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Abstract

Background Induction of long-term synaptic depression (LTD) is proposed as a treatment mechanism for chronic
pain but remains untested in clinical populations. Two interlinked studies; (1) A patient-assessor blinded, randomised,
sham-controlled clinical trial and (2) an open-label mechanistic study, sought to examine therapeutic LTD for persons
with chronic peripheral nerve injury pain.

Methods (1) Patients were randomised using a concealed, computer-generated schedule to either active or sham
non-invasive low-frequency nerve stimulation (LFS), for 3 months (minimum 10 min/day). The primary outcome was
average pain intensity (0-10 Likert scale) recorded over 1 week, at 3 months, compared between study groups. (2) On
trial completion, consenting subjects entered a mechanistic study assessing somatosensory changes in response to
LFS.

Results (1) 76 patients were randomised (38 per group), with 65 (31 active, 34 sham) included in the intention to
treat analysis. The primary outcome was not significant, pain scores were 0.3 units lower in active group (95% Cl — 1.0,
0.3; p=0.30) giving an effect size of 0.19 (Cohen’s D). Two non-device related serious adverse events were reported.
(2) In the mechanistic study (n=19) primary outcomes of mechanical pain sensitivity (p =0.006) and dynamic
mechanical allodynia (p =0.043) significantly improved indicating reduced mechanical hyperalgesia.

Conclusions Results from the RCT failed to reach significance. Results from the mechanistic study provide new evi-
dence for effective induction of LTD in a clinical population. Taken together results add to mechanistic understanding
of LTD and help inform future study design and approaches to treatment.

Trial registration ISRCTN53432663.
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testing (QST) has defined patterns of loss or gain of func-
tion across sensory modalities (‘somatosensory profiles’)
which may reflect underlying pain generating mecha-
nisms [1]. Neuropathic pain arising from peripheral
nerve injury is typically associated with positive sensory
signs such as dynamic mechanical allodynia or pinprick
hyperalgesia, features thought to reflect the sensitization
of central pain pathways [2]. In rodent models of periph-
eral nerve injury which feature somatosensory profiles
similar to those seen in nerve injury patients, abnormal
impulses arising from peripheral nociceptors lead to
enhanced pain-responsiveness of spinal cord dorsal-horn
neurons [3]. This initiates an amplification of synaptic
transmission in nociceptive pathways termed ‘nocicep-
tive long-term potentiation’ (LTP), which is a pain-related
variant of a ubiquitous mechanism of synaptic memory
[4]. Experimental nociceptive LTP has been successfully
established in humans by modelling the injury-related
discharge through focal high-frequency electrical stimu-
lation which facilitates long-lasting hypersensitivity spe-
cifically for mechanical stimuli [5, 6].

In rodent models, reversal of nerve-injury induced
LTP is achieved through low frequency peripheral nerve
stimulation which induces the counterbalancing process
of ‘long term depression’ (LTD) where central nocicep-
tive synaptic connections become actively weakened [7];
low frequency stimulation also reverses high-frequency
stimulation-induced nociceptive LTP in uninjured ani-
mals [8], and healthy man [9]. Induction of LTD via low
frequency stimulation should therefore aptly target per-
sistent painful peripheral nerve injury through lowering
enhanced gain in nociceptive pathways [10], however
data about the operation of LTD and the effect of low fre-
quency stimulation in these patients is lacking.

In clinical trials, surgical forms of peripheral nerve
stimulation do not consistently utilise low frequency
stimulation [11], whilst the design of low frequency
transcutaneous electrical nerve stimulation (TENS) elec-
trodes renders them less suitable for the induction of
LTD at a tolerable stimulation level [12]. Low frequency
stimulation through a transcutaneous-applied, small
spherical electrode possible of inducing LTD has been
explored in two uncontrolled trials but remains untested
within controlled clinical trials [13, 14].

The current work sought to validate whether LTD can
be induced within this clinical population employing
an LFS technique and explore the potential efficacy of
a non-invasive approach only to elicit LTD-related pain
suppression. To do this, we conducted two interlinked
studies. The research describes a parallel group, dou-
ble blinded, sham-controlled randomised trial and an
open label mechanistic study assessing psychophysical
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parameters pre and post low frequency stimulation. We
hypothesised that for the open label mechanistic study
a significant reduction (p= <0.05) in mechanical pain
sensitivity and dynamic mechanical allodynia would be
observed following low-frequency stimulation, and that
within the RCT a significant difference (p= <0.05) in
terms pain reduction in favour of the active treatment
would be seen.

Methods
Study design
A single site parallel group, double blinded, sham ran-
domised controlled trial (RCT) of external non-inva-
sive peripheral electrical nerve stimulation (ENPENS),
designed to assess the efficacy of ENPENS versus sham
in patients with chronic pain following peripheral nerve
injury. Patients were randomised to receive either active
or control treatment and continued treatment for a
period of 3 months (main treatment phase). As a fur-
ther retention and recruitment aid, following comple-
tion of the main treatment phase patients were offered an
optional cross over or treatment extension (3 months).
Screened subjects who met the inclusion/exclusion cri-
teria either before or after completion of the extension/
swap period were invited to participate in a further open
label mechanistic study assessing psychophysical param-
eters pre and post low frequency stimulation to validate
LTD as a working mechanism within a clinical sample.

Participants
Suitable patients appearing to fulfil inclusion/exclu-
sion criteria identified from the centre’s pain clinics
received a pre-screening telephone assessment. Patients
then attended a screening appointment where written
informed consent was obtained by the study PI. Separate
written consent was obtained for the mechanistic study.

Patients were eligible if they were aged 18 or older
and had definite or probable pain post nerve injury
of > 12 months duration [15]. They experienced moderate
to severe pain intensity (defined as an average of >5/10
on an 11-point (0-10) numerical rating scale (NRS)
recorded daily over 1 week, but not dropping below 4 on
any given day), in a localised area (distribution of one to
two peripheral nerves to facilitate easily replicable inde-
pendent stimulation), had brush stroke allodynia in that
area (>3/10 NRS) (prioritised by patients as an impor-
tant clinical outcome) and had trialled first line pharma-
cotherapy (to ensure patients care was not disadvantaged
via inclusion).

Patients were excluded if they had absolute numbness
in the affected area, had known treatment contraindi-
cations, implantable devices for the same condition,
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unstable pain intensity of pain medications in the
6 weeks prior to the trial, had diagnosed psychiatric or
mental health disorder or other health conditions/pain
which in the opinion of the investigators would make
the trial unsuitable, or were unable to comply with the
study protocol. Additionally, patients were required to
stop any medications that numb affected areas prior to
the study to enable stimulation of the peripheral nerves.
Lidocaine patches 2 weeks prior, Capsaicin treatments
(both low-, and high concentration) 4 months prior to
stimulation to allow nerve endings to grow back. Patients
were requested not to commence any new medications/
treatments that may confuse evaluation of treatment effi-
cacy. All prescribed and non-prescribed treatments were
recorded throughout.

The criteria were the same for both studies with the
exception that brushstroke allodynia (>3/10 NRS) was
not required for the mechanistic study. This study sought
to demonstrate a reduction in mechanical hypersensitiv-
ity and although brushstroke allodynia is often a feature
of this (exhibited by 15/19 patients) significant mechani-
cal hypersensitivity can also exist without the presence of
documented brushstroke allodynia [16].

Randomisation

Once consented patients were randomised to either
active or sham treatment. The study trial manager or PI
randomised patients using an independent online ran-
domisation service that employed a concealed 1:1 allo-
cation schedule and varying block sizes of 2 and 4. Trial
nurses and patients were blinded to treatment allocation
and were informed that that the purpose of the trial was
to compare two types of stimulation ‘Pen’ and ‘Flat. They
were further informed that efficacy was not related to
strength of stimulus but rather determined by the elec-
trical field (see active and sham device). Following ran-
domisation assignment, trial nurses were provided with
the appropriate stimulation device to issue to the patient.
Randomisation was not employed for the mechanistic
study.

