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Abstract 
Danielle Hewitt, Neural changes associated with spinal cord and external peripheral nerve 

stimulation for the treatment of neuropathic lower limb pain. 

 

Spinal cord stimulation (SCS) and external low-frequency peripheral nerve stimulation (LFS) 

are palliative neurostimulation interventions for intractable neuropathic pain. However, understanding 

of the neural mechanisms underlying SCS and LFS is limited. Neurostimulation parameters such as 

waveform type and intensity modulate peripheral and central nociceptive pathways, which influence 

their therapeutic effects. The current thesis aimed to investigate the effects of varying intensities of 

burst and tonic SCS on resting cortical oscillations and somatosensory processing, and the temporal 

dynamics of LFS on somatosensory processing. 

Effects of SCS on oscillatory dynamics were assessed in patients using burst and tonic SCS 

for neuropathic leg pain. Spontaneous resting oscillations and event-related desynchronisation during 

brushing of a pain-free leg were examined at four SCS intensities. Temporal effects of LFS applied to 

the radial nerve were examined using source dipole modelling in healthy volunteers at varying 

intensities. Change in resting EEG and nociceptive processing were investigated after LFS. 

Results of four empirical studies pointed towards intensity-related changes in cortical 

activation during both SCS and LFS. Greater intensities of SCS and LFS were associated with 

decreased cortical excitability primarily in central and parietal scalp regions. Facilitatory effects of 

stimulation intensity were also identified in sensorimotor sources. Cortical activation changes during 

processing of somatosensory input were found between burst and tonic SCS. 

Intensity-related changes in cortical excitability during SCS and LFS may be partially 

explained by the Gate Control Theory and long-term depression, respectively. Coexistence of 

attenuated cortical excitability and sensorimotor facilitation suggests that these neurostimulation 

interventions do not have simple gating effects. Results support different underlying mechanisms 

between burst and tonic SCS which are engaged during somatosensory input. Findings have important 

clinical implications for the palliative treatment of neuropathic pain syndromes. 
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Chapter 1 

1 Spinal cord stimulation and peripheral nerve stimulation for neuropathic pain 

1.1 Chronic pain 

Pain is defined as “an unpleasant sensory and emotional experience associated with, or 

resembling that associated with, actual or potential tissue damage” (Raja et al., 2020). When pain 

persists or recurs over a period of 3 months or more, it is regarded as chronic (Treede et al., 2015). 

Chronic pain affects between 20–40% of people worldwide (Fayaz et al., 2016). In the UK, the annual 

incidence rate of chronic pain has been estimated at 8.3%, with a recovery rate of 5.4% (The British 

Pain Society, 2010). 

 Chronic pain has considerable negative impacts on quality of life, employment prospects, 

physical functioning, professional life and personal relationships (Hadi et al., 2019). The economic 

cost of chronic pain is difficult to quantify, but has been estimated at £10 billion in the UK 

(Maniadakis & Gray, 2000). Globally, the greatest cause of years lived with disability is chronic back 

and neck pain (Rice et al., 2016; World Health Organisation, 2020). In the UK, low back pain has the 

second biggest impact on disability-adjusted life years (World Health Organisation, 2020). 

 Pain can be divided into three broad categories: nociceptive, resulting from tissue damage, 

neuropathic, resulting from nerve damage, and nociplastic, resulting from a sensitized nervous 

system. Chronic pain can span multiple pain categories, which in turn determine clinical diagnosis, 

approach, and treatment options. Patients with neuropathic pain syndromes may be suitable 

candidates for neurostimulation interventions. 

1.1.1 Neuropathic pain 

 Neuropathic pain is defined as pain caused by a lesion or disease in the somatosensory system 

(Treede et al., 2008). Neuropathic pain syndromes affect approximately 7–10% of the general 

population (van Hecke et al., 2014), with significant impacts on quality of life and functioning (Smith 

& Torrance, 2012). 
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Diagnosis of neuropathic pain requires a history of central or peripheral nervous system 

injury and a neuroanatomically plausible distribution of pain symptoms (Treede et al., 2019). 

Neuropathic pain symptoms may be spontaneous or evoked, as an increased response to a painful 

stimulus (hyperalgesia) or as a painful response to nonpainful stimuli (allodynia) (Finnerup et al., 

2016; Scholz et al., 2019). Verbal descriptors of neuropathic pain include lancinating, shooting, 

electrical-like, stabbing and burning sensations, which can be experienced alongside sensory deficits 

of numbness, tingling and pricking (Cohen et al., 2021). 

 The origin of neuropathic pain can be peripheral, central, or both. The broad range of causes 

of neuropathic pain include physical trauma, vascular and metabolic disorders, infection, 

inflammation, genetic abnormalities and other pathological processes affecting peripheral and central 

nervous system structures (Devor, 2013). Such conditions result in changes in the nervous system, 

including ectopic hyperexcitability and abnormal impulse generation at the site of injury (reviewed in 

Devor, 2013). First-line treatment for neuropathic pain syndromes is pharmacological management. 

Patients who do not have effective pain relief from pharmacological treatments may be candidates for 

neurostimulation, with the primary indications being chronic pain after spinal surgery, complex 

regional pain syndrome and peripheral neuropathy. 

1.1.2 Chronic low back pain after spinal surgery 

Low back pain is defined as “pain, muscle tension or stiffness below the costal margin and 

above the inferior gluteal folds, with or without leg pain” (Koes et al., 2006). Back pain can be axial, 

radicular, or referred. Axial back pain is mechanical pain within the region of the lower back (L1–5) 

that worsens with movement and is not specific to the anatomical structure responsible for the pain 

(Alshelh et al., 2021; Bogduk, 2009; Urits et al., 2019). Radicular pain is that which radiates along the 

nerve into the leg and/or foot (Bogduk, 2009; Patel & Perloff, 2018; Urits et al., 2019). Axial pain is 

generally nociceptive, while radicular pain has a greater neuropathic component (Alshelh et al., 2021; 

Bogduk, 2009). Referred pain is the spread of pain to distal sites not innervated by the affected area 

(Bogduk, 2009). Low back pain may develop as a result of spinal canal tumours, arthritis, herniated or 

degenerated discs, stenosis, or instability (Long, 2013). Chronic low back pain that does not resolve 
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with time can be treated with surgical procedures such as spinal fusion, laminectomy, or 

decompression. 

Chronic pain after spinal surgery (CPSS), also known as failed back surgery syndrome or 

lumbar post-laminectomy syndrome, is persistent or recurrent axial and/or radicular pain after surgery 

(Schug et al., 2019; Thomson, 2013). Prevalence for CPSS is estimated at 20% of patients who 

undergo spinal surgery (Inoue et al., 2017). CPSS can develop in patients for whom surgery was not 

indicated, where the surgery did not correct the original abnormality, or where a complication of 

surgery occurs and generates pain (Long, 2013). Complications of lumbar surgery include leakage of 

spinal fluid, nerve root injury, surgically-induced instability, infection and excessive scar formation 

(Long, 2013; Sebaaly et al., 2018). Risk factors for CPSS include psychological and social patient-

related factors such as history of anxiety, depression and poor coping strategies, surgical factors of 

poor candidate selection, revision surgery and improper planning, and postoperative factors such as 

surgical complications and disease progression (Sebaaly et al., 2018). 

1.1.3 Complex regional pain syndrome 

Complex regional pain syndrome (CRPS) is a type of chronic primary pain characterised by 

severe, continuing regional pain which is seemingly disproportionate to the inciting event (Nicholas et 

al., 2019). CRPS can be separated into two distinctive forms: CRPS type I (previously known as 

reflex sympathetic dystrophy), where there is no demonstrable nerve damage, and CRPS type II 

(previously known as causalgia), where nerve damage can be identified as an initial cause of the 

condition (Harden et al., 2010). Those at a greater risk of developing CRPS are Caucasian women 

aged over 60 years, with a high household income and private insurance (Misidou & Papagoras, 2019; 

Sandroni et al., 2003). Although CRPS is separated into two types, nerve conduction studies show no 

significant difference in symptoms between groups (Harden et al., 1999). 

CRPS occurs predominantly in one extremity, with multiple extremities affected in up to 7% 

of patients, although pain is not restricted to a specific dermatome (Sandroni et al., 2003; Veldman et 

al., 1993). The Budapest clinical diagnostic criteria for CRPS includes: positive sensory abnormalities 

including spontaneous pain, hyperalgesia or allodynia; vascular abnormalities including vasodilation, 
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vasoconstriction, temperature and/or skin colour asymmetry; oedema, including swelling and 

sweating changes; and motor and trophic changes, including decreased range of motion, stiffness, 

motor dysfunction, and nail or hair changes (Harden et al., 2010). Clinical diagnosis of CRPS relies 

on a patient experiencing at least one symptom from three or more categories. 

For CRPS type I, the most common inciting event is trauma affecting distal extremities, 

which can originate from a fracture, contusion, strain or post-surgical condition, or less commonly 

from spinal cord injuries or cerebrovascular events (Binder & Baron, 2013). CRPS occurs in two 

phases: an acute “warm” phase with the onset of inflammation, during which time patients experience 

constant, deep pain that exacerbates with movement, and a later chronic “cold” phase as the 

inflammation subsides, where patients experience pain during rest, sensory deficits and sympathetic 

nervous system dysfunction (Bussa et al., 2017; Misidou & Papagoras, 2019). Aberrant inflammatory 

mechanisms, vasomotor dysfunction and plasticity in the peripheral and central nervous system have 

been suggested as mechanisms involved in the development and persistence of CRPS (Marinus et al., 

2011). 

1.1.4 Peripheral neuropathy 

Painful peripheral neuropathies are a heterogenous group of conditions which include 

neuropathic pain due to peripheral nerve damage (Scadding & Koltzenburg, 2013). Causes of 

peripheral neuropathy are vast and can be broadly divided into symmetrical polyneuropathies and 

asymmetrical mononeuropathies or oligoneuropathies. Mononeuropathies include traumatic 

(including amputation stump pain and post-operative neuropathies), metabolic and nutritional 

(including beriberi and diabetes mellitus), drug-related and other mononeuropathies. Polyneuropathies 

include hereditary (including amyloid neuropathy and Fabry’s disease), inflammatory (e.g. Guillian-

Barré syndrome), and infectious polyneuropathies (e.g. human immunodeficiency virus) (Scadding & 

Koltzenburg, 2013). 

Symptoms of peripheral neuropathy include sensory and motor alterations of numbness and 

tingling in the extremities, burning, stabbing or shooting pain in affected areas, loss of balance and 

coordination, twitching, paralysis, muscle weakness, and spontaneous, stimulus-independent pain 
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(NHS, 2019; Scadding & Koltzenburg, 2013). Sensory symptoms are mostly confined to affected 

peripheral nerves, although patients may experience secondary hyperalgesia outside of the injured 

dermatome (Binder & Baron, 2013). Due to the heterogeneity in clinical conditions producing 

peripheral neuropathy, a symptom-oriented approach is taken with diagnosis (Binder & Baron, 2013). 

1.2 Spinal cord stimulation for neuropathic pain 

1.2.1 Background of SCS 

The first report of spinal cord stimulation (SCS, historically referred to as dorsal column 

stimulation) in humans was by Shealy, Mortimer, & Reswick (1967) in the case of a patient with 

upper abdomen and lower chest pain following bronchogenic carcinoma. SCS was shown to reduce 

deep and spontaneous pain whilst sparing mechanical pinprick sensation. This approach was inspired 

by the Gate Control Theory (Melzack & Wall, 1965) (see section 1.4.3). The first fully implantable 

SCS device was created by Medtronic in 1981, and the first rechargeable implanted pulse generator 

was released by Boston Scientific in 2004. 

1.2.2 Indications for SCS 

In the UK, SCS is recommended as a palliative treatment option for adults with chronic pain 

of neuropathic origin, including CPSS and CRPS, who continue to experience chronic pain for at least 

six months despite conventional medical management, and who have had a successful trial of 

stimulation (National Institute for Health and Care Excellence, 2008). In this case, chronic pain is 

optimised as measuring at least 50 mm on a 0 to 100 mm visual analogue scale. 

The British Pain Society suggests that, in patients with CPSS, SCS may be an alternative 

intervention to repeat operation or increased opioid use (National Institute for Health and Care 

Excellence, 2008). In patients with radicular pain, approximately 50% of patients receiving 

conventional SCS achieve clinically significant pain relief (Grider et al., 2016; Kumar et al., 1996, 

2008; North et al., 1991). In contrast, little to no efficacy is evident in patients with a primarily axial 

pain distribution (Kumar et al., 2008; Oakley, 2006). SCS is established as a cost-effective treatment 

for patients with neuropathic leg and back pain secondary to CPSS (Brinzeu et al., 2019; Farber et al., 

2017; Hollingworth et al., 2011). 
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In CRPS, the British Pain Society states that SCS may be considered for pain management 

when conventional treatments including pharmacotherapy and nerve blocks fail to provide adequate 

pain relief (National Institute for Health and Care Excellence, 2008). SCS is a favourable and 

effective modality with high-level (1B+) evidence for treating pain symptoms and improving quality 

of life in patients with CRPS (Visnjevac et al., 2017). In the UK, SCS is a cost-effective adjunctive 

treatment to conventional medical management for CRPS (Kemler et al., 2010). 

1.2.3 Procedure for SCS 

The procedure for SCS implantation and programming has been recently described in detail 

(Sheldon et al., 2021). SCS implantation is a two-step procedure involving a screening trial implant 

and a permanent implant. During the trial period, which can last from 5 days up to 1 month, an 

epidural lead with multiple electrodes is placed over the dorsal column of the spinal cord and 

connected to an external pulse generator. The external pulse generator delivers electrical stimulation 

at programmed settings which are determined according to patient needs. A successful trial period, 

defined as a 50% reduction in pain and an acceptance of the stimulation by the patient, is the 

prerequisite to progress to permanent implant in the UK (National Institute for Health and Care 

Excellence, 2008). During the permanent implant, the epidural lead is connected to an implantable 

pulse generator (IPG) and therapeutic programmes are determined (see Figure 1.1). 

SCS has four programmable parameters: contact selection, amplitude, pulse width, and 

frequency. SCS leads are comprised of electrodes which generate an electric field when programmed 

in combinations of anodes and cathodes. Contact or electrode selection determines the size of 

stimulation coverage and depth and accounts for anatomical variations. Perception threshold, the 

minimum intensity required to induce paraesthesia, is a function of the spinal level of implanted 

electrodes, of the mediolateral position in the spinal canal and of the contact separation of the 

electrodes (He et al., 1994). Differences in perception threshold between spinal levels result from 

varying depths of cerebrospinal fluid (He et al., 1994). Frequency is defined as the number of pulses 

per second. Amplitude determines the strength and intensity of perception, as a measure of power 

output from the IPG measured in current (milliamperes, mA) or voltage (V). Amplitude is varied 
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according to patient need and is dependent on the type of stimulation. Once the optimal amplitude is 

determined, a therapeutic range is set with upper and lower limits, within which the patient can adjust 

independently. Pulse width determines the size of the electric field, with increased pulse width 

resulting in greater neuronal recruitment and wider areas of anatomical coverage (Miller et al., 2016; 

Yearwood et al., 2010). Pulse width directly correlates with amplitude, and the resultant charge per 

pulse determines the threshold for neuronal activation and action potential propagation (Crosby et al., 

2015a; Miller et al., 2016). 

 

Figure 1.1 Spinal cord stimulation devices. Left: Permanent SCS IPG (St Jude Medical Prodigy 

MRI™ IPG: Abbott, Texas, USA) which is capable of both BurstDR™ and tonic stimulation. Right: 

External pulse generator used for trial implants (St. Jude Medical™ Invisible Trial System: Abbott, 

Texas, USA), clinician programmer, for setting SCS contacts, amplitude, pulse width and frequency, 

and patient programmer, for switching the device on and off, changing therapeutic programmes and 

modifying intensity within predetermined limits. 

 

Conventional tonic stimulation utilises single pulses of electrical stimulation typically at a 

frequency of 40–100 Hz, pulse width between 200 and 500 μs (Sheldon et al., 2021). During tonic 

SCS programming, the target stimulation range is determined for a patient. Minimum amplitude is 

typically the lowest value perceived by a patient, while maximum amplitude is the level at which 

stimulation induces uncomfortable sensations (Sheldon et al., 2021). The aim is to find an intensity 

that produces a tingling sensation known as paraesthesia over the painful area that is comfortable for 

the patient. 

Paraesthesia-free SCS waveforms are set below sensory threshold. This thesis investigated 

conventional tonic stimulation and the burst waveform (BurstDR™, Abbott, Texas, USA) (De Ridder 
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et al., 2013). Burst stimulation consists of a series or packet of monophasic pulses of increasing 

amplitude followed by a brief quiescent period, after which the pattern repeats (De Ridder et al., 

2010). Unlike other forms of burst SCS, the charge builds up over successive pulses and is passively 

recharged at the end of each packet (De Ridder et al., 2020; Falowski, 2018). 

