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Abstract

Objective—Spinal Cord Stimulation (SCS) has become a widely used treatment option for a 

variety of pain conditions. Substantial variability exists in the degree of benefit obtained from SCS 

and patient selection is a topic of expanding interest and importance. However, few studies have 

examined the potential benefits of dynamic Quantitative Sensory Testing (QST) to develop 

objective measures of SCS outcomes or as a predictive tool to help patient selection. 

Psychological characteristics have been shown to play an important role in shaping individual 

differences in the pain experience and may aid in predicting responses to SCS. Static laboratory 

pain-induction measures have also been examined in their capacity for predicting SCS outcomes.

Methods—The current study evaluated clinical, psychological and laboratory pain measures at 

baseline, during trial SCS lead placement, as well as one month and three months following 

permanent SCS implantation in chronic pain patients who received SCS treatment. Several QST 

measures were conducted, with specific focus on examination of dynamic models (central 

sensitization and conditioned pain modulation [CPM]) and their association with pain outcomes 

three months post SCS implantation.

Results—Results suggest few changes in QST over time. However, central sensitization and 

CPM at baseline were significantly associated with clinical pain at three months following SCS 

implantation, controlling for psycho/behavioral factors and pain at baseline. Specifically, 
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enhanced central sensitization and reduced CPM were associated with less self-reported pain three 

months following SCS implantation.

Conclusions—These findings suggest a potentially important role for dynamic pain assessment 

in individuals undergoing SCS, and hint at potential mechanisms through which SCS may impart 

its benefit.
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Introduction

Spinal Cord Stimulation (SCS) is becoming a widely used treatment for a number of pain 

conditions including complex regional pain syndrome (CRPS), failed back surgery 

syndrome, postherpetic neuralgia, traumatic nerve injury, refractory angina pectoris, 

peripheral vascular disease, neuropathic pain and visceral pain (1). The mechanisms of 

action underlying SCS effects remain poorly understood (2;3). A few hypothesized 

mechanisms include a potential gating effect of incoming nociceptive stimuli in the dorsal 

horn of the spinal cord, and activation of descending pain inhibitory pathways via 

supraspinal mechanisms (4;5). Our recent neurophysiological studies indicate that a 

conditioning stimulus mimicking SCS to the dorsal column or dorsal roots results in 

attenuation of the windup response of lumbar dorsal horn neurons to repeated electrical 

stimulation in rats with a spinal nerve ligation-induced neuropathic pain (6).

Many non-human animal studies have examined potential mechanisms for the success of 

SCS, though few have been translated to humans. One such study found preliminary 

evidence for using Quantitative Sensory Testing (QST), psychophysical testing by 

administration of controlled stimuli to examine sensory perception, procedures to assist 

clinicians in selecting patients for permanent stimulation (7). Another study assessed QST 

responses, both during active SCS and with the device turned off (8). Their results suggest 

that some physiological parameters may return to normal processing during stimulation. 

Few human studies to date have assessed CNS plasticity or dynamic quantitative sensory 

testing measures, which are thought to assess the integrity of central pain processing 

mechanisms and the efficiency of descending systems that may work on the same systems/

influence the effects of SCS.

Temporal summation (TS) of pain, an index of central pain processing and a human-based 

analogue of “wind-up”, is thought to be mediated by NMDA receptor activity at dorsal horn 

sensory neurons (9). TS along with after-sensations of pain rated following such testing are 

thought to reflect central sensitization. Central sensitization (CS), a hyper-excitability in 

nociceptive pathways, has been theorized as a culprit in many pain conditions. Conditioned 

pain modulation (CPM), or the phenomenon of pain inhibiting pain, exerts both inhibitory 

and facilitatory modulation on incoming nociception and is thought to capture the strength 

or “tone” of the descending pain system. Recent evidence suggests that these dynamic 

measures may be more useful than static measures in predicting outcomes of relevant 
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interventions (10). The goals of the current open label, observational pilot study were to 

assess how SCS affects sensory processing in patients with chronic pain, and examine 

whether dynamic QST models are altered over time with SCS and/or are associated with 

pain three months following SCS placement.

