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Abstract 
Low-Frequency Nerve Stimulation for Peripheral Neuropathic Pain 

Selina Johnson 
 
Neuropathic pain can arise either peripherally or centrally as a direct consequence of a lesion or 
disease affecting the somatosensory system. It can persist long after the initial cause has resolved.  
Persistent (chronic) neuropathic pain affects 8% of people in the UK and is often severely 
debilitating, affecting patients’ physical, economic, and emotional wellbeing. Current neuropathic 
pain management guidelines are heavily weighted on pharmacotherapy, but often with only modest 
outcomes and for many, there is no effective treatment. Therefore, there is a need for alternative 
approaches to support this patient group.  
Following nerve injury, abnormal impulses arising from peripheral nociceptors can lead to an 
amplification of synaptic transmission in dorsal horn neurons termed ‘nociceptive long-term 
potentiation’ (LTP). Low-frequency electrical nerve stimulation (LFS) has been shown to reduce the 
efficacy of synaptic transmission and thereby reverse this process by inducing ‘long-term depression’ 
(LTD). LFS to induce LTD, therefore, represents a potential treatment for neuropathic pain where LTP 
is a feature.  
 
Surgical and invasive devices that deliver electrical stimulation do not consistently utilise LFS, whilst 
the designs of many non-invasive devices fail to achieve a sufficient current density to induce LTD. 
We had previously conducted a small observational study that provided proof of concept for 
reduction in nerve injury pain using a low-frequency stimulation device that uses a small spherical 
electrode potentially capable of inducing LTD. A further observational study supported our results, 
however, this needed further evaluation in randomised controlled trials.  
To conduct a robust trial, we explored the issues relating to the use of sham devices in interventional 
trials to inform our study. We then conducted a single site, blinded, randomised sham-controlled 
trial. 76 patients with longstanding localised neuropathic pain following peripheral nerve injury were 
randomised to receive either active or control treatment, followed by an optional treatment 
extension or treatment switch to the alternative treatment arm. The primary outcome was average 
of 24-h pain intensity recorded on an 11-point (0–10) numerical rating scale, averaged over the last 7 
days of treatment.  
 
The trial results indicated there was no statistically significant difference in the primary outcome 
between the two study groups with pain scores at 3 months being on average 0.3 units lower in the 
active group (95% CI -1.0, 0.3; p=0.30). Significant improvement was observed for the surface area of 
allodynia following active treatment with a difference of 74 cm2 between groups (95% CI -126, -22; 
p=0.006), indicating a reduction in enhanced skin sensitivity. Across all outcomes, the number of 
patients achieving minimally clinically important difference was significantly higher in the active 
group compared to the sham group (33% ±11 Vs 19% ±7.1, p=0.005, u=10 Mann Whitney test). The 
treatment was well tolerated with a low side effect profile. Post hoc patient interviews indicated 
that many patients were often stimulating at a suboptimal dose.  
 
Although the primary outcome failed to achieve significance, a positive trend was observed across all 
domains in favour of active treatment indicating a biological effect. Results, therefore, highlight LFS 
as a potential treatment, however, they also show the necessity for refinement of its delivery to 
facilitate optimal LTD and therapeutic benefit. The results highlight we need to ensure treatment 
efficacy, patients need to fully understand the tools or modality they have been given and this needs 
to be an integral part of treatment evaluation. We, therefore, believe this thesis provides important 
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practical considerations in terms of the conduct of mechanism driven therapy and adds to the body 
of evidence regarding LFS and LTD.  
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Chapter 1 Introduction, Neuropathic Pain.  
Chapter sub-sections: 

1. Definition 
2. Aetiology of peripheral neuropathic pain 
3. Background mechanisms 
4. Clinical presentation 
5. Diagnosis 
6. Epidemiology 
7. The Impact of Neuropathic pain 

 

1. Definition 

Neuropathic pain (NP) has been defined by the International Association for the Study of Pain (IASP) 

as ‘pain arising as a direct consequence of a lesion or disease of the somatosensory nervous   

system’ 1. The somatosensory system allows for the perception of touch, movement, vibration, 

pressure and pain, temperature and position sense 2.  It comprises of specialised sensory neurons 

found in the muscles, joints, skin, and fascia, that convey information by specific nerve fibres to the 

spinal cord and then onto the brain for processing. These specialised sensory neurons include 

thermoreceptors that respond to changes in temperature, mechanoreceptors that transduce 

mechanical stimulus, chemoreceptors that transduce chemical signals, pruriceptors that transduce 

itchy sensations and nociceptors that encode and transduce painful stimulus. Disease or damage to 

the somatosensory system will cause complex changes in how somatosensory information is 

processed in those body parts that correspond to the peripheral, spinal or brain territory that has 

been damaged 3.  

Given this definition outlined above, neuropathic pain can encompass a very large number of 

aetiologies and is often further categorised as either peripheral or central neuropathic pain 

dependent on the location of the lesion or disease. As illustrated in figure (Fig) 1.1. Central 

neuropathic pain is the result of a central lesion or disease which affects processing at the level of 

the spinal cord or brain or diseases such as strokes, Parkinson’s disease, multiple sclerosis, or spinal 

cord injury 2,4. Peripheral neuropathic pain, which will be the focus of this thesis, occurs from disease 
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or damage to peripheral nerves, predominantly the lightly myelinated Aδ fibres and small 

unmyelinated C-fibres where nociceptors are located2,3.  

Figure 1.1 Illustration of possible lesion locations associated with neuropathic pain.  

 
Peripheral lesions cause 1) Damage to receptors and ion channels, 2) damage to the peripheral nerve, or 
central lesions such as 3) lesions of the spinal cord 4) lesions within the brain i.e., ischaemic stroke or multiple 
sclerosis. 
 

2. Aetiology of peripheral neuropathic pain 

Peripheral neuropathic pain can either be a result of systemic processes or secondary to local 

damage. Aetiologies for systemic processes include diabetic neuropathic pain, post herpetic 

neuralgia, immune-mediated conditions or exposure to toxic substances including alcohol and 

chemotherapeutics induced neuropathies. Systemic processes are associated with regional 

symptoms as a consequence of metabolic changes5.  Pain secondary to local damage such as trauma 

or surgery is more commonly referred to as peripheral nerve injury pain (PPNI). PPNI is the most 

common cause of single-nerve injury and localised symptoms. PPNI is commonly attributed to three 

basic types of injury: (i) stretch-related, (ii) lacerations, and (iii) compressions 6. Of these three types, 

stretch related is suggested to be the most common followed by lacerations and compressions 7. The 

type of injury can be further classified based on the degree of demyelination and the extent of 
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damage to the axons as either neurapraxia, axonotmesis, or neurotmesis using the Seddon criteria 8. 

The mildest form of injury is called neurapraxia, which typically occurs from mild compression or 

traction of the nerve, resulting in reduced nerve conduction velocity because of segmental 

demyelination. The second level axonotmesis additionally includes direct damage to the axon. Whilst 

the most severe form of injury called neurotmesis describes complete discontinuity of the nerve as 

there is full transection of the axons and connective tissue layers. Further criteria called the 

Sunderland criteria,9,10expands on this to include damage to connective tissues and include five 

subclassifications, as illustrated by Vijayavenkataraman,9(page 57, Fig 3), and is shown in figure 1.2.  

Whilst each neuropathic pain condition is triggered by different precipitating events and natural 

histories, many of the features and symptoms of persistent neuropathic pain overlap between 

conditions.  

Figure 1.2 Peripheral nerve Injury classifications. 

 
Illustration by Vijayavenkataraman 9 (page 57, Fig 3), reproduced with permission from Elsevier. 

 
3. Background mechanisms. 
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When a peripheral nerve is damaged, it behaves differently. Negative symptoms such as numbness 

and hypoesthesia are associated with the loss of afferent input. However, we also see positive 

phenomena such as spontaneous pain and heightened painful responses to normally innocuous 

stimuli. Peripheral neuropathic pain results from pathophysiological changes in primary sensory 

afferents triggered by the injury, that cause consequent changes in nerve transmission and central 

nervous system processing. Persistent pain reflects a faulty maladaptive functioning pain system 

that has been damaged 11. 

Whilst there is a consensus that both peripheral and central nervous system changes play a role in 

persistent peripheral neuropathic pain, it is also proposed that many of the central adaptations are 

driven by changes in the peripheral nervous system 12–14. Additionally, peripheral processes tend to 

be more accessible to clinical treatments. Therefore, the purpose of this section will provide a brief 

background overview of some of the relevant peripheral pathophysiological processes associated 

with peripheral neuropathic pain. 

Peripheral neuropathic pain is induced by partial nerve damage, implicating two classes of 

nociceptors as potential causes of ongoing pain: damaged or undamaged nociceptors15. Changes in 

both damaged and undamaged nociceptors can occur at multiple sites along the neural axis and lead 

to and cause imbalances in excitatory and inhibitory processes contributing to central sensitisation, 

altered sensory function and persisting pain as illustrated by Campbel 16 (page 81, Fig 2), and is 

shown in figure 1.3.  

These changes can be broadly classed into 4 conceptual models/ mechanisms of change which will 

be discussed, however, there is also considerable overlap between them:  

I. Denervation. 

II. Ectopic activity (spontaneous firing), 

III. Sensitisation of surviving neurons -peripheral sensitisation,  

IV. Central sensitisation,  
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Figure 1.3 Changes at different sites along the neural axis for pain following spinal nerve injury. 

 

Illustration by Campbel 16(page 81, figure 2), reproduced with permission from Elsevier. 
Damaged sites: 1) spontaneous neuronal activity and ectopic sensitivity at the site of injury. 2) Loss of trophic 
support from the periphery leads to up or down-regulation of activity at the dorsal root ganglion, 3) the distal 
part of the injured nerve undergoes Wallerian denervation (retrograde degeneration because of nerve lesion). 
Undamaged sites: 4) partial denervation of the peripheral tissues leads to changes in ion channels and axon 
structure that sensitise the surviving primary afferent nociceptor. 5) As a consequence, activity at the dorsal 
horn is affected and is up or downregulated. 
Changes in the dorsal horn: 6) sensitisation of the postsynaptic dorsal horn (DH) augmentation of responses to 
cutaneous stimulation. 7) microglial cells become activated and can contribute to sensitisation. 8) Changes in 
descending modulation can further add to the DH sensitisation.  
 

i. Denervation 

Denervation describes when there is a loss of a nerve supply 17. The disconnection of that afferent 

from the periphery will be associated with a sensory deficit reflecting the loss of that specific 

afferent. For example, light touch for Aβ-fibres, pain and cold for A-δ fibres and C-fibres for non-

painful warm and cold sensation as well as pain from acid burn3. However, there will also be other 

structural changes that can lead to heightened sensations in addition to sensory loss. Some 

examples of common structural changes associated with denervation are: 
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Peripheral changes associated with denervation. 

With denervation there is a disruption to the integrity of the nerve for example, with axonotmesis, 

we see disruption of the axon and surrounding myelin and some preservation of either the 

endoneurium or perineurium or both. In response to damage, the tips of the axon grow sprouts to 

regenerate but can tangle forming neuromas 12. These changes interfere with how the cell can 

regulate its baseline sensitivity, and activation thresholds, therefore, giving rise to abnormal 

sensitivity in the areas affected (Fig 1.3. Point 2) 16. These changes have an impact on the affected 

afferent and the neighbouring afferents. For instance, significant losses in protective myelin 

between neighbouring neurons have been shown to induce changes in ion expression and cause 

excitation of neighbouring afferents with different functions (cross excitation) 15,17.  

Central changes associated with denervation 

Structural changes will also be seen in the spinal cord. For instance, peripheral nerve damage is 

associated with substantial degeneration of C-fibre primary afferent terminals in laminae II (Fig 1.4) 

11. Because of this loss, central terminals from intact Aβ-fibres that normally terminate in laminae III 

and IV grow into laminae II and so ‘sprout’ to form connections with other central nociceptive 

neurons which is another form of cross excitation. This leads to mechanoreceptive Aβ-fibre 

stimulation being perceived as pain, whilst there is a loss in temperature sensation that was 

regulated by the now lost C-fibres. The extent of resprouting depends on the degree of C-fibre loss 

18.   

Denervation can also result in reduced inhibition. For example, cold specific Aδ-fibres produce cold 

sensations but also inhibit central responses to the C-fibre nociceptors that respond to cold pain. 

Therefore, when these fibres are lost, this inhibitory response is also lost and the threshold for C-

fibre evoked sensation is decreased resulting in cold hyperalgesia 15. In addition to hyperalgesia 

following the loss of peripheral afferents, cold hyperalgesia is also seen in central neuropathic pain 
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conditions and may be mediated by misinterpretation of peripheral sensory input by sensitized 

central/ cortical neurons 19.  

Therefore, denervation will affect both peripheral and central nociceptive communication which can 

cause imbalances in excitatory and inhibitory pain processes (as described below).  

ii Ectopic activity.  

Ectopic activity describes action potential generation within the nociceptive pathways independent 

of stimulus 11. Action potentials are an electrical event in which the cell membrane resting potential 

rapidly falls (depolarisation) to transmit an electrical signal from one cell to another 20. Spontaneous 

ectopic activity following nerve injury can be generated at multiple sites, including at the site of 

injury, the cell body, the dorsal root ganglion and in neighbouring intact afferents 11. The term 

‘ectopic pacemaker site’ is often used to describe the sites of spontaneous firing and is strongly 

influenced by the voltage-gated ion channels3. 

Ion channels are membrane proteins that allow ions to pass through the channel pore. By regulating 

the flow of ions across the cell membrane, they control the electrical charge inside and on the 

outside of the cell. This dictates the resting membrane potential of the cell and the generation of 

action potentials. Ion channels, therefore, play an important role in how molecules are transported 

(trafficked) and changes can alter the primary afferent function 2.  

Role of sodium channels in ectopic activity 

Sodium-ion channels (Na+) are considered to play a major role in terms of ectopic activity due to 

their role in regulating membrane resting potentials and cell excitability21. There are nine widely 

recognised subtypes of voltage-gated Na+ channels, which are designated NaV1.1-1.9 15. After nerve 

injury, sodium channels that are usually transported and recycled, begin to accumulate in remaining 

areas of the cell such as neuromas, and patches of demyelination where myelin, which would 

normally suppress their insertion, is no longer present 11. The increased expression of Na+ increases 

the trafficking of sodium ions and cell excitability. Changes in Na+ expression have been linked to the 
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spontaneous firing of Aδ-, C- and also Aβ- fibres activation in various pain conditions 11,15. 

Paraesthesia and dysesthesia are associated with the ectopic activity of Aβ-fibres, whilst ectopic 

activity of C- and Aδ-fibres is associated with lancinating and burning pain 15. Such changes have 

been reversed by drugs that target sodium channels confirming their involvement in peripheral 

nerve excitation e.g., local anaesthetics like lidocaine or bupivacaine and antiepileptics such as 

carbamazepine and oxcarbazepine. Unfortunately, many sodium blockers are not selective and will 

act on fibres other than sensory pain fibres. For example, sodium channel blockers can act on motor 

fibres and in extreme cases affect locomotion, breathing and cardiovascular function effects 21–23. 

Na(v)1.7, Na(v)1.8, and Na(v)1.9, sodium channels are expressed in peripheral sensory neurons and 

therefore selective blockers have been a target for pharmacological treatments21.  

Other ion channels 

Research has helped identify many other ectopic ion channel drivers that alter membrane 

excitability and there are likely many more. For example, calcium channels have also been 

implicated and are expressed at higher levels following nerve injury 15. There are a variety of calcium 

channels, like Na+ channels, that help determine membrane excitability and regulate gene 

expression. In response to depolarisation, voltage-gated calcium channels (CaV) open and increase 

intracellular calcium. The rate of the calcium influx determines the calcium concentration at the post 

synaptic terminal and can either increase or decrease synaptic strength (see LTD chapter). Generally 

speaking, low concentrations of calcium reduces the availability of receptors and consequently 

weaken the synapse 24,25 and higher concentrations enhance synaptic strength and the release of 

excitatory neurotransmitters. Medications developed to target this include gabapentin and 

pregabalin which bind to the α2-δ subunit of these channels and reduce the synaptic excitability26. 

Other ion channels that have been implicated in chronic pain include K+ channels, TRP channel 

family and hyperpolarisation-activated and cyclic nucleotide-gates (HCN) channels. The change in ion 

expression following nerve injury, therefore, is associated with the development of ectopic 

pacemaker sites. What triggers the changes in sensory neuron ion channel expression is not entirely 
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clear but is likely to be controlled by transcription factors that bring about transcriptional changes 

including changes in ion channel expression 2.  

iii Peripheral sensitisation  

Peripheral sensitisation describes increased responsiveness and reduced threshold for stimulation 

of the peripheral ends of nociceptors 15. It can arise from various mechanisms including changes in 

voltage-gated ion channels.  

Sensitisation of nociceptors 

The primary afferent nociceptors can be activated by exogenous (external origin from outside the 

nerve-such as mechanical pressure) or endogenous substances (from within the nerve itself)15. 

Endogenous substances comprise neurotransmitters, which are membrane receptor proteins such as 

amino acids, and neurokinins, inflammatory mediators (bradykinin and prostaglandins), and nerve 

growth factors (NGF) 15.  

Phenotypic switching 

Neurotransmitters and proteins help maintain the neuronal phenotype of a nerve. Injury or damage 

to a nerve will disrupt the communication between the primary afferent and the sensory cell body 27. 

This alters how these proteins and neurotransmitters are produced by the cell body and transported 

both peripherally and centrally (Fig 1.3. point 2) 27,28. This can lead to an up-regulation or down-

regulation of what molecules are expressed. If this alters the way the nerve functions and 

communicates with other cells, we can see a change in neuronal phenotype which can further drive 

neuronal sensitivity 2,3,11. For example, following nerve axotomy Aβ-fibres can change their 

neurotransmitter and protein expression and begin to change and release peptides that would 

normally mediate C-fibre and Aδ-fibre induced pain, such as substance P and calcitonin gene-related 

peptide (CGRP)29,30.  
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Inflammatory mediators 

Wallerian degeneration occurs when the section of the axon distal to the injury degenerates, and 

the axon and myelin sheath is degraded (Fig 1.3. point 3). Normally Schwann cells insulate the axon 

but following nerve injury they switch from producing myelin to synthesising growth factors and 

inflammatory mediators 31. These changes promote hyperalgesia and allodynia. In animal studies, 

peripheral nerve injury is associated with the upregulation of various chemical mediators and 

proteins, such as tumour necrosis factor-alpha (TNF-α) and polymorphonuclear leucocytes (IL-1β) 

immunoreactivity in the dorsal root ganglia of injured cells, but also the injured neighbouring 

neurons 32. This is associated with mechanical and thermal hyperalgesia, which has been 

demonstrated in animal models of experimental pain as increased thermal and mechanical 

withdrawal 33. The presence of these inflammatory mediators, therefore, sensitises both damaged 

and intact neurones and helps drive and maintain chronic peripheral sensitisation (Fig 1.3. Point 

4)2,11. 

There are various mediators to peripheral sensitisation, and current research is revealing further 

classes of sensory afferents with the potential for additional influence via different targets, such as 

C-tactile afferents and autoantibodies34,35,36. Understanding the precise contributions of different 

mediators and different sensory afferents relative to presenting symptoms can help improve the 

efficacy of both pharmacological and neuromodulatory pain treatments. 

iv Central sensitisation  

Central sensitisation describes the increased responsiveness of nociceptive neurons in the central 

nervous system to their normal or subthreshold afferent input 1.  The following text will briefly 

describe changes relating to the dorsal horn.  

Interneurons within the dorsal horn play a role in modulating and gating afferent input and can be 

either nociceptive specific neurons or wide dynamic range neurons (WDR) 20,37. Nociceptive specific 

neurons convey noxious information from Aδ- and C-fibres and terminate in the outer layers and 

have localised receptive fields (laminae I-III). WDR can be excited by both noxious and non-noxious 
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stimuli and therefore receive information from Aβ-, Aδ- and C-fibres and have large receptive fields 

38 (Fig 1.4).  

 
Figure 1.4: Dorsal horn structure illustrating where the sensory afferents terminate. 

 
Nociceptive specific neurons (NS) convey noxious information from Aδ- and C-fibres and terminate in the outer 
layers (laminae I-III). Wide dynamic range (WDR) can be excited by both noxious and non-noxious stimuli and 
therefore receive information from Aβ-fibres and Aδ-fibres and C-fibres and terminate in the deep laminae (III-
VI), they also contain low threshold mechanoreceptive (LTM) neurons that receive input from Aδ-fibres and Aβ-
fibres, adapted from 38. 
 

Excitatory nociceptive facilitation at the dorsal horn. 

Dependent on what neurotransmitters they produce, interneurons can either be excitatory 

interneurons (releasing glutamate) or inhibitory (releasing GABA and/ or glycerine )39.  

Excitatory interneurons 

Glutamate is the most widely distributed excitatory neurotransmitter in the CNS binds to either 

ionotropic receptors (ligand-gated ion channels) or metabotropic G-glutamate receptors 

(mGluR)15,40.  
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Two well researched ionotropic receptors are α-amino-3-hydroxy-5-methyl-4-isoxazole propionic 

acid (AMPA) and N-methyl-D-aspartic acid channels (NMDA)40. AMPA allows for the influx of sodium 

and potassium whilst NMDA controls the influx of calcium 41. It has also been shown that nerve 

injury can alter both AMPA and NMDA trafficking, and hence contribute to central sensitisation via 

increasing permeability to Na+ and Ca2+ entry 3, (Fig 1.5).  NMDA blockage has been examined for 

the treatment of neuropathic pain with some efficacy demonstrated for drugs such as ketamine 3,42.  

Figure 1.5: Inotropic glutamate receptors and their role in central sensitisation.  

 
Following peripheral nerve injury, α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) and N-
methyl-D-aspartic acid channels (NMDA) show increased permeability to calcium Ca2+. This enhances synaptic 
connections and can lead to a long-lasting increase in signal transmission of noxious output (long term 
potentiation– LTP).  
 

Metabolic glutamate receptors 

There are different groups of metabotropic glutamate receptors, with some enhancing synaptic 

transmission (Group 1- mGluR1) whilst others inhibit (Group II mGluR2 and 3, and Group III 

mGluR4,5,6,7 and 8)15. Increased expression of glutamate following nerve injury can lead to 
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increased excitability of nociceptive neurons in the dorsal horn and expansion of their receptive 

fields within the dorsal horn (Fig 1.3. Point 6) 43. This means that low-level stimulation of Aβ-fibres 

can now excite Aδ-fibres and C-fibres 15,44. Clinically this can be seen as increased stimulus-evoked 

pain, for example pin prick hyperalgesia and dynamic mechanical allodynia.  

Recent studies have also revealed the role of other excitatory neurotransmitters such as the 

peptides somatostatin (SOM+), VGLUT3, and calretinin protein kinase C(PKC). How these different 

neurons interact and work together is yet to be determined 3. 

Inhibitory interneurons 

There are many inhibitory interneurons in the dorsal horn, such as serotonergic, noradrenergic, and 

opioid receptors in addition to GABAergic and glycinergic interneurons.  

GABAergic interneurons are more prevalent in the deeper dorsal horn and glycinergic neurons are 

more prevalent in superficial laminae. Inhibitory transmission of these receptors has been shown to 

drop in chronic neuropathic pain 15.  As such, the loss of disinhibition of nociceptive input leads to 

increased pain sensitivity 15.  

It is assumed that other mechanisms, beyond the remit of this thesis, such as supraspinal 

mechanisms are additionally involved in central sensitisation.  

Mechanism’s synthesis 

This section was intended to provide a background rather than be a comprehensive review, and 

supraspinal mechanisms such as descending pathway modulation, spinal glia and cortical 

reorganisation were not discussed as they were beyond the remit of this thesis2,3. One can see from 

this brief review that peripheral neuropathic pain is a complex integration of many different 

mechanisms following nerve injury. In many patients, the peripheral drive of nociception is thought 

essential to initiate central sensitisation and also maintain and modulate it, 13,14with reported studies 

demonstrating that peripheral targets can reduce evoked hypersensitivity thought to be associated 
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with central sensitisation 13,14. This peripheral-central interaction suggests that therapeutic 

approaches in the periphery will not only influence peripheral drivers but also influence aspects of 

central sensitisation in the central nervous system (CNS).  

4. Clinical presentation 

People with neuropathic pain frequently use characteristic pain descriptors to describe their pain 

including burning, cold, electric shock type pain, tingling, pins and needles, numbness, itching, and 

stabbing. These descriptors help to distinguish it from other types of chronic pain 45.  In addition to 

spontaneous pain which can be ongoing or intermittent, patients also experience symptoms of 

sensory loss (negative phenomena) alongside paradoxical symptoms of sensory gain (positive 

phenomena) and paroxysmal 4,46. Symptoms of sensory loss would include loss of or reduced 

appreciation of sensations such as light touch, painful pressure, temperature etc. Symptoms of 

sensory gain can include heightened evoked pain responses including dysesthesia which refers to an 

unpleasant sensation to touch, allodynia which is a pain in response to a normally non-painful 

stimulus and hyperalgesia which is an exaggerated response to a normally noxious stimulus 47. 

Paroxysmal pain refers to severe pain of sudden onset that is often brief and well localised that can 

occur spontaneously with no obvious trigger 3. Pain mechanisms maintaining these characteristic 

symptoms will vary depending on whether the neuropathic pain is of central or peripheral origin. 

There is growing evidence that the pathophysiological concepts discussed above can be linked and 

correlated with clinical signs 47–49. Attempts to select and match treatments and patients based on 

potential pathophysiological mechanisms may help to individualise treatment and improve the 

efficacy of new and available neuropathic pain treatments.  

5. Diagnosis. 

For neuropathic pain there is no specific diagnostic tool, instead, a grading system is recommended 

to guide decisions on the level of certainty with which neuropathic pain can be determined in an 

individual patient 4. This grading system was first published in 2008, 50 and has more recently been 
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updated in 2016 4. The grading system proposes three levels of certainty: i) possible, ii) probable, 

and iii) definite neuropathic pain as illustrated by Finnerup et al4 (Fig 2, page 1601), and shown in 

Figure 1.6. These levels are determined by evidence from the patient history, examination, and 

confirmatory tests. Possible neuropathic pain is confirmed through the patient’s pain history, which 

should include pain descriptors, the presence of non-painful sensory symptoms, and aggravating and 

alleviating factors, suggestive of pain being related to a neurological lesion and not another cause. 

Additionally, the pain distribution should be consistent with the suspected lesion or disease. 

Probable neuropathic pain would be proposed based on evidence from the examination of sensory 

signs in the same neuroanatomically plausible distribution. In some cases, although the nature of the 

lesion has been confirmed by a diagnostic test, sensory signs may be difficult to demonstrate, and 

for these cases, the level “probable” continues to be appropriate 4. Whilst definite neuropathic pain 

would describe probable neuropathic pain with confirmatory diagnostic tests that confirm the 

location and nature of the lesion or disease to be able to explain the pain 4. Diagnosis of peripheral 

neuropathic pain would need to confirm the neuroanatomical distribution and the lesion within 

peripheral nerves. Although the grading system provides some consistency and consensus regarding 

the measurement and definition of neuropathic pain, diagnosis is still largely based on clinical 

judgement, interpretation of tests and subjective history.  

 

 

 

 

 

 

 

 

 



22 
 

 
Figure 1.6: Flow chart illustrated representation of updated grading system for neuropathic pain. 
 

 

Illustration by Finnerup4, (Figure 2, page 1601), reproduced with permission from Wolters Kluwer. 
 
6. Epidemiology. 

An accurate estimation of the true incidence and prevalence of neuropathic pain is made difficult 

because of the lack of simple diagnostic criteria. Many epidemiology studies were published before 

the grading system and thus, it is difficult to obtain a true estimate due to epidemiological studies 

using different methods of assessment and different definitions of neuropathic pain.  

The incidence of neuropathic pain is likely to grow owing to an ageing global population, increases in 

diseases such as diabetes and improvements in survival rates following radiotherapy and 

chemotherapy 11.  

In addition to the grading system for neuropathic pain, various clinical tools in the form of 

questionnaires have been developed over the last twenty years. These use the common verbal pain 
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descriptors described above such as burning, electric shocks, tingling, pricking, pins and needles, 

numbness, itch, and pain evoked by brushing. These questionnaires have been found by validation 

studies to show excellent sensitivity (ranging from 74% to 85%) and specificity (ranging from 76% to 

90%) for discriminating between neuropathic and non-neuropathic pain 51.  These questionnaires 

have been used by several large epidemiological surveys in different countries to estimate the 

prevalence of neuropathic pain, the most commonly cited being the Douleur Neuropathique en 4 

questions 52 and the Leeds assessment of neuropathic symptoms and signs (S-LANSS) 53. Van Hecke 

et al conducted a systematic review which examined the incidence of neuropathic pain in the 

general population in which many such studies are summarised 54. Within the review, the prevalence 

of neuropathic pain as a feature of chronic pain (or pain of predominantly neuropathic origin) was 

examined by 8 studies and ranged from 1% to 17.9%. In studies that used questionnaire-based case 

ascertainment tools such as the DN4 and S-LANSS 53, the range of prevalence estimates was wide 

from 3.3–to 17.9%. However, including only studies that administered measures precisely as they 

were designed and validated, the range of prevalence rates was much narrower 6.9–10% 55–58. 

