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Epidural SCS has been practiced for more than 40 
years and has become an evidence-based treatment 
for chronic pain disorders such failed back–surgery 

syndrome, complex regional pain syndrome, and periph-
eral vascular disease.6,8,11,17,19,22,25,26,32,34,38 Cervical SCS 
is less commonly used but has also proven effective for 
pain syndromes such as upper-extremity complex region-
al pain syndrome, intractable facial pain, angina pectoris, 

and postamputation limb pain.1,3,7,9,16,17,37 Thoracolumbar 
epidural electrodes are commonly placed after adminis-
tration of a local anesthetic and conscious sedation so 
the patient may communicate with the surgical team and 
confirm that regions of pain are satisfactorily “covered” 
by stimulation-induced paresthesias.10,23 However, place-
ment of surgical cervical epidural leads has required gen-
eral anesthesia for reasons of safety, patient comfort, and 
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Object. Spinal cord stimulation (SCS) is being currently used to treat medically refractory pain syndromes in-
volving the face, trunk, and extremities. Unlike thoracic SCS surgery, during which patients can be awakened from 
conscious sedation to confirm good lead placement, safe placement of paddle leads in the cervical spine has required 
general anesthesia. Using intraoperative neurophysiological monitoring, which is routinely performed during these 
cases at the authors’ institution, the authors developed an electrophysiological technique to intraoperatively lateralize 
lead placement in the cervical epidural space.

Methods. Data from 44 patients undergoing median and tibial nerve somatosensory evoked potential (SSEP) 
monitoring during cervical laminectomy or hemilaminectomy for placement or replacement of dorsal column stimu-
lators were retrospectively reviewed. Paddle leads were positioned laterally or just off midline and parallel to the axis 
of the cervical spinal cord to effectively treat what was most commonly a predominant unilateral pain syndrome. 
During SSEP recording, the spinal cord stimulator was activated at 1.0 V and increased in increments of 1.0 V to a 
maximum of 6.0 V. A unilateral reduction or abolishment of SSEP amplitude was regarded as an indicator of lateral-
ized placement of the stimulator. A bilateral diminutive effect on SSEPs was interpreted as a midline or near midline 
lead placement.

Results. Epidural stimulation abolished or significantly reduced SSEP amplitudes in all patients undergoing 
placement for a unilateral pain syndrome. In 15 patients, electrodes were repositioned intraoperatively to achieve the 
most robust SSEP amplitude reduction or abolishment using the lowest epidural stimulation intensity. In all cases 
in which a significant unilateral reduction in SSEP was observed, the patient reported postoperative sensory altera-
tions in target locations predicted by intraoperative SSEP changes. Placement of cervical spinal cord stimulators 
for bilateral pain syndromes often resulted in bilateral but asymmetrical SSEP changes. In no cases were significant 
SSEP changes, other than those induced using the device to directly stimulate the dorsal surface of the spinal cord, 
observed. No case of new postoperative neurological deficit was observed.

Conclusions. Somatosensory evoked potentials can be used safely and successfully for predicting the lateraliza-
tion of cervical spinal cord stimulator placement. Moreover, they can also intraoperatively alert the surgical team 
to inadvertent displacement of a lead during anchoring. Further studies are needed to determine whether apart from 
assisting with proper lateralization, SSEP collision testing may help to optimize electrode positioning and improve 
pain control outcomes. (DOI: 10.3171/2010.5.JNS091640)
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the need for head pin immobilization. Although modern 
multicontact electrode arrays have expanded the capabil-
ity for manipulating the distribution of perceived stimula-
tion postoperatively, the initial location of the electrode 
lead is the predominant factor that determines whether 
stimulation will be superimposed on painful regions. 
Moreover, stimulation of regions not involved in the pain 
syndrome may cause patient discomfort and therefore 
limit the therapeutic efficacy of the ultimate treatment by 
altering the tolerance threshold of stimulation parameters. 
Since paddle-type electrodes are placed in the epidural 
space via a partial laminectomy or hemilaminectomy, it 
can be difficult to control their medial-lateral trajectory. 
Intraoperative fluoroscopy is helpful for estimating lead 
laterality but will not ultimately confirm if one or both 
sides of the spinal cord will receive clinically significant 
stimulation. Consequently, after the surgeon’s best efforts 
to position a paddle electrode, there has been a need to 
develop a method to objectively confirm the location of 
cervical epidural electrodes without patient cooperation.

