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Neuropathic pain following peripheral nerve lesion is highly resistant to conventional pain treatments
but may respond well to direct electrical peripheral nerve stimulation (PNS). In the 1980s, we treated
a series of 11 peripheral neuropathic pain patients with PNS. A first outcome assessment, conducted after
a 52-month follow-up, revealed that the majority of the patients were significantly improved. Here, we
present the results of a second and more comprehensive follow-up, conducted after more than 20 years
of PNS usage. Of the six patients still using PNS, five participated in a multimodality assessment of the
long-term efficacy of PNS. Home evaluations showed reduced pain ratings and improved quality-of-life
during active periods of stimulation. Quantitative sensory testing confirmed the neuropathic character
of the pain complaints. PNS had no significant overall effect on tactile detection, cool, warmth, cold pain
and heat pain thresholds. Laser-evoked potentials showed an enlarged N2–P2 complex during active PNS.
Positron Emission Tomography revealed that PNS decreased activation in the pain matrix at rest and dur-
ing thermal stimulation. PNS led to increased blood flow not only in primary somatosensory cortex, but
also in anterior cingulate and insular cortices, suggesting that besides activation of the dorsal column
lemniscal system, other mechanisms may play a role in its analgesic effects. These data show that PNS
can provide truly long-term pain relief in carefully selected patients and they provide some objective
quantitative data in support of this. They encourage the planning of future prospective studies in a larger
cohort of patients.
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Elsevier Ltd. All rights reserved.
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1. Introduction

Chronic neuropathic pain following injury to a peripheral nerve
is highly resistant to both conventional pain therapy and neurosur-
gical treatment at the injury site (Gybels and Sweet, 1989). Based
upon the theoretical predictions of the gate control theory
ernational Association for the Stud

ce and Pharmacology, Panum
, DK-2200 Copenhagen, Den-
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(Melzack and Wall, 1965), Wall and Sweet (1967) showed that
electrical stimulation of the large myelinated fibers of a peripheral
nerve can alleviate pain. This led to the first clinical trials with
fully implanted devices in selected patients with neuropathic pain
due to peripheral nerve lesions (Sweet, 1976). Direct electrical
peripheral nerve stimulation (PNS) through fully implantable elec-
tronic devices was demonstrated to be relatively successful in the
short and intermediate term (Mobbs et al., 2007). However, con-
trary to spinal cord stimulation (SCS) or deep brain stimulation
(DBS), PNS never became very popular. Explanations for this lack
of enthusiasm include technical and surgical difficulties to use
y of Pain Chapters. Published by Elsevier Ltd. All rights reserved.
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wire-type or paddle-type electrodes (originally designed for SCS) in
close contact with peripheral nerves, lack of interest by industry to
develop adequate electrodes for this relatively small patient popu-
lation and lack of reimbursement by health insurance companies.
Slightly unexpectedly, interest in PNS surged in recent years within
the neurosurgical community, in particular for the treatment of
persistent craniofacial pains (Burns et al., 2009; Slavin and Burchiel,
2000) but also for other forms of neuropathic pain (Slavin (2008),
for a review).

In 1988, we performed a first systematic evaluation of the clin-
ical outcome in a series of 11 patients with peripheral neuropathic
pain treated with PNS. The majority of patients were significantly
improved after an average follow-up of 52 months (Gybels et al.,
1990; Gybels and Van Calenbergh, 1990). A quite remarkable find-
ing was that several patients continued to benefit pain relief while
progressively reducing frequency of stimulation. The aim of the
present study was to evaluate the clinical efficacy of PNS at a much
longer follow-up period and to relate it to ‘‘objective” measures of
peripheral and central pain processing. We combined home assess-
ments of pain and quality-of-life, quantitative sensory testing
(QST), laser-evoked potentials (LEPs) and Positron Emission
Tomography (PET). QST was performed to objectify the neuro-
pathic character of the sensory complaints. LEPs were used to read
the functional integrity of the afferent nociceptive system (Mou-
raux and Iannetti, 2009), whereas PET was chosen to investigate
whether the subjective reports of pain relief are supported by al-
tered activation patterns within the pain matrix. We hypothesized
that: (1) the QST data will confirm the presence of a neuropathic
pain condition; (2) responses, such as LEPs, to painful (but not to
innocuous) stimuli will be modified by PNS; and (3) PET data will
show reduced activity within the pain matrix during active PNS to-
gether with increased activity within the somatosensory cortex
and pain modulatory areas such as the anterior cingulate cortex.

