the score increased to 64.1 mm (±3.6; p<0.05) (see Figure 10). The score remained 
significantly higher at all follow-up time points (ps<0.05). The number of subjects 
that reported problems at baseline in five different EQ-5D-3L subscales decreased 
significantly for mobility, usual activities and pain-discomfort domains (ps<0.05) (see 
Figure 11). 
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the same paresthesia intensity when standing as compared with
lying supine. This may be due in part to the location of the DRG
inside the vertebral foramen (21,47); they are presumably relatively
physically stable throughout a subject’s changes in position, unlike
the highly mobile spine. Although it is possible that the DRGs may
shift inside their enclosures with the effects of gravity, any such
movements are likely to be slight, given their size and conformation.
Thus, assuming stable lead placement via anchors and strain relief
loops, it is anticipated that a patient’s body movement would result
in very little movement of the DRG or lead relative to each other.

Other secondary endpoints, including quality of life, functional
status, and mood, all improved during this study. Subjective ratings
in these domains are often associated with clinically significant

reduction in pain (48–50). Although the mediating effects of an
individual’s personal outlook (which may incorporate hope and
resiliency (51)) and frequent contact with a pain specialist through
study visits cannot be ruled out, these results suggest that improve-
ment in pain through DRG stimulation establishes lifestyle improve-
ments that would be appreciated holistically.

This study incorporated two reversal periods (also known as
A-B-A) during which stimulation was temporarily stopped for a brief
period of time. Pain ratings were captured during the stimulation-
off periods, and again at resumption of the therapy. This internal-
control methodology is more robust than a design implementing
continuous therapy and may address the criticism inherent to pain
research that an individual’s historical (baseline) pain reporting may
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Figure 6. Subjects’mean self-rated health index as reported on the EQ-5D-3L VAS of overall health increased over time, representing a subjective improvement in
health. Data points represent mean! SEM (*p < 0.05). SEM, standard error of the mean; VAS , visual analog scale.

Table 3. Percentage of Subjects With >50% Improvement in Their VAS for Back, Leg, and Foot Pain.

One week Four weeks Three months Six months

Back pain 20.0 50.0 55.6 57.1
Leg pain* 76.0 76.0 78.3 70.0
Foot pain* 84.6 83.3 81.8 88.9

At baseline, number of subjects with back, leg, and foot pain were 11, 25, and 13, respectively.
*Leg pain and back pain VAS at baseline for one subject could not be obtained.
VAS, visual analog scale.

Table 4. Scores of Profile of Mood States (POMS) Subscale and Total Scores at Baseline and After 6 Months, Demonstrating an Improvement in Mood ThatWas
Statistically Significant Across Multiple Domains.

POMS Subscale Baseline (N = 32) Six months (N = 24)

Tension 6.3! 0.7 4.2! 1.0*
Depression 5.3! 0.8 3.3! 1.2
Anger 6.1! 0.9 3.6! 1.1
Vigor 5.9! 0.9 8.5! 1.0*
Fatigue 11.7! 0.9 6.9! 1.4*
Confusion 4.1! 0.5 4.3! 0.7
Total mood disturbance score 27.5! 3.5 13.8! 5.6*

Data represent mean! SEM.
*p < 0.05.
POMS, Profile of Mood States; SEM, standard error of the mean; VAS, visual analog scale.
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the same paresthesia intensity when standing as compared with
lying supine. This may be due in part to the location of the DRG
inside the vertebral foramen (21,47); they are presumably relatively
physically stable throughout a subject’s changes in position, unlike
the highly mobile spine. Although it is possible that the DRGs may
shift inside their enclosures with the effects of gravity, any such
movements are likely to be slight, given their size and conformation.
Thus, assuming stable lead placement via anchors and strain relief
loops, it is anticipated that a patient’s body movement would result
in very little movement of the DRG or lead relative to each other.

Other secondary endpoints, including quality of life, functional
status, and mood, all improved during this study. Subjective ratings
in these domains are often associated with clinically significant

reduction in pain (48–50). Although the mediating effects of an
individual’s personal outlook (which may incorporate hope and
resiliency (51)) and frequent contact with a pain specialist through
study visits cannot be ruled out, these results suggest that improve-
ment in pain through DRG stimulation establishes lifestyle improve-
ments that would be appreciated holistically.

This study incorporated two reversal periods (also known as
A-B-A) during which stimulation was temporarily stopped for a brief
period of time. Pain ratings were captured during the stimulation-
off periods, and again at resumption of the therapy. This internal-
control methodology is more robust than a design implementing
continuous therapy and may address the criticism inherent to pain
research that an individual’s historical (baseline) pain reporting may
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Figure 6. Subjects’mean self-rated health index as reported on the EQ-5D-3L VAS of overall health increased over time, representing a subjective improvement in
health. Data points represent mean! SEM (*p < 0.05). SEM, standard error of the mean; VAS , visual analog scale.

Table 3. Percentage of Subjects With >50% Improvement in Their VAS for Back, Leg, and Foot Pain.

One week Four weeks Three months Six months

Back pain 20.0 50.0 55.6 57.1
Leg pain* 76.0 76.0 78.3 70.0
Foot pain* 84.6 83.3 81.8 88.9

At baseline, number of subjects with back, leg, and foot pain were 11, 25, and 13, respectively.
*Leg pain and back pain VAS at baseline for one subject could not be obtained.
VAS, visual analog scale.

Table 4. Scores of Profile of Mood States (POMS) Subscale and Total Scores at Baseline and After 6 Months, Demonstrating an Improvement in Mood ThatWas
Statistically Significant Across Multiple Domains.

POMS Subscale Baseline (N = 32) Six months (N = 24)

Tension 6.3! 0.7 4.2! 1.0*
Depression 5.3! 0.8 3.3! 1.2
Anger 6.1! 0.9 3.6! 1.1
Vigor 5.9! 0.9 8.5! 1.0*
Fatigue 11.7! 0.9 6.9! 1.4*
Confusion 4.1! 0.5 4.3! 0.7
Total mood disturbance score 27.5! 3.5 13.8! 5.6*

Data represent mean! SEM.
*p < 0.05.
POMS, Profile of Mood States; SEM, standard error of the mean; VAS, visual analog scale.
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The combination of individual dimension scores of the EQ-5D-3L can be converted 
into a single index value for health status that can be used in the clinical and economic 
evaluation of health care (30, 31). Index values were calculated based on general 
population valuation surveys that used time trade off (TTO) (Netherlands) (32) or VAS 
(Belgium) (33) methods in the countries where the trials were conducted. Index values 
for the general population in Australia were not available and hence not included in 
the calculations. The EQ-5D index values at baseline and at 6 months for the subjects 
included in the analysis were 0.289 ±0.054 (N=20) and 0.725 ±0.066 (N=15), respectively. 
The increase in the index value was statistically significant (p<0.001; see Figure 11).

Mood disturbance was self-reported with the POMS. Mean ratings on the tension, 
vigor, and fatigue subscales, as well as the total mood disturbance score, were statistically 
significantly improved at 6 months relative to baseline (p<0.05; see Table 5). 

Figure 10. Health index.
Subjects’ mean self-rated health index as reported on the EQ-5D-3L VAS scale of overall health 
increased over time, representing a subjective improvement in health. Data points represent 
mean ± SEM (*p<0.05).

Table 5. Scores of Profile of Mood States (POMS).  
Subscale and total scores at baseline and after 6 months demonstrated an improvement in mood that 
was statistically significant across multiple domains.
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be influenced by faulty recall or psychological processes (52). This
assumption is admittedly complicated by the fact that the subjects
were unblinded. Pain ratings rebounded at both reversal time
points, which may lend credibility to the effectiveness of this thera-
peutic intervention and its durability over time. However, at the
second reversal point, the rebound pain was statistically lower than
baseline reports; this may represent a reluctance on the part of the
subjects to report the full magnitude of effect, a possible increase in
the use of rescue pain medications during the stimulation-off
period, or a simple artifact of sample size.

Interpretation of this study should be informed by a number of
points. First, pain relief in this study was calculated as percentage
reductions in the VAS, as opposed to the verbal rating scale (“on a
scale of one to ten . . .”). Although the verbal scale is more convenient
for many pain physicians to incorporate into clinical practice, the
visual scale has been demonstrated to more closely represent the
actual pain experience of the individual (53,54). The verbal scale
should more properly be considered interval data than ratio, estab-
lishing dichotomous statistical assumptions (54). Several recent land-
mark SCS trials, including the PROCESS study that was discussed
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Figure 7. (a) EQ-5D-3L domains are listed with the percentage of subjects who reported any problem at baseline and 6 months follow-up. (b) EQ-5D index value
was significantly higher at the 6 month follow-up (*p < 0.05, **p < 0.001).

Table 5. Pain Interference and Pain Severity Measured by Brief Pain Inventory Demonstrated Sustained Decrease From Baseline.

Baseline
(N = 32)

One week
(N = 32)

Four weeks
(N = 29)

Two months
(N = 22)

Three months
(N = 29)

Six months
(N = 24)

Pain interference 6.6! 0.4 4.1! 0.5* 3.5! 0.5* 3.1! 0.5* 3.6! 0.6* 4.0! 0.6*
Pain severity 6.9! 0.2 4.3! 0.4* 4.0! 0.4* 4.0! 0.5* 3.9! 0.5* 3.9! 0.6*

*p < 0.001.
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Figure 11.  Subjects reporting problems (a quality of life measure).
(A) EQ-5D-3L domains are listed with the percentage of subjects who reported any problem at 
baseline and 6 months follow-up. (B) EQ-5D index value was significantly higher at the 6 month 
follow-up (*p<0.05, **p<0.001).

Pain interference (average of 7 domains) as described by the BPI improved from 6.6 
(±0.4) at baseline to 4.1 (±0.5) (p<0.001), and maintained this level through 6 months 
post-implant, when the average rating was 3.8 (±0.6; p<0.001). Pain severity (composite 
score) was rated at 6.9 (±0.2) at baseline. At 1 week post-implant, pain severity decreased 
to 4.3 (±0.4; p<0.001). This reduction in pain was maintained through 6 months post-
implant, when the average pain severity was 3.9 (±0.6) at (p<0.001, see Table 6).

Table 6. Brief Pain Inventory scores.
Pain interference and pain severity measured by BPI demonstrated sustained decrease from baseline.

be influenced by faulty recall or psychological processes (52). This
assumption is admittedly complicated by the fact that the subjects
were unblinded. Pain ratings rebounded at both reversal time
points, which may lend credibility to the effectiveness of this thera-
peutic intervention and its durability over time. However, at the
second reversal point, the rebound pain was statistically lower than
baseline reports; this may represent a reluctance on the part of the
subjects to report the full magnitude of effect, a possible increase in
the use of rescue pain medications during the stimulation-off
period, or a simple artifact of sample size.

Interpretation of this study should be informed by a number of
points. First, pain relief in this study was calculated as percentage
reductions in the VAS, as opposed to the verbal rating scale (“on a
scale of one to ten . . .”). Although the verbal scale is more convenient
for many pain physicians to incorporate into clinical practice, the
visual scale has been demonstrated to more closely represent the
actual pain experience of the individual (53,54). The verbal scale
should more properly be considered interval data than ratio, estab-
lishing dichotomous statistical assumptions (54). Several recent land-
mark SCS trials, including the PROCESS study that was discussed
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Figure 7. (a) EQ-5D-3L domains are listed with the percentage of subjects who reported any problem at baseline and 6 months follow-up. (b) EQ-5D index value
was significantly higher at the 6 month follow-up (*p < 0.05, **p < 0.001).

Table 5. Pain Interference and Pain Severity Measured by Brief Pain Inventory Demonstrated Sustained Decrease From Baseline.

Baseline
(N = 32)

One week
(N = 32)

Four weeks
(N = 29)

Two months
(N = 22)

Three months
(N = 29)

Six months
(N = 24)

Pain interference 6.6! 0.4 4.1! 0.5* 3.5! 0.5* 3.1! 0.5* 3.6! 0.6* 4.0! 0.6*
Pain severity 6.9! 0.2 4.3! 0.4* 4.0! 0.4* 4.0! 0.5* 3.9! 0.5* 3.9! 0.6*

*p < 0.001.
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DISCUSSION
A prospective, open-label clinical trial with an internally-controlled reversal design 
was conducted across five clinical sites to characterize the performance of a 
neurostimulation system designed for stimulation of the DRG for management of 
chronic pain. Conjectural differentiators of the DRG neurostimulation system relative 
to traditional SCS systems include selective stimulation or paresthesia coverage in 
the dermatomes, lack of postural effects, ability to drive paresthesia to areas that are 
typically difficult to treat using SCS (e.g., foot), and lower therapeutic power demands. 
The device demonstrated physical stability with lead migration of 3% (2 leads out 
of 67), which is well below the rate of migration for SCS with percutaneous leads 
placed over the dorsal columns, which have been reported at 13.2% in a literature 
review of 51 studies (7), and at 23% in a prospective study of implant techniques and 
reprogramming compared against radiographic evidence (34). Similar to previously-
reported values (7,35), one subject reported uncomfortable stimulation, a usually 
transitory issue usually associated with developing an effective program for the 
individual. However, it should be noted that other neuromodulation systems using 
dorsal column stimulation elicited uncomfortable paresthesias, which could presume 
some dorsal root / dorsal root ganglia involvement (36).

At all active stimulation time points through 6 months post-implantation, the 
average pain relief across subjects was at least 50% as measured on the VAS. 
Differences between baseline pain and stimulation-on pain were statistically 
significant. The reduction in pain was also clinically significant; stimulation-induced 
absolute reductions in VAS were 40-50 mm, while the minimum clinically important 
difference in VAS for back and leg pain has been estimated at approximately 
20-30 mm (37, 38). The reduction of pain as measured by the Brief Pain Inventory 
slightly differed in absolute values from the VAS results reported here, as may be 
expected when using multiple instruments with different psychometric properties 
(39), but showed the same patterns of pain relief. 

DRG stimulation was effective for the pain associated with CRPS and FBSS, as well 
as for pain localized to the back, legs, and feet. The magnitude of pain relief in this 
study exceeded that reported in the largest controlled trial of SCS to date. Data from 
the PROCESS study describe that 50-60% of FBSS subjects achieved 50% or better leg 
pain relief through 6 months of SCS therapy (11); in this study, approximately 75% of 
clients reported this level of pain relief. PROCESS reported reduction in back pain from 
approximately 55 mm at baseline to approximately 40 mm at 4, 12, and 24-week follow-
ups (11); despite higher baseline back pain, subjects in this study reported reductions 
to 25-30 mm at the same time points. However, significant methodological differences 
exist between the PROCESS randomized controlled trial and this open-label study which 
make direct comparisons of outcomes problematic. For instance, the PROCESS study’s 
intent-to-treat analysis included all randomized subjects while this study excluded screen 
failures and explanted/switched-off subjects from analysis and may therefore emphasize 
the relative contribution of the positive outcomes. Recent observational and cohort 
studies of SCS for a variety of indications have reported overall pain relief (relative to 
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baseline) of 68% (40, 41), 52% (42), and 45% (43). A systematic review that included 
analysis of case studies reported that approximately 62% of SCS patients achieve 50% 
or better pain relief (8), although it was noted that due to heterogeneous design and 
methodologies, there is some difficulty in generalizing across this open-label knowledge 
base. Against these reports, the clinical results of DRG stimulation are promising.

The relief of foot pain is of special interest in this study. Reports of non-vascular 
neuropathic foot pain relief via SCS are few and small (12, 44, 45, 46), likely because 
foot coverage with traditional SCS systems are unable to cover discrete painful regions 
in the foot without generating extensive extraneous paresthesias or motor side effects. 
Additionally, the pain relief afforded to the feet by SCS is typically limited. In this study, 
approximately 80% of subjects with foot pain reported at least 50% foot pain relief, and 
the average pain relief was more than 70%. Importantly, the stimulation was able to cover 
the painful areas without generating large unwanted areas of paresthesia. Furthermore, 
significant positional effects of stimulation were not noted; paresthesia intensity subjects 
reported much the same paresthesia intensity when standing as compared to lying 
supine. This may be due in part to the location of the DRG inside the vertebral foramen 
(21, 47); they are presumably relatively physically stable throughout a subject’s changes 
in position, unlike the highly mobile spine. Although it is possible that the DRGs may 
shift inside their enclosures with the effects of gravity, any such movements are likely to 
be slight, given their size and conformation. Thus, assuming stable lead placement via 
anchors and strain relief loops, it is anticipated that a patient’s body movement would 
result in very little movement of the DRG or lead relative to each other.

Other secondary endpoints, including quality of life, functional status, and mood all 
improved during this study. Subjective ratings in these domains are often associated 
with clinically significant reduction in pain (48, 49, 50). Although the mediating effects 
of an individual’s personal outlook (which may incorporate hope and resiliency (51)) and 
frequent contact with a pain specialist through study visits cannot be ruled out, these 
results suggest that improvement in pain through DRG stimulation establishes lifestyle 
improvements that would be appreciated holistically.

This study incorporated two reversal periods (also known as A-B-A) during which 
stimulation was temporarily stopped for a brief period of time. Pain ratings were 
captured during the stimulation-off periods, and again at resumption of the therapy. This 
internal-control methodology is more robust than a design implementing continuous 
therapy and may address the criticism inherent to pain research that an individual’s 
historical (baseline) pain reporting may be influenced by faulty recall or psychological 
processes (52). This assumption is admittedly complicated by the fact that the subjects 
were unblinded. Pain ratings rebounded at both reversal time points which may lend 
credibility to the effectiveness of this therapeutic intervention and its durability over 
time. However, at the second reversal point, the rebound pain was statistically lower than 
baseline reports; this may represent a reluctance on the part of the subjects to report 
the full magnitude of effect, a possible increase in the use of rescue pain medications 
during the stimulation-off period, or a simple artifact of sample size. 

Interpretation of this study should be informed by a number of points. First, pain 
relief in this study was calculated as percentage reductions in the visual analogue scale, 
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as opposed to the verbal rating scale (“on a scale of one to ten…”). Although the 
verbal scale is more convenient for many pain physicians to incorporate into clinical 
practice, the visual scale has been demonstrated to more closely represent the actual 
pain experience of the individual (53, 54). The verbal scale should more properly be 
considered interval data than ratio, establishing dichotomous statistical assumptions 
(54). Several recent landmark SCS trials, including the PROCESS study that was discussed 
previously in this section, have incorporated visual scales in their design (11, 14). However, 
much of the published literature makes use of the verbal scale, presumably for ease of 
use. Comparability of the results of this study with others using different pain rating 
methods should thus be interpreted judiciously, given that numeric ratings are used in 
the calculation of the percentage of pain relief relative to baseline. Additionally, external 
experiences may influence pain ratings; subjects may have learned, over the difficult 
course of dealing with a chronic pain condition, communication methods involving VAS 
ratings as part of their self-management (55, 56). Competing motivations in pain ratings 
contribute to the subjective nature of pain research. This issue is inherent, however, with 
all pain studies, and given that converging results were obtained across a number of 
different measures in this study, a high degree of confidence in the clinical outcomes of 
DRG neurostimulation can be assumed. 

Effectiveness of the device, and the validity of stimulation-related pain reductions, is 
further supported by the rebound to baseline levels during reversal periods. It should be 
noted, though, that subjects were certainly aware of the stimulation on/off status of their 
device based on the presence or absence of paresthesias. Thus, the placebo effect cannot 
be ruled out. Placebo has been estimated to account for approximately one-quarter to 
one-third of the observed effect in pain studies (57, 58). Placebo-controlled studies are 
difficult or nearly impossible in neurostimulation, although some work has demonstrated 
that SCS out-performs placebo in experimental measures of pain (59). Further work, 
including stimulation at levels that are sub-threshold for inducing paresthesias but may 
be effective for pain mediation, will be needed to investigate the role of the intervention 
versus placebo. Continued surveillance is also necessary to confirm durable effectiveness, 
since these 6-month results are preliminary. With any novel device there may be scope for 
further optimization of the therapy over time and experience and there may be potential 
for improved programming and lead placement algorithms. 

CONCLUSIONS
Neuromodulation of the DRG was effective for relieving chronic pain and was able 
to consistently provide discretely defined paresthesia coverage in challenging 
anatomical regions such as the back and foot. Consistent intensities of paresthesias 
were reported throughout tests involving different body positions, demonstrating 
a clinically important lack of positional effects. Device performance demonstrated 
good safety profile and subjects in this trial experienced improvements in health-
related quality of life, mood, and pain symptoms. These results suggest that SCS of 
the DRG is a robust new tool for the pain physician’s armamentarium.
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ABSTRACT
Spinal cord stimulation of the dorsal root ganglion (DRG-SCS) is a new therapy for 
treating chronic neuropathic pain. Previous work has demonstrated the effectiveness 
of DRG-SCS for pain associated with failed back surgery syndrome, complex regional 
pain syndrome, chronic post-surgical pain, and other etiologies through 6 months 
of treatment; this report describes the maintenance of pain relief, improvement in 
mood and quality of life through 12 months. Subjects with intractable pain in the 
back and/or lower limbs had been implanted with an active neurostimulator device. 
Up to four percutaneous leads were placed epidurally near DRGs. After prospectively 
tracking the subjects for 12 months, it was found that, overall, pain was reduced by 
56% at 12 months post-implantation, and 60% of subjects reported greater than 50% 
improvement in their pain. Pain localized to the back, legs, and feet was reduced 
by 42%, 62%, and 80%, respectively. Measures of quality of life and mood were 
also improved over the course of the study and subjects reported high levels of 
satisfaction. Importantly, excellent pain-paresthesia overlap was reported, remaining 
stable through 12 months. These results suggests that, despite methodological 
differences in the literature, DRG-SCS appears to be comparable to traditional 
SCS in terms of pain relief and associated benefits in mood and quality of life. Yet 
its benefits include the ability to achieve precise pain-paresthesia concordance, 
including in regions that are typically difficult to target with SCS, and to consistently 
maintain that coverage over time.
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INTRODUCTION
Relief of intractable neuropathic pain can be achieved via neuromodulation of the 
sensory tracts in the dorsal column of the spinal cord (1). Thousands of traditional 
spinal cord stimulation (SCS) devices are implanted every year (2) for failed back 
surgery syndrome (FBSS; 3), complex regional pain syndrome (CRPS; 4), and other 
indications. With reports of life-changing improvements in pain, quality of life, 
and associated variables (5), the value of traditional SCS as an intervention cannot 
be discounted.

However, traditional SCS is not a panacea. Up to 40% of implanted subjects do not 
appreciate satisfactory pain relief (6), although strict patient selection criteria may reduce 
the proportion of treatment failures (7). A particularly vexing limitation with this therapy 
is its tendency to lose effectiveness over time (8, 9), a trend that may affect as many 
as 50% of implanted patients (10). These problems may be linked to the importance of 
achieving concordance of paresthesia with the painful areas (11), a necessary condition 
for successful SCS therapy. Reprogramming or surgical repositioning of the leads (in the 
case of migration) may be attempted, but are not always satisfactory. 

Converging evidence suggests that the DRG is a rich target for treating chronic 
pain (12, 13), including via neuromodulatory interventions (14). Stimulation of the 
somatotopically-organized DRG can result in sub-dermatomal patterns of paresthesia 
coverage (15), suggesting that recruitment of specific sensory neuron perikarya may 
allow more precise ‘steering’ of paresthesias in the body relative to traditional SCS. 
Given this, DRG-SCS may have some benefits especially in cases of pain distributions in 
regions that are typically difficult to treat with traditional SCS (focal distal distributions 
such as groin and foot). The main difference between DRG-SCS and traditional SCS may 
be in functional characteristics of the parenchyma activated by the leads. Traditional SCS 
recruits multiple fibers of passage in the dorsal columns and results in action potentials 
propagating ortho- and antidromically, potentially recruiting multiple dermatomes 
and structures outside of the dorsal columns, including primary sensory neurons (16). 
In contrast, DRG-SCS may directly activate the cell bodies of the very neurons that 
innervate the painful regions. This distinction may give rise to a different mechanism 
of action and therefore different interventional profiles for the two electrically active 
implantable technologies. On the other hand, it should be noted that because some 
dorsal column fibers arise from cell bodies in the DRG, it is possible that SCS and 
DRG-SCS share some cellular targets and have mechanistic similarities.

This report presents the durability of outcomes in a prospective study to assess the 
effect of DRG-SCS on pain, quality of life, and mood. It was hypothesized that outcomes, 
previously reported as positive at 6 months post-implant (17), would continue through 
12 months.
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MATERIALS AND METHODS
Methods have been described in detail in another recently-published report from 
this research group (17). Briefly, subjects were recruited with full informed consent at 
European and Australian sites under local Ethics Committee approval. All subjects 
were 18 years or older, diagnosed with chronic neuropathic pain (of 60 mm or more 
on a 100 mm visual analogue scale [VAS]) located in the trunk, sacrum, or lower 
limbs that was intractable to other conventional treatments, and with stable (30 days) 
pre-study neurological and medication profiles. Subjects with pain involving cervical 
segments, worsening pain, some corticosteroid or radiofrequency treatments, 
cancer, clotting disorders, and active implanted devices were excluded.

All subjects used the Spinal Modulation Axium™ DRG-SCS system, which is a 
constant voltage device with up to four quadripolar percutaneous leads. The delivery 
system consists of a flexible lead with a hollow inner lumen, a curved stylet that is inserted 
into the lumen to provide rigidity and directionality to the lead during implantation, and 
a sheath into which the lead, with the stylet in place, is loaded. 

With the patient under local anesthesia and lightly sedated, the physician 
accessed the epidural space using a 14-gauge delivery needle, similar to the 
standard SCS implantation method. Once the delivery needle was in place, the leads 
were inserted anterogradely through the needle and steered into the neural foramen 
near the DRG using fluoroscopic guidance. Because the DRG is located between the 
medial and the lateral aspects of the lumbar pedicle (18), leads were placed such 
that a pair of contacts straddled the pedicle. Up to four leads could be deployed 
at up to four DRGs to capture the painful regions, depending on patient feedback 
regarding paresthesia coverage obtained in the intraoperative programming phase. 
Once adequate paresthesia was obtained, the stylet was partially removed and the 
lead advanced in the epidural space to create slack or a loop intended to prevent 
lead migration (see Figure 12). The sheath, needle and stylet were then completely 
removed. Permanent leads were anchored to the fascia using tissue anchors, 
tunneled to the subcutaneous stimulator pocket typically in the upper buttocks or 
abdomen, and connected. All incisions were sutured followed by appropriate wound 
care. Post-implantation programming of the permanent DRG-SCS system was based 
on individualized subject feedback. At home, subjects used a wireless controller to 
adjust the stimulation within pre-set limits.

Subjects completed baseline assessments and then trialed a temporary stimulator 
(implanted leads attached to an external stimulator) for up to 30 days. Subjects then 
received a permanent implanted neurostimulator (INS) if at least 50% pain relief was 
apparent during the trial period, and outcomes were tracked through 12 months. 
Subjects provided feedback regarding pain (standard 100-mm VAS [19] and Brief 
Pain Inventory [BPI]; 20, 21) in general and specific to the back, legs, and feet; quality 
of life (EQ-5D-3L; 22)1; mood (Profile of Mood States [POMS]; 23) and McGill Pain 

1 Australian data [n=10 at baseline and n=7 at 12 months] were not included in the EQ-5D 
index score calculation as country-specific value sets are not available.
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Questionnaire (24). Pain and paresthesia distributions were captured on body maps. 
Subject satisfaction was rated on an 11-point Likert scale where 0 = not satisfied 
and 10 = very satisfied. Subjects’ global impression of change (GIC, a 7-point Likert 
scale [25]) was also captured as a secondary outcome. Adverse events (AEs) were 
tracked throughout the study.

Standard data management procedures were employed, and data analysis was 
completed using SPSS V20 (IBM, Armonk, NY, USA). Data are presented as means 
±SEM, with hypothesis testing employing two-tailed paired t-tests with p<0.05. Data in 
the baseline through six months’ follow-up time point have been published previously 
(17), and are presented here to provide context regarding the durability of outcomes.

RESULTS
The DRG-SCS device was trialed in 51 subjects. Prior to this, some subjects 
had unsuccessfully used pulsed radiofrequency denervation (n=12), SCS (n=9), 
peripheral nerve stimulation (n=3), and transcutaneous electrical nerve stimulation 
(n=3). Subjects’ demographics and pain etiologies were representative of chronic 
neuropathic pain populations (26; see Table 7). 

Figure 12.  Fluoroscopic image of lead placement.
A representative fluoroscopic image obtained during implantation of the DRG-SCS device, 
illustrating placement of two pedicle-spanning contacts (boxed) and epidural lead slack (arrow).

 
Figure 12.  Fluoroscopic image of lead placement. 

A representative fluoroscopic image obtained during implantation of the DRG-SCS device, 
illustrating placement of two pedicle-spanning contacts (boxed) and epidural lead slack 
(arrows). 
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The DRG-SCS device was trialed in 51 subjects. Prior to this, some subjects had unsuccessfully used 
pulsed radiofrequency denervation (n=12), SCS (n=9), peripheral nerve stimulation (n=3), and 
transcutaneous electrical nerve stimulation (n=3). Subjects’ demographics and pain etiologies were 
representative of chronic neuropathic pain populations (26; see Table 7).  
 

 
Table 7.  Subject demographics and etiology of pain. 
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At the end of the trial period, 76.5% of subjects (N=39) had good outcomes, with 
average pain relief of 74.2% (±16.5), in contrast to the non-responders who reported an 
average pain relief of 5.0% (±8.7). Permanent INS devices were placed in 32 subjects; 
diagnoses were CRPS (n=8), FBSS including radicular pain (n=16), peripheral nerve 
damage (1), pain post-vascular stenting (1) and post-surgical neuropathic pain (n=6).2 A 
total of 67 leads were implanted with most subjects receiving two each.

Between baseline and the 12-month follow-up, overall pain improved by 56.3% (±8.4), 
decreasing from 77.6 mm (±2.1; n=32) at baseline to 33.6 mm (±6.3; n=25; p<0.005) 
at 12 months. Back pain improved by 41.9% (±14.0), decreasing from 74.5 mm (±5.3; 
n=10) to 39.7 (±9.6; n=9; p<0.05). Leg pain improved by 62.4% (±10.8), decreasing from 
74.6 mm (±3.3; n=25) to 28.7 (±7.2; n=20; p<0.005). Foot pain improved by 79.5% (±12.4), 
decreasing from 81.4 mm (±2.5; n=13) to 22.0 (±10.7; n=10; p<0.05). The proportion 
of subjects achieving at least 50% of their overall pain and pain located in the back, 
legs, and feet was 60.0%, 37.5%, 68.4%, 87.5%, respectively; see Figure 13. Pain as 
assessed by the BPI was also significantly and durably reduced through 12 months of 
the DRG-SCS intervention, in terms of pain severity and its interference with activities 
(6.9 ±0.2; n=32 vs. 3.2 ±0.6; n=25 and 6.5 ±0.4; n=32 vs. 3.3 ±0.5; n=25, respectively; 
ps<0.001; see Figure 14).

Quality of life ratings were better at the 12-month follow-up than at baseline. 
Subjects’ EQ-5D VAS score increased from 47.0 (±3.8; n=32) at baseline to 68.4 (±4.7; 
n=25; p<0.005), a 64.0% (±18.8) improvement. Similarly, the EQ-5D index score 
increased from 0.298 (±0.238; n=22) at baseline to 0.698 (±0.267; n=18; p<0.001), a 

2 Note that the previous report (17) listed 9 subjects with CRPS and 5 with chronic post-surgical 
pain (CPSP). An error in acronym transposition led to one subject’s etiology of pain being mis-
labeled in the previous report; this has been corrected here.

Table 7.  Subject demographics and etiology of pain.

11-point Likert scale where 0 = not satisfied and 10 = very satisfied.
Subjects’ global impression of change (GIC, a 7-point Likert scale)
(25) was also captured as a secondary outcome. Adverse events
(AEs) were tracked throughout the study.

Standard data management procedures were employed, and
data analysis was completed using SPSS v. 20 (IBM, Armonk, NY,
USA). Except where noted, data are presented as means ±SEM, with
hypothesis testing employing two-tailed paired t-tests with p < 0.05.
Data from baseline through 6 months’ follow-up time point have
been published previously (17) and are presented here to provide
context regarding the durability of outcomes.