Somatosensory evoked potentials have become the 
workhorse of neurophysiological monitoring in spine 
surgery due to their high sensitivity and specificity for 
identifying spinal cord injury and proven ability to re-
duce new postoperative neurological deficits.5,15,28,35 The 
potential of SSEPs to assist with localization in the ner-
vous system has been shown by their ability to identify 
functional regions of the human cortex during brain sur-
gery.12,31,36 Several studies have demonstrated that SCS 
reduces the amplitudes of short and midlatency SSEPs, 
and this decrease of primary somatosensory cortical ac-
tivity may contribute to the analgesic effect of SCS.4,21,30,40 
We have taken further advantage of routine intraopera-
tive SSEP monitoring to correctly lateralize and optimize 
electrode position during cervical and cervicomedullary 
SCS surgery.

Methods
Patient Population

After obtaining institutional review board approval, 
we performed a retrospective review of a prospectively 
acquired database of patients undergoing cervical or cer-
vicomedullary spinal cord stimulation at the University 
of Pittsburgh Medical Center. Between May 2004 and 
January 2009, neurophysiological monitoring of median 
SSEPs was performed in 44 patients during 48 consecu-
tive operations for the placement or replacement of cervi-
cal or cervicomedullary electrodes for SCS. Twenty-one 
patients (48%) were women and 23 patients (52%) were 
men. The median age of the patient sample was 48 years 
(range 20–78 years). Pain syndromes were bilateral in 
19 patients (43%) and unilateral in 25 patients (57%). Pa-
tient demographic and clinical data are summarized in 
Table 1.

Surgical Technique
All operations were performed by a single neurosur-

geon (J.J.M.) after induction of general anesthesia. Apart 
from revisions, cervical and cervicomedullary stimula-

tors were placed via 2 stages. In the first stage, cervical 
or cervicomedullary electrodes were placed with the pa-
tient prone in Mayfield head pins, and the wiring from 
the lead was connected to an external pulse generator for 
a 3-day trial. Pain reduction of at least 50% was required 
for patients to undergo the second stage of surgery dur-
ing which a lateral decubitus position was used to place 
connecting wires and the internalized pulse generator. 
Cervical stimulation was used for patients with pain syn-
dromes involving the upper extremity, shoulder, neck, and 
chest wall. Electrodes were placed at the cervicomedul-
lary junction if the pain syndrome involved the face, jaw, 
or head. Our surgical technique for cervical stimulation 
used a single or multilevel hemilaminotomy for unilateral 
pain syndromes. The location of the hemilaminotomy 
was based on the patient’s dermatomal topography of the 
pain, electrodiagnostic testing such as electromyography 
and nerve conduction studies, and previous surgeries so 
that the SCS electrode contacts would lie cephalad to the 
most rostral painful dermatome (for example, to treat a 
C5–7 dermatomal pain syndrome, the electrode would be 
placed epidurally via a C-5 laminotomy so that proximal 
contacts would lie at C-5 and distal electrodes would sit 
superior to C-5). In cases in which patients had under-
gone prior posterior cervical approaches, electrodes were 
placed more cephalad to the prior surgical site to avoid 
epidural scarring. In some cases, the level of electrode 
placement was guided by the location of a prior placed 
percutaneous electrode, which gave the patient successful 
pain control.