The clinical data on the effects of PNS on pain ratings and qual-
ity-of-life have been described in a previous report (Van Calen-
bergh et al., 2009).
2. Methods

2.1. Participants

All patients implanted with a PNS device at the University Hos-
pital of Leuven were considered as candidates for participation in
the current study. Of the original 11 patients from the first fol-
low-up study, one had died in the meantime and four had stopped
using PNS because of hardware failures. These patients were trea-
ted with SCS instead. Of the six patients still using PNS, one refused
to participate in the study because of the geographical distance be-
tween his home and the hospitals where the examinations were
going to be carried out. We therefore finally studied five patients
(three females) who still actively used PNS to treat their pain. Pa-
tients’ characteristics are summarized in Table 1. We provide a de-
tailed case description in Online supplementary section. All
patients provided written informed consent and the protocol was
approved by the local ethics committee of the University of Leuven.
Table 1
Summary patient characteristics.

Patient Age Sex Pain complaints

Cause Age onset Years Reg

VBM 64 F Amputation 14 50 Left
DRR 66 F Amputation 7 59 Rig
DBH 60 M Burn injury 27 33 Left
HUV 60 M Cat bite 40 20 Rig
VDB 54 F Traumatic fall 26 28 Left
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Patients were first invited for an interview by one of the neuro-
surgeons (FVC, JG). The purpose of this interview was to gather
information about the use of PNS, its therapeutic effect and the
duration of the analgesic after-effect after a treatment session. This
information was used to plan the QST, LEP and PET sessions. Patients
were explained the purpose of the study and they were made famil-
iar with the questionnaires and pain rating forms they had to fill in
at home. Once a patient accepted to participate, he/she was ran-
domized to start with either the ‘‘PNS-ON” or ‘‘PNS-OFF” condition.

The normative data for QST and LEPs come from an age- and
sex-matched group of healthy volunteers recruited among col-
leagues and relatives, who have no history or symptoms of neuro-
logical disorders or abnormalities.

2.2. Home-ratings of pain and daily activities

Patients were asked to fill in a questionnaire relating to their
pain and daily activities three times daily (morning, afternoon
and evening) during 3 days in both the PNS-ON and PNS-OFF con-
ditions. The questionnaire used is similar to the one officially used
and approved by the Belgian health care authorities for assessing
the efficacy of SCS during the pre-implantation phase (Kupers
et al., 1994). Pain was measured using VAS and verbal rating scales
(Van Calenbergh et al., 2009). At the end of the 3-day evaluation
period, participants filled in a questionnaire relating to their aver-
age pain and daily activities experienced over the full 3-day assess-
ment period (Van Calenbergh et al., 2009).

2.3. Quantitative sensory testing

The QST examination comprised an assessment of both the
thermal and tactile modalities. All patients were tested twice with
an interval of at least one week between the two sessions. QST was
assessed during a period of normal usage of PNS and after patients
had refrained from using PNS and their sensory symptoms (pain
and allodynia) had returned. When patients were tested in the
‘‘PNS-ON” period, they were asked to refrain from stimulation at
least 1 h before the start of the measurements. In order to preserve
blinding, patients were instructed not to inform the investigator
(LP) performing the QST and LEP measurements about the state
of PNS during testing.

2.3.1. Thermal testing
For thermal testing, a Peltier-based temperature feedback-con-

trolled system was used (Medoc, TSA-II; Haifa, Israel) with a probe
size measuring 30 � 30 mm. We measured cool and warmth detec-
tion thresholds and cold pain and heat pain thresholds using the
method of limits. Thermal testing was performed in the painful
area and in the contralateral mirror area. The order of testing
across the two regions was randomized. Measurement of cool
detection threshold (CDT) and warmth detection threshold
(WDT) always preceded the pain threshold measurements. For cool
and warmth detection, the thermode was placed on the skin at
baseline skin temperature. The temperature slightly increased or
decreased (0.5 deg/s) and the subject pressed a button when
Peripheral nerve stimulation

ion Tactile allodynia Stimulated nerve Years of usage

ring finger Severe Ulnar left 18
ht ring finger Severe Ulnar right 29

hypothenar No Ulnar left 26
ht thumb Medium Median right 18

thenar Mild Median left 25
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he/she felt the sensation of cool or warmth. The procedure was re-
peated four times for the two body regions tested. Thereafter, pain
threshold measurements were performed, always starting with the
heat pain threshold (HPT). Temperature started at baseline and
slowly increased (0.5 deg/s). Patient pressed a button at the mo-
ment he/she felt a painful sensation. The procedure was repeated
three times for the two body regions. Thereafter, cold pain thresh-
old (CPT) was assessed in the same manner.

2.3.2. Tactile testing
For tactile testing, a set of Semmes–Weinstein filaments was

used. Tactile thresholds were assessed in the painful area and in
the contralateral mirror area. We used a double interlaced staircase
algorithm adapted from Dyck and co-workers (1993). This has the
advantage that the patient cannot predict (as in a classical staircase
method) whether the upcoming stimulus will be more or less in-
tense than the preceding one. This method is therefore very robust
and rules out anticipation factors. The touch-pressure detection
threshold was calculated by averaging all turnaround points ob-
tained (excluding responses obtained at the beginning of the
experiment) after conversion of filaments numbering to pressure
values. Turnaround points designate the points where the direction
of intensity changes is reversed.