RESULTS

The DRG-SCS device was trialed in 51 subjects. Prior to this, some
subjects had unsuccessfully used pulsed radiofrequency denerva-
tion (N = 12), SCS (N = 9), peripheral nerve stimulation (N = 3), and
transcutaneous electrical nerve stimulation (N = 3). Subjects’ demo-
graphics and pain etiologies were representative of chronic neuro-
pathic pain populations (26) (see Table 1). At the end of the trial
period, 76.5% of subjects (N = 39) had good outcomes, with average
pain relief of 74.2% (±16.5), in contrast to the nonresponders, who
reported an average pain relief of 5.0% (±8.7). Permanent INS
devices were placed in 32 subjects; diagnoses were CRPS (N = 8),
FBSS including radicular pain (N = 16), peripheral nerve damage (N
= 1), pain after vascular stenting (N = 1), and postsurgical neuro-
pathic pain (N = 6).2 A total of 67 leads were implanted, with most
subjects receiving two each.

Between baseline and the 12-month follow-up, overall pain
improved by 56.3% (±8.4), decreasing from 77.6 mm (± 2.1;N = 32) at
baseline to 33.6 mm (± 6.3;N = 25; p < 0.005) at 12 months. Back pain
improved by 41.9% (±14.0), decreasing from 74.5 mm (± 5.3; N = 10)
to 39.7 (± 9.6; N = 9; p < 0.05). Leg pain improved by 62.4% (± 10.8),
decreasing from 74.6 mm (± 3.3; N = 25) to 28.7 (±7.2; N = 20;
p < 0.005). Foot pain improved by 79.5% (±12.4), decreasing
from 81.4 mm (± 2.5; N = 13) to 22.0 (± 10.7; N = 10; p < 0.05). The

proportion of subjects achieving at least 50% improvement of their
overall pain was 60.0%; 37.5%, 68.4%, and 87.5%, respectively,
reported at least 50% improvement in their back, leg, and foot pain;
see Figure 2. As assessed by the BPI, pain severity and interference
of pain with activities were also significantly and sustainedly
reduced through 12 months of the DRG-SCS intervention (6.9 ± 0.2,
N = 32; 3.2 ± 0.6, N = 25; 6.5 ± 0.4, N = 32; and 3.3 ± 0.5, N = 25,
respectively; p < 0.001 for all); see Figure 3.

Quality of life ratings were better at the 12-month follow-up than
at baseline. Subjects’ EQ-5D VAS scores increased from 47.0 (±3.8;
N = 32) at baseline to 68.4 (±4.7; N = 25; p < 0.005), an improvement
of 64.0% (±18.8). Similarly, the EQ-5D index score increased from
0.298 (±0.238; N = 22) at baseline to 0.698 (±0.267; N = 18; p < 0.001),
an improvement of 134.2% (±12.2). For all five EQ-5D subscales, the
proportion of clients reporting “no problems” was larger at 12
months than at baseline. In most domains the change appeared to
be because a substantial proportion of subjects with “some prob-
lems” at baseline rated themselves as having “no problems” at 12
months. For the pain–discomfort subscale, 72% of subjects reported
“a lot of problems” at baseline, but only 16% of subjects remained in
this category at 12 months; see Figure 4.

Subjects rated their mood as improved between baseline and 12
months; there was a statistically significant improvement in four out
of six domains of the POMS, and the total mood disturbance score
decreased from 27.5 (±3.5; N = 32) at baseline to 9.4 (±3.9; N = 25; p
< 0.05); see Figure 5. Subjects were largely satisfied with DRG-SCS:
for the item“pain relief provided by stimulation,”the mean score was
7.52 (±0.57), with 10 of 25 subjects (40.0%) rating their satisfaction
as 8 or higher. For the items “therapy in general” and “likelihood of
undergoing the therapy again,” the mean scores were 8.92 (±0.20)
and 8.88 (±0.39), respectively. According to GIC scores, 23 of 25
subjects (92.0%) rated their pain as “a little better,”“better,” or “much
better” at 12 months as compared with before the device was
implanted. Lastly, although it was not quantified for statistical com-
parison, considerable precision and durability of the pain–
paresthesia overlap was noted; see Figure 6.

Subjects also completed the 78-item McGill Pain Questionnaire,
which is divided into four classes (sensory, affective, evaluative, and
miscellaneous) and 20 subclasses. A weighted pain rating index
(PRI) score was calculated based on the choice of descriptor words
and their weighted rank value in each subclass. Extent of pain relief
can also be correlated based on the number of words chosen (NWC)
to describe the pain. Significant decreases in both weighted PRI and
NWC were observed at 12 months (N = 21) compared with the
baseline (p < 0.0001, N = 32; Fig. 7).

There were 86 safety events reported across 29 subjects;
approximately half were judged by the investigators to be related
to the device (see Table 2). The most common AEs were temporary
motor stimulation (12 events; 14.6%), cerebrospinal fluid leak with
associated headache (7 events; 8.5%), and infection (7 events;
8.5%). Four lead revisions were completed due to high impedance
(2 subjects, procedures at 2 months and 9 months post-implant),
possible lead migration (2 months), and lead fracture (6 months).
One implantable pulse generator revision was performed. Seven
subjects had their devices explanted and were withdrawn from
the study; three of these subjects had infections, two subjects
did not comply with study procedures, and two subjects (one
with postappendectomy pain and another with neuropathic
compartment syndrome) reported lack of efficacy. Two of the
explants took place after 2 months, four explants took place
after the 3-month follow-up, and one explant took place after
6 months.

2 Note that the previous report (17) listed nine subjects with CRPS and five with
chronic postsurgical pain (CPSP). An error in acronym transposition led to one
subject’s etiology of pain being mislabeled in the previous report; this has been
corrected here.

Table 1. Subject Demographics and Etiology of Pain.

All subjects Subjects with
permanent DRG-SCS

Gender, N
Female 27 17
Male 24 15

Age (years), mean ± SD 54.3 ± 13.3 52.5 ± 12.4
Etiology, N

Failed back surgery syndrome 16 8
Complex regional pain

syndrome
11 8

Chronic postsurgical pain 9 6
Disc-related pain 4 4
Radicular pain 3 2
Lumbar stenosis 2 2
Other 3 2
Postherpetic neuralgia 3 0

3
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Figure 13 (upper part):  Reduction in overall (upper graph) and back (lower graph) pain.
DRG-SCS significantly reduced pain through 12 months post-implant. Solid lines represent 
follow-up time points with stimulation turned off (*p < 0.005, **p < 0.05, and ***p < 0.0005). 
TNS, trial neurostimulator; INS, implanted neurostimulator.

Figure 13 (lower part):  Reduction in leg (upper graph) and foot (lower graph) pain.
DRG-SCS significantly reduced pain through 12 months post-implant. Solid lines represent 
follow-up time points with stimulation turned off (*p < 0.005, **p < 0.05, and ***p < 0.0005). 
TNS, trial neurostimulator; INS, implanted neurostimulator.
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Figure 2. DRG-SCS significantly reduced pain through 12 months post-implant: overall a, back b, leg c, and foot d. Solid lines represent follow-up time points with
stimulation turned off (*p < 0.005, **p < 0.05, and ***p < 0.0005). TNS, trial neurostimulator; INS, implanted neurostimulator.4
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Figure 2. DRG-SCS significantly reduced pain through 12 months post-implant: overall a, back b, leg c, and foot d. Solid lines represent follow-up time points with
stimulation turned off (*p < 0.005, **p < 0.05, and ***p < 0.0005). TNS, trial neurostimulator; INS, implanted neurostimulator.4
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134.2% (±12.2) improvement. In all five EQ-5D subscales, the proportion of clients 
reporting ‘no problems’ was larger at 12 months than at baseline. In most domains 
the change appeared to be because a substantial proportion of subjects with ‘some 
problems’ at baseline rated themselves as having ‘no problems’ at 12 months. For the 
pain-discomfort subscale, 72% of subjects reported ‘a lot of problems’ at baseline, 
but only 4% of subjects remained in this category at 12 months; see Figure 15.

Subjects rated their mood as improved between baseline and 12 months; there 
was a statistically significant improvement in four out of six domains of the POMS, and 
the total mood disturbance score decreased from 27.5 (±3.5; n=32) at baseline to 9.4 
(±3.9; n=25; p<0.05; see Figure 16). Subjects were largely satisfied with DRG-SCS: for 
the item ‘Pain relief provided by stimulation’, the mean score was 7.52 (±0.57) with 10 
of 25 subjects (40.0%) rated their satisfaction as 8 or higher. For the items ‘Therapy in 
general’, and ‘Likelihood of undergoing the therapy again’, the mean scores were 8.92 
(±0.20) and 8.88 (±0.39), respectively. According to global impression of change (GIC) 
scores, 23 of 25 subjects (92.0%) rated their pain as “a little better”, “better” or “much 
better” at 12 months as compared to before the device was implanted. Lastly, although 
it was not quantified for statistical comparison, considerable precision and durability of 
the pain-paresthesia overlap was noted; see Figure 17.

Subjects also completed the 78-item McGill Pain Questionnaire which is divided 
into 4 classes (sensory, affective, evaluative and miscellaneous) and 20 sub-classes. A 
weighted pain rating index (PRI) score was calculated based on the choice of descriptor 
words and their weighted rank value in each sub-class. Extent of pain relief can also be 
correlated based on the number of words chosen (NWC) to describe the pain. Significant 
decrease in both weighted PRI and NWC were observed at 12 months (N=21) compared 
to the baseline (p<0.0001, N=32, see Figure 18).

Figure 14.  BPI scores.
Pain severity and interference with activity as measured by the Brief Pain Inventory (BPI) was 
significantly and durably reduced through 12 months of treatment with DRG-SCS. TNS, trial 
neurostimulator; INS, implanted neurostimulator.

DISCUSSION

Initial responder rates in SCS are approximately 80% (27). One-
year pain relief outcomes for prospective SCS studies have been
reported at 40–50% for radicular pain (28–30), although smaller
samples have reported larger-magnitude pain relief of up to 70% in
the leg (31) and 80% in the back (32). Studies have also reported
improvements in secondary outcomes such as function, mood, and
quality of life (28,29,33). The results presented in this report are
comparable to these benchmarks. Reduction in SCS-related pain
relief over time has been documented in systematic reviews (8,34).
In that context, the 1-year maintenance of robust pain relief with
DRG-SCS (56.3% relief of overall pain, with 60% of subjects attaining
at least 50% pain relief ) is promising indeed, though this must be
tempered with the acknowledgment that the observational design
of this relatively small study may inflate its effect (35). Recent find-

ings with DRG-SCS for lower-limb CRPS, however, agree that pain
relief of more than 50% is sustainable through at least 12 months
(14). A randomized controlled trial comparing outcomes of tradi-
tional SCS against DRG-SCS is needed to definitively evaluate these
interventions.

It should be noted, however, that the statistics above were gen-
erated by studies across a number of methodologies; those studies
employing conservative intent-to-treat designs may minimize the
positive outcomes experienced by some individuals. In contrast, this
study utilized a simple prospective cohort design in which subjects
were treated in accordance with standard clinical practice. Although
only two subjects (6.3% of the sample) were withdrawn from the
study due to lack of effectiveness of the device, the exclusion of
treatment failures from analysis could potentially accentuate posi-
tive outcomes. Regardless, high levels of subject satisfaction and
favorable impressions of change support the effectiveness of DRG-
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Figure 3. Pain severity and interference with activity as measured by the Brief Pain Inventory (BPI) was significantly and durably reduced through 12 months of
treatment with DRG-SCS. TNS, trial neurostimulator; INS, implanted neurostimulator.

MOBILITY

BL 12

PERSONAL
CARE

USUAL
ACTIVITIES

PAIN-
DISCOMFORT

ANXIETY-
DEPRESSION

BL 12 BL 12 BL 12 BL 12

“A Lot of Problems” “Some Problems” “No Problems”

20%

40%

60%

80%

100%

0%
9

88

3

32

60

59

41

76

24

3

78

19

24

64

12

28

72

28

64

16

44 68

53 28

3 48

Figure 4. The proportion of people reporting problems across EQ-5D subscales declined from baseline (BL) to 12 months, particularly for the pain–discomfort
domain.
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Figure 15.  Proportion of subjects reporting problems (a quality of life measure).
The proportion of people reporting problems across EQ-5D subscales declined from baseline 
(BL) to 12 months, particularly for the pain–discomfort domain.

Figure 16.  Mood ratings on the POMS.
Mood ratings improved significantly in four out of six domains on the POMS; the total mood 
disturbance score was also significantly lower after 12 months of DRG-SCS than at baseline. 
Notice the reversal in vigor and fatigue patterns at 12 months compared to baseline. *p<0.05, 
**p=0.06.

DISCUSSION

Initial responder rates in SCS are approximately 80% (27). One-
year pain relief outcomes for prospective SCS studies have been
reported at 40–50% for radicular pain (28–30), although smaller
samples have reported larger-magnitude pain relief of up to 70% in
the leg (31) and 80% in the back (32). Studies have also reported
improvements in secondary outcomes such as function, mood, and
quality of life (28,29,33). The results presented in this report are
comparable to these benchmarks. Reduction in SCS-related pain
relief over time has been documented in systematic reviews (8,34).
In that context, the 1-year maintenance of robust pain relief with
DRG-SCS (56.3% relief of overall pain, with 60% of subjects attaining
at least 50% pain relief ) is promising indeed, though this must be
tempered with the acknowledgment that the observational design
of this relatively small study may inflate its effect (35). Recent find-

ings with DRG-SCS for lower-limb CRPS, however, agree that pain
relief of more than 50% is sustainable through at least 12 months
(14). A randomized controlled trial comparing outcomes of tradi-
tional SCS against DRG-SCS is needed to definitively evaluate these
interventions.

It should be noted, however, that the statistics above were gen-
erated by studies across a number of methodologies; those studies
employing conservative intent-to-treat designs may minimize the
positive outcomes experienced by some individuals. In contrast, this
study utilized a simple prospective cohort design in which subjects
were treated in accordance with standard clinical practice. Although
only two subjects (6.3% of the sample) were withdrawn from the
study due to lack of effectiveness of the device, the exclusion of
treatment failures from analysis could potentially accentuate posi-
tive outcomes. Regardless, high levels of subject satisfaction and
favorable impressions of change support the effectiveness of DRG-
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Figure 3. Pain severity and interference with activity as measured by the Brief Pain Inventory (BPI) was significantly and durably reduced through 12 months of
treatment with DRG-SCS. TNS, trial neurostimulator; INS, implanted neurostimulator.
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SCS as a therapy for chronic pain. A relatively high overall incidence
of AEs was noted in this study as compared with that reported in
SCS reviews (9,36,37). This is likely due to two factors. First, all AEs
occurring during the study were reported, regardless of their rela-
tionship to the device, procedure, or study, in order to provide trans-

parency to clinical outcomes. Second, the two most frequently
occurring AEs in this study, temporary motor stimulation and cere-
brospinal fluid leak with associated headache, were consequences
of the implant procedure and/or intraoperative programming. As
clinical experience with this novel device and implant location have
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Figure 5. Mood ratings improved significantly in four out of six domains on the Profile of Mood States; the total mood disturbance score was also significantly lower
after 12 months of DRG-SCS than at baseline. Notice the reversal in vigor and fatigue patterns at 12 months compared with baseline. *p < 0.05, **p = 0.06.
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Figure 6. Paresthesia distributions precisely and discretely covered painful areas with very little extraneous coverage at 12months post-implant, as illustrated in two
representative subjects. Mapping was completed while subjects were standing.
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SCS as a therapy for chronic pain. A relatively high overall incidence
of AEs was noted in this study as compared with that reported in
SCS reviews (9,36,37). This is likely due to two factors. First, all AEs
occurring during the study were reported, regardless of their rela-
tionship to the device, procedure, or study, in order to provide trans-

parency to clinical outcomes. Second, the two most frequently
occurring AEs in this study, temporary motor stimulation and cere-
brospinal fluid leak with associated headache, were consequences
of the implant procedure and/or intraoperative programming. As
clinical experience with this novel device and implant location have
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Figure 17.  Pain and paresthesia distributions.
Paresthesia distributions precisely and discretely covered painful areas with very little extraneous 
coverage at 12 months post-implant, as illustrated in two representative subjects. Mapping was 
completed while subjects were standing.

There were 86 safety events reported across 29 subjects; approximately half 
were judged by the investigators to be related to the device (see Table 8). The most 
common AEs/SAEs were temporary motor stimulation (12 events; 14.6%), CSF leak 
with associated headache (7 events; 8.5%), and infection (7 events; 8.5%). Four lead 
revisions were completed, due to high impedance (two subjects, procedures at 
2 months and 9 months post-implant), possible lead migration (2 months), and lead 
fracture (6 months). None of the SAEs were device related. One IPG revision was 
performed. Seven subjects had their devices explanted and were withdrawn from 
the study; 3 of these subjects had infections, 2 subjects did not comply with study 
procedures, and 2 subjects (one with post-appendectomy pain and another with 
neuropathic compartment syndrome) reported lack of efficacy. Two of the explants 
took place after 2 months, 4 explants took place after the 3-month follow-up, and one 
explant took place after 6 months.
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increased during the course of this and other clinical trials, implant
techniques have been optimized. New refinements such as the
implementation of acute needle incision angles for epidural access
and avoidance of ventral lead placement are likely to minimize the
occurrence of such events in future cases. Rates of biologic compli-
cations in this study, such as infection, were more comparable to
published rates.

A beneficial feature of DRG-SCS is its precise coverage of discrete
regions and of areas that cannot easily be recruited in traditional
SCS (14,38). Importantly, paresthesia coverage can remain stable
through 12 months (39). In follow-up postmarket studies, stability of
paresthesia and pain relief has been demonstrated over 15 months
(38). Combined with the lack of positional effects (that is, differences
in paresthesia intensity when standing vs. lying down) (39), DRG-
SCS may provide some solutions for common complaints with SCS
therapy. This may be due to the recruitment of the distally extend-
ing sensory neurons, which may have different neurophysiological
properties than the complex nociceptive and nonnociceptive
sensory processing mechanisms of SCS (40).

CONCLUSIONS

Improvements in ratings of pain, mood, and quality of life with
DRG-SCS have been demonstrated through 12 months of therapy.
Additionally, good agreement in pain–paresthesia overlap and high
levels of user satisfaction were noted. Although further study into
long-term outcomes with DRG-SCS is needed, particularly to differ-
entiate it from SCS and (potentially) peripheral nerve stimulation,
the present study suggests that this intervention may hold some
clear benefits.
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Figure 7. Compared with the baseline McGill Pain Questionnaire scores, weighted pain rating index (PRI) scores (underscored data values) and number of words
chosen (NWC) decreased significantly at 12 months (p < 0.0001). Note the increase in weighted PRI and NWCwhen the stimulation was turned off at INS baseline and
at 5 weeks. TNS, trial neurostimulator; INS, implanted neurostimulator.

Table 2. Numbers and Device-Relatedness of Adverse Events.

Treatment phase Type of event
Serious adverse event Adverse event All

Trial DRG-SCS (N = 51), N 3 21 24
Permanent DRG-SCS (N = 32), N 6 56 62
Total, N 9 77 86
Events possibly, probably, or definitely related to device, N (%) 3 (37.5%)* 40 (51.9%) 43 (50.0%)

*Device-relatedness information was not available for one event.
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DISCUSSION
Initial responder rates in SCS are approximately 80% (27). One-year pain relief 
outcomes for prospective SCS studies have been reported at 40-50% for radicular 
pain (28, 29, 30), although smaller samples have reported larger-magnitude pain 
relief, up to 70% in the leg (31) and 80% in the back (32). Studies have also reported 
improvements in secondary outcomes such as function, mood and quality of life (28, 
29, 33). The results presented in this report are comparable to these benchmarks. 
Reduction in the SCS-related pain relief over time has been documented in 
systematic reviews (8, 34). In that context, the one-year maintenance of robust pain 
relief with DRG-SCS (56.3% relief of overall pain, with 60% of subjects attaining at 
least 50% pain relief) is promising indeed, though this must be tempered with the 
acknowledgment that the observational design of this relatively small study may 
inflate its effect (35). Recent findings with DRG-SCS for lower-limb CRPS, however, 

Figure 18.  Ratings on the McGill Pain Questionnaire.
Compared with the baseline McGill Pain Questionnaire scores, weighted pain rating index (PRI) scores 
(underscored data values) and number of words chosen (NWC) decreased significantly at 12 months 
(p < 0.0001). Note the increase in weighted PRI and NWC when the stimulation was turned off at INS 
baseline and at 5 weeks. TNS, trial neurostimulator; INS, implanted neurostimulator.

Table 8. Numbers and device-relatedness of adverse events.

increased during the course of this and other clinical trials, implant
techniques have been optimized. New refinements such as the
implementation of acute needle incision angles for epidural access
and avoidance of ventral lead placement are likely to minimize the
occurrence of such events in future cases. Rates of biologic compli-
cations in this study, such as infection, were more comparable to
published rates.

A beneficial feature of DRG-SCS is its precise coverage of discrete
regions and of areas that cannot easily be recruited in traditional
SCS (14,38). Importantly, paresthesia coverage can remain stable
through 12 months (39). In follow-up postmarket studies, stability of
paresthesia and pain relief has been demonstrated over 15 months
(38). Combined with the lack of positional effects (that is, differences
in paresthesia intensity when standing vs. lying down) (39), DRG-
SCS may provide some solutions for common complaints with SCS
therapy. This may be due to the recruitment of the distally extend-
ing sensory neurons, which may have different neurophysiological
properties than the complex nociceptive and nonnociceptive
sensory processing mechanisms of SCS (40).

CONCLUSIONS

Improvements in ratings of pain, mood, and quality of life with
DRG-SCS have been demonstrated through 12 months of therapy.
Additionally, good agreement in pain–paresthesia overlap and high
levels of user satisfaction were noted. Although further study into
long-term outcomes with DRG-SCS is needed, particularly to differ-
entiate it from SCS and (potentially) peripheral nerve stimulation,
the present study suggests that this intervention may hold some
clear benefits.
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agree that pain relief of more than 50% is durable through at least 12 months (14). A 
randomized controlled trial comparing outcomes with SCS against those DRG-SCS is 
needed to definitively evaluate these interventions.

It should be noted, however, that the statistics above were generated by studies 
across a number of methodologies; those studies employing conservative intent-to-
treat designs may minimize the positive outcomes experienced by some individuals. In 
contrast, this study utilized a simple prospective cohort design in which subjects were 
treated in accordance with standard clinical practice. Although only two subjects (6.3% of 
the sample) were withdrawn from the study due to lack of effectiveness with the device, 
the exclusion of treatment failures from analysis could potentially accentuate positive 
outcomes. Regardless, high levels of subject satisfaction and favorable impressions 
of change support the effectiveness of DRG-SCS as a therapy for chronic pain. A 
relatively high overall incidence of adverse events was noted in this study as compared 
to that reported in SCS reviews (9, 36, 37). This is likely due to two factors. First, all AEs 
occurring during the study were reported, regardless of their relationship to the device, 
procedure, or study in order to provide transparency to clinical outcomes. Second, 
the two most frequently-occurring AEs in this study, temporary motor stimulation and 
CSF leak with associated headache, were consequences of the implant procedure 
and/or intraoperative programming. As clinical experience with this novel device and 
implant location have increased during the course of this and other clinical trials, implant 
techniques have been optimized. New refinements such as the implementation of acute 
needle incision angles for epidural access and avoidance of ventral lead placement 
are likely to minimize the occurrence of such events in future cases. Rates of biologic 
complications in this study, such as infection, were more comparable to published rates.

A beneficial feature of DRG-SCS is its precise coverage of discrete regions, and in 
areas that cannot easily be recruited in traditional SCS (14, 38). Importantly, paresthesia 
coverage can remain stable through 12 months (39). In follow-up post-market studies, 
stability of paresthesia and pain relief has been demonstrated over 15 months (38). 
Combined with the lack of positional effects (that is, differences in paresthesia intensity 
when standing vs. lying down; 39), DRG-SCS may provide some solutions for common 
complaints with SCS therapy. This may be due to the recruitment of the distally-
extending sensory neurons, which may have different neurophysiological properties 
than the complex nociceptive and non-nociceptive sensory processing mechanisms of 
SCS (40).

CONCLUSIONS
Improvements in ratings of pain, mood, and quality of life with DRG–SCS have been 
demonstrated through 12 months of therapy. Additionally, good agreement in pain-
paresthesia overlap and high levels of user satisfaction were noted. Although further 
study into long-term outcomes with DRG-SCS is needed, particularly to differentiate 
it from SCS and (potentially) peripheral nerve stimulation, the present study suggests 
that this intervention may hold some clear benefits.
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ABSTRACT
One prominent side effect from neurostimulation techniques, and in particular spinal 
cord stimulation (SCS), is the change in intensity of stimulation when moving from 
an upright (vertical) to a recumbent or supine (horizontal) position, and vice versa. 
It is well understood that the effects of gravity combined with highly conductive 
cerebrospinal fluid provides the mechanism by which changes in body position can 
alter the intensity of stimulation-induced paresthesias. While these effects are well 
established for leads that are placed within the more medial aspects of the spinal 
canal, little is known about these potential effects in leads placed in the lateral 
epidural space and in particular within the neural foramina near the dorsal root 
ganglia (DRG). Therefore, we prospectively validated a newly-developed paresthesia 
intensity rating scale and compared perceived paresthesia intensities when subjects 
assumed upright versus supine bodily positions during neuromodulation of the DRG. 
We found that, on average, a strong relation between stimulation intensity (pulse 
amplitude) and perceived paresthesia intensity existed (R2=0.83). No significant 
differences in paresthesia intensities were reported within subjects when moving 
from an upright (4.5 ±0.14) to supine position 4.5 (±0.12) (p>0.05). This effect persisted 
through 12 months following implant. In conclusion, these results demonstrate that 
neuromodulation of the DRG produces paresthesias that remain consistent across 
body positions, suggesting that this paradigm may be less susceptible to positional 
effects than dorsal column stimulation.
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INTRODUCTION
Spinal cord stimulation (SCS) is a useful therapeutic tool and has provided pain 
relief availability to thousands of patients with challenging chronic conditions (1, 2). 
Although methodologically diverse, the clinical literature spans three decades and is 
largely positive regarding the effectiveness of SCS for failed back surgery syndrome 
(FBSS), complex regional pain syndrome (CRPS), and a number of other neuropathic 
pain conditions (3, 4, 5).

A well-documented clinical issue with SCS, however, is position-related changes 
in the perception of neurostimulation (6). When patients change their posture from 
upright to supine or prone (and vice-versa), they can feel an uncomfortable increase in 
stimulation or a loss of paresthesia. This is because a patient’s individualized stimulation 
program that provides optimal paresthesia coverage and pain relief when, for instance, 
standing may be uncomfortably intense or not intense enough when sitting or lying 
down (7, 8). Impedance does not change with posture, but the energy requirements 
to achieve therapeutic paresthesias do (9). Position-related changes in stimulation 
are primarily due to changes in the thickness of the cerebrospinal fluid (CSF) layer 
interposing the spinal cord and the epidurally-placed leads (7). CSF layer thickness 
changes because the spinal cord moves inside the spinal canal, and relative to the SCS 
leads, due to the biomechanical forces associated with bending of the spine or with the 
gravitational effects inherent with particular postures (10, 11).

The patient or clinician can partially mitigate these issues in a number of ways. 
Some patients create multiple stimulation programs within their device to address 
variations in posture-related paresthesia thresholds—one for standing, others for sitting 
or sleeping (7, 12). Patients can then switch to the appropriate program in anticipation 
of, or just after, changing their position. Patients may also address positional changes 
by maintaining the same program throughout the day but adjusting its pulse amplitude 
higher or lower (8). These responses to positional stimulation are technology-based 
and necessitate the patient having their SCS patient programmer with them at all times. 
These responses also assume that patients are willing and able to control the device with 
their patient programmer, which not all patients may be (8, 13). It has been noted that 
better outcomes are achieved by those patients who have a thorough understanding 
of their device’s function and can capably control it through the patient programmer 
interface (8); it would then follow that patients who are less comfortable interacting with 
the technology may be at a clinical disadvantage.

Patients who choose not to use their patient programmer frequently, who do not 
take a nuanced approach to using their patient programmer, or who find themselves 
without it, may implement behavioral compensatory strategies such as limiting the 
number of times they change position during the day or by maintaining a consistently 
low amplitude that will not result in unpleasant perturbations with changes in posture 
(but also provide sub-optimal pain relief) (8). For some patients, the frequent interaction 
necessary for maintenance of optimal comfort and therapy may be inconvenient and 
impact negatively on their satisfaction with SCS therapy (13, 14, 15, 16). At worst, 
patients may conclude that SCS is ineffective and discontinue its use. In some patients, 
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the unpleasantness of positional changes in stimulation can be significant enough to 
necessitate explant of the device (17). Given the costs associated with SCS devices, 
implantation, and maintenance (2, 18), the pain, stress, and risks associated with surgical 
implantation, and its potential for excellent pain relief with optimal stimulation (19), it is 
unfortunate that the need for constant adjustments based on patients’ activities could 
limit using the device to its full potential. 

An analogous issue can be found in diabetes, another chronic condition that 
requires frequent, daily maintenance from the patient. Although many patients adhere 
to a schedule of testing their blood sugar and self-administering insulin, some do not, 
presumably due to the disruption of daily life that these activities represent. These 
patients may develop later complications of poorly-controlled blood sugar levels. 
Continuous glucose monitoring and implantable, automatic insulin pumps that assure 
compliance with virtually no daily maintenance have been developed in response. In 
addition to improved clinical outcomes, these options are associated with higher patient 
satisfaction (20, 21) and health-related quality of life including physical and psychosocial 
domains (22, 23). Based on these findings, it may also be that a technological solution 
could be an appropriate solution to address the problem of positional stimulation in SCS. 

To address patient preference for SCS programs that can be adjusted based on 
their activities to optimize paresthesia coverage and pain relief (24), automatic position-
responsive adjustments to stimulation amplitude have been tested in one SCS device (14, 
15). Although results were largely positive regarding pain relief, patient preference, and a 
general questionnaire regarding outcomes, subjects reported just as many uncomfortable 
stimulation events with the automatic adjustment algorithm turned on as turned off (15, 
25, 26). Additionally, although the automatic adjustment algorithm did reduce the number 
of programming button-presses per day, patients still made an average of 21 amplitude 
adjustments per day, which is not inconsiderable (15). This suggests that fairly frequent 
level of interaction with the device is required even with position sensors (26), and that 
the goal of truly automatic adjustment for position remains elusive.

In addition to the solutions described above, another approach may be to develop 
a device or implantation strategy that is resistant to positional changes altogether. 
Neuromodulation of the dorsal root ganglion (DRG) for pain relief is one such option. 
DRG neuromodulation has been demonstrated to be safe and effective (27, 28, 29, 30), 
even for patients who had previously failed SCS treatment. Therapeutic thresholds for 
DRG neuromodulation are far below motor thresholds and can achieve good paresthesia 
coverage and pain relief without lead migration or sensory changes (31). 

DRG neuromodulation involves epidural neural structures that are inside immobile 
bony intravertebral structures, and thus much less susceptible to biomechanical 
perturbations than the dorsal columns of the spinal cord. It is possible that this method 
of stimulation may show minimal changes in paresthesia intensities or location due 
to changes in position, obviating the need for volitional patient interaction with the 
device or complicated technological solutions altogether. The aims of this study were 
to 1) validate a new tool for quantifying the intensity of paresthesia and 2) compare the 
paresthesia intensities and distributions generated by electrical neuromodulation of the 
DRG between two body positions over time. 
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MATERIALS AND METHODS
This study was conducted as a sub-study as part of a larger investigation; subjects 
were also enrolled in an international clinical trial involving DRG neuromodulation for 
the treatment of chronic pain. The methods of enrollment, inclusion and exclusion 
criteria, method of implantation, primary and secondary effectiveness outcomes and 
results of that study are extensively described and discussed in an earlier report (27). 
All the positioning testing described here took place in the participating clinics under 
medical supervision, after approval of the local medical ethical review committees, 
and with the written informed consent of the enrolled patients.

System Testing and Implantation
Under monitored anesthesia care, subjects were placed prone on the procedure 
table. Epidural access was obtained utilizing the loss of resistance technique, and 
leads were percutaneously placed under direct fluoroscopic guidance. Leads were 
steered to the appropriate spinal levels and placed in the lateral recess within 
the neural foramen. Following lead placement intraoperative programming was 
completed to steer therapy to the appropriate anatomical regions. Subjects trialed 
the DRG neuromodulation system for 3-30 days, after which if subjects achieved 
50% pain relief and they wanted the implanted system they received the fully 
implantable device. 

