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Mechanisms and rationale



“How are we to know how to alter stimulation parameters, 
other than by trial and error, to optimize outcomes if we do 
not know where and how they act on neural tissues?”





Of 49 highly cited original clinical research studies 45 claimedOf 49 highly cited original clinical research studies, 45 claimed 
that the intervention was effective. Of these, 

• 7 (16%) were contradicted by subsequent studies, 
• 7 others (16%) had found effects that were stronger than 

those of subsequent studies, 
• 20 (44%) were replicated, and20 (44%) were replicated, and 
• 11 (24%) remained largely unchallenged. 

JAMA. 2005;294:218‐228.



Mechanisms

Methods

ResultsResults



“Gate theory"Gate theory

Melzack & Wall, Science 150:971-9,1965



“Gate theory"

 "Gate" in dorsal horn governs central 
t i i f l ti it i li itransmission of neural activity signaling pain



Opened by excess of small over large fiberOpened by excess of small over large fiber 
activity in the peripheral nervous system. 

– Closed by excess of large fiber activity 



Selectivity of Electrical Stimulation 

 Large fibers have relatively low threshold for 
recruitment by externally applied electricalrecruitment by externally applied electrical 
stimulation pulses 

– At the proper stimulation amplitude, they may 
be activated selectively, closing the "gate.”



xx

xx

Wall & Sweet 1967



Peripheral Nerve Stimulation 
Mixed sensory and motor fibers Mixed sensory and motor fibers 

– Similar thresholds for large diameter sensory afferents and 
t ff t [L ]motor efferents [Law]

– Uncomfortable motor effects at amplitudes near sensory 
th h ldthreshold 



Dorsal Column Stimulation 
Primary afferents conveniently segregated from motor fibers Primary afferents, conveniently segregated from  motor fibers 

– Antidromic activation  
– Collateral processes to dorsal horn provide access to "gate" 



Traditional 
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dorsal columns 
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Courtesy of Bengt Linderoth   Adapted from Brown 1981; and further from Bradley K. (personal comm Nov 2015)

GABA



50th anniversary!50th anniversary!

Shealy March 24, 1967             Mortimer 1968 PhD thesis









"Dorsal Column" Stimulation 

 Topographically accurate 
 Physiologically confirmed y g y

but 
 Physiologically simplistic, as other structures are         

ff t d th faffected; therefore 

 "Spinal cord stimulation" preferred Spinal cord stimulation  preferred 





Animal modelsAnimal models

 Scaling electrodes and stimulation parameters problematic
 Chronic pain model problematic 
 Neuropathic pain (sciatic n.  ligature)p p ( g )

– Hyperactive flexion withdrawal reflex attenuated by SCS 
[Meyerson][Simpson]



EFFECTS OF SCSEFFECTS OF SCS
Only in symptomatic responders!Only in symptomatic responders!

If the GABA-B receptor is blocked, the reduction of GLU is 
abolished

From Cui et al 1996;1997; Stiller et al 1996Courtesy of Bengt Linderoth



“A deficient SCS effect in neuropathic pain may be 
considerably improved by intrathecal baclofen”

Average followup 67 months
n = 7n = 7



R t lRostral
orthodromic

Segmental
and

antidromic



NA

5-HT

SCS

From Zhang TC. et al.  Brain Res. 2014From Zhang TC. et al.  Brain Res. 2014







What is "Stimulation"? 
 Depolarization, action potential propagation

– Primarily cathodal effect 
 Hyperpolarization

– Primarily anodal effect 
– "Anodal break" causing depolarization 

At high amplitudes and longer pulse widths (over 400 
microseconds) )



Traditional (tonic paresthesia based) SCSTraditional (tonic, paresthesia based) SCS

Traditional SCS
F: 40-80 Hz
PW: 200 450 microsecPW: 200-450 microsec.
A: Above perceptual,
below motor threshold