1.2.4 Advantage over alternative treatments 

  Alternative treatments to SCS are dependent on the patient’s condition and symptoms, but 

commonly include pharmaceutical or surgical options. Treatments for neuropathic pain aim to achieve 

>30–50% pain reduction, an improvement in sleep and quality of life, and the recovery and 

maintenance of social activities, relationships and the ability to work (Binder & Baron, 2016). 

 First-line treatment for neuropathic pain is pharmaceutical management with tricyclic 

antidepressants, selective serotonin reuptake inhibitors, anticonvulsants or topical treatments such as 

capsaicin (Bates et al., 2019). UK guidelines recommend initial treatment of amitriptyline, duloxetine, 

gabapentin or pregabalin as initial treatment for all neuropathic pain syndromes except trigeminal 

neuralgia (National Institute for Health and Care Excellence, 2021c). These drugs have strong 

GRADE (Grading of Recommendations, Assessment, Development and Evaluations) 

recommendation for use in all neuropathic pain conditions due to high or moderate-high quality of 

evidence, low-moderate to moderate-to-high tolerability and safety, and moderate effect size 

(Finnerup et al., 2015). If initial treatment is not effective or not tolerated, another of the initial 

treatment drugs can be offered. Tricyclic antidepressants and selective serotonin reuptake inhibitors 

have common side effects of decreased appetite, gastrointestinal disorders, headache, vision disorders, 

somnolence and nausea (National Institute for Health and Care Excellence, 2021a). Anticonvulsant 

medications such as pregabalin and gabapentin are associated with common side effects of reduced 

appetite, impaired cognition, gastrointestinal discomfort, mood changes, movement disorders and 

sleep impairment (National Institute for Health and Care Excellence, 2021d, 2021b). 

 If pain is exacerbated or treatment is inadequate, stronger medications or a combination of 

treatments can be recommended (Bates et al., 2019). Opiates are not recommended, except for acute 

rescue therapy or in a specialist setting (National Institute for Health and Care Excellence, 2021c). 
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Strong opiates have weak GRADE recommendation for use and as such are third-line drugs for all 

neuropathic pain conditions, with moderate quality of evidence, moderate effect sizes, and low-to-

moderate tolerability and safety (Finnerup et al., 2015). Opiates such as tramadol have side effects 

that include confusion, dizziness, drowsiness, euphoric mood, hallucination, respiratory depression, 

and headache (National Institute for Health and Care Excellence, 2021e). 

 Primary surgical treatment aims to treat the underlying cause of pain. It can be associated 

with further damage, leading to CPSS, or may not effectively treat the pain. CPSS is estimated to 

occur in 20% of patients who undergo spinal surgery (Inoue et al., 2017; Weir et al., 2020). In a 

systematic review of the long-term use of opiates after lumbar spinal fusion for chronic lower back 

pain, opioid use was found to persist in more than one in three patients, suggesting a continued need 

for pain management (Vraa et al., 2022). 

 Neurostimulation is recommended as a fourth-line treatment for neuropathic pain, prior to 

low-dose opioids (Bates et al., 2019). For chronic neuropathic pain after spinal surgery, SCS has been 

shown to provide better pain relief and improve health-related quality of life and functional capacity 

than conventional pharmacological management (Kumar et al., 2007). In a review of safety, 

appropriateness, fiscal neutrality and effectiveness of SCS for CPSS, it was suggested that SCS 

should be considered before long-term systemic opioid therapy or repeat spinal surgery (Krames et 

al., 2011). In patients with CRPS, clinical effectiveness of SCS has been investigated versus 

conventional medical management of physical therapy. A randomised controlled trial of 36 patients 

showed a significant improvement in health-related quality of life, and greater reduction in pain 

intensity was observed for SCS and physical therapy versus physical therapy only (Kemler et al., 

2000). 

1.3 Peripheral nerve stimulation for neuropathic pain 

1.3.1 Background of PNS 

Electrical stimulation has been used for many years to treat pain, dating back to the use of 

eels to treat pain from arthritis, gout and headaches in around 47CE (Cambiaghi & Sconocchia, 2018). 

In the late 1800s, Gaiffe developed a transcutaneous electrical nerve stimulator which relieved pain 
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when applied to the head, while Althaus reported that direct electrical stimulation of peripheral nerves 

reduced surgical pain in the extremities (reviewed in Ottestad and Orlovich, 2020). 

The modern era of neuromodulation was conceptualised based on the Gate Control Theory 

(Melzack and Wall, 1965) (see section 1.4.3). Subsequently, the first report of pain relief after 

peripheral electrical stimulation (PNS) came from Wall and Sweet, who reported that nonpainful 

electrical PNS suppressed acute mechanical pain perception in the infraorbital nerve, and reduced 

pressure pain in affected nerve regions in patients with chronic cutaneous pain (Wall & Sweet, 1967). 

The first full permanent implant was attributed to Sweet and Wepsic (Sweet & Wepsic, 1968). 

Commercially available electrodes, leads and IPGs for PNS inserted in open surgery were developed 

in the 1980s (Ottestad & Orlovich, 2020). A percutaneous technique for inserting electrodes was 

subsequently developed for occipital neuralgia by placing an electrode in the proximity of the nerve 

(PENS) (Weiner & Reed, 1999). 

More recently, external PNS devices have been developed, which present a non-invasive 

treatment option. One such method, external non-invasive peripheral nerve stimulation (EN-PNS), 

delivers cutaneous electrical stimulation to affected peripheral nerves at low frequencies of 1–2 Hz. 

Early reports support the effectiveness of 1.5–2.5 Hz electrical stimulation to treat a range of pain 

conditions, including back pain, headache, trigeminal neuralgia, vascular disease and cancer pain 

(Rutkowski et al., 1975). Low frequency external peripheral nerve stimulation (LFS) has since been 

shown to reduce pain from acute experimental stimuli in healthy volunteers (Ellrich & Schorr, 2004; 

Klein et al., 2006; Magerl et al., 2018; Rottmann et al., 2008), relieve symptoms of neuropathic pain 

(Johnson et al., 2015; Johnson & Goebel, 2016), and suppress mechanical hyperalgesia (Johnson et 

al., 2021). 

1.3.2 Indications for LFS 

Treatments utilising invasive PNS are effective for neuropathic pain conditions restricted to a 

single area or dermatome, and successful treatment has been reported in conditions such as occipital 

neuralgia (Weiner & Reed, 1999), neuropathic pain (Law et al., 1980; Reverberi et al., 2009), chronic 

migraine (Matharu et al., 2004), CRPS (Frederico & da Silva Freitas, 2020; Goroszeniuk et al., 2014), 
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and cranial neuralgias (Slavin et al., 2006). In the UK, PENS is accredited to treat refractory 

neuropathic pain based on evidence of short-term efficacy (National Institute for Health and Care 

Excellence, 2013). 

Due to the emerging nature of this treatment, external, non-invasive LFS is not widely 

available as a treatment option in the UK. Indications for LFS match that of invasive PNS. External, 

non-invasive LFS has been used in patients with a diagnosis of CRPS or peripheral neuropathy 

(Johnson et al., 2015, 2021; Johnson & Goebel, 2016). 

1.3.3 Procedure for LFS 

 LFS is applied transcutaneously to peripheral nerves using a small diameter ball or concentric 

electrode. LFS frequency is set between 1–2 Hz, with a pulse width of 0.1–2 μs (Biurrun Manresa et 

al., 2010; Chen & Sandkühler, 2000; Torta et al., 2020; Vo & Drummond, 2014). LFS intensity is 

determined by increasing stimulation amplitude to reach a moderately painful intensity (Liu et al., 

1998). An optimal intensity of fourfold pain threshold has been recommended in humans (Jung et al., 

2009). A combination of high intensity and small diameter electrode allows a high current density, 

which preferentially activates Aδ nerve fibres (Inui et al., 2002; Liu et al., 1998; Sandkühler et al., 

1997). Treatment durations of 20-minutes are suggested for optimal LFS, with a total of 1200 pulses 

per block (Jung et al., 2009). 

1.3.4 Advantages over alternative treatments 

Alternative treatments for CRPS and peripheral neuropathic pain are pharmacological 

management, as described, and other neurostimulation treatments. 

LFS is less invasive than classical PNS treatment. Invasive PNS involves percutaneous 

placement of an electrode over one or more individual nerves or dermatomes, connected to an IPG 

and battery. A randomised controlled trial of PNS in 94 patients with neuropathic pain found a mean 

pain reduction of 27% in the treatment group compared to 2% in the control group (Deer et al., 2016). 

Invasive PNS is associated with a myriad of risks, with common side effects of skin infection, 

inadequate stimulation and lead migration. In a multicentre trial of 157 patients undergoing PNS for 
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chronic migraine, 70.7% (111) of patients experienced one or more adverse events, with 8.6% of 

incidents requiring hospitalisation and 40.7% requiring surgical intervention (Dodick et al., 2015). 

While LFS is not yet widely available as a treatment option in the UK, initial reports support 

the effectiveness as a pain treatment. Kothari & Goroszeniuk (2006) reported a case series in which 

86% of 240 patients tested with a 5-minute session of LFS reported “excellent” pain relief. An 

observational study of 20 patients using LFS for CRPS or neuropathic pain after peripheral nerve 

injury found that 40% of patients showed significant short-term pain relief over 6 weekly treatment 

sessions (Johnson et al., 2015). This effect was sustained by a subset of patients in the long term 

(Johnson & Goebel, 2016). However, it should be noted that a recent randomised controlled trial did 

not find a statistically significant reduction of spontaneous pain with LFS (Johnson et al., 2021). 

Alternative non-invasive electrical stimulation devices are commercially available such as 

transcutaneous electrical nerve stimulation (TENS). TENS uses a higher frequency of 50–100 Hz and 

large, flat electrodes, resulting in a low current density and preferential activation of Aβ fibres. 

Overall, TENS is neither supported nor refuted by the literature as a treatment for intractable 

neuropathic pain. Systematic reviews of the therapeutic effects of TENS in a range of chronic pain 

conditions, including neuropathic pain, report a lack of consensus on the harm or benefit of TENS on 

pain management, disability and health-related quality of life due to methodological limitations and 

low-quality data (Gibson et al., 2019). 

1.4 Neurobiology of pain 

 To investigate neural mechanisms of neurostimulation methods, it is essential to understand 

the neurobiology of pain. 

1.4.1 Peripheral mechanisms of cutaneous nociception 

  Somatosensory processing starts with activation of cutaneous sensory neurons. One type, 

low-threshold mechanoreceptors (LTMRs), lead to the perception of innocuous touch. Another type, 

high-threshold mechanoreceptors (HTMRs), are classed as nociceptors and respond to noxious 

(injurious or possibly injurious) stimuli. 
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 Cutaneous senses include tactile, thermal, pain and itch submodalities. Cutaneous sensations 

relayed to the somatosensory cortex from the neck down are conveyed by fibres of primary sensory 

neurons located in dorsal root ganglia. Sensations from the face are relayed by cranial nerves located 

in trigeminal root ganglia. These fibres comprise cell bodies of peripheral afferents innervating the 

skin (see Table 1.1. and Figure 1.2). 

 

 

Figure 1.2. Organisation of cutaneous mechanoreceptors in the skin. From Abraira & Ginty (2013). 

 

 Aβ fibres are tactile cutaneous afferents which have a large diameter and a thick myelin 

sheath to rapidly conduct information from non-noxious mechanical stimuli (reviewed in Abraira & 

Ginty, 2013). Touch perception via Aβ fibres in glabrous (non-hairy) skin relies on four different 

receptors: Pacinian corpuscles, Meissner’s corpuscles, Merkel’s disks and Ruffini endings, known as 

LTMRs (McGlone & Reilly, 2010). Cutaneous receptors are classified by speed of adaptation: 

Pacinian and Meissner’s corpuscles are rapidly adapting (RA), responding to initial and final contacts 

of stimuli, while Merkel’s disks and Ruffini endings are slowly adapting (SA), continuously firing to 

constant stimuli. Receptors are also defined by the size of their receptive fields. Meissner’s corpuscles 

and Merkel’s disks near the surface of the skin have small receptive fields. Pacinian corpuscles and 

Ruffini endings located deeper in the skin have large receptive fields. Myelination of sensory axons 

determines the speed of impulse conduction. 
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Table 1.1. Cutaneous sensory afferents, reviewed in Abraira & Ginty (2013), McGlone & Reilly 

(2010) and Smith & Lewin (2009). 

 

LTMRs in Aβ, Aδ and C-type categories innervate hairy skin. Hairy skin LTMRs are 

associated with hair follicles. Merkel cells, the cellular substrate of SAI-LTMRs (Halata et al., 2003), 

are found at a higher density in sensitive areas of the skin, including glabrous skin of the fingers and 

lips, and at a lower density in hairy skin (reviewed in Abraira & Ginty, 2013). 

A population of LTMR C fibres, known as C-tactile (CT) afferents, respond preferentially to 

low force, slowly moving mechanical stimuli in hairy skin. First described in humans using 

microneurography by Johansson et al. (1988), CT-afferents have primarily been found in hairy skin 

(Vallbo et al., 1993), with only preliminary evidence of CT-afferents in glabrous skin (Watkins et al., 

2020). These neurons have been suggested to code for pleasant, affective touch (Löken et al., 2009). 

Class Subtype Conduction 

velocity 

Myelination Skin type End organ Stimuli 

Aβ SAI-LTMR 16–96m/s Thick Hairy, 

glabrous 

Merkel’s disc, 

guard hair 

Mechanical fine 

touch 

SAII-LTMR 20–100m/s Thick Glabrous Ruffini 

corpuscle 

Stretch 

RAI-LTMR 26–91m/s Thick Glabrous Meissner’s 

corpuscle 

Skin deformation 

RAII-LTMR 30–90m/s Thick Glabrous Pacinian 

corpuscle 

Vibration 

Aδ HTMR 2–10 m/s Thin Hairy, 

glabrous 

Free nerve 

endings 

Noxious heat and 

mechanical 

LTMR 5–30m/s Thin Hairy Free nerve 

endings, 

zigzag and 

auchene hair 

Mechanical, non-

noxious cold 

C HTMR 0.2–1.5 m/s Unmyelinated Hairy, 

glabrous 

Free nerve 

endings 

Noxious heat, cold, 

mechanical 

LTMR/C-tactile 0.2–2m/s Unmyelinated Hairy Zigzag and 

auchene hair 

Pleasant 

mechanical, non-

noxious heat, rapid 

cooling 
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Nociceptors are primary afferents which protect the skin against potential or actual damage. 

There are two major classes of nociceptors: Aδ and C fibres (Bessou & Perl, 1969; Burgess & Perl, 

1967). Aδ fibres are medium diameter, thinly myelinated afferents which respond with high acuity to 

noxious mechanical and thermal stimuli within their small receptive fields (Burgess & Perl, 1967). Aδ 

nociceptors adapt slowly to stimuli (Koltzenburg et al., 1997). C fibres are thin, unmyelinated 

afferents which slowly conduct noxious mechanical, heat and chemical stimuli (Bessou & Perl, 1969). 

Polymodal C fibres have large receptive fields and poor localisation. Aδ and C nociceptors do not 

have specialised end organ structures and terminate as free nerve endings in the epidermis in glabrous 

and hairy skin (Kruger et al., 1981; Smith & Lewin, 2009). 

 Aδ nociceptors in hairy skin can be subdivided into Type I (HTMRs) and Type II (LTMRs) 

nociceptors (Treede et al., 1998, 1995). Type I Aδ nociceptors respond to mechanical and chemical 

stimuli, as well as maintained heat stimuli. These Type I Aδ nociceptors likely mediate the first pain 

evoked by intense mechanical stimuli (Basbaum et al., 2009; Treede et al., 1998). Type II Aδ 

nociceptors have a lower heat threshold but high mechanical threshold, which mediate the first acute 

pain response to noxious heat (Basbaum et al., 2009). 

 A population of HTMR C fibres can be sensitized after inflammation due to injury. This 

population has been termed “silent” C fibres as they usually do not respond to mechanical or thermal 

stimuli (Handwerker et al., 1991; Schaible & Schmidt, 1983; Schmidt et al., 1995) but can become 

responsive to mechanical or heat stimuli after sensitisation (Kress et al., 1992; Prato et al., 2017). 

1.4.2 Central projections of cutaneous sensory afferents 

 Cell bodies of primary sensory neurons from the body are located in the dorsal root ganglion. 