Examples of where tools were not used as designed and validated included where the complete 

questionnaire was not used but instead items were selected, or where patients were screened 

before administration leading to overinflated estimates. The review additionally highlighted that 

many studies did not provide a working definition for neuropathic pain as a starting point and also 

highlighted a general lack of consensus regarding the agreed definition of neuropathic pain 54. They 

call for future studies to recognise the revised grading system to help achieve better standardisation 

and consistency moving forward.  

Since this review, similar population prevalence estimates (i.e. 6–10%) have been reported in studies 

using the DN4 questionnaire in other non-European countries including Benin 59 and Morocco 60. 

Other large-scale studies population-based studies have also been conducted with other 

questionnaires. In Libya, the LANSS questionnaire suggested the incidence of neuropathic pain to be 

19.7% 61, whilst the PainDetect in Japan suggested a lower incidence of 3.2% 62.  These results 
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suggest variations in incidence rates could be associated with the chosen tool but also with how it is 

utilised. Additionally, health systems and health profiles can be geographically very different which 

may further compound variations in reported incidence rates.  

Included in the Van Heck review were two large scale epidemiological studies conducted in Northern 

Europe, one conducted in the United Kingdom (UK) 57 and one in France 55. One would assume 

health care systems and health profiles in these two countries would be relatively similar. In support, 

the EuroQol group which developed the EQ-5D (an instrument which evaluates the generic quality of 

life) has provided population reference data indicating that health profiles are broadly similar across 

northern European countries 63.  

The UK study administered the S-LANSS questionnaire 53 in six general practitioner practices in three 

UK cities 57. Based on a 52.5% return rate (n=2957) they estimated the prevalence of chronic pain (> 

3 months) of predominantly neuropathic origin within these cities to be 8.2% (95% CI 7.2% to 9.2%) 

defined as a LANSS score ≥ 12. One must note that this sample is representative of the general 

population in three large cities rather than the entire UK population. The French study was larger 

and employed a nationwide postal survey which included the DN4 52 and had a greater return rate of 

81.2% (n=23712)55. The estimated prevalence of chronic neuropathic pain (> 3 months) within this 

study was about 6.9% [95%CI: 6.6-7.2] based on a DN4 score ≥ 3. The prevalence in the general 

population of symptoms of neuropathic pain in western Europe based on these studies suggests 

between 6.9-8.2% incidence 55,57.  

It is hard to determine from these studies how many neuropathic pain patients would have 

specifically had peripheral neuropathic pain and population-based studies examining this 

differentiation are lacking. One study was identified that attempted further to differentiate the 

incidence of neuropathic pain based on classifications of central and peripheral neuropathic pain 64. 

They performed a cross-sectional study and examined the incidence of neuropathic pain within 

chronic pain patients in 104 Spanish pain clinics (n=2173). Patients were additionally classified using 
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the revised grading scale for neuropathic pain 4. The selected cohort had chronic pain and therefore 

represents a sample with higher prevalence rates when compared to the general population studies. 

The prevalence of neuropathic pain for central neuropathic pain and peripheral neuropathic pain 

amongst chronic pain patients was 2.4% (95% CI: 1.7;3.1) and 12.9% (95% CI: 1.5;14.3), respectively. 

Although this study only reflects a chronic pain cohort, it does help to illustrate that neuropathic 

pain, particularly peripheral neuropathic pain, accounts for a significant proportion of all chronic 

pain patients that will attend a pain clinic.  

7. The Impact of Neuropathic pain.  

Neuropathic pain has a high impact as well as prevalence. The literature measuring the impact of 

neuropathic pain reflects that this is multifaceted and measures various outcomes including 

function, emotional impact, and costs which include direct (relating to health care utilisation) and 

indirect costs (relating to work status), quality of life and treatment failure/limitations.  

Function 

Persistent neuropathic pain can make it very difficult for a patient to maintain normal functional 

activities. This has been well documented with various studies reporting consistent evidence that 

neuropathic pain is negatively associated with physical functioning 65. Patients with neuropathic pain 

have also been shown to be more severely compromised in terms of functional ability when 

compared to persons with chronic pain without neuropathic features 66–68. For example, the large 

beforementioned UK prevalence study by Torrance et al 57, also captured information regarding 

function58. Respondents were categorised as either having; 1) no chronic pain (NCP) (n=1537), 2) 

chronic pain of non-neuropathic origin (CP) (n=1179) and 3) chronic pain of neuropathic origin (CNP) 

(n=241). CNP patients were found to have significantly poorer scores for all interference items of the 

Brief pain inventory (BPI) than those with CP (P<0.001). Additionally, function, as measured by 

domains included in the SF-36 (a generic health status measure), was also significantly lower for 

patients with chronic neuropathic pain than for the other two groups (P<0.001). After adjusting for 
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pain severity, age, and gender, the CNP group was still found to have poorer scores than the other 

groups in all domains of the SF-36 and all interference items in the BPI, indicating poorer health 

function and greater disability compared to other groups.  

Emotional functioning 

Numerous studies report negative impact in terms of emotional functioning associated with NP, but 

many do not include control or comparison populations 57,65,69–71.  Attal et al in a follow on from the 

beforementioned French nationwide survey evaluated emotional functioning 72. They measured 

anxiety and depression using the Hospital Anxiety and Depression Symptom Scale (HADS)73. This was 

administered to a representative sample of previous study respondents (n=2957 based on an 85.6% 

response rate). HADS scores for people with neuropathic pain (A= 17 (0.3), D= 9.7 (0.1), n=241) were 

significantly higher than for those with chronic pain and no neuropathic features (A= 14.1 (0.3), D 8.2 

(0.1), n=1179) and people with no pain (A= 9.7 (0.2), D 6.0 (0.1), n=1537). Figures in parenthesis 

denote SEM. Therefore, results illustrate those patients with features of neuropathic pain, as 

identified via the DN4, reported a significantly higher degree of anxiety and depression than without 

NP characteristics (P < .01). Additionally, they found NP patients have greater use of health care 

facilities (21% vs 9%; P < .01) than those with pain and no NP features. One limitation of the study is 

its reliance on a measure of self-report, the DN4, to determine neuropathic pain characteristics. 

Other non-neuropathic conditions such as fibromyalgia for example, often display some features of 

neuropathic pain such as burning pain. Results, therefore, were not able to rule out that conditions 

such as fibromyalgia were not included in what is described as neuropathic pain. They do comment, 

however, that less than 5% of the subjects presented with diffuse widespread pain which they 

suggest makes this perspective unlikely. Similarly, other studies have reported similar findings 

indicating that persons with chronic NP have higher degrees of anxiety and depression scores, and 

use of health care when compared with patients with non-neuropathic chronic pain, and patients 

without chronic pain 68,74,72.  
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Quality of life. 

The impact of neuropathic pain on health-related quality of life (HRQoL) has also been measured 

within many studies 65,75. A high-quality systematic review conducted by Jensen et al included 52 

studies that assessed HR-QOL in six different NP conditions and found consistent evidence that 

chronic neuropathic pain is associated with important impairments across a broad spectrum of 

HRQoL domains, including physical, emotional, role, and social functioning 65. How quality of life was 

measured varied across studies, but the most commonly included measures were the EQ5D 

(EuroQol- 5 dimension quality of life instrument) 76 and the SF 36 (short form 36 health survey 

questionnaire)77. Both can be used to calculate a health utility score. Generally, health utility 

measures evaluate patients’ subjective preferences on a scale where 0 represents death and 1 

represents full health. Utility scores are frequently used to quantify the cost-effectiveness of 

therapies and are therefore often required by health policy makers.  

To get a sense of the impact of NP in relation to other health conditions, it is useful to understand 

these utility scores relative to other conditions.  

Doth et al conducted a systematic review and meta-analysis to test the hypothesis that NP is 

associated with low levels of health utility 78. The review included 24 studies and reported an 

average EQ-5D health utility score of 0.43 (95% confidence interval [CI]: 0.41–0.46) for mixed 

neuropathic pain populations. The review also conducted a search for systematic reviews of HRQoL 

utility in selected chronic diseases and conditions and where they were unable to identify a 

systematic review and values from published health technology assessments were used. Results 

illustrated that NP utilities were generally lower (i.e., lower levels of HRQoL) than these other 

chronic conditions that included cancer, heart failure, chronic obstructive pulmonary disease, motor 

neurone disease, type 2 diabetes, Parkinson’s disease and stroke 78. For example, average utility 

scores for chronic heart failure and Parkinson’s disease were 0.6 and 0.62 respectively. The review 

concludes that NP is associated with lower levels of health utility and notes that the key drivers of 

health utility appear to be NP condition and disease severity. The review describes health utility 
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scores for neuropathic pain subtypes of painful diabetic peripheral neuropathy (DMN), central 

neuropathic pain (CNP), chronic low back pain with a neuropathic component (CLBP-NeP), 

postherpetic neuralgia (PHN), and mixed neuropathic pain. Therefore, it is not possible to deduce 

from these results possible health utility scores relative to painful peripheral nerve injury (PPNI), but 

the mixed neuropathic pain subgroup is the most likely to reflect this pain type.  

A more recent cross-sectional study examined the prevalence of probable NeP among chronic pain 

patients attending Brazilian hospitals and pain clinics in São Paulo, Ceara, and Bahia79. Neuropathic 

pain prevalence was reported as 14.5% of all chronic pain patients (n=307/2118). The investigators 

further assessed the clinical characteristics of six NP subtypes which included the four subtypes 

included in the latter review (DMN, CNP, CLBP-NeP and PHN), but additionally included a further two 

subtypes of post-traumatic neuropathic pain (PTN), and post-surgical neuropathic pain (PSN). These 

latter two, therefore, reflect the classification of PPNI that we are interested in. PTN and PSN 

patients were reported to have the least favourable EQ-5D index scores (M=0.42, SD=0.19) across all 

NP subtypes. Therefore, results support similar health utility scores to the previous review but also 

highlight that there is some variation between neuropathic pain subtypes with conditions classed as 

PPNI being amongst the lowest scoring in terms of HRQoL.  

Costs 

The burden of suffering that pain imposes on individuals will affect healthcare utilisation and work-

related issues which can be associated with significant costs that society must share. 

Moore et al in a systematic review examined the societal and healthcare costs associated with 

chronic noncancer and neuropathic pain 70. The review included 43 studies which examined the 

quality of life and impact on work (collective n= 540,000). Using studies that compared the 

healthcare resources used by those in chronic pain relative to those with no pain, the indication was 

that for every £1 spent on healthcare services for patients without chronic pain, the amount of 

expenditure incurred by patients with chronic pain was as follows: GP consultations: range from 
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£1.59 to £1.93, In-patient days: range from £2.07 to £4.75, Outpatient attendances: £3.61, 

Medication: £2.53, Emergency attendances: £1.89, Total utilisation: £3.03. This, therefore, shows 

the costs for patients with chronic pain on health care resources are almost three times more than 

for persons without pain. The review reports on all chronic non-cancer pain conditions, therefore, 

from these costs related findings it is not possible to determine the costs incurred by patients solely 

with neuropathic pain. 

A more recent study aimed at providing insight on the burden of neuropathic pain specifically across 

France, Germany, Italy, Spain, and the UK by considering direct and indirect costs, productivity loss, 

and humanistic impact on patients and their families 80. 3965 patients with neuropathic pain seen 

within pain clinics were asked to complete assessments to provide information regarding sick leave 

and retirement, number of health care consultations, drug treatments, and surgical procedures. 

Patients provided further demographic and disease-related data and completed the Work 

Productivity and Activity Impairment (WPAI), the EuroQol 5-Dimension (EQ-5D), and the Brief Pain 

Inventory (BPI) questionnaires.  

The costs associated with managing neuropathic pain were calculated as direct (relating to health 

care utilisation) and indirect costs (relating to work status). The direct health care costs were taken 

as the sum of consultations, prescribed drugs, and surgical and nonsurgical procedures undertaken 

for the management of NP. Relevant country-specific sources were used to calculate these costs.  

The average number of consultations per annum was considered high across the five countries, with 

patients typically attending 3.5 GP visits (range 3-4, UK=3) and 5.5 (range 4-7, UK=4) specialized care 

reviews specifically for their neuropathic pain. Across the whole sample, the mean number of 

prescribed drugs for neuropathic pain per patient was 1.8 (1.7 in France and Germany, 1.8 in the UK 

and Italy, and 2.1 in Spain). Around two-thirds of patients received an anticonvulsant, whilst opioids 

were the second most used analgesic analgesics for ∼25% of the total sample. On average 8% of 

patients had received surgery with peripheral nerve decompression being the most common surgical 
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intervention, whilst 14% had a non-surgical intervention such as steroid injection and nerve blocks. 

Total annual direct health-care costs per patient ranged from €1,939 (Italy) to €3,131 (Spain) 

(UK=€2,951) and therefore illustrate considerable annual costs associated with the treatment of 

neuropathic pain. 

Additionally, the direct non-health-related impact in terms of support provided by caregivers was 

considered. To quantify this the number of hours of care provided by friends and family each week 

was recorded. However, as this care is usually provided at no cost it is noted that this form of 

support is not routinely captured by traditional health care analysis quantifying the cost associated 

with a condition. On average, persons with neuropathic pain required 27.5hrs care per week (SD 

13.76) and 31.3 hrs in the UK. This highlights the significant societal burden of NP that is not 

captured by standard analysis of health- care resources.  

Indirect costs (work-related costs) included salary and time adjustment of patients due to sick leave. 

Across all countries, approximately 1/3 of people were described as employed and 20% of patients 

were described to be on sick leave. Indirect costs (i.e., sick leave) constituted most costs in all five 

countries: €7,098 in France, €11,232 in Germany, €6,382 in Italy, €7,066 in Spain, and €5,492 in the 

UK. 

In addition to costs associated with sick leave, impairment while at work was recorded using the 

Work Productivity and Activity Impairment questionnaire (WPAI). A score of 0 would indicate no 

impairment, and a score of 100 would indicate that the patient could not undertake any work at all. 

The results suggest that a significant proportion of the patient’s work time in the previous week was 

affected by NP (mean WPAI score range was 34.4–56.1, UK= 44.3). These scores were relatively high 

when compared to reported scores for other diseases such as diabetes, respiratory conditions, and 

arthritis. 

Overall, the study highlights that despite differences in practice between countries, the cost for 

society in terms of lost work and productivity due to NP is high80. It also illustrates the wider costs to 
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patients, carers and families demonstrating the wider societal costs associated with neuropathic 

pain.  

Pharmacological treatments. 

Given the evident and significant impact associated with neuropathic pain, there is a need to find 

effective treatments. Current guidelines for the management of neuropathic pain are heavily 

weighted toward pharmacological management 42,81–83. However, although medications are the most 

common treatment method many patients do not achieve satisfactory pain relief with current 

evidence-based treatment or do not tolerate effective doses because of unwanted side effects 81.  

For example, a Canadian study illustrated that significant improvement in pain and function was 

achieved for less than ¼ (23.7%) of neuropathic pain patients managed according to standard 

guidelines within tertiary care pain clinics 84. This echoes the findings of previously reported studies 

that demonstrated poor HRQoL and functional interference despite large numbers of visits to pain 

physicians and a high level of prescriptions for pain 72,80. The side effects of available medications are 

also not innocuous, for example, treatment using opioids has been linked with death due to 

overdose, addiction and suicide 85.  

Conclusion. 

Neuropathic pain affects between 6.9-8.2% of people in western Europe 55,57. It is associated with 

significant pain-related disability 57,65, poor quality of life 78, and high levels of anxiety and depression 

72. The average health care costs of managing neuropathic pain are estimated to be £2512 (€2,951) 

per patient per annum and can further increase with pain severity80.  This does not include the costs 

associated with salary losses and works time adjustments due to sick leave that is said to be even 

higher80. The overall burden of neuropathic pain is only likely to increase further owing to an ageing 

global population11. An understanding of maintaining mechanisms of action is essential for providing 

effective treatment and improving the management of this condition3. Current understanding of 

mechanisms suggests that therapeutic approaches targeting peripheral drivers will influence 
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peripheral aspects of neuropathic pain but can also influence aspects of central sensitisation in the 

CNS13,14. Many pharmacological treatments have been developed with this in mind and 

recommended as part of guidelines for the management of peripheral neuropathic pain 42,81–83. 

However, the evidence suggests that subjects with peripheral neuropathic pain are far from 

optimally managed by medications, despite large numbers of visits to pain physicians and a high 

level of prescriptions for pain72,80. Other techniques, such as neuromodulation, have been 

considered third-line treatment options, however, there is limited evidence to support such third 

line approaches currently in the management of peripheral neuropathic pain 86,87. Because of the 

limitations of the current pharmacological treatments, peripheral neuropathic pain is still considered 

an unmet clinical need and therefore it is necessary to understand how it can be better managed 3,81. 

Therefore, there is a need to identify safe, well-tolerated, and effective pharmacological and 

nonpharmacological treatments to support better management of peripheral neuropathic pain in 

those who fail to respond to current guideline recommendations.  
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Chapter 2: Long term synaptic depression as a possible treatment 
mechanism for neuropathic pain. 
 

Long Term synaptic Depression (LTD) has been suggested as a potential mechanism for the 

treatment of neuropathic pain. It describes a state where there is a long-lasting (hours) reduction in 

synaptic efficacy. The counterbalancing process is termed Long Term Potentiation (LTP), where there 

is an enhancement of synaptic connections and synaptic transmission is upregulated and amplified. 

LTP and LTD have been demonstrated as mechanisms underlying synaptic plasticity throughout the 

whole central nervous system and are thought to be associated with learning and memory 

formation 1.  

Within central pain pathways, the modulation of nociceptive synaptic transmission that leads to 

either diminished or enhanced synaptic communication between spinal horn neurons has been 

termed ‘nociceptive or spinal LTD and LTP’ 2. Nociceptive LTD and LTP can be induced in an ‘activity-

dependent’ manner by strong or lasting discharges in C-fibres, generating a central depression or 

amplification of nociceptive responses following trauma, inflammation, or injury 3,4. Conversely, 

induction can also be achieved in an ‘activity-independent’ manner in the absence of any 

preconditioning activity in nociceptive nerve fibres. A clinically relevant example of the latter is LTP 

and hyperalgesia which develops after the abrupt withdrawal from opioids. Opioids normally 

depress synaptic strength at C-fibres. On withdrawal of opioids, synaptic strength not only returns to 

normal very quickly but becomes potentiated for prolonged periods of time3. Activity independent 

mechanisms of LTP include non-Hebbian and glycogenic LTP which are outside the remit of this 

thesis.  

Neuropathic pain, as previously discussed, leads to a disruption of pain pathways with abnormal 

peripheral nociceptor impulses being generated by either damaged or surviving undamaged 

nociceptors 5. These abnormal impulses from peripheral nociceptors following nerve injury have 
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been shown, in animal models, to induce in an ‘activity dependent’ manner nociceptive LTP and 

consequently lead to enhanced responsiveness of spinal horn neurons and central sensitisation 6. 

Central sensitisation, as illustrated in the previous chapter, refers to the enhanced responsiveness of 

spinal horn neurons to normal afferent input; and is a well-recognized mediator of chronic pain 

states 5. Thus, nociceptive LTP has been suggested to be a mediating mechanism of painful central 

sensitisation in the spinal cord following nerve injury 6,7. 

In animal models, high-frequency electrical stimulation (HFS) of primary nociceptive C-fibre afferents 

has been used to simulate atypical synchronous nociceptor discharges and consequently induce 

nociceptive LTP and central sensitisation 8,9. Animal models have also demonstrated that low-

frequency stimulation (LFS) can reverse the effects of LTP via the induction of lasting long-term 

depression (LTD) or depotentiation of synaptic transmission in the spinal cord 8,10. 

While LTP cannot be directly measured in healthy human subjects, its consequence, central 

sensitisation, can be assessed. In healthy humans’ the application of electrical stimulation equivalent 

to the above-cited rodent studies induces prolonged enhancement of somatosensory evoked 

potentials and pain response to cutaneous stimulus and thus provides a perceptual correlate for 

human nociceptive LTP 6,11. LFS has been shown to reverse the effects of LTP in healthy individuals 

resulting in reductions in somatosensory evoked potentials and pain responses to cutaneous 

stimulus, and thereby, provides a model for human nociceptive LTD 11–15. Recent research has also 

demonstrated that LFS of the radial nerve in healthy volunteers not only reduces pain evoked 

potentials but is also associated with reductions in the central processing of SEPs 16. 

The existing research, therefore, supports the concept that induction of LTD via LFS could provide a 

possible target for the treatment of chronic neuropathic pain following nerve injury via its ability to 

reduce the enhanced synaptic transmission associated with LTP and its consequence, central 

sensitisation 11–13. Current knowledge concerning the use of electrical stimulation to influence LTP 
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and LTD has come from animal studies and experimental induction in man. Therefore, further 

research is required to understand and explore possible clinical applications of LTD.  

Some of the salient findings from existing research and their implications, for the development and 

evaluation of clinical applications of LTD, will be discussed. 

Molecular mechanisms 

Both LTP and LTD processes are suggested to be calcium ion (Ca2+) dependent and both require an 

elevation of intracellular calcium to occur17,18. However, the mechanisms underlying the dual role of 

calcium, triggering either LTP or LTD, are still largely unclear and multiple types of LTP and LTD have 

been studied19. These include N-methyl-d-aspartate receptor (NMDAR) dependent, mGluR-

Dependent LTD and endocannabinoid-Mediated LTD18,20. N-methyl-d-aspartate receptor (NMDAR) 

dependent LTP and LTD represent the most studied forms of LTP and LTD18,20,21. In this model, the 

activation of NMDARs causes a change in Ca2+ levels which triggers LTP or LTD. NMDARs are 

glutamate-gated cation channels that allow pre- to postsynaptic permeation of calcium and other 

cations. At resting potentials, NMDARs allow external magnesium ions to enter the NMDA pore, 

which binds tightly and prevents further ion permeation, such as Ca2+ entry. However, if the 

postsynaptic membrane is sufficiently depolarized, NMDARs become activated and allow Ca2+ to 

flow into the cell, to relieve the magnesium ion block from the NMDAR pore.  

This can be triggered by the release of glutamate from the presynaptic terminal following peripheral 

noxious stimulation of A-δ and C-fibres. Glutamate diffuses across the synaptic cleft and binds to 

post synaptic NMDARs and depolarises the cell 18,20. The level of depolarisation is important as to 

whether the synaptic transmission is potentiated or depressed. For example, strong depolarisation 

induced by fast high frequency (100Hz) stimulation causes the ejection of Mg2+ ions unblocking the 

NMDA ion pore, allowing higher concentrations of Ca2+ to permutate to the post synaptic cell, 

which enhances synaptic strength and stimulates the release of further excitatory neurotransmitters 

such as substance P and glutamate post synaptically 22. Whereas conditions such as LTD, are typically 
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triggered by prolonged repetitive low-frequency (1 Hz) stimulation18. In this scenario, the degree of 

depolarisation is insufficient to remove the Mg2+ ions that block NMDA receptors (see Fig 2.1). 

Therefore, only a small volume of calcium permeates into the post synaptic cell. This low 

concentration of calcium reduces the availability of receptors and consequently weakens the 

synapse 23,24. The modest increase in Ca2+ preferentially activates calcineurin which is associated 

with dephosphorylation (removal of phosphates) which in turn can further weaken synaptic 

strength.  

Hebbian synaptic LTP and LTD 

Hebbian LTP and LTD have been defined as synapse-specific changes in strength driven by the 

coordination of pre- synaptic input and post synaptic depolarisation, as described above 25. If LTP is 

expressed at only stimulated synapses it provides a mechanism for primary hyperalgesia but does 

not account for pain amplification in surrounding areas outside the primary lesion (secondary 

hyperalgesia) or remotely (widespread hyperalgesia) where neither nociceptor activation nor 

peripheral sensitisation occurs. Non-Hebbian LTP and LTD conversely describe postsynaptic output 

that is not paired to presynaptic activation and therefore represents a form of ‘activity independent’ 

LTP and LTD 25.  

 
 
 
 
 
 
Figure 2.1 Illustration of LTP and 
LTD
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Normal conditions: The Mg2+ the NMDA pore and bind tightly preventing further ion permeation such as Ca2+ 
entry. LTP: The NMDA is activated by the release of presynaptic glutamate, and the post synaptic membrane is 
sufficiently depolarised to allow the ejection of Mg2+ ions which block the NMDA ion pore, which now allows 
Ca2+ to enter the cell. High concentrations of Ca2+ increase the availability of receptors and strengthen the 
synapse. LTD: The post-synaptic depolarisation is insufficient to remove the Mg2+ ions that block NMDA 
receptors. Therefore, only a small volume of calcium permeates into the post synaptic cell and reduces the 
availability of receptors weakening the synapse. 
 

Pharmacological manipulation of the LTP/LTD system 

Based on the current molecular understanding of LTP and LTD induction in animal models, a variety 

of pharmacological treatment targets have been evaluated to prevent LTP induction and stimulate 

LTD induction. These can be divided into four basic categories of intervention: 

1) Drugs which interfere with postsynaptic depolarisation such as α-amino-3-hydroxy-5-methyl-4-

isoxazole propionic acid (AMPA) receptor antagonists. AMPA are a subtype of the ionotropic 

glutamate receptor that modulates cell excitability by gating the flow of calcium and sodium ions 

into the cell 20, thus inhibiting their function and preventing excitatory neurotransmission26. An 

example would be the anti-epileptic drug Perampanel which has limited evidence for neuropathic 

pain in animal models27,28.  
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2) Drugs directly interfere with NMDA receptor activation e.g. NMDA receptor antagonists such as 

ketamine have been shown to interfere with LTP induction 29 and continuous infusion to interfere 

with established secondary hyperalgesia 30,31.  

3) Drugs that interfere with additional sources of activity-dependent intracellular calcium rise e.g. 

antagonists of T-type voltage-gated calcium channels (VGCCs), activators of intracellular calcium 

stores 32,33 or metabotropic glutamate receptors (mGluRIs) receptors 34,35. 

4) Drugs that interfere with descending control mechanisms 26. For example, prolonged burst 

stimulation of the sciatic nerve at Aδ-fibre strength produces LTD of C-fibre-evoked field potentials 

in rats, but when descending control is inhibited by spinalisation it induces LTP 36. These results 

demonstrate that the descending control systems can influence LTP and LTD.  

In animal models, a variety of the above interventions have been found to either prevent 

experimentally induced LTP induction or reverse its effects, and their actions have then been 

replicated in human models. In human models, spinal synaptic strength cannot be directly measured 

and therefore, results have only inferred experimental induction of LTP by drawing upon animal 

model data or modification of human clinical symptoms such as secondary hyperalgesia.  

Manipulation of LTP/LTD system by electrical stimulation 

Low-frequency stimulation at 1Hz with stimulus trains of 1000 pulses has been demonstrated to 

reverse the effects of LTP via the induction of long-lasting long-term depression at primary afferent 

synapses with neurons of lamina II of the rat spinal cord 8,37. Studies such as this demonstrate the 

potential of LTD induction via low-frequency electrical stimulation as a therapeutic target. Numerous 

LTD studies in healthy human subjects have adopted these stimulation parameters, demonstrating 

reductions in sensory evoked potentials in response to a painful stimulus, corresponding with LTD as 

a working mechanism12,16,38,39. The results of these studies have also shown that specific stimulation 

parameters such as the number of impulses (pulse duration), stimulation frequency, stimulation 
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strength and electrode shape all significantly influence the degree of LTD and are discussed       

below 12–15.  

Stimulation frequency  

LTD has been demonstrated using stimulation frequencies of 1-4Hz11,12,14, although most consistently 

using frequencies of 1-2Hz 11,12,15,39. Dudek and Bear examined LTD and LTP in response to electrical 

stimulation of rat hippocampal slices at frequencies ranging from 0.5 to 50Hz40. The results 

illustrated that stimulation at frequencies of 1-3Hz, in a normal system without a pre-existing state 

of LTP, consistently induced LTD. The strength of LTD declined considerably outside of this range, 

with stimulation at 10Hz or 0.5Hz producing no notable change, and at higher frequencies, there was 

a shift from LTD to LTP induction. The most pronounced LTD was induced at stimulation frequencies 

of 1Hz, suggesting an optimal range of LTD induction lies between 1-2Hz and diminishes outside of 

this range. Jung et al tested the hypothesis that LTD of spinal nociception and pain in man depends 

on LFS frequency, the number of electrical pulses and stimulation intensity12. Painful electrical test 

stimulation (0.125Hz) and conditioning LFS were applied to the right-hand dorsum. Somatosensory 

evoked cortical potentials (SEP) were recorded, and volunteers rated stimulus intensity. Results 

suggested that frequencies of 1Hz and 2Hz were associated with a more pronounced reduction in 

SEPs than frequencies of 0.5Hz. 

The importance of stimulation frequency has been suggested to relate to the activation thresholds 

of different calcium-binding proteins19. In in vitro studies higher frequencies of between 10 and 

200Hz have been demonstrated to activate calmodulin (CaMKII an LTP facilitating molecule), while 

lower frequencies between 1 and 3Hz activated calcineurin (an LTD facilitating molecule) 19,41.  

Duration of stimulation 

There is evidence from rodent studies that long-lasting stimulation of at least 900 pulses is required 

to activate calcineurin. Calcineurin is a calcium-dependent phosphate implicated in LTD and needs a 
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prolonged rise in calcium to be activated 42,43. Noxious LFS stimulation for shorter durations has 

conversely been associated with LTP 33,44. In human studies, reduction of enhanced evoked pain 

responses using the same stimulation parameters has been demonstrated 13,38. Further studies have 

examined the influence of varying pulse durations of between 300 and 1200 pulses 11,12,38. Pulse 

durations of at least 900 - 1200 pulses have been shown to produce the most pronounced reduction 

in pain responses, with some suggestion that even longer pulse durations, if tolerated, would be 

even more beneficial 12. This supports the findings from rodent studies where duration of at least 

900 - 1200 pulses was deemed essential to influence the intracellular Ca2+ concentration and 

phosphate binding that is important to LTD induction.  