Validation Testing of the Paresthesia Intensity Scale 
A small group of subjects participated in validation testing for a new paresthesia 
intensity scale developed for this study: an 11-point numerical rating scale where 
0= no feeling and 10= very intense paresthesia. Validation testing of the scale was 
carried out with the subject in a sitting position. Within 4 weeks of implantation 
of the permanent stimulator system, each subject’s preferred settings of active 
contacts and polarities were recorded and their effective range of pulse amplitudes 
(between perception and discomfort thresholds) were identified according to 
standard practice. After this, stimulation was turned off and then re-applied at 
randomly selected stimulation intensities within each subject’s effective range. At 
all stimulation intensities, pulse width and stimulation frequency were held constant. 
Subjects, who were blinded to the intensity level, were asked to rate the perceived 
paresthesia intensity using the scale described above. Between 5-10 data points 
were gathered per subject. 

Paresthesia Testing Between Two Body Positions
Upright and supine postures were selected for testing in all subjects because these 
were considered to be the most broadly salient to daily living and were expected 
to produce maximum positional effects in paresthesia intensities, if any such effects 
existed. Prior to each testing session, subjects stood upright and self-adjusted 
their stimulation to their preferred program and a comfortable intensity. These 
settings (pulse width, stimulation frequency, and stimulation intensity) were held 
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constant throughout the testing. While standing, subjects drew the location of their 
perceived paresthesias on a body map and rated their paresthesia intensity on the 
scale described above. The stimulation was then turned off briefly while the subject 
assumed a supine position on an examining table. Stimulation was then resumed 
at the same settings, and subjects repeated the paresthesia mapping and intensity 
ratings while supine. Testing was completed at nine time points: at trial stimulation 
programming, end of trial stimulation, post-implant programming, 1 week, 1 month, 
2 months, 3 months, 6 months and 12 months post-implant. In order to minimize 
the duration of the repeated testing sessions, perception and maximum tolerable 
thresholds were not captured.

Data Analysis 
Using SPSS V20 (IBM, New York), descriptive statistics including means and standard 
errors of the mean (SEM) were generated for all variables. For the paresthesia intensity 
scale validation testing, the associations between pulse amplitudes and paresthesia 
intensity ratings were determined on an intra-subject basis due to the heterogeneity 
of preferred stimulation amplitudes across individuals. Across subjects, a grand 
mean of the linear regression coefficients of variance was calculated. For paresthesia 
intensity ratings across body positions and over time, comparisons (post-implant 
vs. 12 months) used two-tailed paired t-tests. Significance levels were set at p<0.05 
with Bonferroni correction for multiple tests. The locations of perceived paresthesias 
were assessed through qualitative examination of subjects’ pain map drawings.

RESULTS
Validation Testing of the Paresthesia Intensity Scale 
Subjects were 6 men and 4 women, with an average age of 55.0 (±12.9) years. 
Subjects were implanted with DRG neurostimulators for FBSS (n=4), CRPS (n=1), 
peripheral neuropathy (n=1) and lumbosacral radicular pain (n=4). A representative 
fluoroscopic image of leads placed at L4 and L5 DRGs is shown (see Figure 19). 
During testing, pulse widths and stimulation frequencies were held constant at the 
subjects’ preferred settings (pulse width: 450 μs ± 118, range 300-720; stimulation 
frequency: 37 Hz ± 11, range 22-60). 

The average threshold for perception of paresthesia was 1159 µA (± 907, range 
350-2900). The average threshold for the maximum tolerable paresthesia sensation was 
1521 µA (± 939, range 475-3200). There was a strong relationship between perception 
and maximum tolerable thresholds across subjects (R2=0.92). The difference between 
the maximum tolerable and perception thresholds for each subject formed the effective 
range of stimulation amplitudes for testing. Subjects’ perceived intensity of paresthesias 
were strongly positively associated with stimulation intensities; intra-subject coefficients 
of variance ranged from 0.51 to 0.98 (n=10; see Figure 20). Across 10 subjects, there was 
a strong positive association between stimulation amplitude and perceived paresthesia 
intensity (grand mean R2=0.83). 
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subjects’ preferred settings (pulse width: 450 μs ± 118, range 300-720; stimulation frequency: 37 Hz ± 
11, range 22-60).  
 

 
Figure 19.  Representative fluoroscopy image  

 
This image is from one of the subjects in the study with polarities of the contacts identified. C- 
Cathode, A- Anode and N-No connection (high impedance). 

 
The average threshold for perception of paresthesia was 1159 µA (± 907, range 350-2900). The average 
threshold for the maximum tolerable paresthesia sensation was 1521 µA (± 939, range 475-3200). 
There was a strong relationship between perception and maximum tolerable thresholds across 
subjects (R2=0.92). The difference between the maximum tolerable and perception thresholds for each 
subject formed the effective range of stimulation amplitudes for testing. Subjects’ perceived intensity 
of paresthesias were strongly positively associated with stimulation intensities; intra-subject 
coefficients of variance ranged from 0.51 to 0.98 (n=10; see Figure 20). Across 10 subjects, there was 
a strong positive association between stimulation amplitude and perceived paresthesia intensity 
(grand mean R2=0.83).  
 

Figure 19.  Representative fluoroscopy image. 
This image is from one of the subjects in the study with polarities of the contacts identified.  
C- Cathode, A- Anode and N-No connection (high impedance).

Paresthesia Testing Between Two Body Positions
The 32 subjects described previously (27) participated in paresthesia testing. At each 
of the testing sessions, the subjects selected their preferred pulse width, stimulation 
frequency, and stimulation amplitude, and these were held constant throughout 
the sessions. 

When standing, the average paresthesia intensity rating across all subjects and time 
points was 4.5 (±0.14). When supine, the value was 4.5 (±0.12); there was no statistically 
significant difference (p>0.05). At each of the nine time points, paresthesia intensity 
ratings varied between 4.0 and 5.0 for both body positions. Overall, ratings did not 
differ significantly between body positions or across time (ps>0.05; see Figure 21); the 
grand means also did not differ (see Figure 22). 

On body maps, subjects consistently reported paresthesia coverage in the legs, 
back, feet, and groin. Qualitatively, subjects produced consistent drawings for each 
body position and over time (see Figure 23 and Figure 24). In exceptional cases, small 
changes in paresthesia location were noted but corrected either through lead revision 
or reprogramming. 
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11-point numerical rating scale where 0 = no feeling and 10 = very
intense paresthesia. Validation testing of the scale was carried
out with the subject in a sitting position. Within four weeks of
implantation of the permanent stimulator system, each subject’s
preferred settings of active contacts and polarities were recorded,
and their effective range of pulse amplitudes (between perception
and discomfort thresholds) was identified according to standard
practice. After this, stimulation was turned off and then reapplied at
randomly selected stimulation intensities within each subject’s
effective range. At all stimulation intensities, pulse width and stimu-
lation frequency were held constant. Subjects, who were blinded to
the intensity level, were asked to rate the perceived paresthesia
intensity using the scale just described. Between 5 and 10 data
points were gathered per subject.

Paresthesia Testing Between Two Body Positions
Upright and supine postures were selected for testing in all sub-

jects because these were considered to be the most broadly
salient to daily living and were expected to produce maximum
positional effects in paresthesia intensities, if any such effects
existed. Prior to each testing session, subjects stood upright and
self-adjusted their stimulation to their preferred program and a
comfortable intensity. These settings (pulse width, stimulation fre-
quency, and stimulation intensity) were held constant throughout
the testing. While standing, subjects drew the location of their per-
ceived paresthesias on a body map and rated their paresthesia
intensity on the scale described. The stimulation was then turned
off briefly while the subject assumed a supine position on an
examining table. Stimulation was then resumed at the same set-
tings, and subjects repeated the paresthesia mapping and inten-
sity ratings while supine. Testing was completed at nine time
points: at trial stimulation programming, end of trial stimulation,
postimplant programming, one week, one, two, three, six, and 12
months postimplant. In order to minimize the duration of the
repeated testing sessions, perception and maximum tolerable
thresholds were not captured.

Data Analysis
Using SPSS V20 (IBM, New York, NY, USA), descriptive statistics

including means and standard errors of the mean were generated
for all variables. For the paresthesia intensity scale validation testing,
the associations between pulse amplitudes and paresthesia inten-
sity ratings were determined on an intrasubject basis due to the
heterogeneity of preferred stimulation amplitudes across individu-
als. Across subjects, a grand mean of the linear regression coeffi-
cients of variance was calculated. For paresthesia intensity ratings
across body positions and over time, comparisons (postimplant vs.
12 months) used two-tailed paired t-tests. Significance levels were
set at p < 0.05 with Bonferroni correction for multiple tests. The
locations of perceived paresthesias were assessed through qualita-
tive examination of subjects’ pain map drawings.

RESULTS
Validation Testing of the Paresthesia Intensity Scale

Subjects were six men and four women, with an average age of
55.0 (±12.9) years. Subjects were implanted with DRG
neurostimulators for FBSS (n = 4), CRPS (n = 1), peripheral neuropa-
thy (n = 1), and lumbosacral radicular pain (n = 4). A representative
fluoroscopic image of leads placed at L4 and L5 DRGs is shown
(Fig. 1). During testing, pulse widths and stimulation frequencies
were held constant at the subjects’ preferred settings (pulse width:
450 μs ± 118, range 300–720; stimulation frequency: 37 Hz ± 11,
range 22–60).

Figure 1. Representative fluoroscopy image from one of the subjects in the
study with polarities of the contacts identified. C, cathode; A, anode; N, no
connection (high impedance).
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Figure 2. Stimulation amplitude plotted against subject-reported paresthesia
intensity for three of the ten subjects. Paresthesia intensity perceived by sub-
jects varied linearly with the stimulation amplitude with an average coefficient
of variance of 0.83.
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Figure 20.  Stimulation amplitude and perception of paresthesia intensity.
Stimulation amplitude is plotted against subject reported paresthesia intensity for three of the 
ten subjects. Paresthesia intensity perceived by subjects varied linearly with the stimulation 
amplitude with an average coefficient of variance of 0.83.
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The average threshold for perception of paresthesia was 1159 μA
(± 907, range 350–2900). The average threshold for the maximum
tolerable paresthesia sensation was 1521 μA (± 939, range 475–
3200). There was a strong relationship between perception and
maximum tolerable thresholds across subjects (R2 = 0.92). The
difference between the maximum tolerable and perception thresh-
olds for each subject formed the effective range of stimulation
amplitudes for testing. Subjects’ perceived intensity of paresthesias
were strongly positively associated with stimulation intensities;
intrasubject coefficients of variance ranged from 0.51 to 0.98 (n = 10;
see Fig. 2). Across ten subjects, there was a strong positive associa-
tion between stimulation amplitude and perceived paresthesia
intensity (grand mean R2 = 0.83).

Paresthesia Testing Between Two Body Positions
The 32 subjects described previously (27) participated in pares-

thesia testing. At each of the testing sessions, the subjects selected
their preferred pulse width, stimulation frequency, and stimulation
amplitude, and these were held constant throughout the sessions.

When standing, the average paresthesia intensity rating across all
subjects and time points was 4.5 (±0.14). When supine, the value
was 4.5 (±0.12); there was no statistically significant difference (p >
0.05). At each of the nine time points, paresthesia intensity ratings

varied between 4.0 and 5.0 for both body positions. Overall, ratings
did not differ significantly between body positions or across time (ps
> 0.05; see Fig. 3a); the grand means also did not differ (see Fig. 3b).

On body maps, subjects consistently reported paresthesia cover-
age in the legs, back, feet, and groin. Qualitatively, subjects pro-
duced consistent drawings for each body position and over time
(see Figs. 4 and 5). In exceptional cases, small changes in paresthesia
location were noted but corrected either through lead revision or
reprogramming.

DISCUSSION

Subjects were a representative sample of both the larger
study from which this substudy was recruited and of DRG
neuromodulation patients in general. Subjects first tested an
11-point paresthesia intensity rating scale; face validity of this new
tool had been established through professional consensus and its
functional similarity with other numeric rating scales in common
use in pain management (32). A strong and consistent relationship
was found between blinded presentations of randomized stimula-
tion amplitudes and perceived paresthesia intensity ratings,
establishing the internal validity of this instrument. It is likely
that this relationship would hold true across other programming
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Figure 3. a. Paresthesia intensity at different follow-up time points did not vary significantly either with body position or across time (ps > 0.05; two time points
tested permanuscript text). Sample sizes for each time point for upright and supine positions are presented above and below the line graph, respectively. b. The grand
mean of the paresthesia intensity at the nine different follow-up time points was not significantly different for the two body positions (p > 0.05).
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The average threshold for perception of paresthesia was 1159 μA
(± 907, range 350–2900). The average threshold for the maximum
tolerable paresthesia sensation was 1521 μA (± 939, range 475–
3200). There was a strong relationship between perception and
maximum tolerable thresholds across subjects (R2 = 0.92). The
difference between the maximum tolerable and perception thresh-
olds for each subject formed the effective range of stimulation
amplitudes for testing. Subjects’ perceived intensity of paresthesias
were strongly positively associated with stimulation intensities;
intrasubject coefficients of variance ranged from 0.51 to 0.98 (n = 10;
see Fig. 2). Across ten subjects, there was a strong positive associa-
tion between stimulation amplitude and perceived paresthesia
intensity (grand mean R2 = 0.83).

Paresthesia Testing Between Two Body Positions
The 32 subjects described previously (27) participated in pares-

thesia testing. At each of the testing sessions, the subjects selected
their preferred pulse width, stimulation frequency, and stimulation
amplitude, and these were held constant throughout the sessions.

When standing, the average paresthesia intensity rating across all
subjects and time points was 4.5 (±0.14). When supine, the value
was 4.5 (±0.12); there was no statistically significant difference (p >
0.05). At each of the nine time points, paresthesia intensity ratings

varied between 4.0 and 5.0 for both body positions. Overall, ratings
did not differ significantly between body positions or across time (ps
> 0.05; see Fig. 3a); the grand means also did not differ (see Fig. 3b).

On body maps, subjects consistently reported paresthesia cover-
age in the legs, back, feet, and groin. Qualitatively, subjects pro-
duced consistent drawings for each body position and over time
(see Figs. 4 and 5). In exceptional cases, small changes in paresthesia
location were noted but corrected either through lead revision or
reprogramming.

DISCUSSION

Subjects were a representative sample of both the larger
study from which this substudy was recruited and of DRG
neuromodulation patients in general. Subjects first tested an
11-point paresthesia intensity rating scale; face validity of this new
tool had been established through professional consensus and its
functional similarity with other numeric rating scales in common
use in pain management (32). A strong and consistent relationship
was found between blinded presentations of randomized stimula-
tion amplitudes and perceived paresthesia intensity ratings,
establishing the internal validity of this instrument. It is likely
that this relationship would hold true across other programming
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Figure 3. a. Paresthesia intensity at different follow-up time points did not vary significantly either with body position or across time (ps > 0.05; two time points
tested permanuscript text). Sample sizes for each time point for upright and supine positions are presented above and below the line graph, respectively. b. The grand
mean of the paresthesia intensity at the nine different follow-up time points was not significantly different for the two body positions (p > 0.05).
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Figure 21.  Paresthesia intensities across body postures and time.
Paresthesia intensity at different follow-up time points did not vary significantly either with body 
position or across time (ps>0.05; two time points tested per manuscript text). Sample sizes for 
each time point for upright and supine positions are presented above and below the line graph, 
respectively. 

Figure 22.  Grand means of paresthesia intensities across body postures.  
The grand mean of the paresthesia intensity at the 9 different follow-up time points was not 
significantly different for the two body positions (p>0.05). 
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Figure 23.  Paresthesia locations across different body postures.
Anatomical representations of paresthesia locations for three representative subjects when in the 
upright and supine positions. Note the similar paresthesia distributions in the examples shown. 
Subjects verbally reported similar paresthesia distributions.

parameters. Thus, this paresthesia intensity rating scale appears to
be a useful instrument that can be adopted for clinical use across
neuromodulatory interventions.

During validation testing, a great deal of heterogeneity between
subjects was noted in the programming settings, the perception-
and maximum tolerable paresthesia thresholds, and the effective
range of stimulation amplitudes. The wide range of stimulation
parameters available in modern SCS devices suggests that hetero-
geneity in the functional responses to neurostimulation is accepted
as a matter of course. DRG neuromodulation is also very much an
individualized intervention, and the individual differences of the
subjects in this study underscore the need for nuanced and knowl-
edgeable programming of the device. As a point of clarification, the
thresholds are reported here on a per-lead basis; per-contact
thresholds cannot be captured due to the bipolar nature of the
programming.

Subjects reported paresthesia intensity ratings under constant
programming settings in two common body positions: upright and

supine. Scores were similar for both positions and varied minimally
over the 12-month follow-up period. Paresthesia locations were
likewise stable across body positions and time. In normal clinical
use, this lack of perceived differences in position-dependent
paresthesias may mean that patients would not need to manually
adjust their stimulation program when moving from one position
to another.

Explanations for the positional and temporal stability of paresthe-
sia with DRG neuromodulation, in contrast to the commonly expe-
rienced positional effects in SCS, may involve the anatomy of the
target structures. With SCS, positional effects are likely due to a
combination of the distance between the electrodes and the dorsal
columns as well as the overall thickness of the CSF layer at the
implanted spinal level. The distance between the lead(s) and the
dorsal columns can change when the patient moves due to small
movements of either the spinal cord or the lead (or both) as a result
of mechanical forces and bending or the effects of gravity (10,33).
Thus, the thickness of the CSF layer between the leads and the
targets varies with body position (34). This determines the effective
stimulation intensity received by the spinal cord (35) and impacts
paresthesia thresholds (36). Because the energy delivered to neural
tissues is proportionate to the square of the distance between the
lead and target, even relatively small changes in distance can
equate to proportionately large increases in energy delivery and,
thus, paresthesia intensity.

When the leads are relatively far from the dorsal columns (for
instance, when upright), patients perceive that the stimulation
decreases or goes away, although it should be noted that percep-
tible paresthesia may not be necessary for pain relief (37). This can
occur more frequently with lead placement in the midthoracic
region, where the CSF is naturally thicker than it is at the cervical and
thoracic enlargements (10,36,38). With the increased distance
between the lead and the target, the stimulation no longer pen-
etrates as deeply into the dorsal columns, and some of the relevant
fibers can no longer be recruited (39). The patient is likely to respond
to this change in paresthesia by increasing the intensity of stimula-
tion so as to reactivate the necessary dorsal column fibers (10,40).
This can lead to field potentials increasing in area and spreading
across the entire dorsal extraneural space and preferentially recruit-
ing dorsal roots while not achieving adequate penetration into the
dorsal columns of the spinal cord (41). Power consumption is pre-
dictably high with thick CSF layers (11), which may necessitate fre-
quent recharging or replacement of batteries.

When the leads are relatively close to the spinal cord (for instance,
when lying supine), patients often perceive that the paresthesias are
more intense. This is because shallow CSF thicknesses result in lower
thresholds and activation of more, and deeper, dorsal column fibers
(39). It may be possible to recruit medial fibers that serve axial
regions such as the low back with a shallow CSF thickness, but a
possible side effect is that dorsal root activation above discomfort
thresholds may also occur. This is due to the lateral spread of the
electric field and the lower activation thresholds of dorsal roots
relative to dorsal column fibers based on their conformation and
diameter (38,41). Dorsal root activation during SCS can induce
paresthesias at low levels of stimulation or unpleasant motor
recruitment at high levels (42). Unwanted dorsal root activation with
SCS can be prevented through careful lead placement (43,44)
and/or programming (45), although patients typically respond to
uncomfortable stimulation by turning their stimulation amplitude
down.

In addition to the changes in stimulation that accompany
changes in body position, SCS patients may also experience lead

UPRIGHT SUPINE

Figure 4. Anatomical representations of paresthesia locations for three repre-
sentative subjects when in the upright and supine positions. Note the similar
paresthesia distributions in the examples shown. Subjects verbally reported
similar paresthesia distributions.
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DISCUSSION
Subjects were a representative sample of both the larger study from which this sub-
study was recruited and of DRG neuromodulation patients in general. Subjects first 
tested an 11-point paresthesia intensity rating scale; face validity of this new tool 
had been established through professional consensus and its functional similarity 
with other numeric rating scales in common use in pain management (32). A strong 
and consistent relationship was found between blinded presentations of randomized 
stimulation amplitudes and perceived paresthesia intensity ratings, establishing 
the internal validity of this instrument. It is likely that this relationship would hold 
true across other programming parameters. Thus, this paresthesia intensity rating 
scale appears to be a useful instrument that can be adopted for clinical use across 
neuromodulatory interventions.

During validation testing, a great deal of heterogeneity between subjects was noted 
in the programming settings, the perception- and maximum tolerable paresthesia 
thresholds, and the effective range of stimulation amplitudes. The wide range of 
stimulation parameters available in modern SCS devices suggests that heterogeneity 
in the functional responses to neurostimulation is accepted as a matter of course. DRG 
neuromodulation is also very much an individualized intervention, and the individual 

Figure 24.  Paresthesia locations over time.
Anatomical distributions of paresthesias for four representative subjects over time. Apart from 
paresthesia intensities remaining constant between body positions over time, the relative 
distributions of paresthesias also remained consistent. *Note that the last subject (lower right 
quadrant) had additional leads turned on to capture the left leg within 6 months of implantation 
– thus the additional paresthesia markings in the left leg at 6 months).
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differences of the subjects in this study underscore the need for nuanced and 
knowledgeable programming of the device. As a point of clarification, the thresholds 
are reported here on a per-lead basis; per-contact thresholds cannot be captured due 
to the bipolar nature of the programming.

Subjects reported paresthesia intensity ratings under constant programming 
settings in two common body positions, upright and supine. Scores were similar for 
both positions, and varied minimally over the 12-month follow-up period. Paresthesia 
locations were likewise stable across body positions and time. In normal clinical use, 
this lack of perceived differences in position-dependent paresthesias may mean that 
patients would not need to manually adjust their stimulation program when moving 
from one position to another. 

Explanations for the positional and temporal stability of paresthesia with DRG 
neuromodulation, in contrast to the commonly-experienced positional effects in SCS, 
may involve the anatomy of the target structures. With SCS, positional effects are likely 
due to a combination of the distance between the electrodes and the dorsal columns as 
well as the overall thickness of the CSF layer at the implanted spinal level. The distance 
between the lead(s) and the dorsal columns can change when the patient moves, due to 
small movements of either the spinal cord or the lead (or both) as a result of mechanical 
forces and bending, or the effects of gravity (10, 33). Thus, the thickness of the CSF layer 
between the leads and the targets varies with body position (34). This determines the 
effective stimulation intensity received by the spinal cord (35), and impacts paresthesia 
thresholds (36). Because the energy delivered to neural tissues is proportionate to the 
square of the distance between the lead and target, even relatively small changes in 
distance can equate to proportionately large increases in energy delivery and, thus, 
paresthesia intensity.

When the leads are relatively far from the dorsal columns (for instance, when upright), 
patients perceive that the stimulation decreases or goes away, although it should be 
noted that perceptible paresthesia may not be necessary for pain relief (37). This can 
occur more frequently with lead placement in the mid-thoracic region, where the CSF 
is naturally thicker than it is at the cervical and thoracic enlargements (10, 36, 38). With 
the increased distance between the lead and the target, the stimulation no longer 
penetrates as deeply into the dorsal columns, and some of the relevant fibers can no 
longer be recruited (39). The patient is likely to respond to this change in paresthesia by 
increasing the intensity of stimulation so as to re-activate the necessary dorsal column 
fibers (10, 40). This can lead to field potentials increasing in area and spreading across 
the entire dorsal extra-neural space and preferentially recruiting dorsal roots while 
not achieving adequate penetration into the dorsal columns of the spinal cord (41). 
Power consumption is predictably high with thick CSF layers (11), which may necessitate 
frequent recharging or replacement of batteries.

When the leads are relatively close to the spinal cord (for instance, when lying 
supine), patients often perceive that the paresthesias are more intense. This is because 
shallow CSF thicknesses result in lower thresholds and activation of more, and deeper, 
dorsal column fibers (39). It may be possible to recruit medial fibers that serve axial 
regions such as the low back with a shallow CSF thickness, but a possible side effect 
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is that dorsal root activation above discomfort thresholds may also occur. This is due 
to the lateral spread of the electric field and the lower activation thresholds of dorsal 
roots relative to dorsal column fibers based on their conformation and diameter (38, 41). 
Dorsal root activation during SCS can induce paresthesias at low levels of stimulation, or 
unpleasant motor recruitment at high levels (42). Unwanted dorsal root activation with 
SCS can be prevented through careful lead placement (43, 44) and/or programming 
(45), although patients typically respond to uncomfortable stimulation by turning their 
stimulation amplitude down.

In addition to the changes in stimulation that accompany changes in body position, 
SCS patients may also experience lead migration (46, 17) and changes in impedance 
due to fibrosis around the leads (47, 48) or to being surrounded by epidural fat, thus 
dissipating energy before penetration of the dura mater (49). This may result in the lack 
of paresthesias in the desired location and/or intensity for their activity level or body 
position. The patient may perceive less effectiveness and satisfaction (14). 

DRG stimulation may be less susceptible to all of these mechanisms of positional 
effects because of DRG anatomy. Because a very thin layer of CSF surrounds the DRG 
(50), the distance between the leads and the neural target is quite small. Clinically 
this may result in the achievement of highly specific paresthesia locations, such as the 
feet. DRGs are small structures and relatively physically fixed within bony intravertebral 
structures (51, 52) so they are presumably more immobile during a patient’s changes in 
position than the spinal cord. Leads may move slightly relative to the DRG during patient 
movements, but with the use of lead anchors and strain relief loops (53, 54, 55) this 
movement is likely minimal and the patterns of stimulation are likely to remain constant 
across different positions and over time. 

The data and conclusions in this report should be considered against some limitations 
that may contribute to hypothesis generation for future work that expands upon these 
findings. One limitation is that the paresthesia intensity scale validation results were 
based on a ten-subject sample and may have low statistical power. Future research with 
larger samples will produce more robust results; in fact, a large study employing the 
paresthesia intensity scale as a key endpoint is currently in preparation. The paresthesia 
intensity testing across body positions used a larger sample than the validation testing; 
however, the negative findings have some risk of being a statistical type-II error, in which 
low statistical power limits the ability to detect a difference between conditions.

Only two static body positions were tested in this study. Because it is possible that 
DRG neuromodulation may be susceptible to positional effects under the mechanical 
forces induced by other postures, future work may benefit from including a greater 
variety of positions, such as sitting, lateral bending, and twisting the trunk. Testing 
during dynamic motions may reveal additional information about positional effects 
with DRG neuromodulation, since SCS patients report that positional effects tend to 
be noticed with certain movements, such as moving from a standing to sitting position, 
or reaching and stretching (8).

This study focused on the perception of paresthesia intensity, not pain. The 
effectiveness of DRG neuromodulation for pain has been reported elsewhere (27), and 
therefore a broad inference can be drawn that there is a relationship between stable 
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paresthesias and stable pain relief over time. However, it would be of considerable 
clinical interest to explicitly pair pain and paresthesia assessments in a future study. 

Validation testing for the paresthesia intensity scale involved capturing the 
perception and maximum tolerable paresthesia thresholds. Threshold assessments 
were not completed during the positional testing, however, in order to not over-burden 
the subjects. Comparisons of threshold levels during different body positions, and 
over time, could reveal important information about the function and perception of 
DRG neuromodulation. For example, evidence using SCS suggests that thresholds vary 
between different body positions are linearly related (34). The impact of impedance 
changes due to fibrotic encapsulation on paresthesia perceptions and pain relief is not 
yet known. Confirmatory studies would require this information.

CONCLUSIONS
This report describes a neurostimulation system that may be largely impervious to 
the perceived effects of changes in position/posture because most of the causes 
of this phenomenon in SCS either do not exist or are largely mitigated with DRG 
neuromodulation. Neuromodulation of the DRG has been shown to produce 
paresthesias that are minimally susceptible to the biomechanical perturbations 
associated with different body positions in SCS. Paresthesia intensities and 
coverage locations remain consistent when standing vs. supine, as well as over 
time (up to 12 months). This is likely due to the different anatomical structures and 
neurophysiological pathways associated with DRG neuromodulation as compared 
with stimulation of the dorsal columns of the spinal cord. DRG neuromodulation 
is a promising step toward achieving consistently effective pain relief independent 
of body position. This report provides some evidence for these hypotheses; initial 
findings are positive although further research is necessary.
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ABSTRACT
Spinal cord stimulation (SCS) is an effective treatment for neuropathic pain, but may 
not be appropriate for a sub-set of patients including those with complex or axial 
pain distributions that can be difficult to treat with traditional SCS, those bothered 
by undesirable paresthesias, and those who experience complications such as lead 
migration or positional stimulation. Neuromodulation of the dorsal root ganglion 
by spinal cord stimulation (DRG-SCS) may provide a number of advantages. This 
report reviews the therapy and its mechanisms, and establishes a set of criteria 
for appropriate patient selection for DRG-SCS. These include moderate to severe 
neuropathic pain that is refractory to conventional treatment; radicular and axial 
pain arising from conditions such as failed back surgery (FBSS), complex regional 
pain syndrome (CRPS) and peripheral causalgia, chronic post-surgical pain (CPSP), 
and deafferentation pain such as amputation/phantom limb pain; and pain in focal, 
discrete regions that are typically difficult to treat with conventional SCS, such as the 
breast, groin, knee, or foot. Avenues for future research are discussed.
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INTRODUCTION
Spinal cord stimulation (SCS) is a well-established and effective treatment for 
neuropathic pain. Systematic reviews and guidelines documents recommend its use 
when more conservative interventions have failed (1, 2, 3, 4), although its precise 
place in the pain management algorithm for specific indications is debated due to 
the absence of a critical mass of Level I evidence. Regardless, up to 30,000 patients 
receive SCS devices each year in the US alone according to reimbursement figures (5), 
suggesting that this clinical option is well-accepted in the field on the basis of clinical 
outcomes and cost effectiveness. Additionally, patients report that SCS therapy can 
result in improvements in pain control with corresponding benefits noted in quality 
of life, mood, activity, and other personally-relevant domains of functioning (6, 7). 

In SCS therapy, electrodes are placed in the epidural space and overlying the dorsal 
column of the spinal cord. Electrical pulses from an implanted generator at conventional 
frequencies and above-threshold amplitudes produce perceptible paresthesias in the 
regions of the body that are somatotopically represented in the stimulated regions of 
the spinal cord (8, 9). Although perceptible paresthesias may not be necessary for pain 
relief when using conventional waveforms and frequencies (10, 11), paresthesias that 
completely overlap with the painful regions are a necessary indicator that electrical 
stimulation is being delivered to the correct neural target (12, 13). Side effects, such as 
undesirable paresthesias that are uncomfortably intense and extraneous paresthesias 
outside of the target pain area created by the recruitment of non-neuropathic fibers are 
not desired and can be perceived as unpleasant (14). Likewise, motor recruitment (15) 
or paresthesias that change in intensity or location with movement or changes in body 
position (16) are to be avoided as part of the goals of SCS programming. Achieving ideal 
paresthesia coverage (e.g., paresthesias over 100% of the painful area and over 0% of 
the non-painful regions) is rare (17, 18), but acceptable distributions are possible with 
iterative approximations based on patient feedback. First, fluoroscopic visualization and 
verbal feedback from the conscious patient during intraoperative programming can 
instruct the implanter’s precise steering of the leads to the correct neural positioning. 
Second, the patient’s feedback during post-implantation programming – the clinician-
led process of selecting active anodes/cathodes and combinations of pulse frequency, 
pulse width, and amplitude for a variety of activities and/or body positions – is 
critical to achieving optimal outcomes. Patients may report that subtle differences in 
programming can produce very different paresthesias, both in location and in subjective 
quality. Paresthesias can change over time due to fibrotic encapsulation, lead migration, 
or neural plasticity (19); if paresthesia is lost, re-programming can restore optimal 
paresthesia distributions in some patients. In other patients the change in the perception 
of paresthesia over time may be due to psychological processes that can be addressed 
with counseling. Another option with such patients may be to change the programming 
to burst pattern stimulation, which has been shown to be paresthesia-free (10) and may 
potentially improve outcomes by removing paresthesias as a salient psychological cue. 
Additionally, positional effects may become more pronounced over time; one SCS 
system has implemented complex position adaptation features to mitigate the effect 
of body position changing (16). 
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There are many hypotheses for the pain-relieving mechanisms of SCS. It is though 
that preferentially recruiting large-diameter fibers in the dorsal column with SCS (20) 
may silence pain signals carried by small-diameter fibers. The neurochemical and 
physiological interaction of these neurons with second-order interneurons, other 
neurons in the spinal network, the glial syncytium, ascending/descending fibers, 
and peripheral afferents/efferents has not been precisely elucidated. Ultimately, SCS 
appears to produce its analgesic effects via a net decrease in the neuropathic pain-
induced hyperexcitability of the dorsal column (21, 22). 