Dorsal root ganglion cells project to the periphery and to the central nervous system, with centrifugal 

branches terminating in the spinal cord. Primary afferent fibres innervating areas of the body are 

grouped together into fascicles of axons forming the peripheral nerves. Central projections of primary 

afferent fibres differ for those responding to tactile and noxious stimuli, although some mixing 

between tracts does occur (reviewed in Gardner & Johnson, 2013 and McGlone & Reilly, 2010). 
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The spinal cord is composed of grey matter, including cell bodies and dendrites of neurons 

and glial cells, and white matter, consisting primarily of axons (Amaral & Strick, 2013). The spinal 

cord grey matter is organised into anatomically distinct laminae, numbered from I to X based on 

cytoarchitecture (Gardner & Johnson, 2013; Rexed, 1952). Spinal grey matter is further subdivided 

into functionally distinct regions of the dorsal horn, intermediate zone and ventral horn; laminae I–VI 

comprise the dorsal horn and have the closest association with nociception (Gardner & Johnson, 

2013). Neurons in lamina I receive nociceptive or thermal inputs from Aδ or C fibres. Neurons in 

lamina II and III are interneurons that receive inputs from Aδ and C fibres and make connections with 

other laminae. Neurons in laminae III–V receive tactile input from Aβ fibres. Additionally, neurons in 

lamina V, known as wide-dynamic range neurons, respond to multiple stimulus modalities including 

low-threshold mechanical stimuli, visceral stimuli and noxious stimuli. 

First-order neurons of tactile primary afferents (Aβ fibres) project to deep laminae (III, IV, 

and V), and ascend the spinal cord to form dorsal columns (Gardner & Johnson, 2013). Information 

from the legs and trunk are conveyed in medial tracts of the gracile fasciculus, which synapse with 

second-order neurons in the gracile nucleus. Information from the arms and trunk are conveyed in 

lateral tracts comprising the cuneate fasciculus, which synapse with second-order neurons in cuneate 

nucleus. Dorsal column fibres are initially arranged segmentally but rearrange somatotopically 

(Brodal, 1992). Second-order neurons decussate in the medulla to form the medial lemniscus tract 

which ascends to the thalamus. The dorsal column system transmits tactile and proprioceptive 

information from Aβ and Aα fibres (Brodal, 1992). Fibres of the medial lemniscus terminate in 

ventral posterior nuclei (nucleus ventralis caudalis in humans) of the thalamus, with the medial zone 

receiving trigeminal nerve fibres from the head and face, and the lateral zone receiving fibres from 

dorsal column nuclei (Gardner & Johnson, 2013). Neurons of the ventral posterior nucleus transmit 

cutaneous information via the internal capsule to the primary somatosensory cortex (SI) in the 

postcentral gyrus and the secondary somatosensory cortex (SII) on the upper bank of the Sylvian 

fissure (Brodal, 1992). 

The first synapse in ascending nociceptive pathways is the dorsal horn, where nociceptive 

afferents terminate (Brodal, 1992). First-order neurons of noxious primary afferents ascend the dorsal 
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horn of the spine and synapse to form the dorsolateral fasciculus or Lissauer’s tract (Light & Perl, 

1977). Aδ fibres enter the posterior marginalis and nucleus proprius of the dorsal horn (laminae I, III 

and IV) and synapse onto second-order neurons, which decussate and ascend to the thalamus via the 

anterolateral system to form the spinothalamic tract. C fibres project to the substantia gelatinosa of the 

dorsal horn (superficial laminae I and II) and synapse onto interneurons, which relay to secondary 

afferents in the posterior marginalis or nucleus proprius, and ascend to the thalamus to form the 

spinothalamic tract (Gardner & Johnson, 2013). C fibres synapsing with interneurons in lamina II 

send axons dorsally into lamina I, and ventrally to other interneurons which synapse onto 

spinothalamic cells in laminae V, VII and VIII, as well as sending axon collaterals to spinal segments 

above and below via the tract of Lissauer (Brodal, 1992). 

The spinothalamic tract projects from neurons in lamina I, V and VII to convey noxious, 

thermal and visceral information from nociceptive-specific (Aδ and C fibres), wide dynamic range 

neurons and visceral neurons (Basbaum & Jessell, 2013). Fibres in the spinothalamic tract are 

arranged somatotopically (Gardner & Johnson, 2013). The spinothalamic tract terminates in medial 

and lateral thalamic nuclei (Brodal, 1992). Lateral thalamic nuclei are made up of the ventroposterior 

medial nucleus, ventroposterior lateral nucleus and posterior nucleus and are thought to be involved in 

processing the location of pain stimuli (Gardner & Johnson, 2013). Medial thalamic nuclei are 

comprised of the central lateral nucleus and intralaminar complex. Nociceptive information from the 

thalamus projects to SI and SII (Brodal, 1992). 

1.4.3 Gate Control Theory 

The Gate Control Theory of pain (Melzack & Wall, 1965) posited that the substantia 

gelatinosa in the spinal dorsal horn acts as a gating mechanism to modulate synaptic transmission of 

nociceptive information from peripheral fibres to central processing. Interneurons of the substantia 

gelatinosa modulate input to spinal transmission cells based on the balance between large (Aβ) and 

small diameter (Aδ) nerve fibre inputs, with large fibres inhibiting transmission (closing the ‘gate’) 

and small fibres facilitating transmission (opening the ‘gate’). 
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According to the Gate Control Theory, high intensity stimuli cause an unbalanced small fibre 

input to transmission cells via the presynaptic gate in the substantia gelatinosa due to selective 

adaptation of large fibres (Melzack & Wall, 1965). Unbalanced small fibre input reduces presynaptic 

inhibition of sensory inputs, thus opening the spinal gate. When spinal transmission cell output 

reaches or exceeds a critical level, the so-called action system is activated, resulting in pain 

experience. The critical level is determined by the net input of afferent impulses reaching the spinal 

transmission cells. Simultaneous somatosensory stimuli (such as touch, vibration or electrical 

stimulation) activating Aβ fibres may increase the action of inhibitory interneurons, producing a 

disproportionate relative increase of large diameter fibre over small diameter fibre activity, 

suppressing the transmission and closing the spinal gate to reduce the subsequent experience of pain. 

The Gate Control Theory also suggested a mechanism of descending pain modulation (Melzack & 

Wall, 1965). A mechanism in the central nervous system, named the central control trigger, activates 

brain processes that exert control over the gate control system via descending fibres to influence the 

transmission of sensory information. Therefore, the Gate Control Theory postulates that the brain 

receives information about pain via a gate controlled system which is influenced by injury signals, 

afferent impulses, and descending control (Wall, 1978).  

Shortcomings of the Gate Control Theory have been described extensively (Mendell, 2014; 

Nathan, 1976) (see 1.6.1.3). Limitations include oversimplifications and flaws in descriptions of 

spinal cord architecture and descending pain modulation (reviewed in Mendell, 2014; Sufka & Price, 

2002). Despite its limitations, the Gate Control Theory remains an important early account of the 

neural interactions underlying nociceptive transmission.  

1.4.4 Primary and secondary hyperalgesia 

 Injury to the skin results in the local release of chemicals from non-neuronal cells and 

terminals of primary afferent fibres that facilitate the inflammatory process, which can, in turn, 

potentiate nociceptor responses (Ringkamp et al., 2013; Treede et al., 1992). Increased responsiveness 

to mechanical and heat stimuli at the site of injury is known as primary hyperalgesia, while increased 
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responsiveness in an adjacent zone outside the site of injury is known as secondary hyperalgesia 

(Hardy et al., 1950; Treede et al., 1992; Woolf, 2011).  

Primary hyperalgesia of mechanical and heat stimuli is mediated by peripheral sensitisation of 

primary afferent nociceptors (LaMotte et al., 1983; Ringkamp et al., 2013). After a thermal injury, 

stimulus-response functions for heat pain at the site of injury are shifted to the left, indicating a 

decrease in threshold and an increase in sensation (Bessou & Perl, 1969; Raja et al., 1984). In 

uninjured adjacent skin, no increase in heat responsiveness is observed. Primary hyperalgesia to heat 

stimuli is mediated by sensitisation of nociceptors (LaMotte et al., 1982; Meyer & Campbell, 1981). 

Sensitisation of nociceptors is dependent on tissue type and the nature of injury; heat hyperalgesia for 

thermal injuries on the glabrous skin of the hand are thought to be coded for by mechanical and heat 

sensitive type I Aδ fibres (Meyer & Campbell, 1981), while heat hyperalgesia for thermal injuries on 

hairy skin are mediated by sensitisation of mechanical and heat sensitive C fibres (Campbell & 

Meyer, 1983). Thresholds to mechanical stimulation for mechanical and heat sensitive C- and A-

fibres are not changed by heat or mechanical injury, but mechanical-insensitive A fibres develop 

mechanical sensitivity after inflammation (Campbell et al., 1988; Thalhammer & LaMotte, 1982). 

Inflammation results in enhanced responses to suprathreshold mechanical stimuli, spontaneous 

activity and expanded receptive fields of mechanical and heat sensitive A fibres (Andrew & 

Greenspan, 1999; Reeh et al., 1987; Thalhammer & LaMotte, 1982). 

Secondary hyperalgesia is accounted for by central sensitisation, an abnormal state of 

responsiveness or increased gain of the nociceptive system (Latremoliere & Woolf, 2009; Woolf, 

1983). Secondary hyperalgesia is specific to mechanical stimuli (Hardy et al., 1950; Treede et al., 

1992; Woolf, 2011). Two forms of mechanical hyperalgesia have been observed: stroking and 

punctate hyperalgesia. Stroking hyperalgesia, also known as dynamic hyperalgesia or allodynia, is the 

perception of pain from a normally innocuous mechanical stimulus such as a brush (Ringkamp et al., 

2013). Stroking hyperalgesia is mediated by sensitisation of second-order neurons in the dorsal horn 

to the input of LTMRs (Koltzenburg et al., 1992; LaMotte et al., 1991). Punctate hyperalgesia is 

heightened pain associated with probes or pinpricks applied to the skin (Ringkamp et al., 2013). 

Punctate hyperalgesia appears to be mediated by small-diameter Aδ fibres which are insensitive to 
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capsaicin and heat and project via sensitized mechano-specific interneurons to central pain-signalling 

neurons (Fuchs et al., 2000; Magerl et al., 2001). Anaesthesia or cooling over the area of primary 

hyperalgesia can block the development of allodynia, whereas punctate hyperalgesia persists, 

suggesting that allodynia is dependent on ongoing discharge from the sensitized area while punctate 

hyperalgesia is dependent on input from the primary area of injury (LaMotte et al., 1991). Central 

sensitisation has been linked to pain hypersensitivity in neuropathic pain, which is characterised by 

symptoms of allodynia and mechanical hyperalgesia (Ringkamp et al., 2013; Treede et al., 1992). 

Activity-dependent synaptic plasticity in the dorsal horn can be modified in the form of long-

term depression (LTD) and long-term potentiation (LTP). In contrast to central sensitisation, where 

activity in affected synapses enhance activity in non-activated synapses, LTD and LTP modify the 

efficacy of activated synapses only. LTD, a decrease in synaptic strength, can be induced with 

repetitive LFS (1–2 Hz) in the hippocampus and other areas of the central nervous system (Bliss & 

Cooke, 2011; Dudek & Bear, 1992; Mulkey & Malenka, 1992). LTD can be induced in the 

nociceptive system after repetitive LFS of Aδ fibres in the spinal dorsal horn both in vitro (Chen & 

Sandkühler, 2000; Ikeda et al., 2000; Kim et al., 2015; Sandkühler et al., 1997) and in vivo (Liu et al., 

1998). 

LTP, an increase in synaptic strength, can be elicited with conditioning high-frequency 

stimulation (HFS, ~100 Hz) at many synapses in the central nervous system, most notably in the 

hippocampus (Bliss & Collingridge, 1993; Bliss & Lomo, 1973; Lømo, 2003). HFS of primary 

afferent fibres in the dorsal horn induces LTP of Aδ (Randić et al., 1993) and C fibre responses (Ikeda 

et al., 2003, 2006; Liu et al., 2009; Svendsen et al., 1997). In addition to HFS, LTP of C fibres has 

been shown to be induced by natural noxious stimuli in spinalised rats (Sandkühler & Liu, 1998) and 

following nerve injury in intact rats (Zhang et al., 2004). LTP in the dorsal horn can be inhibited and 

reversed with LFS (Ikeda et al., 2000; Liu et al., 1998; Sandkühler et al., 1997). 

1.5 Representation of pain in the brain  

 Sensory impulses from the dorsal column pathway, transmitting signals from LTMRs, 

terminate in the thalamus and project to SI and SII (Brodal, 1992). SI and SII receive somatotopically 

organised projections from thalamic nuclei and send fibres to the association areas in the posterior 
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parietal cortex. Somatosensory impulses are also transmitted to other cortical regions including the 

motor cortex (MI) in the precentral gyrus (Brodal, 1992). Sensory inputs from the spinothalamic tract 

conveying noxious and thermal information terminate in the thalamus and project primarily to SII, 

midcingulate cortex (MCC) and the insula (Dum et al., 2009). In humans, activation of these regions 

in response to pain stimuli have been investigated using neuroimaging and electrophysiology 

techniques. 

1.5.1 Distinct brain responses to acute pain 

 Neuroimaging studies measuring haemodynamic changes using functional magnetic 

resonance imaging (fMRI), functional near-infrared spectroscopy (fNIRS) and positron-emission 

tomography (PET) have identified a wide network of cortical and subcortical areas activated during 

pain. 

 Pain-related neural activation patterns are consistent across a range of stimuli used to induce 

acute pain sensations. In a large co-ordinate-based activation-likelihood estimation (ALE) meta-

analysis of 222 fMRI studies, Xu et al. (2020) reported pain-related activation in bilateral SII, left 

insula, bilateral thalamus, bilateral brainstem, bilateral amygdala, right middle frontal gyrus, and left 

MCC. Activation in these regions was consistent regardless of stimulation technique, induction 

location, and participant sex. Likewise, in an ALE meta-analysis of 138 fMRI datasets, Jensen et al. 

(2016) reported clusters with a significant likelihood of activation during pain in the bilateral 

thalamus, bilateral insula, left SI, left SII, right ACC, right prefrontal cortex and cerebellum. Duerden 

& Albanese (2013) found common activation in 140 neuroimaging studies in the left thalamus, right 

ACC, bilateral anterior insula, and left dorsal posterior insula across studies using noxious stimuli. 

Here, the right insula and ACC had the greatest likelihood of activation, followed by the left insula, 

bilateral SII, prefrontal cortex and SI/posterior parietal cortex. A systematic review and meta-analysis 

of 18 fNIRS studies comparing noxious with innocuous stimulation in healthy volunteers found 

greater engagement of sensorimotor regions compared to prefrontal regions during noxious stimuli 

(Hall et al., 2021). 
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Pain-related cortical activation differs according to the stimulus used to elicit pain. In the 

aforementioned meta-analysis, Xu et al. (2020) contrasted brain activation for thermal versus non-

thermal pain modalities, and electrical versus mechanical pain modalities. Thermal experiments were 

associated with stronger convergence of activation in bilateral MCC, while non-thermal experiments 

were associated with stronger convergence in the right insula and left Rolandic operculum. 

Widespread overlap between activations was observed in bilateral supramarginal gyrus (including 

SII), bilateral thalamus, bilateral MCC, right middle frontal gyrus, bilateral putamen, bilateral 

supplementary motor area and right amygdala. Similarly, a smaller, early ALE meta-analysis reported 

a consistent network of thermal pain‐related activity of the mid‐ACC, bilateral thalamus, insula, 

opercula cortices, posterior parietal cortex, premotor cortex, supplementary motor area, and 

cerebellum (Farrell et al., 2005). Electrical pain stimulation is associated with convergence of 

activation in bilateral thalamus, right MCC, right Rolandic operculum and left postcentral gyrus, 

while mechanical pain stimulation shows consistent clusters of activation in bilateral insula, bilateral 

supramarginal gyrus (consisting of SII and inferior parietal lobule), bilateral thalamus and right MCC 

(Xu et al., 2020). 

Neural activation during pain has been previously suggested to form a pain ‘neuromatrix’ 

(Melzack, 1999) or ‘Neurologic Pain Signature’ (Wager et al., 2013). Engagement of varying regions 

during pain are assumed to result from different underlying processes. Different brain regions may be 

preferentially involved in various aspects of pain processing. SI and SII encode the spatial, temporal 

and intensive properties of somatosensory stimuli (Bornhövd et al., 2002; Coghill et al., 1999). 

Together with lateral thalamic nuclei and posterior insula, these regions are associated with the 

sensory-discriminative aspects of pain (Baliki et al., 2009; Maihöfner & Handwerker, 2005; 

Segerdahl et al., 2015; Treede et al., 1999). Medial thalamic nuclei, ACC, anterior insula cortex and 

prefrontal cortex are associated with affective-emotional pain processing (Maihöfner & Handwerker, 

2005; Treede et al., 1999). The ACC is particularly implicated in the negative affective dimension of 

pain (Tölle et al., 1999; Xiao & Zhang, 2018). 
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1.5.2 Altered brain structure and function in patients with chronic pain 

 Alterations in brain structure and function in patients living with chronic pain compared to 

pain-free individuals have been reported in a multitude of studies. A full review of the literature is 

beyond the scope of this thesis; therefore, the following is a selective review of major findings on 

altered brain structure and function in chronic pain based on systematic reviews and meta-analyses. 