Stimulation strength 

Stimulation strength has also been suggested to be important in terms of LTD induction via electrical 

stimulation. There is evidence from animal studies that excitation of A-δ fibres is necessary to induce 

LTD37,45. A-δ fibres are preferentially activated at stimulus intensities perceived as sharp and painful 

12,13, whereas stimulation at lower intensities has been suggested to mainly activate Aβ fibres not 

associated with LTD 37. In studies in healthy human subjects, stimulation strengths of 2- 4 times pain 

perception threshold are associated with sustained depression of pain perception, whilst stimulation 

at 1 times pain threshold is not12,13. Pain perception threshold is defined as the minimum intensity of 

a stimulus that is perceived to be painful46. Further evidence in healthy human subjects suggests 

strengths below 1-time pain perception threshold and above 5 times pain threshold produce less 

pronounced LTD than strengths between 2-5 times pain perception threshold 47.  These combined 

results are suggestive of a u-shaped relationship in respect to intensity of stimulation, optimal A-δ 

stimulation and the strength of LTD. They suggest stimulation should be above what is perceived as 

minimally painful but not too painful. 
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Electrode shape 

The shape of the electrode has also been identified to be important with LTD induction. As already 

mentioned, excitation of A-δ fibres is necessary to induce LTD37,45. Experiments applying local 

cutaneous stimulation in healthy subjects have provided evidence that preferential activation of 

cutaneous A-δ fibres can be achieved using a concentric electrode that creates a high current density 

48,49. In contrast, larger diameter surface electrodes, such as TENS electrodes, do not generate the 

required current density to preferentially activate A-δ fibres, unless used at very high intensities, 

which evidence shows few patients can tolerate 50,51. Therefore, TENS typically activates the whole 

A- fibre spectrum without any preference50,51.  

The above literature describes the influence of different stimulation paradigms on Hebbian forms of 

electrically induced LTD.  

Sensory characteristics relevant to LTP and LTD 

Nociceptive LTP induced via high-frequency stimulation appears to enhance A-beta and A-delta fibre 

mediated cutaneous sensations, specifically A-delta fibre high threshold mechanoreceptors for 

punctate hyperalgesia and A-beta low threshold mechanoreceptors for dynamic mechanical 

allodynia 38. This supports the understanding that LTP and conversely LTD influence synaptic 

transmission via centrally mediated mechanisms, such as central sensitisation, rather than 

peripheral mechanisms. Therefore, it follows that LTD induced by LFS as a method of pain relief will 

be most appropriate for persons with neuropathic pain who display sensory features more typical of 

central sensitisation versus peripheral sensitisation. 

Quantitative sensory testing has been extensively used to evaluate the sensory features associated 

with different neuropathic pain syndromes. Results have defined patterns of loss or gain of function 

across multiple sensory modalities (‘somatosensory profiles’), which likely reflect underlying pain 

generating mechanisms such as peripheral and central sensitisation 52. Studies examining similarities 

in terms of dominant sensory features across different neuropathic pain conditions, have identified 
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3 distinct clusters or sensory phenotypes for patients with neuropathic pain 52,53; ‘sensory loss’, 

‘thermal hyperalgesia’ and ‘mechanical hyperalgesia’. The ‘sensory loss’ cluster is characterised by 

loss of small and large diameter nerve function with patients demonstrating loss of temperature 

sensation and mechanical pressure sensation. Elements of this phenotype have been observed in 

experimentally induced pain following a compression nerve block. Within the ‘thermal hyperalgesia’ 

cluster there is a preservation of sensory function and prominent features of heat and cold 

hyperalgesia and mild dynamic allodynia. This sensory profile resembles that seen in experimentally 

induced pain following UVB burn and has previously been described as the ‘irritable nociceptor’ 

sensory profile, which is considered to reflect more prominent features of peripheral sensitisation. 

The mechanical hyperalgesia subgroup exhibits loss of small fibre function, pin prick hyperalgesia 

and dynamic allodynia. This phenotype, therefore, shows similarities to experimentally induced pain 

via high-frequency electrical stimulation, and the previously described ‘models of central 

sensitisation’. Therefore, patients displaying this later sensory phenotype could respond to LFS 

aimed at inducing LTD related analgesia.   

Conclusion 

The current body of literature provides evidence that LTD is a plausible mechanism for the treatment 

of some types of neuropathic pain. Results from studies examining the different sensory phenotypes 

of patients with neuropathic pain would suggest that LTP and LTD are likely to have greater 

relevance for patients displaying a predominant ‘mechanical-hyperalgesia’ sensory phenotype, i.e. 

who specifically demonstrate mechanical dynamic allodynia and punctate hyperalgesia52,53. This is 

because these features characterise painful conditions with prominent spinal cord sensitisation, 

which is the anticipated target of LTD interventions. Patients with peripheral nerve injury 

demonstrate high rates of positive sensory signs associated with this phenotype, specifically dynamic 

mechanical allodynia and pinprick hyperalgesia 53.  
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Pharmacological agents are often associated with side effects and, therefore, there is an argument, 

as previously discussed, to explore well-tolerated non-pharmacological modalities. LFS in both 

animal and human studies is an appropriate technology to induce nociceptive LTD within the 

territory of the stimulated nerve in conditions which are of a mechanical hyperalgesia 

phentotype8,13,37,38. LFS delivered to induce LTD would, therefore, seem appropriate for patients with 

localised pain following peripheral nerve injury. However, these results in experimental models have 

not been replicated in patients with ongoing chronic neuropathic pain. Therefore, it remains unclear 

as to whether LFS can indeed induce LTD in persons with persistent LTP and can therefore be applied 

therapeutically in a clinical setting.  
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Chapter 3: Long term depression via low-frequency neurostimulation 
for chronic/ neuropathic pain – A systematic review.  
 

As illustrated in the previous chapters long term potentiation (LTP) is a molecular mechanism that 

leads to the enhancement of nociceptive activity1,2. While LTP cannot be directly measured in human 

subjects, its consequence, central sensitisation can be assessed3,4. Low-frequency electrical nerve 

stimulation (LFS) of 1-2 Hertz (Hz) has been shown to induce long term depression (LTD) by reversing 

the effects of experimentally induced LTP4–6, thus reducing heightened somatosensory evoked 

potentials and pain responses to cutaneous stimulus 4–6. Induction of LTD via LFS, therefore, 

represents a potential neurostimulation treatment target for chronic pain conditions that exhibit 

signs of central sensitisation, such as peripheral neuropathic pain. There are a variety of 

neurostimulation therapies used to manage various chronic pain conditions including spinal cord 

stimulation, dorsal root ganglion stimulation, peripheral nerve stimulation, and transcutaneous 

electrical nerve stimulation. However, there is no current review that considers low-frequency 

stimulation modalities where LTD induction may be the mechanism of action.  

The objective of this chapter is to describe the LFS literature for chronic neuropathic pain and 

examine whether long-term synaptic depression could be considered the working mechanism.  

Methods 

A systematic review of the literature was conducted, focusing on the effectiveness of interventions 

for chronic neuropathic pain where LTD may be the underpinning mechanism of action.  

The protocol for this review was registered with Prospero: CRD42021241762. 
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Search strategy 

Electronic databases Pubmed, MEDLINE, Embase, CINAHL and the Cochrane register of controlled 

trials and references were searched with no date limits. An example search strategy was developed 

as below following consultation with a medical librarian. Searches were conducted in April 2021. 

Example Search Strategy –Pubmed 
1. Neuropathic pain 
2. Chronic pain 
3. 1 or 2 
4. Nerve stim* 
5. Peripheral nerve stim* 
6. Electrical stim* 
7. Long term depression 
8. Long-term depression 
9. Low frequency stim* 
10. Low-frequency stim* 
11. A delta ‘adj3’ stim*  
12. Synaptic transmission 
13. Intracellular ca* 
14. 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 
15. 3 AND 14 
16. Limit (English language and humans) 

* Denotes were truncation was used to broaden search. 
 

Selection of studies  

Study eligibility was constructed using PICO components (see Table 3.1).  

Table 3. 1: A PICO table illustrating review inclusion criteria. 
Population Adults and children with chronic neuropathic pain. 

Chronic pain will be defined as pain persisting for 6 months or longer.  
Intervention Any form of Low-frequency nerve stimulation, with LFS defined as using descriptor of 

‘low frequency’ or stating ≤10 Hz frequency  
Comparator Sham, dummy stimulation, comparator treatment, no treatment control.  
Outcomes Objective or self-reported measures are acceptable for the following outcomes: 

Primary outcomes: 
• Pain reduction 
• Quality of pain/ psychophysical 

parameters 
 

Secondary outcomes: 
• Pain 
• Quality of life 
• Function 
• Mood-Psychological PROMS 
• Self-efficacy 
• Medication reduction 
• Frequency of flare-ups 
• Health Care Utilisation 
• Safety  

Setting Primary, secondary, or tertiary healthcare.  Inpatient, outpatient, or community 
settings.  

Study design  All Excluding single case series 
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All abstracts were reviewed using an inclusion/ exclusion screening tool (Table 3.2). As discussed in 

the previous chapter, evidence suggests that LTD is a plausible mechanism for the treatment of 

some types of neuropathic pain. Based on this understanding, the review’s inclusion criteria were 

limited to neuropathic pain studies. Studies were excluded if the stimulation target was outside of 

the territory of the affected nerve. In such circumstances, it is unlikely that LTD induced by LFS 

would be the predominant working mechanism.  

Studies were included if they used ‘low-frequency stimulation’ which was defined for the review as 

stimulation of <10Hz. This was because the review of literature for the LTD chapter illustrated LTD in 

experimental research is optimally achieved at 1-2Hz stimulation, with declining effect outside of 

this range and no effect observed at frequencies of 10Hz5,7.  

LTD studies have demonstrated that a sustained, long-lasting, low-frequency stimulation of at least 

900 pulses is required to activate calcineurin 8,9. As discussed in the previous chapter, calcineurin is a 

calcium-dependent phosphate implicated in LTD and needs a prolonged rise in calcium to be 

activated 8,9. Alternating currents would not provide sustained long-lasting low-frequency 

stimulation capable of achieving this and therefore these studies were additionally excluded.  

A further required parameter for induction of LTD is stimulation strength. As discussed in the 

previous chapter, stimulation strengths of 2- 4 times the pain perception threshold are required to 

activate  A-δ fibres that are necessary to induce LTD10,11. An initial scoping review of the literature 

highlighted that very few studies described stimulation intensity and therefore this was not included 

as an inclusion/ exclusion criterion. 

Studies only available in abstract form, reviews, single case studies, and animal studies were 

excluded. Language limits of English only articles were also applied.  

 

 

 

 



57 
 

 

 

 

 

Table 3.2: Inclusion criteria screening tool 
 Include Exclude 
Population � Adults with chronic 

(>6 months) pain 
� Acute pain - defined as fewer than 6 months 

duration. 
� Pain not in the sensory distribution of stimulation 

target  
Intervention � Nerve stimulation 

� Peripheral nerve 
stimulation 

� Electrical nerve 
stimulation 

� Low frequency 
stimulation 

� Low-frequency 
stimulation 

� Long term 
depression 

� A-delta fibre ‘adj3’ 
stimulation  

� Synaptic 
transmission 

� Intracellular 
calcium  

� Either stimulation not described as ‘Low 
frequency stimulation’ or <10 Hz is not described.  

� Alternating frequency current.  

Comparator � Any and none � n/a 
Outcomes Primary outcomes: 

� Pain 
� Pain quality/ 

psychophysical 
parameters 

 

Study design � Any investigational 
study 

� Reports of studies* 
� Single case study 
� Abstract only 

Language � English  � Non-English  
Overall 
decision 

� INCLUDED � EXCLUDED 

Notes *Whilst reports and reviews of studies were excluded reviews were used to identify 
studies and obtain information about studies and their results. 
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Data extraction 

Included abstracts proceeded to a full-text review. Extracted data included study characteristics, 

pain conditions, and stimulation parameters. LTD is an activity-dependent weakening of synaptic 

activity, therefore measurements of pain quality that demonstrated a reduction in aspects of the 

sensory gain would be considered most relevant. It was presumed, however, that change in 

stimulus-evoked pain would not have been measured by all clinical studies and therefore change in 

spontaneous pain intensity was also reported.  

Quality assessment 

The quality of included studies was assessed by two authors with any conflicts being resolved by a 

third, using the Cochrane Risk of Bias tool (RoB 2) for Randomised Controlled Trials (RCTs) 12 and for 

the case-series reviews -The Joanna Briggs Institute Critical Appraisal tool for Case Series Studies 13.  

Data synthesis 

Due to methodological heterogeneity, a quantitative review was not attempted. Data were 

synthesised according to the stimulator device, relevant stimulation parameters and outcomes of 

pain or stimulus-evoked pain.  

Results 

Searches of electronic databases returned 961 records, and 679 abstracts after removing duplicates. 

51 additional articles were identified via references of which 625 were excluded resulting in 105 full-

text review articles. The final narrative represents the inclusion of 5 studies, of which two were by 

our team (Fig 3.1), reasons for the exclusion of neurostimulation types are listed in table 3.3. 

Modalities of spinal cord stimulation (SCS), dorsal root ganglion stimulation, deep brain stimulation, 

and transcranial magnetic stimulation were additionally excluded as they were stimulated over the 

10Hz frequency. Study characteristics are provided in table 3.4. No literature was found that 

described stimulation between 4-10Hz. Therefore, within the results, the term low frequency refers 

to stimulation delivered at ≤4Hz.  
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Figure 3.1 Prisma diagram of LFS 

 

 
 
 
 
 
 
 

Neurostimulator  Description Reasons for exclusion  
Percutaneous peripheral nerve 
stimulation (PNS) 

Stimulation of peripheral 
nerves using implanted 
devices 

Stimulation frequency either >10 Hz or 
described only as a wide frequency 
range that would be unlikely to reflect 
consistent use of low-frequency 
stimulation e.g., 1-200Hz. 

Occipital nerve stimulation Electrical stimulation of the No description of stimulation frequency, 
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Table 3.3: Summary of neurostimulation devices not included in this review 
 
 

(ONS) greater occipital nerve or range described as 60-130Hz 
Trigeminal nerve stimulation  Electrical stimulation to 

branches of the trigeminal 
nerve either using 
implantable or external 
electrodes. 

No description of stimulation frequency, 
or frequency described as high-
frequency stimulation. 

Peripheral nerve field 
stimulation (PNFS) 

Placement of PNS leads within 
subcutaneous peripheral 
receptive “fields” of a single 
nerve. 

No description of stimulation frequency, 
or range described as 15Hz-120Hz 

Transcranial magnetic 
stimulation (TMS) 

A non-invasive procedure that 
uses magnetic fields to 
stimulate a specific area of 
the brain 

Stimulation frequency >10 Hz 

Deep Brain stimulation (DBS) Electrical stimulation to 
specific targets in the brain by 
implantable electrodes  

Stimulation frequency >10 Hz 

Spinal cord stimulation (SCS) Electrical stimulation of the 
spinal cord by implantable 
electrodes 

Stimulation frequency >10 Hz 

Dorsal root ganglion 
stimulation (DRG) 

Electrical stimulation of the 
dorsal root ganglion by 
implantable electrodes 

Stimulation frequency >10 Hz 
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Table 3.4: LFS study characteristics 

 
 
Quality 
 
Study quality was variable overall; the main identified limitations are listed below. 

 Sample and Method Stimulation 
Parameters 

Stimulation 
Intensity 

Duration and 
frequency of 
treatment 

Outcomes  
 

Ghoname 
199914 

64 patients with sciatica in a 
single-blind randomized sham-
controlled cross over trial 
comparing sham-PENS, PENS, 
TENS, and exercise therapies 

0 Hz Sham 
PENS 
4 Hz PENS 
4 Hz TENS 

Highest 
tolerable 
amplitude 
without 
muscle 
contractions 

30 mins, 3 x 
week for 3 
weeks- with 1 
week ‘off’ 
between 
treatments 

VAS pain-  
VAS 
activity 
VAS sleep 
SF-36 
24hrs after 
treatment 

Forst 
200415 

19 patients with DPN in a 
randomized double-blind 
parallel-group design 
comparing TENS to sham TENS 

Active= 4 Hz 
Sham = 0Hz 

Not described 20-30 mins x 6 
weeks, daily 
frequency 
unclear 

NTSS-6 
VAS post-
treatment 

Sierakowski 
201616 

72 patients with neuropathic 
pain in the upper limb were 
treated with external 
noninvasive peripheral nerve 
stimulation in a single site 
prospective non-controlled 
study. 

2Hz Just below the 
level of 
discomfort 

10 mins 1x 
week for up to 
8 sessions 

VAS post-
treatment 
Duration of 
pain relief 

Johnson 
2015a17 

20 patients with either 
complex regional pain 
syndrome or neuropathic pain 
following nerve injury were 
treated with external 
noninvasive peripheral nerve 
stimulation in a 3-stage single-
site prospective non-
controlled study. Stage 1= 
treatment 1 x week for 6 
weeks, stage 2= 6-week home 
loan, stage 3 = 6 weeks of no 
treatment. 

2Hz Maximal 
tolerable level 

Stage 1: 10 
mins 1x week 
Stage 2: 10 
mins duration 
frequency 
determined by 
the patient 
Stage 3: no 
treatment 

NRS 
BPI 
Duration of 
pain relief 
The 
surface 
area of 
allodynia 
EQ-5D-3L 

Johnson 
2015b 18 

Long term follow up of 5 
patients from 17, average 
follow of 3.5 years.  

2 Hz Maximal 
tolerable level 

Minimum of 
10 minutes 
and frequency 
determined by 
the patient. 

NRS 
average 
and worst 
pain 

Key: CLBP= chronic low back pain, PENS= percutaneous electrical nerve stimulation, TENS = transcutaneous 
electrical nerve stimulation, Hz= hertz, mA= milli amps DPN= diabetic peripheral neuropathy, LFS= low-
frequency nerve stimulation, Mins= minutes, VAS= visual analogue scale, NTSS-6= neuropathy total symptom 
score, NRS= numerical rating scale, BPI= brief pain inventory, EQ-5D-3L= Euroqol quality of life measure. 
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Quality assessment of RCTs (n=2).  
 
Table 3.5: Quality assessment of included RCTs using Cochrane Risk of bias tool 2. 

 
i) Randomisation bias was described as some with the Ghoname et al trial as allocation 

concealment was unclear.  

ii) In both studies, Bias associated with deviations from intended interventions was also found. 

Within the Forst et al15 study this was considered high as blinding was not described, 

whilst within the Ghoname et al14 study description of blinding was unclear. 

iii) Missing outcome data bias: Neither study included a description of sensitivity analysis or 

reasons for withdrawal.  

iv) Measurement of outcome bias was associated with the following:  

a. Patients were not excluded that had prior subject knowledge and control was used 

that produced no active stimulation.  

b. Assessment of blinding was not described.  

v) Reported outcome bias was high in the Ghoname study14 as reported outcomes were not 

stated in the statistical methods section therefore it could not be determined whether 

these were pre or post protocol additions. Whilst in both studies missing data was not 

accounted for or described. 

vi) In the Forst et al study 15, sample size n=19 was considered to limit quality. Small sizes ≤20 

were considered too small to draw yield reliable or precise estimates 19. 

 
 
 

First 
Author(ref) 

Bias arising 
from 
randomisation 

Bias due to 
deviations 
from 
intended 
interventions  

Bias due 
to 
missing 
outcome 
data 

Bias in 
measurement 
of outcome 

Bias in 
selection 
of 
reported 
result 

Final bias 
assessment 

Study 
quality is 
limited 
by the 
small 
sample 
size 

Ghoname 
14 

SOME SOME SOME HIGH HIGH HIGH NO 

Forst 15 LOW HIGH SOME HIGH SOME HIGH YES 
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Quality assessment of case series n=3.   
 
Table 3.6: Quality assessment of non-randomized trials using The Joanna Briggs Institute Critical Appraisal 
tool for Case series studies. 
Intervention type Ext non-invasive low-frequency nerve 

stimulation 

Authors Sierakowski 16 Johnson 
17 

Johnson 
18 

Major components    

1. Were there clear criteria for inclusion in the case series? Y Y N 

2. Was the condition measured in a standard, reliable way for all 

participants included in the case series? 

N Y N 

3. Were valid methods used for identification of the condition for all 

participants included in the case series? 

N Y N 

4. Did the case series have consecutive inclusion of participants? Y Y N 

5. Did the case series have the complete inclusion of participants? Y Y N 

6. Was there clear reporting of the demographics of the participants in 

the study? 

N Y N 

7. Was there clear reporting of clinical information of the participants? N Y N 

8. Were the outcomes or follow up results of cases clearly reported? N Y N 

9. Was there clear reporting of the presenting site(s)/clinic(s) 

demographic information? 

Y Y Y 

10. Was statistical analysis appropriate? N Y N 

11. Study quality is limited by the small sample size U Y Y 

N= No, Y= yes, N/A= not applicable or not relevant in terms of study design, U= unclear. 

 

i) Condition measurement bias was found for both Johnson 18 and Sierakowski 16 due to limited 

description of the patient’s baseline characteristics and previous treatments.  

ii) Moderate identification bias was found for Johnson 18 and Sierakowski 16 as patient 

identification did not include a standardised measurement.  

iii) Statistical analysis was not considered appropriate when: 

a. Missing data were not accounted for or described (Johnson 18 and Sierakowski 16) 

b. Studies did not adequately describe statistical methods (Johnson 18 and Sierakowski 16) 

iv) A high attrition rate (> 20%) was described by  Johnson 17, however, this was the only study 

to describe reasons for withdrawal.  
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v) Study quality was also often limited by small sample sizes (≤20) in both of the Johnson et al 

studies. 

Percutaneous electrical nerve stimulation (PENS) 

PENS involves the electrical stimulation of individual nerves or dermatomes via fine gauge needles 

inserted near the nerve or dermatome associated with the pain.  

One study met the inclusion criteria 14.  

Pain outcomes and stimulation parameters.  

Ghoname et al conducted a single-blinded (investigator) randomized sham-controlled cross-over 

trial comparing low frequency percutaneous electrical nerve stimulation (PENS), and low-frequency 

transcutaneous electrical nerve stimulation (TENS) to sham PENS (n=64) for the treatment of 

sciatica14. All patients received the three modalities according to one of three different sequences: 

(1) Sham ± PENS ± TENS; (2) PENS ± TENS ± Sham; or (3) TENS ± Sham ± PENS. Each treatment was 

administered for 30 min, three times per week, for 3 weeks, with 1 week ‘off’ between each 

modality. All patients received all three modalities over the 11 weeks. Both PENS and TENS 

treatments were delivered at a stimulation frequency of 4 Hz, a pulse width of 0.1m/s and were 

adjusted to produce the highest tolerable amplitude without muscle contractions. The sham PENS 

delivered no electrical output.  The sham PENS and active PENS were connected to 5 bipolar leads 

(with each lead connected to 1 positive and 1 negative probe) and therefore used a total of 10 

needles placed in the territory of the sciatic nerve. The TENS used 4 medium-sized (2.5-cm) 

cutaneous electrode pads placed along the course of the sciatic nerve. A visual analogue scale (VAS) 

scores for pain intensity, level of activity and quality of sleep 24hr before receiving the first 

treatment (before) and 24hr after the last treatment (after) were assessed for each modality, with 

0= best and 10= worst. For spontaneous pain intensity, they report for both PENS and TENS 

significant improvements in before and after scores p<0.05 (PENS= 7.2 - 4.1, ±1.6, TENS =7.0-5.4 

±1.9), and minimal change for sham PENS (6.6 - 6.1, ±1.9). For the level of activity and quality of 

sleep, they also report for both PENS and TENS significant improvements in before and after scores 
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p<0.05 (PENS= activity 6.4 - 4.0, ±1.9; sleep 5.5 - 3.1, ±1.9, TENS = activity 5.8 – 4.5 ±1.7, sleep 5.0-

4.0 ±2), and minimal change for sham PENS (activity 6.0 – 5.5, ±2; sleep 5.2-4.9, ± 1.9). Across all 

these outcome domains PENS was significantly different from sham-PENS and TENS, P< 0.01, and 

confidence intervals were not described. 

TENS 

TENS involves the application of variable electrical frequencies typically using adhesive electrodes 

and transcutaneous electrodes placed directly on the skin surface. One study was found that met 

the inclusion criteria15. 

Pain outcomes and stimulation parameters.  

Forst et al conducted a double-blind, randomised study that compared TENS with a placebo TENS, in 

19 patients (8 patients per group) suffering from mild-to-moderate symptomatic diabetic 

neuropathy affecting the feet 15. The severity of neuropathy was defined using the neuropathy total 

symptom score (NTSS-6), with the total symptom score ranging between 4 and 16.  Stimulation pads 

were placed at the anatomical localisation of the peroneal nerve and stimulation was performed 

either using the 2Hz stimulation or an electrically inactive device for periods of 30minutes once a 

day. Further stimulation parameters were not described. At baseline, after 6, and 12 weeks of 

treatment, the patients' symptoms were registered using the new total symptom score (NTSS-6) and 

a visual analogue scale (VAS). They reported significant improvement in NTSS-6 score after 6 weeks 

(-42 %) and after 12 weeks (-32 %) of treatment for the active TENS group but no significant change 

associated with the sham treatment (baseline: 10.0±3.3, 6 weeks: 5.8± 5.0, p<0.05; 12 weeks: 

6.8±3.9, p=0.05; placebo group: baseline: 7.6±3.1; 6 weeks: 8.1±5.1, n.s.; 12 weeks: 6.5±6.1, non-

significant). A significant improvement in the VAS rating was found after 6 weeks of TENS therapy 

(19.8±5.0 to 14.4±9.6; p<0.05), which was maintained at 12 weeks, while no change was observed in 

the placebo arm. Sub analysis of the different qualities of the NTSS-score revealed an improvement 

in allodynia (1.4±1.6 to 0.5±1.0; p<0.05), but also numbness (2.2±1.0 to 1.6±1.3; p<0.03) and 



66 
 

lancinating pain (1.6±1.1 to 0.6±0.9; p<0.02) at 12 weeks, while no change was observed in the 

placebo arm. The observed reduction in reported allodynia would support LTD induction.  

 

External noninvasive low-frequency nerve stimulation 

Two prospective studies and one retrospective follow-up, using a spherical nerve-mapping probe 

that is placed over the skin to electrically stimulate the peripheral nerve, were identified 16–18 as 

illustrated in Figure 3.2.  

Figure 3.2 Pajunk Multistim Sensor machine. 

  

A retrospective follow-up study was considered too small and problematic in terms of potential bias 

to provide any useful evidence. 

Pain outcomes and stimulation parameters. 

Both prospective studies used the same device (Pajunk multistim sensor, Pajunk Germany- Fig 3.2) 

and were stimulated at frequencies of 2 Hz for periods of 10 minutes. Sierakowski et al evaluated 

response in 72 consecutive patients with neuropathic pain in the upper limb 16. Patients were 

treated once a week for an average of 8 weeks. Stimulation was delivered in the territory of the 

affected nerve at a frequency of 2 Hz, at an intensity just below the level of discomfort. Following all 

treatments, the largest recorded pain reduction for each patient was used to calculate overall 

improvement (range or variation in this score is not provided). An overall pain reduction from 8.4 

(SD 1.6) before treatment to 4.2 (SD 3.5) afterwards (p < 0.001) was reported. The study also used a 
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grading system to quantify the duration of pain relief. ‘Cure’ occurred in 8/72 (11%) cases and 

describes complete pain resolution with no recurrence during the follow-up period. 39% (28/72) of 

cases experienced pain relief lasting between 1 day to 1 week, whilst 51% (37/72) of patients had no 

benefit (< 1-day relief). All patients with a positive effect were followed up for 6 months, 77% of 

these (28/36) had ongoing benefit whilst 8 had terminated their follow up (reasons not stated).  

The smaller study by Johnson et al recruited 20 patients referred to a tertiary pain clinic with a 

diagnosis of either complex regional pain syndrome or neuropathic pain after peripheral nerve  

injury 17. Participants completed three stages of treatment: stage 1, six weekly treatment sessions; 

stage 2, six-week equipment home loan; stage 3, six weeks of no treatment. Stimulation was 

delivered in the territory of the affected nerve using a frequency of 2Hz and a pulse width of 1.0m/s. 

The intensity was gradually increased from 0 mA to the maximum level tolerable (motor responses 

were accepted). Results show a significant reduction of 2.8 NRS, 95% CI 1.6–4.0, p < 0.001, intention-

to-treat analysis), with 55% (11/20) of patients reporting ≥50% pain reduction. The treatment effect 

durations were relatively stable throughout the study period and no cumulative effect with 

treatment was observed. Within stage 3 (no treatment) a trend toward baseline mean scores was 

observed, suggesting some treatment frequency is needed to maintain efficacy. Significant reduction 

in surface areas of allodynia following stage 1 (p=0.001; the sum of positive and negative ranks: 131, 

−22.00), and stage 2 (p=0.008; the sum of positive and negative ranks: 133, −20.00). A reduction in 

surface areas of allodynia would be in keeping with the possible induction of LTD.  