2.4. Laser-evoked potentials (LEPs)

Laser-evoked potentials were recorded with CO2 laser stimuli of
50 ms duration and a surface area of 80 mm2. The intensity was ad-
justed according to the threshold for ‘‘pricking pain” (8.5–11 mJ/
mm2) and short reaction times (300–600 ms), indicative for activa-
tion of Adelta (Ad) fibers. Whereas C-fiber stimulation of the hand
area at detection threshold levels results in a sensation of non-
painful heat with a latency of around 800–1000 ms, stimulation
at A delta levels leads to a sensation of pricking pain with a faster
onset (Opsommer and Plaghki, 2001). Each examination consisted
of two sessions of about 30 min, one exploring the symptomatic
area with sensory disturbances and or neuropathic pain, and the
other the contralateral body region mirroring the painful area.
The order of testing in the two areas was randomized across sub-
jects. A minimum of 30 and a maximum of 50 laser stimuli were
delivered during each session, depending on the quality of the
recordings (e.g. signal-to-noise ratio, ocular artifacts). Interstimu-
lus interval was between 5 and 10 s. To avoid habituation and or
sensitization of the skin, the stimulus was slightly moved after
each stimulus within the area of interest. For a detailed description
of the experimental protocol we refer to Opsommer and Plaghki
(2001). The procedure started with the assessment of the absolute
detection thresholds for C-fiber and Ad-fiber activation by the
methods of limits. Ten to 15 stimuli were used for each threshold
determination. Subjects were instructed to push a handhold button
as quickly as possible at the first sensation felt.

The LEP recording session started with familiarization of the pa-
tient with the recording equipment and the stimuli that were
going to be used. Following the measurement of the baseline skin
temperature and the assessment of the thresholds for C-fiber and
Ad-fiber stimulation, LEP recordings started. In order to avoid fati-
gue and lack of concentration, each area was only tested once (the
total duration of the QST and LEP procedures was close to 3 h).
Supraliminal (threshold +25%) stimuli were used for activating
Ad-nociceptors. In order to keep attention optimal and to limit as
much as possible habituation to stimulation, laser stimuli were
presented in maximum five blocks of 10 supraliminal stimuli. A
30-s time interval separated two successive blocks. LEPs were
measured with a 21 channel EEG system (PL-EEG, Walter Graphtek,
Germany), band pass 0.01–70 Hz, sampling rate 167 cps. LEP’s
were processed off-line with Brain Vision Analyzer (Brain Products
Please cite this article in press as: Kupers R et al. Multimodal therapeutic assess
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GmbH, Germany) and EEGLAB (Delorme and Makeig, 2004). The
signal was segmented in 3 s epochs (�500 to +2500 ms). A digital
bandpass filter of 0.5–20 Hz was used. The low pass filter was set
to 20 Hz because the acquisition rate was 167 cps and the greatest
part of signal power was in the delta-theta band, i.e. below 8 Hz.
Sweeps showing artifacts produced by ocular movements were re-
jected. Baseline correction (reference interval �0.5 to 0 s), averag-
ing and topographic mapping were carried out on the acquired
traces. Three distinct components (N1, N2, P2) were characterized
for each subject and within each LEP waveform recorded at the
vertex lead, corresponding to Cz (Hatem et al., 2007). The N1 com-
ponent is maximal at the contralateral temporal leads and should
be referenced to the frontal leads. This was not done since we
did not measure this tiny component. Latencies (in ms) were mea-
sured from stimulus onset to peak. LEP amplitude was measured
from the N2 peak to the P2 peak.
2.5. Positron Emission Tomography (PET) imaging

An ECAT Exact HR + positron emission tomograph scanner (Sie-
mens/CTI 961, Knoxville, Tn, USA) was used to measure changes in
regional cerebral blood flow (rCBF). Prior to the emission tomo-
grams, a 68Ga/68Ge transmission scan was acquired in 2D mode for
attenuation correction. Emission tomograms were obtained in 3D
mode after bolus injection of 300 MBq (5 ml) H2

15O. The 60 s data
acquisition frame started as soon as the intracranial radioactivity
count rate rose sharply, i.e. usually 40–60 s after injection. PET
images were reconstructed using filtered back-projection and Hann.
filtering (cut-off frequency = 0.15 cycles/pixel, pixel size = 3.4 mm).