Patients with chronic pain have been shown to have differences in the volume of grey and 

white matter, although evidence is mixed and often inconsistent. Systematic reviews of changes in 

brain structure in patients with chronic low back pain have identified both increases and decreases of 

regional grey matter volume in regions including SI and SII, dorsolateral prefrontal cortex, 

cerebellum, ACC, temporal lobes, insula, precuneus and cuneus in chronic low back pain (Kregel et 

al., 2015; Ng et al., 2017). Selected studies report a decrease in global grey matter, while others report 

no difference compared to pain-free controls (Ng et al., 2017). In a co-ordinate based meta-analysis 

with pain of mixed aetiologies, reduced grey matter was found in a wide network of regions in the 

right hemisphere including the inferior frontal gyrus, insula, dorsal striatum, ACC, MCC, superior 

temporal gyrus, thalamus, middle frontal gyrus, and increased grey matter volume in right 

hippocampus and parahippocampal gyrus, compared to controls (Smallwood et al., 2013). In a small 

qualitative systematic review of 12 studies investigating patients with neuropathic pain after spinal 

cord injury, Huynh et al. (2020) found bidirectional alterations in grey matter volume of ACC, SI, MI 

and thalamus. In the few studies investigating changes in white matter structure in patients with low 

back pain, conflicting findings have been reported, with some studies reporting increases in white 

matter structure, while others report decreased white matter or no difference from controls (Ng et al., 

2018; Kregel et al., 2015). 

Changes in structural and functional connectivity have also been identified in patients with 

chronic pain. Patients with chronic low back pain show greater resting-state activation in the medial 

prefrontal cortex, cingulate cortex, amygdala and insula (Kregel et al., 2015). In a systematic review 

of studies using graph theory to characterise changes in connectivity between mixed aetiologies of 

chronic pain and healthy controls, global level differences in connectivity were found, with decreased 

structural transitivity, as well as changes in betweenness centrality, intramodular degree and rich club 
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organisation in patients with chronic pain (Lenoir et al., 2021). The direction of change was found to 

be dependent on the specific brain region. In contrast, path length, modularity, degree and hub 

disruption index did not differ between groups. Disrupted default mode network connectivity has also 

been consistently reported in patients with chronic pain (Kregel et al., 2015). The default mode 

network, which is engaged during resting wakefulness, consists of functionally correlated brain areas 

including the ventromedial and lateral prefrontal, posteromedial and inferior parietal, lateral and 

medial temporal cortex and subcortical structures including the amygdala and striatum (Alves et al., 

2019). Alterations in the default mode network may predict the transition from acute to chronic pain 

(Pfannmöller & Lotze, 2019). 

 Similarities have been reported between the processing of acute pain in individuals living 

with chronic pain and healthy controls. A meta-analysis examining differential brain responses to 

acute noxious stimuli found no significant difference in activation between patients with chronic pain 

and healthy volunteers (Xu et al., 2021). Comparatively, Kregel et al. (2015) reported increased 

activity in pain-related regions and decreased activity in regions mediating an analgesic response in 

patients with chronic low back pain compared to controls. In contrast to acute pain, hallmark 

symptoms of neuropathic pain including spontaneous pain and allodynia may be reflected in 

alterations in brain function. Experience of allodynia in patients with neuropathic pain is associated 

with greater likelihood of activation in left supramarginal gyrus, the right caudal-anterior insula, and 

the left ACC, and reduced activation in left posterior and right anterior insula, the right supplementary 

motor area, right MCC and right SII compared to experimental pain in healthy volunteers (Friebel et 

al., 2011). Studies investigating both allodynia and hyperalgesia in neuropathic pain are associated 

with significantly stronger likelihood of activation in bilateral SII, ipsilateral cingulate cortex, 

prefrontal cortex, contralateral basal ganglia and cerebellum, and weaker activation likelihood in 

ipsilateral insula, contralateral cingulate cortex, bilateral thalamus and basal ganglia, compared to 

acute pain in healthy volunteers (Lanz et al., 2011). In later investigations using mixed pain 

aetiologies versus acute pain, no difference in activation likelihood was found (Tanasescu et al., 

2016). 
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Treatment for chronic pain can elicit changes in brain function. In an ALE meta-analysis of 

62 fMRI and 13 PET studies in patients undergoing treatment for chronic pain, SI, MI, thalamus, 

insula, and ACC showed significantly decreased activity after the treatments compared to baseline 

(Kim et al., 2021). Increased glucose uptake, blood flow and opioid-receptor binding potentials were 

observed in SI, MI, thalamus, and insula. Changes in the dopaminergic pathway and descending 

inhibitory system have also been implicated in chronic pain. Konno & Sekiguchi (2018) stated that 

decreased activation of the ACC, prefrontal cortex, and nucleus accumbens in chronic low back pain 

patients may be related to decreased function of the descending inhibitory system. 

1.5.3 Electrophysiological markers for pain  

Electrophysiological changes measured with electroencephalography (EEG) during 

somatosensory stimulation comprise phase-locked and oscillatory changes. Changes which are phase-

locked to an event can be examined with event-related potentials (ERPs), while non-phase-locked, 

oscillatory changes can be examined during rest as relative or absolute band power, or following tasks 

using the event-related desynchronisation (ERD) transformation. 

1.5.3.1 Somatosensory- and laser-evoked potentials associated with pain 

 In the pain domain, electrical and laser stimuli have been used to examine event-related 

changes to noxious stimuli. 

Somatosensory-evoked potentials (SEPs) are ERP deflections that are usually evoked by 

electrical stimulation of peripheral nerves (Dawson, 1947; Dawson & Scott, 1949). The latency and 

amplitude of SEPs vary depending on the area of the body being stimulated. Early SEP components 

with a peak latency of less than 40 ms after stimulation of upper limbs, or 60 ms after stimulation of 

lower limbs, originate from SI (Allison et al., 1992; Valeriani et al., 2000a, 2001). Mid-latency SEPs 

up to 200 ms originate from bilateral SII and supplementary motor area or ACC (Cruccu et al., 2008; 

Stancak et al., 2003; Valeriani et al., 2000a, 2001; Vrána et al., 2005). SEPs from nonpainful and 

painful electrical stimuli originate from similar sources (Valeriani et al., 2000a). SEP amplitudes are 

enhanced with graded intensities of nonpainful and noxious stimuli (Derbyshire et al., 1997; Iannetti 

et al., 2008; Loggia et al., 2012; Shimojo et al., 2000; Valeriani et al., 2000a).  
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 Laser-evoked potentials (LEPs) are measured in response to laser stimuli. LEPs have been 

extensively described and consist primarily of series of positive and negative deflections: N1/P1 and 

N2-P2. The N1/P1 is a lateralised potential, peaking at 150–180 ms over temporal regions and 

inverting phase at the midline, which is generated by the operculo-insular cortex and potentially also 

SI (García-Larrea et al., 2003). The N2-P2 complex which is maximal over the vertex between 200–

380 ms is generated by ACC/MCC and the operculo-insular cortex (García-Larrea et al., 2003). 

However, the N2 and P2 components may have different origins, with the P2 component also 

involving deeper source dipoles in medial temporal cortex (Stancak et al., 2016, 2018; Stancak & 

Fallon, 2013). LEP latencies differ between stimulation sites: for stimuli applied to the hand, 

normative N2 latencies have been estimated between 200–277 ms, while P2 latencies have been 

estimated between 248–380 ms (Truini et al., 2005). These LEPs primarily reflect activation of Aδ 

fibres (Bromm & Treede, 1984; García-Larrea et al., 2003). Ultra-late potentials in the interval 700–

1000 ms after stimuli may reflect afferent volleys from C fibres (Hu et al., 2014; Iannetti et al., 2003; 

Opsommer et al., 2001). 

1.5.3.2 Alterations of pain-related components in neuropathic pain 

Alterations in pain-related EEG components in patients living with chronic pain compared to 

pain-free individuals have been reported in a wealth of studies. A full review of the literature is 

beyond the scope of this thesis; therefore, the focus is on major findings and reviews of alternations in 

pain-related ERP components in patients with neuropathic pain syndromes. 

Variations of pain-related components in patients with neuropathic pain have been 

investigated by comparing responses to stimuli applied to the affected region versus the unaffected 

region of the body. Alterations in pain-related components indicate reduced integrity of nociceptive 

pathways (Cruccu et al., 2010; Haanpää et al., 2011). SEPs have been used extensively in clinical 

applications to evaluate disorders in somatosensory pathways in the central and peripheral nervous 

system (Cruccu et al., 2008). Pain-related SEPs from concentric electrodes show reduced peak-to-

peak amplitude and longer N1 latency in patients with neuropathic pain compared to healthy controls 

(Hansen et al., 2012). 
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LEPs are recommended for the assessment and diagnosis of peripheral and central 

neuropathic pain syndromes (Cruccu et al., 2010; Haanpää et al., 2011). LEPs can be absent, reduced 

in amplitude or delayed in latency in patients with neuropathic pain (Pazzaglia & Valeriani, 2009). 

Abnormalities in pain-related LEP components are more pronounced in patients who experience 

spontaneous pain, and have been related to Aδ fibre deafferentation (Garcia-Larrea et al., 2002). In 

the only systematic review of pain-related ERP components in chronic pain versus healthy controls, 

Lenoir et al. (2020) described increased latency and reduced amplitude of the LEP N2-P2 complex in 

two studies in patients with neuropathic pain.  

1.5.3.3 Spontaneous oscillatory changes in waking EEG 

Amplitude suppressions and enhancements in the theta (4–7 Hz), alpha (8–13 Hz) and beta 

(14–30 Hz) frequency bands are associated with changes in wakefulness, vigilance level, task 

performance and external stimuli. 

Adult human EEG in waking states is characterised by a predominance of oscillations in the 

alpha band (Chang et al., 2011). Alpha rhythms describe frequencies which occur in the 8–13 Hz 

range, with an amplitude of up to 50 μV, which are observed over occipital, parietal, and sensorimotor 

cortices (Kropotov, 2009). Occipital alpha rhythms (9–11 Hz) which are dominant in EEG recordings 

with eyes closed are attenuated with eyes opening, drowsiness, and mental tasks (Adrian & Matthews, 

1934; Berger, 1929, as cited in Kropotov, 2009; Nunez et al., 2001). Increased alpha rhythms during 

eyes closed are proposed to result from decreased visual input to the occipital cortex (Kropotov, 

2009). Alpha band power increases over parietal-occipital regions have been observed during cued 

attention (Foxe & Snyder, 2011), indicating a suppression of visual processing. Occipital alpha 

rhythms have been proposed to reflect an idling or inactive cortical region (Adrian & Matthews, 

1934), corresponding to fMRI studies showing a negative correlation between alpha band oscillations 

and metabolic activity (Feige et al., 2005). 

Alpha rhythms over sensorimotor cortices focused around 10 Hz (8–13 Hz) are known as mu 

rhythms. Mu rhythms originating from SI are observed in the absence of movement and are attenuated 

during voluntary movement, motor imagery or tactile stimulation (Chatrian et al., 1959; Gastaut, 
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1952; Salmelin & Hari, 1994c). Originally conceived as an indication of cortical idling (Pfurtscheller 

et al., 1996b), mu rhythms are postulated to reflect sensorimotor processing in frontoparietal networks 

(Pineda, 2005). Sensorimotor mu and occipital alpha rhythms have been shown to be independent 

phenomena originating from different sources (Andrew & Pfurtscheller, 1997; Pineda, 2005), 

suggesting that alpha rhythms reflect local and global brain dynamic processes resulting from 

functional segregation and integration (Nunez et al., 2001). 

Beta band oscillations are observed over sensorimotor and frontal cortices (Kropotov, 2009). 

Sensorimotor beta oscillations are maximal over C3, Cz and C4 electrodes and have been localised to 

S1/M1 (Salmelin & Hari, 1994c). Alongside mu rhythms, amplitude attenuation of 20 Hz cortical 

oscillations has been found following tactile or peripheral nerve stimulation (Kuhlman, 1978; 

Pfurtscheller, 1981). Beta oscillations are sensitive to gamma-aminobutyric acid (GABA), with 

enhanced beta band oscillations on the induction of GABA agonists (Jensen et al., 2005; Jensen & 

Mazaheri, 2010). 

 Theta band oscillations are observed in the frontal midline regions during cognitive tasks and 

attention-related processes (Kropotov, 2009). Theta band power increases with greater working 

memory load, leading to the suggestion that theta oscillations represent top-down memory processes 

(Klimesch, 1999; Klimesch et al., 2008). The functional role of theta band oscillations includes 

cognitive-affective functions such as attentional processing, sensory-motor integration, navigation, 

and memory (Karakaş, 2020). 

1.5.3.4 Electrophysiological markers for somatosensory processing 

Somatosensory stimuli are associated with amplitude increases or decreases in various 

oscillatory frequency bands (Chatrian et al., 1959; Pfurtscheller & Aranibar, 1977; Pfurtscheller & 

Lopes da Silva, 1999; Stančák, 2006). Increased power of cortical oscillations, known as event-related 

synchronisation (ERS), and decreased power of cortical oscillations, known as ERD, reflect decreased 

or increased synchrony of underlying neuronal populations, respectively (Pfurtscheller, 1977, 1992; 

Pfurtscheller & Aranibar, 1977). ERPs are assumed to represent the responses of cortical neurons due 

to changes in afferent activity, while ERD/S reflect changes in local interactions between neurons and 
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interneurons (Pfurtscheller & Lopes da Silva, 1999). ERD in alpha and beta frequency bands are 

considered as a correlate of cortical activation (Pfurtscheller & Lopes da Silva, 1999), while ERS is 

considered to reflect active inhibition of task-irrelevant stimuli (Fry et al., 2016; Jensen & Mazaheri, 

2010; Neuper & Pfurtscheller, 2001b) or cortical idling (Pfurtscheller, 1992; Pfurtscheller et al., 

1996a, 1996b). ERD is suggested to indicate notification of sensory event and subsequent opening of 

sensory channels, which may aid in the transmission of neuronal information within sensorimotor and 

association cortices (Stančák, 2006). 

 Somatosensory stimuli are followed by 10 and 20 Hz ERD located over the contralateral and 

ipsilateral primary sensorimotor cortex (SI/MI) around 250–400 ms after stimulus onset (Cheyne et 

al., 2003; Gaetz & Cheyne, 2006; Hirata et al., 2002; Neuper & Pfurtscheller, 2001b; Nikouline et al., 

2000; Pfurtscheller, 1992; Stancak et al., 2003). Contralateral 10 Hz ERD is typically stronger than 

ipsilateral ERD, which appears approximately 150ms later (Stančák, 2006; Stancak et al., 2003). 

During ERD, ERS of 20 Hz oscillations over the contralateral precentral cortex occurs at a latency of 

450–700 ms after stimuli (Brovelli et al., 2002; Cheyne et al., 2003; Gaetz & Cheyne, 2006; Neuper 

& Pfurtscheller, 2001b; Pfurtscheller, 1981; Salenius et al., 1997; Salmelin & Hari, 1994c; Stancak et 

al., 2003). This is followed by 10 Hz ERS localised to the postcentral gyrus approximately 150 ms 

later (Salmelin & Hari, 1994c). Post-stimulus 20 Hz ERS has been linked to MI inhibition (Chen et 

al., 1999; Jensen et al., 2005; Salmelin & Hari, 1994c) which may serve to prepare for new inputs and 

limit overactivation (Kropotov, 2009). Movement observation and real and imagined movements 

attenuate the post-stimulus 20 Hz ERS rebound (Cheyne et al., 2003; Salenius et al., 1997). ERD/S 

after somatosensory stimulation is also found in regions corresponding to the supplementary motor 

area (Brovelli et al., 2002; Ohara et al., 2004; Stancak et al., 2003) and SII (Della Penna et al., 2004; 

Forss et al., 2001; Palva et al., 2005). Somatosensory brushing stimuli administered at slow velocities 

of 3cm/s are also associated with ultra-late slow-wave oscillations around 6 Hz ERS over frontal areas 

of the scalp (Ackerley et al., 2013). The amplitude of 10 Hz and 20 Hz ERD/S can distinguish weak 

from strong stimuli, but does not scale linearly with stimulus intensity (Iannetti et al., 2008; Stancak 

et al., 2003). 
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 Painful laser and electrical stimuli are followed by 10 and 20 Hz ERD peaking around 500–

800 ms and 340 ms, respectively (Chien et al., 2014; Hu et al., 2013; Ohara et al., 2004; Ploner et al., 

2017; Raij et al., 2004; Stančák, 2006). Sources of these effects are similar to those for nonpainful 

somatosensory stimuli (Cheyne et al., 2003; Salmelin & Hari, 1994b; Stancak & Pfurtscheller, 1996). 