From Pope, Falowski & 
Deer 2015 



Paresthesia-based stimulation: Dosing
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Paresthesia-free stimulation
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P th i l t f i li fParesthesia no longer a surrogate for pain relief; 
neither necessary nor sufficient



Paresthesia-free stimulation
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C t M d li f SCSComputer Modeling of SCS
Distribution of electrical fields and current densities in the spinalDistribution of electrical fields and current densities in the spinal 

cord 
Finite element methods - tissue volumes  (e.g.  CSF, white 

tt ) id d lti l ll t i fi [C bmatter) considered as multiple, small geometric figures [Coburn, 
Holsheimer, Rustioni, Sin, Strujik]

Variable electrical conductivity of different tissues
C b i l fl id h th hi h t d ti it- Cerebrospinal fluid has the highest conductivity

- Anisotropy (e.g., white matter has greater conductivity 
longitudinally than transversely)







Modeling Predictions 
Recruitment threshold varies as depth of dorsal cerebrospinal Recruitment threshold varies as depth of dorsal cerebrospinal 
fluid space 

 Minimizing lateral recruitment (dorsal roots, lateral dorsal 
l )columns)
- Optimal longitudinal contact spacing (to maximize selectivity 

for deep, medial fibers) is approximately 1.4 times CSF 
d th 6 8depth, or 6-8 mm.  

- Longitudinal cathode position is more important than 
arrangement of anodes in a linear array



Modeling Predictions (cont.) 
To minimize lateral recruitment (dorsal roots lateral dorsalTo minimize lateral recruitment (dorsal roots, lateral dorsal 
columns):

– Dual (side by side) linear arrays are inferior
(l ki idli th d iti ( ))– (lacking midline cathode position(s))

– Triple (side by side) linear arrays are superior
– Retain midline cathode position(s).

Add l t l d hi ldi t d l t l d l– Add lateral anodes, shielding roots and lateral dorsal 
columns

– “Transverse tripole” [Holsheimer]  



“We observed disadvantages for dual electrodes in treating axial low 
back pain ”back pain.



“We conclude that chronic low back pain is not particularly 
responsive to the transverse stimulation provided by the TTSresponsive to the transverse stimulation provided by the TTS 
system.”



SCS waveforms 2010 ffSCS a e o s 0 0

From Pope, Falowski & Deer 2015 



SCS waveforms 2010 ffSCS a e o s 0 0

From Pope, Falowski & Deer 2015 







Burst effect Burst effect NOTNOT dependent on dependent on DCDC
bl kbl k

Live animal experimentsLive animal experiments

activation or blockactivation or block

Tang R.  et al 2014



Live animal experimentsLive animal experiments

BurstBurst effecteffect NOT NOT 
dependantdependant on GABA on GABA 
receptorreceptor activationactivationreceptor receptor activationactivation..
OtherOther expexp showedshowed thatthat
block block ofof the GABAthe GABABB
receptor receptor diddid not not 
abolishabolish burstburst effecteffect

Courtesy of Bengt Linderoth



SCS waveforms 2010 ffSCS a e o s 0 0

From Pope, Falowski & Deer 2015 



HF10 SCS (10 kHz)
Electrodes directly over 

segments (e.g., T9-T10) 
where hyperactive / 
WDR ll   l t dWDR cells are located

SS T9-T10 

WDR
GABA

WDR

WDR
GABA

Courtesy of Bengt Linderoth   Adapted from Brown 1981; and further from Bradley K. (personal comm Nov 2015)



No block or activation of DC neurons by HF10 SCSNo block or activation of DC neurons by HF10 SCSyy

50 Hz/ 200 usec/ 80% MT

SCS  6 min.10 kHz/ 24 us/ < ST (approx. 50% MT)

Example recording from a group of 6 rats; HF SCS: 
No total  block of sensory input (v Frey)

Courtesy of Bengt Linderoth
Song et al. Neuromodulation 2014.