Methods

Participants

All study-related procedures were approved by the Johns Hopkins Hospital Institutional 

Review Board. SCS patients were recruited for participation from the Blaustein Pain 

Treatment Center at Johns Hopkins Hospital through posted advertisements and physician 

referral. Verbal and written informed consent was obtained upon arrival for visit 1, after 

which participants underwent the assessment procedures described below. Only patients that 

would be receiving a Medtronic device were included in this study. The total study sample 

included 24 patients. Participants had varying pain conditions, all suitable for treatment 

using SCS (see Table 1). Participants were asked to avoid altering their medication regimens 

while enrolled in the study. Major inclusion criteria included age ≥18 years and suspected 

neuropathic pain in the distal lower extremities. Exclusion criteria included current alcohol 

or substance abuse/dependence; delirium, dementia, or cognitive impairment; and 

psychological/psychiatric conditions contraindicated to SCS implantation (as assessed and 

recommended by the SCS team psychologist). Participants provided verbal pain ratings [0–

10 scale] to their physician at each clinic visit and were split into “Trial Responders” and 

“Trial Non-Responders” (based on > or <50% pain relief attributed to SCS trial). Six 

participants experienced an unsuccessful trial period (“Trial Non-Responders”) and were not 

included beyond the initial two visits. The model, electrode type and SCS parameter settings 

were recorded for each participant (11). Thirteen participants received a Rechargeable 

RestoreUltra IPG (37712), five received a Rechargeable RestoreSensor IPG (37714) [one 

participant received one of each], and one received a Non-Rechargeable RestorePrime 

Advanced IPG (37702). Twelve participants received one (two in four participants) Octad 

Lead, 60cm length (3778–60 1×8) and seven received a Surgical Paddle, 65cm length 

(39565–65 565) [the participant with two systems received two leads and one paddle]. One 

person was followed outside of our system and we were not able to capture this information 

on them.

Study procedures

Patients identified and approved to undergo trial SCS participated in two or four 

experimental sessions, based on their success of the trial (defined as ≥ 50% reduction in pain 

from the trial stimulator). In each session, participants completed brief self-report 

psychological questionnaires and the sensory testing procedures described below. 

Participants were instructed to keep their devices turned off for the duration of each visit. 

The visits included a baseline session (prior to SCS trial), a session during the SCS trial 

(prior to removal of the trial leads), and for patients undergoing permanent SCS placement, 

additional visits occurred at one month and three months post implantation.
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Questionnaires—The Brief Pain Inventory includes two primary dimensions: pain 

severity and pain interference (12). The Beck Depression Inventory (BDI) assesses the 

frequency and severity of a variety of cognitive, affective, physiological, and motivational 

symptoms of depression (13). The standard Pain Catastrophizing Scale (PCS (14)) assesses 

cognitive-emotional dimensions on three subscales including helplessness, rumination, and 

magnification. Patient-Reported-Outcomes Measurement Information System (PROMIS) 

short form questionnaires were used to briefly assess sleep disturbance.

Psychophysical Pain Testing—Participants were administered a multimodal 

assessment of sensory tests to characterize static and dynamic pain responses. The testing 

battery included assessment of allodynia, pain thresholds, temporal summation, cold pressor 

and conditioned pain modulation. Several of these tests were conducted both at “affected” 

(the foot) and “unaffected” (the forearm) anatomic sites.

Area of allodynia/hyperalgesia

The area of dynamic mechanical allodynia was stimulated at and surrounding the area 

described by the participant using a 0.5 inch medium stroke paint brush. The area was 

marked and paint brush was used at a 45° angle in the center and at 4 radial arms 

surrounding the area. Pain from the brush strokes were rated on a 0–100 scale (0=No pain 

and 100=Most Intense Pain Imaginable).

Pain Threshold Testing

Pressure Pain: An electronic algometer (Somedic) with a 1cm2 hard rubber probe was used 

to assess responses to noxious mechanical pressure (15). Pressure was increased steadily at a 

constant rate (30kPA/S), until the subject indicated that the stimulus “first feels painful”. 

Pressure pain thresholds (PPThs) were assessed two times each at the thumb and toe (in 

randomized order). Thermal Pain. The MEDOC PATHWAY system (Israel) was used to 

conduct two trials each of heat pain threshold and tolerance administered to the arm and foot 

using an ascending method of limits paradigm. On each trial, the thermode gradually 

increases in temperature (.5°C/sec) from a pre-set baseline (31°C), until the subject indicated 

when the stimulus “first feels painful” (threshold) or when the stimulus “becomes 

intolerable” (tolerance) by pressing a button.

Temporal Summation (TS)

Temporal summation of pain was assessed using repetitive thermal and mechanical stimuli. 

For thermal TS, two sequences of 10 heat pulses (0.5 sec each, with a 2.5-sec inter-pulse 

interval, 70°C / S rate of rise/fall) were applied to the unaffected and affected extremity (16). 

The stimulus temperatures of the sequences were tailored to each participant based on the 

temperature of their heat pain threshold (+2 or +4°C) at baseline. Participants verbally rated 

the perceived intensity of each thermal pulse on the 0–100 rating scale. Temporal 

summation of thermal pain was calculated as the percent ratio of the highest-rated thermal 

stimuli and the first thermal stimulus in a sequence * 100. One additional pain rating was 

obtained 15 seconds following the final pulse in each temperature train in order to 

characterize after sensations. For mechanical TS, a weighted pinprick stimulator with a flat 

Campbell et al. Page 4

Pain Med. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



contact area (that does not break the skin) of 0.2 mm diameter and a force of 64 and 128 mN 

were used to deliver, either a single pinprick stimulus or a train of 10 pinprick stimuli 

repeated at a 1/s rate (within a small area of 1 cm2) to the affected and unaffected sites. 