Post-stimulus 20 Hz ERS has not been reported following noxious laser stimulation (Ohara et al., 

2004; Raij et al., 2004; Stančák et al., 2005), suggesting that 20 Hz rebound is linked to involvement 

of the dorsal column system (Stančák, 2006). 

1.5.3.5 Electrophysiological markers for chronic pain 

 Changes in oscillatory dynamics measured with EEG and magnetoencephalography (MEG) 

have been reported in pathological conditions, including chronic pain. Patients with chronic pain 

show increased power of cortical oscillations in frequency bands including theta (4–7 Hz) (Lim et al., 

2016; Sarnthein et al., 2006; Stern et al., 2006; Vučković et al., 2014), alpha (8–13 Hz) (Kisler et al., 

2020; Sarnthein et al., 2006; Vučković et al., 2014), beta (16–30 Hz) (Lim et al., 2016; Sarnthein et 

al., 2006; Stern et al., 2006), and delta (1–4 Hz) frequency bands (Sarnthein et al., 2006). Augmented 

theta and beta power in chronic pain patients compared to healthy controls have been localised to 

pain-associated areas including the insula, ACC, prefrontal cortex, SI and SII (Fallon et al., 2018; Lim 

et al., 2016; Stern et al., 2006). 

 Abnormal theta rhythms have been suggested to reflect alterations in local or long-range 

communication between functionally specialised neuronal assemblies (Schnitzler & Gross, 2005). A 

shift of dominant resting oscillatory activity from the alpha band towards the theta band has been 

proposed as a contributing factor in the development or maintenance of various pathologies including 

chronic pain (Llinás et al., 1999, 2005). Dominant low-frequency oscillations in the thalamo-cortico-

thalamic network, known as thalamocortical dysrhythmia, is suggested to maintain pain by disrupting 

the normal state-dependent flow of information between the thalamus and cortex, leading to 

disturbances of sensation, motor performance and cognition (Jones, 2010).  
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1.6 Neural effects of SCS 

1.6.1 Physiological effects of tonic SCS 

 SCS was originally based on the Gate Control Theory (Melzack & Wall, 1965), which 

postulated that electrical stimulation of large diameter (Aβ) fibres would produce an inhibitory effect 

on processing of signals from small diameter (Aδ and C) fibres (Joosten & Franken, 2020; Shealy et 

al., 1967). 

In line with the Gate Control Theory, conventional tonic stimulation induces antidromic 

stimulation of Aβ fibres in the dorsal column and paraesthesia over the affected nerves (Barolat et al., 

1991; Melzack & Wall, 1965; North et al., 1991; Parker et al., 2012; Shealy et al., 1967). The balance 

between large and small diameter fibres which modulate the transmission of noxious stimuli is 

mediated by interneurons in the upper laminae of the spinal dorsal horn. Tonic SCS modulates 

nociceptive signalling through the release of GABA. In rat models of neuropathic pain, tonic 

stimulation decreases intracellular GABA levels (Janssen et al., 2012), increases extracellular GABA 

levels (Cui et al., 1997; Linderoth et al., 1994; Stiller et al., 1996), and reduces the release of 

excitatory amino acids glutamate and aspartate (Cui et al., 1997). In preclinical studies, administration 

of GABAB receptor antagonists abolish the analgesic effects of SCS, while GABAB receptor agonist 

baclofen increases the therapeutic effects of SCS (Ren et al., 1996). In humans, SCS combined with 

sub-effective doses of baclofen can improve treatment prospects for patients who do not respond to 

SCS alone (Lind et al., 2004, 2008; Schechtmann et al., 2010). 

1.6.1.1 Supraspinal effects of SCS measured with electrophysiology 

 Electrophysiological techniques including EEG, MEG, and transcranial magnetic stimulation 

(TMS) have been utilised to investigate supraspinal effects of SCS in humans. 

Supraspinal effects of SCS have been investigated as alterations in cortical SEPs or 

somatosensory evoked magnetic fields (SEFs) to innocuous electrical stimulation of Aβ fibres, 

measured with EEG and MEG, respectively. Observation of changes in SEPs during SCS have 

primarily shown an inhibitory effect of SCS on somatosensory processing. In patients using 

permanent or trial implants of SCS chronic pain of lower limbs, SCS is associated with attenuation of 
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short- and mid-latency SEP components for innocuous tibial nerve stimulation (Buonocore et al., 

2012; Buonocore & Demartini, 2016; De Andrade et al., 2010; Poláček et al., 2007; Urasaki et al., 

2014; Wolter et al., 2013). Comparable effects have been reported with MEG as reduced SEF 

amplitudes to posterior tibial nerve stimulation (115 and 150 ms latency) and median nerve 

stimulation (90–100 ms latency) after SCS implantation (Theuvenet et al., 1999). Attenuated SEPs 

during SCS have been localised to SI and SII using source dipole modelling (Poláček et al., 2007). 

Attenuated long-latency SEPs from tibial nerve stimulation have also been reported with SCS (Blair 

et al., 1975; Poláček et al., 2007). For sural nerve stimulation, long-latency SEPs localised to the 

MCC are enhanced during SCS compared to SCS off (Poláček et al., 2007). Few studies with mixed 

pathologies report no effect of SCS on tibial or median nerve SEP components (Doerr et al., 1978; 

Mazzone et al., 1994). 

 Changes in oscillatory dynamics have been investigated during SCS with MEG and EEG. In 

30 patients with CPSS, Sufianov et al. (2014) reported a predominance of delta and theta band activity 

of a greater amplitude than controls, which decreased after SCS implant. Oscillatory changes may 

indicate treatment response. Patients who underwent an unsuccessful SCS trial showed greater mean 

spectral power in the high theta range (7–9 Hz), compared to healthy controls and patients with a 

successful SCS trial, who showed a predominance of alpha (9–11 Hz) band power (Schulman et al., 

2005). Using TMS in 5 patients with chronic neuropathic leg pain, SCS has also been shown to 

induce changes in cortical excitability, with increases in intracortical facilitation during SCS off 

compared to SCS on, which was related to degree of perceived pain (Schlaier et al., 2007). 

1.6.1.2 Effects of SCS on haemodynamic responses 

 Effects of SCS in humans have been investigated with functional neuroimaging techniques 

based on haemodynamic principles, including fMRI, PET and single-photon emission computed 

tomography (SPECT). 

Studies investigating SCS with fMRI have primarily been conducted during the SCS trial 

period as permanent implants are often a contraindication for fMRI. Activation has been reported in 

somatosensory processing regions during blocks of SCS on, compared to SCS off, in areas including 
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the SI, SII, cingulate cortex and posterior parietal cortex (Deogaonkar et al., 2016; Kiriakopoulos et 

al., 1997; Stancak et al., 2008). In an investigation of 8 patients with chronic leg and back pain after 

spinal surgery, SCS was associated with increased activation of SI/MI somatotopically corresponding 

to the affected foot and/or perineal region, contralateral posterior insula, and the ipsilateral SII, and 

decreased activation in bilateral MI and ipsilateral SI corresponding to the shoulder, elbow and hand 

(Stancak et al., 2008). Widespread deactivation has been reported during SCS in regions including 

bilateral medial thalamus, cingulate cortex, ipsilateral dorsal premotor cortex, bilateral anterior insula, 

ipsilateral SI and contralateral SII, contralateral hypothalamus and parahippocampal gyrus (Moens et 

al., 2012). In a connectivity analysis of 10 patients with CRPS or CPSS, Deogaonkar et al. (2016) 

reported decreased connectivity between left SII and right middle cingulate, and increased 

connectivity between left superior precentral cortex and left supramarginal cortex with optimal SCS. 

Effects of SCS on cortical processing have also been investigated with PET and SPECT, with 

changes in a wide network of pain and somatosensory associated regions. Increased regional cerebral 

blood flow with SCS has been noted particularly in the bilateral prefrontal cortex (Kishima et al., 

2010) as well as ACC and contralateral temporal lobe, while reductions have been observed in 

contralateral parietal cortex (Kunitake et al., 2005). In a comparison of good and poor SCS responders 

prior to SCS implant, good SCS responders had reduced regional cerebral blood flow in the thalamus 

and precuneus compared to poor responders (Nagamachi et al., 2006).  

1.6.1.3 Problems with the Gate Control Theory and SCS 

 Some mechanisms of SCS cannot be explained by the Gate Control Theory. The dorsal 

columns alone do not mediate the effects of SCS, as tonic SCS reduces pain hypersensitivity and 

allodynia after dorsal column transection (Barchini et al., 2012; El-Khoury et al., 2002). Tonic SCS 

engages supraspinal processes which exert descending modulation of pain, with activation of 

brainstem nuclei including the locus coeruleus and nucleus raphe magnus and rostral ventromedial 

medulla (Saadé et al., 1986; Song et al., 2013; Tazawa et al., 2015). Paraesthesia, resulting from 

orthodromic activation of Aβ fibres during tonic SCS, does not seem to be a requirement for pain 
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relief. Paraesthesia-free waveforms such as burst stimulation are equally or more effective than tonic 

SCS (De Ridder et al., 2010, 2013; Deer et al., 2018). 

1.6.2 Physiological effects of burst SCS 

 The mechanisms underlying burst SCS are different to those of conventional tonic 

stimulation. Burst SCS does not appear to modulate the dorsal column pathway. In an investigation of 

anesthetised rats, burst SCS did not increase spontaneous activity in the gracile nucleus of the dorsal 

column (Tang et al., 2014). Pain-relieving effects of burst SCS are not mediated by GABAergic 

mechanisms. In a rat model of cervical radiculopathy, burst and tonic stimulation were shown to 

reduce spinal neuronal firing, although contrary to tonic stimulation, neuronal firing during burst SCS 

was not attenuated by GABAB receptor agonists (Crosby et al., 2015b). 

 Few human studies comparing burst and tonic waveforms have been conducted. De Ridder et 

al. (2013) investigated sources of resting oscillatory changes in 5 patients during burst, tonic and no 

stimulation. Burst SCS was associated with an increase in synchronised activity in bilateral dorsal 

ACC in the low alpha band (8–10 Hz), and in left dorsolateral prefrontal cortex in low alpha (8–10 

Hz) and high beta band (18.5–30 Hz), compared to tonic SCS. Compared to SCS off, burst 

stimulation was associated with greater synchronised activity in the low alpha band in dorsal ACC, 

and decreased gamma band (30.5–44 Hz) activity in the parahippocampal gyrus. Tonic stimulation 

was associated with decreased high beta band power in posterior cingulate cortex and gamma band 

power in posterior insula compared to SCS off. De Ridder & Vanneste (2016) reported a subsequent 

region-of-interest conjunction and functional connectivity analysis of data described in De Ridder et 

al. (2013). Common mechanisms between tonic and burst stimulation were found, with increased 

theta band power in SI, inferior parietal area and supramarginal gyrus extending into SII, posterior 

cingulate cortex and the parahippocampal area, and increased gamma band power in the pregenual 

ACC extending into the ventromedial prefrontal cortex. The ratio of oscillatory power between 

pregenual ACC and ventromedial prefrontal cortex ratio was reduced after burst stimulation in 

comparison to tonic and baseline in the gamma frequency band. 
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More recently, Yearwood et al. (2019) reported results from 7 patients taking part in a 

randomised controlled trial comparing burst and tonic stimulation who underwent PET scanning prior 

to implant and after 12 weeks each of burst and tonic stimulation. Increased metabolic rate was found 

in anterior and posterior cingulate cortices, and decreased metabolic rate was found in subgenual 

ACC, during burst compared to tonic stimulation. Reduced pain vigilance after implant was 

associated with decreased metabolic rate in ventromedial prefrontal cortex/subgenual ACC during 

burst stimulation and decreased metabolic rate in retrosplenial cortex and the thalamus during tonic 

stimulation. 

Burst SCS has been argued to modulate both affective-motivational and sensory-

discriminative aspects of pain by engaging both the medial and lateral spinothalamic tracts (De Ridder 

et al., 2013; De Ridder & Vanneste, 2016). In contrast, tonic stimulation is proposed to modulate 

activity in the lateral spinothalamic tract only as a result of engagement of the dorsal column pathway 

(De Ridder & Vanneste, 2016; Joosten & Franken, 2020). 

1.7 Neural effects of LFS 

1.7.1 Mechanisms of action 

The mechanism underlying the therapeutic effects of LFS has been proposed as LTD. LTD, 

and its counterpart process LTP, can be observed at many sites in the central nervous system (Bliss & 

Lomo, 1973; Dudek & Bear, 1992; Mulkey & Malenka, 1992). LTP was originally identified in the 

rabbit hippocampus (Bliss & Lomo, 1973), and as such was inferred to have role in learning and 

memory (Bliss & Collingridge, 1993). Likewise, LTD has been identified in the hippocampus, and 

has thus been suggested as a forgetting process (Bliss & Cooke, 2011). 

 In a seminal study, it was found that LTD could be induced in the spinal dorsal horn of the rat 

(Sandkühler et al., 1997). Repetitive 1 Hz LFS of primary afferent Aδ fibres reduced excitatory 

postsynaptic potential amplitude in the substantia gelatinosa for at least 2 hours after stimulation. 

Reduction in excitatory postsynaptic potentials started shortly after the induction of LFS and 

continued to decline with increasing pulses by an average of 41% compared to baseline. LFS at lower 

Aβ intensities induced only a transient depression of synaptic transmission which lasted around 30 
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minutes (Liu et al., 1998; Sandkühler et al., 1997), suggesting that strong intensities activating Aδ 

fibres were essential to induce LTD. 

1.7.2 Effects of LFS on nociception and pain perception 

Animal models of neuropathic pain have been used to study the effects of LFS on 

nociception. Nociceptive LTD is associated with reduced pain behaviour and reduced mechanical 

allodynia in a rat neuropathic pain model (Xing et al., 2007). LFS of peripheral nerve fibres in 

humans is associated with a sustained, homotopic decrease in perceived pain to noxious electrical 

pain stimuli (Aymanns et al., 2009; Jung et al., 2009; Klein, 2004; Lindelof et al., 2010), and a 

reversal of increased pain perception from HFS (Klein, 2004; Magerl et al., 2018). Klein (2004) 

reported that LFS resulted in a 27% reduction in perceived pain for at least one hour after stimulation. 

Reduced pain perception after LFS is homotopic: confined to conditioned synapses (Aymanns et al., 

2009; Rottmann et al., 2008) or receptive fields (Jung et al., 2011). Further studies have supported the 

use of LFS for acute pain, with evidence of LTD in somatosensory processing of masseter inhibitory 

reflexes (Ellrich & Schorr, 2002), blink reflexes (Ellrich & Schorr, 2002; Yekta et al., 2006) and 

supraorbital nerve afferents (Ellrich & Schorr, 2004), as well as subjective reports of both sensory and 

affective components of pain (Klein, 2004; Rottmann et al., 2010a). 

1.7.3 Effects of LFS on electrophysiological and haemodynamic measures 

 Changes in pain-related neural activity after LFS have been interpreted as indirect correlates 

of nociceptive LTD. LFS has consistently been shown to decrease the amplitude of SEPs recorded 

with EEG to noxious electrical test stimuli (Ellrich & Schorr, 2004; Jung et al., 2012; Rottmann et al., 

2008). Ellrich & Schorr (2004) found a sustained reduction in N2 and P2 SEP components during 

acute pain after LFS of trigeminal nerve afferents, accompanied by a reduction in pain perception. A 

later study using source dipole modelling investigated the effects of LFS versus no stimulation on 

cortical activation patterns for electrical pain stimuli (Jung et al., 2012). SEPs in response to electrical 

test stimuli elicited an N1 component located in the contralateral temporal region, and N2 and P2 

components in the cingulate cortex. N1 and N2 components were unaffected by LFS, while P2 dipole 

magnitude was significantly reduced after LFS, compared to a control of no stimulation. Maximal 
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reduction in SEP amplitude and subjective pain ratings have been observed after 1200 pulses of 1 Hz 

stimulation at four times pain threshold (Jung et al., 2009). 

Neural activation changes resulting from LFS have also been investigated using fMRI. 

Rottmann, Jung, Vohn, et al. (2010) reported significantly reduced activation in bilateral SI and SII, 

right insula, ACC, superior temporal cortex, prefrontal cortex and right inferior parietal lobule during 

electrical pain stimulation after LFS in comparison to baseline. 

1.8 Interim summary 

 In summary, SCS and LFS are analgesic neurostimulation interventions for intractable 

neuropathic pain syndromes. There are important gaps in the literature which must be addressed; 

namely, the effects of stimulation parameters such as waveform and intensity. EEG can be used to 

investigate changes in somatosensory processing during neurostimulation, as discussed in the 

following chapter. 
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Chapter 2 

2 Methods of EEG for measurement of pain-associated activity 

2.1 Types of stimulation to investigate somatosensory processing 

Somatosensory processing can be explored by applying stimuli to the periphery. Stimuli can 

comprise heat, mechanical or electrical modalities. 