Setting of study

The study was conducted at a supra-regional UK national
health services (NHS) neurology and neurosurgery hos-
pital. The study was registered on the ISRCTN registry,
registry number: ISRCTN53432663. The full protocol
was published before initiation of the trial [17]. The trial
was conducted in accordance with the original protocol.
Data collected ended when all patients had completed
the optional treatment extension/swap and was predeter-
mined before commencement of the trial.
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Study objectives

The RCT primary objective was to establish whether
ENPENS treatment versus sham treatment was effective
in reducing pain for people with long-standing neuro-
pathic pain following peripheral nerve injury, as meas-
ured by change in pain intensity following 3 months
of treatment. Secondary objectives were to assess the
benefits associated with treatment to other commonly
affected areas such as quality of life, function, mood, self-
efficacy (confidence to perform abilities in the presence
of pain), reduction of allodynia in the areas of pain, and
symptom report. The primary objective for the mecha-
nistic open label study was to establish whether LFS was
associated in reduction of enhanced pain-responsive-
ness in a clinical population, as measured by change in
measured sensory features of clinically enhanced pain
responsiveness. We hypothesised that within the RCT
a significant difference (p= <0.05) in terms pain reduc-
tion, would be observed between groups in favour of the
active treatment. Whilst for the open label mechanistic
study a significant reduction (p= <0.05) in mechanical
pain sensitivity and dynamic mechanical allodynia would
be observed following low-frequency stimulation.

Sample size

Sample size calculations were conservatively based on
detection of a between-group difference of 1.5 following
previous observational study data that had shown a mean
treatment associated pain reduction of 2.8 units. The
standard deviation of the outcome was assumed to be as
per this data, 1.9 units [13]. A correlation of 0-5 between
the baseline and outcome pain scores was assumed (0.64
in observational study data). Therefore, based on a 5%
significance level, 90% power, and assumed 30% attrition
rate, it was calculated that 38 participants per group were
required to show a difference of 1.5 units in the primary
outcome between groups, further details are provided
within the published protocol [17].

Study procedures

Active and sham interventions

Low frequency nerve stimulation through a transcutane-
ous-applied, small spherical electrode that induces high
current density is a long-established method to localize
peripheral nerves for nerve blocks [18]. Active treatment
was referred to as the ‘Pen device’ and utilised a trans-
cutaneous peripheral nerve stimulation device with a
pen shaped electrode (Xavant stimpod nms410, Preto-
ria, South Africa) with pre-set parameters of 2 Hz (Hz)
and 1.0 ms (ms), and an adjustable stimulation strength
of <30 milliamps (mA). The sham device was referred to
as ‘the flat device’ and looked identical but used a flat 5
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cm? square adhesive electrode and parameters of 2 Hz,
0.1 ms, <6 mA (although appeared to allow 30 mA). The
electrode and parameter combination created a perceiv-
able, low current density not eliciting LTD [19]. Elec-
trodes stimulated affected nerves, proximal to the focal
area of pain and just outside of the identified area of allo-
dynia. LTD requires delivery of >1200 pulses, requiring
10 min of treatment [5, 10]. To avoid unblinding due to
felt or observed differences related to current density or
LTD effect within training, the amplitude and stimulation
time was limited (<5ma and <5 min) for both the active
and sham devices. An independent physiotherapist with
experience of stimulation began training by determining
the point of stimulation and beginning stimulation for all
patients but had no further patient contact- this was safe-
guard accurate nerve identification for stimulation and to
maintain blinding of trial nurses.

Treatment dosage

Once able to demonstrate independent use of the device,
patients were loaned a stimulator for 3 months, stimulat-
ing for a minimum of 10 min daily, at a mildly painful but
not intolerable amplitude. Patients determined the ampli-
tude, frequency, and timings of stimulation. Weekly tel-
ephone calls during the main treatment phase recorded
treatment compliance and health care utilization.

Mechanistic study experimental paradigm

At baseline, the area of mechanical hyperalgesia was
mapped using a pinprick stimulus of 256 mN along eight
equally spaced tracks originating from the epicentre of
pain. Then, a circular intervention array of 10 punctate
electrodes (each 250 um diameter), designed to prefer-
entially activate small diameter epidermal nerve fibres
(5), was placed over the epicentre of the pain. This elec-
trode delivers electrical pulses using a constant current
stimulator (Digitimer DS7A, UK). Baseline QST was then
performed on areas directly adjacent the intervention
array-electrode to obtain a comprehensive somatosen-
sory profile, using the standardised German Research
Network quantitative sensory testing (DFNS) protocol
[20]. As part of this protocol, mechanical pain sensitiv-
ity (MPS) was assessed as the mean of the pain ratings
in response to a geometric series of 8—512 mN calibrated
pinpricks at factor 2 progression, and dynamic mechani-
cal allodynia (DMA) as pain to gentle stroking touch
(cotton wisp, QT-tip, soft brush); these MPS/DMA series
were scheduled at the end of the QST procedure and
were spaced by approximately 5 min between each. Then,
electrical detection threshold was determined with sin-
gle 2 ms duration electrical pulses of increasing strength
through the array electrode using method of limits (felt/
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not felt). The subsequent LFS intervention consisted of a
train of 2000 electrical, 2 ms duration, stimuli delivered
through the array electrode at 1 Hz. Stimulation strength
was initially 10 x EDT but, due to poor tolerability was
reduced to 5 x EDT for the final 6 study patients. Directly
after LFS stimulation, the hyperalgesic area was meas-
ured again and then MPS and DMA were determined as
before.

Outcomes

RCT outcomes were completed by patients and collected
by trial nurses. Outcome questionnaires were scored, and
all data entered onto a computer by a technical assistant
independent to the trial. Data analysis was conducted by
the unblinded statistician after data lock.

Primary outcome

The RCT primary study endpoint was the average 24 h
pain intensity recorded daily on an 11-point (0-10,
0=no pain & 10=worst pain imaginable) numerical
rating scale (NRS), averaged over the last 7 days of the
three-month treatment phase. At least 1 daily score was
required.

Mechanistic study outcomes

The co-primary outcomes were change in intensity of
mechanical pain sensitivity and dynamic mechanical allo-
dynia following LFS, normalised to baseline. The second-
ary outcome was the change in mechanical hyperalgesia
area following LFS. Spontaneous post-test pain was not
measured as this parameter was considered confounded
by the lengthy examination protocol.

RCT secondary outcomes
Text within brackets indicates what each measure was
intended to capture.

+ Brief pain inventory interference subscale (BPI-I)
(functional interference) [21].

+ EuroQol EQ-5D-5L generic measure of health sta-
tus. The EQ-5D-5L has two components, a summary
index (utility), and the EQ visual analogue scale (EQ-
VAS), (health related quality of life) [22].

RCT exploratory outcomes

+ Hospital anxiety and depression scale (emotional
function) [23].

+ Pain self-efficacy questionnaire (perceived confi-
dence to function despite pain) [24].

+ Worst pain using BPI (range of pain intensity) [21].
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+ Dynamic mechanical allodynia determined by man-
ual mapping (change in surface area of allodynia)
[25].

+ Neuropathic pain symptom inventory (NPSI) (quality
of pain) [26].

Outcomes were recorded at baseline, treatment com-
pletion and on completion of the optional treatment
extension/swap. Secondary and exploratory endpoints
were scores following end of 3-month treatment phase.
Treatment phase patient diaries captured daily pain
intensities and treatment frequencies.

On study completion

« DPatient perceived global impression of change (PGIC)
[27].

« Telephone interview—qualitative exploration of
‘active’ treatment experience in a proportion of
patients.

+ Perception regarding treatment allocation. Patients
were asked if they felt they had been assigned to a
more or less effective stimulation.

Safety outcomes
At every patient contact, safety adverse events (SAEs)
and serious adverse events (SARs) were recorded.