Participants provided a 0–100 pain rating following the single pinprick and were instructed 

to rate the “peak pain” experienced during the train of stimuli. A MTS index score was 

calculated ((rating following the train of 10 stimuli / rating of the initial stimulus)) * 100) for 

each probe weight (17) and averaged together for each site. Similar procedures assessing 

responses to repetitive suprathreshold noxious stimuli as an index of central sensitization 

have been previously employed in a variety of subjects (18;19). Temporal summation and 

after sensation z-scores were z-scored separately as previously described (20), where higher 

values represent greater sensitivity to create one measure of central sensitization (21).

Cold Pressor

Pain ratings were additionally assessed using cold pressor testing (CPT). Participants 

immersed the non-dominant hand in a circulating water bath (to prevent local warming 

around the submerged hand; Neslab, Portsmouth, NH) maintained at 4°C. A total of 4 

immersions lasting a maximum of 45 seconds were conducted. Participants were permitted 

to remove their hand prior to the completion of the trial if the pain became intolerable. Pain 

ratings on a 0–100 scale were obtained at 20 seconds, and participants removed their hand 

from the water bath, and (in order to characterize after sensations) additionally at 30 

seconds, 1 minute and 2 minutes post hand removal. Pain ratings were averaged across the 

four trials.

Conditioned Pain Modulation (CPM)

CPM refers to the phenomenon of one noxious stimulus inhibiting the perception of a 

second noxious stimulus to a distal body sight (22;23). This terminology is used, instead of 

the more familiar ‘Diffuse Noxious Inhibitory Controls’ (DNIC), used in non-human 

animal-based research to describe specific and measurable inhibitory mechanisms, due to 

recent recommendations (24). Following the determination of baseline pressure pain 

threshold (×2) on both the affected and unaffected extremity, participants underwent a series 

of cold pressor tasks, described above, similar to previous CPM studies (25). Twenty 

seconds after commencing hand immersion, pressure pain thresholds were re-assessed on 

either the affected or unaffected site (i.e., site order was randomized). Each immersion lasted 

for a maximum of 45 s, enough time to complete the concurrent pain threshold assessment 

procedure on the affected or unaffected extremity. Participants underwent a total of 4 CPM 

trials, two pressure pain thresholds at each site. A CPM index was created by calculating the 

percent ratio of PPThs during CPTs to PPThs prior to CPTs (i.e., mean PPThs during CPTs / 

mean PPThs prior to CPTs) × 100)(26;27).

Data Analysis

All analyses were conducted using SPSS 20. Chi-Square tests were used to compare 

categorical demographic variables between the two participant groups (responders vs. non-

responders). A series of Analyses of Variance (ANOVAs) was conducted in order to 

examine group differences in questionnaires over the visits. Due to our small sample size, 

we have not conducted statistical analyses between groups or over time on most of our QST 
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measures, we present them descriptively only. However, thermal temporal summation was 

analyzed via use of the ratio score and using RM-ANOVAs to fully capture alterations over 

time and by group in this measure. No imputation method was used for missing data, thus, 

only individuals that had complete data were included in this analysis. The sample size 

included for each variable is noted within each table.

Pain testing measures thought to reflect central sensitization (CSS were z-scored and 

combined to create an index. The CS measure included thermal and mechanical temporal 

summation, and after sensations to thermal temporal summation and cold water hand 

immersion. This was conducted in order to create one measure of central sensitization and 

avoid multiple comparisons (using each QST measure reflective of CS in the model). A 

hierarchical linear regression was performed to examine the association of CPM and CS at 

baseline with three month clinical pain ratings. To examine the relationship between these 

variables of interest, Pearson bivariate correlations were conducted to examine the 

associations between variables in our regression model. Baseline pain and several 

questionnaire measures representing constructs important to pain-related outcomes 

(depression, catastrophizing and sleep disturbance) were statistically controlled by 

regressing them on pain at three months, calculating a standardized residual (28). The 

residual characterizes pain at three months controlling for these variables, and was used as 

the dependent variable in the regression. Demographic variables were not associated with 

clinical pain at follow-up and thus not included in the regression model. A hierarchical 

linear regression model was used to examine the relative contribution of CPM and the Z-

scored CS measure in the prediction of the standardized residual pain report at three month 

follow-up.