SCS systems are implanted most often for radicular pain in the extremities (often 
associated with failed back surgery syndrome [FBSS]), back pain, complex regional pain 
syndrome (CRPS), chronic postsurgical pain, and ischemic pain in the extremities (4, 8, 
9, 13). A positive response during the temporary trial period is generally considered 
predictive of good long-term pain relief outcome with SCS (9). Short delays from the 
diagnosis of chronic pain to implantation (23), and lack of adverse psychological factors 
(24, 25) are also positive predictors of optimal outcomes with SCS. Approximately 3 in 4 
patients proceed to implant after having had a positive trial (26, 27). Moreover, 75-80% 
of SCS patients have pain relief of 50% or more in the years following implantation (6, 26). 
On the other hand, these statistics indicate that there is a substantial sub-set of patients 
for whom the original selection criteria for SCS were not sufficiently accurate. When SCS 
therapy is inadequate, or it becomes less effective over time, reprogramming and/or 
lead repositioning are typically attempted. Thus, the treatment failures reported across 
multiple studies exist despite presumably good pain-paresthesia overlap, suggesting 
that other mechanisms may be at play (19). 

A number of technological adaptations have been developed to optimize SCS 
therapy. Innovative lead designs are now available, in both percutaneous and laminotomy 
paddle forms, providing a significant number of options for programming combinations 
across numbers of leads, numbers of electrodes, electrode spacing, and electrode 
alignment (9, 28, 29). Midline vs. lateral placement of single or multiple leads within the 
epidural space has also been investigated (30). Such approaches have been extended to 
include stimulation of the dorsal root, with varying success (31, 32). Outcomes in those 
early studies were hampered by small sample sizes and the physical limitations of SCS 
leads in the relatively cramped lateral recesses of the epidural space (33, 34). 

Despite these early challenges, the dorsal root ganglion (DRG) remains an attractive 
target for spinal cord stimulation. Primary sensory neurons (PSNs) in this structure are 
implicated in the initiation and maintenance of neuropathic pain conditions (33) and 
are a target for effective pain management interventions such as radiofrequency (RF) 
denervation (35, 36.) Despite being irreversible and therefore an option of last resort, 
the effectiveness of ganglionectomies (37) and dorsal root entry zone lesions (38) also 
indicate that these primary sensory structures are key elements of the neuropathic 
pain pathway. Additionally, SCS at the site of the PSN, instead of the dorsal column of 
the spinal cord, carries some logical parsimony. By modulating pain signals at the first 
somatic site on the pathologic pain sensory pathway, one can create an opportunity to 
normalize the initial input before entry into the spinal cord pain pathways. Thus, the need 
to modulate multiple complex interactions in the spinal cord through SCS is obviated. 
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A novel SCS device has been developed to specifically target the DRG. It has been 
commercially available since 2011 outside of the United States and is currently under 
regulatory consideration in the USA (IDE G110186). Evidence has been collected from 
over 500 cases worldwide. From this information, trends are emerging regarding the 
etiologies that are amenable to treatment with DRG-SCS. This information is presented 
below to describe this intervention’s selection criteria.

DEVICE AND IMPLANTATION
The Axium™ DRG-SCS system (Spinal Modulation, Inc.; Menlo Park, CA, USA) is fully-
implantable and patient-managed via an RF remote control, and can accommodate 
up to four percutaneous leads which have a narrow diameter of 1 mm with a 
quadripolar linear array spanning 20 mm at the distal end. The leads have a hollow 
lumen that that allows for more flexibility than conventional SCS leads. The leads are 
loaded into a curved sheath, temporarily stiffened with a stylet for deployment and 
can be easily steered around the epidural space (see Figure 25). 

 
Figure 25.  DRG lead placement.   

Leads are placed bilaterally over L4 and L5 DRGs for treating foot pain.  Image courtesy: Dr. 
Peter Staats. 

 
To implant the device, epidural access is gained through a standard minimally-invasive loss-of-
resistance technique, after standard prophylactic antibiotics and the leads are advanced in an 
anterograde manner to the targeted DRG of interest. A retrograde technique may also be utilized at 
the experienced physician’s discretion. Leads are steered to their DRG-apposing sites under 
fluoroscopic guidance, and appropriate placement is confirmed via electrode activation and patient 
feedback regarding the locations of perceived paresthesias. Distal ends of the leads are tunneled to 
the subcutaneous pocket created for the neurostimulator in the flank or buttock and connected. All 
incisions are closed with standard post-operative care followed by antibiotics and analgesics. As it is 
standard of care with SCS due to its reliable prediction of future outcomes, implantation is typically 
preceded by a temporary trial period, in which the distal ends of the epidural leads are connected to 
an external neurostimulator for a period of several days or weeks. During this time, the patient is able 
to evaluate the effectiveness of the therapy. If more than 50% pain relief is achieved and both the 
clinician and the patient feel that a permanent implant is the right choice, the patient proceeds to 
permanent implantation.  
 
Selection criteria for SCS of the DRG 
 
Patient characteristics 
 
To be considered for DRG-SCS, the patient must have first engaged in a treatment protocol including 
diagnosis of the neural pain generator and initiation of a stepwise pain management algorithm, and 
have subsequently failed conservative multi-modal treatment options. Patients must also have had a 
good screening response to a temporary trial of DRG-SCS and have demonstrated an ability to operate 
the DRG-SCS system. Contraindications include psychological instability or significant untreated 
psychiatric comorbidity based on a comprehensive psychological evaluation; uncontrolled or 

Figure 25.  DRG lead placement.  
Leads are placed bilaterally over L4 and L5 DRGs for treating foot pain.  Image courtesy: Dr. Peter 
Staats.
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To implant the device, epidural access is gained through a standard minimally-
invasive loss-of-resistance technique, after standard prophylactic antibiotics and the 
leads are advanced in an anterograde manner to the targeted DRG of interest. A 
retrograde technique may also be utilized at the experienced physician’s discretion. 
Leads are steered to their DRG-apposing sites under fluoroscopic guidance, and 
appropriate placement is confirmed via electrode activation and patient feedback 
regarding the locations of perceived paresthesias. Distal ends of the leads are tunneled 
to the subcutaneous pocket created for the neurostimulator in the flank or buttock 
and connected. All incisions are closed with standard post-operative care followed by 
antibiotics and analgesics. As it is standard of care with SCS due to its reliable prediction 
of future outcomes, implantation is typically preceded by a temporary trial period, in 
which the distal ends of the epidural leads are connected to an external neurostimulator 
for a period of several days or weeks. During this time, the patient is able to evaluate 
the effectiveness of the therapy. If more than 50% pain relief is achieved and both the 
clinician and the patient feel that a permanent implant is the right choice, the patient 
proceeds to permanent implantation. 

SELECTION CRITERIA FOR SCS OF THE DRG
Patient characteristics
To be considered for DRG-SCS, the patient must have first engaged in a treatment 
protocol including diagnosis of the neural pain generator and initiation of a stepwise 
pain management algorithm, and have subsequently failed conservative multi-
modal treatment options. Patients must also have had a good screening response 
to a temporary trial of DRG-SCS and have demonstrated an ability to operate the 
DRG-SCS system. Contraindications include psychological instability or significant 
untreated psychiatric comorbidity based on a comprehensive psychological 
evaluation; uncontrolled or irreversible coagulopathy; immunosuppression or active 
infection; or spinal conditions that may limit epidural access such as spinal stenosis, 
grade III spondylolisthesis, previous lumbar fusion surgery at the desired DRG level, 
and/or cauda equina compression. Other potential issues include uncontrolled 
substance addiction and progressive neurological diseases. These characteristics are 
similar to those recommended for SCS (39) and have been employed in prospective 
studies (40, 41).

Pain characteristics
Also similar to the SCS literature (39), the pain intended for treatment with DRG-SCS 
should have the following characteristics:
1. Primarily neuropathic in nature;
2. Duration of pain lasting at least 3 months;
3. Moderate to severe pain intensity (e.g., 60 mm or more on a 100-mm visual 

analogue scale [VAS]); and
4. Stable location and nature of pain. 
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Pain etiology 
In addition to reports on cohorts with mixed pain etiologies (41, 40), the effectiveness 
of DRG-SCS has been established for pain associated with FBSS (42, 43, 44), CRPS and 
peripheral causalgia (45, 46), post-surgical neuropathy (47), focal mono-neuropathies 
such as Meralgia Paresthetica (48), and amputation / phantom limb syndrome (49, 50).

Pain locations
DRG-SCS has shown good relief outcomes for pain located in the upper extremities 
(51), back (52), body wall (53), viscera (54), groin (55), lower extremities (56), knee 
(57), and foot (58, 59). Notably, excellent pain-paresthesia concordance with 
little extraneous stimulation has been reported, even for extremely discrete pain 
distributions (60; see Table 9).

DISCUSSION
The patient selection criteria for DRG-SCS have some similarities to those for SCS 
of the dorsal column, but DRG-SCS expands the potential patient population. 
DRG-SCS is labelled for chronic neuropathic pain (in Europe under CE Mark) of 
the trunk and/or limbs (in Australia), and is in testing for applicability to CRPS 
and peripheral causalgia of the lower limbs in the USA. DRG-SCS has, however, 
demonstrated effectiveness across a variety of etiologies and body locations. 
DRG-SCS indications may be expanded relative to conventional SCS as this modality 
appears to readily treat pain in distributions that are typically difficult to treat with 
SCS. The challenge with complex sites such as the axial low back and the groin is 
achieving full paresthesia concordance with painful regions. For discrete extremity 
pain locations like the knee and foot, large regions of extraneous paresthesias 
may be problematic. DRG-SCS appears to provide more acceptable treatment 
profiles. This is hypothesized to occur because recruitment of PSNs allows for 
direct communication with the painful areas. In contrast, the combination of spinal 
geometry and electrical fields generated by dorsal column stimulation may mean 
that the fibers of interest in the spinal cord cannot be recruited in a straightforward 
manner. This has been suggested by modeling studies that have concluded that 
dorsal column stimulation’s depth of penetration into the spinal cord and the 
specificity of fiber recruitment is highly dependent on lead location and stimulation 
parameters (61).

DRG-SCS is effective for upper extremity pain, which necessitates cervical lead 
placement. This has previously not been feasible because the angle of the lateral foramen 
with the spinal canal was too acute to negotiate with conventional SCS leads (34). The 
form factors of the novel DRG-SCS leads address this issue. During the implantation 
procedure, a flexible curved external sheath is used to guide electrodes to the neural 
target. The lead is then ejected from the sheath; its extremely flexible structure can be 
maneuvered to conform to the exterior of the entire DRG just below medial and lateral 
aspects of the pedicle in the epidural space. 



108

5

In addition to these innovations in treatment delivery, it has been reported that the 
paresthesias produced with DRG-SCS are stable in intensity and location over time and 
across different body positions (62). This suggests that leads placed at the DRG are 
less susceptible to migration and/or positional effects than leads in the epidural space 
over the dorsal columns, although this preliminary observation will require long-term 
confirmation. Stability may be due to the bony structures that enclose the DRG and 
provide some incidental immobile scaffolding for the lead, in addition to the standard 
anchoring and strain-relief loop implant procedures common to this and other SCS 
implantation techniques. The lack of large amounts of cerebrospinal fluid (CSF) between 
the electrode and the DRG may also account for a more stable energy delivery to the 
neural target tissue versus the traditional SCS placement where CSF thickness will need 
to be taken into consideration during programming. Thus, DRG-SCS may provide a 
more viable option than dorsal column placement at sites that are particularly prone 
to migration, such as the cervical spine (63), or positional effects, such as upper-mid 
thoracic regions (62, 64).

Recommendations in this report are limited by as-yet incomplete characterization 
of the breadth of DRG-SCS treatment capability. For example, long-term pain relief 
outcomes with DRG-SCS are not yet fully understood. Although a prospective sample 
has reported good outcomes through 12 months (40), expanding on these outcomes 
through an intent-to-treat design with survival analysis will provide more robust evidence. 
Additionally, conventional SCS has demonstrated effectiveness for angina pectoris (65) 
and may be applicable for congestive heart failure (66), but DRG-SCS has not been 
applied in cardiovascular indications. However, the reported ability to achieve chest 

Table 9.  Patient selection criteria for DRG-SCS.

Patient characteristics Pain characteristics

Must have:
Failed conservative pain management algorithms; 
Had a good response to screening DRG-SCS;
Demonstrated an ability to operate the system. 
Must/should not have:
Psychological / psychiatric issues;
Medical comorbidities such as coagulopathy, 
immunosuppression or active infection;
Spinal conditions that may limit access 
to the target site such as spinal stenosis, 
spondylolisthesis, and/or cauda equina 
compression;
Substance addiction;
Progressive neurological disease.

Primarily neuropathic in nature;
Duration of at least 3 months;
Moderate to severe (e.g., 60 mm on a 100-mm VAS);
Stable in location and nature.

Pain etiology

FBSS;
CRPS / peripheral causalgia;
Chronic post-surgical /post-traumatic pain;
Meralgia Paresthetica;
Amputation / phantom limb syndrome.

Pain locations

Upper extremities;
Back;
Body wall;
Viscera;
Groin; 
Lower extremities;
Knee;
Foot. 
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wall paresthesias with thoracic DRG-SCS (53) and positive vascular changes observed 
with DRG-SCS for CRPS (45) suggests that this may be feasible. Reports of DRG-SCS 
applications in other pain conditions, such as brachial plexus avulsion (67) and post-
herpetic neuralgia (68), are accumulating.

Because DRG-SCS is a relatively new intervention, the current knowledge base is 
largely informed by multi-center European and Australian prospective studies and case 
reports. Information that may emerge from large multi-center prospective controlled 
studies currently active in the United States (for example, NCT01923285) may refine the 
patient selection criteria outlined here. Additionally, as with conventional SCS, there 
would be value in developing prospective testing paradigms that could be applied 
either before or during the trial period to enhance prognostication. Some preliminary 
work has been completed regarding identification of optimal lead placement sites via 
transforaminal epidural injections of local anesthetics (69) and intraoperative paresthesia 
locations (70).

CONCLUSIONS
Indications for DRG-SCS are similar to those for conventional dorsal column stimulation 
and include neuropathic pain located in the trunk or limbs due to FBSS, CRPS and 
peripheral causalgia, post-surgical neuropathy, and other etiologies. Patient selection 
criteria may be broader for DRG-SCS, however, because clinical evidence suggests that 
this intervention is highly suited to treatment of focal or challenging locations including 
foot, knee, back, breast and groin. Treatment of pain modalities that are prone to 
migration or positional effects are also is also especially amenable to treatment with 
SCS of the DRG. DRG-SCS may prove to be a substantial advancement in the field of 
neuromodulation. Further refinement of patient selection will only enhance this option 
for patients who suffer from chronic pain and potentially other disease states. 
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ABSTRACT
Chronic neuropathic groin pain is a sequela of hernia surgery that occurs at 
unacceptably high rates, causing widespread impacts on quality of life. Although the 
medical community is beginning to recognize the role of surgical technique in the 
initiation and maintenance of post-herniorrhaphy neuropathic pain, little information 
exists regarding pain management strategies for this condition. This review presents 
a summary of the pain condition state, its treatment options, and treatment 
recommendations and, based on a review of the knowledge base, a treatment 
algorithm for treatment of post-herniorrhaphy pain was developed. In addition 
to conventional pharmacologic approaches, recent technological developments 
including neuromodulation are indicated for this type of pain. The risks of certain 
surgical techniques, including mesh implantation and neurectomy, are discussed 
from a pain management perspective. It is expected that cross-disciplinary awareness 
of surgeons for non-surgical pain management options in the treatment of chronic 
neuropathic post-herniorrhaphy pain will contribute to better clinical outcomes.
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INTRODUCTION
The development of chronic neuropathic pain is a serious risk for any surgical 
procedure. Criteria have been articulated; clinically relevant post-surgical chronic 
pain 1) develops or increases following a surgical procedure and may or may not 
have been preceded by a pain-free period; 2) lasts for 3-6 months and has an impact 
on daily life; 3) excludes continuation of a pre-existing problem or other cause 
(e.g., persistent infection); and 4) is localized to the surgical field and/or projects to 
the nerve innervation /dermatome related the surgical field (1, 2). Chronic neuropathic 
post-surgical pain following hernia repair is localized to the groin and can extend to 
the inner thigh, abdomen, and genitals (3, 4). It is usually described as sharp, shooting, 
burning, or cramping and can be worsened by physical or sexual activity. Changes 
in sensation can also accompany the pain, including numbness, paresthesias, and 
allodynia/hyperalgesia. Similar to other neuropathic pain conditions, chronic groin 
pain presents with a wide range of severity and personal consequences, and most 
sufferers report negative effects in quality of life, social and recreational activity, and 
relationships (5). In severe and intractable cases, mobility is affected and disability 
can result (6). Pain may be progressive over time, and some patients report suicidality 
(7). The societal cost of chronic neuropathic groin pain has not been quantified but 
can certainly be presumed to offset a portion of the reported cost-effectiveness of 
hernia repairs (8).

Worldwide, 27% of men and 3% of women will undergo surgical hernia repair during 
their lifetimes (9, 10), and this rate may be higher among certain groups such as athletes 
(11). In the UK, more than 70,000 inguinal herniorrhaphies are performed each year 
(12). Owing to improved surgical procedures and products over the decades, the risk 
of hernia recurrence has been eclipsed by chronic pain as the most likely negative 
sequela of hernia surgery (13, 14). Rates of chronic pain after herniorrhaphy have been 
reported after 5-25%-- and as many as 54%, according to one review-- of herniorrhaphy 
procedures (12, 15, 16). Approximately 2-10% of procedures may result in severe pain 
and/or disability (16, 17, 18). 

The development of chronic groin pain following surgical hernia repair is associated 
with patient characteristics such as younger age (patients under 40 are more likely to 
report chronic pain than those over 60; 19), higher body mass index, pre-operative 
pain conditions, working status (20), and psychological factors such as low pre-surgery 
optimism and sense of control over pain (21). Chronic post-herniorraphy pain may also 
be iatrogenic, involving trauma to the inguinal nerves during surgery or their post-
surgical mechanical irritation (7, 22, 23, 24). Anatomically, the inguinal nerves do not 
have the protection of a layer of fascia; these ‘naked nerves’ are especially prone to 
irritation and are at risk of irritation from surgical dissection and the placing/fixation of 
surgical mesh for structural support (13). 

Herniologists have developed strategies aimed at preventing the development 
of chronic pain. Many center on surgical techniques. A randomized controlled trial 
comparing the open Lichtenstein technique with anterior-approach transinguinal 
preperitoneal repairs showed much lower rates of pain with the latter: 3.5% of patients 
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had resting pain and 12% with pain during activity, compared with 20%/ 60% with the 
open technique (14). The method of securing the supporting mesh also plays a role: 
using absorbable suture instead of nonabsorbable monofilament sutures to hold the 
mesh against the fascia reduces the 1-year risk of pain development by 2.2% (23). Based 
on these and similar findings, recommendations for surgical techniques that carefully 
limit trauma to the nerves have been developed (25). 

Perioperative treatment with a single dose of gabapentin has demonstrated some 
value in preventing pain (26), unlike intraoperative local infiltration of anesthetic (27). 
Prophylactic neurectomies with wide resection of the inguinal nerves during hernioplasty 
may reduce the incidence of chronic pain development (28, 29). A randomized controlled 
trial of tension-free hernioplasties with nerve identification showed that 1.1% of patients 
with nerves excised during the procedure experienced moderate/severe pain 3 months 
after the surgery, while approximately 10% of the patients with preserved nerves did 
(30). A systematic review of planned neurectomy also concluded that the approach is 
effective at preventing the development of pain (31). However, it has also been reported 
in a cohort of 736 patients that neurolysis, when combined with the Lichtenstein repair 
technique, was predictive of chronic pain after 6 months (22), and the procedure is 
known to alter sensation (31). 

After the point that post-herniorrhaphy pain becomes entrenched, a number of 
approaches have been applied for its amelioration. There is a lack of evidence-based 
information regarding the best pharmacological options; a single randomized trial 
showed a non-significant trend for topical capsaicin to out-perform placebo (32). As 
such, many patients trial a frustrating series of medications. For patients who cannot 
tolerate or prefer to limit their use of systemic pharmaceuticals, local infiltrations may 
be employed (33), although the ideal agents (anesthetic and/or steroid) and techniques 
are debated. Cryotherapy of the inguinal nerves is another effective intervention at the 
peripheral level (34, 35). Segmental pain control has also been achieved via regional 
blocks at L1-L2 (4) and with radiofrequency (RF) nerve ablation and pulsed RF of the 
affected dorsal root ganglia (DRG) (36, 37, 38, 39). 

Additionally, surgical revisions may be attempted to address chronic neuropathic 
postherniorrhaphy pain. Reoperation may involve removal of the mesh or sutures/ 
staples or surgical resection of inguinal nerves (40, 41, 42). Rates of pain relief following 
reoperation range from 62%-100% (41, 43, 44, 45, 46), although there is considerable 
variability in pain assessment and reporting. Some recommend that neurectomy 
procedures be delayed until after at least one year has elapsed post-herniorrhaphy and 
after non-surgical pain management options have been exhausted (40) because the 
procedure is irreversible, can lead to numbness in the affected regions, can contribute 
to neuroma formation, and may complicate some neuromodulatory pain management 
interventions (35, 46). A sample of 46 patients requiring surgery to treat pain that 
developed after a hernia repair, 44 triple neurectomies and 2 single neurectomies 
were performed. Mesh was repaired in 42 of these cases, in addition to removal of 
some mesh and/or plug in 40 (47). In a recent review of 25 studies of reoperation for 
persistent pain after hernia surgery, 93% of the procedures took an open approach for 
mesh replacement, removal, and/or neurectomy (48).
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Algorithms have recently been developed for the stepwise management of chronic 
neuropathic groin pain. In one, developed in a pain management clinic during the 
treatment of 29 post-herniorrhaphy pain patients, it was proposed that chronic 
neuropathic pain of greater than 3 mm on the VAS should be managed through a 
comprehensive pain clinic for complete examination and ultrasound-guided nerve blocks 
and placement of a peripheral nerve stimulator if indicated (49). Another algorithm, based 
on the consensus of 15 international hernia experts, suggested that after a delay of 3-6 
months with basic analgesics, a surgeon should differentiate between the nociceptive 
and neuropathic components of the pain based on physical exam, ultrasonography, and 
experience. Pain due to anatomical pathologies (e.g., recurrence of hernia, meshoma), 
should be addressed surgically by an expert, with neurectomies recommended as a 
last resort. The pain team should lead treatment options such as local infiltrations for 
diagnosis and treatment for pain without anatomical abnormalities (50).

Even with such algorithms, there remains a considerable unmet need for managing 
chronic post-herniorrhaphy neuropathic pain. It has been reported that re-operation for 
post-surgical pain has a success rate of approximately 90% (2, 47). Nerve blocks, while 
often effective, may require more than three injections in some cases and considerable 
neuropathic pain can remain. In a report of 43 patients treated with either nerve 
stimulator-guided or ultrasound-guided nerve blocks for post-herniorrhaphy pain, 21% 
of patients required more aggressive treatments (51), such as the neuromodulatory 
options described below.

Transcutaneous electronic nerve stimulation (TENS) has been demonstrated to 
provide some relief during the initial postoperative period (52) and is thought to relieve 
chronic post-herniorrhaphy pain through mechanisms similar to other neuropathic 
conditions (53). It has been anecdotally noted, however that patients tend to find 
TENS electrodes inconvenient and/or uncomfortable due to the location of the pain. 
Peripheral nerve stimulation (PNS) and peripheral nerve field stimulation (PNfS), in which 
electrodes are implanted near nerves or in the region of pain, has similar effectiveness 
for groin pain as for other types of neuropathic pain (54, 55, 56, 57), but is also as subject 
to limitations such as challenges in placing the pulse generator, migration, and irritation 
from the lead (58). 

A number of reports applying spinal cord stimulation (SCS) at the T7-T9 levels have 
indicated some applicability to chronic neuropathic groin pain, in some cases relieving 
75% or more (59, 60, 61). However, a limitation of SCS with groin pain as with all axial pain 
distributions is that it is extremely difficult to achieve selective coverage of the painful 
regions (62, 63); patients may find it necessary to tolerate ‘a pair of pants’ of extraneous 
paresthesia in order to also capture the relatively discrete painful region. It has been 
proposed that dorsal root ganglia (DRG) stimulation may be a pain management 
option (64) that is a viable alternative to SCS for this pain distribution, because the 
recruitment of distally-projecting sensory neurons can may be more precisely selected 
to achieve a limited region of paresthesia. Nerve root stimulation for groin pain had 
disappointing long-term results in a preliminary case report (65), but larger sample and 
more precise electrode placement may show better effectiveness. Indeed, a recently-
developed implantable neurostimulator with small, flexible leads for placement of 
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electrodes against DRGs has showed promising results across a number of studies 
(66, 67, 68), including pain specific to the groin (64) when leads are placed against the 
T11-L2 DRGs (see Figure 1) or as empirically established with pre-implant testing (69; 
see Table 1). The value of DRG stimulation for groin pain was highlighted in one of 
the recently-published algorithms; of the 25 patients described in the series, all but 
one were managed successfully. The remaining patient failed PNS treatment due to 
previous neurectomy. Instead, DRG stimulation was successfully applied (49). Results 
of a landmark study in DRG stimulation show that this modality is effective for pain of 
the lower limb (which can include pain that extends into the groin; 70) and a number of 
prospective studies on DRG stimulation for inguinal/groin pain are currently underway 
at European centers (e.g., NCT02349659, NCT02346656, and NCT02337699; www.
clinicaltrials.gov). It should be noted, however, that lead placement at the DRG is not 
typically achievable with conventional SCS devices because lead diameter and rigidity 
prevents maneuvering into the lateral vertebral foramen. Specially-designed leads, a 
curved introducer sheath, and steering under fluoroscopic guidance are required (67). 
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Figure 1. For effective neuromodulation of groin pain, leads can be placed against DRGs.  
In this image, the male patient had right-sided groin pain.  Leads were placed at the right L1 
and L2 DRGs (anterior-posterior view in image on left; lateral view showing the IPG location in 
image on right).
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PAIN MANAGEMENT CLINICAL PATHWAY 
RECOMMENDATIONS
Based on this knowledge base and our clinical experience across with approximately 
20 patients per year with post-herniorrhaphy chronic neuropathic pain, we have 
articulated a set of pain management recommendations that form a consistent 
framework for our treatment decisions (see Figure 2). Broadly, these recommendations 
align with the philosophy of the World Health Organisation’s ‘pain ladder’, in which 
milder interventions are trialed first and, if unsuccessful, replaced or augmented 
with stronger options (17). The recommendations below are from a non-surgical pain 
management perspective. 

Patients with chronic groin pain are typically referred to our pain clinic by their hernia 
repair surgeons, after it is established (via ultrasound and/or MRI) that surgical options 
do not exist. We first conduct a physical examination and pain management medical 
workup in accordance with recommendations for uniform assessment procedures (72, 
73). If, during the course of assessments, a hernia recurrence is detected, we refer the 

Table 1. Literature summary of DRG stimulation for groin pain.

Reference Number of patients with groin pain Outcomes with DRG stimulation

Schu et al., 2015 (68). 29 of 29 Successful trial in 25 (86%).
At last follow-up (mean = 28 weeks), 
the mean pain reduction was 71%, and 
82% of patients had 50% or better pain 
relief.  

Zuidema, Breel, Wille, 
2014 (69).

3 of 3 case studies Case 1: 100% pain relief
Case 2: 90% pain relief
Case 3: 90% pain relief

Liem, Krabbenbos, 
Kramer, 2014 (64).

1 of 4 case studies 88% reduction in VAS.

Weigel, Capelle, 
Krauss 2008 (65).

2 of 3 case studies Case 1:  Despite a successful trial, side 
effects appeared and effectiveness 
ceased by 12 months.
Case 2:  Despite a successful trial, 
pain returned after 2 months.  
Reprogramming recaptured 
paresthesias but not pain relief.

Voorbrood et al., 2015 
(49).

1 of 29 patients treated with PNS One patient had an unsuccessful 
outcome with PNS and was offered 
DRG stimulation as the next-line 
treatment (results of DRG stimulation 
not presented).

Liem et al., 2013 and 
2015 (66, 67).

Not specified.  Groin pain could be 
included if all other inclusion criteria 
were met.  A total of 9 subjects with 
postsurgical pain and 3 subjects 
with ‘other’ pain were included.

51 trial implantations were converted 
to 32 permanent implants (63%), and 
overall pain was reduced by 56% from 
77.6 mm at baseline to 33.5 at 6 months 
and 33.6 at 12 months.
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Figure 2. A pain management algorithm. 

 
This algorithm outlines treatment for chronic post-herniorrhaphy neuropathic groin pain. 

Patients with chronic groin pain are typically referred to our pain clinic by their hernia repair surgeons, 
after it is established (via ultrasound and/or MRI) that surgical options do not exist. We first conduct a 
physical examination and pain management medical workup in accordance with recommendations for 
uniform assessment procedures ( 72, 73). If, during the course of assessments, a hernia recurrence is 
detected, we refer the patient back to the surgeon because there is therefore likely a nociceptive 
component to the pain that might be amenable to surgical approaches.  

Figure 2. A pain management algorithm.
This algorithm outlines treatment for chronic post-herniorrhaphy neuropathic groin pain.
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patient back to the surgeon because there is therefore likely a nociceptive component 
to the pain that might be amenable to surgical approaches. 

Patients with chronic groin pain are typically referred to our pain clinic by their hernia 
repair surgeons, after it is established (via ultrasound and/or MRI) that surgical options 
do not exist.  We first conduct a physical examination and pain management medical 
workup in accordance with recommendations for uniform assessment procedures (71, 
72).  If, during the course of assessments, a hernia recurrence is detected, we refer the 
patient back to the surgeon because there is therefore likely a nociceptive component 
to the pain that might be amenable to surgical approaches.  

A diagnostic infiltration of local anesthetics at the iliohypogastric or ilioinguinal or 
genital branch of the genitofemoral nerve (external spermatic nerve) under ultrasound 
guidance is typically employed.  If positive (i.e., 50% groin pain relief), groin-specific 
pain management interventions are initiated. Unless otherwise indicated, we initially 
prescribe oral analgesics alongside recommendations for physical therapy and 
psychological support.  If pain relief is inadequate, one or more of the following standard 
pain management options, all of which are supported by the published knowledge base 
for a variety of pain etiologies (see Table 2), are trialed according to suitability for the 
individual presentation:  regional lumbar blocks of local anesthetics at L1/L2 (73, 74), 
pharmacological options such as epidurallocal injections of combinations of other drugs 
like corticosteroids and clonidine (75, 76), conventional or pulsed RF nerve ablation, 
pulsed RF at the involved nerves/ DRGs (77,  78, 79, 80), and cryotherapy of peripheral 
nerves (34).  Neurostimulation is trialed if these options are unsatisfactory (81, 82).  
TENS (83, 84), PNS (57, 85), and SCS (86, 87) may be effective, but In particular, DRG 
neurostimulation is the preferred modality for groin pain in our clinic because of the 
ability to achieve specific and discrete coverage of the affected area.  If pain remains 
intractable, implanted intrathecal drug pumps may be considered (88).  Neurectomy 
(89) is considered an option of last resort in serious cases due to its non-reversible 
nature.  Thus, for groin pain we recommend moving neuromodulatory options ‘up the 
pain ladder’.  Future research, including the comparison of DRG neurostimulation with 
neurectomy procedures, will be needed to confirm the validity of this algorithm.

Table 2. Literature evidence for pain management options. (Continued)

Type of pain 
management treatment

Reference Type of report Evidence summary

Regional blocks Datta et al., 2007 
(73)

Systematic 
review 

“There is strong evidence that nerve 
root pain may be relieved with a 
selective nerve root block… and 
moderate evidence for selective 
nerve root blocks in the preoperative 
evaluation of patients with negative or 
inconclusive imaging studies, but with 
clinical findings of nerve root irritation.”