2.1.1 Tactile Brushing Stimuli 

Mechanical stimuli applied to healthy skin at low intensities are associated with activation of 

Aβ mechanoreceptors. Static mechanical stimuli used in experiments can include punctate probes or 

pressure devices. Dynamic mechanical stimulation administered with a brush involve a complex 

sequence of mechanical events: as a brush moves across the skin, the skin in front of the brush is 

stretched, the skin under the brush is indented and the skin behind the brush is stretched (Edin et al., 

1995). This complex process activates multiple Aβ mechanoreceptors in the glabrous and hairy skin, 

particularly slowly-adapting type II units, as well as slowly-adapting type I and rapidly-adapting type 

I units (Abraira & Ginty, 2013; Edin et al., 1995). Gentle brushing stimuli applied to the hairy skin 

can also activate CT fibres when delivered at velocities of 1–10cm/s, with optimal responses at 3cm/s 

(Johansson et al., 1988; Löken et al., 2009; Vallbo et al., 1993). 

2.1.2 Electrical Stimuli 

Electrical stimuli are quantifiable, controlled, have a fast onset and offset, and can be repeated 

without tissue damage (Berge, 2013). Electrical stimuli bypass peripheral receptors and activate 

cutaneous nerve fibres via an electrical potential difference across the nerve fibre membrane, with the 

classes of fibres activated dependent on stimulus parameters such as intensity (Berge, 2013; Burke et 

al., 1975). At low, nonpainful intensities around detection threshold, electrical stimuli activate Aβ 

fibres (Burke et al., 1975; Sang et al., 2003), as large diameter fibres have low thresholds and are the 

most sensitive to electrical stimulation (Collins et al., 1960). Repeated stimuli at higher, painful 
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intensities also recruit Aδ fibres, and greater intensities activate C fibres (Burke et al., 1975; Collins et 

al., 1960; Sang et al., 2003). 

 

 

Figure 2.1 Schematic drawing of the distribution of current density in surface concentric (A) and 

intraepidermal matrix (B) electrodes based on finite element modelling. Both electrode designs induce 

high current density in superficial layers of the skin where free nerve endings are located. From 

Mücke et al. (2014). 

 

Direct electrical current flowing through two electrodes stimulates the nerve at the cathode 

and resists excitation at the anode (Tsui, 2008). Electrodes have been designed to preferentially 

activate Aẟ fibres without co-activation of Aβ fibres (Figure 2.1). These designs include concentric 

electrodes, consisting of a cathode surrounded by an anode, matrix electrodes, consisting of multiple 

cathodes and a separate anode, and intraepidermal pin electrodes (Bromm & Meier, 1984; Hansen et 

al., 2012; Inui et al., 2002; Kaube et al., 2000; Mücke et al., 2014; Nilsson & Schouenborg, 1999). A 

common element of these electrodes is a small cathode area, resulting in a high current density at the 

dermoepidermal junction which decreases uniformly below the cathode towards the anode, and is 

highest at the centre of the cathode for diameters smaller than 4 mm (Lelic et al., 2012; Mørch et al., 

2011). In contrast, larger cathode diameters penetrate deeper layers of the skin (Mørch et al., 2011). 

The inter-electrode distance may not significantly influence the current distribution in the skin where 

separate anode and cathodes are used (Tsui, 2008), while for concentric electrode designs, small 

anode areas and a small distance between anodes and cathodes are required to limit current spreading 

to deeper tissue layers (Poulsen et al., 2021). 
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LFS is delivered with a range of electrodes with small-diameter cathodes to elicit preferential 

activation of Aẟ fibres in humans (Klein, 2004; Magerl et al., 2018; Mücke et al., 2014). In clinical 

populations, LFS has been applied with pen electrodes with a small-diameter cathode tip, connected 

to a distal surface electrode which serves as the anode (Figure 2.2) (Johnson et al., 2015, 2021). 

Activation of Aẟ fibres during LFS is supported by subjective reports that the stimulus elicits sharp, 

pricking sensations (Ellrich & Schorr, 2004; Jung et al., 2012). The electrode design allows a high 

current density at relatively low stimulus intensities, ranging from 2.3–5 × pain threshold, or 10–20 × 

detection threshold (Aymanns et al., 2009; Biurrun Manresa et al., 2010; Ellrich & Schorr, 2002; 

Klein, 2004; Rottmann et al., 2008). Optimal stimulus parameters for eliciting LTD-like effects on 

human pain perception have been determined as 1 Hz, 1200 pulses and an intensity of 4× pain 

threshold, corresponding to 15× detection threshold (Jung et al., 2009). 

 

Figure 2.2 Pen electrode with 4mm diameter cathode used to deliver LFS. 

 

2.1.3 Laser Heat Stimuli 

Acute heat pain can be evoked using contact or radiant sources (Gracely, 2013). Contact heat 

pain can be induced with objects heated in water baths or with contact thermodes, which are applied 

to the skin. Radiant heat sources typically involve infrared light sources delivered by a laser stimulus 

(Gracely, 2013).  

Laser stimuli were introduced for pain research in the mid-1970s (Carmon et al., 1978; Mor 

& Carmon, 1975). Laser stimuli deliver brief heat pulses (1–100ms) that selectively activate Aδ- and 

C fibre nociceptors (Bromm & Treede, 1984; García-Larrea et al., 2003). Due to selective nociceptor 

activation, LEPs recorded with EEG have been widely accepted as the most reliable clinical tool in 

diagnosing hypoalgesia or neuropathic pain (Valeriani et al., 2012). Perception thresholds for laser 

stimuli applied to the hand are 5.7±2.6 mJ/mm2 (Truini et al., 2005). Laser stimuli are sensitive to 
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skin pigmentation, as the absorption of stimuli is greater in darker, black ink-marked, or tattooed skin 

(Leandri et al., 2006). Laser stimuli cannot be repeated in the same spot due to increases in skin 

temperature which can heighten the risk of tissue damage (Madden et al., 2016).  

Types of laser stimuli include high power carbon dioxide (CO2) lasers, and solid-state lasers 

such as Neodimium Yttrium–Aluminium–Grenat (Nd:YAG), Neodimium Yttrium-Aluminium-

Perovskite (Nd:YAP) and Thulium Yttrium-Aluminium-Grenat (Tm:YAG). High power CO2 lasers 

are the most commonly investigated and have been tested extensively with regards to energy 

distribution and peripheral fibre activation (Mor & Carmon, 1975; Perchet et al., 2008; Plaghki & 

Mouraux, 2003). Solid-state lasers have advantages over CO2 lasers of compactness, shorter pulse 

duration, shorter wavelength (1–2 μm) and easier optic fibre transmission (Perchet et al., 2008). 

Shorter wavelength of solid-state lasers allows deeper penetration into the skin than CO2 lasers 

(Valeriani et al., 2012). In a comparison of CO2 and Nd-YAP lasers, Nd-YAP lasers were 

recommended for clinical and experimental settings due to earlier latencies and larger amplitudes of 

evoked potentials, which suggested a more synchronised nociceptive afferent volley compared to CO2 

lasers (Perchet et al., 2008).  

2.2 General Principles of EEG 

2.2.1 Genesis of electrical potentials in the brain 

 Electrical activity is the human brain is conducted by billions of neurons (Azevedo et al., 

2009). Neurons communicate using action potentials, discrete voltage spikes that travel down the 

axon towards axon terminals, known as dendrites. Neurotransmitters are released at dendrites and 

bind to receptors on the postsynaptic cell membrane, altering the permeability of the membrane to 

specific ions and leading to a change in potential (Hämäläinen et al., 1993). This process creates a 

dipole: a pair of positive and negative charges separated by a short distance. Action potentials in 

excitatory or inhibitory presynaptic neurons result in excitatory postsynaptic potentials or inhibitory 

postsynaptic potentials, respectively (Speckmann et al., 2011). 

 Action potentials generate fields of short duration (<2 ms) and nearby neurons do not often 

fire synchronously and summate, so voltage generated by action potentials is often undetectable at the 
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scalp (Buzsáki et al., 2012). Excitatory or inhibitory postsynaptic potentials occur relatively slower, 

lasting for hundreds of milliseconds, allowing synchronous firing due to an overlap in time (Buzsáki 

et al., 2012). Postsynaptic potentials that occur around the same time with the same polarity and in 

spatial alignment can summate, and when this happens the signals can be recorded at the scalp level 

with EEG. Signals that are not in spatial alignment are cancelled out before the signals reach the 

scalp; thus, signals recorded by EEG are likely to originate from pyramidal cells in the cortex due to 

their perpendicular orientation to the surface of the cortex which generates an open field (Nunez & 

Srinivasan, 2006). A single EEG electrode provides estimates of synchronous synaptic activity 

averaged over several centimetres of the cortex containing between 100 million and 1 billion neurons 

(Nunez & Srinivasan, 2006). 

2.2.2 EEG acquisition 

To acquire EEG, electrodes are positioned on the scalp, and conductive gel, paste or liquids 

are used to achieve low impedances. Electrodes are commonly positioned according to a derivative of 

the International 10–20 System, which places electrodes at 10% and 20% points along lines of latitude 

and longitude on the head using anatomical landmarks of the nasion, inion and left and right pre-

auricular points (Jasper, 1958; Klem et al., 1999). Standardised placement allows consistency between 

studies which can aid interpretation and comparison of findings. Alternative placement systems can 

be used, particularly for dense electrode arrays, such as the geodesic arrangement where all electrodes 

are placed equidistant to one another. Many sensors in geodesic arrangements have corresponding 

electrodes in the International 10–20 System (Luu & Ferree, 2005). 

As the amplitude of the raw EEG is very small, ranging between 10–100 μV in adults, the 

signal is amplified by a factor of 10,000–50,000 for accurate measurement (Luck, 2014). Amplified 

signals are digitised for storage, display, and analysis on a computer. EEG is recorded as the potential 

for current to pass from one electrode (the active electrode) to another (Luck, 2014). This requires the 

use of reference and ground electrodes. Due to noise in the ground circuit, a differential amplifier is 

used in which activity at active electrode sites is computed as the difference between active-ground 

electrodes and reference-ground electrodes (Luck, 2014). 
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Reference sites chosen for recording can be differentially affected by volume conduction of 

combinations of neuronal generators. Therefore, techniques can be used to obtain reference-free data. 

One method to do so is the common average reference, which uses the unweighted average of all 

channels as the reference (Lehmann, 1984, 1987). Only signals that are common to all sites remain in 

the common average reference, while isolated signals are cancelled out. This method limits the effects 

of single electrode references which can be too close to extreme maximal or minimal potential values. 

The common average has been shown to perform well as an estimate of reference-independent 

potentials in simulation studies, particularly when used with high-density electrode arrays (Srinivasan 

et al., 1998). Another method is to implement the surface Laplacian transformation which reflects an 

estimate of the current density entering or exiting the scalp (Hjorth, 1975; Nunez & Srinivasan, 2006; 

Perrin et al., 1989). The Laplacian transformation is derived from the second spatial derivative of the 

potential field in the local curvature in µV/cm2, whereby each electrode is referenced to a weighted 

average of neighbouring electrodes (Hjorth, 1975) or as a spline interpolation of potentials measured 

at a discrete set of electrode locations (Nunez et al., 1994; Perrin et al., 1989). Laplacian approaches 

emphasize superficial sources from radial dipoles in proximal gyral surfaces which are more likely to 

produce large potentials on the scalp surface (Nunez & Srinivasan, 2006). This technique is most 

recommended with high density arrays for the localisation of neuronal current sources (Nunez & 

Srinivasan, 2006). 

Studies involving clinical pain populations in the current thesis utilised a 63-channel system 

with actively-shielding Ag-AgCl electrodes (BrainProducts GmbH, Germany). Figure 2.3 illustrates 

the locations of electrodes on the head using this system. This system uses an electrolyte gel as the 

conductive medium to lower skin-to-electrode impedances and improve conduction of electrical 

signals. Electrodes were positioned based on the International 10–20 system and placed according to 

three anatomical landmarks: the nasion and 2 preauricular points. Actively-shielding electrodes, 

which use preamplifiers built into the electrode housing, reduce sensitivity to induced noise from 

electrical devices in the vicinity (Metting van Rijn et al., 1990). Fpz was used as the ground electrode. 

Data were sampled at 1000 Hz and filtered from 0.1–200 Hz. 
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Figure 2.3. Distribution of 63 electrodes across the scalp for the gel-based BrainProducts cap. 

 

Studies using healthy volunteers in the current thesis utilised a 128-electrode sponge-based 

geodesic sensor net (Magstim EGI, UK). Figure 2.4 illustrates the locations of electrodes on the head 

using this system. The high-density system gives coverage of the whole head including the forehead 

and suborbital regions of the face. Saline solution was used as the conductive medium and electrodes 

were placed in a geodesic arrangement according to three anatomical landmarks: the nasion and 2 

preauricular points. Electrode Cz was used as the initial reference, and COM was used as the isolated 

common/ground electrode. Electrical signals were recorded at 1000 Hz and filtered from 0.1–200 Hz. 

 

 
Figure 2.4. Distribution of 128 electrodes across the scalp for the sponge-based EGI net. 

 

2.2.3 Correcting EEG artifacts 

 After recording, EEG data must be inspected for artifacts from non-cerebral sources which 

can obscure the cortically generated signal. Artifacts can be physiological, generated from the 

participant, or non-physiological, generated by the equipment or environment. Common physiological 
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artifacts are eye blinks and eye movements, muscle movements, tongue artifacts, breathing and sweat 

potentials (Luck, 2014). Non-physiological artifacts can be caused by hardware issues and electrical 

interference, with the most common electrical interference caused by the alternating mains power 

supply at 50 Hz in Europe and 60 Hz in the United States (Luck, 2014). 

 Artifacts should be minimised during data acquisition, but any artifacts that remain are 

identified during data processing. Manual artifact rejection is carried out by scanning the continuous 

data and marking segments which contain artifacts for rejection. Alternatively, regularly occurring 

artifacts such as eye movements and heartbeats can be removed using adaptive artifact correction in 

the Brain Electrical Source Analysis software (BESA, GmbH) (Berg & Scherg, 1994; Ille et al., 

2002). The adaptive artifact correction method uses a spatial filter to separate neural activity from 

artifacts without distorting the data. Segments are considered to represent brain activity if the 

correlation between data and artifact topography does not exceed a certain threshold, and if the signal 

amplitudes are below a specified threshold. Segments that do not meet this criterion are subject to 

principal component analysis, which decomposes the data into an independent, linear combination of 

brain and artifact activities so that estimated artifact signals can be subtracted from the raw data (Ille 

et al., 2002; Lagerlund et al., 1997). 

 An alternative approach to artifact removal is independent component analysis (ICA) which 

can be implemented in the EEGlab toolbox (Delorme & Makeig, 2004). ICA uses blind source 

separation to decompose data into temporally independent components (Makeig et al., 1996). In this 

approach, EEG data is assumed to be a mix of signals from independent brain sources which can be 

separated into a set of maximally independent, physiologically and functionally distinct, sources 

(Makeig et al., 2004). Decomposition into independent components allows separation of contributions 

from non-brain artifacts including eye movements, line noise and muscle activities (Jung et al., 2000). 

A limitation of the ICA method is that the quality of decomposition is dependent on the quality of 

data (Makeig et al., 2004). 
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2.2.4 Event-related Potentials 

Event-related potentials (ERPs) are time-locked changes in EEG which are evoked by the 

onset of an event or stimulus (Lopes da Silva, 2011b). It is generally accepted that ERPs are signals 

generated by neural populations that are time-locked to the stimulus which are in addition to the 

ongoing EEG activity (Lopes da Silva, 2011b). ERP analysis is therefore based on the assumptions 

that the electrical response evoked by stimuli is time-locked to the stimulus and that the ongoing 

activity is stationary noise that can be removed by averaging over many trials (Lopes da Silva, 

2011b). ERPs studied in relation to pain include SEPs, usually evoked by electrical stimulation 

applied to peripheral nerves, and LEPs, evoked by noxious laser stimuli. 

 ERPs are seldom visible on a single trial level and are isolated from ongoing EEG by 

averaging over many trials. Averaging over many trials increases the signal-to-noise ratio of the data 

by minimising the contribution of voltage fluctuations that are not time-locked to the event or 

stimulus of interest (Boudewyn et al., 2018). Signal-to-noise ratio of EEG improves as a function of 

the square root of the number of trials (Luck, 2014). The number of trials necessary for an ERP 

experiment is not fixed and depends on the quality of the data, sample size, effect size under 

investigation and the amount of time required for data to be collected (Boudewyn et al., 2018). 