Discussion 

The objective of this systematic review was to consider potential neurostimulator therapies for 

neuropathic pain where induction of LTD via LFS may be a possible working mechanism. All 5 studies 

showed a reduction in pain intensity following repeated treatment using stimulation of ≤4Hz for 

periods of 10- 30 minutes or longer. The evidence from these 5 studies, therefore, suggests that LFS 

is effective in terms of pain reduction for chronic neuropathic pain. The magnitude of effect appears 
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to vary greatly across studies, and between-study comparisons were limited by the heterogeneity of 

study methods. Evidence to support LTD as the working mechanism underpinning therapeutical 

success was limited and further evidence of effect is required.  

Measurement of LTD 

LTD describes a reduction in synaptic efficacy20. LTD in response to LFS has been demonstrated as a  

reduction in heightened somatosensory evoked potentials and pain responses to a cutaneous 

stimulus in experimentally induced pain states 4–6. This review highlights that for most clinical studies 

the primary outcome was the reduction in spontaneous pain intensity. Although a reduction in 

spontaneous pain may follow a reduction in stimulus-evoked pain, it does not necessarily 

demonstrate a reduction in synaptic efficacy and may also reflect effects other than LTD. Therefore, 

to confidently evaluate whether LTD is a plausible mechanism of action, the additional inclusion of 

an outcome measure that illustrates a reduction in pain sensitivity to evoked painful stimulus studies 

would be needed. Two out of the five included LFS studies contained measures that quantified a 

change in evoked pain responses 15,17. In both of these studies, a reduction of allodynia was 

measured 15,17, one included an objective measure17, whilst the other reported change in subjective 

measures of pain quality including reported allodynia15.  The inclusion of these outcomes in both 

studies demonstrated that LFS suppressed heightened pain responses and would support the 

presence of LTD. Therefore, assessments that additionally measure changes in evoked pain 

responses should be considered for trials where LTD could be considered the mechanism of action.  

Stimulation parameters and delivery 

Stimulation frequency 

LTD in experimental research is optimally achieved at 1-2 Hz stimulation, with declining effect 

outside of this range and no effect observed at frequencies of 10 Hz4,5,21. Hence, frequencies of 

<10Hz were considered plausible for induction of LTD. No literature was found that described 
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stimulation between 4-10Hz and therefore LFS within this review refers to stimulation delivered at 

≤4Hz.  

One of the included studies stimulated using PENS and TENS at 4 Hz whilst for the further 4 studies 

stimulation using TENS or external peripheral nerve stimulation was described at 2 Hz. The small 

number of studies identified reflects that LFS is currently not widely considered.  Within the 

screened literature the term low frequency stimulation referred to stimulation delivered at a 

frequency of 4 Hz for studies examining PENS, and no studies were identified that explored 

stimulation below this frequency. Further studies examining the use of PENS in other pain conditions 

have suggested that improved analgesic responses may be achieved by using higher frequencies of 

50-100 Hz22,23. Higher frequency stimulation would involve mechanisms other than LTD. The LTD 

literature suggests LTD is optimally achieved at 1-2 Hz stimulation, with declining effects below and 

above these frequencies4,5,21.  Therefore, it is possible within these studies stimulation was not 

within the optimal range to induce LTD and future studies could consider lower frequencies with LTD 

optimisation in mind.  

Stimulation electrode 

Experimental induction of LTD via LFS has illustrated that the shape of the electrode is of 

importance. This is because LTD is associated with the preferential activation of A-δ fibre afferents, 

which typically require high current density to achieve adequate depth of penetration 6. Studies 

examining different electrode shapes have found intraepidermal electrodes or small spherical 

percutaneous electrodes best achieve the required current density to activate the A-δ fibre afferents 

required to induce LTD21,24. Therefore, PENS therapy and the spherical pen-shaped electrode used 

for external peripheral nerve stimulation would both theoretically be capable of achieving the high 

current density required to induce LTD. Conversely, the flat surface electrodes used with TENS would 

make it challenging to achieve the required current density to adequately stimulate A-δ fibres and 

induce LTD without using a very high stimulation strength, which evidence shows few patients can 
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tolerate 25,26. Consequently, TENS has been shown in experimentally induced neuropathic pain 

models to be more typically associated with activation of larger diameter A-beta nerve fibres that do 

not require high current density stimulation 27,28. It is therefore unlikely that low-frequency TENS 

therapy was associated with LTD. 

Stimulation intensity 

The strength of stimulation has additionally been found to be important in terms of LTD induction. 

A-δ fibres are preferentially activated at intensities perceived as sharp and painful 5,6, whereas 

stimulation at lower intensities has been suggested to mainly activate Aβ fibres not associated with 

LTD 10. Some degree of pain with the electrical stimulus is thus required to obtain LTD 2. Evidence 

from studies in healthy human subjects suggests stimulation strengths of 2- 4 times pain perception 

are associated with sustained depression of pain perception5,6. Pain threshold is defined as the 

minimum intensity of a stimulus that is perceived to be painful29. Further evidence in healthy human 

subjects suggests strengths below 1-time pain threshold and above 5 times pain threshold produce 

less pronounced LTD than strengths between 2-5 times pain threshold 30. These combined results 

are suggestive of a u-shaped relationship concerning the intensity of stimulation and the strength of 

LTD. Out of the five included studies, 3 included some description of stimulation strength. Ghoname 

et al in the PENS study described stimulation intensity was delivered at the highest tolerable 

amplitude without muscle contractions14. In the external non-invasive nerve stimulation studies; 

Johnson et al stimulated at the maximum level tolerable (motor responses were accepted)17, whilst 

Sierakowski et al describe stimulation just below the level of discomfort16. These descriptions would 

imply that a degree of painfulness was associated with stimulation for both the Ghoname et al and 

Johnson et al studies, however, it is also possible that stimulation was too strong in some cases to 

achieve optimal LTD. The Sierakowski study stimulated just below discomfort, and therefore it is 

unlikely the stimulus was perceived as painful, which is considered necessary for induction of LTD. 

Within the Sierakowski study, the primary outcome was pain reduction on an NRS following 

treatment compared to baseline. The post-treatment score was taken as the largest recorded pain 
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reduction out of a total of 8 treatment sessions. The range or variation in the post-treatment scores 

following each treatment is not provided, and therefore, it is not clear whether pain reduction was 

consistent following each treatment session. Additionally, a strong placebo response cannot be 

excluded in the absence of a control group.  

Future trials need to consider how optimal stimulation strength is achieved and how this is 

described.  This is more challenging for trials where the control has no perceivable output.  

Stimulation duration 

There is evidence from animal studies that stimulation of at least 900 pulses is required to achieve 

the prolonged rise in calcium to activate calcineurin. Calcineurin is a calcium-dependent phosphate 

implicated in LTD 8,9. In human studies pulse durations of at least, 900 - 1200 pulses have been 

shown to produce the most pronounced reduction in pain responses, with some suggestion that 

even longer pulse durations if tolerated would be beneficial 5. The two non-invasive peripheral nerve 

stimulation trials stimulated for 10 mins 16,17, whilst the TENS study stimulated for 20-30 mins and 

the PENS study stimulated for 30 min periods. Therefore, all included studies would have achieved 

the required 900 pulses deemed essential to influence the intracellular Ca2+ concentration and 

phosphate binding that is important to LTD induction.  

Summary of stimulation parameters and delivery 

Stimulation parameters conducive to LTD induction in experimental studies were observed in four of 

the five reviewed neurostimulation studies 14,16–18, two of which were uncontrolled trials of external 

non-invasive peripheral nerve stimulation (2Hz), with a high risk of bias in many areas including high 

attrition16,17. The third retrospective follow-up study was considered too small and problematic in 

terms of potential bias to provide any useful evidence18. The fourth study was a controlled study 

examining minimally invasive PENS (4Hz) 14. All studies support that significant and stable pain 

reduction can be achieved in response to LFS. There is, therefore, limited evidence supporting 
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treatments where LTD could be plausible and merits further exploration alongside other established 

stimulation methods. 

Limitations 

The review highlighted several methodological limitations in the literature, such as high bias related 

to reporting of outcomes and handling of outcomes.  

A further limitation of the controlled trials was that both utilised a device with no stimulation 

output. How the absence of paresthesia was explained to patients and the success of blinding is not 

described, therefore, it is not possible to evaluate the success of the intended sham. The creation of 

a valid sham that produces some sensation of paresthesia without providing the therapeutic benefit 

is a challenging area for all controlled trials of neurostimulation but is needed to improve the quality 

of future studies31. Additionally, this may also help reduce the high attrition rates that were seen in 

many studies. 

A large number of trials were excluded from the current review on the basis that stimulation 

parameters were not adequately described, and this was considered a major limitation of the 

general neurostimulation literature. The manipulation of programming parameters has the potential 

for preferential targeting of different fibres to produce different effects 32,33. Therefore, to improve 

outcomes, consideration should be given to programming parameters and potential mechanisms of 

action.  Failure to describe programming parameters in the neuromodulation literature has been 

recognised and there have been recent calls for future neuromodulation studies to provide more 

detail regarding programming parameters 31,34.  

Evidence implies that mechanisms of LTP and LTD reflect centrally mediated mechanisms such as 

central sensitisation rather than peripheral mechanisms2. Therefore. LTD is likely to have greater 

relevance for patients displaying a predominant ‘mechanical hyperalgesia’ sensory phenotype and 

who specifically demonstrated mechanical dynamic allodynia and secondary hyperalgesia 30,31. 

Patients with peripheral nerve injury demonstrate high rates of positive sensory signs associated 
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with this phenotype, specifically dynamic mechanical allodynia and pinprick hyperalgesia 35. 

Therefore, patients with this pain type may be more receptive to treatment where LTD is the 

proposed working mechanism. Stratification of patients, according to specific sensory profiles based 

on mechanistic understanding of sensory profiles, could therefore be helpful to future studies but is 

generally not considered within the current neuromodulation literature. The idea of stratifying 

patients with neuropathic pain based on sensory profiles is not new and seminal work has already 

commenced in this area 35,36. Trials designed with this in mind may also demonstrate even better 

outcomes as treatment becomes more personalized and appropriate. 

Conclusion 

We found evidence to support pain reduction associated with LFS, whilst evidence to support LTD in 

chronic neuropathic pain was limited. The review highlights that few studies justify treatment either 

based on the mechanism of action or stimulation parameters. Future neurostimulation trials that 

additionally consider the mechanism of action have the potential to help better stratify patients and 

treatment selection and improve outcomes. The need to improve currently poor treatment 

outcomes for patients with peripheral neuropathic pain has already been described as a clinically 

unmet need 37,38. Therefore, there is good justification to further explore neurostimulation 

treatments that could be associated with benefits for this pain group. This systematic review 

identified four studies that potentially support LTD as a working mechanism. One evaluated the use 

of 4Hz PENS for sciatica. As suggested, lower frequency stimulation is generally considered optimal 

for the induction of LTD, however, there is currently no evidence for PENS at delivered at lower 

frequencies.  PENS is a minimally invasive form of treatment, and therefore, requires repeated 

hospital visits to administer treatment. Two prospective case series studies treated neuropathic pain 

conditions where LTD would be considered a relevant mechanism and provided promising results in 

terms of efficacy 16,17. A further retrospective follow-up study that utilised similar parameters was 

considered too small and problematic in terms of potential bias to provide any useful evidence18. 
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Neither of the prospective studies employed a control arm, therefore, the review highlights a gap in 

current evidence, and future studies are needed that a) confirm LTD is the working mechanism and 

ii) confirm efficacy with RCTs.  
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Chapter 4:  Sham controls in interventional pain trials – tricky in 
practice 
 

Introduction 

The previous chapter highlighted that a limitation in many neurostimulation trials is the absence of a 

credible and valid sham control. This chapter, therefore, considers some of the issues surrounding 

the use of sham-controlled trials within interventional pain trials. When considering this issue, it is 

important to recognize why a trial would require a sham control.  

To ensure patients receive the best available care for their condition and to limit the potential harms 

associated with patients being exposed to ineffective treatments high-quality evidence is required. 

Randomised controlled trials (RCTs) are considered the ‘gold standard’ in research in terms of 

demonstrating treatment efficacy and producing high-quality evidence 1. Within an RCT subjects are 

randomly allocated to either an experimental group or a control group and assessed for outcomes of 

interest. The most rigorous type of RCT is a ‘double-blind RCT’, where clinicians and participants are 

unaware of the treatment received. Within trials of this type, any bias that may arise from 

knowledge of treatment is presumably eliminated and any unspecified effects are fairly reflected2.  

A placebo control describes a treatment that is similar in every respect to the treatment being tested 

except that it does not contain the active component that is thought to be associated with the 

therapeutic effect 3. Similarly, a sham control describes a procedure/ intervention designed to 

resemble the procedure or intervention being tested but that does not contain the component 

thought to be associated with a therapeutic effect 3,4. Typically, the term ‘placebo control’ is used in 

pharmacological interventional trials where common placebos include inert tablets (like sugar pills) 

or inert injections (like physiological saline solution). Whilst the term ‘sham control’ is retained for 

interventional trials that examine devices, psychological and physical treatments (such as sham-

controlled nerve stimulation or acupuncture).  
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The use of a sham-controlled randomised trial design, therefore, lends itself well to the conduct of 

double-blind RCTs as it facilitates high-quality evidence free of many forms of bias. However, a 

recent search of the Medline database revealed that of 8,233 interventional chronic pain studies 

only 340 (4%) employed a sham control 5. One suggested reason for the low number of such trials is 

the understanding that the development of credible sham procedures is often challenging and may 

also require considerable resources 6. Initial scoping searches of the literature suggested that there 

was a need for a comprehensive overview that synthesises all the available evidence to guide 

researchers in this area. Therefore, a narrative review was conducted to summarise relevant 

literature that describes the key issues and considerations relevant to researchers when designing 

sham-controlled interventional pain trials. 

Methods 

To describe the key issues and considerations in justifying the use of and designing a sham-control in 

interventional pain trials, we conducted a literature review. Databases searched were MEDLINE and 

Science Direct in addition to references to identified articles. Searches were limited to English and 

human studies with no date limits. An example search strategy was developed as below following 

consultation with a medical librarian Table 4.1.  

Table 4.1. Example search strategy 
Databases searched Science direct and Medline 
Search strategy Search Strategy – Medline (Ovid) 

1. Sham  
2. control 
3. device 
4. intervent*  
5. intervention* 
6. 1 and 2 
7. 3 or 4 or 5 
8. 6 and 7 
9. evaluat* 
10. issue* 
11. design 
12. consideration* 
13. problem* 
14. 9 or 10 or 11 or 12 or 13 
15. 8 and 14 

Limit to (English language and humans) 
* Denote where truncation was used as part of searches 
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Searches were originally conducted in January 2019 and re-run and updated in April 2021. Articles 

were included if they described or discussed issues relating to the conduct or design of a sham-

controlled trial. All abstracts identified from the database search were independently reviewed and 

screened by one reviewer. Data extraction included article characteristics of author, year, identified 

considerations for use of sham controls and main themes.  

Results 

Searches of electronic databases returned 499 records and 15 additional articles were identified via 

article references; 481 of these abstracts were excluded as not relevant, resulting in 43 articles 

which have informed the narrative review (Fig 4.1). The review has been sub-sectioned by the main 

identified themes and relevant subthemes (Table 4.2). 

Figure 4.1 PRISMA flow chart 
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Table 4.2. Identified themes relevant to sham trial design and conduct. 

 

 

 

 

 

 

 

Study design 

The choice of study design has a significant bearing on the conduct of sham-controlled studies. The 

literature describes several study designs that include sham-controls, such as ‘parallel-group’, ‘cross-

over’, and ‘enriched-enrolment’. For each of these study designs, we discuss some of the highlighted 

issues relevant to the use of a sham control.  

Parallel group 

Within this study design patients are randomly assigned to either only the sham or active treatment 

arm7. The design facilitates subject blinding to treatment allocation because subjects can’t directly 

compare active with sham treatments provided, they have no prior experience of the intervention or 

contact with other study patients. A limitation of this study design is that not all patients will receive 

the active treatment, which may adversely impact a patient’s willingness to participate and needs to, 

therefore, be ethically justifiable. To aid study recruitment or retention an open-label extension 

after completion of the main study is desirable 8–10. An open extension may sometimes also allow for 

extended evaluation of treatment effects; however, many patients may withdraw before this follow-

on period if they experience adverse events, lack of treatment efficacy, or they may opt not to 

Main Identified Themes Sub- Themes 
Study design Parallel Group 
 Cross-over design 
 Enriched enrolment 
Design issues relating to sham Mechanism of action 
 No perceivable output 
 Sub-therapeutic dosing 
 Testing of sham  
Sources of bias and mitigating bias in sham trials Blinding 
 Assessment of blinding 
 Clinical interactions 
 Expectation 
Study population Placebo effects 
Ethics Equipoise 
 Risk-benefit balance 
 Informed consent 
 Deliberate deception 
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continue treatment for other reasons 11,12. Therefore, careful attention to biases such as patient 

selection bias needs to be considered as part of the method of analysis and study attrition needs to 

be clearly described and managed where open-label extension is used 12.  

Cross-over design  

In cross-over design studies patients are randomised to the active and sham treatment arms and 

subsequently cross-over to the alternative treatment following completion of the initial treatment 

9,13. The influence of inter-individual variability is minimised as subjects act as their own control. As 

all subjects are exposed to both active and control treatments, cross-over studies typically require 

fewer subjects to achieve the same statistical power as parallel designs and therefore are less costly. 

However, as subjects can compare their experience of both interventions there is a risk of subjects 

becoming effectively unblinded following cross-over. This is particularly salient for neurostimulation 

trials which involve an active device that produces a perceivable sensation, and a sham device 

produces no perceivable output. In an extreme example of such issues all patients correctly guessed 

their treatment allocation following cross-over, rendering the use of ‘sham’ pointless 14. Attrition 

rates may also be high in the active-sham group with patients dropping out after crossing over 15.  

Enriched enrolment 

For most chronic pain treatments, profound clinical response is confined to a minority of patients 

and there will be subgroups that have no response at all 16. There is therefore a danger that some 

treatments that potentially work well for subgroups of patients are dismissed as non-effective based 

on the results of conventional trials. Enriched enrolment studies exploit the observation that some 

treatments work better in some individuals than in others, by first exposing all patients to treatment 

and then only randomising patients who have demonstrated a good response to treatment 17. As 

such it has been proposed that enrolment studies can help to identify the subgroups of patients who 

benefit from treatment and hence provide information relevant to clinical practice16,17. Currently, 

this method has been used mostly in drug trials. For example, enriched enrolment has been used in 
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several studies to evaluate the efficacy of opioids in comparison to placebo treatment within non-

cancer pain trials 17,18. Conversely, several systematic reviews have suggested that there is no 

difference in terms of pain outcomes between trials of this type and non-enriched studies in this 

area, creating some uncertainty regarding the value of an enrichment trial design 17,18. A further 

caution suggested with this type of trial is that as the unblinded phase of an enriched enrolment 

study familiarises all participants with the treatment effects there is a significant risk of unblinding in 

the randomisation phase 18. For sham-controlled device trials, this would require careful 

consideration in terms of what stimulation parameters could be used to maintain blinding whilst 

providing no therapeutic effect (see also design of the sham device).  

Design of the sham device 

The literature discusses various issues surrounding the design of a sham intervention which relate to 

the mechanism of action of the active intervention, the use of sham controls with no perceivable 

output and subtherapeutic stimulation and feasibility testing.  

Mechanism of action 

Establishing a sham treatment that does not contain the component thought to be associated with 

the therapeutic effect is difficult to achieve when the working mechanisms of the active treatment 

are not clearly understood. This issue was highlighted by the international group of experts and 

stakeholders who developed the Template for Intervention Description and Replication (TIDieR) 

checklist and guide 19. They reported that for too many sham-controlled trials the supposed 

mechanisms for the active treatment were unclear, and therefore, it also remained unclear as to 

whether the proposed sham was truly ‘inactive’. They recommended that a suitable description of 

mechanisms should be included with study methods and attempts should be made to understand 

which specific components of the ‘active’ arm thereby need to be controlled 19.  
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No perceivable output 

A favoured method due to its simplicity in numerous device trials is to use the same device for both 

the active and sham arm but simply disconnect the sham device from its power source creating an 

inactive control 14,20,21. Whilst this purports to be a simple solution, this type of sham fails to replicate 

often expected sensations or side effects associated with the active treatment. This can jeopardise 

treatment credibility 22–26and as previously highlighted inadvertently lead to unblinding 14. Common 

recommendations when utilising a device with no perceivable effect are to exclude patients with 

previous experience of the intervention and avoid cross-over designs 14,27.  

Subtherapeutic dosing  

An alternative sham design involved the delivery of subtherapeutic doses such as shorter duration or 

lower strength version of a neuromodulation paradigm. A recent systematic review of randomized 

sham‐controlled trials of spinal cord stimulation (SCS) describes four studies that used lower 

intensity tonic stimulation as sham control 28. A highlighted limitation of these studies was that in 

the absence of pre-trial testing of the sham, the absence of a true, albeit perhaps smaller 

therapeutic benefit cannot be confidently excluded which may have led to an underestimation of 

the active treatment effect. Given that pre-trial testing will be subject to similar bias parameters as 

trial intervention, understanding of and ideally monitoring the application of the active mechanism is 

again important (see also next paragraph).  

Testing of the sham 

 A study by Sheffer et al 25 looked specifically at the development of a sham technique for high-

frequency repetitive transcranial magnetic stimulation (rTMS). In this study, the sensation produced 

by the active device was considered an important factor that needed to be replicated by an 

adequate sham to prevent unblinding. The group developed a sham that used focal stimulation of 

the scalp and used brain imaging to confirm that this stimulation was not associated with cortex 
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activation. Following patient evaluation, they concluded that focal electrical stimulation can be an 

effective sham control for high-frequency rTMS. Such studies are rare, and it is widely recognised 

that very few studies report how the sham has been tested/ developed or how treatment credibility 

was assessed 6. The development of a sham intervention itself may be facilitated by the involvement 

of other agencies such as industry and patient groups to overcome these various challenges.  

Sources of bias and mitigating bias in sham trials 

Bias refers to a type of error that affects how a result is interpreted due to the way the study was 

designed or conducted 29. Where bias is large, the results of a sham-controlled study may be 

inaccurately interpreted. There are various issues surrounding bias in sham-controlled trials such as 

blinding, assessment of blinding, observer bias and expectations. 

Blinding  

Bias associated with inadequate blinding of treatment allocation is cited as one of the major sources 

of bias in sham RCTs 6,30,31. Although sham-controlled studies in theory reduce the risk of bias by 

facilitating blinding to treatment allocation, it can be difficult to blind treatment allocation fully.  In 

certain cases, to ensure an intervention is delivered safely and accurately it may not be possible for 

the clinician delivering the treatment to be blinded to treatment allocation. For example, for surgical 

procedures, it would be necessary in most cases for the surgeon to be aware of the differences 

between active and sham treatments. Equally, it would be hard to blind a clinician delivering 

treatment when there are evident differences in treatment response between sham and active 

treatments. In cases such as these, it is strongly advised to limit detection bias (i.e. say what that is) 

that independent, blinded assessors of outcome are involved 19,32. It is recommended that all double-

blind trials adequately describe all measures used to blind participants and researchers to allow 

confident interpretation of the risk of unblinding bias within a given study 2,19. However, it has been 

illustrated by various systematic reviews of sham-controlled studies that adequate description of 

study blinding is generally poor 28,33–35.  
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Assessment of blinding 

In addition to considering how blinding is achieved, it has also been highlighted that studies need to 

consider how it is assessed 2,36.  An early review conducted by Hrobjartsson analysed a random 

sample of blinded randomized clinical trials indexed in The Cochrane Central Register of Controlled 

Trials 31. They identified 1599 blinded trials and found only 31(2%) of those trials reported tests for 

the success of blinding. In most cases, assessment of blinding was only conducted for patients, and 

they conclude that to demonstrate successful blinding, assessment should ideally include all 

individuals that are described as blinded (e.g., including the assessors of outcomes). Furthermore, 

they highlight that there is also uncertainty around the best way to assess blinding and a lack of 

formal measures to do this. Most studies ask people to guess between the experimental and control 

arm and there is some debate as to whether an additional ‘don’t know’ category should also be 

included 31,32. Further variation exists concerning when to assess. A positive test conducted during, 

or after the end of the trial cannot be interpreted as a clear indication of bias, as ‘unblinding’ may be 

caused by the experience of a true treatment effect 31. Assessment immediately after an 

intervention may provide information regarding the credibility of the sham, but it does not assess 

how blinding was maintained during the study. There is therefore huge potential for variation across 

studies in how assessment of blinding is conducted. The literature generally describes that 

assessment of blinding is poorly considered, and 1/3 of studies that assess blinding contain no clear 

information concerning the result of any assessment 31.  

Clinical interactions 

Clinical interactions have additionally been found to strongly affect treatment response and can 

inadvertently lead to unblinding of subjects by clinicians, either consciously or subconsciously 37–39. 

To mitigate this type of bias, clinicians must consider how information is delivered and presented to 

ensure both the active and sham treatments are delivered in an equal and comparable way. TIDieR 

guides researchers in this area and asks for studies to provide detailed documentation and reporting 
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of key study elements, such as patient monitoring, study procedures, and verbal and written 

instructions 19.  

Expectations 

What we think or expect about treatment has also been shown to strongly impact treatment 

response 40–42. Bingel et al in a study using functional magnetic resonance imaging found that 

positive and negative treatment expectation was related to the activation of different areas of the 

cortex43. They found positive expectancy was associated with activity within the endogenous opioid 

system and enhanced analgesic effect, and that negative expectancy impacts the hippocampus and 

abolished analgesic response 43. The power of expectation is especially significant for sham-

controlled trials, as both patients and clinicians expect that half the sample will receive the sham 

intervention. It has therefore been proposed that patient expectation of benefit is assessed before 

they commence a trial, and that perception of effectiveness is assessed on trial completion 44,45. An 

important implication of the above findings is the weight of verbal and nonverbal communication 

concerning expectation. This will include not only how researchers communicate but also how 

participants talk to one another 46. This will involve considering not just what happens in the 

clinic/treatment room but also what can be communicated within waiting areas and via the web and 

social media.  

Study population  

Placebo effect  

Many randomized, double-blind clinical trials in neuropathic pain have failed to demonstrate a 

significant difference between active treatment and sham treatments, despite previous positive 

results of pre-clinical studies 47–49.  This has in part been attributed to strong placebo responses in 

chronic pain states as compared to other conditions. The degree of placebo response varies greatly 

across different chronic pain conditions 47,50,51.  A systematic review by Arakawa considered variation 

in placebo responses in neuropathic pain syndromes 52. They demonstrate that the proportion of 
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patients expected to have a 50% or better pain reduction in placebo control groups can be hugely 

different depending on the type of neuropathic pain syndrome. For example, a response rate of 23% 

was reported for trials of peripheral neuropathic pain, 15% for posttraumatic peripheral neuropathic 

pain and 26% for painful diabetic peripheral neuropathy (95% CI) 52. It has also been demonstrated 

that even within syndromes the presence of certain symptom characteristics can also influence the 

‘response rate’, response rate (the number of patients that show a positive response to treatment). 

For example, studies that include symptoms of hyperalgesia have been suggested to have amongst 

the largest placebo responses 51,53,54. This highlights how variable individual responses can be, even 

within similar conditions and the need to carefully consider how diagnostically homogenous a 

population may need to be to demonstrate treatment efficacy 13. For chronic pain trials, this is not 

without challenges as not all types of chronic pain have well-accepted diagnostic criteria. For 

example, chronic low back pain, although very common, can have variable characteristics depending 

on whether one is examining non-neuropathic or neuropathic symptoms.  

Ethics 

Within the literature, the most frequent objections to the use of sham-controlled studies come from 

the potential ethical concerns that are associated with their conduct, including equipoise, risk-

benefit evaluation and deliberate deception 4,55–57.  

Equipoise 

An ethical concern is created around whether it is ethically acceptable to allow patients to have an 

inferior treatment if researchers know one arm is superior. In a seminal paper in the New England 

Journal of medicine, Benjamin Freedman proposed the concept of equipoise 58. He debated that it is 

ethical to subject patients to an inferior treatment if the requirement for equipoise could be 

satisfied. He stated that “the requirement is satisfied if there is genuine uncertainty within the 

expert medical community about the preferred treatment- not necessarily on the part of the 

individual investigator-about the preferred treatment”. For example, although clinicians may feel 
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peripheral nerve stimulation (PENS) is beneficial for neuropathic pain, NICE guidelines 59 suggest 

there is currently insufficient evidence of efficacy to support its use, therefore, a trial comparing 

PENS to sham PENS would be considered to have equipoise. It is therefore important that any 

research establishes that there is adequate uncertainty regarding the relative efficacy of an 

intervention.  

Risk-benefit balance  

Critics argue that sham-controlled trials are unethical because participants assigned to the control 

group have no prospect of benefit from the trial, yet they are exposed to all the risks of the sham 

intervention. Conversely, when the efficacy of an intervention is not established or is under question 

it could be argued there are clear benefits from being assigned to the sham control. The use of a 

sham intervention should therefore involve weighing up the relative risks and harms associated with 

its use as part of a risk-benefit analysis 56,57,60. The literature suggests that risk-benefit analysis should 

consider; 1) the risk has been minimized for the scientific question to be answered, 2) the risk is not 

excessive, and 3) the risk is justified by important knowledge to be gained 56,60,61.  