Data from J. Hopkins Univ. Group
30 min. SCS (applied to DCs T10-T12 

Live animal experimentsLive animal experiments

( pp
(biphasic; 24 sec) on 3 consequtive days

Supposed to be just below
Sensory threshold for HF SCS

They also used 20% MT: no sign differences at all
Stimulation at 80% MT: Larger differences for all freq best for 1000 Hz

Shechter et al 2013

Stimulation at 80% MT: Larger differences for all freq., best for 1000 Hz
- BUT NOT clinically relevant for HF SCS 

Courtesy of Bengt Linderoth



HF Sensory Threshold
Determination:

Behaviour (dark cage; infrared video monitoring)( g ; g)

Behaviour arrest
Motor response

Exploration/grooming

Behaviour arrest
(”freezing”)

0                                0.30             0.40             0.50        0.60    0.70 
( varies between individuals !)

Amplitude (mA)

Chosen ”subperceptive” region of amplitudes Song et al 2014;2015



Effect of Different Frequencies of Spinal Cord Stimulation on Pain-Model Rodent 
Superficial Dorsal Horn Neuronal Excitability

Professor Stephen McMahon PhD

NANS NANS 
20182018 Professor Stephen McMahon PhD

King’s College London
London Pain Consortium
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Electrophysiological investigation of the effects of 10 kHz spinal 
cord stimulation on the excitability of superficial dorsal horn

Live animal experimentsLive animal experiments

cord stimulation on the excitability of superficial dorsal horn 
neurons in experimental pain models
S. McMahon et al, King’s College London (Unpubl 2016‐2017 ‐2018)

Courtesy of Bengt Linderoth



Electrophysiological investigation of the effects of 10 kHz spinal 
cord stimulation on the excitability of superficial dorsal horn 
neurons in experimental pain models
S. McMahon et al, King’s College London (Unpubl 2016‐2017‐2018)



From S. McMahon et al.: Poster at NANS, Las Vegas Jan. 2018



“By performing EEGs or PET or fMRI studies a conjunction
analysis can demonstrate whether both stimulation designs 
modulate the dACC, that is, the medial pain pathway, and amodulate the dACC, that is, the medial pain pathway, and a 
subtraction analysis can demonstrate where they differ, 
analogous to what has been done for burst versus classical tonic 
stimulation.”



SCS waveforms 2010 ffSCS a e o s 0 0

From Pope, Falowski & Deer 2015 



SCS waveforms 2016 ff

“Traditional”
“Tonic”

i tii.e., continuous

“Burst”
i.e., continual

“High density”
HD

“High density”
(still “tonic”)

“High frequency”
(still “tonic”)

Modified from
Pope 2015



“VAS was 2 29 ± 0 41 during subthreshold HD stimulation and 6 31 ± 1 22

n = 4

VAS was 2.29 ± 0.41 during subthreshold HD stimulation and 6.31 ± 1.22 
during sham stimulation, which was a significant difference (p < 0.05 . . .)







1967



The history of research on the 
mechanisms, efficacy, and safetymechanisms, efficacy, and safety 

of spinal cord stimulation

Potential overlap with:
Rod Ta lorRod Taylor

John Markman
Ali Rezai

Salim Hayek
Simon Thomson
Brian KopellBrian Kopell
Sam Eldabe
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Johns Hopkins Department of Neurosurgery

Donlin M Long MD PhDDonlin M. Long, MD, PhD
Professor and Chairman
1973 ff



Early enthusiasmEarly enthusiasm

“Thus far there appear to be no major 
pain syndromes which of themselves are 
not, at least in part, amenable to 
temporary or perhaps permanent control 
by electrical stimulation methods.”

Seminar on the Electrical Stimulation
of the Human Nervous System forf y f

the Control of Pain  1975



“Followup was carried out by different personnel who were entirely  new to
the patients . . . only 15% of the original 60 were considered successes.”

“We believe that unsophisticated methods of evaluating pain patients led toWe believe that unsophisticated methods of evaluating pain patients led to
the early enthusiastic reports.”