RCT statistical analysis
The primary study analysis was intention to treat (ITT)
based on all randomized, eligible patients with outcome
measures available at the end of the study. For the pri-
mary outcome, the primary endpoint was compared
between groups by Analysis of Covariance (ANCOVA)
using baseline scores as the covariate. In a secondary
analysis of the primary outcome (responder analysis)
the proportion of patients in each arm that achieved dis-
tinct outcomes (> 2 points NRS, >30% and > 50%) were
computed. The minimally clinically important difference
(MCID) was defined as >2 points [28]. No stratification
variables were included in the primary analyses.
Equivalent methods were used for those secondary and
exploratory outcomes measured on continuous scales.
For analysis of ordinal outcomes, the Mann—Whitney test
was used. MCID was calculated for all further outcomes
as follows based on the available literature: BPI-I 2-point
reduction, EQ-5D-5L VAS 11 points increase, utility
0.145 increase, HADS 4 points reduction plus movement
between severity categories, PSEQ increase of 7+ points
plus movement between severity categories, BPI worst
pain 3-point decrease, 20% reduction in surface area of
allodynia [25, 29-32]. NPSI was not included due to an
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absence of appropriate literature. Sensitivity analyses
were performed for both the primary outcome, and for
the secondary outcomes; multiple imputations (MI) were
used to address the missing values, utilising approaches
based on the multivariate normal distribution method
[33]. Fisher’s exact test was additionally reported as
part of secondary analysis to illustrate any association
between groups in relation to outcome measures. For all
outcomes statistical tests were two-sided, with p-values
of p<0.05 considered statistically significant. All analy-
sis except for post-hoc analysis was prespecified and
included as part of the published protocol prior to initia-
tion of the trial. All data was analysed using Stata version
15.1 (Statacorp.2017) statistical software. Adverse events
were summarised descriptively.

Health economic analysis

Details of the healthcare resource use and cost analy-
sis are described in the published protocol [17]. A pre-
planned health economic analysis to estimate NHS
perspective cost-effectiveness, will be reported separately.

Mechanistic study statistical analysis

QST values (excluding paradoxical heat sensations and
dynamic mechanical allodynia) were z-transformed using
the mean and standard deviation (SD) of the healthy con-
trol normative data for age, gender, and body location
[16]. Z-scores above zero indicate gain of function and
below zero indicate loss of function. QST profiles were
compared to normative healthy subject German Research
Network quantitative sensory testing (DFNS) protocol
data with mean=0 and SD=1, using non-paired t-tests
[16]. Pain rating data and mechanical hyperalgesia area
were LoglO-transformed to obtain secondary normal
distribution. For all NRS ratings a constant of 0.1 was
added to avoid loss of any zero ratings [19]. Raw data
were smoothed by 3-point averaging to reduce irregular-
ity caused by swings of single rating values. Results are
shown as mean and SEM of logl0-transformed data.
Data were analysed using Friedman test. All calculations
were performed with SPSS 20 (IBMTM) and Excel 2010
(MicrosoftTM).

Results

Within the RCT 278 patients were screened between
January 26, 2017-July 11, 2019, 76 patients were ran-
domised to treatment (38 per group), and 65/76 (86%)
provided end of treatment outcomes and were included
in the primary study efficacy analysis (31 active, 34
sham). On completion of the RCT treatment phase
42/65 participated in the optional treatment exten-
sion/ swap phase. Participant flow and reasons for
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withdrawal are detailed in Fig. 1. Enrolment stopped
when the required sample size was obtained.

Seventeen of the 76 patients randomised entered the
mechanistic study, along with four patients excluded
from the RCT study due to low mechanical allodynia
scores < 3 numerical rating scale (NRS). Two of these
21 patients (both RCT participants) were unable to
tolerate the electrical stimulation at x 5 EDT and with-
drew, therefore 19 patients completed mechanistic test-
ing. Fifteen of these had been randomised in the RCT
study, of which five attended directly after the main
treatment phase, ten after the extension/swap.

Patient demographic and baseline characteristics
were broadly similar between the active and sham arms
(Table 1).

In the mechanistic study, full demographic data was
not available for the four patients who had not par-
ticipated in the RCT study, i.e., was available for 15/19
participants (Table 1). The patient age in the mecha-
nistic study was significantly lower compared to RCT,
t (91)=3.13, p=0.03, all other baseline variables were
statistically comparable.
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Baseline quantitative sensory (QST) testing using
DENS protocol [20], was obtained for all patients within
the mechanistic study (n=19). QST profiles were com-
pared to normative healthy subject DFENS data [16],
and revealed a substantially abnormal QST pattern in
patients shown in Fig. 2. Compared to normative data,
the QST profiles indicated significant gain-in-function
for mechanical pain sensitivity (p= <0.001), mechani-
cal and pressure pain thresholds (p=<0.001), as well
as dynamic mechanical allodynia (p= <0.001), but not
thermal hyperalgesia. This mechanonociceptive gain
contrasted to a significant loss of function in tactile and
temperature detection thresholds (p= <0.001). Taken
together these results emphasize that the mechanistic
study successfully enrolled the targeted mechanical (not
thermal) hyperalgesia pain phenotype of patients within
these studies. This patient subgroup is most likely to har-
bour a central sensitization aspect, for which punctate
hyperalgesia and dynamic mechanical allodynia are hall-
mark signs [1, 34, 35], associated with increased ongoing
pain [36].

Mechanistic study outcomes The co-primary outcomes
were change in intensity of mechanical pain sensitivity

Letters assessed for eligibility Excluded (n = 75)
(n =278) No allodynia (n = 7)

_—

Other treatments (n = 9)
Other pains (n = 54)

Telephone pre- Screen
(n=203)

Insufficient duration of pain (n = 5)

Excluded (n = 109)

| —

No allodynia (n = 33)
Didn’t want to participate (n = 30)

Invited for Screen
(n=94)

Other reasons (n = 14)

‘ Pain too widespread (n = 32)

1— »| Excluded (n = 18)

Not attended appointment (n = 10)
Randomised No allodynia (n = 6)
(n=76) Other reasons (n = 2)
s Allocation 1

Allocated to SHAM (n = 38)
Received allocated intervention (n = 38)

Lost to follow-up / withdrawn (n = 4)
Personal and family issues (n=4).

In efficacy analyses (n = 34)
Excluded from analysis (n = 0)
In safety analyses (n = 38)

Decided not to
proceed to extension

phase (n=7)
Continued with SHAM «————|  Switched to ACTIVE
(n=8) (n=19)

Lost to follow-up / withdrawn (n = 2)
Personal and family issues n=1
No reason=1

Lost to follow-up /
withdrawn (n = 0)

Follow-up/Analysis

Extension / Swap

Allocated to ACTIVE (n = 38)
Received allocated intervention (n = 38)

Lost to follow-up / withdrawn (n = 7)
Personal and family issues (n=4).
Noncompliance to treatment protocol (n = 2)
Commenced alternative treatment (n = 1)

I
In efficacy analyses (n = 31)
Excluded from analysis (n = 0)
In safety analyses (n=38)

Decided not to
proceed to extension
phase (n = 16)

Switched to SHAM Continued with ACTIVE
(n=9) (n=6)
Lost to follow-up / withdrawn (n =
4 Lost to follow-up /
withdrawn (n = 0)

No Treatment benefit n=2
No reason n=2

In efficacy analyses (n = 8)
Excluded from analysis (n = 0)
In safety analyses (n = 8)

Fig. 1 ENPENS trial profile (CONSORT diagram)

In efficacy analyses (n = 17)
Excluded from analysis (n = 0)
In safety analyses (n = 19)

Follow-up/Analysis

In efficacy analyses (n = 5)
Excluded from analysis (n = 0)
In safety analyses (n = 9)

In efficacy analyses (n = 6)
Excluded from analysis (n = 0)
In safety analyses (n = 6)
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Table 1 Patient demographics and baseline characteristics of Intention to treat analysis population