Cervicomedullary junction electrodes were placed 
using a C-1 hemilaminotomy with or without a small oc-
cipital craniectomy; an occipital craniectomy was per-
formed if the patient’s facial pain involved the V1 trigem-
inal dermatome. Cervical electrodes were either placed 
superiorly or inferiorly into the epidural space; however, 
all cervicomedullary electrodes were placed inferiorly 
into the epidural space from the cervicomedullary junc-
tion so that proximal contacts were near the cervicome-
dullary junction and distal contacts were located more 

TABLE 1: Patient demographic and clinical characteristics 

Variable No. (%)
no. of patients 44
age (yrs)
 median
 range

48
20–78

sex
 male
 female

23 (52)
21 (48)

location of SCS
 cervical
 cervicomedullary

29 (60)
19 (40)

location of pain
 bilat
 unilat

19 (43)
25 (57)

no. of cases
 trial or initial placement

48
40 (83)

 revision  8 (17)
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inferiorly. For the majority of cases, SCS was performed 
using the quadripolar Resume electrode lead (Medtronic), 
although Specify and Resume TL electrodes were also 
used. All patients underwent postoperative evaluation by 
several physicians including the senior author (J.J.M.) to 
determine whether pain coverage and reduction were suf-
ficient.

Neurophysiological Monitoring
Somatosensory evoked potentials are routinely moni-

tored for all posterior cervical spine surgery cases at our 
institution, and no additional monitoring equipment or 
preparation time was required for determining electrode 
localization. Baseline SSEPs were obtained after induc-
tion of general anesthesia and prior to patient position-
ing in all cases. Upper- and lower-extremity stimulation 
was performed simultaneously throughout. The upper-
extremity nerve to be stimulated was chosen based on the 
level(s) at which the decompression/electrode placement 
was to occur, and the lower-extremity nerve was chosen 
on the basis of which response was most robust.

Median/Ulnar Nerve SSEPs
The median or ulnar nerve was stimulated at the 

wrist bilaterally in an alternating fashion using subder-
mal needle electrode pairs. Scalp electrodes were placed 
at P4/Fz and P3/Fz (according to the international 10-20 
system)14 to record cortical SSEPs (N20 and P30 SSEP 
components) and at either mastoid and referenced to Fz 
to record subcortical SSEPs (N13 SSEP component). 
Constant voltage stimulators using sufficient intensity to 
evoke a consistent response produced evoked sensory po-
tentials. Stimulation frequency was 2.45 Hz with a single 
pulse duration of 0.2 msec. Bandpass filters were set at 
3–300 Hz with a gain of 20,000 for cortical recordings 
and 30–1000 Hz with a gain of 50,000 for subcortical re-
cordings. Averaged SSEPs were computed for 128 trials.

Peroneal/Tibial Nerve SSEPs
Alternating bilateral tibial nerve stimulation was 

used unless reproducible SSEPs were unattainable in 
which case the peroneal nerve was stimulated. The tibial 
nerve was stimulated at the ankle using subdermal needle 
electrode pairs with proximally placed cathodes and the 
anode placed approximately 1 cm distally. The peroneal 
nerve was stimulated using pairs of subdermal needles 
located at the head of the fibula and medially in the 
popliteal fossa. Recordings were obtained from the scalp 
by using subdermal electrodes. Scalp electrodes were Pz/
Fz and P3/P4 (according to the international 10-20 sys-
tem)14 to record cortical SSEPs (N37 SSEP component) 
and at either mastoid and referenced to Fz to record sub-
cortical SSEPs (N30 SSEP component). Evoked sensory 
potentials were produced by constant voltage stimulators 
using sufficient intensity to evoke a consistent response. 
Stimulation frequency was 2.45 Hz with a duration of 0.2 
msec. Bandpass filters were set at 3–300 Hz with a gain 
of 2000 for cortical recordings and 30–1000 Hz with a 
gain of 5000 for cervical recordings. Averaged SSEPs 
were computed for 128 trials.

Alarm Criteria and Significant Change
Initial SSEP recordings, made after induction of an-

esthesia and prior to positioning, served as baselines. The 
SSEPs were collected continuously (defined as without 
user interruption) throughout the procedure. For purposes 
of detection of iatrogenic injury due to patient position-
ing or root and/or cord insult, persistent and consistent 
reduction in primary somatosensory cortical amplitude 
or subcortical response by greater than 50% or prolonga-
tion of response latency (> 10%) at any time during the 
procedure that was not related to significant changes in 
anesthesia, was viewed as being significant and the sur-
geon was informed. These criteria have been previously 
validated and agreed on in the literature as being of op-
timal sensitivity and specificity for detecting iatrogenic 
injury in the spinal cord. It should be noted that while a 
50% change in amplitude and 10% increase in latency 
are widely accepted as being significant, caution should 
always be taken, and interpretation of significance should 
be considered on a case by case basis.