 The process for averaging involves extracting fixed-length epochs from the continuous data 

which are time-locked to the event of interest. Epochs involve a baseline period prior to the event of 

100–200 ms, followed by a period after the event of 500–1500 ms, dependent on the component under 

examination (Luck, 2014). After extracting epochs, baseline correction can be performed by 

subtracting the mean baseline voltage from the entire waveform. The purpose of baseline correction is 

to correct for voltage offsets and gradual drifts in the data caused by factors such as skin potentials 

and static changes which vary slowly over time (Luck, 2014). Next, artifact-free epochs are averaged 

with respect to the time-locked event by summing all single-trial waveforms and dividing by the 

number of trials. 

 ERPs can be analysed based on latency (ms) or amplitude (µV) of positive and negative 

voltage deflections which make up the waveform, known as components (Luck, 2014). The amplitude 
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of an ERP can be measured at the peak, or more accurately as the mean or area amplitude over the 

component (Luck, 2014). The benefit of measuring the mean or area under the curve amplitude rather 

than peak amplitude for monophasic deflections is that latency jitter does not impact the mean 

amplitude. Deviations in component amplitudes and/or latencies can be used to make 

neurophysiological inferences about a process or population. Standard nomenclature for ERPs is the 

polarity of the waveform, P (positive) or N (negative), followed by either the post-stimulus latency or 

order of the component (Luck, 2014). 

 A drawback of the ERP technique is that deflections which are not phase-locked to an event 

may be cancelled out during averaging. In this case, time-frequency analyses may be more 

appropriate (Tallon-Baudry et al., 1996). 

2.2.5 Time-frequency analysis 

2.2.5.1 Cortical rhythms and their generators 

The earliest human EEG studies by Berger (1929–1933) (as cited in Kropotov, 2009) and 

Adrian & Matthews (1934) noted that awake subjects with eyes closed produced dominant 10 Hz 

oscillations, which Berger named “waves of the first order” or alpha rhythms. These rhythms were 

blocked with eye opening and under mental effort, leading to “waves of the second order” or beta 

rhythms (Kropotov, 2009). It is now accepted that EEG is an oscillatory, time-varying signal that 

varies in frequency. Ongoing, spontaneous EEG during the resting state can vary with changes in 

wakefulness, vigilance level, task performance, and drug effects (Dumermuth & Molinari, 1987). 

Neural oscillations are rhythmic fluctuations in the excitability or synchronicity of neuron 

populations. Factors that influence the basic phenomena of synchronous oscillations are the intrinsic 

membrane properties of neurons, interconnectivity between network elements, synaptic processes that 

subserve specific inputs and feedback and feedforward loops and modulating influences from 

neurotransmitters (Lopes da Silva & Pfurtscheller, 1999). 
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2.2.5.2 Quantifying amplitudes of spontaneous cortical oscillations 

EEG can be analysed quantitatively based on frequency, time, amplitude, phase, and 

morphology. To analyse changes in the frequency domain, EEG data is split into frequency bands. 

Classical bands for EEG analysis are delta (1–4 Hz), theta (4–7 Hz), alpha (8–13 Hz), beta (14–30 

Hz), and gamma (>30 Hz), with the most relevant for somatosensory processing and nociception 

being alpha, beta and theta bands. These boundaries can vary across individuals and states (Gevins, 

1987). 

Spectral analysis involves quantification of the frequency content of a signal or the 

distribution of signal power over frequency, measured in power (Kropotov, 2009). There are many 

approaches to the decomposition of oscillatory data, including band-pass filters, Fourier 

transformation or wavelet transformations. Each method entails a trade-off between temporal and 

frequency resolution, whereby the higher the frequency resolution, the lower the temporal resolution, 

and vice versa (Cohen, 2014). 

Fourier transformations, including the Welch power method, involve correlating the EEG 

time series with standard sine and cosine waves and tabulating the energy accounted for by each of 

those waves (Gevins, 1987; Welch, 1967). The sum of the energy of the waves equals the power 

spectrum, while the inverse tangent of their ratio represents the phase spectrum (Gevins, 1987). One 

such method, the Fast Fourier Transform, is an efficient algorithm for computing the Fourier series 

which assumes that an input signal is one period of a periodic signal which is stationary and slowly 

varying (Kropotov, 2009). When computing the power spectra, data is cut into overlapping or non-

overlapping segments of various lengths and the power spectrum of each data segment is computed. 

The choice of time segment influences the frequency resolution, as segments must be long enough to 

capture at least one cycle of the lowest frequency of interest, but not too long that transient higher 

frequency activity is missed (Cohen, 2014). Changes in power spectra can be examined as an average 

over the whole recording interval or as gradual changes over time by using a windowed Fourier 

transform (Kropotov, 2009). Three minutes is the minimum duration of EEG recording for a stable 

power spectrum (Kropotov, 2009). 
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Power can be analysed in terms of absolute or relative power. Absolute power is a measure of 

the amount of power of a specific frequency. Absolute power can vary between subjects based on 

neurophysiological, anatomical and physical properties of the brain and surrounding tissue (Kropotov, 

2009). The power spectrum of EEG is not equal across frequency bands. Lower frequency bands 

typically have greater amplitudes compared to higher frequency bands (Chang et al., 2011). As a 

result, power spectra must be scaled to obtain a more normally distributed value, with a common 

method being the logarithm transformation (Gasser et al., 1982; Gevins, 1987). An alternate method 

to absolute spectral power is relative power. Relative power of each frequency band can be examined 

by dividing the absolute power of each band by the total power, or by the sum of powers in the 

frequency band of interest. 

In contrast to Fourier analysis, wavelet analysis allows examination of how rhythms in EEG 

change over time. Wavelet analysis involves decomposing EEG into finite length oscillating 

waveforms, called wavelets (Kropotov, 2009). To compute a wavelet transform, the original EEG 

timeseries is convolved with a scaled and translated version of a mother wavelet function, leading to a 

new signal of wavelet coefficients (Herrmann et al., 2005). The result is improved time resolution but 

reduced frequency resolution in comparison to Fourier transformation (Herrmann et al., 2005). The 

most commonly used mother wavelet functions are Morlet or Gabor wavelets, complex functions that 

consist of a sine wave windowed in time by a Gaussian taper (Cohen, 2014; Herrmann et al., 2005). 

Oscillations at frequencies not sampled in the Fourier or wavelet transformation may spread 

power to sampled frequencies (Kropotov, 2009). This phenomenon of spectral leakage can be reduced 

using single tapers such as Blackman, Hann or Hamming windows. The Hamming window is a raised 

cosine with non-zero endpoints, which tapers the data at the beginning and end of the segment 

(Cohen, 2014). Alternatively, multiple tapers such as discrete prolate spheroidal sequence, also known 

as Slepian windows, can be used to achieve better control over the frequency smoothing and are 

beneficial for noisy data with a relatively small number of trials, or for examining frequencies over 30 

Hz (Cohen, 2014; Slepian, 1978). 
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2.2.5.3 Quantifying event-related changes in cortical oscillations 

 Short-lasting amplitude changes of spontaneous oscillations which are time-locked to 

sensory, motor, or cognitive events can be investigated with the ERD method. The ERD method 

involves selecting frequency bands of interest, squaring the amplitude samples to obtain power 

samples, averaging power samples across all trials, and averaging over all time samples to smooth the 

data and reduce variability (Pfurtscheller & Aranibar, 1977; Pfurtscheller & Lopes da Silva, 1999). 

ERD can be quantified by comparing oscillatory power in a specific frequency band during an 

event compared to a reference or baseline interval with the following equation: 

𝐷% = (100 ∗ 
𝐴 − 𝑅

𝑅
) 

where D represents the percentage power change during epochs following the event onset (A) relative 

to the preceding baseline or reference period (R). Positive D values correspond to relative power 

decreases (ERD), considered to signify cortical activation (Pfurtscheller, 1977; Pfurtscheller & 

Aranibar, 1977). Negative D values correspond to relative increases of cortical band power (ERS), 

considered to signify cortical idling or inhibition (Lopes da Silva & Pfurtscheller, 1999; Pfurtscheller, 

1992). A drawback to the ERD method is that nonlinearity during quantification results in skewed 

data, which may violate normality assumptions in parametric statistical tests (Graimann & 

Pfurtscheller, 2006). 

 An alternative way to quantify oscillatory changes is temporal-spectral evolution (TSE) 

method (Salmelin & Hari, 1994c). The TSE method involves selecting frequency bands of interest, 

which are band-pass filtered, averaged over trials and rectified. The result is that signal amplitude at a 

certain scalp location and in a specific frequency band is displayed as a function of time. Increase and 

decrease of TSE curves corresponds to changes in ERS and ERD (Pfurtscheller, 1999). Similar to 

ERD, the TSE method allows the identification of event-related oscillatory activity which is time- but 

not phase-locked to the event. 
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2.2.6 Source dipole analysis 

 Electrical activity of the brain consists of ionic currents generated by cellular sources. These 

ionic currents cause electric and magnetic fields that can be measured in the brain and surrounding 

tissues, diminishing in strength with distance. The forward problem is the determination of an 

observed potential distribution at the scalp given a set of intracerebral current sources (Lopes da Silva, 

2011a). Solving the forward model requires a head model which accurately characterises the 

conduction of electrical potentials in the human head. The first head models were comprised of 

homogenous spheres (Frank, 1952), followed later by spherical head models of multiple shells which 

used different conductivities for each medium, and more realistic head models such as the boundary 

element method and finite element models (Lopes da Silva, 2011a). The inverse problem of EEG is 

the determination of intracerebral sources contributing to an observed measured potential at the scalp. 

The inverse problem has no unique solution, as infinite combinations of intracerebral sources can 

result in the same potential distribution observed with EEG (Lopes da Silva, 2011a). The problem is 

underdetermined due to the number of EEG sensors in comparison to the number of cortical 

macrocolumns being estimated (Lopes da Silva, 2011a). Methods of source localisation known as 

inverse solutions can be used to overcome the inverse problem. 

 Methods for source localisation can be separated into dipole versus distributed techniques. 

Source dipole modelling assumes that the observed field on the scalp is generated by only one or a 

few equivalent current dipole in the brain (Michel & Brunet, 2019). Nonlinear multidimensional 

optimisation procedures are used to determine the dipole parameters that best explain the observed 

potentials. In this thesis, source dipole modelling was carried out using BESA with a 4-shell 

ellipsoidal head model (Scherg, 1992; Scherg & Berg, 1996). Each dipole in this model is specified 

by 6 parameters: coordinates in 3-dimensional space, 2 angles that specify its orientation and the 

strength of the source. Dipoles are fitted using a sequential strategy from the earliest peak in recorded 

potentials until the addition of another dipole does not explain any more of the residual variance 

(Scherg, 1992; Scherg & Berg, 1996; Stancak et al., 2002). Source models should agree with proven 

knowledge about underlying brain activity, and source waveform time courses should be distinctly 
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different from those of other sources (Scherg et al., 2010). Accuracy of dipole source localisation 

methods have reported mean errors of 6–20mm (Akalin Acar & Makeig, 2013; Chen et al., 2007; 

Cohen et al., 1990; Cuffin et al., 1991). 

 Distributed source modelling estimates a spatial distribution of neural current consistent with 

the measured EEG over the cortical surface. Distributed source models typically use minimum norm 

or weighted minimum norm solutions, which require that current distribution over all solution points 

have minimum energy and that the forward solution of this distribution optimally explains the data 

(Hämäläinen et al., 1993; Michel & Brunet, 2019). One such method is low-resolution 

electromagnetic tomography (LORETA) algorithm. The LORETA method assumes that neighbouring 

neurons are simultaneously and synchronously activated and selects the smoothest of all possible 3-

dimensional current distributions, resulting in a tomography with a degree of dispersion (Pascual-

Marqui et al., 1994). A variant of the LORETA algorithm, classical LORETA analysis recursively 

applied (CLARA), uses an iterative application of weighted LORETA images to reduce the source 

space per iteration and resolve closely neighbouring sources (Hyder et al., 2015). 

2.2.7 Electrode selection for data analysis 

 EEG datasets are rich sources of information in terms of electrodes, time samples and 

frequency components. Comparison over all electrode sites, time points and frequency components 

lead to inflation of Type I error rate, so data used for statistical analysis must be constrained to choose 

only those showing a significant effect with correction for multiple comparisons. One way to select 

electrodes, time samples or frequency bands is based on prior research if the components being 

measured are well defined (Luck, 2014). Alternatively, mass univariate approaches such as false 

discovery rate correction and permutation approaches can be used. False discovery rate correction 

controls for the total proportion of bogus effects in a set of values (Benjamini & Hochberg, 1995). 

False discovery rate correction is recommended for studies with focal or broadly distributed effects 

(Groppe et al., 2011). Permutation statistics examine random partitions of the data to estimate the null 

distribution (Maris & Oostenveld, 2007). This allows determination of the t-value required to exceed 

what is expected by chance. Permutation-based testing is recommended for use when the effects of 
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interest are robust, sample size is large, or effects of interest are likely to only cover a small 

proportion of the null hypothesis, and when strong control of family-wise error is necessary (Groppe 

et al., 2011). 

2.2.8 Pitfalls of EEG 

EEG has excellent temporal resolution (~1 ms) due to the direct nature of recordings of neural 

activity (Luck, 2014). This allows for the disentangling of neural processes that occur between stimuli 

and responses, which is not possible with behavioural measures such as reaction times and pain 

ratings. The direct recording of neural activity with EEG is an advantage over other neuroimaging 

methods which measure changes in haemodynamic function as a proxy for neural activity, such as 

PET and fMRI. These methods measure changes in the proportion of oxygenated and deoxygenated 

blood in regions of the brain, based on the assumption that neural activity is associated with increased 

blood flow to that area (Logothetis, 2008). Blood flow to a region is much slower than the neural 

activity itself, resulting in poor temporal resolution in the magnitude of several seconds (Luck, 2014). 

Electrical fields recorded at the scalp are subject to volume conduction effects. The voltage at 

the scalp is dependent on the position and orientation of the generator dipole, as well as the resistance 

and shape of the head. Electricity spreads through the path of least resistance, and increased resistance 

with the skull results in smearing of the signal recorded with EEG (Hämäläinen et al., 1993). 

Magnetic fields are not affected by the scalp, resulting in a better spatial resolution with MEG in 

contrast to EEG. However, MEG is insensitive to radially oriented dipoles, whereas EEG collects data 

from radial and tangential sources (Hämäläinen et al., 1993). The poor spatial resolution of EEG 

poses an obstacle of inferring the location of neuronal activity in the cortex from the volume-

conducted signal measured at the scalp. As discussed, this inverse problem is ill-posed due to an 

infinite number of solutions to the measured signal. To resolve the inverse problem, solutions such as 

source analysis can be applied to estimate the location of dipoles, although definitive identification of 

electrical potentials is not possible from EEG alone. 

  



Page 66 

Chapter 3 

3 Research Problems and Hypotheses 

3.1 Research problems 

Neurostimulation treatments are palliative interventions for intractable neuropathic pain 

syndromes which are not improved with conventional medical management. However, a proportion of 

patients do not obtain clinically significant long term pain relief (Grider et al., 2016; Johnson et al., 

2015, 2021; Johnson & Goebel, 2016; Kumar et al., 1996, 2008; North et al., 1991). The general 

effects of neurostimulation on somatosensory processing are well established, although the effects of 

stimulation parameters such as waveform and intensity are poorly understood. Parameters of electrical 

stimulation methods modulate the effects on peripheral and central pathways, which impact their 

therapeutic effects for reducing neuropathic pain. This thesis is focused on two parallel streams of 

neurostimulation research: a well-established intervention for neuropathic pain, SCS, and a novel 

method, LFS. 

SCS is an established intervention for the palliative treatment of chronic neuropathic pain, 

although knowledge of the underlying mechanisms is limited (See 1.6). Conventional tonic SCS has 

been proposed to exert therapeutic effects via multiple mechanisms, including inhibition of 

somatosensory processing by concurrent impulses in the dorsal horn, as well as via supraspinal 

processes and descending inhibition (Linderoth & Foreman, 2017). Mechanisms underlying the newer 

burst waveform are still under debate. Limited studies point towards alternative mechanisms for tonic 

and burst waveforms which are reflected at spinal levels (Crosby et al., 2015b; Tang et al., 2014) and 

in the brain (De Ridder et al., 2013; De Ridder & Vanneste, 2016; Saber et al., 2021; Yearwood et al., 

2019). Greater resting alpha and beta band power has been reported during trial stimulation of burst 

compared to tonic SCS; although differences during trial implant may not reflect long-term changes in 

oscillatory dynamics (De Ridder et al., 2013; De Ridder & Vanneste, 2016). Augmented theta band 

power has been implicated as a factor contributing to chronic pain (Llinás et al., 1999, 2005), and 

successful SCS treatment has been associated with decreased theta band power (Schulman et al., 
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2005; Sufianov et al., 2014). Tonic SCS has been shown to inhibit neural processing of 

somatosensory inputs (Bentley et al., 2016; Sankarasubramanian et al., 2019) (see 1.6.1.1). To date, 

no studies have investigated the effects of burst and tonic SCS on oscillatory correlates of 

somatosensory processing. Examination of the effects of burst and tonic SCS on spontaneous 

oscillations and on processing of somatosensory input in the brain in theta, alpha and beta frequency 

bands is necessary to further delineate supraspinal mechanisms underlying the two waveforms. 