Subjects were scanned twice, once following a period of non-
usage of PNS, when the original pain and allodynic responses had
reappeared (PNS-OFF), and once following a period of normal
usage of PNS (PNS-ON). Depending upon the duration of the
post-stimulation analgesic effect (data from the intake assessment
and the home-evaluation), patients were asked to switch off their
stimulator at a predetermined time before the start of the scanning
session. The two sessions were randomized across patients. During
each session, patients were scanned in the following three condi-
tions, each repeated three times in a semi-randomized order:

i. Following a period of non-usage of PNS.
1. Baseline (pain): patients were scanned at rest and no

stimulation was applied. Since patients had their stimu-
lators switched off for an extended period, this condition
was associated with spontaneous pain.

2. Allodynic stimulation: patients were scanned during allo-
dynic thermal stimulation of the affected side. Periods of
5 s of thermal stimulation were alternated with 2 s peri-
ods of rest. The parameters for allodynic stimulation
were based upon the results of a QST assessment preced-
ing the PET examination.

3. PNS stimulation: patients were scanned after switching
on their stimulator. The PNS stimulator was switched
on 10 s before the start of the scan and continued
throughout the 60-s scanning window. The patient’s
habitual stimulation parameters were used. In order to
prevent an analgesic (after-)effect, the stimulator was
switched off immediately when the scan was finished.

ii. Following a period of normal usage of PNS.
1. Baseline (pain-free): patients were scanned at rest and no

stimulation was applied. Since patients had been using
their stimulator normally in the days preceding the scan-
ning session, this condition was associated with reduced
or no spontaneous pain at rest.
ment of peripheral nerve stimulation in neuropathic pain: Five case reports
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2. Non-painful thermal stimulation: patients were scanned
during non-painful thermal stimulation of the affected
side. The same stimulus intensity was used as in the
allodynic stimulation condition. Since patients had been
using their stimulator in normal therapeutic mode, the
evoked sensation was non-painful in nature.

3. Painful stimulation: patients were scanned during nox-
ious thermal stimulation of the affected limb. Like in
the other sensory stimulation conditions, periods of 5 s
of stimulation were alternated with 2 s periods of rest.

After each scan, patients had to rate pain intensity and pain
unpleasantness on a 10-point rating scale with 0 indicating no
pain/not unpleasant and 10 the most intense pain/unpleasant sen-
sation imaginable. Table S1 gives an overview of the different scan-
ning conditions.

Since patients were implanted with MRI-incompatible im-
planted pulse generators, no MRI scans were acquired out of safety
reasons for the patient and to avoid damage to the implanted
material. For warping of the PET data into MNI space we therefore
used the PET template provided in SPM5. Voxel counts were nor-
malized by proportional scaling based on the global counts to cor-
rect for differences in the injected dose. Images were smoothed
with a 3D-Gaussian kernel with a FWHM of 12 mm and the voxel
size in MNI space was 2.0 � 2.0 � 2.0 mm. Statistical analysis of
the PET data was done by SPM5 (Wellcome Department of Imaging
Neuroscience, UCL, London, UK). Data from patients with right-
sided pain were left–right flipped and analyzed together with data
from patients with left-sided pain. Main effects were calculated for
the contrasts ‘‘PNS stimulation vs. rest”, ‘‘allodynic stimulation vs.
sensory stimulation” and ‘‘baseline (PNS-OFF) vs. baseline (PNS-
ON)”. Statistical maps were thresholded at P < 0.05, false-discov-
ery-rate (FDR)-corrected.
3. Results

3.1. Description of the clinical cases

The average age of the patients was 60.8 ± 4.5 years. The aver-
age duration of pain complaints at the time of the initiation of
PNS therapy was 15.2 ± 15 years (range: 2–33 years). All patients
were treated for pain complaints in the upper limbs. Three patients
suffered pain in the left hand (two cubital, one radial distribution),
two from pain in the right hand (one radial and one cubital distri-
bution). Average number of years of PNS implant at the time of the
Table 2
Thermal detection thresholds (z-scores).

Patient Painful area Mirror area

Off On Off On

Cold detection threshold controls: 30.9 ± 0.45 �C

VBM �6.78 �5.44 �4.56 �3.00
DRR �8.56 �0.22 0.11 �0.11
DBH �1.89 �2.11 �1.44 �3.67
HUV �3.11 �4.00 �3.33 �1.89
VDB 0.89 0.00 �0.67 �0.89

Median �3.11 �2.11 �1.44 �1.89

Cold pain threshold controls: 12.0 ± 4.85 �C

VBM 1.89 0.44 �2.46 �1.93
DRR 2.13 2.51 2.44 2.13
DBH �2.46 �2.46 �2.03 �1.87
HUV �2.46 2.42 2.38 2.15
VDB 2.07 3.47 �0.30 2.15

Median 1.89 2.42 �0.30 2.13
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examination was 23.2 ± 5.0 years (range: 18–29 years). Two of the
patients used the stimulator daily, one weekly, one monthly and
another one only ‘‘occasionally”. A detailed description of the five
cases is provided in Online supplementary data.