For purposes of electrode localization, once in the 
epidural space, the electrode was connected to an exter-
nal pulse generator under the control of a manufacturer 
representative. Stimulation from the external pulse gen-
erator used frequencies of between 40 and 60 Hz and be-
gan at 1.0 V and was increased in increments of 1.0 V 
to a maximum of 6.0 V. Median nerve SSEPs were used 
for collision testing in all patients. The pulse generator 
SCS was often recorded as a high frequency signal on the 
SSEP channels, and all artifact rejection algorithms for 
SSEP recordings were turned off. If required, the SCS ar-
tifact was resolved by increasing SSEP averaging to 256 
trials per average. A significant unilateral reduction (75% 
or greater) or abolishment of SSEP cortical or subcorti-
cal amplitude was interpreted as lateralized placement 
of the electrode, and a bilateral 75% SSEP reduction or 
abolishment of SSEPs indicated a midline or near-mid-
line electrode placement. In patients with unilateral pain 
syndromes, failure of abolishment or significant unilat-
eral reduction (> 75%) of SSEP amplitudes ipsilateral 
to pain during SCS was interpreted as poor lateralized 
placement and prompted repositioning of the electrode. 
For patients with bilateral pain, failure of bilateral SSEP 
amplitude abolishment or 75% reduction was interpreted 
as poor midline placement of the electrode and prompted 
repositioning. In all 48 operations, the cervicomedullary 
or cervical electrode was repositioned by the surgeon and 
not anchored until the aforementioned intraoperative neu-
rophysiological criteria for proper lateralized or midline 
positioning were met. Interpretation of significant change 
due to the stimulator being turned on at various voltages 
was very straightforward and easily interpreted except for 
instances in which noise from the handheld pulse genera-
tor introduced noise into the recordings. In these and any 
cases in which noise interference became an issue, rou-
tine digital filtering of the signal was used to successfully 
resolve the signals and any SSEP changes.

Results
In all 25 patients with unilateral pain syndrome, cer-
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vical and cervicomedullary SCS consistently abolished or 
significantly reduced (> 75% suppression) median nerve 
cortical and subcortical SSEP amplitudes ipsilateral to 
the pain syndrome without modifying the contralateral 
median nerve SSEP. A representative case of bilateral 
significant SSEP amplitude reduction during intraoper-
ative cervical SCS in a patient suffering from bilateral 
pain is shown in Fig. 1. In 15 patients (60%), after correct 
electrode lateralization was confirmed with SSEP moni-
toring, electrodes were intraoperatively repositioned to 
obtain the most robust and greatest decrease in SSEP am-
plitude using the lowest intensity output of the spinal cord 
stimulator. Postoperatively, all 25 patients (100%) with 
unilateral pain experienced excellent unilateral pain cov-
erage with sensory alterations elicited on the side of pain 
predicted by SSEP suppression in the operating room. No 
patient experienced unpleasant or painful contralateral 
SCS-induced paresthesias. An SCS voltage of 3.0–4.0 V 
was required to abolish unilateral SSEP in most patients.

In 19 patients (100%) with bilateral pain syndrome, 
cervical and cervicomedullary SCS produced bilateral 
reduction in SSEP amplitudes intraoperatively, and all 
patients had bilateral postoperative sensory alterations. 
Although SSEP amplitude suppression was observed bi-
laterally in these cases, it was often asymmetrical.

No new neurological deficits occurred. The SSEP 
collision testing added approximately 5–15 minutes of 
time to each operative case.