Informed consent 

It has been suggested that it may be more difficult to obtain informed consent in sham-controlled 

trials because subjects within these trials have a greater risk of not appreciating or understanding all 

the potential implications of a sham control 56,61,62. Whilst it has also been suggested patients may 

participate in a sham-controlled trial believing it improves their ability to access further treatments 

in the future 62. Others have hypothesized that for interventional sham-controlled trials, the study 

subjects’ participants may think that an invasive intervention will not be performed if it does not 

have any potential benefits 63. Therefore, to meet the requirement of informed consent, sham-

controlled studies need to ensure and demonstrate that the purpose and nature of the sham 

intervention are understood by all study participants. 
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Deliberate deception 

In studies that use blinding of treatment allocation, study subjects are led to believe that the control 

could plausibly be the active treatment and therefore subjects are deliberately deceived to reduce 

bias 64. Deliberate deception has conversely been suggested unethical as it violates the principles of 

patient autonomy and may cause clinicians to feel a moral discomfort 55,61. Proposed ethical 

frameworks suggest that to justify the use of deliberate deception the following requirements 

should be shown to have been met; 1) deliberate deception is required to obtain valid data, 2) there 

is full disclosure to subjects regarding the use of deliberate deception, 3) subjects are aware they 

may receive a sham procedure 4) subjects are debriefed when the blind is broken 56,61.    

Discussion 

In a world that requires increasing reassurances to implement and develop evidence-based 

treatments, researchers need to convince funders, governance frameworks such as ethics, and 

patients concerning treatment efficacy. They must balance these issues to produce well designed 

and appropriately conducted trials. The inclusion of a sham control in a device trial can reduce bias 

by facilitating the conduct of double-blinded trials and therefore aid the conduct of high-quality 

research. Conversely, amongst published studies, the quality of identified sham-controlled trials was 

limited as methods relating to the conduct of sham-controlled were often poorly described.  

Several major and subcategory themes have been identified that describe quality items which if 

considered could improve the conduct of future sham-controlled interventional pain trials. 

Design and testing of sham 

Although guidelines call for studies to adequately describe how sham treatments have been tested 

and developed 19,64, what is striking from the literature is that very few studies do so 23,65,66. Testing 

of sham interventions adds additional time and cost to the conduct of a study. If a new 

interventional device or sham device is developed it must conform to medical devices regulation 
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policy. This will include consideration of UKCA (UK Conformity Assessed) or CE (European 

Conformity) marking and ensuring adequate indemnity insurances are in place. The most utilised 

form of sham controls in neurostimulation trials appears to be an active device that is disconnected 

from any power source and therefore produces no output. This design negates some of the policy 

processes such as CE marking just discussed, however, as highlighted in the review, carries a high 

risk of unblinding 15. Further design options, such as lower dose or subthreshold stimulation, fall 

short when the mechanisms of action for the active treatment are not fully understood as possible 

treatment effects cannot be excluded. To overcome such issues, future studies could consider and 

explore basic science and industry partnerships to develop valid and robust sham interventions. As 

part of this process, patient and public involvement are further recommended to ensure shams are 

developed that are deemed relevant and credible to the subjects they are evaluated on. This aligns 

with the increasing requirement of research funders for research to demonstrate patient 

involvement at every stage of research to improve research design and outcomes 67.  

Sources of bias and mitigating bias 

Under this theme, blinding was a predominant issue. Overall, blinding was found to be one aspect of 

trial conduct that was typically found to be poorly described in published trials 27,30,31.  Unblinding 

due to perceivable differences between sham and active interventions was cited as one of the most 

common sources of unblinding. To overcome unblinding, where this could be an issue, several 

papers recommended that patients with previous experience of the intervention should be 

excluded, cross over designs should be avoided and providing partial disclosure in terms of expected 

side effects of treatment should be considered 13,19. Many trials published after such 

recommendations appear to have incorporated many of these suggestions. Although most studies 

explained the differences between the sham and active devices, few described how these 

differences were explained and understood by both patients and clinicians. Conversely in clinical 

practice patient education is well recognised as an important aspect of any treatment procedure. 
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Therefore, there seems to be some disparity as to what is acceptable research practice and what is 

acceptable clinical practice. Additionally, there was much variation in how and when blinding was 

assessed, with many reviews concluding that the success of blinding was often unclear 2,68. Whilst 

this seems a common critique of the literature, recommendations about how and when blinding 

could be assessed are equally lacking. It is recommended that future studies provide an adequate 

description of measures taken to maintain blinding and justify when and how assessments are made 

19,28,68.  

Expectation 

The use of a sham control facilitates the conduct of double-blind trials to establish the efficacy of 

treatment over and above expectancy and other forms of bias 69. Participants and clinicians within 

sham-controlled trials may validly question treatment allocation which may affect expectations 

relative to treatment and outcome response. Blinding and assessment of blinding as discussed are 

undoubtedly important in terms of assessing the impact of expectations associated with treatment 

allocation 6,30. Whilst assessment of treatment allocation is commonly recommended but poorly 

implemented, assessment of treatment expectations appears to be less commonly considered. 

Deliberate manipulation of expectation relative to treatment efficacy has been demonstrated to 

enhance and diminish the effects of treatment and placebo responses 43,45,53. It is also recognised 

treatment expectations can be unintentionally manipulated via social and interpersonal interactions 

37,45. Treatment expectation therefore can be influenced by many factors which are associated with 

considerable ambiguity in terms of how best to assess and measure its influence within RCTs 70. 

Whilst most studies assess treatment expectations before treatment it is also suggested that 

expectations might be influenced by the course of treatment 44,45,70. Consequently, there are calls for 

studies to consider the assessment of treatment expectations at multiple time points (before, 

during, and after a procedure) 44,45,70. However, the effects of different assessment timing remain 

unclear and there is little evidence examining this in a systematic way 45. Treatment expectation, 
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therefore, represents an important multifactorial covariant. Studies should include a minimum 

assessment of expectation relative to treatment allocation and treatment efficacy, pre and post 

treatment, for patients but also clinicians and who are blinded.  

Study population- placebo effects  

The placebo effect is a powerful psycho-neurobiological mechanism for modulating clinical 

outcomes 45. Placebo effects as suggested can be influenced by expectation but have also been 

demonstrated to vary considerably between and within different pain conditions 47,50,51. Accurate 

estimates relative to potential placebo responses are required to inform study design in terms of 

power calculations and statically analysis. Therefore, researchers need to understand the relative 

magnitude of placebo responses relative to the study population. A systematic review has 

demonstrated significant variation in placebo responses between different types of neuropathic pain 

52. Additionally, the literature also illustrates there is further variation between placebo responses 

relative to different sensory symptoms 51,53,54. Quantitative sensory testing has been extensively used 

to evaluate the sensory features associated with different neuropathic pain syndromes. Results have 

defined patterns of loss or gain of function across multiple sensory modalities (‘somatosensory 

profiles’), which likely reflect underlying pain generating mechanisms such as peripheral, central 

sensitisation and potentially placebo potentials 71. Stratification of patients by sensory phenotype 

has been suggested, which could improve treatment selection and outcomes by allowing for 

mechanistically informed treatment selection. On this basis stratification of patients by pain type 

and additionally, sensory phenotype could also help in terms of understanding and evaluating 

placebo response and informing study design.  

Ethics 

The most well-documented areas surrounding the conduct of sham-controlled trials are the ethical 

considerations of conducting such trials. Various frameworks have been developed to help guide 

researchers through salient ethical issues such as equipoise, risk-benefit response, informed 
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consent, deliberate deception and moral discomfort 60,61. The consensus shared by the ethical 

literature surrounding the conduct of sham-controlled trials is not whether it is ethical to conduct a 

sham, but rather consider whether conditions that make it ethical have been met.  

Therefore, there are various issues to consider when conducting a sham-controlled trial and a 

holistic appreciation of these multiple factors are required to conduct good quality sham-controlled 

research studies.  

Conclusion 

Good quality sham-controlled trials are needed to support the efficacy of untested or unproven 

treatments. Currently, the methods used concerning sham-controlled trials are not always clearly 

described, which limits the quality and validity of findings. This chapter highlights some of the salient 

issues and provides recommendations for the conduct and reporting of future sham-controlled 

interventional pain trials.  
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Chapter 5: Methods  
 

We have seen that chronic neuropathic pain is a very challenging condition to manage and is 

associated with poor quality of life and function. Current management guidelines are heavily 

weighted on pharmacotherapy, often with modest outcomes 1,2. When pharmacotherapy 

management is measured as sub-optimal, either due to adverse events or insufficient pain relief, 

next-line therapy options include surgical lesioning or neuromodulation therapy 3. A disadvantage of 

surgical lesioning is that it is non-adjustable and not reversible. Neuromodulation therapy involves 

using electrical or chemical technology that acts directly upon nerves to alter or modulate nerve 

activity. Most neuromodulation technologies are invasive.  

Enhanced pain responses are common features of neuropathic pain and have been associated with 

the amplification of synaptic transmission in nociceptive pathways termed ‘nociceptive Long-Term 

Potentiation’ (LTP). It has been shown that Long Term Depression (LTD), the counterbalancing 

process of LTP, can be induced using low-frequency peripheral nerve stimulation at high current 

density4–7. Given the psychophysical features of neuropathic pain following peripheral nerve injury 

described in chapters 1 and 2, induction of LTD, via low-frequency stimulation, should therefore 

aptly target this type of pain through lowering enhanced gain in the nociceptive pathways 8. The use 

of low-frequency stimulation (LFS) to induce LTD as a treatment for neuropathic pain within clinical 

populations has however yet not been extensively explored. Evidence to support the clinical use of 

LFS in neuropathic pain stems from observational studies that suggest that external non-invasive 

peripheral nerve stimulation may relieve pain for people with localised neuropathic pain 9–13. There 

is currently no evidence from controlled trials to confirm this. Therefore, there is good justification 

to explore the efficacy of low-frequency nerve stimulation in a randomised controlled trial (RCT). The 

current research sought to explore the potential efficacy of a non-invasive approach to elicit LTD-

related pain suppression in peripheral neuropathic pain. Previous open study results do not allow for 
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the exclusion of possible moderate long-lasting changes in the pain intensity after stopping 

treatment 14; therefore, a crossover RCT design was not feasible.  

A parallel-group, double-blinded, sham-controlled randomised trial was designed and conducted.  

Study design 

The EN-PENS trial was a single-site, blinded, randomised controlled parallel-group superiority add-on 

trial with a 1:1 allocation ratio. Following the screening, patients were randomised to receive either 

active or control (sham) treatment. Participants and the research nurses providing the training and 

undertaking the study assessments were blinded. Participants received training and supportive 

materials on the use of the neuromodulation stimulator (active or control). Once competent at using 

the EN-PENS machine, participants entered a 3-month treatment phase. At the end of the treatment 

phase, a 3-month optional choice of treatment extension or swap to the other treatment was 

offered (see the flow diagram of Fig. 5.1). Patient and public involvement were integral to the design 

of the study as described at the end of the chapter. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



102 
 

Figure 5.1 ENPENS study flow chart 

 
 
Setting 

This was a single-site study conducted at a neurosciences research centre in a tertiary specialist 

neurosciences hospital providing a pain management service with a catchment area of 3.2 million.  

Study Objectives 

The primary objective of this RCT was to establish clinical efficacy and provide a confident estimate 

of the effect size of electrical non-invasive peripheral electrical nerve stimulation (EN-PENS) 

treatment to reduce pain in patients with moderate to severe neuropathic pain associated with 

definite or probable peripheral nerve injury. The secondary objectives were to evaluate the impact 

of this treatment in terms of QOL and day-to-day function. Further objectives were to gain a better 

understanding of the effects of this treatment concerning mood, self-efficacy (confidence to perform 

abilities in the presence of pain), reduction of allodynia, potential mode of action, cost-effectiveness, 

and health care resource use (e.g., whether treatment can reduce the need for drug treatment).  



103 
 

Hypothesis 

A significant difference (p < 0.05) in terms of average 24h pain intensity recorded on an 11-point (0-

10, 0=no pain & 10= worse pain imaginable) numerical rating scale (NRS), averaged over the last 7 

days of the 3-month treatment phase in favour of the active treatment would be observed. 

Participants 

Patient identification  

In routine, clinical practice, all referrals of patients with chronic pain to the study site (Walton 

Centre) are placed on a pooled list for review and most are then triaged by a pain consultant; a 

proportion is instead triaged by a pain specialist triage physiotherapist. For the trial, the principal 

investigator (PI) (SJ) regularly reviewed this pain pooled list by reading all referral letters to identify 

potentially eligible patients for the study. The PI kept a database of all potentially suitable patients 

and contacted the consultants before the patients scheduled an initial consultation with them to 

prompt them to consider study eligibility during the clinic consultation. The PI also contacted 

consultants following the consultation for clinical outcomes and the patient’s potential suitability for 

the trial. To clarify whether this strategy would be sufficient to meet the recruitment target of 76 

patients over 24 months, or 3 patients per month, a feasibility audit was conducted by the PI before 

conducting the study. As part of this audit, the PI identified all patients coded at the first pain clinic 

assessment as having neuropathic pain for 3 months (May- July) over 2 consecutive years 2013 (n=285) 

and 2014 (n=273). Patient letters were then screened to identify patients who fulfilled inclusion criteria; 

2013=29, 2014=27. Based on these results an average of 28 eligible patients within 3 months is 

assumed, or 214/24 months, i.e., 9 per month and therefore, allowing for a refusal rate of just over 60%.  

Patient identification by internal referral  

The study centre pain physiotherapists who currently review the pain consultant’s pooled list to identify 

patients for physiotherapy triage clinic were also asked to identify suitable patients and inform the PI 

following the same procedure as consultants. 



104 
 

Patients with this condition are often eligible for invasive neuromodulation. The neuromodulation 

multi-disciplinary team (MDT) complete a comprehensive assessment of patients referred to them for 

the assessment of suitability for invasive neuromodulation. It was expected that some patients who 

presented as being suitable for invasive neuromodulation would also be suitable for EN-PENS. This 

referral pathway receives referrals from the pain consultants ‘pooled list’ but also directly from 

neurosurgeons. The team were asked to monitor patients referred to this service and contact the PI if 

they identified potentially suitable patients. 

The centre, had at the time of the study, an active nurse-led high dose capsaicin service. It was 

considered that some patients referred to this service would also be suitable for the trial. The PI, 

therefore, made regular contact with this team asking them to identify and highlight potentially suitable 

patients to the PI. 

The established pain management programme (PMP) patient registry was also searched to identify 

potentially eligible patients that have undergone PMP treatment within the last 2 years. Potentially 

suitable patients were contacted via telephone to ascertain whether they would like to learn about 

being involved in a research study. Those who expressed an interest were sent a patient information 

leaflet asking them to contact the study team if they were interested in enrolling (Appendix 1). If 

patients had not made contact within 1 week of receiving the leaflet the study team contacted the 

patient to ascertain if they had any questions, require any further information, and wanted to be 

involved. 

Study posters and e-posters were used to advertise the study to clinicians and patients within 

outpatient clinic departments at the study site.  

Identification by external referral 

The study centre works closely with primary and secondary care satellite sites within the Northwest. 

These sites routinely refer pain patients to the study centre in its capacity as a tertiary pain centre. 

Referral to the centre is often for consideration of treatments not provided within primary and 
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secondary care. Whilst preparing the study protocol other sites within the Northwest were contacted 

and the study proposal was described; these sites agreed to refer patients directly to the study centre 

for possible inclusion in the study. The PI visited nine of these external departments to provide 

presentations regarding the study and provided monthly study recruitment updates which outlined 

recruitment rates, recruitment targets and examples of cases found eligible. 

If a patient was deemed as potentially eligible, they were asked to refer the patient to the study centre 

pain clinic and highlight in the referral letter that they may be suitable for the EN-PENS trial. 

Patient screening 

Once identified as potentially eligible and were happy to be contacted the PI contacted the patient to 

discuss the study, answer questions and conduct an initial telephone pre-screen of the study inclusion 

and exclusion criteria. If a patient was found suitable, then a date was arranged with the patient to 

attend a face-to-face screening appointment where written informed consent was obtained by the 

study PI (Study Visit one), (Appendix 2).  

Study inclusion criteria 

• Chronic neuropathic pain following peripheral nerve injury, definite or probable15. 

1. Pain with a distinct neuroanatomically plausible distribution 

2. A history suggestive of a relevant lesion or disease affecting the peripheral or central 

somatosensory system 

3. Demonstration of the distinct neuroanatomically plausible distribution by at least one 

confirmatory test 

4. Demonstration of the relevant lesion or disease by at least one confirmatory test 

Grading of certainty for the presence of neuropathic pain: definite neuropathic pain: all (1 to 

4); probable neuropathic pain: 1 and 2, plus either 3 or 4 15. 
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• ≥ 12 months duration of pain. Post-traumatic nerve regeneration is usually complete at 12 

months, so the inclusion of this group will reduce the likelihood of pain relief due to nerve 

regeneration 16. 

• Adults were aged 18 or above. 

• Moderate to severe pain intensity: Average 24-hour pain intensity over 7-days at baseline of 

≥ 5/10 but not dropping below 4 on any single day, on an 11-point (0-10) numerical rating scale, with 

0 being ‘no pain’ and 10 being ‘the worst pain imaginable’ (NRS). This is under recommendations 

that trials evaluating the efficacy of neuropathic pain treatments should include a minimum pain 

inclusion criterion of 4 (rather than a lower pain intensity) or above on a 0 to 10 scale, to improve 

assay sensitivity and reduce the likelihood of falsely negative outcomes17. 

• Pain localized to the distribution of 1-2 peripheral nerves. To ensure that the area of pain 

can be covered with 10 minutes of stimulation at each point to limit the time burden for patients to 

complete treatment.   

• Distribution of pain that will allow for the nerve to be stimulated proximally from the areas 

of pain. This would exclude, for example, some types of neuropathic facial pain. Invasive PNS trial 

evidence suggests analgesia is maximized when stimulation is used in this way 18.  

• Medications that numb affected areas should be discontinued before the study to enable 

stimulation of the peripheral nerves. Lidocaine patches were discontinued 2 weeks prior, and 

Capsaicin treatments (both low-, and high concentration) 4 months before EN-PENS to allow nerve 

endings to grow back. 

• To ensure patients’ care was not disadvantaged via inclusion in the study, patients should 

have trialled first-line pharmacotherapy in keeping with current management guidelines for the 

treatment of neuropathic pain. First-line treatment includes either tricyclic antidepressants or 

serotonin-noradrenaline reuptake inhibitors, pregabalin or gabapentin 1. 

• Moderate- severe brush stroke allodynia. This was originally defined as pain of ≥ 5/10 on an 

11-point (0-10) numerical rating scale (NRS) when a brush stroke is applied to the affected area 
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(average of 3 strokes over the affected area). As previously discussed, long term potentiation (LTP) 

and long-term depression (LTD) have been shown to enhance and diminish centrally mediated 

evoked cutaneous responses, specifically punctate and dynamic allodynia 19. To test the ability to 

induce LTD via LFS as a method of pain relief for persons with neuropathic pain, it is, therefore, 

necessary to select patients with sensory features that have been described experimentally to be 

associated with LTP and conversely LTD. The required intensity of allodynia was lowered from 5/10 

to 3/10 following an ethical amendment within the first 6 months of the study. This change was 

implemented to aid recruitment because the outcome assessment was not evaluating the change in 

intensity of allodynia but rather change in the area of allodynia.   

• Willing to not commence any new medications/ treatments for their neuropathic pain whilst 

involved in the trial so as not to confuse patient evaluation of treatment efficacy.  

• Women of childbearing potential could participate providing they were using adequate birth 

control methods for the duration of the trial, Including accepted methods of contraception such as 

barrier methods, intrauterine device IUD, contraceptive implant, depot injection, oral contraception, 

and abstinence (as part of lifestyle choice). This was a safety inclusion. 

Study exclusion criteria  

• Absolute numbness- This suggests sufficient nerve damage to render EN-PENS unlikely to 

work 6,7. 

• Known EN-PENS contraindications: 

- Pregnancy. Non-pregnancy was confirmed by urine test at baseline and treatment end (12 

weeks).  

- Cardiac pacemakers. 

 
• Other chronic pains, or unstable medical conditions, which in the opinion of the PI in 

consultation with the studies medical doctors would make the trial unsuitable for the 

patient. 
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• Strong fluctuating pain intensity or the dose of utilised pain medications, during the 6 weeks 

before the study, which in the judgement of the PI would interfere with the assessment of 

outcomes.  

• Persons participating in an interventional trial within the past 3 months so as not to 

compromise the assessment of EN-PENS efficacy due to carry over from a prior intervention.  

• Persons participating in a non-interventional trial completed within the past 2 weeks, except 

for quantity sensory testing, to avoid interference with the assessment of EN-PENS efficacy 

by any carryover from a prior intervention. 

• Diagnosed psychiatric or mental health disorder, which could in the judgment of the PI, 

interfere with successful study participation. This was assessed via patient self-report or 

from case notes. Commonly reported mental health problems such as anxiety or depression 

were not routinely excluded. The only exception was if the subject was receiving or awaiting 

active psychological treatment for anxiety and depression.  

• Inability to comply with the study protocol for the trial period of 3 months. 

• Inability to complete outcome measures. 

• Incapacity to understand the information necessary to provide informed consent. 

• Other implanted devices for the same pain complaints such as spinal cord stimulation, dorsal 

root ganglion stimulation or deep brain stimulator. 

• Phantom limb pain, as this type of pain is suggested to be largely driven by changes in 

cortical processes which could not be targeted by peripheral nerve stimulation 20,21. Stump 

pain was considered a potentially suitable target.  

Ethics approval 

Ethics approval was obtained through the National Research Ethics Service (NRES) Committee 

Northwest Coast - Preston (Ref: 16/NW/0273).  
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The trial was registered with the ISRCTN: ISRCTN53432663. The full trial protocol was published 

before the trial started and was conducted in accordance with this, except for the ethical 

amendments discussed at the end of chapter 22.  

Trial procedures 

Screening & consent 

Screening concerning inclusion and exclusion criteria and consent was completed by the study PI. All 

baseline outcomes were then taken for patients who were found to be suitable. 

At the end of this visit, patients were given a seven-day pain diary to complete over a week. Patients 

were asked to record their daily average pain score (over 24hrs) on an 11-point NRS (0-10), with 0 

being ‘no pain’ and 10 being ‘the worst pain imaginable’, to ascertain the baseline average pain 

scores.  

Patients were telephoned the following week to ascertain their average 24-hour pain intensities.  

Average 7-day pain scores were calculated to confirm the presence of moderate to severe pain 

intensity as stipulated in the inclusion criteria. This telephone call eliminated unnecessary travel to 

the randomisation visit for those who do not fulfil this inclusion criterion. Screen failures could be 

rescreened only where there was a short-term reason for ineligibility, such as an ongoing acute 

illness. A screening log was kept on site and maintained by the PI to document details of patients 

invited to be screened for participation in the study.  

Randomisation  

Randomisation was conducted by an independent randomisation service via an online system based at 

the King’s Clinical Trials Unit (King’s CTU) based at the Institute of Psychiatry. Randomisation used a 1:1 

allocation by a computer-generated randomisation schedule (concealed), based on random permuted 

blocks of varying size to ensure a balance between the numbers in the two groups.  



110 
 

Only the PI was authorised to request randomisation. Study trial nurses were told the assigned 

allocation of the patient to either ‘flat electrode’ (sham) or ‘pen electrode’ (active) so that they could 

assign the appropriate machine to the patient to commence training.  

Randomisation took place one week after the initial screening. Pain diaries provided the baseline 

average pain scores for inclusion.  

Stimulation interventions 

To maintain blinding, the control stimulation needed to produce a perceivable but non-therapeutic 

electrical stimulation (patient focus group feedback- see PPI section below). Control and active 

stimulation parameters were developed in discussion with the collaborator Professor Magerl (the 

University of Heidelberg, Centre for Biomedicine and Medical Technology Mannheim, Germany). As 

the sham control machine delivered a small current, to exclude an active effect the control 

stimulation parameters were trialled on known EN-PENS responsive patients (n=6) before the trial. 

All active and sham machines were supplied without cost by Xavant medical LTD who played no part 

in the study concept or design. All active devices were CE marked, whilst all sham devices were not 

CE marked. Legal contracts between Xavant medical LTD and the sponsor site relating to indemnity 

insurance for both devices were agreed upon as part of sponsorship approvals.  



111 
 

Active device (Pen electrode) 

XAVANT STIMPOD NMS460 device was using a frequency of 2 hertz (Hz), 1.0 millisecond (ms) pulse 

width and maximal amplitude of 30 milliamps (mA) and delivered stimulation via a ball-shaped 

electrode (Fig 5.2). 

Figure 5.2 XAVANT STIMPOD NMS460 device 

 

The electrode shape creates a high current density, 7 which when used in combination with the 

specified stimulation parameters, as described in chapters 2 and 3, achieves analgesia through 

induction of long-term depression (LTD) of synaptic strength 6–8. 

Sham device (Flat electrode) 

The machine looked identical and used a frequency of 2 Hz, 0.1 ms pulse width and maximal 

amplitude of 6mA, although the display appeared to allow stimulation to be increased by 30 mA. 

Stimulation was delivered via a 5 cm2 square adhesive electrode, the combination of the electrode 

shape and the low pulse width produced a lower current density so as not to elicit LTD 19.  

Blinding 

Research nurses and patients were blinded to active and sham allocation.  
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Blinding considerations 

To maintain blinding, research nurses and patients were informed that the purpose of the trial was 

to compare two types of electrical stimulation and that the interventions’ effectiveness is 

determined by the electrical field rather than by any particular sensation or strength of perceived 

stimulation; it was posited to them that therefore it is not possible to conclude from using the 

machine how likely the intervention is to cause any benefit.   

During training, the amplitude and stimulation time were limited (5mA and <5mins) to ensure any 

LTD effect would not be obtained which could lead to unbinding of research nurses or participants 

through observation of LTD pain reduction. LTD requires delivery of ≥1200 pulses, typically obtained 

from 10 minutes of treatment at 2HZ 7,23. Patients and research nurses were also informed that the 

duration of training will be too short to achieve any effect. Additionally, no pain scores were 

recorded pre or post-treatment during training sessions. 

Differences in respect to perceived stimulation 

In preliminary experiments before the trial (see PPI section) it was noted that sensations produced 

by both devices differed. Stimulation via the pen electrode stimulation was generally felt throughout 

the distribution of the targeted nerve and patients could experience a motor response within this 

distribution. For the flat electrode group, patients felt a more localised stimulation, and would not 

generally experience any motor response.  

To support the preservation of blinding throughout the trial, patient information material and 

research nurse instruction, therefore, stated that: ‘Stimulation may in some cases elicit a referred 

stimulation pattern and a motor response. These effects will vary greatly between patients, and 

although these effects will be sought to ensure optimal and correct stimulation, these effects are not 

necessary for attaining treatment benefit.’  
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Stimulation training 

Stimulation training took place on the same day as randomisation and was provided by the research 

nurses. To ensure accurate nerve identification, a physiotherapist independent of the trial with 

experience with nerve stimulation, determined the stimulation target but had no further patient 

contact during the trial. During training, a photograph was taken to record the correct placement of the 

electrode and was given to the patient to aid stimulation location at home. During training, subjects in 

both groups were advised to increase the stimulation amplitude to just above a perceivable level. The 

LTD effect was not obtained within training even if the active machine was used, because effective LTD 

requires delivery of about 1200 pulses, typically obtained from 10 minutes of treatment 5,19. No pain 

scores were recorded pre-or post-treatment during training sessions. Patients were provided with a 

photograph taken as part of the training to take home, aiding replication of stimulation location. 

Treatment phase 

Once patients were able to demonstrate independent usage of the device to the research nurse on the 

same day of randomisation, they were deemed device competent and were loaned a device for 3 

months. The length of this treatment phase was reduced from 6 months to 3 months following initial 

PPI feedback. It was felt that a period of 6 months would adversely affect retention in those patients 

without treatment benefits. 

Treatment dosage  

Patients were advised to stimulate for a minimum of ten minutes once a day, at an amplitude that was 

mildly painful but not intolerable to achieve LTD effect, whilst pulse width and frequency were fixed 

(sham = 2Hz, 0.1m/s, active= 2Hz, 1.0 m/s). Patients determined the frequency and timings of 

stimulation. Weekly telephone calls monitored treatment compliance and obtained health care 

utilisation data.  
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Optional treatment extension/ swap 

Post-treatment phase participants were offered the choice of an optional treatment-extension/ 

treatment -swap, or termination of the study to aid study recruitment and retention; this measure had 

been introduced following PPI feedback (see PPI section). 

Definition of end of the study 

The end of the study was the last participant’s final study contact at day 196 (+/–14 days) following 

completion of the open extension/treatment swap.  

Summary of adherence/ retention strategies  

• Weekly phone calls during the home loan period. 

• Optional treatment extension/swap. 

• Patient Information clarified that a beneficial response may not always be immediate, and effects 

sometimes increase with time. 

• Study visits were offered within relatively wide time windows to maximize convenience. 

• Patients were able to claim travel expenses for all study visits. 

Outcomes  

Outcomes were considered to reflect meaningful changes important to patients suffering from 

neuropathic pain (patient focus group). All study outcomes were further reviewed concerning 

patient burden and appropriateness by members of a local chronic pain patient support group (self-

motivation in lasting endorphins -SMILE*) n= 25. A patient outcome pack is provided in appendix 3 

to provide an understanding of all outcome questionnaires. 