Category Active (n=38) Sham All patients Mechanistic study
(n=38) (n=76) (n=19)*
Age 473+£159 5364112 5044140 6181149
Gender Female 22 (58%) 18 (47%) 40 (53%) 9
Male 16 (42%) 20 (53%) 36 (47%) 10
Duration Pain (months) 44127, 96] 481[26,72] 47 [27,87] 61 [23,63]
Mechanism of Injury Nerve entrapment 1 (3%) 2 (5%) 3 (4%) 2 (11%)
Nerve injury
Surgery 29 (76%) 25 (66%) 54 (71%) 8 (42%)
Other mech. Trauma 6 (16%) 7 (18%) 13 (17%) 6 (32%)
Radiotherapy 2 (5%) 0 (0%) 2 (3%) 0 (0%)
Medication 0 (0%) 1 (3%) 1 (1%) 0 (0%)
Post-herpetic neuralgia 0 (0%) 3 (8%) 3 (4%) 2(11%)
Number pain meds 1.6£1.5 1.7£14 1.7£14 18+1.1
Pain medications™ General pain meds 18 (58%) 24 (69%) 42 (64%) 3 (16%)
NSAIDs 9 (29%) 13 (37%) 22 (33%) 2(11%)
Opioids 9 (29%) 7 (20%) 16 (24%) 7 (37%)
Anti-Epileptics 15 (48%) 20 (57%) 35 (53%) 10 (53%)
Anti-Depressants 16 (52%) 11 (31%) 27 (41%) 6 (32%)
Muscle relaxants 1 (3%) 2 (6%) 3 (5%) 0 (0%)
Baseline assessments
Primary Pain in last 7 days 72412 75+14 73+£13 742413
Variability pain* 085+0.51 0.84+044 085+047 0.65+0.55
Secondary EQVAS 51£18 57+25 54422 48427
EQ-5D index 035+£0.23 0.3440.29 03540.26 02740.29
BPI1 62+19 64+£20 63+£19 63+29
Exploratory BPIW 84+1.1 82+14 83+1.2 85409
HADS anxiety 10.7£43 104+£52 105+£4.8 98456
HADS depression 93446 9.0+45 9.1+45 95457
PESQ 24+14 23+14 24+14 19.74£13
DMA mapped area 207 £192 175+141 191+168 204166
NPSI total score 63£15 61£19 62+15 53£19

Summary statistics are mean =+ standard deviation, median [inter-quartile range] or number (percentage). There were no significant differences in any baseline

measures between active and sham groups

EQ VAS = EuroQol visual analogue score, EQ-5D Index =EQ-5D-5L index score (utility), BPI | =Brief pain inventory interference subscale, BPI W = Brief pain inventory
worst pain intensity, HADS anxiety = Hospital anxiety scale anxiety subscale, HADS depression = Hospital anxiety scale depression subscale, PSEQ=Pain self-efficacy
questionnaire, DMA mapped area =Dynamic allodynia mapped area, NPSI total = Neuropathic pain symptom inventory subscale total score

*Measured by the standard deviation of the baseline daily pain scores in the week prior to randomisation

* Patients could be on more than one type of pain medication. Percentage values may not add up to 100%

# For mechanistic study the variables age, gender, duration of pain, mechanism of injury and information relating to medications were available for all 19 patients, but

for all other outcomes, the numbers represent n=15/19 available data sets

(MPS) and dynamic mechanical allodynia (DMA) pre
and post LFS. MPS was assessed as the mean of the pain
ratings in response to a geometric series of 8—512 mN
calibrated pinpricks at factor 2 progression, and DMA
as pain to gentle stroking touch (cotton wisp, QT-tip,
soft brush). Pain ratings to pinprick stimuli were sig-
nificantly reduced following LFS (average 30 min post-
LES=—-34.2%, p=0.006, Fig. 3A). Correspondingly,
in the 15 patients who exhibited DMA, this parameter

reduced by 29.4% from 6.63 NRS to 4.66 NRS (logl0
mean+ SEM: 0.83240.215 vs. 0.669+0.273; Friedman
ANOVA p=0.043, Fig. 3B). Ten of these patients experi-
enced a reduction of allodynia, one remained unchanged,
four reported a modest increase.

The secondary outcome was the change in mechani-
cal hyperalgesia area following LFS. Area of mechani-
cal hyperalgesia to pinprick was reduced by 22.1% from
300 to 233 cm? following LFS, with a significant mean
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diameter reduction of (17.64+1.98 vs 15.064+1.98 cm;
p=0.008, Fig. 3C).

Clinical trial outcomes The RCT primary outcome was
the average 24 h pain intensity recorded on an 11-point
(0-10, 0=no pain & 10 =worst pain imaginable) numer-
ical rating scale (NRS), recorded daily and averaged
over the last 7 days of the three-month treatment phase,
compared between study groups. Of the 76 patients, 60
provided all 7 daily pain intensity scores for the primary
outcome in the last 7 days of treatment, 64 provided at
least 3 daily scores and 11 (7 active, 4 sham) supplied
none. The primary outcome was not statistically signifi-
cant between treatment arms (Table 2). After account-
ing for baseline scores, pain scores were 0.3 units lower
in the active group (95% CI -1.0, 0.3; p=0.30) compared
with sham, giving an effect size of 0.19 (Cohen’s D). In a
secondary analysis of the primary outcome (responder
analysis) the proportion of patients achieving mini-
mally meaningful pain reduction (>2 points) was 29%
in the Active group, compared to 18% of the Sham group
(Table 3 and Fig. 4). The treatment effect changed lit-
tle when baseline pain was considered as an outcome to
include the 11 patients without post randomization data.

A sensitivity analysis was performed using multiple
imputation methods to impute data values for patients
with missing primary outcome data at 3 months. Analysis
involving multiple imputation [33], provided no evidence
of a significant difference between groups (p=0.22) and
did not greatly differ from ITT analysis.

A Time course of pinprick-evoked pain B Allodynia C Hyperalgesic
110 12 1 area
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2 I 8 § 201
9 90 - . g l *%k
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e 4 i L l
> 80 z 8151
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© =] o
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Fig. 3 Mechanistic study outcomes: Suppression of mechanically evoked pain by LFS in the clinically affected area. A Mechanical pain sensitivity:
A series of pain ratings in response to repeated sets of pinprick stimulations spaced approximately 5 min from each other, within the clinically
affected area in patients who participated in the mechanistic study (n=19). Data depict baseline ratings preceding low frequency stimulation
(LFS), followed by LFS (no rating), and ratings to testing following LFS. B Dynamic mechanical allodynia (Pain to light touch): Means of pain ratings
following stroking touch stimuli of the affected skin, before and after LFS in patients who exhibited DMA prior to LFS (n=15). C Area of mechanical
hyperalgesia: Means of diameter of area of mechanical hyperalgesia mapped by a punctate stimulus before and after LFS (n=19). A-C Where

*p <0.05**p <0.01, comparing pre- to post-LFS pain ratings, Vertical error bars represent SEM
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Table 2 Study outcomes (intention to treat)
Group N Baseline 3 months Trt effect* P-value
Mean+SD Mean +SD Mean (95% Cl)
Primary outcome
Average NRS (over 7 days) Active 31 71+£13 6.2+19 —03(=1.0,03)
Sham 34 73+14 6.7+1.7 0 0.30
Secondary outcomes
EQVAS Active 31 48+18 6120 10(0, 19)
Sham 34 57+£25 56£24 0 0.05
EQ-5D Index Active 31 036+£0.25 046+0.29 0.04 (—0.06,0.14)
Sham 34 035+0.29 041+£031 0 040
BPI' Active 31 63£19 49426 —09(—1.7,00)
Sham 34 63+20 58+23 0 0.06
Exploratory outcomes
BPI'worst pain Active 31 84410 70+19 —08(—16,0.1)
Sham 34 80+£30 74+£19 0 0.07
HADS anxiety Active 31 11.0+47 92+£5.1 —09(=23,05)
Sham 34 106+5.1 9.7+45 0 0.22
HADS depression Active 31 9.4+49 83+49 —1.1(—24,03)
Sham 34 9.0+45 9.0+50 0 0.13
PESQ Active 31 23413 28+15 1(=2,5)
Sham 34 24+£15 27+£16 0 046
DMA mapped area (cm?) Active 31 2114204 173£215 —74(—126,—22)
Sham 34 180+ 145 215+£202 0 0.006
NPSI total Active 31 63+15 52419 —5(=12,2)
Sham 34 59418 55+16 0 013