3.2. Results home evaluation pain and quality-of-life

The results of the effect of PNS on measures of clinical pain and
daily functioning have been described before in detail (Van Calen-
bergh et al., 2009) and will here only be briefly summarized. Aver-
age pain intensity and pain unpleasantness ratings in the home
environment were significantly lower during the three consecutive
days with the stimulator on. The pain ratings dropped from
3.5 ± 0.4 and 3.8 ± 0.4 (respectively intensity and unpleasantness)
during days without stimulation to 1.8 ± 0.4 and 1.8 ± 0.4 during
days of normal usage of the stimulator (P < 0.05). Patients also
rated the degree to which pain interfered with five variables – such
as physical activities, mood, relations with others and enjoyment
of life – on a VAS scale from 0 (not at all) to 10 (to an extreme de-
gree). Average scores were significantly lower during the PNS-ON
(2.6 ± 1.2) compared to the PNS-OFF period (8.3 ± 2.4).

3.3. QST results

The QST results are shown in Tables 2 and 3. Because of the small
number of subjects and the large intersubject variability, individual
responses are shown. All data are transformed in z-scores (Rolke
et al., 2006b), based upon the results obtained in a sex- and age-
matched control population of 21 healthy subjects (mean age:
47 ± 15.6; range 20–71). A negative z-score of�1 or�2 implies that
the patient’s score is respectively 1 or 2 standard deviations below
the average score of the control population, whereas a positive
z-score of 1 or 2 implies that his score is respectively 1 or 2 standard
deviations above that of the control population. The QST data con-
firmed that patients had abnormally low CDTs and high WDTs, not
only in the painful area but also in the mirror area (Table 2). Two
patients had abnormally high and another two had abnormally
low CPTs. Three patients had an abnormally high and one an abnor-
mally low HPT in the painful area. PNS had no overall effect on CPTs
or HPTs, either in the painful or in the mirror area. For HPT, three
patients did not show a change in the painful area with PNS-ON
and OFF, one patient showed a lower HPT during the on period
and one patient (VBM) showed an increase in HPT. This patient also
showed a lower CPT during stimulation. This confirms earlier find-
ings (Kupers and Gybels, 1998) obtained in the same patient when
Painful area Mirror area

Off On Off On

Warmth detection threshold controls: 32.4 ± 0.6 �C

6.00 5.17 3.17 3.67
3.08 9.58 3.50 2.00
6.67 5.08 10.33 7.17
2.00 2.42 3.83 3.17
0.92 1.08 1.17 2.50

3.08 5.08 3.50 3.17

Heat pain threshold controls: 43.2 ± 2.60 �C

�1.00 0.85 0.73 1.38
2.19 2.27 �0.04 0.62
2.38 2.04 1.77 2.08
2.04 0.62 0.12 �1.73
�2.73 �2.54 0.27 0.27

2.04 0.85 0.27 0.62

ment of peripheral nerve stimulation in neuropathic pain: Five case reports
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Table 3
Touch sensitivity thresholds (z-scores).

Threshold healthy control population: 6.71 ± 3.1 g/mm2

Patient Painful area Mirror area

Off On Off On

VBM �0.65 �0.18 �0.52 �0.11
DRR �0.63 �0.53 �0.68 �0.65
DBH 0.24 1.00 �0.68 0.48
HUV �0.63 �0.63 �0.65 �0.66
VDB �0.40 �0.47 �0.42 �0.19

Median �0.63 �0.47 �0.65 �0.19

Fig. 1. PET data showing areas where rCBF was significantly higher during allodynic
as compared to non-painful heat stimulation. Data are projected on sagittal slices.
Colored voxels represent clusters of significant rCBF signal increases (T-test,
P < 0.05, FDR-corrected; the color scale denotes the cluster T-values) during the
PNS-OFF period. The numbers refer to the lateral–medial orientation (x-coordinate,
negative numbers indicate the left side of the brain) of the slices in Montreal
Neurological Institute (MNI) space. The same thermal stimulus was applied in the
two conditions, resulting in the sensation of allodynia in the PNS-OFF period and a
non-painful sensation in the PNS-ON period. PNS stimulation reduced rCBF
responses in the ACC, insula, prefrontal cortex, caudate nucleus and hippocampus.

Fig. 2. Increases in rCBF produced by PNS (contrast ‘‘PNS versus baseline-OFF”. Data
are shown on axial slices. Colored voxels represent clusters of significant rCBF signal
increases (T-test, P < 0.05, FDR-corrected; the color scale denotes the cluster T-
values). The numbers refer to the dorso-ventral orientation (z-coordinate) of the
slices in MNI space. PNS induced rCBF increases in SI, ACC, thalamus and rostral
inferior insula. The left part of the brain is shown to the left of the image.
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tested more than 10 years ago (Fig. S1, see the online version at
10.1016/j.ejpain.2010.06.015).