*SMILE is a registered charity set up to support chronic pain sufferers, helping them to live their lives despite 

their pain http://www.smileliverpool.co.uk. 
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Primary outcome 

The primary study endpoint is the average 24h pain intensity recorded on an 11-point (0-10, 0=no 

pain & 10= worse pain imaginable) numerical rating scale (NRS), averaged over the last 7 days of the 

3-month treatment phase 24.  

Further outcomes are listed below with text in brackets indicating what this measure was intended 

to capture. 

Secondary outcomes 

 Were determined as important endpoints that were expected to show a treatment effect. 

• Brief pain inventory (BPI) interference subscale (functional interference of pain with daily 

living) 25. This scale measures how much pain has interfered with nine daily activities, 

including general activity, walking, work, mood, enjoyment of life, relations with others, 

sleep, ability to concentrate and appetite. Each item is rated on a scale of 0-10 (0 denotes 

pain does not interfere, 10 indicates pain completely interferes). BPI pain interference is 

scored as the mean of the nine interference items.  

• Health-related quality of life (Euroqol EQ-5D-5L) 26.  The EQ-5D-5L is a self-assessed, health-

related, quality of life questionnaire. It includes a scale which measures the quality of life on 

a 5-component scale including mobility, self-care, usual activities, pain/discomfort, and 

anxiety/depression. It also includes a 0-100 visual analogue where patients are asked to rate 

their general health status on that day (0= worst possible health and 100= best possible 

health).  

• A modified Client Service Receipt Inventory (CSRI) (health care resource use) 27, supported 

by a regular telephone questionnaire 28).  



116 
 

Exploratory outcomes 

Were determined as clinically important events that were considered less likely to show a treatment 

effect.  

• Hospital Anxiety and Depression Scale 29 (emotional function).  This is a 14-item measure 

designed to assess anxiety and depression symptoms. The questionnaire comprises seven 

questions for anxiety and seven questions for depression. The questions relating to anxiety and 

depression are scored separately to give a total possible score of 21 for each.   

• The pain self-efficacy questionnaire 30 (perceived confidence to function despite the pain). The 

Pain Self-Efficacy Questionnaire (PSEQ) measures a person’s confidence to perform activity 

despite the pain. It includes ten items across a range of functions, including household chores, 

socialising, work, as well as coping with pain without medication. 

• Worst pain as measured by the BPI 25. Worst pain over the last 24 hours was recorded on an 

11-point (0-10, 0=no pain & 10= worse pain imaginable) numerical rating scale (NRS). 

• Dynamically mapped allodynia (DMA) (change in the Surface area of allodynia 31). To measure 

and quantify sensory changes and plausible LTD, *Method of mapping 

• The neuropathic pain symptom inventory (NPSI) 32 (Quality of pain). The NPSI is a self-rated 

questionnaire that includes 10 items corresponding to sensory descriptors (each rated on a 

numeric scale from 0 to 10- 0= no symptom and 1=worst symptom imaginable), which can be 

grouped into 5 dimensions (burning pain, paroxysmal pain, pressing pain, evoked pain, 

paresthesia/dysesthesia), and 2 temporal items assessing pain duration and the number of pain 

paroxysms. 

All measures were recorded at baseline, 3 months and following completion of optional treatment 

extension/swap. EuroQOL-5D-5L VAS scale was recorded at baseline, 1, 2 and 3 months.  

Pain diaries: 

Pain intensity and treatment frequency were also captured by completion of weekly patient diaries 

during the home loan phase. For each day of treatment subjects were asked to record 24h pain 
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intensity recorded on an 11-point (0-10, 0=no pain & 10= worse pain imaginable) numerical rating 

scale (NRS), and the number of times they used the device. Daily pain scores were averaged over 

each week of treatment to provide an average 7-day score for each week of treatment.  Patients 

were provided with stamped addressed envelopes and returned these diaries via post at 1 month 

and 2 months. For diaries completed in the third month of treatment, subjects returned these as 

part of their 3-month (end of treatment phase) study visit. As part of the weekly phone calls, 

patients were reminded to complete their diaries and return them. 

* Method of DMA mapping: short strokes of 1 sec were applied using a cotton wool ball held at its 

end. Mapping started from outside the tender/painful area identified by the patient and moved in a 

radial trajectory toward the presumed epicentre of the pain. The border of identified allodynia was 

identified as an abrupt increase in painfulness of the strokes. The border was then marked with a soft 

tip surgical marker. An acetate sheet was then used to map the outline of this border. The surface 

area was calculated by placing the acetate on a squared cutting mat and counting the number of 

1cm2 squares. 

On completion of the study only 

• Patient perceived global impression of change (PGIC) 33. 

• Patient perception regarding treatment allocation 34. 

• Suitability for neuromodulation, a named pain consultant (MLS) was asked to review case notes 

and clinical assessment letters of all study patients for potential medical suitability for invasive 

neuromodulation.  They were asked to indicate whether they deemed the patient based on this 

information to be a medically suitable candidate for future neuromodulation treatment. Via this 

process, we hoped to gauge the number of patients where successful EN-PENS might prevent 

the need for invasive neuromodulation. 

• A semi-structured telephone interview of a proportion of patients within the active group to 

obtain qualitative data regarding treatment experience and efficacy (appendix 4). 
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Safety outcomes 

Serious Adverse Events (SAEs), Suspected Unexpected Serious Adverse Reaction (SUSARs) and 

Serious Adverse Events (SARs) were recorded at every point of patient contact. Relationship to the 

treatment was assessed by the trials' pain consultants. As this was a blinded trial involving control 

and active treatment, seriousness, causality and expectedness were evaluated as though the patient 

were on the active treatment. The Sponsor reported SUSARs and other SARs to the regulatory 

authority Medicines and Healthcare Regulatory Authority (MHRA) following the reporting timelines. 

The PI reported to the Northwest Coast - Preston ethics committee.  

Withdrawal of participants  

The study treatment was discontinued, and patients withdrew if: 

• Participants decided they no longer wished to continue (see also below)  

• It was recommended by the Investigator or another clinician (e.g., due to intercurrent illness 

during the study or increased pain following repeated stimulation)  

• The trial was terminated if deemed appropriate by the study staff in consultation with the 

study’s PI and pain consultant.  

Where appropriate, patients who wished to discontinue their study intervention or for whom 

discontinuation was advised, were asked whether they would still be willing to continue weekly 

diaries. 

Patients were also withdrawn if: 

• They were randomized but never received any treatment (i.e., the first training session was 

never started — this is also termed ‘non-compliance’). 

• They failed to complete weekly pain diary reports on three consecutive occasions or 4 non-

consecutive weeks that include the last month of treatment (this is also termed ‘missing data’).  

All data from patients randomised to treatment were included in the intention-to-treat analysis (see 

statistical analysis). Participants had the right to withdraw from the study at any time without 
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providing a reason; the Investigator also had the right to withdraw a participant from the study if 

they considered that it was in the best interests of the participant (adverse events). Following 

withdrawal, patients were asked to volunteer a reason for withdrawal. Subjects who withdrew from 

treatment early were encouraged to nevertheless return to the study site to have follow-up 

outcomes (week 13), providing that consent was not withdrawn. Participants who withdraw early 

were expected to return all study equipment within 2 weeks of ending the study. 

Sample size 

The trial sample size was calculated to show a difference between the two groups for the primary 

outcome. A previously published case series without a control group on the use of this treatment 

method observed a pre-to-post treatment reduction in patients with peripheral neuropathic pain 

from 6.4 to 3.6 (mean reduction of 2.8 units) 9. The literature search did not identify studies that 

would provide a reliable estimate for the control (sham) group response. Data from a systematic 

review and meta-analysis in a different post-traumatic neuropathic pain condition, complex regional 

pain syndrome 35 reported a pooled sham response as being negligible. For this study, the sample 

size calculations were based on a between-group difference of 1. 5. This was a conservative estimate 

based on the available preliminary and placebo data9,35. A previous review of similar interventions 

suggested a standard deviation for the post-treatment pains score of 1.9 9. A correlation of 0.5 

between the baseline and outcome pain scores was assumed. Based on a 5% significance level and a 

90% power, and allowing for an attrition rate of 30%, it was calculated using the Stata statistics 

software (version 15.1), that 38 participants per group were required.  

Statistical Analysis 

The primary study analysis and safety analysis were performed using intention to treat analysis (ITT) 

based on all randomized, eligible patients with outcomes measured at the end of the study. A Per 

Protocol patient population analysis was also conducted for the primary outcome. This consisted of 

those patients who received the treatment that they were randomized to. Patients receiving 
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treatment different to their allocation, or not receiving treatment as set out in the protocol, were 

excluded from this population. 

Primary outcome 

The primary outcome was compared between groups using Analysis of Covariance (ANCOVA) with 

baseline pain scores as a covariate.  

Secondary analysis of the primary outcome 

The proportion of patients in each arm that achieved >2 points NRS improvement, 30% and 50% pain 

relief were reported. Minimally meaningful average pain intensity was defined as ≥ 2 points OR ≥ 

30% 36.  

Secondary and Exploratory outcomes 

The secondary and exploratory outcomes were also compared between groups using Analysis of 

Covariance (ANCOVA) for all outcomes measured on a continuous scale. The Mann-Whitney test was 

used to compare between-group differences for exploratory outcomes measured on an ordinal scale 

such as PGIC. For binary outcomes, such as allocation prediction, the Chi-square test was used to 

compare between groups. The number and percentage of patients in each outcome category for 

each treatment arm were presented.  

Minimally Clinical Important Difference Change (MCID)  

The proportion of patients within each group obtaining a clinically meaningful change, as determined by 

existing literature (listed below), was also described for all outcomes. From this, the number and 

proportion of patients obtaining successful outcomes were determined per group. 

Clinically meaningful change criteria for outcomes: 

1. A 2-point reduction in the average 24h pain intensity over the last 7 days of the 3-month home-

loan (primary endpoint) 37. 

2. 3-point decrease on Brief Pain Inventory worst pain intensity (0-10 scale). This change represents 

moderate clinically important improvement 37. 
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3. Reduction of 2 points on the BPI interference subscale 37. 

4. Increase of 7 or more points on PSEQ, plus movement to a different severity category 

(Categories: <20, 20-30, 31-40, >40) 38. 

5. Reduction of 20% in DMA 31. 

6. Reduction of 4 points on HADS anxiety, plus movement to different between severity categories 

(categories: normal (0–7) mild (8–10) moderate (11–14) severe (15–21)) 39. 

7. Reduction of 4 points on HADS depression, plus movement to a different severity category 

(categories: normal (0–7) mild (8–10) moderate (11–14) severe (15–21)) 39. 

8. Increase of 11 points on EQ-5D-5L VAS scale 40. 

9. Increase of 0.145 units on the EQ-5D-5L QoL health index. The figure is derived from 

unpublished data from the Oxford pain rehab unit that indicated a median change of 0.145 

(n=491) in response to attending a 16-day pain management programme (L Heeles 2019, 

personal communication, 11 October). Although this is a more comprehensive treatment than 

the RCT delivered, this provides a comparable disease group and population comparison.  

10. NPSI- clinically meaningful change was not considered as we were unable to identify any 

relevant literature or samples allowing us to determine the relevant effect size. 

Sensitivity analyses  

All data analysis including sensitivity analyses was done together with an independent statistician. 

Sensitivity analysis was performed to assess the impact of missing values in primary and secondary 

outcomes as potential attrition rates were unknown. For this, Multiple Imputation (MI) was applied, 

using methods based on multivariate normal distribution 41. The distribution of all outcomes was 

examined to check that the data assumptions were met. For each analysis, 20 imputed samples were 

created and analysed simultaneously. 

Safety analysis 

The total number of adverse events and the number of patients who experienced an adverse event 

were summarized descriptively. The safety population consisted of all patients recruited into the study 
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who participated for at least one week of the study. Descriptive summaries of the numbers of AEs per 

patient were also made. Summaries were described as: 

• Seriousness (serious, not serious) 

• Intensity (Mild, Moderate, Severe) 

• Related to study participation (definite, probable, possible, remote, not related) 

• Description of adverse events 

Data from the optional extension/ treatment swap 

For patients choosing to continue to the extension period, a comparison was made between 

outcomes from the end of the main trial period and the end of the extension period. Comparisons 

were made for 4 subgroups of patients separately: 1. Randomised to sham, continued with a sham 

device, 2. Randomised to sham, switched to an active device, 3. Randomised to active, continued 

with an active device, 4. Randomised to active, switched to a sham device. Outcomes of average 24h 

pain intensity over the last 7-day period (primary endpoint), Quality of life, DMA, and frequency of 

machine use were analysed. Within-group comparisons were performed using the paired t-test if the 

change in scores was found to be normally distributed and Wilcoxon matched-pairs test where it 

was not.  

Factors associated with favourable outcomes  

Linear regression was used to examine which demographic/baseline factors were associated with the 

following outcomes: 

• change in the primary outcome measure 

• number of favourable outcomes  

• change in quality-of-life health status scale 

For all outcomes, a series of univariable linear regression was performed to examine the association of 

each factor with the outcomes. This was followed by a multiple regression analysis to examine the joint 

association between factors and outcome. To restrict the number of variables in the multiple 

regression, only factors with a significant univariable p-value of <0.1 were included. The following 
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factors were considered as predictor variables in these analyses: trial group, age, gender, duration of 

pain, sub-categories of NPSI at baseline, baseline pain score and frequency of use during the home loan. 

Health economic analysis 

Health economic analysis was conducted by the Bangor health economics department. Costs of 

treatment, procedures and investigations, contact with primary and secondary care services and 

personal social services were all captured as part of this analysis.  

Post hoc study telephone survey 

A semi-structured telephone interview (n=12) for patients within the active group was conducted 

following completion of all study interventions and after database lock. The telephone questionnaire 

utilised was submitted and approved as an ethical amendment. The interview aimed to provide 

qualitative data to help understand patients' experience of treatment, particularly how they 

evaluated the efficacy or lack of efficacy and how they used the device. The questions were 

formulated as part of a consultative process with the study PPI members, the study PI, a health 

psychologist from the University of Liverpool and the study medical supervisor. The questions were 

then approved by the study trial management group (see below) and sponsor site representatives. 

Trial organisation and monitoring  

The EN-PENS protocol had been extensively reviewed by clinicians, statisticians, and patient groups. 

The trial was registered with an International Standard Randomised Controlled Trial Number 

(ISRCTN), registration number ISRCTN53432663. All aspects of trial administration were conducted 

by the Sponsor site Neurosciences Research Unit and finance departments. An external project 

monitor was also appointed as part of data quality assurance. The Neurosciences Research Unit trials 

manager supervised Neurosciences Research Unit staff. Day-to-day trial management by the Trial 

Manager (TM) and PI included establishing and carrying out the trial following international, 

national, and local laws and regulations and good clinical practice (GCP). All staff training and 

supervision concerning study procedures were provided by the PI and reviewed on a 6 monthly 
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basis. Appointment and recruitment for the TM position were coordinated by the PI who also acted 

as the TM line manager and supervisor. The study PI received mentorship and support from pain 

consultants AG and TJN.  

Trial management group. 

Quarterly trial management meetings reviewed the day-to-day running and management of the 

trial. Members included the PI, trial manager, health economists (DH and EH), trial statistician and 

consumer representative (WH), lead research nurse and a member of the trial’s unit management 

team from the sponsor site. This group met quarterly to oversee the day-to-day study running and 

management. This group oversaw the review of all study documentation, protocol deviations, 

amendments, trial targets, timelines, study close, dissemination, and outputs, and reported to the 

trial steering group (TSG).  

The trial steering group. 

The TSG met every 6 months. The group comprised; one independent academic researcher who 

acted as TSG chair, a further independent clinical researcher, and an independent patient 

representative who sat on the TSG and the study PI. Independence was defined as follows:  

• Not part of the same institution as any of the applicants or members of the project team. 

• Not part of the same institution that is acting as a recruitment or investigative centre.  

• Not related to any of the applicants or project team members. 

• No other perceived conflicts of interest.  

The role of the TSG was to provide overall supervision of the trial, ensure milestones were met, 

provide recommendations to the sponsor and TMG, and ensure the trial adhered to Medical 

Research Council (MRC) Guidelines for Good Clinical Practice in Clinical Trials42. 
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Annual reports were provided by the PI to the centres, research governance committee and pain 

services management group and National Institute for Health Research (NIHR) funders.  

 

Confidentiality and data protection 

All data were pseudonymised. The links between the artificial and the normal identifiers were stored 

separately and securely on password-protected research databases protected by file-level encryption 

(subject to NHS access controls). All paper copies of questionnaires and outcomes with identifiable 

patient details were filed and stored in a locked filing cabinet within the sponsor site’s Neuroscience 

Research Unit and kept in adherence to Caldicott principles 43. 

All electronic data was stored on a password protected research database protected by file-level 

encryption (subject to NHS access controls). Offsite information was encrypted and was subject to the 

Trust’s IT and Information governance standard operating procedures. 

Role of funding sources 

This work was funded by The NIHR Research for Patient Benefit award grant number PB-PG-0215-

36039. All active and sham machines were supplied by a commercial manufacturer (Xavant medical 

Ltd) free of charge (Xavant medical Ltd have played no part in the study concept or design, data 

analysis or study write up). 

Patient and public involvement.  

Patient and public involvement were very important to ensure and safeguard the quality, 

effectiveness, credibility, and impact of the planned study. PPI involvement helped to shape every 

stage of the study from initial concept, design, implementation and though to evaluation.  

Endorsing study concept 

Patients involved in a prior audit using external non-invasive peripheral nerve stimulation (EN-PENS) 

with >50% pain relief 14 were contacted (n=9), and a semi-structured interview was conducted by the 
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PI under the supervision of a health psychologist. Most patients contacted commented without 

prompt that they felt EN-PENS should have been offered sooner with their pain management and 

strongly endorsed the need for evidence to support its use within the NHS. This validated the initial 

study concept and need. 

Informing study design 

Following this, a small patient focus group comprising of individuals with neuropathic pain and one 

individual with experience of EN-PENS (n=3) was conducted (Dec 2013), which helped refine the trial 

design. Monies to run this group were awarded from The Research Design Services Northwest PPI 

Bursary Scheme. The group was facilitated by a health psychologist. The group viewed the 

establishment of treatment efficacy as a primary aim, and they endorsed the study as ‘worthwhile’ 

and important to achieve this. People commented that an important strength of the treatment was 

that it could be self-administered and therefore treatment could be tailored (through variation of 

frequency and stimulus intensity) to what suited the individual in terms of effect and convenience. 

They reported that this independence in terms of treatment administration was important to 

feelings of control. The group proposed several major methodological changes which included: the 

exclusion of a third comparator arm using transcutaneous electrical nerve stimulation (TENS) as, like 

the audit patients, most trial participants would have already unsuccessfully trialled TENS, reduction 

of the length of the treatment period (the originally proposed length of 6 months was felt would 

adversely affect retention in the absence of treatment effect). They also prioritised outcome 

measures and methods of outcome collection to ensure they captured ‘meaningful’ change for the 

study population.  

Design of sham intervention 

A further patient consultation group (n=6) compromising of known EN-PENS responsive patients 

tested and evaluated the sham device and trialled different pulse width settings to confirm the 

feasibility and acceptability of the sham device.  
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Patient burden and questionnaire acceptability 

To review the patient-facing content of the study, a local chronic pain support group called SMILE 

was invited to review patient questionnaires and patient-facing materials. 25 members of this group 

were kind enough to do so and provided feedback concerning wording, relevance, and potential 

burden. 

Study governance and dissemination 

Two patient representatives were also recruited to the study management committees. One patient 

with experience with the device agreed to join the trial management group (TMG).  

Ethically approved methodological changes 

Three study amendments were submitted during the study.  

Ethics amendment 1 

 June 2016 before the commencement of study. This amendment addressed the correction of minor 

errors in the study supporting paperwork such as the trial protocol and the device instructions 

provided before the study started. 

Ethics non-substantial amendment 

August 2017. This amendment requested revision of the inclusion criteria to include a DMA of ≥ 3/10 

NRS rather than ≥ 5/10 NRS. The study did include a reduction in the intensity of allodynia as a study 

outcome, therefore, this request did not affect outcomes. The amendment was made to aid 

recruitment, following several patient exclusions due to DMA being <5/10 NRS.   

Ethics amendment 3 

April 2020. Study enrolment and participation had been completed after the database lock had 

occurred. The amendment requested permission to conduct a semi-structured telephone interview 

(n=12) on patients within the active group who had completed the study. The interview aimed to 

provide qualitative contextual data to help understand the patients’ experiences of treatment, how 

they evaluated the efficacy of the intervention and how they used the device.  
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Chapter 6 Results 
Participants  

Participant flow 

Participants were recruited for the EN-PENS trial between January 26, 2017, and July 11, 2019. All 

patients had completed treatment by January 16, 2020. All referral letters received by the study 

centre’s pain clinic during this period were screened by the study’s principal investigator (PI). Two 

hundred and seventy-eight referral letters mentioning a diagnosis of neuropathic pain were 

identified. Of these, it was felt that 203 could be potentially eligible for inclusion and received a 

telephone pre-screen from which 96 patients were invited for screening. Seventy-six of these ninety-

six patients were found eligible following the screening. Reasons for exclusion included; n=18 did not 

meet the inclusion criteria, n=10 did not attend the screening, n=6 had no allodynia and a further 2 

were excluded for other reasons (see Fig 6.1). Seventy-six patients were randomised to treatment 

(38 per group), and 65 patients contributed to the protocol analysis (34 sham, 31 active).  

Eleven patients (14%, active n= 7/38, sham n=4/38) withdrew from the main treatment phase 

(reasons for withdrawal are defined within the methods chapter). Reasons for withdrawal included 

personal and family issues (n=8), non-compliance to treatment protocol (n=2), and one patient 

discontinued undergoing alternative treatment. Forty-two patients (55%) entered the optional 

treatment extension/ swap phase, and 6 patients withdrew during this phase. Reasons for 

withdrawal included personal and family issues (n=1), no reason (n=3) and no treatment benefit 

(n=3). An illustration of the flow of patients throughout the study is shown in figure 6.1.   
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Figure 6.1: EN-PENS trial profile (CONSORT diagram) 
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Baseline characteristics 

The mean age of all 76 patients was 50.4 years (SD 15.9) and 35/76 (47%) were men. The average 

pain duration was 47 months with an interquartile range of [27,87]. The predominant mechanism of 

injury was peripheral nerve injury following surgery n=54 (71%). Fifty-nine per cent (n=44/76) of 

patients were potentially suitable for invasive neuromodulation (for all baseline demographic 

variables and outcomes per group refer to table 6.1). All patients were taking some form of regular 

pain medications, 1.7 on average (SD 1.4), a full list of previous pain treatments is provided in table 

6.2. 

 

 Category Active (n=38) Sham 
(n=38) 

All Patients 
(n=76) 

Between 
group  
p value 
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Table 6.1 Patient demographics & baseline characteristics of the Intention to Treat analysis population. 

 

 
 
Table 6.2: Previous medical treatments 

Age  47 3 ± 15 9 53 6 ± 12 2 50 4 ± 14 0 0.06 
Gender  Female 22 (58%) 18 (47%) 40 (53%) 0.36† 
 Male 16 (42%) 20 (53%) 36 (47%) - 
Duration Pain (months)  44 [27, 96] 48 [26, 72] 47 [27, 87] 0.75‡ 
Mechanism of Injury Nerve entrapment 1 (3%) 2 (5%) 3 (4%) - 

Nerve injury:   

 - Surgery 29 (76%) 25 (66%) 54 (71%) - 
 - Other mech. Trauma 6 (16%) 7 (18%) 13 (17%) - 
 - Radiotherapy 2 (5%) 0 (0%) 2 (3%) - 
 - Medication 0 (0%) 1 (3%) 1 (1%) - 
Post-herpetic neuralgia 0 (0%) 3 (8%) 3 (4%) - 

Number pain meds  
 

1 6 ± 1 5 1 7 ± 1 4 1 7 ± 1 4 0.76 

Pain medications (+) General pain meds 18 (58%) 24 (69%) 42 (64%) - 
 NSAIDs 9 (29%) 13 (37%) 22 (33%) - 
 Opioids 9 (29%) 7 (20%) 16 (24%) - 
 Anti-Epileptics 15 (48%) 20 (57%) 35 (53%) - 
 Anti-Depressants 16 (52%) 11 (31%) 27 (41%) - 
 Muscle relaxants 1 (3%) 2 (6%) 3 (5%) - 
Baseline assessments:     
Primary Pain in last seven days # 7 2 ± 1 2 7 5 ± 1 4 7 3 ± 1 3 0.32 
Variability pain (*)  0 85 ± 0 51 0 84 ± 0 44 0 85 ± 0 47 0.93 
Secondary EQ VAS 51 ± 18 57 ± 25 54 ± 22 0.23 
 EQ-5D index 0 35 ± 0 23 0 34 ± 0 29 0 35 ± 0 26 0.87 
 BPI I 6 2 ± 1 9 6 4 ± 2 0 6 3 ± 1 9 0.66 
Exploratory BPI W 8 4 ± 1 1 8 2 ± 1 4 8 3 ± 1 2 0.49 
 HADS anxiety 10 7 ± 4 3 10 4 ± 5 2 10 5 ± 4 8 0.78 
 HADS depression 9 3 ± 4 6 9 0 ± 4 5 9 1 ± 4 5 0.77 
 PESQ 24 ± 14 23 ± 14 24 ± 14 0.75 
 DMA mapped area  207 ± 192 175 ± 141 191 ± 168 0.41 
 NPSI total score 63 ± 15 61 ± 19 62 ± 15 0.61 
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. For all 
measures of continuous data between group differences were compared using t-tests, † denotes ordinal data, 
that was compared using the chi square test, ‡ denotes continuous skewed data, were the means were 
compared using Mann Whitney u test. 
(#) Denotes the average of the recorded 7-day pain intensities 
(*) 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% 
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 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. 
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Baseline outcome characteristics 

Concerning baseline outcome characteristics (see table 6.1), the average 24 hr pain intensity 

(averaged over the 7 days before randomisation) was 7.3 (SD 1.3), average variability of this score 

over the 7 days was 0.85 (SD 0.47). Mean EQ-5D-5L VAS perceived overall health status was 54/100 

(SD 22) and the health utility score was 0.35 (SD 0.26). Average Brief pain inventory interference (BPI 

I) baseline scores indicating moderate levels of functional impairment, 6.3/10 (SD 1.9). Mean worst 

pain intensity was high scoring 8.3/10 (SD 1.2), whilst the Hospital Anxiety and Depression Scale 

(HADS) anxiety score were 10.5 (SD 4.8), and the HADS depression score was 9.1 (SD 4.5). Scores 

were within the mild category. Pain Self-efficacy Questionnaire (PSEQ) scores were at the lower end 

of the range of 24/60 (SD 14), indicating low perceived confidence to perform an activity in the 

presence of pain. Dynamically mapped allodynia (DMA) varied greatly across individuals with an 

 
 

Sham  
n (%) 

Active  
n (%) 

All Patients 
n (%) 

Acupuncture 7 (18%) 6 (16%) 13 (17%) 
Botox 1 (3%) 0 (0%) 1 (1%) 
Capsaicin high dose patches 8 (21%) 5 (13%) 13 (17%) 
Capsaicin cream 5 (13%) 5 (13%) 10 (13%) 
Cognitive behavioural therapy 1 (3%) 0 (0%) 1 (1%) 
Hydrotherapy 1 (3%) 2 (5%) 3 (4%) 
Hypnosis 1 (3%) 0 (0%) 1 (1%) 
Laser treatment 2 (5%) 0 (0%) 2 (3%) 
Lidocaine 17 (45%) 13 (34%) 30 (39%) 
Mirror box 1 (3%) 0 (0%) 1 (1%) 
Nerve block 10 (26%) 10 (26%) 20 (26%) 
Nerve decompression 1 (3%) 1 (3%) 2 (3%) 
Nerve exploration 5 (13%) 3 (8%) 8 (11%) 
Neuromodulation 0 (0%) 1 (3%) 1 (1%) 
Opioids 5 (13%) 3 (8%) 8 (11%) 
Orthotic 1 (3%) 0 (0%) 1 (1%) 
Physiotherapy 15 (39%) 17 (44%) 32 (42%) 
PMP (pain management programme)  3 (8%) 3 (8%) 6 (8%) 
Psychological therapy 0 (0%) 1 (3%) 1 (1%) 
Pulsed radiofrequency 3 (8%) 1 (3%) 4 (5%) 
Steroid injection 0 (0%) 1 (3%) 1 (1%) 
TENS 7 (18%) 9 (24%) 16 (21%) 
TMS 0 (0%) 1 (3%) 1 (1%) 
Trigger point injections 1 (3%) 1 (3%) 2 (3%) 
Note: Patients could have more than one type of previous management. Percentage values may not add up 
to 100% 
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average score of 191cm3 (SD 168) for the group, whilst the neuropathic pain symptom inventory 

(NPSI) total subscore was at the higher end of the pain symptom range at 62/100 (SD 1.5). This 

would indicate that patients had high incidence and severity in terms of features of neuropathic 

pain. Baseline demographics and baseline outcomes were statistically comparable between groups. 