Abrahams et al., 
2009 (74)

Systematic 
review and 
meta-analysis

Risk ratio of nerve block failure of 0.41.
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Table 2. Literature evidence for pain management options. (Continued)

Type of pain 
management treatment

Reference Type of report Evidence summary

Epidural steroids Buenaventura et 
al., 2009 (75)

Systematic 
review

Level II-1 evidence exists for short-term 
pain relief and Level II-2 evidence 
exists for long-term pain relief.

Abdi et al., 2007 
(76)

Systematic 
review

Strong evidence for short-term pain 
relief and limited evidence for long-
term pain relief.

Radiofrequency 
(standard/ pulsed) of 
the nerves or DRG)

Geurts et al., 
2001 (77)

Systematic 
review

Moderate-to-limited evidence for RF 
procedures being more effective than 
placebo.

Chua, Vissers, 
Sluijter, 2010 (78)

Systematic 
review

Inadequate evidence of PRF for 
lumbosacral pain.

Werner et al., 
2012 (79)

Systematic 
review

Limited evidence for PRF for post-
surgical pain following inguinal hernia.

Pope, Deer, 
Kramer, 2013 (80)

Systematic 
review

Evidence is of mixed quality regarding 
the applicability of RF treatments 
targeting the DRG.

Cryotherapy Fanelli et al., 2001 
(34)

Observational 
study

Pain relief up to 100%; 80% of subjects 
decreased analgesia use.

Neurostimulation 
(general)

Cruccu et al., 
2007 (81)

Society 
guidelines

Evidence is mixed, but 
neurostimulation treatments are 
warranted in intractable cases.

Johnson and 
Martinson, 2007 
(82)

Meta-analysis Neurostimulation is an effective 
treatment modality.

TENS Khadilkar et al., 
2005 (83)

Systematic 
review

Inadequate evidence of TENS as a sole 
treatment for back pain.

Brosseau et al., 
2002 (84)

Meta-analysis Inadequate evidence of TENS as a sole 
treatment for back pain.

PNS Verrills et al., 2011 
(57)

Observational 
study

Average pain relief of 57%.

Deogaonkar and 
Slain, 2014 (85)

Review Good outcomes, but few high-quality 
studies.

SCS Taylor, 2006 (86) Systematic 
review and 
meta-analysis

Good evidence for use of SCS in FBSS 
and CRPS.

Turner et al., 2004 
(87)

Systematic 
review

Studies of mixed quality recommend 
SCS for pain.

DRG stimulation See Table 1.

Intrathecal drug pump Prager et al., 2014 
(88)

Professional 
consensus

Valuable system carrying both risks and 
benefits.

Neurectomy Amid, 2004 (89) Observational 
study

80% of patients recovered completely.
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CONCLUSIONS
Chronic neuropathic groin pain following herniorrhaphy is a significant problem 
within pain management and there is a need for well-defined diagnostic criteria 
and treatment pathways. This paper represents one of the first attempts to develop 
these clinical tools from a pain management perspective. There is a need for further 
prospective research on this pain condition.
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ABSTRACT
Spinal cord stimulation (SCS) is a standard treatment option for chronic neuropathic 
pain. However, some anatomical pain distributions are known to be difficult to 
cover with traditional SCS-induced paresthesias and/or may also induce additional, 
unwanted stimulation. We present the results from a retrospective review of data 
from patients with groin pain of various etiologies treated using neuromodulation 
of the dorsal root ganglion (DRG). To this end, data from twenty-nine (29) patients 
with neuropathic groin pain were reviewed. Patients underwent trial therapy where 
specifically designed leads were implanted at the target DRGs between T12 and L4. 
Patients who had a successful trial (>50% improvement) received the fully implantable 
neuromodulation system. Pain scores were captured on a visual analog scale (VAS) 
at baseline and at regular follow-up visits. In total, twenty-five (25) patients (86.2%) 
received fully implantable neurostimulators, and the average follow-up period was 
27.8 ± 4.3 (standard error of the mean, SEM) weeks. The average pain reduction was 
71.4 ± 5.6%, and 82.6% (19/23) of patients experienced a >50% reduction of their 
pain at the latest follow-up. Individual cases showed improvement with a variety 
of etiologies and pain distributions; a sub-analysis of post-herniorrhaphy cohort 
also showed significant improvement. In conclusion, early findings suggest that 
neuromodulation of the DRG may be an effective treatment for chronic neuropathic 
pain conditions in the groin region. This technique offers a useful alternative for 
pain conditions that do not always respond optimally to traditional SCS therapy. 
Neuromodulation of the DRG provided excellent cross-dermatomal paresthesia 
coverage, even in cases with patients with discrete pain areas. The therapy can be 
specific, sustained, and independent of body position.
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INTRODUCTION 
Chronic pain remains a world-wide issue with almost 40% prevalence in the 
worldwide population (1). In the U.S., the economic cost associated with chronic pain 
is estimated between $560-635 billion annually (2). Of the chronic pain conditions, 
pain of the groin is a common condition, especially after surgical interventions 
(3). Treatment of post-operative pain of the groin remains a serious public health 
concern. For example, abdominal wall hernias were the third leading cause of 
ambulatory care visits for gastrointestinal complaints in the U.S. in 2004 (4). Of those 
patients with inguinal hernia repairs, an estimated 7-20% of patients have pain after 
corrective surgery, about 12% of patients reported that the pain impairs function, and 
approximately 30% is neuropathic in nature (5,3). Chronic, neuropathic pain in these 
post-surgical cases may be caused by neuronal transection, neuronal entrapment, 
neuromas, nerve ischemia from post-surgical fibrosis, or nerve compression of the 
ilioinguinal, iliohypogastric, or genitofemoral nerves.

Non-surgical treatment for chronic pain currently includes pain medications, nerve 
blocks, and physical therapy; however, many patients are not responsive to these 
therapies or are not able to tolerate the side effects (2). More invasive treatments can 
include surgical interventions to release entrapment and/or ablate or repair nerves (2). 
All of these options are irreversible and may cause side effects like numbness while they 
may or may not provide relief (5).

Spinal cord stimulation (SCS) can be an effective and reversible treatment option 
for chronic neuropathic pain (6), and some positive results have been seen using 
neurostimulation with groin pain (7-10). An early case series from Simspon reported 
that for six (6) SCS patients with “idiopathic chronic focal pain (loin, groin, etc.),” three 
patients received substantial benefit and the remaining three received modest benefit 
(7). Yakovlev et al. published a report of fifteen (15) patients treated with SCS for post-
herniorrhaphy pain with good success, including reduced pain and medication use in 
all patients at twelve (12) months follow-up (8). Lepski et al. presented results of four (4) 
patients with post-herniorraphy pain who had both SCS and peripheral nerve stimulation 
(PNS) and showed that while both methodologies showed improved pain relief, the 
two stimulation modalities were more effective when combined (9). Additionally, Elias 
reported on two successful SCS cases of post-herniorraphy pain (10). 

Effective pain relief with SCS relies on the stimulation-induced paresthesia overlapping 
the pain area (11). Some anatomical pain distributions, including the groin, are known to 
be difficult to cover with SCS-induced paresthesias (12) and/or may also induce additional, 
unwanted stimulation in non-pain areas (12,9). Selective paresthesia coverage of the groin is 
likely difficult due to the anatomical trajectory of the peripheral nerves into the spinal cord, 
and the relatively small number of these fibers compared to those relaying information from 
other body structures. These issues may limit the ability of SCS to successfully treat chronic 
neuropathic groin pain. 

Peripheral nerve field stimulation (PNFS) has also been shown to be successful in 
the treatment of groin pain in several case series or reports (13-16). However, due to the 
potential for erosion and migration of the stimulation leads (17), along with the potential 
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need for high stimulation amplitudes, alternative neurostimulation approaches are still 
being sought and likely explains the relative paucity of published outcomes.

A new neuromodulation system specifically designed to stimulate the dorsal 
root ganglion (DRG) (AxiumTM Neurostimulator System, Spinal Modulation, Inc.), 
may provide a promising new avenue for the treatment of chronic pain. The DRG 
is composed of the cell bodies of the primary sensory neurons before they enter 
the spinal cord; it is located within the spinal foramen in the lateral epidural space. 
The DRG is known to be involved in the transduction of pain to the CNS, and 
neurons in the DRG show pathophysiologic changes during chronic pain states (18). 
Neuromodulation of the DRG has been shown to reduce neural excitation in vitro 
(20,21), and patients have been shown to have reduced pain with DRG stimulation 
in both case studies (20,21) and in a small series of patients (22), and most recently 
in a multicenter, prospective study (23). Liem et al. showed that DRG stimulation can 
provide stimulation specificity, positional stability, and long-term relief, a combination 
that is difficult to obtain in other neurostimulation modalities (23). Consequently, we 
hypothesized that neuromodulation of the DRG may be especially useful for targeting 
the groin, a pain area that is difficult to treat with other neurostimulation modalities. 
We present the results from twenty-nine (29) patients (retrospective chart review data) 
suffering from groin pain of various etiologies. 

METHODS
Data was obtained through a retrospective chart review at 11 sites in Europe. Data 
release authorization was obtained for each patient before including them in this 
analysis.

Data analyzed to ensure that the patients had been diagnosed with chronic, 
intractable neuropathic pain of the groin and had failed other treatment modalities 
with inadequate pain relief using oral medications and/or interventional procedures or 
surgical intervention. All patients were 18 years of age or older. Patients with previous 
posterior fusion, severe foraminal stenosis at the expected target level, presence of 
current indwelling implantable devices such as cardiac devices, spinal cord or peripheral 
nerve stimulators, or vascular access catheters, and pregnancy were not considered 
candidates for implantation. The primary pain area was in the groin, but patients were 
not excluded if they had pain in other areas as well.

As described in detail in a previous publication (22), patients underwent a procedure 
to implant quadripolar DRG stimulation leads (Spinal Modulation, Inc., Menlo Park, CA, 
USA). The dorsal horn receives sensory input from the groin through T11 and L3 DRGs. 
Leads were placed at these levels until the maximum cumulative pain coverage with 
stimulation-induced paresthesia was achieved through intra-operative programming 
(see Figure 27).

Patients were then trailed for three to thirty days with the ultimate duration of follow-
up at the discretion of the treating physician based on usual clinical practice for SCS. 
If the trial stimulation results in >50% pain reduction, patients received a permanent 
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implant and if necessary, followed by programming. During the follow-up visits, patients 
had their stimulation parameters reprogrammed if paresthesia did not cover the entire 
area of discomfort. Overall pain and segmental pain (i.e., groin) were measured using a 
0–100 mm visual analog scale (VAS). 

RESULTS 
Patient Diagnoses
A total of twenty-nine (29) groin pain patients were included in this analysis (see 
Table 10). The most frequent diagnosis was herniorraphy (N = 13), and the remaining 
patients had a variety of pain etiologies, many related to post-surgical pain. 

Table 10.  Diagnosis summary.

Results of Trial Stimulation
From February 2012 through January 2013, a total of 49 permanent leads were 
implanted in 29 patients (Mean = 1.69 leads/patient) at 11 centers (Private hospitals: 
4, Academic institutions or teaching hospitals: 7). Patients received either one 
(N=12), two (N=12) or three leads (N=5) to cover their pain area. All leads were placed 
unilaterally. Each author implanted anywhere between one to eight patients.

Of the twenty-nine (29) patients trialed, the vast majority had a positive trial (N = 25; 
86.2%). Diagnoses for the four patients who failed the trial (14.3%) include pain post-
herniorrhaphy (3), and pain post-femoral vascular access (1). These patients either had 
one (N=3) or three (N=1) leads implanted during trial stimulation. 

Figure 27 shows fluoroscopies of 2 patients that were implanted with multiple leads 
during the trial stimulation. Leads were implanted over T10, T11 and T12 DRGs in one 
patient (left) and over L1 and L2 DRGs in the other (right). During trial stimulation period, 
it was established that a single lead was enough to provide paresthesia and pain relief in 
these patients (T12 and L1, respectively). Hence, the other lead(s) were removed during 
the implantation of the pulse generator. 

Of the 29 patients trialed, the vast majority had a
positive trial (N = 25; 86.2%). Diagnoses for the four
patients who failed the trial (14.3%) include pain
postherniorrhaphy (3) and pain postfemoral vascular
access (1). These patients had either 1 (N = 3) or 3
(N = 1) leads implanted during trial stimulation.

Figure 1 shows flouroscopies of two patients that
were implanted with multiple leads during the trial
stimulation. Leads were implanted over T10, T11, and
T12 DRGs in 1 patient (left) and over L1 and L2 DRGs
in the other (right). During trial stimulation period, it
was established that a single lead was enough to provide
paresthesia and pain relief in these patients (T12 and L1,
respectively). Hence, the other lead(s) were removed
during the implantation of the pulse generator.

Aggregate Permanent Implant Outcomes

Data were available for 23 patients with an average
follow-up of 27.8 ! 4.3 weeks [standard error of the
mean (SEM), median: 26.0 weeks, range: 0 to
68 weeks]. The mean VAS at baseline (N = 25) for this
patient cohort was 74.5 ! 1.8 mm, and the mean VAS
at follow-up (N = 23) was 20.7 ! 3.9 mm, a mean
improvement of 71.4 (! 5.6%)%. One patient had no

follow-up data, while one patient had the device
removed. A large majority of patients (82.6% or 19 of
23) had an improvement of >50%, and nearly half
(47.8%; 11 of 23) had over 80% improvement in their
pain score at the last follow-up.

Thirteen patients had follow-up data for 6 months or
longer. Their mean VAS at baseline and follow-up were
75.0 ! 2.5 mm and 24.1 ! 6.1 mm, a mean improve-
ment of 67.5 (! 8.6)%. 76.9% (or 10/13) of these
patients had greater than 50% pain relief, while 53.8%
(or 7/13) had > 80% pain relief. Mean follow-up time
was 42.5 ! 3.7 weeks for this cohort.

Pain–Paresthesia Maps

Figure 2 shows a patient with a very localized painful
area (left) with overlapping paresthesias (right). This
example demonstrates that for a focal region of pain,
DRG stimulation can be very effective at covering the
painful areas without extending paresthesia to nonpain-
ful ones.

Figure 3A depicts the pain distribution for another
patient with localized pain of the upper thigh at baseline.
At the 4-week follow-up visit, the area of pain was
significantly reduced (Figure 3B). The paresthesia
spread was minimal, limited to only a very small region.
Additionally, the paresthesia was largely unaffected by
positional changes (upright vs. supine) (Figure 3C,D).

Pain (left panel) and paresthesia (right panel) maps
for a third patient are shown in Figure 4. Despite
numerous discrete areas of pain, at 6 months, the
stimulation was able to cover 100% of the painful areas
while avoiding stimulation in nonpainful ones using two
leads over L1 and L2 DRGs, demonstrating the speci-
ficity and temporal stability of this neuromodulatory
technique.

Table 1. Diagnosis Summary

Diagnosis Summary Count

Herniorrhaphy 13
Femoral vascular access† 2
Failed back surgery syndrome (FBSS) 2
Other surgery* 7
Peripheral nerve lesion following kidney surgery 1
Unknown 4
Total 29

*Nerve entrapment (1), Pfannenstiel (1), appendectomy (1), testicular torsion (1),
scrotal pain (1), hysterectomy (1), aneurysm (1).
†Damage to genitofemoral nerve in one patient and unknown in the other.

Right Left RightLeft Right Left RightLeft

FRONT BACK FRONT BACK

Figure 2. Pain (left) and paresthesia
(right) areas (circled) for one of the
patients at 4 weeks demonstrating
specificity of paresthesia that can be
elicited with DRG neuromodulation.
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obtain in other neurostimulation modalities.23 Conse-
quently, we hypothesized that neuromodulation of the
DRG may be especially useful for targeting the groin, a
pain area that is difficult to treat with other neurostimu-
lationmodalities.We present the results from 29 patients
(retrospective chart review data) suffering from groin
pain of various etiologies.

METHODS

Datawereobtained through a retrospective chart reviewat
11 sites inEurope.Data release authorizationwasobtained
for each patient before including them in this analysis.

Data were analyzed to ensure that the patients had
been diagnosed with chronic, intractable neuropathic
pain of the groin and had failed other treatment
modalities with inadequate pain relief using oral med-
ications and/or interventional procedures or surgical
intervention. All patients were 18 years of age or older.
Patients with previous posterior fusion, severe foraminal
stenosis at the expected target level, presence of current
indwelling implantable devices such as cardiac devices,
spinal cord or peripheral nerve stimulators, or vascular
access catheters, and pregnancy were not considered
candidates for implantation. The primary pain area was
in the groin, but patients were not excluded if they had
pain in other areas as well.

As described in detail in a previous publication,21

patients underwent a procedure to implant quadripolar
DRG stimulation leads (Spinal Modulation, Inc., Menlo
Park, CA, USA). The dorsal horn receives sensory input
from the groin through T11 and L3 DRGs. Leads were
placed at these levels until the maximum cumulative
pain coverage with stimulation-induced paresthesia was

achieved through intra-operative lead placement and
programming (Figure 1).

Patients were then trailed for three to 30 days with
the ultimate duration of follow-up at the discretion of
the treating physician based on usual clinical practice for
SCS. If the trial stimulation results in > 50% pain
reduction, patients received a permanent implant and
if necessary, followed by programming. During the
follow-up visits, patients had their stimulation param-
eters reprogrammed if paresthesia did not cover the
entire area of discomfort. Overall, pain and segmental
pain (ie, groin) were measured using a 0- to 100-mm
visual analog scale (VAS).

RESULTS

Patient Diagnoses

A total of 29 groin pain patients were included in this
analysis (see Table 1). The most frequent diagnosis was
herniorrhaphy (N = 12), and the remaining patients had
a variety of pain etiologies, many related to postsurgical
pain.

Results of Trial Stimulation

From February 2012 through January 2013, a total of
49 permanent leads were implanted in 29 patients
(mean = 1.69 leads/patient) at 11 centers (private hos-
pitals: 4, academic institutions or teaching hospitals: 7).
Patients received either 1 (N = 12), 2 (N = 12), or 3
leads (N = 5) to cover their pain area. All leads were
placed unilaterally. Each author implanted anywhere
between 1 and 8 patients.

Figure 1. Fluoroscopes of lead
placement over target DRGs in two
patients.

DRG Stimulation for Groin Pain ! 3

Aggregate Permanent Implant Outcomes
Data was available for 23 patients with an average follow-up of 27.8 weeks ± 4.3 
weeks (standard error of the mean, SEM, median: 26.0 weeks, range: 0-68 weeks). 
The mean VAS at baseline (N = 25) for this patient cohort was 74.5 ± 1.8 mm, and 
the mean VAS at follow-up (N = 23) was 20.7 ± 3.9 mm, a mean improvement of 
71.4% (± 5.6%). One patient had no follow-up data while one patient had the device 
removed. A large majority of patients (82.6% or 19 of 23) had an improvement of 
>50%, and nearly half (47.8%; 11 of 23) had over 80% improvement in their pain score 
at the last follow-up.

Thirteen patients had follow-up data for 6 months or longer. Their mean VAS at 
baseline and follow-up were 75.0 ± 2.5 mm, and 24.1 ± 6.1 mm, a mean improvement 
of 67.5 (± 8.6)%. 76.9% (or 10/13) of these patients had greater than 50% pain relief 
while 53.8% (or 7/13) had >80% pain relief. Mean follow-up time was 42.5 ± 3.7 weeks 
for this cohort.

Figure 27.  Fluoroscopies of lead placement over target DRGs in 2 patients. 

Pain-Paresthesia Maps
Figure 28 shows a patient with a very localized painful area (left) with overlapping 
paresthesias (right). This example demonstrates that for a focal region of pain, DRG 
stimulation can be very effective at covering the painful areas without extending 
paresthesia to non-painful ones. 

Figure 29 (a) depicts the pain distribution for another patient with localized pain 
of the upper thigh at baseline. At the four-week follow-up visit, the area of pain was 
significantly reduced (Figure 29 (b)). The paresthesia spread was minimal, limited to only 
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Of the 29 patients trialed, the vast majority had a
positive trial (N = 25; 86.2%). Diagnoses for the four
patients who failed the trial (14.3%) include pain
postherniorrhaphy (3) and pain postfemoral vascular
access (1). These patients had either 1 (N = 3) or 3
(N = 1) leads implanted during trial stimulation.

Figure 1 shows flouroscopies of two patients that
were implanted with multiple leads during the trial
stimulation. Leads were implanted over T10, T11, and
T12 DRGs in 1 patient (left) and over L1 and L2 DRGs
in the other (right). During trial stimulation period, it
was established that a single lead was enough to provide
paresthesia and pain relief in these patients (T12 and L1,
respectively). Hence, the other lead(s) were removed
during the implantation of the pulse generator.

Aggregate Permanent Implant Outcomes

Data were available for 23 patients with an average
follow-up of 27.8 ! 4.3 weeks [standard error of the
mean (SEM), median: 26.0 weeks, range: 0 to
68 weeks]. The mean VAS at baseline (N = 25) for this
patient cohort was 74.5 ! 1.8 mm, and the mean VAS
at follow-up (N = 23) was 20.7 ! 3.9 mm, a mean
improvement of 71.4 (! 5.6%)%. One patient had no

follow-up data, while one patient had the device
removed. A large majority of patients (82.6% or 19 of
23) had an improvement of >50%, and nearly half
(47.8%; 11 of 23) had over 80% improvement in their
pain score at the last follow-up.

Thirteen patients had follow-up data for 6 months or
longer. Their mean VAS at baseline and follow-up were
75.0 ! 2.5 mm and 24.1 ! 6.1 mm, a mean improve-
ment of 67.5 (! 8.6)%. 76.9% (or 10/13) of these
patients had greater than 50% pain relief, while 53.8%
(or 7/13) had > 80% pain relief. Mean follow-up time
was 42.5 ! 3.7 weeks for this cohort.

Pain–Paresthesia Maps

Figure 2 shows a patient with a very localized painful
area (left) with overlapping paresthesias (right). This
example demonstrates that for a focal region of pain,
DRG stimulation can be very effective at covering the
painful areas without extending paresthesia to nonpain-
ful ones.

Figure 3A depicts the pain distribution for another
patient with localized pain of the upper thigh at baseline.
At the 4-week follow-up visit, the area of pain was
significantly reduced (Figure 3B). The paresthesia
spread was minimal, limited to only a very small region.
Additionally, the paresthesia was largely unaffected by
positional changes (upright vs. supine) (Figure 3C,D).

Pain (left panel) and paresthesia (right panel) maps
for a third patient are shown in Figure 4. Despite
numerous discrete areas of pain, at 6 months, the
stimulation was able to cover 100% of the painful areas
while avoiding stimulation in nonpainful ones using two
leads over L1 and L2 DRGs, demonstrating the speci-
ficity and temporal stability of this neuromodulatory
technique.

Table 1. Diagnosis Summary

Diagnosis Summary Count

Herniorrhaphy 13
Femoral vascular access† 2
Failed back surgery syndrome (FBSS) 2
Other surgery* 7
Peripheral nerve lesion following kidney surgery 1
Unknown 4
Total 29

*Nerve entrapment (1), Pfannenstiel (1), appendectomy (1), testicular torsion (1),
scrotal pain (1), hysterectomy (1), aneurysm (1).
†Damage to genitofemoral nerve in one patient and unknown in the other.

Right Left RightLeft Right Left RightLeft

FRONT BACK FRONT BACK

Figure 2. Pain (left) and paresthesia
(right) areas (circled) for one of the
patients at 4 weeks demonstrating
specificity of paresthesia that can be
elicited with DRG neuromodulation.
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a very small region. Additionally, the paresthesia was largely unaffected by positional 
changes (upright vs. supine) (Figure 29 (c) and (d)).

Pain (left panel) and paresthesia (right panel) maps for a third patient are shown 
in Figure 30. Despite numerous discrete areas of pain, at six months, the stimulation 
was able to cover 100% of the painful areas while avoiding stimulation in non-painful 
ones using two leads over L1 and L2 DRGs demonstrating the specificity and temporal 
stability of this neuromodulatory technique. 

Taken together, these examples demonstrate the following aspects of paresthesia 
elicited by DRG neuromodulation: specificity, avoidance of extraneous coverage, 
minimal change with position and temporal stability.

Post-herniorrhaphy pain
As discussed above, post-herniorrhaphy pain is an especially common form of groin 
pain and comprises the vast majority of the patients in our cohort. Twelve patients 
were trialed for post-herniorrhaphy pain, and of those ten (10; 83.3%) had a successful 
trial. Ten patients had follow-up data, and the mean follow-up time for these patients 
was 17.4 ± 5.7 weeks.

Table 11 shows the results from these patients. The mean VAS reduction was 76.8 
± 8.2%. The vast majority of the patients (8 out of 10; 80.0%) had more than 50% 
improvement in their VAS scores at their last follow-up; 5 of 10 (50.0%) had more than 
80% improvement.

Five post-herniorrhaphy pain patients had follow-up data for 6 months or longer. 
Their mean VAS at baseline and follow-up were 67.6 ± 2.3 mm, and 17.4 ± 7.0 mm, a 
mean improvement of 74.3 (± 11.0)%. Four out of the five (80%) patients had greater 
than 50% pain relief while two patients had >80% pain relief. The mean follow-up time 
was 30.6 ± 7.6 weeks.

Figure 28.  Pain and paresthesia specificity over time. 
Pain (left) and paresthesia (right) areas (circled) for one of the patients at 4 weeks demonstrating 
specificity of paresthesia that can be elicited with DRG neuromodulation.
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Figure 29.  Stability of paresthesia over time and with changes in posture.
Pain distribution at (a) baseline and at (b) four weeks post-implant (circled). Paresthesia distribution 
with the patient (c) upright and (d) supine at four-weeks.

Table 11.  Outcomes of postherniorrhaphy pain patients.

Taken together, these examples demonstrate the
following aspects of paresthesia elicited by DRG
neuromodulation: specificity, avoidance of extraneous
coverage, minimal change with position, and temporal
stability.

Postherniorrhaphy Pain

As discussed above, postherniorrhaphy pain is an
especially common form of groin pain and comprises
the vast majority of the patients in our cohort. Twelve
patients were trialed for postherniorrhaphy pain; of
those, 10 (10; 83.3%) had a successful trial. Ten patients
had follow-up data, and the mean follow-up time for
these patients was 17.4 ! 5.7 weeks.

Table 2 shows the results from these patients. The
mean VAS reduction was 76.8 ! 8.2%. The vast
majority of the patients (8 of 10; 80.0%) had more
than 50% improvement in their VAS scores at their last
follow-up; 5 of 10 (50.0%) had more than 80%
improvement.

Five postherniorrhaphy pain patients had follow-up
data for 6 months or longer. Their mean VAS at

baseline and follow-up were 67.6 ! 2.3 mm and
17.4 ! 7.0 mm, a mean improvement of 74.3 (!
11.0)%. Four of the five (80%) patients had greater
than 50% pain relief, while 2 patients had >80%
pain relief. The mean follow-up time was
30.6 ! 7.6 weeks.

DISCUSSION

This retrospective review of patients with groin pain
receiving DRG stimulation indicates that this modality
may offer long-term, sustained, and targeted groin pain
relief, a pain area that is difficult to treat with other types
of neurostimulation.12 In particular, compared with
traditional SCS, the ability to precisely target paresthesia
coverage and maintain that specificity with time and
changes in body position may be a significant benefit of
DRG stimulation. Additionally, we have shown that a
subset of patients with postheriorrhaphy pain show
significant improvement with DRG stimulation. While
data were not collected at predetermined intervals as in a
prospective study, analysis of data from patients with
greater than 6-month follow-up showed stable outcomes

BA
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FRONT BACK
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Figure 3. Pain distribution at (A)
baseline and at (B) 4 weeks
postimplant (circled). Paresthesia
distribution with the patient (C)
upright and (D) supine at 4 weeks.
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with a mean pain relief similar to the entire cohort
(68.3% ! 9.3% vs. 71.0% ! 5.6%, respectively).

The advantages of DRG stimulation described here
can likely be ascribed to the unique anatomy and
physiology of the DRG. The neurons in the DRG
provide very specific dermatomal sensory information,
and the DRG is housed inside the neural foramen. When
the small AxiumTM electrodes are placed along the DRG
body in the foramen, the limited cerebral spinal fluid in the
space prevents current from spreading and from stimulat-
ing the spinal cord or the ventral root. Because the
stimulation does not spread, the paresthesias are confined
to a specific location represented in the targeted DRG.
Especially when compared to SCS or PNFS, the DRG
electrodes are also more likely to be stable with body
position. Additionally, DRG neurons have been shown to
be hyperexcitable in some neuropathic pain disorders24

and may become more excitable after peripheral nerve
damage.25 Koopmeiners et al. have shown that DRG
stimulation suppresses theneuronal firingof theDRGcells,
which may be the mechanism through which DRG
stimulation relieves neuropathic pain.19

For groin pain, these advantages appear to be especially
pronounced, likely due to the innervation of the groin and
the anatomy of these nerves as they enter the spinal cord.
The groin is primarily innervated by the ilioinguinal,
iliohypogastric, or genitofemoral nerves, which enter the

spinal foramen at the level of L1 (ilioinguinal and
iliohypogastric) and L2 (genitofemoral). From there, these
spinal nerves enter the spinal cord at about the level of the
T11-T12 vertebrae. (See the review by Gruener and Biller
26 for further information.) Stimulation at these spinal
levels is known to also provide paresthesias in the leg and
buttocks.27 As noted in Barolat et al., stimulation of the
perineuma is difficult and paresthesia is often simulta-
neously perceived in the anterior thigh area.12

Through the use of DRG neuromodulation at the
level of L1 and L2, we gain direct access to the nerves
that innervate the groin, providing focussed paresthesias
and pain relief. In contrast, stimulation of the dorsal
columns at the level of T11-L1 likely stimulates leg and
buttocks fibers, which are larger and more plentiful. At
this level, there is also a significant amount of CSF that
spreads out stimulation, often to unwanted areas.27

This study shows the first results of DRG stimulation
for the treatment for chronic neuropathic groin pain and
is, to our knowledge, the largest reported cohort of groin
pain patients treated with neurostimulation. Results
indicate that DRG stimulation may be a useful therapy
for the treatment for this common and difficult-to-treat
condition. Additional prospective studies are necessary
to further show the benefit of DRG stimulation for the
treatment for groin pain.

ACKNOWLEDGEMENTS

All of the authors conducted the study, recruited
patients, collected data, and reviewed and approved
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Figure 4. At 6 months, one of the
patients reported 100% paresthesia
coverage (right) over the areas of
pain (left) with a VAS of 0 mm.

Table 2. Outcomes of Postherniorrhaphy Pain Patients

Baseline Follow-Up

VAS (mean ! SEM) (mm) 73.7 ! 2.8 16.3 ! 5.4
Count 11 10
Patients with > 50% improvement (%) – 8 (80.0)
Patients with > 80% improvement (%) – 5 (50.0)

aIn the this study, the larger groin area is labeled as the “perineum.”
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Figure 30.  Complete paresthesia coverage and pain relief is obtainable.

At 6 months, one of the patients reported 100% paresthesia coverage (right) over the areas of 
pain (left) with a VAS of 0 mm.

DISCUSSION
This retrospective review of patients with groin pain receiving DRG stimulation 
indicates that this modality may offer long-term, sustained, and targeted groin pain 
relief, a pain area that is difficult to treat with other types of neurostimulation (12). In 
particular, compared with traditional SCS, the ability to precisely target paresthesia 
coverage and maintain that specificity with time and changes in body position 
may be a significant benefit of DRG stimulation. Additionally, we have shown that 
a subset of patients with post-herniorrhaphy pain show significant improvement 
with DRG stimulation. While data was not collected at pre-determined intervals as 
in a prospective study, analysis of data from patients with greater than 6 months 
follow-up showed stable outcomes with a mean pain relief similar to the entire cohort 
(68.3% ± 9.3% vs. 71.0% ± 5.6%, respectively). 