N: the number of patients with both baseline and end of treatment outcomes; Average NRS: Average pain intensity; EQ VAS: EuroQol visual analogue score; EQ-5D
Index: EQ-5D-5L index score (utility); BPI I: Brief pain inventory interference subscale; BPI W: Brief pain inventory worst pain intensity; HADS anxiety: Hospital anxiety
and depression scale anxiety subscale; HADS depression: depression subscale; PSEQ: Pain self-efficacy questionnaire; DMA mapped area: Dynamic allodynia mapped

area; NPSI total: Neuropathic pain symptom inventory subscale total score

*Trt effect=Treatment effect is difference in outcome between treatment groups, adjusted for outcome at baseline. All analyses using ANCOVA

**Total costs (mean and 95% confidence intervals generated from 1,000 bootstrap replications) relate to the 3-month periods prior to baseline and follow-up and

exclude the cost of device.

Secondary outcome comprised of three measures.
The EuroQol EQ-5D-5L a generic measure of health
status. The EQ-5D-5L has two components, a summary
index (utility), and the EQ visual analogue scale (EQ-
VAS) [22], both components were reported as separate
scores. The brief pain inventory (BPI) interference sub-
scale was also measured [21]. EQ-VAS scores were on
average ten points higher (=better) in the active group
(95% CI 0, 19; p=0.05), and BPI interference subscale
values were on average 0.9 points lower (=better)
(95% CI - 1.7, 0.0; p=0.06), no significant change was
observed between groups for the ED-5D-5L summary
index (p =0.40) (Table 2).

Multiple imputation was used to impute data values
for patients with missing data at 3 months, results sug-
gested that there was no strong evidence of a difference
between groups for any of the secondary outcomes and
did not greatly differ from reported ITT results.

Dynamic mechanical allodynia (DMA) area deter-
mined by manual mapping surface was the only
exploratory outcome demonstrating significant change
between groups, being on average 74 cm? lower within
active group compared to sham (95% CI 22 to 126 cm?
lower; p=0.006) (Table 2). More sham group patients
demonstrated enlargement of the DMA area follow-
ing treatment, (47%, n=16 vs 29%, n=9, p=0.14
(chi square test)). Other outcomes which included the
hospital anxiety and depression scale [23], the pain
self-efficacy questionnaire (PSEQ) [24], worst pain as
measured by the BPI [21], and the neuropathic pain
symptom inventory [26], did not significantly change
(Table 2).

Minimally important clinical differences were meas-
ured. The average percentage of patients achieving mini-
mally important clinical difference in any given outcome
domain was significantly higher in the active group
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Table 3 Minimally clinical important difference change (MCID)
for outcomes

Active Sham Fisher’s exact
P-value
N n (%) N n(%)
Primary outcomes
> 2 points 31 9(29%) 34 6(18%) 0.131
OR > 30%*
Secondary outcomes
EQ-VAS>11 31 12(39%) 34 7(21%) 0.061
EQ 31 14(45%) 34 10(29%) 0.088
5D-Index>0.145
BPII>2 31 9(29%) 34 6(18%) 0.131
Exploratory outcomes
BPIW > 3* 31 8(26%) 34 5(15%) 0.134
HADS Anxi- 31 8 (26%) 34 5(15%) 0.134
ety >4**
HADS Depres- 31 6(19%) 34 2 (6%) 0.082
sion >4 **
PSEQ>7 ** 31 9(29%) 34 6(18%) 0.131
DMA mapped 31 16 (52%) 34 10(29%) 0.039
area>
Total mean 31 33% (£11) 34 19%(£7.1) 0.005¥

EQ-VAS: EuroQol visual analogue score; EQ-5D Index: EQ-5D-5L index score
(utility); BPI I: Brief pain inventory interference subscale; BP1 W: Brief pain
inventory worst pain intensity; HADS anxiety: Hospital anxiety scale anxiety
subscale; HADS depression: Hospital anxiety scale depression subscale; PSEQ:
Pain self-efficacy questionnaire; DMA mapped area: Dynamic allodynia mapped
area; £ standard deviation, ¥ Mann Whitney

* % change based on pain score at baseline
** Also met additional criteria of movement to different severity category

*** > 20% change based on area at baseline

compared to the sham group (33%+11 Vs 19%+7.1,
p=0.005, u=10 Mann Whitney test), (Table 3).

In terms of patient’s assessment of outcome more
patients within the active group patients felt they had
been allocated a more effective vs less effective treat-
ment (18 (64%) vs 10 (36%)) compared to sham group (11
(37%) vs 19 (63%), p=0.04).

A total of 203 adverse events (AEs) were reported
which were comparable between groups (2.7+2.0 per
person in active vs 2.7 £ 1.9 per person in sham); of these
two were serious adverse events, viral meningitis and
shingles, considered not to be related to the study inter-
vention. Three AEs, all concerning increased pain during
stimulation were judged as definitely related to the device
(active n=2), whilst 10 AEs were evaluated as prob-
ably related (active=3, including temporary bruising,
redness).

During the Optional treatment extension/swap period
NRS dropped by 1.0 points for those who extended active
treatment (n=>5, 95% CI — 3.3, 1.3, p=0.28). Those who
switched from active to sham experienced a worsening of
pain by 1.5 points (n=5, 95% CI 0.4, 2.6, p=0.02). There
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were no significant outcome changes for the other two
subgroups following this extension period.

Post-hoc analysis using baseline disease characteristics,
demographic information and outcome responses pro-
vided no evidence of a meaningful relationship between
outcomes and variables. Post-hoc analysis using QST
information in relation to responder and non-responder
profiles additionally did not yield any meaningful out-
come, on the background of small numbers and dilution
from sham allocation in the trial.

Post hoc telephone interview was conducted to under-
standing patients experience of treatment. All patients
who observed the stimulation as painful (n=6/12)
reported analgesic effect, but those who observed the
treatment as either ‘uncomfortable’ or ‘not painful’
(n=6/12) experienced no analgesic benefit. Patients
indicated that the timing of their stimulator use was not
influenced by their pain experiences, but more frequently
conducted at a set daytime, Fig. 5. At trial start 7/12
patients expected to explore more invasive treatment
options should stimulation prove unsuccessful.

Discussion

We performed a combined RCT and mechanistic study
to assess the effect of LFS via peripheral nerve stimula-
tion treatment in patients with neuropathic pain after
nerve injury. Mechanistic study results demonstrate
consistent evidence for the induction of pain-LTD, and a
corresponding significant reduction in stimulus-evoked
pains in the affected areas, i.e., reduced hyperalgesia,
which was further supported by the RCT outcomes.

External non-invasive low frequency peripheral nerve
stimulation did not significantly reduce patients’ sponta-
neous pain, the primary RCT outcome. A trend toward a
positive outcome across all outcomes in response to the
active treatment rather than a definite effect supported
by statistical change was observed. The intervention was
well tolerated.