Primary outcome 

Intention to treat analysis  

This was based on all randomized eligible patients and suggested no evidence of a statistically 

significant difference in the primary outcome between study groups (Fig 6.2 A, Table 6.3). The data 

for the primary outcome met the assumptions of the statistical methods (e.g., normal distribution of 

residuals and homogeneity of variance), thus, no data transformation of the outcome was required. 

After accounting for baseline scores, the pain scores at 3 months were 0.3 units lower in the active 

group (95% CI -1.0, 0.3; p=0.30) giving an effect size of 0.19 (Cohens D).  
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Figure 6.2 Average spontaneous pain reduction at an individual level, and in discrete improvement intervals.  

 

A Percentage reduction in the average NRS pain intensity from baseline to end of treatment. Negative scores denote worsening; B Percentage of patients achieving step-
reductions in their average NRS scores from baseline to the end of treatment, where MCID denotes the minimal clinically important difference of equal to 2; n = 31 active, n 
= 34 sham, error bars show mean and 95% confidence intervals. 
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Table 6.3: Study Outcomes (Intention to treat). 
 
 

Group N Baseline 
Mean ± SD 

3 months 
Mean ± SD 

Trt effect (*) 
Mean (95% 

CI) 

P-
value 

t 
value 

Primary Outcome  
Average NRS (over 7 
days) 

Sham  34 7.3 ± 1.4 6.7 ± 1.7   0 0.30 -1.04 

 Active  31 7.1 ± 1.3 6.2 ± 1.9 -0.3 (-1.0, 
0.3) 

  

Secondary outcomes  
EQ-5D-5L VAS Sham 34 57 ± 25 56 ± 24 0 0.05 2.04 
 Active 31 48 ± 18 61 ± 20 10 (0, 19)   
EQ-5D-5L Health Index Sham 34 0.35 ± 0.29 0.41 ± 0.31 0 0.40 0.84 
 Active 31 0.36 ± 0.25 0.46 ± 0.29 0.04 (-0.06, 

0.14) 
  

BPI Sham 34 6.3 ± 2.0 5.8 ± 2.3 0 0.06 -1.96 
Interference Active 31 6.3 ± 1.9 4.9 ± 2.6 -0.9 (-1.7, 

0.0) 
  

Exploratory Outcomes  
BPI worst pain Sham 34 8.0 ± 3.0 7.4 ± 1.9 0 0.07 -1.84 
 Active 31 8.4 ± 1.0 7.0 ± 1.9 -0.8 (-1.6, 

0.1) 
  

HADS anxiety Sham 34 10.6 ± 5.1 9.7 ± 4.5 0 0.22 -1.24 
 Active 31 11.0 ± 4.7 9.2 ± 5.1 -0.9 (-2.3, 

0.5) 
  

HADS depression Sham 34 9.0 ± 4.5 9.0 ± 5.0 0 0.13 -1.54 
 Active 31 9.4 ± 4.9 8.3 ± 4.9 -1.1 (-2.4, 

0.3) 
  

PESQ Sham 34 24 ± 15 27 ± 16 0 0.46 0.75 
 Active 31 23 ± 13 28 ± 15 1 (-2, 5)   
DMA Sham 34 180 ± 145 215 ± 202 0 0.006 -2.85 
 Active 31 211 ± 204 173 ± 215 -74 (-126, -

22) 
  

NPSI total Sham 34 59 ± 18 55 ± 16 0 0.13 -1.54 
 Active 31 63 ± 15 52 ± 19 -5 (-12, 2)   
* Trt effect =Treatment effect is the difference in outcome between treatment groups, adjusted for outcome 
at baseline. All analyses using ANCOVA. The figures highlighted in bold indicate a significant level 
<0.05.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. No correction for multiple analyses took place.  
 
In a secondary analysis of the primary outcome, the proportion of patients exceeding the threshold 

of minimally meaningful pain reduction (≥ 2 points OR ≥ 30%) was 29% in the active group, 

compared to 18% in the sham group (table 6.4, Fig 6.2 B). 
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Table 6.4: Secondary analysis of the primary outcome, the proportion of patients achieving defined pain 
reduction. 

 Sham  Active  
 N n (%) N n (%) 
Primary Outcomes 
≥ 2 points 34 6 (18%) 31 9 (29%) 
≥ 30% (*) 34 4 (12%) 31 7 (23%) 
≥ 50% (*) 34 1 (3%) 31 3 (10%) 
≥ 2 points OR ≥ 30% 
(*) 

34 6 (18%) 31 9 (29%) 

(*) % change based on pain score at baseline 
 

Per protocol analysis 

The analysis for the primary outcome, average 24h pain intensity over the last 7 days of the 3-month 

home-loan, was repeated for the per-protocol population (PP). One patient in the sham group did 

not use the machine throughout the 3-month study period and was thus excluded from the PP 

population. Aside from this one patient, the PP population was equivalent to the full analysis 

population. The results of the ANCOVA per-protocol analysis are listed in table 6.5.  

Table 6.5: Primary outcome – Per Protocol population 
Outcome Group N Baseline 

Mean ± SD 
3 months 

Mean ± SD 
Trt effect (*) 

Mean (95% CI) 
P-value t value 

Pain in last Sham  33 7.4 ± 1.4 6.8 ± 1.7 0 0.34 -0.97 
7 days Active  31 7.1 ± 1.3 6.2 ± 1.9 -0.3 (-1.0, 0.4)   
Analysis using ANCOVA 
(*) Difference adjusted for outcome at baseline 

 

 
The data suggested no evidence of a statistically significant difference in the primary outcome 

between the two study groups. The size of the difference between treatment groups was equivalent 

to that observed for the intention to treat analysis.  

The number of patients meeting pre-determined targets for the improvement in the primary 

outcome was also quantified (The information is summarised in Table 6.6). 

Table 6.6: Improvement in the primary outcome – Per Protocol population 
Pain Improvement Sham  Active  
 N n (%) N n (%) 
≥ 2 points 33 6 (18%) 31 9 (29%) 
≥ 30% (*) 33 4 (12%) 31 7 (23%) 
≥ 50% (*) 33 1 (3%) 31 3 (10%) 
≥ 2 points OR ≥ 30% (*) 33 6 (18%) 31 9 (29%) 
(*) % change based on pain score at baseline 
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Secondary Outcome measures  

There was some evidence of a difference between groups for 2/3 of the secondary outcomes (Table 

6.3, Fig 6.3). Quality of life ratings (EQ5D-5L VAS) was on average 10 points higher in the active group 

(95% CI 0, 19; p=0.05). The BPI interference subscale values were on average 0.9 points lower (BPI 

interference subscale) (95 % CI -1.7, 0.0; p=0.06). It should be noted that EQ-5D- Health index score 

is weighted by population preferences, unlike the EQ-VAS which reflects individual patient changes 

in outcome.  
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Figure 6.3 Secondary outcomes.  

 

A- Percentage improvement in the average BPI interference from baseline to end of treatment; B- Score change in Eq-5D health index from baseline to end of treatment; C 
Percentage improvement in Eq-5D VAS. For A, B and C Negative scores denote worsening; D, E &F illustrate the percentage of patients achieving step-reductions in the 
presented outcome from baseline to the end of treatment, where MCID denotes minimal clinically important difference relative to that outcome; n = 31 active, n = 34 sham. 
For A, B and C Negative scores denote worsening; error bars show mean and 95% confidence intervals, D, E &F illustrate the percentage of patients achieving step-
reductions in the presented outcome from baseline to the end of treatment, where MCID denotes minimal clinically important difference relative to that outcome; n = 31 
active, n = 34 sham. 
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Sensitivity analysis 

Before the study started attrition rates were unknown. Therefore, sensitivity analysis using multiple 

imputations was built into the statistical analysis plan to assess the impact of missing values. 

Attrition rates on study completion were very low. For primary outcomes, the multiple imputation 

analysis suggested that the active group had pain scores that were, on average, 0.4 (95% CI) units 

lower than the sham group and were not found to be statistically significant (p=0.2). For secondary 

outcomes, there was no strong evidence of a difference between groups for any of the secondary 

outcomes (see Table 6.7).  

Table 6.7: Sensitivity Analysis using multiple imputation methods. 
 Group N Baseline (+) 

Mean ± SD 
3 months (#) 

Mean (95% CI) 
Trt effect (*) 

(#) 
Mean (95% 

CI) 

P-value t value 

        
Primary 
outcome  
7 days  

Sham 38 7.5 ± 1.4 6.9 (6.3, 7.6) 0 0.22 -1.23 

 Active  38 7.2 ± 1.2 6.2 (5.6, 6.9) -0.4 (-1.1, 
0.3) 

  

        
EQ VAS Sham 38 58 ± 25 57 (49, 64) 0 0.10 1.70 
 Active 38 50 ± 18 61 (53, 69) 8 (-1, 18)   
        
EQ-5D Sham 38 0.34 ± 0.29 0.40 (0.31, 0.50) 0 0.49 0.70 
 Active 38 0.35 ± 0.23 0.45 (0.35, 0.55) 0.03 (-0.06, 

0.13) 
  

        
BPI 
Interference 

Sham 38 6.4 ± 2.0 5.9 (5.1, 6.7) 0 0.11 -1.65 

 Active 38 6.2 ± 1.9 4.9 (4.0, 5.7) -0.8 (-1.7, 
0.2) 

  

All analyses using ANCOVA, (+) Observed data, (#) Values after multiple imputations, (*) Treatment effect is 
the difference in outcome between treatment groups, adjusted for outcome at baseline. No correction for 
multiple analyses took place. 
 

Exploratory Efficacy Analyses 

The only outcome within the EN-PENS trial to demonstrate significant change between groups was 

DMA (95% CI: 22 to 126 units lower; p=0.006). This measured 74 units lower in the active group 

compared to the sham group. BPI worst pain scores were on average, 0.8 units lower in the active 

group following treatment (table 6.3, Fig 6.4), but this difference was only of borderline statistical 
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significance (p=0.07). Several of the exploratory outcomes were measured on a categorical or 

ordinal scale. The analysis results for these outcomes are summarised in Table 6.8. Patients 

perceived global impression of change did not differ between groups. More patients in the active 

group felt they had been allocated a more effective vs less effective treatment (18 (64%) vs 10 

(36%)) compared to the sham group (11 (37%) vs 19 (63%)).  

Table 6.8: Exploratory outcomes on categorical/ordinal scale 

Outcome Category Sham  Active  P- 
  N n (%) N n (%) value 
       
PGIC Much worse 33 1 (3%)  31 0 (0%) 0.36 
 Minimally worse   1 (3%)    1 (3%)  
 No change  19 (58%)  16 (52%)  
 Minimally improved  7 (21%)  7 (23%)  
 Much improved  5 (15%)  6 (19%)  
 V. much improved  0 (0%)  1 (3%)  
           
Allocation 
prediction 

Square electrode 30 19 (63%) 28 10 (36%) 0.04 
Active electrode  11 (37%)  18 (64%)  

       
Allocation 
Result 

Incorrect 30 11 (37%) 28 10 (36%) 0.94 
Correct  19 (63%)  18 (64%)  

       
Continued to 
extension  

No 34 7 (21%) 30 15 (50%) 0.01 
Yes   27 (79%)  15 (50%)  

       
Swap to other 
device (+) 

No 27  8 (30%) 15 6 (40%) 0.50 
Yes  19 (70%)  9 (60%)  

(+) Figures for those continuing to the extension period only 
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A- Percentage improvement in the average BPI worse pain intensity from baseline to end of treatment; B- Percentage improvement in the average Dynamic allodynia mapped (DMA) from 
baseline to end of treatment; For A & B Negative scores denote worsening, error bars show mean and 95% confidence intervals; D & E illustrate the percentage of patients achieving step-
reductions in the presented outcome from baseline to the end of treatment, where MCID denotes minimal clinically important difference relative to that outcome; n = 31 active, n = 34 sham. 

Figure 6.4 Exploratory outcomes demonstrating positive change. 
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Minimally Clinical Important Difference Change (MCID)  

For the average pain intensity (primary outcome) the number of patients experiencing ≥ 2 points OR 

≥ 30% NRS reduction was 29% of patients in the active group, compared to 18% of the sham group 

(table 6.9, Fig 6.2B). For the EQ-5D-5L VAS health status score, 39% in the active group reported a 

clinically meaningful improvement compared to 21% in the sham group (Table 6.9, Fig 6.3F). The 

health index subscale of the EQ-5D-5L demonstrated that 45% of persons in the active group 

demonstrated MCID compared to 29% in the sham group (table 6.9, Fig 6.3E). In terms of functional 

interference, 29% of patients in the active group reported MCID compared to 18% in the sham group 

(Table 6.9, Fig 6.3D). For all exploratory outcomes, the number of patients achieving minimally 

clinical important difference (MCID) change in outcomes was proportionally higher in favour of the 

active group across all outcome domains (Table 6.9, Fig 6.5).  

Table 6.9: Minimally clinical important difference (MCID) change for outcomes. 
 Sham  Active  Fisher’s exact P-value 
 N n (%) N n (%)  
Primary Outcomes  
≥ 2 points OR ≥ 30% (*) 34 6 (18%) 31 9 (29%) 0.131 
Secondary outcomes  
EQVAS ≥ 11  34 7 (21%) 31 12 (39%) 0.061 
EQ-5d ≥ 0.145 34 10 (29%) 31 14 (45%) 0.088 
Interference ≥ 2 34 6 (18%) 31 9 (29%) 0.131 
Exploratory outcomes  
BPI worst pain ≥ 3 34 5 (15%) 31 8 (26%) 0.134 
Anxiety ≥ 4 (**) 34 5 (15%) 31 8 (26%) 0.134 
Depression ≥ 4 (**) 34 2 (6%) 31 6 (19%) 0.082 
PESQ ≥ 7 (**) 34 6 (18%) 31 9 (29%) 0.131 
DMA ≥ (***) 34 10 (29%) 31 16 (52%) 0.039 
Total mean 34 19% (±7.1)  31 33% (± 11) 0.005¥ 
* % change based on pain score at baseline 
** Also met additional criteria of movement to different severity category 
*** >20 % change based on the area at baseline, 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 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. 
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Figure 6.5 Minimally Clinical Important Difference Change (MCID) in Outcomes between groups. 
  

 

Plotted scores indicate the average percentage of patients achieving MCID for each respective outcome.  
Key: NRS= numerical rating scale, EQ-VAS = EuroQol visual analogue score, EQ-5D HI = EQ-5D-5L index score 
(utility), BPI Int =Brief pain inventory interference subscale, BPI W= Brief pain inventory worst pain intensity, 
HADS A= Hospital anxiety scale anxiety subscale, HADS D= Hospital anxiety scale depression subscale, PSEQ= 
Pain self-efficacy questionnaire, DMA = Dynamic allodynia mapped area; n = 31 active, n = 34 sham. 
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Number of prespecified successful outcomes  

The number of prespecified successful outcomes (n=9) (as defined by MCID) was also compared 

between the two groups. The analysis results are summarised in Table 6.10.  

Table 6.10: Number of successful outcomes 
Outcome Group N Mean ± SD Median [IQR] P-value 
Prim/Secondary 
Outcomes  

Sham 34 0.9 ± 1.1 0.5 [0, 1] 0.05 

 Active 31 1.4 ± 1.3 1 [0, 2]  
All outcomes Sham 34 1.7 ± 1.4 1.5 [1, 2] 0.03 
 Active 31 2.9 ± 2.4  3 [1, 4]  
Summary statistics are mean ± standard deviation, median [interquartile range] 
 

The group difference achieved statistical significance when just the primary and secondary outcomes 

were included and additionally when all outcomes were included in the outcome definition.  

The number of successful outcomes achieved was higher in the active group than in the sham group. 

When all outcomes were considered, the active group met a mean of 2.9 outcomes (out of 9), 

compared to a mean of 1.7 (out of 9) in the sham group.  

Safety analysis 

A total of 101 AEs were reported in the sham group (average 2.7 +/-2.0 per patient in this group) 

compared to 103 in the active group (average 2.7 +/- 1.9 per patient in this group) and two SAEs 

events were reported overall. The SAEs considered not to be related were viral meningitis and 

shingles. Three AEs were evaluated as definitely related to the device (active n=2 and sham n=1) and 

were reported as increased pain during stimulation, whilst 10 were evaluated as probably related 

(active= 3 and sham n=7) and were reported as temporary bruising, redness, and pain during 

stimulation (Table 6.11).  
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Table 6.11 Safety Analysis Information 
 Category Sham  

n events (%) 
Active  

n events (%) 
Total number of 
Adverse events 

 101 103 

Number of patients 
experiencing AEs 

 31 (82%) 34 (89%) 

AEs per patient  2.7 ± 2.0 2.7 ± 1.9 
    
AE seriousness Not serious 101 (100%) 101 (98%) 
 Serious 0 (0%) 2 (2%) 
    
AE intensity Mild 36 (38%) 44 (45%) 
 Moderate 55 (58%) 50 (51%) 
 Severe 4 (4%) 4 (4%) 
    
Relatedness to  Definite 2 (2%) 1 (1%) 
study treatment Probable 7 (7%) 3 (3%) 
 Possible 15 (15%) 27 (26%) 
 Remote 16 (16%) 9 (9%) 
 Not related 60 (60%) 63 (61%) 
    
SAE details Shingles - 1 (50%) 
 Viral Meningitis - 1 (50%) 
    
AE details Musculoskeletal system 28 (28%) 22 (21%) 
 Renal system problem 7 (7%) 2 (2%) 
 Digestive system problem 2 (2%) 9 (9%) 
 Psychological  1 (1%) 2 (2%) 
 Respiratory 21 (21%) 17 (17%) 
 Cardiac 2 (2%) 1 (1%) 
 Infection and infestation 4 (4%) 13 (13%) 
 Eye disorder 1 (1%) 4 (4%) 
 Ear/ labrythinitis disorder 0 (0%) 1 (1%) 
 Injury, procedural complications 24 (24%) 27 (26%) 
 Headache 6 (6%) 4 (4%) 
 Other 5 (5%) 1 (1%) 
n= number of patients, % represents % of patients as a proportion of the total number of AEs per group. AE= 
adverse event, AEs- adverse events, SAE= serious adverse event 
 

Data from the optional extension period 

Average NRS dropped by 1.0 points (n=5, 95% CI -3.3, 1.3, p=0.28) for those that continued with the 

active treatment. Those that switched from sham to active or that continued with sham did not 

exceed an improvement of 0.3 points. Those that 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 were no significant changes in 
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other outcomes from the end of the main trial phase to the end of the extension period in the 

various study subgroups (Table 6.12). It is noted that the results here should be treated with some 

caution, as they were based on small numbers in subgroups.  

Table 6.12: Changes from the end of the main study to the end of the extension 

 
 Subgroup N Main study 

Mean ± SD 
End Extension 

Mean ± SD 
Change (*) 

Mean (95% CI) 
P-

value 
Pain in last Sham/Sham 6 6.0 ± 1.7 5.9 ± 2.3 0.0 (-0.9, 0.8) 0.89 
7 days Sham/Active 17 6.8 ± 1.8 6.5 ± 2.1 -0.3 (-1.1, 0.6) 0.51 
 Active/Active 5 5.7 ± 0.8 4.7 ± 1.1 -1.0 (-3.3, 1.3) 0.28 
 Active/Sham 5 4.7 ± 2.4 6.3 ± 2.2 1.5 (0.4, 2.6) 0.02 
EQ-5D HI Sham/Sham 6 0.57 ± 0.24 0.53 ± 0.31 -0.04 (-0.21, 0.13) 0.58 
 Sham/Active 17 0.36 ± 0.31 0.29 ± 0.31 -0.07 (-0.15, 0.01) 0.07 
 Active/Active 5 0.69 ± 0.07 0.65 ± 0.15 -0.04 (-0.23, 0.15) 0.60 
 Active/Sham 7 0.55 ± 0.24 0.54 ± 0.28 -0.01 (-0.17, 0.15 0.92 
DMA Sham/Sham 6 227 ± 223 126 ± 96 -101 (-268, 66) 0.18 
 Sham/Active 16 231 ± 213 227 ± 221 4 (-39, 48) 0.83 
 Active/Active 6 139 ± 139 161 ± 142 22 (-21, 64) 0.25 
 Active/Sham 7 160 ± 70 237 ± 191 77 (-54, 207) 0.20 
Frequency Sham/Sham 4 2.5 ± 0.6 2.3 ± 1.0 -0.2 (-1.0, 0.5) 0.39 
of use Sham/Active 13 2.1 ± 1.3 1.9 ± 16 -0.2 (-1.0, 0.7) 0.71 
 Active/Active 6 1.5 ± 0.5 1.5 ± 0.5     0.0 (0.0, 0.0) (+) 1.00 
 Active/Sham 5 2.8 ± 2.2 2.2 ± 1.3 -0.6 (-1.7, 0.5) 0.21 
The within-group comparisons were performed using the paired t-test, as the change in scores was found to 
follow a normal distribution for all outcomes. (*) Change calculated as values at end of extension minus end of 
the main trial,  
(+) The confidence interval of zero width as all patients had the same frequency of use at both timepoints, 
EQ-5D HI = EQ-5D-5L index score (utility), DMA= dynamic allodynia mapped. 
 

Factors associated with favourable outcomes  

Further analyses were performed to examine associations between patient baseline factors and 

three key study outcomes; 1. primary study outcome, 2. EQ-5D-5L VAS health status scale and 3. 

number of successful outcomes. Each patient/baseline factor was considered separately in a series 

of univariable linear regressions. The analysis results are summarised in Table 6.13. The figures are 

the regression coefficients, along with corresponding confidence intervals, and associated p-value 

indicating the significance of the results. For the categorical factors, the regression coefficients 

represent the difference in pain scores between each category and a baseline category. For the 

continuous factors, the regression coefficients represent the change in pain score for a one-unit 

increase in each factor. The number of successful outcomes was found to have a strongly positively 



150 
 

skewed distribution and was thus analysed on the log scale. The results are presented in terms of 

ratios.  

Table 6.13: Univariable Linear regression results 
Baseline  
factor 

Category  Study 
factor 

Unadjusted for baseline (*) Adjusted for baseline (*) 

 Term  Coefficient (95% 
CI) 

P-value Coefficient (95% 
CI) 

P-value 

Baseline pain - 1 0.9 (0.6, 1.2) <0.001 -  
  2 -8 (-11, -4) <0.001 -6 (-9, -2) 0.004 
  3 0.92 (0.82, 1.04) 0.18   
Age (+) Linear term  

Squared term 
1 2.4 (0.4, 4.4) 

-0.2 (-0.5, 0.0) 
0.05 1.4 (-0.1, 3.0) 

-0.2 (-0.3, 0.0) 
0.16 

 Linear term  
Squared term 

2 -33 (-57, -9) 
3 (1, 6) 

0.03 -25 (-46, -3) 
2 (0, 5) 

0.05 

 Linear term  
Squared term 

3 0.88 (0.79, 0.99) 0.03   

Gender Female  
Male 

1 0 
0.5 (-0.3, 1.4) 

0.23 0 
0.6 (-0.1, 1.3) 

0.07 

 Female  
Male 

2 0 
-3 (-14, 8) 

0.64 0 
0 (-10, 9) 

0.93 

 Female  
Male 

3 1 
0.77 (0.56, 1.04) 

0.09  ** 

Duration  
of pain 

≤ 3 years 
3-6 years 
>6 years 

1 0 
-0.6 (-1.6, 0.5) 
0.0 (-1.1, 1.2) 

0.49 0 
-0.5 (-1.3, 0.3) 
  0.0 (-0.8, 0.9) 

0.35 

 ≤ 3 years 
3-6 years 
>6 years 

2 0 
6 (-6, 18)  
-9 (-23, 5) 

0.11         0  
 1 (-10, 13)
  
  -8 (-20, 5) 

0.31 

 ≤ 3 years 
3-6 years 
>6 years 

3 1 
0.98 (0.68, 1.41)  
0.77 (0.52, 1.15) 

0.39   

NPSI baseline       
Burning - 1 0.12 (-0.01, 0.26) 0.07 0.03 (-0.07, 0.14) 0.52 
  2 -2.5 (-4.0, -0.9) 0.003 -1.5 (-3.0, 0.1) 0.06 
  3 0.96 (0.91, 1.00) 0.07  ** 
Pressing - 1 0.10 (-0.04, 0.24) 0.17 0.08 (-0.03, 0.18) 0.16 
  2 -1.2 (-3.0, 0.5) 0.17 -0.4 (-2.0, 1.2) 0.60 
  3 0.98 (0.93, 1.03) 0.34   
Paroxysmal - 1 0.07 (-0.09, 0.24) 0.37 -0.01 (-0.13, 0.12) 0.92 
  2 -1.1 (-3.1, 0.9) 0.27 -0.7 (-2.5, 1.1) 0.43 
  3 1.03 (0.98, 1.10) 0.25   
Evoked - 1 0.21 (-0.05, 0.47) 0.12 0.00 (-0.21, 0.21) 0.98 
  2 -2.9 (-6.1, 0.3) 0.07 -2.1 (-5.0, 0.7) 0.14 
  3 1.05 (0.96, 1.15) 0.29   
Paraesthesia - 1 -0.05 (-0.19, 0.10) 0.55 -0.05 (-0.16, 0.06) 0.40 
  2 -0.8 (-2.7, 1.0) 0.36 -0.3 (-1.9, 1.3) 0.71 
  3 1.02 (0.97, 1.08) 0.39   
Frequency of use (#)  1 0.2 (-0.2, 0.7) 0.26 -0.0 (-0.4, 0.3) 0.83 
  2 -1 (-6, 4) 0.72 -3 (-8, 1) 0.14 
  3 0.89 (0.77, 1.03) 0.12   
(*) Unadjusted / adjusted for average pain score at baseline, (+) Regression coefficients reported for a 10-year increase in 
age, (#) an Average number of uses per day, and Factors demonstrating the significance of <0.05 are highlighted in bold. ** 
indicates scores with a significance of <0.1 that were also included in multiple regression, NPSI= neuropathic pain symptom 
inventory. Study factor 1= primary study outcome, 2= EQ-5D-5L VAS health status scale and 3=number of successful 
outcomes. 
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Where the primary outcome was the dependent variable, the results suggested that, as might be 

expected, there was a strong association between baseline pain and pain at 3-months. Apart from 

baseline score, after accounting for baseline scores there were no factors strongly associated with 

the primary outcome. Therefore, no factors associated with the primary outcome were considered 

for multiple regression. Where EQ-5D VAS was the dependent variable in the linear regression 

factors of baseline pain score, age and NPSI burning score at baseline were significantly associated 

with EQ-5D VAS at 3 months. Where the numbers of successful outcomes were the dependent 

variable, the factors of age were significantly associated with the number of successful outcomes, 

with the number of successful outcomes decreasing with age. A 10-year increase in age was 

associated with a 12% reduction in the number of successful outcomes.  

A backwards selection procedure was performed to retain only factors significantly <0.05 (or almost 

significant) associated with the outcome as part of the multiple regression. The results of these 

multiple regressions are summarised in table 6.14.  

Table 6.14: Association between patient/baseline characteristics and the study factors of EQ-5D VAS score 
and number of favourable outcomes – Multiple Linear regression 
Study factor Baseline Factor Term Coefficient (95% CI) 

(*) 
P-value 

EQ-5D VAS score Baseline pain - -5 (-9, -1)   0.008 
EQ-5D VAS score Age (+) Linear term Squared 

term 
-21 (-42, 0) 

2 (0, 4) 
0.08 

EQ-5D VAS score NPSI Burning 
(baseline) 

   

Number of favourable 
outcomes 

Age (+) - 0.90 (0.81, 1.01) 0.07 

Number of favourable 
outcomes 

Gender Female  
Male 

1 
0.74 (0.56, 0.99) 

0.04 

Number of favourable 
outcomes 

NPSI Burning 
(baseline) 

- 0.95 (0.91, 0.99) 0.02 

Number of favourable 
outcomes 

Treatment group Sham Electrode  
Active Electrode 

1 
1.29 (0.96, 1.74) 

0.09 

(*) Adjusted for study factor score at baseline 
(+) Regression coefficients reported for a 10-year increase in age, NPSI= neuropathic pain symptom inventory, 
EQ-5D VAS- health status visual analogue score, figures highlighted in bold denote a significant p-value of <0.5. 
  
 
The multiple regression where EQ-5D VAS was the dependent factor suggested that baseline pain 

score was still significantly associated with EQ-5D VAS. Higher pain scores at baseline were again 
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associated with lower VAS scores (B=-5, 95% CI (-9, -1) p<0.008). There was also some evidence of an 

association between age and the outcome, although again this result did not quite reach statistical 

significance. After adjusting for these two variables, NPSI burning score was no longer found to be 

significant.  

Where the number of successful outcomes was the dependent factor, multiple regressions included 

baseline factors of age, gender and NPSI burning pain. The treatment group was also included, as the 

number of successful outcomes was previously found to vary between groups.  

The multivariable analyses suggested that both gender (B=0.74, 95% CI (0.56, 0.99) p=0.04) and NPSI 

burning score (B=0.95, 95% CI (0.91, 0.99) p=0.02) were significantly associated with the number of 

successful outcomes. The results showed males had fewer successful outcomes than females, a 

higher NPSI baseline score was also associated with fewer successful outcomes, whilst age was no 

longer significant.  

Health economic outcomes 

The economic analysis was conducted by the Bangor health economics department to estimate the 

incremental cost per quality adjusted-life-year of EN-PNS compared to the sham device. The 

incremental QALY difference in 3-month costs between the active electrode and the sham electrode 

was 0.0035 (95% CI (-0.0167, 0.0246), which is equivalent to approximately 3 additional days of 

perfect health over 3-months. The active device was associated with more QALYs, but at a higher 

cost and was not found to be cost-effective when compared to the sham intervention. 