Results

Successful vs. Unsuccessful Groups

Fifty-four individuals were approached regarding participation, 47 of which displayed 

interest and were screened for eligibility. Thirty-three participants met eligibility criteria; 

seven declined to participate and two were un-reachable to schedule. The total study sample 

included 24 participants. Patient demographics, clinical characteristics at baseline, summary 

questionnaire data and other variables of interest are presented in Tables 1 and 2. 

Participants in the unsuccessful trial group were not significantly different from the larger 

group in any demographic categories with the exception of employment status, those in the 

Trial Responder group were more likely to endorse being unemployed. Pain duration was 

over twice as long in the unsuccessful group, although this was nonsignificant. While not 

significant, patients were over ten years younger in the Trial Responder group. Verbal pain 

ratings provided by the patient to their physician significantly reduced (overall) from 

baseline to visit two (p < 0.001) and, as expected, an interaction between Trial Non-

Responders and Trial Responders was observed (p < 0.001), with Trial Non-Responders 

experiencing reduced efficacy of trial stimulation when compared to Trial Responders. No 

significant differences between stimulator model or lead type was observed. Overall, the 

pulse width ranged from 270–510, the rate ranged from 40–110 and the amplitude ranged 

from 0–10.5.
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Questionnaire Data—The Brief Pain Inventory severity subscale significantly reduced 

from visit one to visit two over the entire sample (p = 0.003). A group by time interaction 

emerged for the BPI interference subscale (p = 0.026), with the successful group reporting 

reduced interference, while the unsuccessful group remained constant. Sleep disturbance 

(PROMIS: Sleep scale) did not significantly (p = 0.06) improve over time, a trend was 

noted, though only in the successful group. No group differences emerged for BDI or PCS.

Laboratory pain measures—QST measures are presented in Table 3. A location effect 

was observed for the thermal temporal summation index (p = 0.04) with a higher score 

reported at the foot. A significant session by slope by group interaction emerged (p = 0.007) 

with those in the unsuccessful group reporting increased temporal summation at visit two, 

while those in the successful group reported a slight decrease in pain over the ten pulses at 

session two. A significant slope was evident (p = 0.03), with an overall increase in slope 

through the fifth pulse. A non-significant slope by group interaction was noted in thermal 

temporal summation (p = 0.058), with the unsuccessful group reporting slightly greater 

temporal summation in general when compared to the successful group. A non-significant 

visit by location interaction was noted (p = 0.054), with overall pain ratings higher on the 

arm at session one (Mean = 68.02, SD = 8.1) when compared to session two (Mean = 47.81, 

SD = 7.7). A graphical presentation of ratings at each pulse on the foot (at Heat Pain 

Threshold +4 degrees), by group in visits 1 and 2 are presented in Figure 1. No other 

significant differences were observed between groups for other CS measures or for CPM.

Changes over time in the Successful Group

Questionnaire Data—BPI severity reduced significantly over time (p = 0.007). 

Specifically, visit 1 was different from all other visits and 2 and 4 were significantly 

different from each other as well. No differences emerged over time for BPI interference, 

PROMIS: Sleep disturbance, BDI or PCS.

Laboratory pain measures—A significant effect of visit was observed for TTS (p = 

0.049), with a reduction in overall pain ratings over time observed for testing conducted on 

the arm. Specifically, overall ratings at visit one were significantly higher than for the other 

three visits. No other significant differences emerged over time; however missing data at 

visits 3 and 4 severely limited our ability to detect potential differences. A graphical 

presentation of ratings at each pulse on the foot for each visit (at Heat Pain Threshold +2 

degrees) is presented in Figure 2. No other significant differences were observed over time 

for other CS measures or for CPM.

Hierarchical linear regression

No demographic variables were associated with the three month follow-up pain standardized 

residual score and were thus not included in the regression. Correlations between the 

variables of interest are presented in Table 4. Of note, the correlation coefficients (r) 

represent moderate to large effect sizes for the association between CPM and CS 

(independently) with 3 month post SCS clinical pain rating. Hierarchical linear regressions 

revealed significant associations between CPM and CS with three month clinical pain. 
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Having lower CPM, but greater CS, at baseline was associated with reduced pain ratings at 3 

months post SCS implantation (p’s < 0.05; Table 5).

Post hoc analyses

In order to examine the association between central sensitization/conditioned pain 

modulation and clinical pain, groups were created using a mid-line split of CS and CPM. 