As mechanisms between neuropathic pains differ, we
assessed QST profiles for all patients entering the mecha-
nistic study at baseline and the results confirm that we
had recruited the targeted group of patients who dis-
played a mechanical hyperalgesia sensory profile (Fig. 2);
this profile is thought to reflect prominent central sensiti-
sation due to nociceptive LTP [1, 3, 4, 34, 35]. The results
from the mechanistic study confirm that LFS effected
clear reductions of the patients’ stimulus-evoked pains,
indicating the effective operation of pain-LTD. This is
supported by exploratory RCT outcomes that showed
significant reduction in dynamic mechanical allodynia
(p=0.006). Improvement in pinprick analgesia was larger
than DMA reduction in the mechanistic study (Fig. 3), in
keeping with current evidence [5].
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stimulator

The underpinning mechanism for pain-LTD is an inter-
mediate rise of postsynaptic calcium concentration in
nociceptive dorsal horn neurons (>1 uM/L) inducing
long-lasting depotentiation of synaptic transmission via
increased phosphatase activity, diminishing postsynaptic
LTP maintenance mechanisms. Under conditions of LTD

only a small volume of calcium permeates into the post
synaptic cell, which reduces the availability of receptors
by translocation and consequently weakens synaptic effi-
cacy [37]. The principle, that LFS can induce pain-related
LTD to treat established pain-LTP, had earlier been estab-
lished in healthy volunteers [19]. This study is the first to
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confirm that LTD can be induced via LFS within a neuro-
pathic pain clinical population, supporting the rationale
for the therapeutic approach.

Unlike in preliminary open-labelled studies using the
same stimulator device [13, 14], reduction of stimulus-
evoked pain was not paralleled by significantly reduced
spontaneous pain within the RCT. Although it is possi-
ble that LFS does not reduce spontaneous pain intensity,
several lines of evidence suggest that this outcome may
reflect both sub-optimal stimulation intensity and fre-
quency. In the mechanistic study, LTD was successfully
induced by painful LFS stimulation at 5 x EDT, whereas
in the RCT patients determined stimulus strength ad libi-
tum. Post-hoc telephone interviews illustrated that only
patients who experienced the stimulation in the active
arm as painful, but none of the other patients found the
treatment beneficial. Painfulness of an electrical stimulus
is a function of the stimulus strength [38], and evidence
from volunteer studies indicates that a just noticeably
painful stimulus strength of 2—10 x detection threshold
is effective while weaker or stronger stimuli are either
less effective or completely ineffective [5, 19]. It is likely,
therefore, that for maximal effect, clinically the LFS
intensity should be mildly painful and that adherence
to initial instructions was not consistently followed by
the RCT participants. Furthermore, post-hoc telephone
interviews indicated that most patients used the stimula-
tor at a set daytime regardless of their actual pain experi-
ences. This would suggest that patients viewed treatment
as something that acted over a 24-h period (like a drug).
As the duration of the LTD effect is unlikely to exceed a
few hours [13], patients may therefore have missed out
the potential of using the treatment to target either spon-
taneous- or activity-induced pain increases that would
be variable during the day. Patient education in relation
to treatment mechanisms, required stimulation strength
and timing of treatment may therefore optimize clini-
cal benefit by individually tailoring the stimulation but
require further evaluation.

It is, however, also possible that reduction in stimulus-
evoked pain in some patients does not fully translate into
reduction of their spontaneous pain. Although we were
recently able to show in a genotype—phenotype asso-
ciation study that more punctate hyperalgesia predicted
stronger ongoing pain the correlation still remained low
[36]. A disconnect between spontaneous and stimulus
evoked neuropathic pain has been illustrated elsewhere
[39, 40]. Topical lidocaine has been shown to reduce
DMA for up to 3 months in patients with neuropathic
pain after knee surgery, without global pain reduction
[39]; and mechanical allodynia has been demonstrated
in the absence of spontaneous pain [40]. Any partial
disconnect between reductions in stimulus-evoked and
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spontaneous pains may reflect the multiplicity of mech-
anisms and the heterogeneous nature of neuropathic
pain and treatments even within stratified sensory sub-
groups [39]. We demonstrated in both studies reduction
in enhanced pain sensitivity following low-frequency
nerve stimulation. This therefore appears to be a consist-
ent effect associated with low frequency nerve stimula-
tion. A decrease in marked skin sensitivity represents an
important change in pain presentation and may still be
considered/desired as a meaningful effect for patients in
the absence of spontaneous pain reduction.

Pain is a subjective experience and therefore how it is
evaluated will depend on contextual factors such as emo-
tional wellbeing, physical functioning, and social occupa-
tional factors [24, 28, 31]. Due to the context of outcome
evaluation in both studies contextual outcomes will have
been of greater influence in the clinical trial. This is of
relevance when we consider changes in pain evaluation
was not significant in the clinical trial whilst significant
change was seen for non-contextual QST outcomes in
the mechanistic study. It is difficult for studies to meas-
ure relevant contextual factors and whilst the exploratory
measures within the clinical trial in part attempted to
do this, we were unable to find any association between
exploratory measures and pain outcomes.

The current work was informed by clear mechanis-
tic objectives and presents a novel approach of combin-
ing clinical and mechanistic study designs to evaluate
and validate therapeutic potential. The RCT included
successful recruitment and retention of a very specific
group of patients with neuropathic pain, verified by QST,
in consenting patients, which also validates the clinical
recruitment criteria used. Patient selection could have
been further strengthened by the inclusion of neuro-
pathic pain specific screening questionnaires. The devel-
opment and use of a true sham intervention with some
perceivable but in-efficient stimulation parameters is a
further strength—the lack of credible sham intervention
has previously been noted as a limitation in neuromodu-
lation trials [41, 42]. The study achieved a high level of
patient adherence resulting in high data quality reducing
uncertainty, and active and comparator groups were well
balanced.

A limitation of the mechanistic study was the exclusion
of a measure of spontaneous pain. Spontaneous post-test
pain has a strong subjective component whilst other QST
measures provide more objective assessments of pain
processing. Given the subjective nature of this measure
and the lengthy testing protocol (4 h) within the mech-
anistic study, we considered this measure would be too
confounded to provide useful data. Ways of overcoming
this should be considered in future study designs. Reduc-
tion in spontaneous pain intensity was not observed in
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the RCT and therefore LFS may not reduce spontane-
ous pain. We also recognise that suboptimal stimulation
in the RCT may have influenced outcomes. The RCT
protocol allowed patients to continue treatment without
further advice or corrections after initial training. Post-
hoc interviews have highlighted that this approach might
have diminished the intervention’s effectiveness. Further-
more, within the RCT patients stimulated just outside
the area of pain whilst in the mechanistic study stimula-
tion was performed within the area of pain. Stimulation
outside the area of the parent axon would have required
deeper depth of penetration to drive axonal transmission
along the nerve to the area of pain. Evaluation of stimula-
tor use was limited as devices were not equipped with a
system to monitor compliance or settings. Additionally,
stimulation parameters were not recorded as part of the
study. In normal practice, suboptimal stimulation may
be improved with education relating to stimulation elec-
trode positioning and coverage, but due to blinding this
was not possible in the RCT.

A further limitation to the RCT is the inclusion of
patients who may not have benefited from treatment
such as patients on high dose opioids, psychological co-
morbidities or potentially unresponsive to single nerve
stimulation pain conditions which could have inadvert-
ently underpowered the study. For example, we included
patients with postherpetic neuralgia (PHN, n=3 sham),
radiotherapy induced nerve pain (n=2, active) and medi-
cation induced nerve pain (n=1, sham). PHN is typically
associated with multisegmented dorsal horn atrophy
which in turn limits the ability to correctly target a singu-
lar peripheral nerve with stimulation. Whilst radiother-
apy and medication induced nerve pain is rarely confined
to the distribution of one nerve. The three patients
included with the later indications all experienced hand
pain and only reported pain in the radial or ulnar nerve
territory following said treatments; of note none of these
patients had participated in the mechanistic study.

A further RCT limitation was incomplete availability
of QST data for all patients included in the RCT. Broad
availability of QST information might aid better under-
standing of responder and non-responder profiles sup-
porting the stratification of patients in future studies.
Patients were asked to indicate if they felt they had been
assigned to a more or less effective intervention. Within
the active group, most patients correctly identified that
they had received the more effective treatment which
may reflect that more patients experienced treatment
benefit. A formal assessment of blinding however was
not included during initial training, i.e., before delivery
of any effective stimulation and therefore we cannot con-
fidently exclude any unaccounted-for unblinding effect
and its impact on outcome.
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Conclusions

Neuropathic pain can persist long after the initial cause
has resolved and is often severely debilitating [15], affect-
ing patients’ physical, economic, and emotional wellbeing
and current treatment options have only modest out-
comes [43, 44]. Results from our mechanistic study pro-
vide novel evidence for effective induction of long-term
depression in a clinical population, an important req-
uisite step to advance research and therapy in this area.
Evidence from the RCT for the primary outcome of pain
reduction failed to reach significance. Taken together
results demonstrate the potential of low frequency stim-
ulation and the need for further application enhance-
ment, which will help inform future study design, and
approaches to treatment. Low frequency stimulation is
well tolerated, comparing favorably with drug treatments
for the same patient group [44].