Table 6.15: Economic outcomes; CI=confidence interval, QALY= quality-adjusted life years, ICER=Institute for 
clinical and economic review threshold. 
ADJUSTED      
 Mean total 

costs (95% 
CI) 

Mean total QALYs 
(95% CI) 

Incremental 
Costs (95% 
CI) 

Incremental 
QALYs 
(95% CI) 

ICER 

Sham  £524 
(305, 828) 

0.1221 
(0.1008, 0.1403) 

   

Active  £2372 
(2174, 2577) 

0.1255 
(0.1000, 0.1481) 

£1848 
(1481, 2152) 

0.0035 
(-0.0167, 0.0246) 

£528,040/QALY 
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Further exploratory analysis 

Additional exploratory measure analysis 

An additional exploratory outcome was the 7-day average pain scores throughout the study. These 

were analysed graphically by plotting the scores in each treatment group over time. This information 

is shown in figure 2. The figures reported are the mean score in each treatment group over time, 

with the error bars indicating the 95% confidence interval of the mean. Seven-day average pain 

scores in each treatment group over time graphically illustrate both treatment groups undergo a 

reduction in scores from the baseline time point to 1 week, with some further reductions at week 2 

for the active group which remain consistently lower throughout (Fig 6.6). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6. Mean 7-day average pain intensity over the treatment phase.  
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The figures reported are the mean score in each treatment group over time, with the error bars indicating the 
95% confidence interval of the mean.  
 

Also, of interest was the frequency of use of the device throughout the study in the two treatment 

groups. This was also examined graphically, and the summary data for this measure is summarised in 

figure 6.7. 
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Figure 6.7: Frequency of device use throughout the 
study
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Post hoc telephone survey results 

Post-hoc interview with 12 patients within the active treatment group was conducted to understand 

how patients used and experienced the treatment (Appendix 4, Post hoc telephone questionnaire). 

The first question asked patients how the stimulation felt. Patients who perceived the stimulation as 

painful n=6, all perceived the treatment as beneficial, whilst those who described the treatment as 

uncomfortable or not painful did not perceive any benefit n=6 (Fig 6.8, Q1a and Q1b). 

All patients who did not find stimulation painful were asked in question 2 whether they could have 

tolerated higher intensity stimulation (Fig 6.8, Q2). Of these, n=2 reported they did not attempt 

higher intensity because they had been advised not to, n=1 reported mood prevented them from 

trying a higher intensity, n=1 tried it but found higher intensity stimulation uncomfortable and n=2 

found higher intensity stimulation irritated their pain (Table 6.16). 
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 Table 6.16- Responses to post hoc telephone survey question 2 
 

 

 

 

 

In response to question 3 which asked about how often and for how long patients used the 

stimulator, all 12 patients reported stimulating daily for the specified duration of 10 minutes. The 

only exception to this, was in two cases when the device was not used on a few days when they 

were unwell for reasons other than pain. Only 3 patients considered using the device to manage 

spikes of pain. 

In terms of stimulator use (question 4), n=7 (4 reporting treatment benefit) patients indicated they 

chose to use the device at a set time each day irrespective of pain levels, whilst n=3 (1 reporting 

treatment benefit) reported they used it when they were relaxed and comfortable, n=2 due to the 

location of pain stimulated when they were dressing to expose the area and n=1 use was 

determined by free time who also reported treatment benefit (Fig 6.8 Q4). All patients felt confident 

using the device (question 5). Patients were asked if anyone had helped them to consider how and 

when the device might work best for them (question 6). Two patients felt further information on 

accurate location of stimulation would have been helpful, five commented they felt they felt 

confident they could contact the team with any questions and therefore felt reassured through the 

study. 

Most patients (n=8) reported that pain reduction was important to how they evaluated treatment 

effect (question 7, Fig 6.8 Q7). In response to how they would have liked the treatment to help 

(question 8), all patients referred to the question before in their response. 

All patients reported feeling that they had alternative options available to them should the 

stimulation not be helpful in response (question 9, Fig 6.8 Q9).   

Stimulation 
level 

Q2, could you have tolerated higher Y/N and the 
reasons why 
 (= number of patients). 

Painful N=5 already high 
Y=1 but did not increase as it was helping 

Uncomfortable N=2 tried but it aggravated the pain 
Not painful N=1 Tried but it was uncomfortable 

N=3 Did not attempt to (2- advised not to, 1 
mood). 
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Patients provided mixed responses concerning what they would like to change about the device 

(question 10, Fig 6.8 Q10). Most responses related to the practicalities of using the device, with 4 

patients reporting holding the pen was difficult, 2 reporting it was hard to undress to expose the 

area, 1 found using it in the workplace was awkward, 1 felt it was too complicated, 1 found the 

reference electrode uncomfortable, whilst one found identifying the target for stimulation could be 

challenging.  

The final question asked patients to rate on a scale of 1-10 how likely they would be to continue with 

stimulator use if they were provided with a machine, with 0= unlikely and 10= highly likely. Five of 

the patients who reported treatment benefits gave responses ≥5 indicating they would be highly 

likely to continue with treatment, compared to 3 who perceived no treatment benefit (Fig 6.8 Q11).  

Patients were asked to clarify their responses to this question (Table 6.17). 

Table 6.17- Responses to post hoc telephone survey question 11 
 

 

 

Comments were provided relating to scores 
Score Comments Responder 
10 Their mood had limited ability to judge response during trial N 
7 Pain has now changed following surgery since the trial. N 
8 Would like longer to evaluate the response  N 
4 Benefited but hard to maintain the position of stim Y 
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Figure 6.8:  Graphical representations of responses to specific questions of the post hoc telephone survey   



159 
 

Chapter 7 Discussion 
 

Research problem 

The evidence suggests that subjects with neuropathic pain are far from optimally managed by 

medications, despite large numbers of visits to pain physicians and a high level of prescriptions for 

pain1,2. Other techniques, such as neuromodulation, have been considered third-line treatment 

options, however, there is limited evidence to support such third line approaches currently in the 

management of persistent painful peripheral nerve injury (PPNI) 3,4. Because of the limitations of 

currently available treatments, neuropathic pain is still considered an unmet clinical need and 

therefore, there is a need to understand how it can be better managed 5,6.   

Amplification of synaptic transmission in nociceptive pathways, termed ‘nociceptive long-term 

potentiation (LTP), has been associated with neuropathic pain following peripheral nerve injury7. The 

use of low-frequency electrical stimulation delivered at a high current density has been shown to 

induce long term depression (LTD,) the counterbalancing process of LTP 8–11. Induction of LTD via 

low-frequency stimulation should therefore aptly target PPNI by lowering enhanced gain in 

nociceptive pathways11. Evidence to support the clinical use of LFS where LTD may be a working 

mechanism for PPNI is limited to observational studies. These studies suggest that external non-

invasive peripheral nerve may relieve pain for people with localised neuropathic pain 12–14. There is 

currently no evidence from controlled trials to confirm this. 

Research question 

The current work sought to explore the potential efficacy of a non-invasive approach to elicit LTD-

related pain suppression. The primary objective of this research was to establish clinical efficacy and 

provide a confident estimate of the effect size of low frequency electrical non-invasive peripheral 

electrical nerve stimulation (EN-PENS) treatment to reduce pain in patients with moderate to severe 

neuropathic pain associated with definite or probable peripheral nerve injury. The secondary 
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objectives were to evaluate the impact of this treatment in terms of QOL and day-to-day function. 

Further objectives were to gain a better understanding of this modality concerning mood, self-

efficacy (confidence to perform abilities in the presence of pain), reduction of allodynia, potential 

mode of action and cost-effectiveness based on health resource use. We hypothesised that a 

significant difference (p=< 0.05) in terms of reduction of average pain intensity would be 

demonstrated in favour of the active treatment. 

Summary of key findings 

The data illustrated that treatment was not associated with a significant change in pain intensity. 

Results demonstrated that there was no statistically significant difference in the primary outcome 

between the two study groups with pain scores at 3 months being on average 0.3 units lower in the 

active group (95% CI -1.0, 0.3; p=0.30) giving an effect size of 0.19 (Cohens D). The number of 

patients experiencing ≥ 2 points OR ≥ 30% NRS reduction was 29% of patients in the active group, 

compared to 18% of the sham group. There was evidence of improvement for 2/3 of the secondary 

outcomes; quality of life ratings (EQ5D-5L VAS) was on average 10 points higher (95% CI 0, 19; 

p=0.05), whilst functional change was on average improved by 0.9 points (BPI interference subscale) 

(95 % CI -1.7, 0.0; p=0.06) in the active group.  

Analysis of exploratory outcomes supported significant improvement in dynamic mechanical 

allodynia (DMA) following active treatment with a difference of 74 cm2 between groups (95% CI -

126, -22; p=0.006, i.e., the allodynia area was reduced by 74cm2 more in the active group).  

Across all other outcome domains, a trend in terms of positive effect was observed for the active 

treatment which is suggestive of a biological effect. The number of outcomes achieving minimally 

important clinical change per patient was on average higher in the active group compared to the 

sham (2.9 outcomes versus 1.7 outcomes, p=0.03). Multivariable analyses suggested that both 

gender (B=0.74, 95% CI (0.56, 0.99) p=0.04) and neuropathic pain symptom inventory (NPSI) burning 

score (B=0.95, 95% CI (0.91, 0.99) p=0.02) were significantly associated with the number of 
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successful outcomes. Males had fewer successful outcomes than females, whilst a higher NPSI 

baseline score was also associated with fewer successful outcomes.  

Post hoc telephone interviews indicated that all patients who observed the stimulation as painful (n 

= 6/12) reported an analgesic effect, but those who observed the treatment as either 

‘uncomfortable’ or ‘not painful’ (n = 6/12) experienced no analgesic benefit. Patients additionally 

indicated that the timing of their stimulator use was not influenced by their pain experiences, but 

more frequently conducted at a set time of day. The intervention was well tolerated. 

Interpretation of findings 

The only outcomes to demonstrate significant improvement associated with active treatment were 

change in dynamic mechanical allodynia (DMA) (p=0.006) and EQ-5D VAS (p=0.05). The positive 

change in DMA reflects a change in stimulus-evoked pain in the affected area, which would support 

LTD as a plausible mechanism of action. The underpinning mechanism for pain-LTD is an 

intermediate rise of postsynaptic calcium concentration in nociceptive dorsal horn neurons (> 1 

µM/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 postsynaptic cell, which reduces the availability of 

receptors by translocation and consequently weakens synaptic efficacy15. The principle that LFS can 

induce pain-related LTD to treat established pain-LTP had earlier been established in healthy 

volunteers16. This study is the first randomised controlled trial (RCT) to examine LFS with LTD as a 

proposed working mechanism in a neuropathic pain population.  

Unlike in preliminary open-labelled studies using the same type of stimulator device12–14, reduction 

of stimulus-evoked pain was not paralleled by significantly reduced spontaneous pain. Although LFS 

may not potentially reduce spontaneous pain intensity, several lines of evidence suggest that this 

outcome may reflect both sub-optimal stimulation intensity and frequency. Evidence from volunteer 

studies indicates that a just noticeably painful stimulus strength of 2-10 x detection threshold is 
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effective for induction of LTD, while weaker or stronger stimuli are either less effective or completely 

ineffective9,16.  Thus it is suggested that the painfulness of an electrical stimulus is a function of the 

stimulus strength17. Within the trial, patients determined stimulus strength ad libitum, and therefore 

it was not possible to determine whether patients were stimulating within an effective amplitude 

range.  Patients had been advised to stimulate at an intensity perceived as mildly painful but not 

intolerable. Post-hoc telephone interviews illustrated only patients who experienced the stimulation 

in the active arm as painful, but none of the other patients found the treatment beneficial. 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 but, also that advice regarding 

stimulation was not precise enough. Furthermore, post-hoc telephone interviews indicated that 

most patients used the stimulator once a day, at a set time of day regardless of their actual pain 

experiences. This would suggest that patients viewed treatment as something that acted over a 24-

hr period (like a drug). As the duration of the LTD effect is unlikely to exceed a few hours13, patients 

may therefore have missed out on the potential of using the treatment to target either 

spontaneous- or activity-induced pain increases that would be variable during the day. Experimental 

studies have additionally indicated that repeated application of LFS (within 40 mins of the first 

application) can enhance and prolong LTD 10. Therefore, as patients were only stimulated once a day 

the potential to further enhance the treatment effect by repeating stimulation was not optimised.  

Patient education about treatment mechanisms, required stimulation strength, timing and 

frequency of treatment may therefore optimize clinical benefit by individually tailoring the 

stimulation and thus requires further evaluation.  

It is, however, also possible that reduction in this type of stimulus-evoked pain in some patients does 

not fully translate into a reduction of their spontaneous pain. A potential disconnect between 

spontaneous and stimulus-evoked neuropathic pain has been illustrated elsewhere18,19. Topical 

lidocaine has been shown to reduce DMA for up to 3 months in patients with neuropathic pain after 
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knee surgery, without global pain reduction18; and mechanical allodynia has been demonstrated in 

the absence of spontaneous pain19.  

The findings demonstrate a reduction in enhanced pain sensitivity following low-frequency nerve 

stimulation. This finding is supportive of previous studies' findings and appears to be a consistent 

effect associated with low-frequency nerve stimulation7,10,13. 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.  

In addition to purely mechanistic factors that may explain a disconnect between spontaneous pain 

and evoked pain, there may be other biopsychosocial or contextual factors that exhibit an influence. 

For example, how pain is evaluated will be influenced by contextual factors such as emotional 

wellbeing, physical functioning, and social occupational factors20–22. It is difficult for studies to 

measure relevant contextual factors, and whilst the exploratory measures within the trial in part 

attempted to do this, an association between exploratory outcome measures and pain outcomes 

was not found.  

Multivariable analyses suggested that gender (B=0.74, 95% CI (0.56, 0.99) p=0.04) and NPSI baseline 

burning score (B=0.95, 95% CI (0.91, 0.99) p=0.02) were significantly associated with the number of 

successful outcomes. Males and patients with higher NPSI baseline burning scores had fewer 

successful outcomes. High baseline burning pain scores would indicate sensory features relating to 

sensory phenotypes of thermal hyperalgesia and sensory loss 23. LTP and LTD are thought to be most 

closely associated with aspects of central sensitisation for which punctate hyperalgesia and dynamic 

mechanical allodynia are hallmark signs and are most strongly associated with mechanical 

hyperalgesia sensory phenotype23–25.  Therefore, the presence of strong burning sensory 

characteristics suggests that these patients also had characteristics fitting with thermal hyperalgesia 

and sensory loss phenotypes and therefore may have been less responsive to LTD as a treatment 

mechanism.  
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Previous epidemiological studies have indicated that persons with chronic pain with features of 

neuropathic pain typically have moderate or severe levels of anxiety and depression2. Conversely 

within the current study baseline hospital anxiety and depression (HADS) questionnaire scores 

(Anxiety= 10∙5 ± 4∙8 and depression=9∙1 ± 4∙5), fell within the mild symptom severity catergory26.  All 

other outcome measures indicate moderate levels of severity in terms of the domains measured. 

This was an unexpected finding, and we are unsure as to why this group exhibited only mild 

emotional distress. Our inclusion criteria reflected the inclusion of very localised pain versus more 

widespread pain where high levels of emotional distress are well documented27. Whether lower 

levels of distress are typical for a highly localised neuropathic pain condition in comparison to a 

more widespread neuropathic pain condition would require further exploration.  

The use of an optional treatment extension/ treatment swap was utilised principally as a study 

retention aid but also provided further long-term outcome information for a small proportion of 

subjects. During this phase, extended use of the active device was associated with a further 

reduction of 1.0 points in average pain intensity (n=5, 95% CI -3.3, 1.3, p=0.28), whilst only minimal 

improvement (not exceeding 0.3 points) was reported for those who switched to active or continued 

with sham. A significant worsening in average pain intensity by 1.5 points n=5 (95% CI 0.4, 2.6, 

p=0.02) was observed for patients who switched from active treatment to sham. These results 

provide some suggestion that treatment efficacy improves with extended use but requires further 

validation with larger numbers. A longer period of follow up (6 months) was originally considered as 

part of the study design but was reduced to 3 months following PPI consultation. PPI members 

strongly felt that a longer follow up of 6 months would be too burdensome for patients in the 

absence of treatment efficacy and would negatively influence study attrition. The suggestive 

evidence that prolonged use further improves efficacy however merits further exploration and long 

term follow up studies are recommended.  

Strengths 
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As identified the evidence to support LTD via LFS largely relates to results from experimental studies 

in healthy subjects8–11,28. Therefore, this study builds on this evidence by considering the necessary 

stimulation paradigm requirements to achieve LTD mechanistically in a clinical population. The 

required stimulation paradigm includes stimulation frequency (1-2Hz)10,29,30, stimulation strength 

(between 1-4 x pain perception threshold) 31,32, pulse duration (1200 pulses) 10,33,34, and electrode 

shape (concentric electrode to preferentially activate Aδ fibres) 35,36. Observational studies support 

that these stimulation paradigms could be associated with clinical effects13,14. The current study 

builds on this evidence by evaluating efficacy as part of an RCT.  Therefore, this study addresses 

current known gaps in the existing research and is the first mechanistically informed RCT to examine 

LFS for the treatment of neuropathic pain. The study provides clear justification for stimulation 

parameters that can be used to inform future study design. 

In the absence of a specific diagnostic tool for neuropathic pain, the study used the neuropathic 

grading scale to ensure only patients with probable or definite neuropathic pain were recruited37. 

This can be considered a further strength of the study by ensuring patient selection was supported 

by a standardised, validated tool and supported by a mechanistic rationale.  

Quantitative sensory testing with different neuropathic pain syndromes has defined patterns of loss 

or gain of function across multiple sensory modalities (‘somatosensory profiles’) which likely reflect 

underlying pain generating mechanisms 23. Results from studies examining the different sensory 

profiles of patients with neuropathic pain would suggest that mechanisms of LTP and LTD are likely 

to have greater relevance for patients displaying a predominant ‘mechanical-hyperalgesia’ sensory 

phenotype, i.e. who specifically demonstrate mechanical dynamic allodynia and punctate 

hyperalgesia23,38. To additionally support the mechanistic rationale the inclusion criteria therefore 

also required DMA to reflect a mechanical hyperalgesia sensory profile. The study was therefore 

successful in terms of recruitment and retention of a very specific group of patients.  
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It has been suggested stratification of patients by sensory profiles could improve both patient 

selection and treatment outcomes by improving mechanistically informed treatment rationale 38. 

Future studies could additionally consider the inclusion of neuropathic pain-specific screening 

questionnaires and inclusion of comprehensive sensory testing to better stratify patients by 

neuropathic pain sensory characteristics.  

The development and use of a true sham intervention with some perceivable but inefficient 

stimulation parameters is a further strength – the lack of credible sham intervention has previously 

been noted as a limitation in neuromodulation trials39,40.  The sham intervention was developed 

through collaborative consultation with both neurophysiologists and patients. This dual type of 

collaboration is recommended for future research studies to ensure intended sham interventions 

are supported by robust mechanistically informed evidence and are adequately tested before 

investigation.  

The sham device used a conventional 5x5 cm2 TENS electrode whereas the active device used a small 

concentrically shaped electrode. Experimental studies using cutaneous stimulation, have provided 

evidence that preferential activation of cutaneous A-δ fibres can be achieved using a concentric 

electrode that creates a high current density35,36. In contrast, larger diameter surface electrodes, 

such as TENS electrodes, do not generate the required current density to preferentially activate A-δ 

fibres, required for LTD induction unless used at very high intensities 41,42. Therefore, TENS even 

when used at a low frequency typically activates the whole A- fibre spectrum without any 

preference 41,42. The justification of electrode design, therefore, helps to highlight a fundamental 

difference between conventional LFS TENS and the LFS used within this study.  

Strong PPI involvement throughout the study process was an additional strength of the study. PPI 

involvement helped to shape every stage of the study from the endorsement of the initial concept, 

design, implementation, governance, and evaluation. This ensured the study was relevant and 
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helped to improve the study design. Such processes contributed to the study achieving a high level 

of patient adherence resulting in high data quality and reducing uncertainty. 

The selection of outcomes reflected domains considered and prioritised by both clinicians and 

patients and was supported by outcome recommendations43. The study further included successful 

randomisation with active and comparator groups being well balanced.  

Limitations 

Average 24 hrs pain intensity was chosen as the primary outcome measure for this study on the 

basis that it was prioritised highly by clinicians and patients. In experimental studies, the effect of 

LTD has been largely demonstrated by reduced sensory and evoked potentials 7,10. To potentially 

demonstrate a change supportive of LTD induction we included a reduction in DMA as an 

exploratory outcome. Reduced DMA however on its own is also not confirmatory of LTD, which can 

be considered a limitation of the current study. A more comprehensive evaluation of sensory testing 

is recommended for future studies to provide evidence supportive of LTD as a mechanism of action. 

A comprehensive evaluation of sensory responses could additionally enhance understanding of 

response profiles and help to improve patient and treatment selection in future studies.   

Although a reduction in sensory evoked potentials has been suggested correlate of LTD, the 

neurobiological basis of LTD which is reduced synaptic activity cannot be directly accessed in 

humans. This remains a limitation for all human studies.  

The study 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. Evaluation of stimulator use was limited as devices were not 

equipped with a system to monitor compliance or stimulation parameters. It is now becoming more 

common practice to use smartphone applications as part of trial design44. Therefore, future trials 

could consider smartphone applications that require participants to input data relating to 
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stimulation. This would help to encourage compliance but also provide an opportunity to monitor 

and evaluate compliance.  

In normal practice, suboptimal stimulation may be improved with education relating to stimulation 

electrode positioning and coverage, but due to blinding, this was not possible. To overcome this in 

future the use of additional stimulation optimisation sessions could be delivered by clinicians 

independent of the study, to ensure within both groups patients were supported to achieve optimal 

stimulation.  

The study considered localised peripheral neuropathic pain and as discussed utilised the neuropathic 

grading scale to ensure measurement of neuropathic pain was standardised. However, we did not 

consider classification by type of injury. Peripheral neuropathic pain can be further classified based 

on the degree of demyelination and the extent of damage to the axons as either neurapraxia, 

axonotmesis, or neurotmesis using the Seddon or Sunderland criteria 45,46. Further classification by 

type of injury could be useful in future studies to consider whether the degree of injury influences 

response and improve patient selection.  

Data from a systematic review and meta-analysis in a different post-traumatic neuropathic pain 

condition, complex regional pain syndrome reported a pooled sham response as being negligible 47. 

For the ENPENS study, the sample size calculations were based on a between-group difference of 1. 

5. This was a conservative estimate based on the available preliminary and placebo data13,47. Within 

the current study patients within the sham group experienced on average a reduction in the primary 

outcome of 0.6 points versus 0.9 points within the active group (95% CI -1.0, 0.3; p=0.30). Therefore, 

the current study would suggest that reported sham responses are not negligible and this is an 

important consideration for future studies and should be used to inform future study design.  

The sham device used a standard TENS electrode and therefore had some visual similarities to a 

conventional TENS device. Patients with previous experience with TENS were included in the current 

study but the outcome of this experience was not ascertained. This may have influenced the results 
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we observed within the sham group. Future studies should consider whether patients perceive 

similarities to previous treatments and how this may shape their experience and expectations 

concerning planned research treatments.  

The inclusion of patients who may not have benefited from treatment such as patients with 

psychological co-morbidities or who had pain conditions that were potentially unresponsive to single 

nerve stimulation may have inadvertently underpowered the study. For example, radiotherapy-

induced nerve pain (n=2, active) and medication-induced nerve pain (n=1, sham) were included. 

Radiotherapy and medication-induced nerve pain is rarely confined to the distribution of one nerve. 

The three patients included with these indications all experienced hand pain and only reported pain 

in the radial or ulnar nerve territory following said treatments but, minor contributions from other 

segments can perhaps not be excluded.  

Although patient medications and changes in medications were recorded the study did not consider 

the potential mechanism of action of different drugs and whether this could interfere with LTD. For 

example, gabapentin and pregabalin bind to the α2-δ subunit of calcium channels and therefore also 

interfere with Ca influx which may compromise further reduction in synaptic excitability by LTD48. 

Patients were asked to indicate if they felt that 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 benefits. A 

formal assessment of blinding, however, was not included during initial training, i.e., before delivery 

of any effective stimulation and therefore it is not possible to confidently exclude any unaccounted-

for unblinding effect and its impact on the outcome.  

Recommendations for implementation of future research 

Experimental studies have demonstrated that LFS can reduce enhanced evoked sensory responses8–

11. Further research is required to confirm whether suggested enhancements would improve efficacy 

and provide definite conclusions regarding the potential clinical utility of LTD induced by LFS as a 
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treatment for PPNI. A starting point for future research would be to confirm within a clinical 

population whether LTD is a function of the painfulness of an electrical stimulus. Understanding this 

would enable better patient education about treatment use and treatment prescription.  

In conjunction with understanding parameter requirements, it would also be important to 

appreciate from a patient’s perspective whether they would engage with potential parameter 

refinements, such as painful stimulation or more frequent use. Further knowledge in both these 

areas is required to refine future therapies. 

As highlighted the study illustrated a reduction in DMA in keeping with the mechanisms of LTD. 

However, to provide more robust evidence supportive of the LTD affect future studies should 

include a more comprehensive evaluation of change in sensory measures.  Whilst this should include 

more extensive quantitative sensory testing it should not be limited to peripheral responses. For 

example, recent research has demonstrated that LFS of the radial nerve in healthy volunteers in 

addition to reducing sensory evoked potentials peripherally was also associated with reductions in 

the central processing of sensory evoked potentials 28. Therefore, further research exploring both 

peripheral and cortical responses could further enhance the current mechanistic understanding of 

treatment effect, and response profiles, and help to inform patient stratification and treatment 

selection in future studies.  

A classic parallel design RCT study was used to evaluate external non-invasive peripheral nerve 

stimulation. Such study designs have been critiqued for lacking sensitivity when intervention specific 

effect (active minus sham) approaches 10% unless the study is of exceptional size 49.  A specific effect 

of 11% was observed within the current trial and, therefore, may have lacked sensitivity due to a 

considerable analgesic response in the sham group (18% in the sham group experiencing a ≥2 NRS or 

30% pain reduction compared to 29% of patients in the active group). Consequently, future research 

also should look toward alternative study designs where potential placebo effects can be reduced, 

and sensitivity could perhaps be improved with this in mind. Some of the specific challenges relating 

to the conduct of such trials were discussed as part of chapter 4. Enriched enrolment randomized 
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withdrawal (EERW) designs are one possible study design that could be considered EERW increases 

sensitivity by removing definite non-responders and; therefore, can give a useful indication of the 

overall proportion of patients who would benefit from treatment50,51. Currently, however, there are 

only a few good examples of EERW in chronic pain trials 52.  

Conclusion 

This study is the first randomised controlled trial to examine LFS with LTD as a proposed working 

mechanism in a neuropathic pain population. Evidence from the study regarding reduction in pain 

intensity, the primary outcome, failed to reach significance. The results suggest evidence for the 

reduction in evoked pain in keeping with LTD as a working mechanism. Results suggest further 

refinement of this modality is required, to enhance potential LTD, which will help inform future 

study design and approaches to LFS treatment. Low frequency stimulation is well-tolerated, 

comparing favourably with drug treatments for the same patient group 53.  
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Appendix 1 ENPENS Participant Information Sheet 
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Appendix 2 ENPENS Consent form              
 

A randomised controlled trial of External non-
invasive peripheral nerve stimulation for chronic 
neuropathic pain following peripheral nerve 
injury (EN-PENS trial). 

    Please initial all boxes  
1. I confirm that I have read and understand the ‘Participant Information Sheet, 

version 3' for the above study.  I have had the opportunity to consider the Information, ask 
questions and have had these answered satisfactorily. 

 

2. I understand that my participation is voluntary and that I am free to withdraw at any time 
without giving any reason, without my medical care or legal rights being affected. 

 

3. I understand that relevant sections of my medical notes and any data collected during the study 
may be looked at by authorised individuals from the research team, regulatory authorities or 
from the NHS trust, where is relevant to my taking part in this research. I give permission for 
these individuals to have access to my record for this purpose. 

 

4. I agree that my telephone number can be used by the research team to contact me during the 
trial at agreed weekly intervals to monitor my progress with treatment.  

 

5. I agree that my anonymised data can be stored on a secure electronic database held at the 
Walton Centre. 

 

6. I agree that an authorised person who is bound by confidentiality (e.g. the project lead or 
members of the research team at The Walton Centre NHS Foundation Trust) can view the 
personal data recorded as far as it is necessary for data control of the project. 

 

7. I agree to my GP being informed of my participation in the study.    

 

8. I agree that the EN-PENS device will not be used by anyone other than myself. 

 

9. I agree to return all trial equipment within 2 weeks of study completion irrespective of whether 
the trial ended prematurely.  

 
10. Optional Components:  
. 
 
i Future Research Projects I give my permission for the Walton Centre to contact me in the future 
regarding using my anonymous data in further research studies or regarding my participation in 
future research studies for which I would be eligible and for which I may want to consider 
participation. 

Please sign 3 copies, keeping 1 for yourself , one will be filed in your medical notes and one will be retained by 
the researchers. 
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Appendix 3 Patient outcomes 
pack
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Appendix 4 Posthoc telephone 
questionnaire
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