ANOVAs were conducted to evaluate differences between groups in the percentage of pain 

reduction from baseline to three month follow-up. Pain at baseline for those with lower and 

higher CS were equivalent (mean = 7.4, SD = 1.4; mean = 8.0, SD = 1.3; respectively; 

however pain had reduced to a greater degree in the enhanced facilitation (higher CS) group 

(mean = 2.3, SD = 2.2) when compared with the lower CS group (mean = 6.0, SD = 1.8; p 

= .018). This represents a 70% drop in pain ratings over the course of three months in the 

higher CS group and a reduction of 23% in the lower CS group (p = .02). When split based 

on CPM, pain at baseline for those with greater CPM (more efficient pain modulation) was 

equivalent to those with a less efficient modulatory system (mean = 7.4, SD = .7; mean = 

8.2,SD = .8; respectively). Pain reduced to a greater degree in the less efficient CPM group 

(mean = 4.2, SD = 2.8; mean = 5.8, SD = 2.2; respectively); representing a reduction in pain 

of 45.7% and 26.9%; respectively, however this did not reach statistical significance (p’s > 

0.05).

Discussion and Conclusions

The current small pilot study found a reduction in pain ratings from baseline to subsequent 

sessions, both in verbal pain reports provided to physicians as well on the BPI questionnaire. 

In Trial Responders, a slow but steady increase is observed from visit 2 (trial visit) to visit 4 

(3 months post permanent SCS placement). This trend may suggest the need for stimulator 

reprogramming or adjusting SCS parameters. Pain interference was only reduced at the 

second visit in the Trial Responder group. Psychological factors have a strong association 

with treatment outcome in SCS (29). A systematic review found that pre-surgical 

psychological factors including somatization, depression, anxiety, and poor coping were 

most predictive of poor response to both lumbar surgery and spinal cord stimulation (29). In 

the current sample, depression and sleep disturbance were significantly correlated with pain 

at three month follow-up, with greater depression and more sleep disturbance associated 

with experiencing greater pain at 3 months post SCS. Depression is frequently reported as an 

important factor (29); however, sleep disturbance is an area of expanding interest and study. 

For example, a recent systematic review (30) found consistent evidence that sleep quality 

improves following SCS. Demographic variables were not associated with pain at three 

months in our sample, though other reports have found that age and pain duration are 

important predictive factors (29). In the current analyses, few alterations over time in QST 

were apparent.

Quantitative sensory testing (QST) has been increasingly utilized to measure individual 

patient characteristics that might be associated with long-term pain outcomes (10). Reviews 

(31;32) have highlighted the value of QST, and many studies have demonstrated its clinical 

relevance. In general, increased sensitivity to painful stimuli (e.g., low pain threshold and 

tolerance, high ratings of pain intensity in response to application of a standardized 
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stimulus) may be a risk factor for poor outcomes. Several studies have examined detection 

threshold (first noticeable sensation), pain threshold (first experience the sensation as 

painful) and/or tolerance (when no longer able to withstand the sensation) to heat, cold, 

vibratory or pressure stimuli. Generally, these studies have found alterations in vibratory and 

tactile thresholds (7;33), as well as heat discrimination and pain threshold changes (34) with 

stimulation. However, others have noted no changes (7;35), or return to baseline (35). 

Inconsistent findings have been reported in SCS patients experiencing allodynia, painful 

sensations to a normally non-painful stimulus. In a long-term SCS study, brush evoked 

(dynamic) and static mechanical (gentle force, gradual pressure) hyperalgesia were reduced 

with SCS and sustained over 12 months in CRPS patients (35). Others examining CRPS 

patients found brush evoked allodynia to be a significant negative prognostic factor of SCS 

treatment outcomes (36). However, another study conducted in patients with neuropathic 

pain found that the presence of allodynia and/or hyperalgesia was associated with a positive 

SCS trial and improved long-term outcomes (37). In our current analyses, allodynia 

appeared to reduce moderately over time and a substantial reduction was noted in 

participants reporting the phenomenon.

Traditional ‘static’ QST methods, including pain thresholds, tolerance and supra-threshold 

stimuli depict a single point on the pain experience continuum. Though important, recent 

evidence suggests they may be less likely to characterize pain modulatory processes (10). 

‘Dynamic’ QST, which measures multiple or repetitive stimuli, may have stronger clinical 

relevance and/or predictive ability (38), though little work has been conducted in SCS using 

dynamic measures (39). To our knowledge, this is the first analysis of ‘dynamic’ models of 

laboratory pain methods with the intention of understanding their association with SCS pain 

outcomes. Dynamic measures include tests of central sensitization, such as temporal 

summation, and assessment of conditioned pain modulation. Temporal summation of pain 

assesses the facilitation of pain produced by repeated noxious stimulation; studies have 

shown that it involves sensitization of 2nd-order dorsal horn neurons in the spinal cord and 

NMDA (9;40;41). In humans, temporal summation is thought to reflect facilitation of 

endogenous pain-modulatory processes arising from supraspinal structures (41;42) and has 

been implicated in pathophysiologic models of chronic pain (43). Several conditions, 

including fibromyalgia (44;45) and temporomandibular disorders (TMD) (46;47) are 

characterized by pathologically enhanced temporal summation. Enhanced presurgical 

temporal summation was also found to predict pain in the acute postoperative period (48). 