Abbreviations

RCT Randomised controlled trial

LTD Long term depression
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LTP Long term potentiation

EDT Electrical detection threshold

DMA Dynamic mechanical allodynia

ENPENS  External non-invasive electrical nerve stimulation
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SARs Serious adverse events

SAEs Safety related adverse events

NPSI Neuropathic pain symptom inventory
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NHS National Health Service

SEM Standard error mean

DENS German research network
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MPS Mechanical pain sensitivity
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Acknowledgements

The authors would like to acknowledge the contributions and support
throughout the study of patient representative Wendy Hall and The Pain
Research Institute Liverpool.

Authors’ contributions

SJ, AM, FH, TN, AM, WM, DH, AG conceived and designed the study. SJ, MS,
AW, BF, AM, AG helped conduct the study and acquire data. PB, DH, EH, FH,
AM, WM and AM analysed the data. EH, DH, SJ, AM, FH, TN, AM, WM, AG
interpreted the data. SJ and AW wrote the manuscript with AG, AM, WM, TN
provided further editing. DH, EH, FH, PB, BF, MS, TN, AM, AG, WM provided peer
review. PB, WM, AM, SJ have accessed verified the underlying data. All authors
read and approved the final manuscript.

Funding
This project was funded by the National Institute for Health Research
(NIHR) under its Research for Patient Benefit (RfPB) Programme



Johnson et al. Journal of Translational Medicine 2021, 19(1):458

(PB-PG-0215-36039PB). The views expressed are those of the author(s) and not
necessarily those of the NIHR or the Department of Health and Social Care.
Xavant medical LTD, who played no part in the study concept or design, sup-
plied all stimulators at no cost.

Availability of data and materials

Requests for patient-level data and statistical code should be made to the
corresponding authors and will be considered by members of the study
teams, including the study Pls and the sponsor sites neuroscience research
unit (NRU) on a case-by-case basis. Access will be provided to researchers after
the proposal has been reviewed and agreed by the sponsor sites data sharing
committee, and the trusts IG department, beginning 3 months and ending

5 years following article publication. The data will not contain any direct
identifiers, we will minimise indirect identifiers and remove free text data to
minimise the risk of identification.

Declarations

Ethics approval and consent to participate

Ethical approval was obtained for the study from The National Research Ethics
Service Committee Northwest Coast-Preston (16/NW/0273). Separate ethical
approval was obtained for the mechanistic open label study NRES-Liverpool
East Research Ethics Committee (17/NW/0234).

Consent for publication
Not applicable.

Competing interests

SJ receives Ph.D. funding from The Pain Research Institute Liverpool. WM and
FH have received funding from German Research Foundation (DFG) and Ger-
man Ministry of Education and Research (BMBF). AG is supported by the Pain
Relief Foundation, Liverpool. BF has been paid honoraria and consultancy fees
by Gruenenthal and Astellas and received consultancy fees from BCl Pharma.
AM, EH, DH, TN, PB, MLS and AM report no conflict of interests.

Author details

'The Pain Management Programme, Walton Centre NHS Foundation Trust,
Lower Lane, Liverpool L9 7LJ, UK. 2Pain Research Institute, Faculty of Health
and Life Sciences, University of Liverpool, Liverpool, UK. 3Centre for Health
Economics and Medicines Evaluation (CHEME) Department, Bangor
University, Bangor, Wales, UK. “Department of Neurophysiology, Mannheim
Centre for Translational Neurosciences, Medical Faculty Mannheim, Ruprecht
Karls-University Heidelberg, Heidelberg, Germany. °Statsconsultancy Ltd,
Amersham, UK.

Received: 12 August 2021 Accepted: 23 October 2021
Published: 6 November 2021

References

1. Baron R, Maier C, Attal N, Binder A, Bouhassira D, Cruccu G, et al.
Peripheral neuropathic pain: a mechanism-related organizing principle
based on sensory profiles. Pain. 2017;158(2):261-72.

2. Maier C, Baron R, Tolle TR, Binder A, Birbaumer N, Birklein F, et al.
Quantitative sensory testing in the German Research Network on Neu-
ropathic Pain (DFNS): somatosensory abnormalities in 1236 patients
with different neuropathic pain syndromes. Pain. 2010;150(3):439-50.

3. Ruscheweyh R, Wilder-Smith O, Drdla R, Liu X-G, Sandkuhler J. Long-
term potentiation in spinal nociceptive pathways as a novel target for
pain therapy. Mol Pain. 2011;7:20.

4. JiR-R, Kohno T, Moore KA, Woolf CJ. Central sensitization and LTP:
do pain and memory share similar mechanisms? Trends Neurosci.
2003;26(12):696-705.

5. KleinT, Magerl W, Hopf H-C, Sandkihler J, Treede R-D. Perceptual corre-
lates of nociceptive long-term potentiation and long-term depression
in humans. J Neurosci. 2004;24(4):964-71.

20.

21

22.

23.

24.

25.

26.

27.

Page 14 of 15

Henrich F, Magerl W, Klein T, Greffrath W, Treede RD. Capsaicin-sensitive
C- and A-fibre nociceptors control long-term potentiation-like pain
amplification in humans. Brain. 2015;138(9):2505-20.

Randic M, Jiang MC, Cerne R. Long-term potentiation, and long-term
depression of primary afferent neurotransmission in the rat spinal cord. J
Neurosci. 1993;13(12):5228-41.

Liu XG, Morton CR, Azkue JJ, Zimmermann MS. Long-term depression of
C-fibre-evoked spinal field potentials by stimulation of primary afferent
Ad-fibres in the adult rat. Eur J Neurosci. 1998;10(10):3069-75.

Magerl W, Hansen N, Treede RDKT. The human pain system exhib-

its higher-order plasticity (metaplasticity). Neurobiol Learn Mem.
2018;154:112-20.

. Rottmann S, Jung K, Ellrich J. Electrical low-frequency stimulation induces

homotopic long-term depression of nociception and pain from hand in
man. Clin Neurophysiol. 2008;119(8):1895-904.

. XuJ,Sun Z,Wu J, Rana M, Garza J, Zhu AC, et al. Peripheral nerve

stimulation in pain management: a systematic review. Pain Physician.
2021;24(2):E131-52.

. Gibson W, Wand BM, O'Connell NE. Transcutaneous electrical nerve

stimulation (TENS) for neuropathic pain in adults. Cochrane Database
Syst Rev. 2017. https://doi.org/10.1002/14651858.CD011976.pub2.

. Johnson S, Ayling H, Sharma M, Goebel A. External noninvasive periph-

eral nerve stimulation treatment of neuropathic pain: a prospective audit.
Neuromodulation. 2015;18(5):384-91.

. Sierakowski A, Jing SS, Poel J, Elliot D. Transcutaneous peripheral nerve

stimulation for the treatment of neuropathic pain in the upper limb. J
Hand Surg Asian-Pacific. 2016,21(1):37-43.

. Treede R-D, Jensen TS, Campbell N, Cruccu G, Dostrovsky JO, Griffin JW,

et al. Neuropathic pain redefinition and a grading system for clinical and
research purposes. Neurology. 2008;70(18):1630-5.

. Magerl W, Krumova EK, Baron R, Télle T, Treede RD, Maier C. Reference

data for quantitative sensory testing (QST): refined stratification for
age and a novel method for statistical comparison of group data. Pain.
2010;151(3):598-605.