Discussion
Despite its proven clinical efficacy in reducing pain 

and improving quality of life for patients suffering from 
various intractable pain syndromes, SCS remains tech-
nically demanding and constrained by the high cost and 
technological limitations of current hardware. Revision 
surgery remains common due to infection, initial mis-
placement, and various types of hardware failure.19,39,41,42 
Moreover, cost effectiveness studies have shown that the 
financial impact of SCS is strongly influenced by peri-
operative complications and the need for revision sur-
gery.2,18,25 Inadequate pain coverage may result from poor 
lateralization during initial placement of the SCS elec-
trode and can be particularly problematic during place-
ment of cervicomedullary and cervical stimulators where 
patient verification of pain coverage is lost due to general 
anesthesia. A recent review of hardware failure modes 
in 289 patients undergoing SCS identified poor pain re-
lief coverage as the most common indication for revision 
surgery.33 Moreover, even if painful areas are adequately 
covered by stimulation, stimulation-induced paresthesias 
in regions not involved in the pain syndrome, such as the 
contralateral face or extremity, may lead to patient dis-
comfort and dissatisfaction with SCS.13,27 Thus, efforts 
directed at optimizing initial SCS electrode placement 
during surgery may reduce the cost and improve the ef-
ficacy of this therapy.

Although it does not guarantee patient pain relief and 
satisfaction, the fundamental doctrine governing SCS 
therapy involves steering stimulation-induced paresthe-
sias to cover a patient’s perceived spatial distribution of 

pain.24 Since patients undergoing general anesthesia dur-
ing cervical and cervicomedullary SCS cannot partici-
pate in confirming good overlap of paresthesias and pain, 
an objective lateralizing strategy is desirable to prevent 
poor electrode placement and subsequent revision. Rely-
ing on radiological assessments of midline (intraopera-
tive radiography and fluoroscopy) and the surgeon’s visu-
al estimate alone for placement of lateralized electrodes 
may lead to poor coverage since it has been observed that 
anatomical midline may differ from the more clinically 
relevant physiological midline.8

Our technique of median nerve SSEP modulation 
with SCS is based on the neurophysiological concept 
of electrical collision. By primarily acting on the dor-
sal column pathways in the spinal cord, SCS has been 
shown to generate both orthodromic and antidromic 
sensory responses.43 Antidromic activation of periph-
eral nerve fibers is one of the hypothesized pain relief 
mechanisms behind SCS.17 When antidromic and ortho-
dromic responses within the same conduction pathways 
meet or collide, they can ultimately cancel each other 
out by negative interference. This phenomenon of col-
lision is increasingly being explored during intraopera-
tive physiological monitoring of the spinal cord since it 
may hold the potential to more specifically detect injury 
to descending motor tracts.20,29 Yingling and Hosobuchi44 
reported that antidromic impulses triggered by SCS can 
be measured at peripheral nerves and used to assist in 
placement of dorsal column spinal cord stimulation sys-
tems. We extended their findings to develop a technique 
that lateralizes electrode placement during cervical and 

Fig. 1. Representative case. A 58-year-old woman who presented 
with bilateral jaw, shoulder, and arm pain underwent placement of a 
cervical stimulator with desired midline placement. Upper-extremity, 
median nerve SSEPs generated by stimulation of the right and left 
median nerves demonstrated significant bilateral amplitude decreases 
(asterisks) in response to SCS at 2–4 V providing electrophysiological 
confirmation of sufficient (midline) electrode placement.
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cervicomedullary SCS by using antidromic impulses to 
collide with orthodromic impulses evoked by unilateral 
median nerve SSEPs. Thus, in our patients, collision of 
orthodromic sensory responses generated by peripheral 
stimulation of the median nerve with antidromic sensory 
responses generated by SCS led to lateralized modula-
tion and eventual extinguishment of SSEPs measured at 
the scalp. Moreover, after successful lateralization, the 
electrode was repositioned in 15 patients so that collision 
phenomenon would generate the greatest SSEP amplitude 
reduction with the lowest stimulation intensity of the spi-
nal cord stimulator.

This technique, which utilizes well-established rou-
tine SSEP recording, did not require additional training 
of our neurophysiology staff nor did it add significant 
time to the procedure. Continued advancements in SCS 
lead technology may obviate the need for lateralization by 
placing multiple parallel leads or wider paddle leads with 
multiple rows of embedded electrode contacts. However, 
in the cervical spine, where the potential for postlaminec-
tomy instability is greater than in the thoracic spine, we 
believe that a minimal exposure with small laminotomy 
and limited ligamentous disruption is prudent. Moreover, 
added cost and risk of infection aside, placing more hard-
ware into the cervical epidural space to treat predomi-
nantly unilateral pain syndromes arguably exposes the 
patient to added neurological risk. Future studies will 
help determine whether such neurophysiological optimi-
zation of electrode location can improve pain control out-
comes in SCS by helping surgeons localize the electrode 
for optimal pain management.