Our current analyses suggest the potential for group differences in temporal summation as 

well as reductions in temporal summation over time. These findings hint at the possibility 

that SCS may alter central pain processing mechanisms in general, and NMDA circuitry in 

particular (9). Reduced conditioned pain modulation (CPM), which purports to measure pain 

inhibition, has also been reported in a number of pain conditions, including fibromyalgia and 

osteoarthritis (49). Importantly, enhanced CPM efficiency predicts chronic post-operative 

pain in several conditions (those with greater CPM are less likely to develop chronic pain) 

and has been shown to predict analgesic efficacy (49).

CS and CPM were associated with three month follow-up pain in the current analyses. 

Lower central sensitization was associated with increased pain at three months post 

implantation, suggesting that those with greater sensitivity may be able to obtain the greatest 
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value from SCS. Additionally, CPM was significantly associated, suggesting that those with 

reduced pain inhibition at baseline may have the most to gain and experience the largest 

benefit from SCS. These results suggest a potential mechanism whereby SCS influences 

pain regulatory systems. It has recently been suggested that targeting individuals with 

dysfunctional CS/CPM pain modulatory mechanisms with specific drugs [and potentially, 

procedures] may be beneficial because these individuals may have the greatest capacity for 

change, and therefore the drug/procedure may be capable of rectifying the modulatory 

problem and provide enhanced improvements in pain (49). Although somewhat 

counterintuitive, given that reduced pain modulation capacity has been associated with 

greater risk of pain acquisition, similar findings have been observed in drug studies. For 

example, painful diabetic neuropathy patients with reduced CPM experienced enhanced pain 

reduction from duloxetine, while the drug was less efficacious in those with more efficient 

CPM (50). In another study, post-cesarean pain patients with enhanced temporal summation 

experienced the greatest analgesic effect from ketamine (49). Thus, SCS may work best for 

patients with the greatest degree of sensitization and the least functional opioid-mediated 

endogenous inhibitory mechanisms, presumably by activating those systems. This also 

suggests that people in whom these systems are functioning efficiently cannot derive as 

much benefit from SCS treatment. Relatedly, few differences emerged between affected and 

unaffected sites, potentially suggesting generalized sensitivity; however, no healthy control 

group was examined so these comparisons are speculative.

A number of limitations should be considered when interpreting the current findings. Most 

problematic is our small sample size and the frequency of missing data. Unfortunately, we 

were unable to recruit and retain the number of participants that would have provided 

adequate power to fully explore group and time effects with more sophisticated statistical 

models. Relatedly, some participants did not wish to complete all tests, thus producing 

somewhat differing sample sizes by test. Future appropriately powered and designed trials 

should confirm the effects observed here and explore potential group and time effects as 

well as group by time interactions. Another limitation is that this was a completely 

observational study and no experimental manipulation, randomization to specific groups or 

non-stimulation comparison group was/could be assigned. We also lacked a power analysis, 

which limits the interpretation of positive and negative findings from this small, pilot study. 

Due to our small sample size, we were also unable to examine sex effects on pain outcomes, 

including QST, questionnaire data and clinical pain report. Our study sample also consisted 

of heterogeneous pain diagnoses, which may have obscured our ability to observe effects. 

An additional limitation is our lack of extended long-term follow-up. Our original plan for 

analyses included full year follow-up data and use of RM-ANOVAs; however, this method 

excludes individuals who do not have full data; thus our results are limited by the variability 

in response patterns and completion of questionnaires and laboratory pain measures. 

Another limitation includes the clinical applicability of QST and the ability to conduct such 

testing in the clinic. Several groups have attempted to create standardized bedside sensory 

testing kits for implementation in clinical settings. A recent study sought to develop a 

bedside pain assessment kit and then classify osteoarthritis patients based on sensory 

profiles identified by this testing (51). The clinical relevance and ease of using such a kit in 

a typical office setting have yet to be assessed; however, such study is promising and future 
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studies should assess categorization of candidates for SCS based on the sensory profiles 

identified here and whether that may be a useful method for patient selection. Despite these 

limitations, our findings hint at the importance of pain regulatory mechanisms, specifically 

central sensitization/pain facilitation and pain inhibition in the efficacy of SCS treatment. 