. Johnson'S, Goebel A, Richey R, Holmes E, Hughes D. A randomised,

patient-assessor blinded, sham-controlled trial of external non-invasive
peripheral nerve stimulation for chronic neuropathic pain following
peripheral nerve injury (EN-PENS trial): study protocol for a randomised
controlled trial. Trials. 2016;17(1):574.

. Urmey WF, Grossi P. Percutaneous electrode guidance: a noninvasive

technique for prelocation of peripheral nerves to facilitate peripheral
plexus or nerve block. Reg Anesth Pain Med. 2002;27(3):261-7.

. W. Magerl, F. Henrich, L. Rohring, D. Pfau, T. Klein RT. Poster PF0343 : Rever-

sal of LTP-like hyperalgesia by low-frequency electrical stimulation - 16th
World Congress on Pain - Built with CrowdCompass by Cvent. In: 16th
World Congress on Pain, Yokohama 2016 Abstracts. 2016. https://event.
crowdcompass.com/wcp2016/activity/ozuOy7GLko. Accessed 21 June
2021

Rolke R, Magerl W, Campbell KA, Schalber C, Caspari S, Birklein F, et al.
Quantitative sensory testing: a comprehensive protocol for clinical trials.
Eur J Pain. 2006;10(1):77-88.

Cleeland CS, Ryan KM. Pain assessment: global use of the Brief Pain Inven-
tory. Ann Acad Med Singapore. 1994,23(2):129-38.

Foundation ER. EuroQol Research Foundation. EQ-5D-5L User Guide.
[Internet]. Mandy van Reenen, Bas Janssen, Elly Stolk, Kristina Secnik Boye,
Mike Herdman, Matthew Kennedy-Martin, Tessa Kennedy-Martin BS, edi-
tor. EuroQol Research Foundation; 2019. 9 p. www.impact-test.co.uk.
Zigmond AS, Snaith RP. The hospital anxiety and depression scale. Acta
Psychiatr Scand. 1983;67(6):361-70.

Anderson KO, Dowds BN, Pelletz RE, Edwards WT, Peeters-Asdourian C.
Development and initial validation of a scale to measure self-efficacy
beliefs in patients with chronic pain. Pain. 1995;63(1):77-83.

Love-Jones SJ, Besson M, Steeds CE, Brook P, Chizh BA, Pickering AE.
Homotopic stimulation can reduce the area of allodynia in patients with
neuropathic pain. Eur J Pain. 2009;13(9):942-8.

Bouhassira D, Attal N, Fermanian J, Alchaar H, Gautron M, Masquelier E,
et al. Development and validation of the neuropathic pain symptom
inventory. Pain. 2004;108(3):248-57.

W G. ECDEU assessment manual for psychopharmacology (Book,

1976) [WorldCat.org] [Internet]. US: Rockville, Md. : U.S. Dept. of Health,


https://doi.org/10.1002/14651858.CD011976.pub2
https://event.crowdcompass.com/wcp2016/activity/ozu0y7GLko
https://event.crowdcompass.com/wcp2016/activity/ozu0y7GLko
http://www.impact-test.co.uk

Johnson et al. Journal of Translational Medicine 2021, 19(1):458

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Education, and Welfare, Public Health Service, Alcohol, Drug Abuse,

and Mental Health Administration, National Institute of Mental Health,
Psychopharmacology Research Branch, Division of Extramural Research
Programs; 1976. https://www.worldcat.org/title/ecdeu-assessment-
manual-for-psychopharmacology/oclc/2344751. Accessed 4 Feb 2021.
Dworkin RH, Turk DC, Wyrwich KW, Beaton D, Cleeland CS, Farrar JT, et al.
Interpreting the clinical importance of treatment outcomes in chronic
pain clinical trials: IMMPACT recommendations. J Pain. 2008;9(2):105-21.
Janssen MF, Pickard AS, Golicki D, Gudex C, Niewada M, Scalone L, et al.
Measurement properties of the EQ-5D-5L compared to the EQ-5D-3L
across eight patient groups: a multi-country study. Qual Life Res.
2013,22(7):1717-27.

Coretti S, Ruggeri M, McNamee P. From the minimum clinically important
difference to the minimum cost effective difference For Eg-5d in patients
with chronic widespread pain. Value Heal. 2014;17(3):A50-1.

Nicholas MK. The pain self-efficacy questionnaire: taking pain into
account. Eur J Pain. 2007;11(2):153-63.

Bjelland I, Dahl AA, Haug TT, Neckelmann D. The validity of the hospital
anxiety and depression scale: an updated literature review. J Psychosom
Res. 2002,52(2):69-77.

Royston P. Multiple imputation of missing values: update of ice. Stata J.
2005;5(4):527.

Baumgartner U, Magerl W, Klein T, Hopf HC, Treede RD. Neurogenic
hyperalgesia versus painful hypoalgesia: two distinct mechanisms of
neuropathic pain. Pain. 2002;,96(1-2):141-51.

Fields HL, Rowbotham M, Baron R. Postherpetic neuralgia: irritable nocic-
eptors and deafferentation. Neurobiol Dis. 1998;5(4):209-27.

Sachau J, Bruckmueller H, Gierthmhlen J, Magerl W, May D, Binder A,

et al. The serotonin receptor 2A (HTR2A) rs6313 variant is associated with
higher ongoing pain and signs of central sensitization in neuropathic
pain patients. Eur J Pain. 2021,25(3):595-611.

Price TJ, Inyang KE. Commonalities between pain and memory mecha-
nisms and their meaning for understanding chronic pain. Prog Mol Biol
Transl Sci. 2015;131:409-34.

Lang S, Klein T, Magerl W, Treede RD. Modality-specific sensory changes in
humans after the induction of long-term potentiation (LTP) in cutaneous
nociceptive pathways. Pain. 2007;128(3):254-63.

Pickering G, Voute M, Macian N, Ganry H, Pereira B. Effectiveness and
safety of 5% lidocaine-medicated plaster on localized neuropathic pain
after knee surgery: a randomized, double-blind controlled trial. Pain.
2019;160(5):1186-95.

Forstenpointner J, Ruscheweyh R, Attal N, Baron R, Bouhassira D,
Enax-Krumova E, et al. No pain, still gain (of function): the relation
between sensory profiles and the presence or absence of self-reported
pain in a large multicenter cohort of patients with neuropathy. Pain.
2021;162(3):718-27.

Katz N, Dworkin RH, North R, Thomson S, Eldabe S, Hayek SM, et al.
Research design considerations for randomized controlled trials of spinal
cord stimulation for pain. Pain. 2021;162(7):1935-56.

Kjaer SW, Rice ASC, Wartolowska K, Vase L. Neuromodulation: more than a
placebo effect? Pain. 2020;161(3):491-5.

Jensen MP, Chodroff MJ, Dworkin RH. The impact of neuropathic pain

on health-related quality of life review and implications. Neurology.
2007,68(15):1178-82.

Finnerup NB, Attal N, Haroutounian S, McNicol E, Baron R, Dworkin RH,
et al. Pharmacotherapy for neuropathic pain in adults: a systematic
review and meta-analysis. Lancet Neurol. 2015;14(2):162-73.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 15 of 15

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://www.worldcat.org/title/ecdeu-assessment-manual-for-psychopharmacology/oclc/2344751
https://www.worldcat.org/title/ecdeu-assessment-manual-for-psychopharmacology/oclc/2344751

	Mechanistically informed non-invasive peripheral nerve stimulation for peripheral neuropathic pain: a randomised double-blind sham-controlled trial
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study design
	Participants
	Randomisation
	Setting of study
	Study objectives
	Sample size
	Study procedures
	Active and sham interventions
	Treatment dosage
	Mechanistic study experimental paradigm

	Outcomes
	Primary outcome
	Mechanistic study outcomes
	RCT secondary outcomes
	RCT exploratory outcomes
	On study completion
	Safety outcomes

	RCT statistical analysis
	Health economic analysis
	Mechanistic study statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