Conclusions
Somatosensory evoked potentials can safely, easily, 

and successfully predict the lateralization of an epidural 
electrode and corresponding stimulation-induced par-
esthesias in a patient undergoing cervical or cervicome-
dullary spinal cord stimulation. Moreover, continuous 
SSEP monitoring can be used to provide neurophysiolog-
ical surveillance of final electrode position by alerting the 
surgical team to an unintended movement of the electrode 
during anchoring and closing steps. Further studies per-
formed prospectively are needed to determine whether 
intraoperative SSEP monitoring during SCS surgery can 
improve pain control outcomes.

Disclosure

The authors report no conflict of interest concerning the mate-
rials or methods used in this study or the findings specified in this 
paper.

Author contributions to the study and manuscript preparation 
include the following. Conception and design: Tomycz, Balzer, 
Crammond, Habeych, Thirumala, Moossy. Acquisition of data: 
Tomycz, Balzer, Crammond, Habeych, Urgo, Moossy. Analysis 
and interpretation of data: Tomycz, Balzer, Crammond, Habeych, 
Thirumala, Moossy. Drafting the article: Tomycz, Balzer, Crammond, 
Thirumala, Moossy. Critically revising the article: Tomycz, Balzer, 
Crammond, Habeych, Urgo, Moossy. Reviewed final version of 
the manuscript and approved it for submission: Tomycz, Balzer, 
Crammond, Habeych, Thirumala, Moossy. Statistical analysis: 
Balzer. Administrative/technical/material support: Balzer, Moossy. 
Study supervision: Moossy.

References

 1. Ansari S, Chaudhri K, Moutaery K: Neurostimulation for re-
fractory angina pectoris. Acta Neurochir Suppl 97:283–288, 
2007

 2. Bala MM, Riemsma RP, Nixon J, Kleijnen J: Systematic re-
view of the (cost-)effectiveness of spinal cord stimulation for 
people with failed back surgery syndrome. Clin J Pain 24: 
741–756, 2008

 3. Barolat G, Knobler RL, Lublin FD: Trigeminal neuralgia 
in a patient with multiple sclerosis treated with high cervi-
cal spinal cord stimulation. Case report. Appl Neurophysiol 
51:333–337, 1988

 4. Blair RD, Lee RG, Vanderlinden G: Dorsal column stimula-
tion. Its effect on the somatosensory evoked response. Arch 
Neurol 32:826–829, 1975

 5. Daube J: Monitoring of spine surgery with evoked potentials, 
In Schramm J, Moller A (eds): Intraoperative Neurophysio-
logic Monitoring in Neurosurgery. Berlin: Springer-Verlag, 
1991, 127–137

 6. De Vries J, De Jongste MJL, Spincemaille G, Staal MJ: Spi-
nal cord stimulation for ischemic heart disease and peripheral 
vascular disesase, in Pickard JD (ed): Advances and Techni-
cal Standards in Neurosurgery. Vienna: Springer, 2007, Vol 
32, pp 63–89

 7. Eckert S, Horstkotte D: Management of angina pectoris: the 
role of spinal cord stimulation. Am J Cardiovasc Drugs 9: 
17–28, 2009

 8. Falowski S, Celii A, Sharan A: Spinal cord stimulation: an 
update. Neurotherapeutics 5:86–99, 2008

 9. Forouzanfar T, Kemler MA, Weber WE, Kessels AGH, van 
Kleef M: Spinal cord stimulation in complex regional pain 
syndrome: cervical and lumbar devices are comparably effec-
tive. Br J Anaesth 92:348–353, 2004

10. Garcia-Pérez ML, Badenes R, Garcia-March G, Bordes V, Bel-
da FJ: Epidural anesthesia for laminectomy lead placement in 
spinal cord stimulation. Anesth Analg 105:1458–1461, 2007