Future studies may wish to include evaluation of dynamic pain modulatory testing models 

when examining SCS efficacy.
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Figure 1. 
CONSORT, Stimulator and lead type for each patient.
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Figure 2. 
Thermal (heat) temporal summation on the foot by visit and group. Panel a shows visit 1; 

Panel b shows visit 2
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Figure 3. 
Thermal (heat) temporal summation on the foot for each visit in responders
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Table 1

Demographics characteristics by group

Demographic Variable Trial Non-Responder Trial Responder p-value

N 6 18

Sex (% women) 3 (50%) 11 (61.1%) 0.67

Race (% Caucasian) 3 (50%) 13 (72.2%) 0.36

Age Mean (SD) 63.3 (14.1) 51.56 (13.3) 0.08†

Range 39–81 21–74

BMI Mean (SD) 26.46 (3.70) 29.27 (6.87) 0.35

Education, n (%)

High School/GED 1 (16.7%) 3 (16.7%) 0.94

Some College/Tech School 2 (33.3%) 9 (50%)

College/Post College Education 3 (50%) 6 (33.3%)

Employment Status, n (%)

Working Full or Part Time 2 (33.3%) 6 (33.3%) 0.02€*

Homemaker 0 3 (16.7%)

Retired 4 (66.7%) 1 (5.6%)

Unemployed 0 8 (44.4%)

Marital Status, n (%)

Married 5 (83.3%) 12 (66.7%) 0.76

Single 1 (16.7%) 3 (16.7%)

Separated/Divorced 0 3 (16.7%)

Pain Duration (years) 12.5 (14.59) 5.53 (4.00) 0.07†

Verbal Pain Rating (provided to physician by participant)

Visit 1 7.33 (2.42)¥* 7.83 (.86)€† 0.45

Visit 2 5.33 (1.37) 2.67 (1.19)₰* <0.001€*

Visit 3 3.45 (1.97) ₰*

Visit 4 4.89 (2.52) ₰*

Diagnosis, n (%)

Failed Back Surgery Syndrome 2 (33.3%) 12 (66.7%) 0.41

Low Back Pain 2 (33.3%) 2 (11.1%)

Lower Extremity Pain 1 (16.7%) 1 (5.6%)

Complex Regional Pain Syndrome 1 (16.7%) 3 (16.7%)

*
p < 0.05;

†
p < 0.10.
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¥
for Group by Time Interaction;

€
for Group effect;

₰
indicates different from baseline
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Table 2

Means and standard deviations for questionnaires by group.

Questionnaire (Trial Non-Responder n, Trial Responder n) Trial Non-Responder Trial Responder

BPI Severity

Visit 1 (6,18) 7.37 (1.4) 7.31 (1.4)

Visit 2 (5,15) 6 (2.6) 4.86 (2.2)*

Visit 3 (0,13) 5.36 (2.2)*

Visit 4 (0,13) 5.24 (1.6)*

BPI Interference

Visit 1 (6,18) 6.14 (3.0)¥* 7.31 (1.4)*

Visit 2 (5,15) 6.22 (3.0) 4.64 (3.4)

Visit 3 (0,13) 4.9 (2.8)

Visit 4 (0,13) 6.18 (2.1)

PROMIS Sleep Disturbance

Visit 1 (6,18) 27.58 (11.7) 32.05 (6.1)†

Visit 2 (5,15) 29.2 (11.5) 26.26 (9.7)

Visit 3 (0,13) 30.46 (8.6)

Visit 4 (0,13) 32.42 (5.3)

BDI

Visit 1 (6,18) 12.16 (6.3) 15.27 (8.1)

Visit 2 (5,15) 8.11 (3.1) 12.62 (9.6)

Visit 3 (0,13) 13.26 (10.0)

Visit 4 (0,13) 15.6 (9.1)

PCS

Visit 1 (6,18) 23.0 (18.8) 24.5 (12.4)

Visit 2 (5,15) 17.4 (17.7) 20.06 (13.8)

Visit 3 (0,13) 19.23 (12.9)

Visit 4 (0,13) 19.53 (15.9)

*
p < 0.05;

†
p < 0.10.

¥
for Group by Time Interaction;

BPI: Brief Pain Inventory; Patient-Reported-Outcomes Measurement Information System; BDI: Beck Depression Inventory; PCS: Pain 
Catastrophizing Scale
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Table 3

Quantitative Sensory Testing (QST) Measure Means and Standard Deviations by Group

QST Measures (Measurement Unit)
Visit (n)

Affected Site Mean (SD) Unaffected Site Mean (SD)

Trial Non-Responder Trial Responder Trial Non-Responder Trial Responder

Allodynia (pain rating)

Visit 1 (2,10) 30.83 (43.6) 39.45 (30.75)

Visit 2 (2,6) 26.66 (37.71) 20.75 (15.87)

Visit 3 (0,5) - 10.5 (16.15)

Visit 4 (0,5) - 5.33 (8.38)

Heat Pain Threshold (HPTH) Foot (Temp) Arm (Temp)

Visit 1 (6,18) 38.88 (6.18) 41.94 (3.93) 38 (4.08) 41.58 (3.71)