The advantages of DRG stimulation described here can likely be ascribed to the 
unique anatomy and physiology of the DRG. The neurons in the DRG provide very 
specific dermatomal sensory information, and the DRG is housed inside the spinal 
foramen. When the small Axium™ electrodes are placed along the DRG body in the 
foramen, the limited cerebral spinal fluid in the space prevents current from spreading 
and from stimulating the spinal cord or the ventral root. Because the stimulation does 
not spread, the paresthesias are confined to a specific location represented in the 
targeted DRG. Especially when compared to SCS or PNFS, the DRG electrodes are 
also more likely to be stable with body position. Additionally, DRG neurons have been 
shown to be hyperexcitable in some neuropathic pain disorders (24), and may become 
more excitable after peripheral nerve damage (25). Koopmeiners et al. have shown 

with a mean pain relief similar to the entire cohort
(68.3% ! 9.3% vs. 71.0% ! 5.6%, respectively).

The advantages of DRG stimulation described here
can likely be ascribed to the unique anatomy and
physiology of the DRG. The neurons in the DRG
provide very specific dermatomal sensory information,
and the DRG is housed inside the neural foramen. When
the small AxiumTM electrodes are placed along the DRG
body in the foramen, the limited cerebral spinal fluid in the
space prevents current from spreading and from stimulat-
ing the spinal cord or the ventral root. Because the
stimulation does not spread, the paresthesias are confined
to a specific location represented in the targeted DRG.
Especially when compared to SCS or PNFS, the DRG
electrodes are also more likely to be stable with body
position. Additionally, DRG neurons have been shown to
be hyperexcitable in some neuropathic pain disorders24

and may become more excitable after peripheral nerve
damage.25 Koopmeiners et al. have shown that DRG
stimulation suppresses theneuronal firingof theDRGcells,
which may be the mechanism through which DRG
stimulation relieves neuropathic pain.19

For groin pain, these advantages appear to be especially
pronounced, likely due to the innervation of the groin and
the anatomy of these nerves as they enter the spinal cord.
The groin is primarily innervated by the ilioinguinal,
iliohypogastric, or genitofemoral nerves, which enter the

spinal foramen at the level of L1 (ilioinguinal and
iliohypogastric) and L2 (genitofemoral). From there, these
spinal nerves enter the spinal cord at about the level of the
T11-T12 vertebrae. (See the review by Gruener and Biller
26 for further information.) Stimulation at these spinal
levels is known to also provide paresthesias in the leg and
buttocks.27 As noted in Barolat et al., stimulation of the
perineuma is difficult and paresthesia is often simulta-
neously perceived in the anterior thigh area.12

Through the use of DRG neuromodulation at the
level of L1 and L2, we gain direct access to the nerves
that innervate the groin, providing focussed paresthesias
and pain relief. In contrast, stimulation of the dorsal
columns at the level of T11-L1 likely stimulates leg and
buttocks fibers, which are larger and more plentiful. At
this level, there is also a significant amount of CSF that
spreads out stimulation, often to unwanted areas.27

This study shows the first results of DRG stimulation
for the treatment for chronic neuropathic groin pain and
is, to our knowledge, the largest reported cohort of groin
pain patients treated with neurostimulation. Results
indicate that DRG stimulation may be a useful therapy
for the treatment for this common and difficult-to-treat
condition. Additional prospective studies are necessary
to further show the benefit of DRG stimulation for the
treatment for groin pain.
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Figure 4. At 6 months, one of the
patients reported 100% paresthesia
coverage (right) over the areas of
pain (left) with a VAS of 0 mm.

Table 2. Outcomes of Postherniorrhaphy Pain Patients

Baseline Follow-Up

VAS (mean ! SEM) (mm) 73.7 ! 2.8 16.3 ! 5.4
Count 11 10
Patients with > 50% improvement (%) – 8 (80.0)
Patients with > 80% improvement (%) – 5 (50.0)

aIn the this study, the larger groin area is labeled as the “perineum.”
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that DRG stimulation suppresses the neuronal firing of the DRG cells, which may be the 
mechanism through which DRG stimulation relieves neuropathic pain (19).

For groin pain, these advantages appear to be especially pronounced, likely due 
to the innervation of the groin and the anatomy of these nerves as they enter the 
spinal cord. The groin is primarily innervated by the ilioinguinal, iliohypogastric, or 
genitofemoral nerves, which enter the spinal foramen at the level of L1 (ilioinguinal and 
iliohypogastric) and L2 (genitofemoral). From there, these spinal nerves enter the spinal 
cord at about the level of the T11-T12 vertebrae. (See the review by Gruener and Biller 
(26) for further information.) Stimulation at these spinal levels is known to also provide 
paresthesias in the leg and buttocks (27). As noted in Barolat et al., stimulation of the 
perineum1 is difficult and paresthesia is often simultaneously perceived in the anterior 
thigh area (12).

Through the use of DRG neuromodulation at the level of L1 and L2, we gain direct 
access to the nerves that innervate the groin, providing focused paresthesias and pain 
relief. In contrast, stimulation of the dorsal columns at the level of T11-L1 likely stimulates 
leg and buttocks fibers, which are larger and more plentiful. At this level, there is also 
a significant amount of CSF that spreads out stimulation, often to unwanted areas (27).

CONCLUSIONS
This paper shows the first results of DRG stimulation for the treatment of chronic 
neuropathic groin pain and is, to our knowledge, the largest reported cohort of groin 
pain patients treated with neurostimulation. Results indicate that DRG stimulation 
may be a useful therapy for the treatment of this common and difficult-to-treat 
condition. Additional prospective studies are necessary to further show the benefit 
of DRG stimulation for the treatment of groin pain.

1    In this paper, the larger groin area is all labeled as the “perineum.” 
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ABSTRACT
Chronic neuropathic pain is a widespread problem with negative personal and 
societal consequences. Despite considerable clinical neuroscience research, the 
goal of development of effective, reliable, and durable treatments has remained 
elusive.  The critical role played by the dorsal root ganglion (DRG) in the induction and 
maintenance of chronic pain has been largely overlooked in these efforts, however.  
It may be that, by targeting this site, robust new options for pain management will be 
revealed.  This review summarizes recent advances in the knowledge base for DRG-
targeted treatments for neuropathic pain: (1) pharmacological options including 
the chemical targeting of voltage-dependent calcium channels, transient receptor 
potential channels, neurotrophin production, potentiation of opioid transduction 
pathways, and excitatory glutamate receptors; (2) ablation or modulation of the DRG 
via continuous thermal radiofrequency and pulsed radiofrequency treatments; (3) 
implanted electrical neurostimulator technologies; and (4) interventions involving 
the modification of DRG cellular function at the genetic level by employing viral 
vectors and gene silencing methods.
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INTRODUCTION
Patients commonly perceive pain in a defined anatomical region, and although 
neuropathic pain may have been initiated by peripheral nerve injury, the entire 
somatosensory system is involved.  Pain management strategies have been developed 
that target the nervous system at various sites. For peripheral nerve involvement, 
oral and topical medications, local anesthetic and corticosteroid injections (1, 2), 
neurolysis (3), and peripheral nerve stimulation (PNS) have been utilized (4).  Similarly, 
the spinal cord has been targeted with intrathecal drug delivery devices (5) and 
spinal cord stimulation (SCS; 6).  Brain sites in the pain projection system have seen 
a number of systemic medications deployed, including several antidepressant and 
anticonvulsants as first and second line agents, as well as third line agents such as 
opioids (1 ,7).  These therapies, although in use for decades, are suboptimal for many 
patients.  Neuropathic pain is problematic for as many as 11.2% of general-practice 
patients (8), and many continue to experience intractable pain and/or unacceptable 
side effects.  The link between chronic pain and suicidality (9) suggests that current 
gold-standard treatments are inadequate.  In recent years, there has been renewed 
interest in the preclinical and early-clinical search for novel and effective strategies 
that target specific sites in the nervous system.

The dorsal root ganglion (DRG) is one such target, with multimodal opportunities for 
pain management.  Previously, the DRG had been largely overlooked in pain management 
algorithms, either because structural access was too difficult, it was considered redundant 
to other (treated) neural targets, or it was considered mechanistically unimportant.  
However, because the DRG is the structure at the communication point moving from the 
peripheral to the central nervous system, it requires critical re-examination regarding its 
functional role in the initiation and maintenance of chronic pain (10 , 11, 12 ).  This review 
is intended to summarize current pain medicine literature pertaining to the DRG and its 
role in emerging treatment strategies.

PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE 
PRIMARY SENSORY NEURON
A complex interplay between the peripheral and central nervous systems underlies 
the perception of somatosensory events.  The DRG is located, both anatomically 
and functionally, at the junction of the two.  A DRG appears bilaterally on each 
sensory dorsal root, proximal to the peripheral mixed nerve’s point of convergence 
with motor efferent fibers (13, 14), although it is noted that additional unmyelinated 
afferents enter the spinal cord via ventral roots (15).

Although descended from common progenitor cell lines with the spinal cord (16, 17) 
and encapsulated in the dural sac with the rest of the central nervous system, peripheral 
arborizations are a major proportion of many DRG cells (18). The DRG contains the 
somata of primary sensory neurons (PSNs), a population comprised of large cells that are 
lightly-staining (Aα and Aβ neurons) and of small darkly-staining cells (Aδ and C neurons, 
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involved in nociception; 10).  A large proportion of the cellular makeup of the DRG, 
however, are satellite glial cells (SGCs), which invaginate the microvilli-covered surfaces 
of PSNs and completely envelop them.  Despite the physical insulation from other 
PSNs that this creates, electrophysiological recordings have shown that PSN membrane 
depolarizations induce subthreshold excitations in neighboring PSNs (18).  This is likely 
via deployment of the complex neurochemical system expressed in PSNs, although it 
has been demonstrated that SGCs may also take an active role in bidirectional cellular 
communication within the DRG (19).  PSNs are pseudo-unipolar; a single process extends 
from each cell body to bifurcate in the white matter of the dorsal root.  One process 
extends into the periphery, for meters in some cases, and terminates in somatosensory 
transduction receptors (encapsulated mechanoreceptors or bare nerve endings).  The 
proximal process terminates in the superficial layers of the dorsal column of the spinal 
cord (14).  An action potential generated by sensory impulses from the periphery may 
result in depolarizations in the DRG, or may simply continue through to the proximal 
process and the spinal cord, thus bypassing the DRG altogether (20). This is a unique 
property of the DRG resulting from its embryological origin as a bipolar neuron prior 
to differentiation into its adult pseudo-unipolar phenotype (21).  The receptive fields 
of DRGs can be discrete and sub-dermatomal (22), likely due to the inter-segmental 
convergence of DRG projections or branching of PSN dendrites (23, 24, 25).    

CHEMICAL TARGETING OF THE DRG
Nociceptors in the DRG are sensitive to a rich array of chemoligands and signaling 
molecules, all of which are ripe for investigation (see Figure 1).  The sensitization 
of primary sensory neurons is due to increased cell surface trafficking of a number 
of pain-facilitating structures (26).  For example, DRG neuron cell membranes 
richly express voltage-dependent calcium channels.  At depolarized membrane 
potentials (i.e., resulting from activity at ligand-gated ion channels), the channels are 
activated and their permeability greatly increases, allowing rapid influx of calcium 
ions into the neuron.  Intracellular calcium can then initiate biochemical cascades 
such as neurotransmitter release at presynaptic terminals in the dorsal horn of the 
spinal cord.  A number of pharmacologically-distinct voltage-dependent calcium 
channels exist; N- and T-type channels in the Cav2 and Cav3 gene families are 
involved in pain perception (27, 28).  Chronic pain is characterized by sensitization 
and hyperexcitation of DRGs; this is thought to be due to the upregulation of N- 
and T-type channels following nerve injury and subsequent inflammatory response 
(27).  Newer-generation pain medications such as gabapentin and ziconotide target 
subunits of these calcium channels (27 , 29).  Moderate evidence supports the use of 
oral gabapentin for postherpetic neuralgia and painful diabetic neuropathy (30). The 
anti-allodynic effects of gabapentin was mediated by blocking surface trafficking of 
a2d1 and a2d2 heteromeric protein subunits of voltage-gated calcium channels in 
primary sensory and dorsal horn neurons (26), which suggests a strong theoretical 
rationale for intrathecal administration of gabapentin, despite the recent failure 
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of a Phase 2 clinical trial (31).  When administered within appropriate therapeutic 
windows and in a slow titration, intrathecal ziconotide is recommended as a first-
line option after conservative medical treatments have failed (32). The side effects 
associated with off-target blockade of N- and T-type calcium channels may limit 
the effectiveness of these compounds; for example, ziconotide must be delivered 
intrathecally to limit the neurocognitive, psychiatric, and ataxic side effects that can 
be encountered with systematic routes of administration.  Thus, one might postulate 
that more precise administration (e.g., directly at the DRG) of such compounds may 
be preferable.  

In addition, new analgesic pathways are being investigated regarding the regulation 
of voltage-gated calcium channels in DRG neurons.  For example, collapsin response 
mediator protein 2 (CRMP2) is a regulator peptide of the Cav2.2 channel.  A CRMP2 
antagonist, TAT-CBD3, interfered with CRMP2- Cav2.2 interactions and acutely inhibited 
Cav2.2 currents and reduced nocifensive behaviors in a rodent model of hypersensitivity.  
This was achieved with systemic injections (in contrast to intrathecal delivery) and lower 
safety concerns than with direct Cav2.2 blockade (27).  Similarly, in rodent models with 
painful neuropathies associated with streptozocin (STZ)-induced diabetes, inhibition of 
the glycosylation of Cav3.2 via neuraminidase reduced calcium currents in small DRG 
cells and reduced hyperalgesia via peripheral injections (33).

Transient receptor potential (TRP) channels are chemoreceptors that detect 
noxious signals; the most thoroughly-studied of this family is the mammalian TRPV1 
or vanniloid channel. TRPV1 receptors are activated by capsaicin, low-pH conditions 
with free hydrogen ions (a by-product of inflammation), and heat, allowing inward 
nonselective cationic transmembrane traffic. Cell membranes of DRG neurons contain 
large amounts of TRPV1 and TRPA1 channels.  Because their translation is upregulated 
by the inflammatory responses that accompany nerve injury (34), and TRPV1 knockout 
mice display attenuated thermal hyperalgesia (35), it has been established that these 
channels are involved in nociception. Topical application of capsaicin is an established 
analgesic due to the paradoxical desensitization of TRPV1 with prolonged agonist 
exposure (36). Similarly, injections of resiniferatoxin (a capsaicin analogue) at the site 
of the sensory ganglia results can temporarily desensitize or permanently anesthetize 
the region of pain via selective neurotoxicity--a so-called molecular scalpel (37).  TRPV1 
antagonists have been demonstrated to be effective in animal models of neuropathic 
pain, postoperative pain, cancer, and osteoarthritis (35).  A number of TRP antagonist 
compounds are in clinical development (34); for example, recent early-phase trials of 
oral AZD1386 have shown it to provide rapid analgesia for esophageal pain and tooth-
extraction pain (38, 39).  In humans, TRPV1 antagonists are generally well-tolerated 
aside from transient hyperthermia symptoms (35).  TRPV1 channels can also be targeted 
by ‘upstream’ pharmacomodulation, such as via antagonism of the angiotensin II 
Type 2 receptor (AT2R) to produce analgesia by blocking phosphorylation of TRPV1 
channels in the DRG (40).  Such strategies, and the local and/or intrathecal application 
of TRPV1 antagonists may be valuable in avoiding involvement of the TRPV1 populations 
expressed in the hippocampus because they may be involved in learning/memory and 
depression (35).
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The role of glia in the genesis of chronic pain has been studied in the dorsal horn of 
the spinal cord (41, 42) and in the DRG (43, 44). Certainly, primary sensory neurons play 
a role in the activation of glia via downstream neurotransmitter release in the dorsal 
horn (41). As an intermediary in the pathophysiologic process within the DRG itself, 
however, the role of glial cells is less well-known. Histologic and functional studies have 
demonstrated that glia can form functional units with neuronal somata within the DRG 
(45).  Although the exact ramifications of these cell-cell connections are unknown, it 
is interesting to speculate on the effects gap junctions might play when a therapeutic 
electrical field in placed across the ganglia. Because it is reasonable that glia may 
modulate the functioning of DRG neurons in pathological pain conditions, these cellular 
populations deserve more attention.

Neurotrophins play a role in pain signaling in the DRG and, as such, are another 
target for chemical modulation at this structure.  Nerve growth factor (NGF) is 
released by injured DRG neurons in neuropathic pain conditions, thus contributing to 
sensitization (46).  The role of neurotrophins has been established via the relatively pain-
insensitive phenotype of a novel knock-in mouse model that expresses mutant NGF 
(TrkA) receptors (47).  More directly, subcutaneous injections of NGF creates persistent 
mechanical hyperalgesia in humans.  Anti-NGF therapy, by blocking its release or 
antagonizing the TrkA receptor has dramatically attenuated pain in clinical trials. 
However, an unacceptably high rate of osteonecrosis makes this approach untenable 
(46).  It may be the case, however, that the relevant neurotrophin signaling in neuropathic 
pain perception may not lie directly with the NGF-TrkA communication, but rather with 

Figure 1. Schematic representation of several possible molecular options for chemomodulation 
of chronic pain at the DRG. 

In chronic pain conditions, a number of ion channel structures and chemoligands are upregulated.  
The resultant increase in activity and membrane trafficking may initiate or maintain pain.  Conversely, 
the targeted reduction in activity at the cellular level can prevent or reverse hypersensitivity and 
therefore ameliorate pain. (A) N-and T-type Ca channels proliferate in the DRG neuron cellular 
membrane under neuropathic conditions and are mediated by glycosylation and interaction with 
the regulator peptide CRMP2.  Their inward currents increase nociceptive communication (1).  
Calcium currents can be reduced via medications that directly target specific subunits of the channel 
protein structure; gabapentin and ziconotide are two examples of antagonists that are effective 
pain medications (2).  Calcium channel currents can also be inhibited via indirect means; application 
of neuraminidase inhibits the glycosylation that is necessary for normal channel function (3) and 
TAT-CBD3 blocks the function of CRMP2 (4). (B) Vanilloid receptors including TRPV1 are upregulated 
in pain conditions, influenced by the function of its regulator peptide AT2R, and their cationic 
currents are algogenic (1).   Prolonged application of agonists such as capsaicin and resiniferatoxin 
paradoxically desensitize TRPV1 channels and reduce cationic currents (2), similar to the action of 
antagonists such as AZD1386 (3). Additionally, antagonism of AT2R with EMA300 reduces TRPV1 
currents (4). (C) Neurotrophins play a role in chronic pain.  NGF is transported to DRG cell bodies 
under painful conditions and induces BDNF production via the ERK1/2 pathway.  BDNF then binds 
at TrkB receptors and increases cation channel currents.  Neurotrophin activity can also induce 
sprouting of sympathetic efferents into the DRG.  Norepinephrine released from the sympathetic 
neurons is a ligand for β3 adrenoreceptors, which also induce cationic currents (1).  Inhibition of 
BDNF production via application of AZD6244, an ERK1/2 antagonist, reduces cationic currents (2).  
Similarly, antagonism of the β3 adrenoreceptor with SR59230 reduces cationic currents (3).
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the induction of brain-derived neurotrophic factor (BDNF) in DRG neurons.  It has been 
shown that NGF release activates extracellular signal-regulated kinases 1 and 2 (ERK1/2), 
which then induce BDNF mRNA.  AZD6244, a selective inhibitor of ERK1/2 activation, 
prevented production of BDNF in vitro, and in a rat model of chronic pain, prevented 
the establishment of new pain and also reversed existing pain (48).

The release of neurotrophic factors may support the phenomenon of sympathetic 
nerve sprouting into the DRG under conditions of nerve injury and neuropathic pain 
induction.  Because of this, noradrenaline is released, taken up at the G protein-linked β3 
adrenoreceptors, and stimulates the co-release of adenosine triphosphate (ATP) along 
with other neurotransmitters.  This is involved in neuron-glia nociceptive transmission 
within the DRG and establishes pain.  As demonstrated in a rodent model of chronic 
pain, selective inhibition of β3 adrenoreceptors with SR59230A reduces allodynia (49).

Careful testing of the biochemical cascade that underlies the neural transmission 
of pain has shown that major reorganizations in the cellular machinery driving protein 
expression occurs in the presence of chronic nerve injury.  Such changes share the 
activation of adenosine monophosphate kinase (AMPK) as a common factor; this 
enzyme may therefore be a new target for the treatment of pain.  Indeed, treatment of 
nerve-injured rats with the AMPK activators metformin (a common diabetes medication) 
and A769662 alleviated neuropathic allodynia whilst also normalizing the cellular 
biochemistry (50).  This may have some applicability to one of the recognized problems 
with prolonged opioid pain treatment, that being attenuated efficacy over time.  In 
addition to tolerance, opioids ironically counteract their own efficacy by inducing 
inflammatory responses in DRGs that mimic the responses following nerve injury.  
These inflammatory response are mediated by matrix metalloproteinases (MMPs), zinc-
dependent pro-inflammatory enzymes that break down cellular signaling molecules 
and are implicated in maintaining chronic pain conditions by influencing neuron-neuron 
and neuron-glia communication.  Because MMPs are the key mechanism for opioid-
limitation, molecules that inhibit MMP activity are being developed as enhancers of 
opioid analgesia (51). 

The NMDA receptor is an ionotropic glutamate receptor and it is important in 
synaptic plasticity, including the unwanted neuroplasticity after neuronal injury that 
establishes chronic pain.  The NR2B subunit of the NMDA receptors is particularly key 
in chronic pain mediated by the DRG.  In the dorsal horn of the spinal cord (the synaptic 
target of DRG neurons), NR2B subunits are upregulated in a neuropathic pain model of 
nerve transection.  NR2B subunit-containing NMDA receptors are localized primarily in 
pain-relevant structures and so are a likely target. Local peripheral injections of NMDA 
receptor antagonists such as MK801 block pain. Similarly, NR2B antagonists, such as 
ifenprodil and related compounds, are effective in neuropathic pain in animals and in 
patients, and have a better safety profile than noncompetitive NMDA receptor blockers 
(52) such as ketamine or memantine (53).



153

TH
ERA

PEU
TIC

 STRATEG
IES FO

R TA
RG

ETIN
G

 TH
E D

O
RSA

L RO
O

T G
A

N
G

LIO
N

8

RADIOFREQUENCY TREATMENTS  
Conventional continuous thermal radiofrequency (RF) neural ablation and pulsed RF 
(PRF) are interventions that aim to either ablate or modulate a nerve to provide 
pain relief (54).  RF probes create an electrical circuit with the target tissue at their 
exposed tip, generating a continuous radiofrequency wave at approximately 1 MHz; 
the resultant electromagnetic field causes the ions and electrolytes in the surrounding 
tissue to vibrate and generate heat (54, 55, 56).  Probe temperature of 42o-45oC can 
produce reversible lesions which heal over time (54), but conventional RF delivered 
at therapeutic levels routinely reach temperatures of up to 80oC 90oC for durations 
of up to 90 seconds3 minutes, which is well over the neuro-destructive threshold 
(54, 57, 58).  The size of the lesion created is proportional to the probe temperature 
(depending on the impedance of the target tissue) and duration of application 
(59).  RF ablation targeting the DRG has been well characterized (11), including its 
use for been described for cervical radicular pain with a positive Spurling (cervical 
compression) test and diagnostic nerve block (60, 61, 62). In this one study, thermal 
RF adjacent to the DRG relieved pain at 2 months post-treatment, although some 
inflammation and loss of muscle strength were reported (54, 63, 56, 57).  Another 
study of RF at cervical DRGs reported no significant differences in outcomes with 
probe temperatures of 40oC and 67oC (56, 60, 64).  In the thoracic region, partial 
DRG denervation via RF resulted in excellent or good results for over 80% of patients 
at a median follow-up of 24 months (65).

PRF techniques use similar technology, but energy is delivered in an intermittent 
fashion; for example, current may be applied in 20 msec pulses at 2 Hz for 120 seconds. 
Because of the significant proportion of time that the current is switched off, the heat 
generated during the active circuit phase is “washed out” as it dissipates throughout 
the surrounding tissue. Thus, higher voltages can be used in PRF than in conventional 
RF without raising the average temperature into permanently damaging ranges (54, 
56, 60, 66). PRF generates minimal tissue damage, most of it at the ultrastructural level 
(66).  For its application in the DRG (11), its mechanism of action appears to might 
involve expression of activating transcription factor 3, an indicator of cellular stress, 
specifically in the DRG neurons with small-diameter Aδ and C fibers (67 ). This may 
induce neuroplastic changes, such as long term depression, which underpin its pain-
relieving properties (66).  Because of its favorable safety profile relative to conventional 
RF especially in regard to the risk of differentiation pain at RF probe temperatures above 
42 °C, PRF has rapidly become the preferred modality (56, 60).  

PRF at cervical DRG relieved significantly more pain than sham treatment at both 3 
and 6 months post-treatment (56, 60, 68, 69).  Lumbosacral radicular pain has also been 
treated via PRF of lumbar DRGs (57, 60); ideal candidates for lumbar RF treatment can be 
selected using both a thorough neurological exam as well as a positive passive straight 
leg raise test to identify the involved spinal levels (60, 70).  PRF has also been successfully 
employed for chronic post-herniorrhaphy pain (71).  It provides effective pain relief, at 
least in the short-term (72), and some evidence supports the notion that its efficacy is 
potentiated by targeting the DRG being a better target (73).  However, results have been 
mixed, and a report of PRF application near the DRG for a number of pain etiologies 
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showed good outcomes for disc herniation and spinal stenosis, but not for failed back 
surgery syndrome.  This was unexpected, given previous beneficial experiences of PRF 
for radicular leg pain, but the inclusion of complex mixed neuropathic/nociceptive pain 
patterns in this patient cohort may have complicated the treatment algorithm (74). 

STIMULATION BASED THERAPIES 
Neuropathic pain conditions are characterized by aberrant activity in DRG neurons.  
The inflammatory biochemical cascades initiated by trauma to primary sensory 
neurons dendrites results in hyperexcitability and a pattern of ectopic discharge 
(75, 76, 77).  Such damage could be initiated by peripheral injuries or by deformities 
of the vertebral column resulting in mechanical nerve compression (78, 79). It is 
thought that this pathologically-heightened neural communication to the spinal cord 
produces the perception of chronic nerve pain, including allodynia (80, 81).

Because it has been established that electrical field stimulation of dissociated DRG 
cell bodies reduces the frequency and amplitude of their ectopic discharges (82), it 
would logically follow that neuromodulation interventions applied to the DRG would be 
effective treatments for pain.  The DRG has, indeed, been identified as a critical target 
for pain neuromodulation by a number of experts (12, 83, 84), and preclinical work has 
provided converging evidence suggesting that harnessing modulating activity in the 
DRG could be a primary driver in pain treatments (85, 86, 87).

In humans, epidural spinal cord stimulation (SCS) implantation techniques were 
modified to bring electrodes in close apposition to dorsal nerve roots (the proximal 
dendrites of neurons), with some success in achieving adequate paresthesia coverage 
of painful areas and resultant pain relief (88, 89).  Attempts to target the DRG directly for 
neuromodulation were laborious (90), as gaining access to the foramen with conventional 
tools was cumbersome.  Recently, a specially-designed SCS system incorporating highly 
flexible small-diameter leads has been introduced, allowing electrodes to be apposed 
with the DRG cell bodies in the vertebral foramen via standard retrograde percutaneous 
placement under fluoroscopic guidance.  Pain outcomes with this novel approach to 
neuromodulation have been encouraging; in its first prospective cohort (N=10), pain 
was reduced by an average of 70% over four weeks (91).  Later, a prospective series of 
32 subjects with neuropathic pain of mixed etiologies reported 58% overall relief of pain 
at 6 months post-implant (n=25; 92) and 56% at 12 months (n=25; 93).  Effectiveness 
in pain relief for focal, non-dermatomal distributions of neuropathic pain of the lower 
extremity (94), knee (95), and groin (96) have also been reported in small samples.  
Putative benefits of DRG neuromodulation relative to traditional SCS may include the 
insensitivity of perceptible stimulation intensity to the body’s position (97) and the ability 
to identify the relevant DRGs prior to implant via transforaminal paresthesia mapping, 
a brief and low-risk procedure (98).  The utility of recently-emerged SCS technologies, 
such as burst (99) and high-frequency stimulation (100) when applied to the DRG is 
not yet known, but the combination of these approaches would be surmised to open 
additional neuromodulatory options.
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GENE THERAPIES
DRG-mediated pain has become a target for the translational application of genetic 
therapies.  The most commonly-applied approach is genetic transfer via viral vectors 
(Figure 2).  For this method, the viral genome is modified to replace the replicating 
portion of the virus DNA with the therapeutic DNA.  When delivered to target cells, 
the membrane-permeabilizing machinery of the virus is exploited to delivers the 
therapeutic payload into the cell.  Once inside the host cell, the engineered DNA is 
translated into the protein of interest.  Vectors include nonviral plasmid-based gene 
transfer vectors, adenovirus, adeno-associated virus, and retroviral-based gene 
transfer systems (101).  

In rodent models, helper-dependent adenoviral vectors have proven effective at 
transducing DRG neurons in vivo, and can be targeted directly to DRG peptides.  This 
vector has demonstrated utility in delivering genetic therapy in knockout mice models 
of a sensory deficit syndrome, ameliorating genetically-impaired DRG sensory function 
without affecting CNS or motor system function (102).  Similar technology has also been 
successfully applied to resolve the putative algogenic hyperexcitability of DRG neurons 
in rodent models of chronic pain.  MicroRNA of miR-7a, which inhibits translation of 
specific genes into proteins and has a role in normal nociception, was transfected into 
DRG neurons via an adeno-associated virus (AAV) vector.  Behavioral testing showed that 

pain of the lower extremity ( 94), knee ( 95), and groin ( 96) have also been reported in small samples.  

Putative benefits of DRG neuromodulation relative to traditional SCS may include the insensitivity of 

perceptible stimulation intensity to the body’s position ( 97) and the ability to identify the relevant 

DRGs prior to implant via transforaminal paresthesia mapping, a brief and low-risk procedure ( 98).  

The utility of recently-emerged SCS technologies, such as burst ( 99) and high-frequency stimulation ( 

100) when applied to the DRG is not yet known, but the combination of these approaches would be 

surmised to open additional neuromodulatory options. 

 

Gene Therapies 

 

DRG-mediated pain has become a target for the translational application of genetic therapies.  The 

most commonly-applied approach is genetic transfer via viral vectors (Figure 2).  For this method, the 

viral genome is modified to replace the replicating portion of the virus DNA with the therapeutic DNA.  

When delivered to target cells, the membrane-permeabilizing machinery of the virus is exploited to 

delivers the therapeutic payload into the cell.  Once inside the host cell, the engineered DNA is 

translated into the protein of interest.  Vectors include nonviral plasmid-based gene transfer vectors, 

adenovirus, adeno-associated virus, and retroviral-based gene transfer systems ( 101).   

 

 

Figure 2.  Representational summary of gene therapies for chronic pain targeting the DRG. (Left) The 

genetic material of interest is engineered and incorporated into a viral vector.  The virus penetrates 

the cell membrane and delivers its genetic payload which up- or downregulates translation into the 

peptide of interest. (Right) For treating chronic pain, genetic therapies targeting the DRG are in an 

emerging state and some have been tested only in vitro or in cell cultures.  Others, however, have been 

tested via intrathecal and local subcutaneous (in the region of pain) injections.  Reports have included: 

(A) Helper-dependent adenovirus vector delivery of the Hexb gene; (B) Adeno-associated virus vector 

delivery of microRNA inducing miR-7a (left) and small hairpin RNA for knockdown of Na1.3 (right); (C) 

Lentivirus vector delivery of small hairpin RNA against TNF-  (D) HSV-1 vector delivery of the genes 

for opioid receptor agonists and their precursors (left) and the gene for GAD (right); and (E) Vectorless 

delivery of small interfering RNA against Rab7 and HDAC6.   

 

In rodent models, helper-dependent adenoviral vectors have proven effective at transducing DRG 

neurons in vivo, and can be targeted directly to DRG peptides.  This vector has demonstrated utility in 

delivering genetic therapy in knockout mice models of a sensory deficit syndrome, ameliorating 

genetically-impaired DRG sensory function without affecting CNS or motor system function ( 102).  