11. Grabow TS, Tella PK, Raja SN: Spinal cord stimulation for 
complex regional pain syndrome: an evidence-based medi-
cine review of the literature. Clin J Pain 19:371–383, 2003

12. Grant GA, Farrell D, Silbergeld DL: Continuous somatosenso-
ry evoked potential monitoring during brain tumor resection. 
Report of four cases and review of the literature. J Neurosurg 
97:709–713, 2002

13. Jang HD, Kim MS, Chang CH, Kim SW, Kim OL, Kim SH: 
Analysis of failed spinal cord stimulation trials in the treat-
ment of intractable chronic pain. J Korean Neurosurg Soc 
43:85–89, 2008

14. Jasper HH: The ten-twenty electrode system of the Interna-
tional Federation. Electroencephalogr  Clin  Neurophysiol 
10:371–375, 1958

15. Keith RW, Stambough JL, Awender SH: Somatosensory corti-
cal evoked potentials: a review of 100 cases of intraoperative 
spinal surgery monitoring. J Spinal Disord 3:220–226, 1990

16. Krainick JU, Thoden U, Riechert T: Pain reduction in ampu-
tees by long-term spinal cord stimulation. Long-term follow-
up study over 5 years. J Neurosurg 52:346–350, 1980

17. Kuchta J, Koulousakis A, Sturm V: Neurosurgical pain therapy 
with epidural spinal cord stimulation (SCS). Acta Neurochir 
Sup pl 97:65–70, 2007

18. Kumar K, Bishop S: Financial impact of spinal cord stimula-
tion on the healthcare budget: a comparative analysis of costs 
in Canada and the United States. J  Neurosurg  Spine 10: 
564–573, 2009

19. Kumar K, Wilson JR, Taylor RS, Gupta S: Complications of 
spinal cord stimulation, suggestions to improve outcome, and 
financial impact. J Neurosurg Spine 5:191–203, 2006

20. Lappanen R, Madigan R, Sears C: MaGuire J, Wallace S, Cap-
tain J: Intraoperative collision studies demonstrate descend-



J Neurosurg / Volume 114 / January 2011

Localization of cervical and cervicomedullary stimulation leads

205

ing spinal cord stimulated evoked potentials and ascending 
somatosensory evoked potentials are mediated through com-
mon pathways. J Clin Neurophysiol 16:170, 1999 (Abstract)

21. Larson SJ, Sances A Jr, Riegel DH, Meyer GA, Dallmann 
DE, Swiontek T: Neurophysiological effects of dorsal column 
stimulation in man and monkey. J Neurosurg 41:217–223, 
1974

22. Lee AW, Pilitsis JG: Spinal cord stimulation: indications and 
outcomes. Neurosurg Focus 21(6):E3, 2006

23. Lind G, Meyerson BA, Winter J, Linderoth B: Implantation of 
laminotomy electrodes for spinal cord stimulation in spinal 
anesthesia with intraoperative dorsal column activation. Neu-
rosurgery 53:1150–1154, 2003

24. Linderoth B, Meyerson BA: Spinal cord stimulation: mecha-
nism of action, in Burchiel KJ (ed): Surgical Management of 
Pain. New York: Thieme, 2002, pp 505–526

25. Manca A, Kumar K, Taylor RS, Jacques L, Eldabe S, Meglio 
M, et al: Quality of life, resource consumption and costs of 
spinal cord stimulation versus conventional medical manage-
ment in neuropathic pain patients with failed back surgery 
syndrome (PROCESS trial). Eur J Pain 12:1047–1058, 2008

26. Nicholson CL, Korfias S, Jenkins A: Spinal cord stimulation 
for failed back surgery syndrome and other disorders. Acta 
Neurochir Suppl 97:71–77, 2007

27. North RB, Lanning A, Hessels R, Cutchis PN: Spinal cord 
stimulation with percutaneous and plate electrodes: side ef-
fects and quantitative comparisons. Neurosurg Focus 15(1): 
e3, 1997

28. Nuwer MR, Dawson EG, Carlson LG, Kanim LEA, Sherman 
JE: Somatosensory evoked potential spinal cord monitoring 
reduces neurologic deficits after scoliosis surgery: results of 
a large multicenter survey. Electroencephalogr Clin Neuro-
physiol 96:6–11, 1995