The results of the von Frey testing is shown in Table 3. Touch
detection thresholds were in general slightly lower than in a con-
trol population, both in the painful zone and in the pain mirror
area. In two subjects, there was a clear tendency for an increase
in touch thresholds during the PNS-ON period, both in the painful
area and in the mirror area.

3.4. LEP results

The detection rate of supraliminal stimuli for Ad-nociceptors
was on average 97%, exception made for patient DBH who pre-
sented an average detection rate of 43%. Reaction times were
around 500–600 ms, which is in the range for Ad-fiber responses.
Although reaction times seemed a bit shorter for the painful com-
pared to the mirror control area, this did not reach statistical sig-
nificance. PNS had no effect on reaction times.

In all patients, the N2–P2 complexes of LEP recordings were of
rather low amplitudes (Table 4). The latencies of the N2 and P2
components varied much between subjects but there were no sys-
tematic deviations from the control group neither between painful
and mirror sites nor between PNS-OFF and ON conditions in both
sites (data not shown). However, when comparing the N2–P2
amplitudes in the two conditions, there was a small but similarly
significant increase in amplitude in the PNS-ON condition for both
sites (Wilcoxon matched pairs test, z = �2.023, P = 0.043).

3.5. PET results

The results of the PET study are shown in Figs. 1–3 and in Tables
S2–S4. Average pain ratings in the allodynic and non-painful heat
condition were respectively 5.4 ± 3.2 and 0. Spontaneous pain rat-
ings in the PNS-OFF and ON period were respectively 3.0 ± 1.7 and
0.4 ± 1.1. Fig. 1 and Table S2 show the results of the contrast ‘‘allo-
dynic stimulation versus non-painful heat stimulation”. It is impor-
tant to recall that the physical stimulus used in the two conditions
is identical. During PNS-ON, thermal stimulation evoked signifi-
Table 4
LEP (N2–P2) amplitudes (z-scores).

N2–P2 amplitude healthy control population: 30.1 ± 16.2 lV

Patient Painful area Mirror area

Off On Off On

VBM �1.23 �0.98 �0.78 �0.50
DRR �1.44 �0.36 �0.80 �0.55
DBH �1.30 �1.07 �1.30 �0.86
HUV �1.06 �1.03 �1.10 �1.05
VDB �1.00 0.01 �0.67 �0.37

Median �1.23 �0.98 �0.80 �0.55
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cantly smaller rCBF responses in several parts of the ‘‘pain matrix”,
more specifically in the rostral anterior cingulate cortex, dorsolat-
eral prefrontal cortex, posterior insula and lenticular nucleus. No
significant rCBF changes were observed in the thalamus, SI and
SII. However, when using a more lenient statistical threshold, rCBF
changes were also detected in posterior thalamus and SII. Rela-
tively higher rCBF was measured in the insula, subgenual cingulate,
posterior thalamus and nucleus accumbens when allodynic stimu-
lation was compared with painful stimulation (data not shown).
Fig. 2 and Table S3 show the changes in rCBF produced by PNS. A
strong rCBF increase occurred in the contralateral primary somato-
sensory cortex (SI), corresponding with the hand area. Additional
rCBF increases were observed in the antero-ventral insula, the thal-
amus and the rostral anterior cingulate cortex. When lowering the
ment of peripheral nerve stimulation in neuropathic pain: Five case reports
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Fig. 3. PET data showing brain areas where rCBF at rest is significantly higher in the stimulation–off compared to the stimulation-on period. Data are shown on sagittal slices.
Colored voxels represent clusters of significant rCBF signal increases (P < 0.05; FDR-corrected) during the PNS-OFF period. The numbers refer to the lateral–medial orientation
(x-coordinate, negative numbers indicate the left side of the brain) of the slices in MNI space. In the PNS-OFF period, rCBF was significantly higher in the posterior insula,
perigeniculate and subgenual cingulate cortex, posterior thalamus, caudate nucleus and prefrontal cortex.
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statistical threshold to P < 0.001, uncorrected, an rCBF increase was
also observed in the right inferior parietal lobule (Brodmann Area
(BA) 40; x = 32, y = �40, z = 44) and the orbital gyrus (BA 11;
x = 18, y = 32, z = �26). Fig. 3 and Table S4 show the rCBF changes
when comparing the rest conditions in the pain-reduced (PNS-ON)
and pain (PNS-OFF) state. During the pain-reduced state, resting
state rCBF was significantly lower in the rostral anterior and subge-
nual cingulate (adjoining the nucleus accumbens) cortices, poster-
ior thalamus (pulvinar), posterior insula, caudate nucleus, and the
right inferior (BA 47) and superior (BA 10) frontal gyri. No changes
in rCBF across the two conditions were observed in the lateral pain
system. However, when using non-corrected P-values, rCBF
changes were also detected in SI and SII.