Similar technology has also been successfully applied to resolve the putative algogenic 

hyperexcitability of DRG neurons in rodent models of chronic pain.  MicroRNA of miR-7a, which inhibits 

translation of specific genes into proteins and has a role in normal nociception, was transfected into 

DRG neurons via an adeno-associated virus (AAV) vector.  Behavioral testing showed that chronic 

neuropathic pain (but not acute pain) was abolished.  Cellular hyperexcitability was reduced in vitro, 

Figure 2. Representational summary of gene therapies for chronic pain targeting the DRG.
(Left) The genetic material of interest is engineered and incorporated into a viral vector. The 
virus penetrates the cell membrane and delivers its genetic payload which up- or downregulates 
translation into the peptide of interest. (Right) For treating chronic pain, genetic therapies 
targeting the DRG are in an emerging state and some have been tested only in vitro or in cell 
cultures.  Others, however, have been tested via intrathecal and local subcutaneous (in the region 
of pain) injections.  Reports have included: (A) Helper-dependent adenovirus vector delivery of 
the Hexb gene; (B) Adeno-associated virus vector delivery of microRNA inducing miR-7a (left) 
and small hairpin RNA for knockdown of Na1.3 (right); (C) Lentivirus vector delivery of small hairpin 
RNA against TNF-α; (D) HSV-1 vector delivery of the genes for opioid receptor agonists and their 
precursors (left) and the gene for GAD (right); and (E) Vectorless delivery of small interfering RNA 
against Rab7 and HDAC6.  
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chronic neuropathic pain (but not acute pain) was abolished.  Cellular hyperexcitability 
was reduced in vitro, and the over-expression of the β-2 subunit of the voltage-gated 
sodium channel (103).  Downregulation of the voltage-gated sodium channel Na1.3 can 
also be achieved via AAV vector delivery of small hairpin RNA against Na1.3.  There was 
high transduction efficiency, little behavioral effects due to the surgical procedure, and 
mechanical allodynia was reduced (104).

Upregulating translation of the analgesic gene prepro-β-endorphin (ppβEP), 
delivered via AAV vector to DRGs via intrathecal injection, reversed mechanical 
allodynia in a rat model of neuropathic pain in a naloxone-reversible manner (105).  Using 
complementary methods to down-regulate protein expression, a lentiviral vector used to 
silence tumor necrosis factor α (TNF-α, a peptide involved in the genesis of neuropathic 
pain) in a spinal nerve transection mouse model of neuropathic pain reduced molecular 
markers of neuronal injury and inflammation, and also reduced mechanical allodynia and 
neuronal cell death in the DRG (106).

Because DRG-mediated pain typically presents in a discrete dermatomal or sub-
dermatomal distribution, vectors employing the herpes simplex virus 1 (HSV1) may be 
particularly well-suited to this application.  Therapeutic genes conjugated to replication-
defective HSV1 vectors can be injected intradermally in the regions of pain.  The vectors 
are then taken up by the sensory nerve endings and retrogradely transported to DRGs 
where the proteins of interest are produced.  Then they are released into the dorsal 
horn of the spinal cord to modulate nociceptive neurotransmission.  In rodent models 
of STZ diabetic peripheral neuropathy, four different antinociceptive genes have been 
thus tested, with varying levels of success:  enkephalin, endomorphin, and two forms 
of the γ-aminobutyric acid (GABA) producing the enzyme glutamic acid decarboxylase 
(GAD65 or GAD67).  The GAD therapies were more effective at reducing mechanical 
allodynia, proving more effective better as analgesia than gabapentin injections (107).

Early-phase human clinical trials of intradermal injection of the gene for 
preproenkephalin with a replication-defective HSV1-based vector had a dose-dependent 
analgesic effect.  Such intradermal inoculation has been termed the nerve-targeting 
drug delivery system (NTDDS) and may also have utility for delivering neuroprotective 
proteins or other antinociceptive proteins to DRG neurons that lack native supplies (101).  

Small interfering RNA (siRNA) methods have also been employed to target DRG-
mediated pain.  siRNA interferes with the expression of complementary genetic 
sequences and prevents protein translation.  Rab7-mediated lysosomes, which limit 
the effectiveness of opioids in chronic pain conditions, were silenced via an intrathecal 
injection of Rab7-siRNA.  In these cells, opioid receptors regained their responsiveness 
to opioids, making this a potentially attractive adjunctive treatment (108). Similarly, the 
knockdown of histone deacetylase (HDAC) production via siRNA delivery prevented 
much of the tissue disruption, neuronal degeneration, and aberrant functioning after 
trauma (109).
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CONCLUSIONS
Neuropathic pain is characterized by aberrant hyperactivity in DRGs and as such 
therefore, the DRG is an attractive target for novel pain relief interventions.  All of 
the approaches outlined in this review – pharmacological, radiofrequency ablation/
modulation, electrical stimulation, and gene therapy —share the same ultimate 
mechanism of action, which is to achieve an overall reduction of net activity in the DRG 
and to prevent modulate the pain message from being communicated that the level 
of the spinal cord.  With recent increased interest in interdisciplinary collaboration, 
medical science is poised to make innovative advances toward personally relevant 
and cost-effective solutions in pain management.  This holds tremendous promise 
for individuals with intractable conditions and for society as a whole. It is anticipated 
that future research, especially that involving interdisciplinary collaboration, will 
uncover additional interventional options at this neural site.



158

8

REFERENCES
1. Finnerup NB, Attal N, Haroutounian S, et al. 

Pharmacotherapy for neuropathic pain in 
adults: a systematic review and meta-anal-
ysis. Lancet Neurol. 2015;14:162-73.

2. Richards N, McMahon SB. Targeting novel 
peripheral mediators for the treatment of 
chronic pain. Br J Anaesth. 2013;111(1):46-
51.

3. Kyriacou S, Pastides PS, Singh VK, Jeya-
seelan L, Sinisi M, Fox M. Exploration and 
neurolysis for the treatment of neuropathic 
pain in patients with a sciatic nerve palsy after 
total hip replacement. Bone Joint J. 2013;95-
B:20-2.

4. Goroszeniuk T, Pang D. Peripheral neuro-
modulation: a review. Curr Pain Headache 
Rep. 2014;18:412-422.

5. Wilkes D. Programmable intrathecal pumps 
for the management of chronic pain: recom-
mendations for improved efficiency. J Pain 
Res. 2014;7:571-577.

6. Wolter T. Spinal cord stimulation for neuro-
pathic pain: current perspectives. J Pain Res. 
2014;7:651-663.

7. Argoff CE, Viscusi ER. The use of opioid anal-
gesics for chronic pain: minimizing the risk for 
harm. Am J Gastroenterol Suppl. 2014;2:3-8.

8. Shadd JD, Ryan BL, Maddocks H, McKay SD, 
Moulin DE. Neuropathic pain in a primary 
care electronic health record database. Eur J 
Pain. 2015;19(5):715-21.

9. Ratcliffe GE, Enns MW, Belik SL, Sareen J. 
Chronic pain conditions and suicidal idea-
tion and suicide attempts: an epidemiologic 
perspective. Clin J Pain. 2008;24(3):204-210.

10. Deer TR, Levy RM, Kramer JM. Interventional 
perspectives on the dorsal root ganglion as 
a target for the treatment of chronic pain: a 
review. Minimally Invasive Surgery for Pain. 
2013;1(1):23-33.

11. Pope JE, Deer TR, Kramer J. A systematic 
review: current and future directions of dorsal 
root ganglion therapeutics to treat chronic 
pain. Pain Med. 2013;14(10):1477-1496.

12. Sapunar D, Kostic S, Banozic A, Puljak L. 
Dorsal root ganglion - a potential new thera-
peutic target for neuropathic pain. J Pain Res. 
2012;5:31-38.

13. Blumenfeld H. Neuroanatomy through clin-
ical cases. Sunderland, MA.: Sinauer; 2002.

14. Gray H. Anatomy: Descriptive and Surgical. 
15 ed. New York, NY: Barnes & Noble, Inc; 
2010.

15. Coggeshall RE, Applebaum ML, Fazen M, 
Stubbs III TB, Sykes MT. Unmyelinated axons 
in human ventral roots, a possible explana-
tion for the failure of dorsal rhizotomy to 
relieve pain. Brain. 1975;98(1):157-166.

16. Hjerling-Leffler J, Marmigere F, Heglind M, 
et al. The boundary cap: a source of neural 
crest stem cells that generate multiple 
sensory neuron subtypes. Development. 
2005;132(11):2523-2632.

17. Kalcheim C, Le Douarin NM. Requirement 
of a neural tube signal for the differentiation 
of neural crest cells into dorsal root ganglia. 
Dev Biol. 1986;116:451-466.

18. Devor M. Unexplained peculiarities of the 
dorsal root ganglion. Pain Suppl. 1999;6:S27-
S35.

19. Zhang X, Chen Y, Wang C, Huang LYM. 
Neuronal somatic ATP release trig-
gers neuron-satellite glial cell commu-
nication in dorsal root ganglion. PNAS. 
2007;104(23):9864-9869.

20. Kandel ER, Schwartz JH, Jessell TM. Princi-
ples of Neural Science. Vol 4. New York, NY: 
McGraw-Hill, Health Professions Division; 
2000.

21. Moore KL, Persaud TVN, Torchia MG. The 
Developing Human: Clinically Oriented 
Embryology. Philadelphia, PA: Saunders/
Elsevier; 2008.

22. Kumar K, Rizvi S. Historical and present state 
of neuromodulation in chronic pain. Curr Pain 
Headache Rep. 2014;18:387.

23. Lee MW, McPhee RW, Stringer MD. An 
evidence-based approach to human dermat-
omes. Clin Anat. 2008;21:363-373.

24. Malykhina AP, Qin C, Greenwood-Van 
Meerveld B, Foreman RC, Lupu F, Akbarali 
HI. Hyperexcitability of convergent colon and 
bladder dorsal root ganglion neurons after 
colonic inflammation: mechanism for pelvic 
organ cross-talk. Neurogastroenterol Motil. 
2006;18:936-948.

25. Ohtori S, Takahashi K, Yamagata M, et al. 
Neurones in the dorsal root ganglia of T13, 
L1 and L2 innervate the dorsal portion of 
lower lumbar discs in rats. J Bone Joint Surg. 
2001;83B:1191-4.

26. Ma W, Quirion R. Targeting cell surface traf-
ficking of pain-facilitating receptors to treat 
chronic pain conditions. Expert Opin Ther 
Targets. 2014;18(4):459-472.



159

TH
ERA

PEU
TIC

 STRATEG
IES FO

R TA
RG

ETIN
G

 TH
E D

O
RSA

L RO
O

T G
A

N
G

LIO
N

8

27. Feldman P, Khanna R. Challenging the 
catechism of therapeutics for chronic 
neuropathic pain: Targeting CaV2.2 interac-
tions with CRMP2 peptides. Neurosci Lett. 
2013;557:27-36.

28. Francois A, Pizzoccaro A, Laffray S, Bourinet 
E. T-type calcium channels in pain neuronal 
circuits. In: Weiss N, Koschak A, eds. Patholo-
gies of Calcium Channels. Berlin: Springer-
Verlag; 2014.

29. McGivern JG. Targeting N-type and T-type 
calcium channels for the treatment of pain. 
Drug Discov Today. 2006;11(5/6):245-253.

30. Moore RA, Wiffen PJ, Derry S, Toelle T, Rice 
AS. Gabapentin for chronic neuropathic pain 
and fibromyalgia in adults. Cochrane Data-
base Syst Rev. April 2014;4:1-86.

31. Rauck R, Coffey RJ, Schultz D, et al. Intrath-
ecal gabapentin to treat chronic intrac-
table noncancer pain. Anesthesiology. 
2013;119:675-86.

32. Pope JE, Deer TR. Ziconotide: a clinical 
update and pharmacologic review. Expert 
Opin Pharmacother. 2013;14(7):957-966.

33. Todorovic SM, Jevtovic-Todorovic V. 
Targeting of Cav3.2 T-type calcium channels 
in peripheral sensory neurons for the treat-
ment of painful diabetic neuropathy. Eur J 
Physiol. 2014;466:701-706.

34. Patapoutian A, Tate S, Woolf CJ. Transient 
receptor potential channels: targeting 
pain at the source. Nat Rev Drug Discov. 
2009;8(1):55-68.

35. Gunthorpe MJ, Chizh BA. Clinical devel-
opment of TRPV1 antagonists: targeting 
a pivotal point in the pain pathway. Drug 
Discovery Today. 2009;14(1/2):56-67.

36. Vyklicky L, Novakova-Tousova K, Benedict 
J, et al. Calcium-dependent desensitization 
of vanilloid receptor TRPV1: a mechanisms 
possibly involved in analgesia induced by 
topical application of capsaicin. Physiol Res. 
2008;57(Suppl 3):S59-S68.

37. Brederson JD, Kym PR, Szallasi A. Targeting 
TRP channels for pain relief. Eur J Pharmacol. 
2013;716:61-76.

38. Krarup AL, Ny L, Astrand M, et al. Randomised 
clinical trial: the efficacy of a transient receptor 
potential vanilloid 1 antagonist AZD1386 
in human oesophageal pain. Aliment Phar-
macol Ther. 2011;33(10):1113-22.

39. Quiding H, Jonzon B, Svensson O, et al. 
TRPV1 antagonistic analgesic effect: a rand-
omized study of AZD1386 in pain after third 
molar extraction. Pain. 2013;154(6):808-12.

40. Smith MT, Woodruff TM, Wyse BD, Muralid-
haran A, Walther T. A small molecule angio-
tensin II type 2 receptor (AT2R) antagonist 
produces analgeisa in a rat model of neuro-
pathic pain by inhibition of p38 mitogen-acti-
vated protein kinase (MAPK) and p44/p42 
MAPK activation of the dorsal root ganglia. 
Pain Med. 2013;14(10):1557-1568.

41. Milligan ED, Watkins LR. Pathological and 
protective roles of glia in chronic pain. Nature 
Rev Neurosci. 2009;10:23-36.

42. Watkins LR, Maier SF. Beyond neurons: 
evidence that immune and glial cells 
contribute to pathological pain states. Physi-
ological Rev. 2002;82(4):981-1011.

43. Wu A, Green CR, Rupenthal ID, Moalem-
Taylor G. Role of gap junctions in chronic 
pain. J Neurosci Res. 2012;90(2):337-345.

44. Ji RR, Berta T, Nedergaard M. Glia and 
pain: is chronic pain a gliopathy? Pain. 
2013;154(Suppl 1):S10-28.

45. Rozanski GM, Nath AR, Adams ME, Stanley 
EF. Low voltage-activated calcium chan-
nels gate transmitter release at the dorsal 
root ganglion sandwich synapse. J Physiol. 
2013;591(22):5575-5583.

46. Dai RP, Zhou XF. Neurotrophins and pain. In: 
Kostrzewa RM, ed. Handbook of Neurotox-
icity. New York: Springer Science + Business; 
2014.

47. Gorokhova S, Gaillard S, Urien L, et al. 
Uncoupling of molecular maturation from 
peripheral target innervation in nociceptors 
expressing a chimeric TrkA/TrkC receptor. 
PLOS Genet. 2014;10(2):e1004081.

48. Matsuoka Y, Yang J. Selective inhibition of 
extracellular signal-regulated kinases 1/2 
blocks nerve growth factor to brain-derived 
neurotrophic factor signaling and suppresses 
the development of and reverses already 
established pain behavior in rats. Neurosci-
ence. 2012;206:224-236.

49. Kanno T, Yaguchi T, Nishizaki T. Noradrena-
line stimulates ATP release from DRG 
neurons by targeting Beta3 adrenoceptors as 
a factor of neuropathic pain. J Cell Physiol. 
2010;224:345-351.

50. Melemedijian OK, Asiedu MN, Tillu DV, et 
al. Targeting adenosine monophosphate-
activated protein kinase (AMPK) in preclinical 
models reveals a potential mechanism for 
the treatment of neuropathic pain. Mol Pain. 
2011;7:70-84.

51. Berta T. Enhancement of opioid-induced 
acute analgesia by targeting the peripheral 



160

8

MMP-9-dependent neuro-glial signalling. 
Schwiez Med Forum. 2013;13(12):258-260.

52. Wu LJ, Zhuo M. Targeting the NMDA 
receptor subunit NR2B for the treatment 
of neuropathic pain. Neurotherapeutics. 
2009;6:693-702.

53. Muir KW, Lees KR. Clinical experience with 
excitatory amino acid antagonist drugs. 
Stroke. 1995;26:503-513.

54. Panchal SJ, Perni A. Radiofrequency Abla-
tion. In: Wallace MS, Staats P, eds. Pain Medi-
cine and Management. New York: McGraw-
Hill, Medical Pub. Division; 2005.

55. Saberski L, Fitzgerald J, Ahmed M. Cryoneu-
rolysis and Radiofrequency Lesioning. In: Raj 
PP, ed. Practical Management of Pain. St. 
Louis, MO: Mosby; 2000.

56. Van Boxem K, Huntoon M, Van Zundert J, 
Patijn J, van Kleef M, Joosten EA. Pulsed 
radiofrequency: a review of the basic science 
as applied to the pathophysiology of radic-
ular pain: a call for clinical translation. Reg 
Anaesth Pain Med. 2014;39(2):149-59.

57. Nagda JV, Davis CW, Bajwa ZH, Simopoulos 
TT. Retrospective review of the efficacy and 
safety of repeated pulsed and continuous 
radiofrequency lesioning of the dorsal root 
ganglion/segmental nerve for lumbar radic-
ular pain. Pain Phys. 2011;14(4):371-6.

58. Cosman ER, Dolensky JR, Hoffman RA. 
Factors that affect radiofrequency heat lesion 
size. Pain Med. 2014;15(12):2020-2036.

59. Goldberg SN, Gazelle GS, Dawson SL, Rittman 
WJ, Mueller PR, Rosenthal DI. Tissue ablation 
with radiofrequency: Effect of probe size, 
gauge, duration, and temperature on lesion 
volume. Acad Radiol. 1995;2(5):399-404.

60. van Boxem K, van Eerd M, Brinkhuizen T, 
Patijn J, van Kleef M, van Zundert J. Radiofre-
quency and pulsed radiofrequency treatment 
of chronic pain syndromes: the available 
evidence. Pain Pract. 2008;8(5):385-93.

61. van Kleef M, Spaans F, Dingemans W, 
Barendse GA, Floor E, Sluiijter ME. Effects 
and side effects of a percutaneous thermal 
lesion of the dorsal root ganglion in 
patients with cervical pain syndrome. Pain. 
1993;52(1):49-53.

62. Viikari-Juntura E, Porras M, Laasonen EM. 
Validity of clinical tests in the diagnosis of 
root compression in cervical disc disease. 
Spine. 1989;14(3):253-7.

63. van Kleef M, Liem L, Lousberg R, Barendse 
G, Kessels F, Sluijter M. Radiofrequency 
lesion adjacent to the dorsal root ganglion 

for cervicobrachial pain: a prospective 
double blind randomized study. Neurosurg. 
1996;38(6):1127-31.

64. Slappendel R, Crul BJ, Braak GJ, et al. The 
efficacy of radiofrequency lesioning of the 
cervical spinal dorsal root ganglion in a 
double blinded randomized study: no differ-
ence between 40 degrees C and 67 degrees 
C treatments. Pain. 1997;73(2):159-63.

65. Stolker RJ, Vervest ACM, Groen GJ. The 
treatment of chronic thoracic segmental 
pain by radiofrequency percutaneous partial 
rhizotomy. J Neurosurg. 1994;80(6):986-992.

66. Chua NHL, Vissers KC, Sluijter ME. Pulsed 
radiofrequency treatment in interventional 
pain management: mechanisms and poten-
tial indications—a review. Acta Neurochir. 
2011;153(4):73-771.

67. Hamann W, Abou-Sherif S, Thompson 
S, Hall S. Pulsed radiofrequency applied 
to dorsal root ganglia causes a selective 
increase in ATF3 in small neurons. Eur J Pain. 
2006;10(2):171-176.

68. Van Zundert J, Lame IE, de Louw A, et al. 
Percutaneous pulsed radiofrequency treat-
ment of the cervical dorsal root ganglion 
in the treatment of chronic cervical pain 
syndromes: a clinical audit. Neuromodula-
tion. 2003;6(1):6-14.

69. Van Zundert J, Patijn J, Kessels A, Lame I, 
van Suijlekom H, van Kleef M. Pulsed radi-
ofrequency adjacent to the cervical dorsal 
root ganglion in chronic cervical radicular 
pain: a double blind sham controlled 
randomized clinical trial. Pain. 2007;127(1-
2):173-182.

70. Vroomen PC, de Krom MC, Knottnerus JA. 
Diagnostic value of history and physical 
examination in patients suspected of sciatica 
due to disc herniation: a systematic review. J 
Neurol. 1999;246(10):899-906.

71. Rozen D, Parvez U. Pulsed radiofrequency of 
lumbar nerve roots for treatment of chronic 
inguinal herniorraphy pain. Pain Physician. 
2006;9:153-156.

72. Simopoulos TT, Kraemer J, Nagda JV, Aner 
M, Bajwa ZH. Response to pulsed and 
continuous radiofrequency lesioning of the 
dorsal root ganglion and segmental nerves in 
patients with chronic lumbar radicular pain. 
Pain Physician. 2008;11:137-144.

73. Cohen SP, Sireci A, Wu CL, Larkin TM, 
Williams KA, Hurley RW. Pulsed radiofre-
quency of the dorsal root ganglia is superior 
to pharmacotherapy or pulsed radiofre-
quency of the intercostal nerves in the treat-



161

TH
ERA

PEU
TIC

 STRATEG
IES FO

R TA
RG

ETIN
G

 TH
E D

O
RSA

L RO
O

T G
A

N
G

LIO
N

8

ment of chronic postsurgical thoracic pain. 
Pain Phys. 2006;9:227-236.

74. Abejon D, Garcia-del-Valle S, Fuentes ML, 
Gomez-Arnau JI, Reig E, van Zundert J. 
Pulsed radiofrequency in lumbar radicular 
pain: clinical effects in various etiological 
groups. Pain Pract. 2007;7(1):21-26.

75. Wall PD, Devor M. Sensory afferent impulses 
originate from dorsal root ganglia as well 
as from the periphery in normal and nerve 
injured rats. Pain. 1983;17:321-339.

76. Kajander KC, Wakisaka S, Bennett GJ. Spon-
taneous discharge originates in the dorsal 
root ganglion at the onset of a painful periph-
eral neuropathy in the rat. Neurosci Lett. 
1992;138(2):225-228.

77. Zheng Q, Fang D, Cai J, Wan Y, Han JS, Xing 
GG. Enhanced excitability of small dorsal 
root ganglion neurons in rats with bone 
cancer pain. Mol Pain. 2012;8:24.

78. Omarker K, Myers RR. Pathogenesis of sciatic 
pain: role of herniated nucleus pulposus and 
deformation of spinal nerve root and dorsal 
root ganglion. Pain. 1998;78(2):99-105.

79. Howe JF, Loeser JD, Calvin WH. Mechano-
sensitivity of dorsal root ganglia and chroni-
cally injured axons: A physiological basis for 
the radicular pain of nerve root compression. 
Pain. 1977;3(1):25-41.

80. Song Y, Li HM, Xie RG, et al. Evoked bursting 
in injured Aβ dorsal root ganglion neurons: A 
mechanism underlying tactile allodynia. Pain. 
2012;153(3):657-665.

81. Kim YI, Na HS, Kim SH, et al. Cell type-specific 
changes of the membrane properties of 
peripherally-axotomized dorsal root ganglion 
neurons in a rat model of neuropathic pain. 
Neuroscience. 1998;86(1):301-309.

82. Koopmeiners AS, Mueller S, Kramer J, Hogan 
QH. Effect of electrical field stimulation 
on dorsal root ganglion neuronal function. 
Neuromodulation. 2013;16(4):304-11.

83. Krames ES. The role of the dorsal root 
ganglion in the development of neuropathic 
pain. Pain Med. 2014;15(10):1669-1685.

84. Liem AL, Krabbenbos IP, Kramer J. Dorsal 
root ganglion stimulation: a target for 
neuromodulation therapies. In: Knotkova H, 
Rasche D, eds. Textbook of Neuromodula-
tion. New York: Springer Verlag; 2015.

85. Amir R, Michaelis M, Devor M. Membrane 
potential oscillations in dorsal root 
ganglion neurons: role in normal electro-
genesis and neuropathic pain. J Neurosci. 
1999;19(19):8589-8596.

86. Devor M, Janig W, Michaelis M. Modulation 
of activity in dorsal root ganglion neurons by 
sympathetic activation in nerve-injured rats. J 
Neurophys. 1994;71(1):38-47.

87. Tu WZ, Cheng RD, Cheng B, et al. Analgesic 
effect of electroacupuncture on chronic 
neuropathic pain mediated by P2X3 recep-
tors in rat dorsal root ganglion neurons. 
Neurochem Int. 2012;60(4):379-386.

88. Alo KM, Yland MJ, Redko V, Feler C, 
Naumann C. Lumbar and sacral nerve root 
stimulation (NRS) in the treatment of chronic 
pain: a novel anatomic approach and neuro 
stimulation technique. Neuromodulation. 
1999;2(1):23-31.

89. Haque R, Winfree CJ. Transforaminal nerve 
root stimulation: a technical report. Neuro-
modulation. 2009;12(3):254-257.

90. Lynch PJ, McJunkin T, Eross E, Gooch S, 
Maloney J. Case report: successul epiradicular 
peripheral nerve stimulation of the C2 dorsal 
root ganglion for postherpetic neuralgia. 
Neuromodulation. 2011;14(1):58-61.

91. Deer TR, Grigsby E, Weiner RL, Wilcosky B, 
Kramer JM. A prospective study of dorsal root 
ganglion stimulation for the relief of chronic 
pain. Neuromodulation. 2013;16(1):67-72.

92. Liem L, Russo M, Huygen FJPM, et al. A multi-
center, prospective trial to assess the safety 
and performance of the Spinal Modulation 
dorsal root ganglia neurostimulator system in 
the treatment of chronic pain. Neuromodula-
tion. 2013;16:471-482.

93. Liem L, Russo M, Huygen FJPM, et al. One-
year outcomes of spinal cord stimulation of 
the dorsal root ganglion in the treatment of 
chronic neuropathic pain. Neuromodulation. 
2015;18(1):41-8.

94. van Bussel CM, Stronks DL, Huygen FJPM. 
Successful treatment of intractable complex 
regional pain syndrome type I of the knee 
with dorsal root ganglion stimulation: a case 
report. Neuromodulation. 2015;18(1):58-60.

95. Van Buyten JP, Smet I, Liem L, Russo M, 
Huygen F. Stimulation of dorsal root ganglia 
for the management of complex regional 
pain syndrome: a prospective case series. 
Pain Pract. 2015;15(3):208-16.

96. Schu S, Gulve A, Eldabe S, et al. Spinal cord 
stimulation (SCS) of the dorsal root ganglion 
(DRG) for groin pain-- a retrospective review. 
Pain Practice. 2015;15(4):293-9.

97. Kramer J, Liem L, Russo M, Smet I, Van 
Buyten JP, Huygen F. Lack of body positional 
effects on paresthesias when stimulating 



162

8

the dorsal root ganglion (DRG) in the treat-
ment of chronic pain. Neuromodulation. 
2015;18(1):50-7.

98. Zuidema X, Breel J, Wille F. Paresthesia 
mapping: a practical workup for successful 
implantation of the dorsal root ganglion 
stimulator in refractory groin pain. Neuro-
modulation. 2014;17(7):665-669.

99. De Ridder D, Plazier M, Kamerling N, Meno-
vsky T, Vanneste S. Burst spinal cord stimu-
lation for limb back pain. World Neurosurg. 
2013;5:642-649.

100. Al-Kaisy A, Van Buyten JP, Smet I, Palmisani 
S, Pang D, Smith T. Sustained effectiveness 
of 10kHz high-frequency spinal cord stimula-
tion for patients with chronic, low back pain: 
24-month results of a prospective multicenter 
study. Pain Medicine. 2014;15:347-354.

101. Fink DJ, Wolfe D. Gene therapy for pain: a 
perspective. Pain Manage. 2011;1(5):379-81.

102. Terashima T, Oka K, Kritz AB, Kojima H, 
Baker AH, Chan L. DRG-targeted helper-
dependent adenoviruses mediate selec-
tive gene delivery for therapeutic rescue 
of sensory neuronopathies in mice. J Clin 
Invest. 2009;119(7):2100-2112.

103. Sakai A, Saitow F, Miyake N, Shimada 
T, Suzuki H. miR-7a alleviates the main-
tenance of neuropathic pain through 

regulation of neuronal excitability. Brain. 
2013;136(9):2738-2750.

104. Samad OA, Tan AM, Cheng X, Foster E, 
Dib-Hajj SD, Waxman SG. Virus-mediated 
shRNA knockdown of Na1.3 in rat dorsal root 
ganglion attenuates nerve injury-induced 
neuropathic pain. Mol Ther. 2013;21(1):49-56.

105. Storek B, Reinhardt M, Wang C, et al. Sensory 
neuron targeting by self-complementary 
AAV8 via lumbar puncture for chronic pain. 
PNAS. 2008;105(3):1055-1060.

106. Ogawa N, Kawai H, Terashima T, et al. Gene 
therapy for neuropathic pain by silencing 
of TNF-a expression with lentiviral vectors 
targeting the dorsal root ganglion in mice. 
PLoS ONE;9(3):e92073.

107. Wang Y, Nowicki MO, Wang X, et al. Compar-
ative effectiveness of antinociceptive gene 
therapies in animal models of diabetic neuro-
pathic pain. Gene Ther. 2013;20:742-750.

108. Mousa SA, Shaqura M, Khalefa BI, et al. Rab7 
silencing prevents mu-opioid receptor lyso-
somal targeting and rescues opioid respon-
siveness to strengthen diabetic neuropathic 
pain therapy. Diabetes. 2013;62:1308-1319.

109. Riveccio MA, Brochier C, Willis DE, et al. 
HDAC6 is a target for protection and regen-
eration following injury in the nervous system. 
PNAS. 2009;106(46):19599-19604.

 







Modified from:
How can spinal cord stimulation advance chronic pain treatment in 2015?

Liem A.L.; Verrills P.; Bezemer R.; Almirdelfan K.; Levy R.; Kramer J.
(accepted for publication in Pain Management)

GENERAL DISCUSSION





167

G
EN

ER
A

L D
ISC

U
SSIO

N

GENERAL DISCUSSION
History of Neurostimulation: The Evolution of Modern Spinal Cord 
Stimulation
One of the first instances of the use of electrical stimulation for the treatment of 
pain dates back thousands of years to the ancient Egyptians, who utilized electrical 
discharges produced by the Nile catfish to treat pain disorders such as neuralgia 
and headaches (1,2). The first documented historical account of the use of electrical 
stimulation for the treatment of pain goes back to circa 15 AD (1, 3). This account 
describes how an ancient Roman physician, named Scribonius Largus, had used the 
electrical shock delivered by the torpedo fish as a treatment for gout pain (1, 3).

Electrical stimulation became a commonly used therapy in Western medicine during 
the 18th century (1). In hospitals in the UK, this medical application of electro-analgesic 
therapy was commonly referred to as ‘Franklinization’ or ‘Franklinism’, thereby crediting 
the American inventor and statesman, Benjamin Franklin (1). Benjamin Franklin had 
already gained public notoriety for his work with electricity and was also recognized 
for investigating the effects of electrical shock to induce muscle contraction (1). The 
use of electrical stimulation in medicine took a tremendous leap forward in the 19th 
century with the invention of the electrochemical battery in 1800, followed by the 
discovery of Faraday’s principals of electromagnetic induction and, finally, with the 
development of the electromagnetic generator by Du Bois-Raymond in 1848 (1). It is 
these early technological advances that provide the general physical principals, which 
make modern neurostimulation possible. Even so, electrotherapy came under fire in 
the late 19th century as “medical quackery” and it was not until the 1930s that electrical 
stimulation was again reconsidered seriously as an appropriate medical therapy 
targeting the nervous system (1, 4).

The origin of contemporary neurostimulation is directly linked to the development 
of cardiac pacemaker technology in the early 20th century (1). It was also at this time that 
Sir Henry Head, an English neurologist, postulated a theory of “central inhibition of pain 
by non-painful stimuli”  (1). It was his work that became the basis for the Gate Control 
Theory, as presented by Melzack & Wall in 1965 (1, 5).

Gate Control is the theory on which modern neurostimulation is based, and it was 
only two short years later, in 1967, when the first neurostimulation device was implanted 
by Shealy et al. (6, 7). It has been over 40 years since that first implant and the field of 
neuromodulation has evolved significantly. The aim of this chapter is to: 1) provide a 
brief introduction of the gate control theory and the general mechanism of action of 
neuromodulation; 2) review the primary clinical indications for spinal cord stimulation 
(SCS) modalities and their outcomes; and 3) describe the different iterations in the 
evolution of SCS technology and discuss the latest innovations in neuromodulation: 
mainly focusing on DRG stimulation, high-frequency stimulation, and burst-pattern 
stimulation. 