29. Péréon Y, Nguyen The Tich S, Delécrin J, Pham Dang C, Bo-
din J, Drouet JC, et al: Combined spinal cord monitoring using 
neurogenic mixed evoked potentials and collision techniques. 
Spine (Phila Pa 1976) 27:1571–1576, 2002

30. Polácek H, Kozák J, Vrba I, Vrána J, Stancák A: Effects of 
spinal cord stimulation on the cortical somatosensory evoked 
potentials in failed back surgery syndrome patients. Clin 
Neurophysiol 118:1291–1302, 2007

31. Recuero E: [The use of somatosensory evoked potentials for 
cortical localization during surgical operations]. Rev Neurol 
28:588–590, 1999 (Span)

32. Reig E, Abejón D, del Pozo C, Wojcikiewicz R: Spinal cord 
stim ulation in peripheral vascular disease: a retrospective 
anal ysis of 95 cases. Pain Pract 1:324–331, 2001

33. Rosenow JM, Stanton-Hicks M, Rezai AR, Henderson JM: 

Failure modes of spinal cord stimulation hardware. J Neuro-
surg Spine 5:183–190, 2006

34. Simpson EL, Duenas A, Holmes MW, Papaioannou D, Chilcott 
J: Spinal cord stimulation for chronic pain of neuropathic or 
ischaemic origin: systematic review and economic evaluation. 
Health Technol Assess 13:iii, ix–x, 1–154, 2009

35. Khan MH, Smith PN, Balzer JR, Crammond D, Welch WC, 
Gerszten P, et al: Intraoperative somatosensory evoked po-
tential monitoring during cervical spine corpectomy surgery: 
experience with 508 cases. Spine (Phila Pa 1976) 31:E105–
E113, 2006

36. Suzuki A, Yoshioka K, Nishimura H, Yasui N: Functional lo-
calization of sensorimotor cortex by somatosensory evoked 
potentials produced by femoral nerve stimulation. Neurosurg 
Focus 1(3):e3, 1996

37. Taylor RS, De Vries J, Buchser E, Dejongste MJL: Spinal cord 
stimulation in the treatment of refractory angina: systematic 
review and meta-analysis of randomised controlled trials. 
BMC Cardiovasc Disord 9:13, 2009

38. Taylor RS, Van Buyten JP, Buchser E: Spinal cord stimulation 
for complex regional pain syndrome: a systematic review of 
the clinical and cost-effectiveness literature and assessment of 
prognostic factors. Eur J Pain 10:91–101, 2006

39. ten Vaarwerk IA, Staal MJ: Spinal cord stimulation in chronic 
pain syndromes. Spinal Cord 36:671–682, 1998

40. Theuvenet PJ, Dunajski Z, Peters MJ, van Ree JM: Responses 
to median and tibial nerve stimulation in patients with chronic 
neuropathic pain. Brain Topogr 11:305–313, 1999

41. Torrens K, Stanley PJ, Ragunathan PL, Bush DJ: Risk of infec-
tion with electrical spinal-cord stimulation. Lancet 349:729, 
1997 (Letter)

42. Turner JA, Loeser JD, Deyo RA, Sanders SB: Spinal cord 
stimulation for patients with failed back surgery syndrome or 
complex regional pain syndrome: a systematic review of ef-
fectiveness and complications. Pain 108:137–147, 2004

43. Yearwood TL: Neuropathic extremity pain and spinal cord 
stimulation. Pain Med 7 (1 Suppl):S97–S102, 2006

44. Yingling CD, Hosobuchi Y: Use of antidromic evoked poten-
tials in placement of dorsal cord disc electrodes. Appl Neuro-
physiol 49:36–41, 1986

Manuscript submitted November 5, 2009.
Accepted May 4, 2010.
Please include this information when citing this paper: pub-

lished online May 28, 2010; DOI: 10.3171/2010.5.JNS091640.
Address correspondence to: Nestor D. Tomycz, M.D., 200 

Lothrop Street Suite B-400, Pittsburgh, Pennsylvania 15232. email: 
tomycznd@upmc.edu.