4. Discussion

We present here five case reports of patients with mononeuro-
pathic pain who were treated for more than 20 years with direct
electrical peripheral nerve stimulation. This is the first comprehen-
sive study to measure in an objective and multimodal manner the
therapeutic efficacy of PNS, its effect on somatosensory processing
and its underlying neurophysiological mechanisms. We believe the
data presented in this paper are novel and encouraging but at the
same time we are also fully aware of the limitations of our data.
First, this is an open study without a placebo control condition,
which means that it is impossible to rule out with certainty that
some of the reported therapeutic effects are not due to placebo
effects or experimenter-demand effects. The second limitation
concerns the small number of subjects which reduces the statisti-
cal power of the group data. We were only able to include five pa-
tients out of the ten we initially contacted. Five out of the original
11 patients no longer used PNS. It could therefore be argued that
our study is biased by the selection of patients still using the stim-
ulator. However, four of the five explants were for technical rea-
sons or hardware infections and not because of lack of analgesic
effect. These patients were successfully treated with SCS after
removal of the PNS device. Finally, an important limitation is the
variability in the amount of time the patients actively used PNS,
some on a daily basis and others at weekly intervals. This variabil-
ity has been also reported for other neurostimulation techniques
such as SCS and DBS (Gybels et al., 1990). Despite these limitations,
there are a number of objective findings which warrant further
prospective studies such as the convergence of the clinical reports
of analgesic efficacy and the PET findings of reduced activation
Please cite this article in press as: Kupers R et al. Multimodal therapeutic assess
with a 20-year follow-up. Eur J Pain (2010), doi:10.1016/j.ejpain.2010.06.015
within the pain matrix, and the convergence of some of the PET
and LEP data.

4.1. Effects of PNS on clinical pain

Patients were asked to evaluate their spontaneous pain and
measures of quality-of-life in their home environment during
3 days of normal usage of the stimulator and during 3 days of
refraining from stimulation. The clinical data have been described
in detail elsewhere (Van Calenbergh et al., 2009) and will therefore
be described only briefly. Patients reported lower pain ratings and
improved quality-of-life measures during the days with PNS. This
is in line with their verbal reports of satisfaction with PNS ex-
pressed prior to the onset of the study. As mentioned above, pla-
cebo effects or experimenter-demand effects cannot be ruled out.

4.2. Thermal and tactile perception

Compared to an age- and sex-matched control group, our pa-
tients had abnormal cool and warmth thresholds, not only in the
painful area but also in the mirror area. In addition, all patients
had abnormally low or high heat and cold pain thresholds. To-
gether, this confirms the neuropathic character of the pain com-
plaints (Rolke et al., 2006a). Touch detection thresholds in the
patient were not significantly different from those of the control
group.

At the group level, PNS had no significant effect on thermal per-
ception. Both the thresholds for cool and warmth and cold pain and
heat pain were not significantly altered by PNS. The lack of effect
on cool and warmth detection may not come as a surprise as
PNS exerts primarily an effect on nociceptive processing. However,
the lack of a significant effect on heat and cold pain thresholds was
unexpected. Several explanations may be evoked for these nega-
tive findings. First, the patient sample size is small, making it hard
to show any significant effect. Next, looking at the individual data,
we notice a large intersubject variability. As the pain thresholds
were determined at the end of a LEP and QST session lasting about
3 h, fatigue or concentration difficulties may have lead to inconsis-
tent responses in some patients. Finally, the method of assessing
pain responses during the QST sessions may also have lead to the
negative results. We used a simple methods of limits to measure
pain threshold and did not test for responses to suprathreshold
stimuli. During the extra QST session preceding the PET investiga-
tion, we used the method of constant stimuli instead to assess pain
ment of peripheral nerve stimulation in neuropathic pain: Five case reports
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responsiveness. Using an ascending–descending staircase method,
participant’s responses were tested to 5 s lasting thermal stimuli.
The reason for doing so was to assure that participants would
tolerate the pain stimuli in the ensuing PET examination in which
we also applied 5 s lasting thermal stimuli. The temperatures
which were consequently used during the PET examination were
1 �C below the pain threshold as assessed by the methods of limits.
Nonetheless, they were described as painful by the patients in the
PNS-OFF condition, probably due to temporal summation.