Visit 2 (6,15) 40.96 (3.47) 40.79 (3.57) 36.83 (2.68) 39.06 (3.92)

Visit 3 (0,14) - 40.52 (4.55) - 38.76 (4.08)

Visit 4 (0,14) - 41.52 (3.99) - 39.19 (3.75)

Pressure Threshold Toe (kPa) Thumb (kPa)

Visit 1 (6,18) 266.58 (105.37) 362.38 (165.35) 201.04 (79.27) 349.77 (141.63)

Visit 2 (6,15) 301.58 (127.53) 343.21 (109.95) 216.75 (67.96) 325.6 (131.48)

Visit 3 (0,14) - 344.75 (113.25) - 340.55 (131.13)

Visit 4 (0,14) - 376.28 (188.83) - 349.01 (155.56)

MTS (Ave of 64&128mN) Toe (Ratio) Finger (Ratio)

Visit 1 (5,12) 370.83 (141.0) 288.58 (154.2) 274.75 (265.6) 229.41 (206.6)

Visit 2 (5,12) 208.33 (190.9) 376.79 (273.3) 201.35 (86.0) 299.93 (264.3)

Visit 3 (0,12) - 816.92 (1507.3) - 267.36 (133.7)

Visit 4 (0,7) - 369.05 (186.6) - 313.21 (131.2)

TTS (Ave HPTH +2 & +4)* Foot (Ratio) Arm (Ratio)

Visit 1 (6,18) 168.75 (84.4) 120.25 (33.1) 130.35 (38.4) 121.67 (43.4)

Visit 2 (6,13) 252.80 (248.0) 136.43 (79.0) 163.6 (102.8) 115.47 (18.7)

Visit 3 (0,14) - 143.05 (47.0) - 137.52 (50.3)

Visit 4 (0,13) - 108.26 (15.4) - 131.11 (42.0)

After Sensations, TTS (pain rating. Ave of each 
temperature)

Visit 1 (6,18) 12.08 (23.67) 24.47 (26.37)

Visit 2 (6,13) 4.79 (10.55) 12.94 (16.88)

Visit 3 (0,14) - 18.99 (20.3)

Visit 4 (0,13) - 10.67 (16.86)

Cold Pressor Pain (CP; pain rating)

Visit 1 (6,18) 82.08 (17.7) 74.10 (26.4)
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QST Measures (Measurement Unit)
Visit (n)

Affected Site Mean (SD) Unaffected Site Mean (SD)

Trial Non-Responder Trial Responder Trial Non-Responder Trial Responder

Visit 2 (6,14) 82.92 (16.7) 79.59 (18.4)

Visit 3 (0,13) - 80.29 (17.1)

Visit 4 (0,13) - 78.85 (15.0)

After Sensations, CP (pain rating)

Visit 1 (6,18) 26.01 (33.75) 21.59 (19.27)

Visit 2 (6,14) 28.47 (28.5) 18.71 (13.3)

Visit 3 (0,13) - 19.82 (17.6)

Visit 4 (0,13) - 19.48 (18.9)

Conditioned Pain Modulation Toe (Ratio) Trapezius (Ratio)

Visit 1 (6,18) 107.35 (19.3) 117.61 (27.3) 117.6 (15.9) 117.68 (24.3)

Visit 2 (6,14) 94.35 (25.2) 128.51 (36.4) 135.88 (36.3) 129.68 (32.5)

Visit 3 (0,13) - 110.99 (20.5) - 103.94 (24.5)

Visit 4 (0,12) - 101.0 (26.9) - 121.59 (26.0)

*
p < 0.05.

MTS: Mechanical Temporal Summation; TTS: Thermal Temporal Summation; CP: Cold Pressor
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Table 4

Pearson bivariate correlation matrix for relevant regression variables

1. 2.

1. 3mo Pain Std. Res.

2. CPM .66*

3. CS Z −.42 .12

*
p < 0.05;

CPM: Conditioned Pain Modulation, CS: Central Sensitization Z Score

Pain Med. Author manuscript; available in PMC 2016 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Campbell et al. Page 23

T
ab

le
 5

R
eg

re
ss

io
n 

m
od

el
 o

f 
Pa

in
 a

t 3
 m

on
th

s

St
ep

 V
ar

ia
bl

es
β

SE
B

et
a

T
R

R
2

P
 v

al
ue

C
PM

6.
27

1.
89

.7
2

3.
32

*

C
S

−
1.

80
.7

7
−

.5
0

−
2.

34
*

.8
2

.6
8

0.
02

*

F
(8

,2
) 

=
 7

.4
2,

 p
 =

 0
.0

2

* p 
<

 .0
5

Pain Med. Author manuscript; available in PMC 2016 July 01.