168

Initial Concepts in Spinal Cord Stimulation: Gate Control Theory and 
Mechanism of Action
The Gate Control Theory is a model that describes the central modulation of pain in 
the human nervous system (8). This theory provides the basis for understanding the 
mechanism of action of SCS. To understand the gate control theory, one must first 
understand that there are many different types of sensory nerve fibers (8). These 
sensory fibers can be differentiated mainly by their diameter, but also by whether 
or not they are myelinated and what type of sensory information they carry (8). 
Generally, large-diameter, densely myelinated fibers (i.e. A-α, A-β fibers) are capable 
of fast transmission of highly evolved sensory modalities, such as proprioception, 
vibration, pressure, and fine touch (8). Smaller diameter fibers (i.e. A-δ, C fibers) may 
be lightly myelinated, or not at all, and are only capable of slower transmission of 
very rudimentary sensory modalities, such as crude touch, temperature, and pain (8). 

The original theory, as described in 1965, suggests that there is a ‘gate’ which regulates 
pain signals being transmitted from the dorsal horn of the spinal cord to the brain (1, 
5, 8, 9). The activation of afferent small-diameter fibers (which transmit pain signals) 
cause the gate to remain ‘open’; however, the gate can be ‘closed’ with the activation of 
large-diameter fibers (1, 5, 8, 9). These large-diameter, heavily myelinated fibers occupy 
approximately 85% of the white matter tract in the spinal cord, known as the dorsal 
(posterior) column (1, 8). The fibers of the dorsal column ascend ipsilaterally toward the 
dorsal (posterior) column nuclei, found in the medulla (1, 8). The pathway is collectively 
referred to as the dorsal column-medial lemniscal tract and is responsible for transmitting 
highly evolved sensory modalities (i.e. vibratory, fine touch, and proprioceptive signals) to 
the brain (1, 8). The somatotopic organization of the dorsal column is important to note, 
as it becomes relevant to lead placement in SCS therapy. The fibers of the dorsal column 
are found mainly on the posterior medial aspect of the spinal cord (1, 8). They are further 
divided into two ‘bundles’ as they ascend toward the medulla (1, 8). As the tract ascends 
toward the brain, fibers are added on laterally with each ascending spinal level (8). Thus, 
the more lateral of these bundles, known as the fasciculus cuneatus, carries information 
from the upper thorax (above T6), the upper extremities and the neck (8). The medial 
bundle of fibers, called the fasciculus gracilis, is responsible for carrying sensory fibers 
from the lower extremities and the lower trunk (below T6). 

Spinal cord stimulation, in general, operates on the principal that by electrically 
stimulating the non-nociceptive large-diameter A-β fibers, contained in the dorsal 
column, the ‘gate’ is closed and smaller afferent fibers (i.e. C fibers) are unable to 
transmit pain signals. Although modern SCS is based on the principals of the gate 
control theory, the exact mechanism is not yet entirely elucidated. Although several 
theories have been proposed, further research is still required.

Indications for Spinal Cord Stimulation
SCS therapy is typically used in patients with refractory pain despite medical/surgical 
management (10, 11). SCS involves the placement of electrical leads into the epidural 
space along the posterior aspect of the spinal cord. The leads are advanced to the 
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desired spinal levels to be treated and lay upon the dorsal column within the epidural 
space. The leads are connected to a power supply; typically either an implantable 
pulsed generator (IPG), which has its own on-board battery, or a radiofrequency 
receiver, which can be charged by an external device (1). Many modern stimulators 
are highly programmable; thereby, giving the operator control over several variables 
in order to “personalize” the stimulator to their needs.

According to Mekhail, et al., “As many as 50,000 neurostimulators are implanted 
worldwide each year for a variety of indications” (6). Clinically, the main indications 
for SCS include failed back surgery syndrome (FBSS), neuropathic pain, and complex 
regional pain syndrome (CRPS). The most common indication for SCS is FBSS, which 
is described as “…intractable chronic pain that may affect the legs, buttocks, or lower 
back” (6, 9). Of the nearly 1.1 million patients annually that have spinal surgery in the 
USA, approximately “…40% of these patients will not get (the desired) relief from the 
surgery and will go on to develop chronic pain” as a result (6, 12). It is this patient 
population that is then diagnosed with FBSS.

Initially, FBSS is generally treated conservatively (6). Conservative management 
generally includes pharmacotherapy, physical therapy, selective nerve blocks, and 
epidural steroid injections (6). Neurostimulation is reserved mainly for patients with 
FBSS that is refractory to conservative management. There is a wealth of literature that 
demonstrates the effectiveness of SCS in patients with FBSS (6, 13-17). According to 
the literature, success of SCS therapy in patients with FBSS is defined as at least a 50% 
reduction in pain in addition to an increase in the patient’s functionality and activities of 
daily living (ADL) (6, 14, 18, 19). Despite all the available data on SCS, only two published 
randomized controlled trials, have evaluated SCS for patients with FBSS (6, 20, 21). The 
first of these, described by North et al., demonstrated that patients who underwent SCS 
therapy had more significant pain relief as well as increased functionality as compared to 
those patients who underwent a surgical revision (6, 21). In that study it was also reported 
that “…when given the choice, many patients who received (surgical) reoperation would 
choose SCS over reoperation” (6, 21). The second randomized controlled trial, by Kumar 
et al., evaluated 100 patients with FBSS, predominantly presenting with lower extremity 
radicular pain (6, 20). Their study demonstrated that in patients with FBSS, presenting 
as neuropathic pain, SCS therapy with conservative medical management (CMM) was 
superior to CMM alone (6, 20). At 6 months, 24 of the SCS patients (48% of the group) 
had achieved a greater than 50% reduction in pain, whereas only 4 of the conservative 
medical management patients (9% of the group) had similar reductions in pain.

SCS therapy is a very appropriate option for patients with intractable pain. However, 
it does have some unwanted effects. Due to the nature of stimulation of the dorsal 
column fibers, patients may experience paresthesia in the area targeted for treatment. 
This is a result of the types of nerve fibers found in the dorsal column (i.e. A-β fibers) 
as well as the type of sensory information that these fibers carry. Unfortunately, some 
patients cannot tolerate the paresthesia. This, in part, has been a driving force to better 
understand the mechanism of action of SCS therapys as well as the development of 
newer spinal modulation technologies. The exact mechanism of action is still not well 
described and further research is necessary.
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SCS has been used effectively for the treatment of chronic pain syndromes, such as 
complex regional pain syndrome and failed back syndrome (22, 23). However, it is not 
a perfect treatment modality. According to the literature, as many as 20% of patients 
beginning SCS therapy will not progress past the trial phase (24, 25). In addition, only 
50% of patients that undergo a successful trial will continue to have long-term success 
with a conventional SCS device (10, 21, 24-26). The many factors contributing to the 
failure of conventional techniques in SCS include: incorrect lead placement, lead 
migration, difficulty programming the device, and incorrect pulse width, frequency, or 
amplitude of the waveform, etc. (23-25).

New Targets Within the Spine: Dorsal Root Ganglia
In this thesis we focused on a new anatomical target for neurostimulation: the 
dorsal root ganglion (DRG). Our aim was to improve the clinical results in difficult 
patient populations using new and improved technologies. To this end, a multicenter 
prospective trial was conducted to evaluate the clinical performance of a new 
neurostimulation system designed to treat chronic pain through the electrical 
neuromodulation of the DRG in patients with painful regions of the limbs and/or 
trunk. We showed the efficacy and safety at 6 months post implantation. The majority 
of individuals in this 6- month study participated in a further prospective follow-up 
addressing the maintenance of pain relief, improvement in mood, and quality of 
life for an additional 6 months after implantation of the active DRG neurostimulator 
device. In this context, we also investigated what pain indications would benefit most 
from electrical stimulation of the DRG and we defined appropriate patient selection 
criteria for this treatment. In addition, we studied pain relief and the maintenance 
thereof, paresthesia locations, and the stability of the electrodes as well as the effect 
of posture changes. Furthermore, the aim was also to explore new technologies 
within the field of neuromodulation of the spinal cord. We look back to see what we 
have learned over the years and we look forward and discuss the potential future of 
spinal cord stimulation and, especially, stimulation of the DRG. 

SCS at the dorsal root ganglia (DRG-SCS) seems to be a promising new target for the 
treatment of intractable neuropathic pain (23, 25). In one multicenter prospective trial, 
designed to assess the safety and efficacy of DRG-SCS, more than half of the patients 
reported a greater than 50% reduction in pain (25). This study also reported that, at 
6 months, overall pain ratings were 58% lower than at baseline (P<0.001) (25). In addition, 
“…the proportions of subjects experiencing 50% or more reduction in pain specific to back, 
leg, and foot regions were 57%, 70%, and 89%, respectively” (25). By changing the target 
of stimulation from the dorsal column to the DRG, we believe that this new technique may 
help reduce the failure rate of traditional SCS therapies (23, 25). For example, the bony 
vertebral structures that surround the DRG may help to provide some defense against 
lead migration (25). Finally, with certain patient populations (i.e. complex regional pain 
syndrome) DRG-SCS may actually provide a better outcome than traditional SCS (22, 23, 
25). DRG-SCS has the potential to become a very useful modality in that, by changing the 
anatomical target of stimulation, this modality can be more focused on selective painful 
regions of the body while also reducing unwanted side-effects of traditional SCS (25).
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Since one prominent side-effect from neurostimulation techniques, and in particular 
from SCS, is the change in intensity of stimulation when moving from an upright (vertical) 
to a recumbent or supine (horizontal) position, and vice versa, the effects of posture 
changes on DRG stimulation intensity were investigated using a newly-developed 
scoring scale. We found that the influence of posture change in DRG neurostimulation 
is much less than in conventional dorsal column stimulation. This can be explained by 
the much narrower relation of the stimulator with respect to the stimulated nervous 
tissue. During posture change, the electrical file in the dorsal column hardly changes. In 
conventional dorsal column stimulation, the electrical fields reaching the dorsal columns 
are highly dependent on the width of the spinal liquor area, which is under constant 
influence of the patient’s posture.  

Since different patients need different treatments, the next step was to review the 
literature on SCS therapy and its mechanisms, in order to establish a set of criteria for 
appropriate patient selection for neuromodulation of the DRG. This is important not 
only in terms of efficacy, but also in relation to healthcare costs. With the availability of 
increasing numbers of different therapies, treatment algorithms have to be developed 
in order to apply the right therapy to the right patients; this is a development towards 
a more personalized application of medicine. Therefore, we further investigated 
neuropathic groin pain and its treatment options and recommendations. Based on a 
review of the literature, we aimed to develop a treatment algorithm for treatment of 
post-herniorrhaphy pain. Furthermore, we present retrospectively analyzed data from 
patients with groin pain of various etiologies who were treated with neurostimulation of 
the DRG; these data show that DRG stimulation is an effective treatment for this form 
of chronic pain.

A limitation of our studies is the lack of control groups. There is a strong need 
for randomized controlled trials in which conventional dorsal column stimulation is 
compared to DRG stimulation. Meanwhile, such a trial has started in the USA: an FDA-
controlled trial (NCT01923285). The first preliminary data, as presented at the World 
Congress of the International Neuromodulation Congress by Levy et al., look very 
promising. On the primary combined endpoint of efficacy and safety, DRG stimulation 
shows superiority compared to conventional dorsal column stimulation. However, 
further research is necessary to assess the appropriate indications for each technique.

Wave Form Patterning – Burst vs. Tonic SCS and High Frequency 
Stimulation
Another approach to improve the efficacy of neurostimualation could be a change in 
stimulation wave form pattern. Underlying the basis of all neuromodulation therapies 
is the manipulation of neural events through chemical or electrical methodologies. 
The modification of neural events through the use of electrical fields can take many 
forms including stimulation of excitable cells through membrane depolarization, 
inhibition of activity through hyperpolarization or activity dependent depolarization 
block or a hybrid of underlying mechanisms. Of course the application of electrical 
fields across neural tissues produces a very non-physiologic perturbation – which 
is ultimately the goal in order to provide an effect or to override a pathologic 
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disease condition. The predominant stimulation platforms provide tonic frequency 
stimulation patterns of a fixed frequency.

Recently described by De Ridder et al., burst stimulation is an example of the next 
step in the evolution of spinal cord stimulator technology (11, 27). According to the 
literature, this type of stimulation uses “intermittent packets of closely spaced high-
frequency stimuli… The design consists of 40 Hz burst mode with 5 spikes at 500 Hz per 
burst, with a pulse width of 1 ms…” (27). A mechanism that may explain the significance 
of burst stimulation has been proposed in the literature: “It is known that in the absence 
of some large A-β fibers, the small unmyelinated C fibers start firing spontaneously...” 
(11, 28-30). The literature goes further to describe this spontaneous firing as a “burst 
pattern” in that the C fibers generate several high frequency bursts of spontaneous 
action potentials for a short period (11, 28-30). This is attributed to the high input 
resistance in very small nerve fibers (i.e. C fibers; < 0.3μm) (11, 31, 32). This can allow 
for “spontaneous opening of single Na+ channels at the resting potential (which) can 
produce ‘Na+ sparks’ that can trigger action potentials in the absence of any other input” 
(11, 31, 32). Thus, without the inhibitory effect of the A-β fibers on the pain ‘gate’, C fibers 
can spontaneously induce hyperalgesia (11, 28-32). It is hypothesized that because burst 
stimulation ‘mimics’ the spontaneous burst frequency, produced by the small-diameter 
fibers (C fibers), of the pain gate, that it results in a more effective therapy than tonic 
stimulation (11, 33).

The significance of burst frequency SCS is demonstrated, as described by De Ridder 
et al., via a retrospective two center comparative study, consisting of 102 patients 
(27). The patients were split into two groups: the first group responded to traditional 
tonic stimulator treatment while the second group failed tonic stimulator treatment 
(27). Both groups were eventually switched to the burst spinal cord stimulators. The 
study measured the response to burst stimulation using the numeric rating scale (NRS) 
(27). Patients reported an average NRS score of 7.8 at baseline (27). The NRS scores 
decreased to 4.9 with the conventional tonic stimulation and to 3.2 with burst frequency 
stimulation (27). The study reports that, collectively, 62% of patients who initially did 
not respond well to the tonic stimulation did in fact respond to burst stimulation, with 
an average of 43% pain reduction (27). Of the patients who initially responded well to 
the tonic stimulation, once switched to burst stimulation, the average reduction in pain 
rose from 50.6% to 73.6% (27). 

Burst stimulation is a very significant development in the field of neuromodulation. 
One of the reasons why patients may fail conventional stimulation modalities is their 
inability to tolerate the paresthesia produced by tonic stimulation of the dorsal column 
(34). The initial data on burst frequency SCS suggests that it may be a superior modality 
as compared to tonic stimulation (11, 27, 33). Also, burst frequency stimulation has 
the potential to be a next-line therapy for those patients who fail traditional tonic 
stimulation therapy. However, it is important that further comparative studies are 
performed to evaluate the superior efficacy of burst frequency stimulation, as well as 
its safety.

As noted in the literature, many patients find the paresthesia induced by traditional 
stimulation to be uncomfortable (34, 35). A new development in SCS technology, using 
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high-frequency stimulation, has shown promise in providing pain relief for patients 
without generating paresthesia (34). This high-frequency stimulation, also known as 
HF10 SCS, generates pulsed frequencies in the range of 10 kHz with a 30 μs pulse width, 
as compared to traditional tonic stimulators currently on the market which operate 
in a significantly lower range of about 50 Hz (34, 36). The HF10 SCS waveform is also 
reported to be biphasic and charge-balanced (34, 36). 

Developed under the trade name Senza by Nevro Corp., this high-frequency 10 kHz 
stimulator is not yet available in the United States. However, preliminary multicenter 
prospective studies in both the US and the EU have shown very promising results in 
terms of both safety and efficacy (34, 36, 37). The very first study of this device in the 
United States was a proof of concept study in which 24 patients, across 5 participating 
medical centers, were selected to have the HF10 SCS device implanted (34, 36). These 
24 patients were selected as they had already met the selection criteria for traditional 
SCS stimulation (34, 36). However, instead, these patients received only a 4-day trial with 
the traditional SCS device, which was then followed by another 4-day trial with the HF10 
SCS device (34, 36). Outcomes were measured using the visual analog scale (VAS) for 
pain (34, 36). The results show that, when compared to baseline, there was a significant 
reduction in both general VAS pain scores: 8.68 - 2.03 (P<0.001) and back pain scores: 
8.12 - 1.88 (P<0.001) when treated with the high-frequency stimulation (34, 36). The 
study also reported that 87.5% of the 24 patients preferred the HF10 SCS device to the 
traditional stimulator (34, 36). 

So far, the data on HF10 stimulation is very promising. This technology has the 
potential to treat patients with intractable pain without one of the most troublesome 
adverse reactions of traditional stimulation: i.e. paresthesia. However, the device is not 
FDA approved for sale in the United States, although it is available for use in the EU. 
More research is required to evaluate safety and efficacy of the device. Also, randomized 
controlled trials should be performed to assess andd confirm the superiority of the HF10 
SCS system over conventional SCS.

CONCLUSIONS
Since 1967, the field of neuromodulation has evolved and changed significantly. The 
gate control theory is still generally accepted as the underlying principal behind 
the function of SCS. However, the mechanism of action is not yet fully elucidated, 
although several theories have been proposed. Additional research on the exact 
mechanisms involved in SCS will enhance the development of this technology. 
Recent neuromodulation evolution has focused on identifying newer, more specific 
therapeutic targets within the spinal canal, such as DRG-SCS, as well as identifying 
newer waveforms and frequencies to provide more therapeutically effective 
stimulation with less or minimal unwanted paresthesia. As it now stands, SCS is still 
a very important treatment modality for patients with intractable back pain. New 
developments in SCS will make it a safe and more effective modality, especially for 
those patients who have exhausted all other available therapies.
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SUMMARY AND CONCLUSIONS
Our understanding of the role of primary sensory neurons in the development and 
maintenance of chronic pain of varying diagnoses and etiologies has significantly 
increased over the past decade. The membrane properties of these cells are 
altered, which in turn results in an enhanced state of excitability involving multiple 
ion channels, second messenger systems and other physiological changes. These 
membrane alterations provide a fundamental opportunity to direct the delivery of 
therapy to a specific region of pathology as opposed to an upstream or downstream 
area as is so often the case in palliative neuromodulation techniques.

In Chapter 1, the mechanisms behind spinal cord stimulation are described and it 
is discussed how DRG stimulation is now technically feasible with recent implantable 
device innovations and the evidence to support its effectiveness is reviewed. Previous 
techniques targeting the DRG have yielded excellent results demonstrating not only 
the safety of targeting the DRG, but also the potential opportunity for developing 
techniques that can provide longer-lasting pain relief. Preliminary results from completed 
and ongoing prospective studies suggest that DRG stimulation can provide good pain 
relief, while avoiding the unwanted side-effects of current neurostimulation techniques.

In Chapter 2, a multicenter prospective trial was described which was conducted 
to evaluate the clinical performance of a new neurostimulation system designed to 
treat chronic pain through the electrical neuromodulation of the dorsal root ganglia 
(DRG), in patients with painful regions of the limbs and/or trunk. It was found that 
neuromodulation of the DRG was effective for relieving chronic pain and was able to 
provide discretely defined paresthesia coverage in challenging anatomical regions such 
as the back and foot. Consistent intensities of paresthesias were reported throughout 
tests involving different body positions, demonstrating a clinically important lack of 
positional effects. The device performance demonstrated a good safety profile and 
subjects experienced improvement in health-related quality of life, mood, and pain 
symptoms. These results suggest that SCS of the DRG is a robust new tool for the pain 
physician’s armamentarium.

One year post-implantation, as described in Chapter 3, outcomes in the same 
subjects were revisited prospectively to address the maintenance of pain relief, 
improvement in mood, and quality of life one year after the implantation of the active 
DRG neurostimulator device. Improvements in ratings of pain, mood, and quality of 
life with DRG stimulation were demonstrated for 12 months of therapy. Additionally, 
there was good agreement between pain-paresthesia overlap and high levels of user 
satisfaction. Although further study into long-term outcomes with DRG stimulation is 
needed, particularly in order to differentiate it from SCS and (potentially) peripheral 
nerve stimulation, the study suggests that this intervention may provide clear benefits.

Subsequently, Chapter 4, described the prospective validation of a newly-developed 
paresthesia intensity rating scale and compared perceived paresthesia intensities when 
subjects assumed upright versus supine bodily positions during neuromodulation of 
the DRG. The DRG neurostimulation system appeared to be largely impervious to the 
effects of change in position/posture since most causes of this phenomenon in SCS 
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were either absent, or were largely mitigated with DRG neuromodulation. In this report, 
neuromodulation of the DRG was shown to produce paresthesias that are minimally 
susceptible to the biomechanical perturbations seen with different body positions in 
SCS. Furthermore, paresthesia intensities and coverage locations remained consistent 
when standing vs. supine, as well as over time (up to 12 months). This is most likely due 
to the different anatomical structures and neurophysiological pathways associated with 
DRG neuromodulation, compared with stimulation of the dorsal columns of the spinal 
cord. DRG neuromodulation is a promising step toward achieving consistently effective 
pain relief, independent of body position. This study provided supportive evidence for 
these hypotheses.

Chapter 5, then, reviewed the SCS therapy and its mechanisms, and established 
a set of criteria for appropriate patient selection for neuromodulation of the DRG 
stimulation since in a subset of patients, traditional SCS may not provide sufficient pain 
relief and DRG stimulation may provide a number of advantages. Chronic neuropathic 
pain is a significant problem within pain management and there is a need for well-
defined diagnostic criteria and treatment pathways. This paper represents one of 
the first attempts to develop appropriate clinical tools from a pain management 
perspective. 

Chapter 6 discussed neuropathic groin pain and its treatment options and 
recommendations and provided, based on a review of the knowledge base, a treatment 
algorithm for treatment of post-herniorrhaphy pain. Indications for DRG stimulation are 
similar to those for conventional dorsal column stimulation and include neuropathic pain 
located in the trunk or limbs due to FBSS, CRPS, post-surgical neuropathy, and other 
etiologies. Patient selection criteria may be broader for DRG stimulation than traditional 
SCS, since clinical evidence suggests that this intervention is highly suited to treatment 
of focal or challenging locations including foot, knee, back, and groin. Pain conditions 
that are prone to SCS lead migration or positional effects are especially amenable to 
treatment with DRG stimulation. As the field of neuromodulation progresses, targeting 
the DRG may prove to be one of the most substantial technological advances. Further 
refinement of patient selection will enhance this treatment option for patients suffering 
chronic pain and potentially other disease states.

In Chapter 7, the results from a retrospective review of data from patients with groin 
pain of various etiologies treated using neuromodulation of the DRG were presented. 
This study presented the first results of DRG stimulation for the treatment of chronic 
neuropathic groin pain and is, based on the literature, the largest reported cohort of 
groin pain patients treated with neurostimulation. By using DRG neuromodulation at the 
level of L1-L2, direct access to the nerves that innervate the groin was gained, providing 
focused paresthesias and pain relief. In contrast, stimulation of the dorsal columns at 
the level of T11-L1 most likely stimulates leg and buttock fibers, which are larger and 
more plentiful. At this level, there is also a significant amount of cerebrospinal fluid that 
disperses stimulation, often to unwanted areas. Results indicate that DRG stimulation 
may be a useful therapy for the treatment of this common and difficult-to-treat condition. 
Additional prospective studies are necessary to further explore the potential benefit of 
DRG stimulation for the treatment of refractory groin pain.
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Chapter 8, finally, discussed several novel approaches for neuropathic pain 
management, including pharmacological intervention, radiofrequency therapy, 
electrical stimulation, and gene therapy. It described how each of these approaches 
share the same ultimate mechanism of action; i.e., reducing of the overall net activity in 
the DRG and preventing the pain message from being communicated to the spinal cord. 
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SAMENVATTING EN CONCLUSIES
Gedurende het afgelopen decennium is de kennis omtrent de rol van de primaire 
sensorische neuronen in het ontstaan en het onderhouden van chronische pijn door 
verschillende ziekteoorzaken enorm toegenomen. Het is onder andere duidelijk 
geworden dat de membraaneigenschappen van deze neuronen veranderen tijdens 
de ontwikkeling van chronische pijn. De primaire sensorische neuronen geraken 
in een verhoogde exciteerbare status, waarbij meerdere ion-kanalen, second-
messenger systemen en andere complexe fysiologische veranderingen betrokken 
zijn. Het zijn juist deze veranderende membraaneigenschappen die fundamenteel een 
therapeutische target vormen voor een specifiek klein pathofysiologische gebied. 
Dit in tegenstelling tot een groter “stroomopwaarts of stroomafwaarts” gebied zoals 
zo vaak het geval is bij de toepassing van palliatieve neuromodulatie-technieken.

In Hoofdstuk 1 worden de onderliggende mechanismen voor het gebruik van 
ruggenmergstimulatie beschreven en wordt DRG stimulatie (de behandeling van 
chronische pijn door elektrische neuromodulatie van de dorsale root ganglia) 
bediscussieerd. Door recente innovaties is het mogelijk DRG stimulatie effectief en 
veilig toe te passen. Een literatuurreview wordt gegeven. Het is niet alleen mogelijk door 
middel van DRG stimulatie veilig te stimuleren, maar er bestaat ook een potentie om 
de bestaande technieken verder door te ontwikkelen, zodat langdurige pijnverlichting 
wordt bereikt. Voorlopige resultaten van voltooide en lopende prospectieve studies 
suggereren dat DRG stimulatie kan leiden tot een adequate pijnverlichting zonder de 
ongewenste bijwerkingen van de huidige neurostimulatie-technieken.

In Hoofdstuk 2 wordt een multicenter prospectieve studie beschreven waarin het 
klinisch gebruik van een nieuw DRG neurostimulatie-systeem werd geëvalueerd bij 
patiënten met pijn in de extremiteiten en/of romp. Het bleek dat neuromodulatie van 
het DRG effectief was in het verlichten van chronische pijn en het mogelijk met behulp 
van de beschreven techniek discrete stimulatie-paresthesieën te verkrijgen in moeilijk te 
stimuleren anatomische gebieden zoals rug en voet. De verkregen paresthesieën waren 
consistent, zelfs tijdens tests met verschillende lichaamshoudingen. Lichaamsposities 
zijn blijkbaar klinisch irrelevant. De studie beschrijft een apparaat met een goed 
veiligheidsprofiel en de beschreven studie-patiënten rapporteerden een verbetering 
in hun gezondheid gerelateerde kwaliteit van leven, een verbetering van hun stemming 
en minder pijnklachten.

In Hoofdstuk 3 worden de resultaten 1 jaar na implantatie van een DRG 
neurostimulatie systeem beschreven. Het betreft dezelfde studie-populatie als in 
hoofdstuk 2. Pijnverlichting, stemmingsverbetering, en kwaliteit van leven werden 
weer bestudeerd in deze prospectieve analyse. Op alle onderzochte aspecten werd 
verbetering gezien 1 jaar na starten van de DRG stimulatie. Tevens was er een goede 
correlatie tussen de mate van overlappen pijn/paresthesie gebied en de mate van 
tevredenheid van patiënt-gebruiker. Hoewel verder onderzoek naar de lange-termijn 
resultaten met DRG stimulatie nodig is, met name ook om de positie van DRG stimulatie 
ten opzichte van SCS en perifere zenuwstimulatie vast te stellen, suggereren deze eerste 
resultaten duidelijk al voordelen. 
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Vervolgens wordt in Hoofdstuk 4 de prospectieve validatie van een nieuw ontwikkeld 
“paresthesia intensity rating scale” beschreven. Gedurende neuromodulatie van de 
DRG werden paresthesie intensiteiten gescoord door proefpersonen in rechtop positie 
en in liggende positie. Het DRG neurostimulatie-systeem leek grotendeels ongevoelig 
voor de effecten van positieverandering. Dit verschijnsel wordt vaker gezien bij SCS, 
door biomechanische oorzaken. Bij DRG stimulatie blijft tevens de dekking c.q. 
overlap paresthesie/pijngebied constant tijdens staan en liggen, dit was ook na 12 
maanden reproduceerbaar. Een verklaring voor de gevonden verschillen met SCS is 
dat bij SCS het dorsale gedeelte van het ruggenmerg wordt gestimuleerd en bij DRG 
stimulatie specifieke anatomische structuren dan wel neurofysiologische paden worden 
gestimuleerd. DRG stimulatie lijkt een veelbelovende stap richting een consistente 
effectieve lichaamshouding-onafhankelijke chronische pijnbestrijding.

In Hoofdstuk 5 wordt een overzicht gegeven over het toepassen van SCS therapie 
en worden de werkingsmechanismen beschreven. Adequate definiëring van selectie 
criteria voor het toepassen van DRG stimulatie is belangrijk daar een subgroep 
traditioneel in aanmerking komend voor SCS onvoldoende pijnreductie heeft door 
SCS en DRG mogelijke voordelen biedt in deze subgroep. Het is van belang zich te 
blijven realiseren dat chronisch neuropathische pijn een groot pijn behandel probleem 
vormt en een goed gedefinieerd klinisch diagnostisch en zorgpad vereist. Dit hoofdstuk 
beschrijft een eerste aanzet om te komen tot zo’n klinisch pad.

In Hoofdstuk 6 worden de behandelopties en de behandelaanbevelingen rondom 
neuropathische liespijn besproken. Een behandel-algoritme voor de behandeling 
van post-liesbreukchirurgiepijn wordt beschreven. De indicaties voor het toepassen 
van DRG stimulatie en SCS stimulatie zijn gelijk en omvatten neuropathische pijn 
gelokaliseerd in romp of ledematen veroorzaakt door FBSS,CRPS, en bv postoperatieve 
neuropathie. Klinisch bewijs suggereert dat DRG stimulatie zeer geschikt is voor de 
pijnbehandeling van focale of uitdagende locaties, waaronder voet, knie, rug en 
lies. Een grotere patiëntengroep komt daardoor in aanmerking voor DRG stimulatie 
dan voor de traditionele SCS stimulatie. Lead migratie en lichaamshoudingeffecten 
bij SCS maakt deze behandeling vaak minder geschikt bij bepaalde pijnsyndromen, 
zoals pijn na liesbreukchirurgie. Nieuwe technologische ontwikkelingen binnen het 
DRG neuromodulatie onderzoeksterrein kunnen leiden tot een verbetering van de 
neuropathische pijnbehandelstrategie. Dit zal dan weer leiden tot verdere verfijning 
van de behandelbare ziektebeelden en een betere selectie van patiënten voor de 
verschillende behandelopties 

Hoofdstuk 7 beschrijft de resultaten van DRG stimulatie in een groep patiënten 
met liespijn. De oorzaak van de liespijn was divers. Het is , gebaseerd op de literatuur, 
een studie met het grootste gerapporteerde cohort patiënten die de behandeling van 
chronische pijn in de lies door DRG stimulatie ondergaat. De DRG neuromodulatie 
werd toegepast op niveau L1-L2, door directe stimulatie van de zenuwen die de lies 
innerveren, leidend tot zeer lokale paresthesieën en pijnverlichting. Dit in tegensteling 
tot SCS waar stimulatie van de het dorsale gedeelte van ruggenmerg plaatsvindt op 
niveau T12-L1, met als resultaat meer stimulatie van been en bil zenuwen daar deze 
zenuwvezels hier zowel groter als talrijker aanwezig zijn. Bovendien is er op dit niveau 
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ook een aanzienlijke hoeveelheid cerebrospinale vloeistof. Deze vloeistof divergeert de 
stimulatie naar ongewenste gebieden. De resultaten tonen aan dat DRG een nuttige 
(aanvullende) therapie kan zijn voor deze vaak voorkomende en moeilijk te behandelen 
pijnaandoening. Aanvullende prospectieve studies zijn nodig om de voordelen van DRG 
stimulatie voor de behandeling van de refractaire liespijn verder te exploreren.

Afsluitend worden in Hoofdstuk 8 de verschillende nieuwe behandelopties voor 
neuropathische pijn besproken, zoals farmacologische therapie, radiofrequente 
therapie, elektrische stimulatie, en gentherapie. Al deze behandelbenaderingen hebben 
een overeenkomstig werkingsmechanisme: het onderdrukken van de DRG activiteit en 
het voorkomen van pijntransmissie naar het ruggenmerg. Het DRG als behandelbaar 
schakelstation.
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