4.3. LEPs data

It is well recognized that LEPs provide a sensitive and reliable
tool for exploring the functional status of the thermo-nociceptive
pathways within the somatosensory system (Treede et al., 2003;
Truini et al., 2004). LEP abnormalities consist of complete absence,
amplitude reductions and/or latency increases. The LEP data are
complementary to our QST data as the former reflect mainly re-
sponses to Ad nociceptor activation whereas the latter reflect re-
sponses to C-nociceptor activation by slow ramped thermal
stimuli. The main findings are the low amplitudes of LEPs and
the increase of LEP amplitude in the PNS-ON condition. Indeed,
all patients presented rather low amplitudes of the N2–P2 complex
and this was true for the painful and mirror side. At first sight, this
may result from the higher age of the patients since LEP amplitude
declines significantly with age (Gibson et al., 1991; Truini et al.,
2004). However, the patients’ N2–P2 amplitudes were compared
to those of an age-matched control group. It is therefore tempting
to explain the reduced LEP amplitude as resulting from a chronic
neuropathic pain condition. As stated by Garcia-Larrea and
co-workers (2002), chronic pain coupled with reduced LEPs sub-
stantiates the diagnosis of neuropathic pain, whereas the finding
of normal or enhanced LEPs to stimulation of a painful territory sug-
gests the integrity of pain pathways, and does not support a neuro-
pathic pathophysiology. This is further evidenced by the association
of the pain relieving effect of PNS and a small but significant in-
crease of LEP amplitude in the PNS-ON condition. Indeed, a similar
effect was reported by Sestito and colleagues with SCS in patients
with cardiac syndrome X (Sestito et al., 2008). These authors
hypothesized that SCS removes the inhibitory influence that the
chronic cardiac pain exerts on the nociceptive system of these
patients through a counter-irritation mechanism. Similarly, in the
present group of patients, the pain relieving effect of PNS may have
reduced the counter-irritation mechanism and the consequent
nociceptive inhibition, leading to an increased LEP amplitude.

4.4. PET data

According to the original theory by Melzack and Wall (1965),
the therapeutic principle of PNS stimulation is based upon the acti-
vation of A beta (Ab) fibers. This is confirmed by the present find-
ings as PNS lead to a significant rCBF increase in the contralateral
primary somatosensory cortex. The increased rCBF response in SI
is also in line with our finding of larger LEP amplitudes during
the PNS-ON condition. Interestingly, previous studies on the anal-
gesic effects of SCS and DBS failed to show increased activation in
SI (Davis et al., 2000; Duncan et al., 1998; Hautvast et al., 1997; Ku-
pers et al., 2000), suggesting that the analgesic mechanisms of PNS
are at least partly different from those of SCS or DBS. Alternatively,
the stimulation-induced rCBF increase in SI may simply represent
an epiphenomenon of large fiber stimulation, unrelated to the
analgesic effect. In addition to activation of SI, PNS stimulation also
lead to an increase in rCBF in the antero-ventral insula, thalamus
and ACC, suggesting that besides activation of the dorsal column
medial lemniscal system (Nathan and Wall, 1974), other mecha-
nisms may play a role in the analgesic effects of PNS. Several of
Please cite this article in press as: Kupers R et al. Multimodal therapeutic assess
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these areas have been shown to be involved in the modulation of
pain (Davis et al., 2000; Duncan et al., 1998; Peyron et al., 2007;
Starr et al., 2009). For instance, the ACC is activated during DBS
(Davis et al., 2000; Duncan et al., 1998), motor cortex stimulation
(Peyron et al., 2007) and other analgesic procedures (Peyron
et al., 2000). Comparing the baseline scans during the PNS-ON
and -OFF period revealed that during the period of active stimula-
tion, resting state rCBF was significantly smaller in several parts of
the ‘‘pain matrix”, including the posterior thalamus and insula,
perigeniculate and subgenual cingulum, caudate nucleus and
orbitofrontal cortex. This was associated with lower spontaneous
pain ratings during the PNS-ON period. The comparison of the re-
sponse to innocuous thermal stimulation during the active and
non-active stimulation period reveals that cerebral blood flow re-
sponses were smaller in the ACC, posterior insula, caudate nucleus
and prefrontal cortex. Together, these data show that PNS reduces
spontaneous and heat-induced activity within the ‘‘pain matrix”
and increases activation in areas involved in pain modulation.
We suggest that these local haemodynamic changes reflect the
areas mediating the analgesic effects of PNS.

In conclusion, the present unique series of case reports with
more than 20 years of follow-up suggest that PNS can provide
long-term relief in patients with peripheral neuropathic pain fol-
lowing peripheral nerve lesions, with few side-effects or complica-
tions. The current data certainly do not form the final proof of
efficacy of PNS. However, they incite in envisioning prospective
randomized case-control trials in order to show the therapeutic
efficacy of PNS in a more unequivocal manner.
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Fig. S1. QST data showing the effect of PNS on the pain threshold (median value of
three assessments) for heat stimuli in the painful and contralateral hand in patient
VBM tested on two different occasions. (A) Data from the current examination. The
heat pain threshold in the painful area increased from 40.5� (PNS-OFF) to 45.7�
(PNS-ON). There was a smaller increase in the contralateral hand. (B) Results from
the same patient tested 10 years earlier. Results are very similar: PNS abolished the
heat allodynic response in the painful area and only had a mild effect on the heat
pain threshold at the contralateral side.
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