“Third party followup”





















North R, Linderoth B in Schmidek & Sweet Operative Neurosurgical Techniques 5th edition, 2006
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For what a man
had rather were true

h   d l  b lhe more readily believes.

-Sir Francis Bacon
1561 16261561-1626



NANS poster 2018



North et al., NANS poster 2018



ConclusionsConclusions
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Mechanisms-based Medicine

“An efficiently workingAn efficiently working 
reflex [gives] a correct 
ans er so to sa to ananswer, so to say, to an 
improper or wrong g
question.”

‐ Sir Charles Sherrington
1932 Nobel laureate



White & Sweet, 1969



North RB: Neurosurgical procedures for chronic pain: General neurosurgical practice. 
Clinical Neurosurgery 40:182-196, 1992.



Functional Neurosurgery Versus Reconstructive 
Spine Surgery for Failed Back Surgery Syndrome:  

An Evidence-Based ApproachAn Evidence Based Approach

Richard B. North, MD, Baltimore, Maryland
Introduction 
Repeated lumbosacral spine surgery for persistent or 
recurrent pain (FBSS) yields diminishing returns, as is 
well known (e.g., Fritsch 1996). Spinal cord 

but pain relief should be the primary outcome. SCS 
studies must follow accepted standards regarding 
patient selection, sample size calculation, group 
comparability, standardized group treatment during 
d t ll ti d ti f bi d t l ti lFBSS did t fstimulation (SCS), a reversible pain-relieving 

procedure performed by functional 
neurosurgeons and interventional pain 
specialists, compares favorably with repeated surgery 
by virtue of higher yield with lower morbidity and 
greater cost-effectiveness.

Methods
Thi i f th id i SCS ith

data collection, reduction of bias, data analytical 
methods, and appropriate follow-up methods, 
including basing intervals on intervention dates 
(instead of study entry).  Data reporting should 
include raw figures as well as percentages and 
information on all sub-group outcome.  

Conclusion
The evidence indicates that SCS a functional

FBSS candidate for 
SCS or reoperation Refused 

randomization

Randomized

Results
A single-center RCT of SCS vs. reoperation for FBSS 
demonstrated significantly better clinical outcomes 
(North 2005) and greater cost effectiveness (North 
2007a) for SCS in patients with prominent radicular

This review of the evidence comparing SCS with 
surgical and medical alternatives clarified future study 
design issues and objectives.

The evidence indicates that SCS, a functional 
procedure, is superior to reconstructive spine surgery 
in selected cases. A new multi-center RCT will 
provide additional up-to-date evidence. 

Disclosure 
Neither I nor a member of my immediate family 
h i d hi f l * f

SCS trial Reoperation 
Crossover allowed immediately

Crossover allowed >6 months2007a) for SCS in patients with prominent radicular
pain. A multi-center RCT comparing SCS with 
conservative medical management reached similar 
conclusions (Kumar 2007). This is consistent with 
the nonrandomized studies that comprise the rest of 
the evidence base (North 2007b).  A multi-center 
RCT of SCS vs. reoperation, which will incorporate 
the latest techniques and equipment for each, is 
underway (North 2010).

has received anything of value* from or own 
stock (or stock options) in a commercial entity 
related directly or indirectly to the subject of this 
presentation.  The FDA has cleared SCS for the 
use described in this presentation. 

*In the past five years.  Usual disclosure follows: 
Dr. North has no personal income from or equity 
interest in the medical device industry His

Implant Crossover allowed >3 months

y ( ) interest in the medical device industry.  His 
former employer (Johns Hopkins University) 
received funding from industry as does the non-
profit Neuromodulation Foundation, of which he is 
an unpaid officer.

Discussion
SCS is a minimally invasive treatment for otherwise 
intractable neuropathic pain.  SCS treatment success 
depends upon proper patient selection, equipment 
choice, and physician training.  Studies of SCS must 
include protocols to protect patient safety, including 

References
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