The effects of SCS intensity on neural oscillatory dynamics are poorly understood. 

Somatosensory stimuli are associated with decreased alpha and beta band power over SI/MI (Chatrian 

et al., 1959; Pfurtscheller & Aranibar, 1977; Pfurtscheller & Lopes da Silva, 1999; Stančák, 2006) 

(see 1.5.3.4). Stronger stimulus intensities may result in greater amplitude attenuation, but do not 

encode fine intensity gradations (Iannetti et al., 2008; Stancak et al., 2003). Stimuli presented 

concurrently result in an inhibition of nociceptive and tactile somatosensory processing (Gandevia et 

al., 1983; Kakigi & Jones, 1986; Mancini et al., 2015), and the degree of inhibition is dependent on 

stimulus intensity (Lim et al., 2012). Understanding of the effects of SCS intensity is crucial, as 

intensity is one of a number of parameters that determine electrical dose for SCS (Abejón et al., 2015; 

Miller et al., 2016; Tan et al., 2016). Optimising electrical dose is crucial for effective pain relief with 

SCS (Chakravarthy et al., 2021; Paz-Solís et al., 2022). Currently, the method for SCS dose titration is 

a process of trial and error between the programmer and patient. Further understanding of the SCS 

therapeutic window, particularly for paraesthesia-free waveforms, is of vital importance. It is 

expected that SCS intensity will have a variable effect on cortical oscillations in the alpha, beta and 

theta bands, and the relationship between intensity and cortical oscillations may differ between burst 

and tonic SCS. 

LFS is an emerging intervention for peripheral neuropathic pain which has been shown to 

reduce acute and chronic pain perception (Johnson et al., 2015; Johnson & Goebel, 2016; Jung et al., 

2009; Klein, 2004; Lindelof et al., 2010; Magerl et al., 2018). The underlying mechanism of LFS is 

proposed to be LTD of nociception, which is specific to high intensities activating Aδ fibres (Liu et 

al., 1998; Sandkühler et al., 1997; Sdrulla et al., 2015). However, cortical effects that occur during 

LFS conditioning have not been investigated in humans. Peripheral electrical stimulation evokes SEPs 
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originating from nociceptive and somatosensory processing regions, including SI, bilateral SII and 

ACC or MCC, which increase in amplitude with greater stimulus intensities (Valeriani et al., 2000a) 

(See 1.5.3.1). The concept of LTD denotes that processing of somatosensory input reduces during 

LFS. Animal models have shown that LTD occurs steadily over the duration of LFS (Liu et al., 1998; 

Randić et al., 1993; Sandkühler et al., 1997). To understand the direct effects of LFS, it is important to 

examine the regions mediating the effects of LFS on cortical somatosensory processing during LFS 

conditioning. Furthermore, to investigate changes in cortical somatosensory processing that are 

specific to LTD, it is crucial to compare the effects of noxious intensities of LFS to stimulation at 

nonpainful intensities. 

It is not known if cortical changes during LFS correlate with post-stimulation decreases in 

nociceptive processing or resting oscillatory activity. In humans, LFS is associated with reduced acute 

pain perception (Jung et al., 2009; Klein, 2004; Lindelof et al., 2010; Magerl et al., 2018) and 

attenuated SEP amplitude (Ellrich & Schorr, 2004; Jung et al., 2009, 2012; Magerl et al., 2018) to 

noxious test stimuli delivered following LFS. However, previous studies have compared LFS to a 

control condition of no stimulation (See 1.7), raising the possibility that changes in pain perception 

and SEPs could be due to reduced stimulus saliency and habituation. Therefore, to thoroughly 

investigate the effects of LFS on acute pain perception and pain-related neural activity, it is vital to 

compare the effects of LFS to an ineffective sham condition, and at varying LFS intensities. 

3.2 Hypotheses 

H1 Burst and tonic SCS waveforms will have different effects on cortical somatosensory 

processing, with decreased alpha and beta band power in frontal and midline regions, 

and changes in theta band power, during burst SCS compared to tonic SCS.  

H2 Increasing SCS intensities will be associated with increased alpha and beta band power 

in sensorimotor regions and reduced theta band power in frontal central regions during 

rest and during somatosensory processing. 
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H3 Low frequency stimulation delivered at high intensities will attenuate cortical 

somatosensory processing, with a systematic decrease in SEP amplitude in regions 

associated with nociceptive processing during stimulation. 

H4 Low frequency stimulation will attenuate post-stimulation nociceptive processing, 

indicated by reduced amplitude LEPs, and increased power of alpha and beta band 

resting cortical oscillations. 

3.3 Thesis chapters 

Chapter 4 describes a study utilising resting EEG which investigated the cortical oscillatory 

dynamics of four intensities of SCS in patients with chronic neuropathic pain (H2). SCS was 

administered at four intensities: no stimulation, low, medium and therapeutic intensities. Changes in 

the power of resting oscillations were collected from patients using burst and tonic stimulation during 

each SCS intensity to investigate the effect of varying SCS waveforms and SCS intensities on cortical 

oscillatory activity (H1, H2). 

Chapter 5 examines the effect of SCS intensity on cortical oscillations during dynamic 

brushing stimulation in patients with chronic neuropathic pain (H2). SCS was administered at four 

intensities: no stimulation, low, medium and therapeutic intensities. The ERD method was used to 

investigate cortical activation changes during brushing at each intensity. Alterations in brushing-

related ERD were evaluated in patients using either burst or tonic stimulation to investigate the 

interaction between SCS waveform and intensity (H1, H2). 

Chapter 6 describes a sham-controlled ERP and resting EEG study in healthy volunteers 

which investigated the spatiotemporal characteristics of LFS of the radial nerve on somatosensory 

processing, and changes in nociceptive processing and resting cortical oscillations associated with 

LFS. A source dipole model was developed to describe the sources contributing to LFS. Changes in 

source dipole magnitude during LFS were used as an indirect correlate of LTD of somatosensory 

processing (H3). Noxious laser stimuli were applied to radial and ulnar surfaces of the hand before and 

after active or sham LFS to examine the effect of LFS on nociceptive processing (H3). Resting EEG 
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was recorded before and after active and sham LFS to investigate alterations in the power of cortical 

oscillations after LFS (H4). 

Chapter 7 describes an ERP and resting EEG study in healthy volunteers which investigated 

the spatiotemporal profiles of cortical activity during four intensities of LFS and amplitudes of 

cortical oscillations following LFS. A source dipole model was developed to describe the sources 

contributing to LFS of the radial nerve, and changes in source dipole magnitude during LFS were 

used as an indirect correlate of LTD of somatosensory processing (H3). Administration of LFS at four 

intensities, varying from perception to moderately painful intensities, allowed investigation of the 

effects of LFS intensity on somatosensory processing (H3). Resting EEG was recorded at the start of 

the experiment and after each LFS intensity to examine post-stimulation effects of LFS on cortical 

oscillations (H4). 

Chapter 8 comprises a general discussion of all experimental findings. The implications of the 

findings are discussed in the context of the current opinions in the field of neuromodulation, and 

future directions are considered. 
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Chapter 4 

Oscillatory changes during graded intensities of burst and tonic spinal cord 

stimulation in neuropathic pain patients 
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4 Oscillatory changes during graded intensities of burst and tonic spinal cord 

stimulation in neuropathic pain patients 

4.1 Abstract 

SCS is a palliative neurostimulation treatment for neuropathic pain. Tonic stimulation has 

been proposed to exert its therapeutic effects via multiple mechanisms, including inhibition of 

somatosensory processing by concurrent impulses in the dorsal horn, while newer waveforms such as 

burst may have alternative mechanisms. Moreover, the impact of SCS intensity on oscillatory activity 

is poorly understood. This study investigated the effect of varying intensities of burst and tonic SCS 

on resting EEG oscillations. 

Twenty-one patients using SCS (11 burst, 10 tonic) for unilateral neuropathic leg pain 

participated. Oscillatory activity was recorded continuously with a 64-channel EEG system during 4 

SCS intensities: ‘Therapeutic’ (100%), ‘Medium’ (66%), ‘Low’ (33%) and ‘Off’. Log-transformed 

absolute band power was computed in theta (4-7 Hz), alpha (8-13 Hz) and beta (16-24 Hz) frequency 

bands. Repeated-measures ANOVAs assessed differences in oscillatory band power between SCS 

intensities. Independent t-tests investigated differences in band power between burst and tonic SCS. 

SCS intensities were associated with changes in band power in alpha and beta frequency 

bands. In the alpha band (8-11 Hz), posterior parietal electrodes showed significantly greater band 

power at low and medium intensities compared to no stimulation and therapeutic SCS intensity. In the 

beta band (21-24 Hz), greater band power was found in right midline electrodes at the therapeutic 

intensity compared to lower SCS intensities. Burst SCS showed widespread reductions in alpha and 

beta band power compared to tonic stimulation, although differences were not statistically significant. 

Results suggest a nonlinear effect of SCS intensity on resting oscillatory activity. Augmented 

beta band power at the highest therapeutic intensity and in the alpha band at lower intensities point 

towards cortical inhibition in somatosensory processing regions. Burst and tonic SCS may have 

similar effects on spontaneous oscillatory activity, although further investigation with a larger, 

homogeneous sample is warranted to elucidate the underlying mechanisms of action.  



Page 73 

4.2 Introduction 

SCS is a palliative neurostimulation treatment for neuropathic pain conditions including 

chronic pain after spinal surgery and complex regional pain syndrome. While the clinical 

effectiveness of conventional SCS is well established (Duarte et al., 2020; Scalone et al., 2018; 

Visnjevac et al., 2017), a considerable number of patients do not experience long-term pain relief 

(Geurts et al., 2013). Novel stimulation waveforms such as burst stimulation may match or exceed the 

effectiveness of conventional tonic stimulation (De Ridder et al., 2013; de Vos et al., 2014; Deer et 

al., 2018; Schu et al., 2014). 

SCS was developed as a direct application of the Gate Control Theory (Melzack & Wall, 

1965), which postulates that activation of low-threshold Aβ fibres in the dorsal column close a spinal 

gate to inhibit nociceptive transmission (Melzack & Wall, 1965; Shealy et al., 1967; Sun et al., 2021). 

Tonic SCS delivers single repetitive electrical pulses (40–100 Hz) to the spinal cord, resulting in 

paraesthesia over the painful area. In line with the Gate Control Theory, tonic SCS inhibits ascending 

nociceptive transmission from wide dynamic range cells (Yakhnitsa et al., 1999) with the release of 

neurotransmitters such as gamma-aminobutyric acid (GABA) in the spinal dorsal horn (Cui et al., 

1997; Stiller et al., 1996). Comparatively, burst SCS utilises trains of 5 monophasic pulses 

administered at 40 Hz interburst and 500 Hz intraburst frequencies which are charge balanced after 

each pulse train and delivered below sensory threshold (De Ridder et al., 2010, 2013, 2020). Burst 

SCS does not activate Aβ fibres (Crosby et al., 2015b) or increase spontaneous activity in the gracile 

nucleus (Tang et al., 2014), suggesting that unlike tonic stimulation, burst does not drive the dorsal 

column pathway. Alternative mechanisms of burst stimulation have been suggested, such as fibre 

threshold accommodation (Arle et al., 2020) and engagement of the medial pain pathway (De Ridder 

et al., 2013; De Ridder & Vanneste, 2016; Yearwood et al., 2019). Consequently, greater 

effectiveness of burst stimulation compared to tonic stimulation may result from different 

mechanisms of action. 

EEG has been used to investigate changes in ongoing neural activity in patients with chronic 

pain. Numerous studies have reported greater resting band power in patients with chronic pain in theta 

(4–7 Hz), alpha (8–13 Hz) and beta frequency bands (16–24 Hz) (Lim et al., 2016; Pinheiro et al., 
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2016; Sarnthein et al., 2006; Stern et al., 2006; Vučković et al., 2014). Alpha band power has been 

related to cortical idling (Klimesch et al., 1998; Pfurtscheller et al., 1996b) or active suppression of 

irrelevant stimuli (Foxe & Snyder, 2011), with decreased alpha activity during states of alertness and 

sensory processing. Increased theta band power has been suggested as a contributing factor in the 

development or maintenance of a number of pathologies including chronic pain (Llinás et al., 1999, 

2005). Successful SCS treatment is associated with reduced theta power in animal models of 

neuropathic pain (Koyama et al., 2018) and in humans (Schulman et al., 2005; Sufianov et al., 2014). 

Combined, this suggests that alterations in neural oscillatory power may have clinical relevance for 

the treatment of chronic pain with SCS. 

Alterations in oscillatory power have been observed between different SCS waveforms 

(Goudman et al., 2020; Telkes et al., 2020), although few studies have investigated the effects of burst 

stimulation on resting EEG in humans. Using a small subset of SCS-naïve patients undergoing trial 

stimulation, De Ridder and colleagues reported that burst SCS was associated with increased low 

alpha band power in sources localised to the dorsal ACC, and increased alpha and beta band power in 

the prefrontal cortex, compared to tonic stimulation (De Ridder et al., 2013; De Ridder & Vanneste, 

2016). This effect differed across frequency subbands, with significant effects restricted to low-alpha 

(8–10 Hz), mid-beta (18.5–21.5 Hz) and high-beta subbands (21.5–30 Hz). Dissociations in the 

frequency of cortical rhythms have likewise been reported following voluntary movement, with 

distinct topographic representations of lower (8–10 Hz) and upper (10–12 Hz) alpha frequency 

components (Pfurtscheller et al., 2000). Similarly, distinct resonance frequencies have been reported 

in the beta band for voluntary movement and electrical stimulation of upper versus lower limbs 

(Neuper & Pfurtscheller, 2001a; Pfurtscheller et al., 1999). Therefore, burst and tonic stimulation may 

differently affect subcomponents of alpha and beta frequency bands, although due to the small patient 

group in the aforementioned studies, a thorough investigation of changes in cortical oscillatory power 

between burst and tonic SCS is warranted. 

The intensity of SCS may interact with its effect on somatosensory processing. Graded 

intensities of painful and nonpainful stimuli applied to the periphery are associated with enhanced 

amplitude of evoked potentials (Derbyshire et al., 1997; Iannetti et al., 2008; Loggia et al., 2012; 
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Shimojo et al., 2000; Valeriani et al., 2000a) and greater haemodynamic responses in somatosensory 

processing regions (Geuter et al., 2020; Oertel et al., 2012; Peyron et al., 2000; Su et al., 2019). With 

regards to SCS, stimulation intensity is determined by amplitude. SCS amplitude influences the 

number of fibres recruited by stimulation and contributes to overall electrical charge transfer (Miller 

et al., 2016). Electrical charge transfer has been shown to be a critical factor in SCS effectiveness; 

increased intensity is associated with reduced neuronal firing to noxious stimuli and nonlinear 

increases in the responsiveness of wide dynamic range neurons for burst SCS (Crosby et al., 2015a), 

and a greater reversal of nociceptive behaviours in animal studies with tonic SCS (Sato et al., 2014; 

Yang et al., 2014). However, it is not known how SCS intensity will affect cortical oscillatory 

activity, or if intensity will differentially modulate cortical activity during burst and tonic stimulation. 

The current study sought to investigate the effects of SCS on cortical oscillations during rest 

under four intensities of SCS and in two SCS waveforms. Firstly, the study aimed to investigate 

whether differences in resting cortical oscillations would be found between tonic and burst 

stimulation in theta (4–7 Hz), alpha (8–13 Hz) or beta (16–24 Hz) frequency bands. Secondly, the 

study aimed to investigate the effect of SCS intensity on cortical oscillations at four intensities: low, 

medium, therapeutic and no stimulation. As somatosensory stimuli can differently affect 

subcomponents of alpha and beta frequency bands (Neuper & Pfurtscheller, 2001a; Pfurtscheller et 

al., 1999, 2000), we investigated the effect of SCS type and intensity on single frequency components 

within each predefined frequency band. We predicted that greater SCS intensities would be associated 

with increased band power in alpha and beta frequency bands and reduced band power in the theta 

band. Due to the previous evidence of greater engagement of the medial pain system during burst SCS 

(De Ridder & Vanneste, 2016; Yearwood et al., 2019), we hypothesized that burst SCS would be 

associated with decreased alpha and beta band power in frontal and midline regions compared to tonic 

SCS. 
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Table 4.1. Clinical patient characteristics for Study 1. 

ID Age Sex Diagnosis Pain 

Duration 

SCS 

Type 

SCS 

Duration 

Lead Lead location IPG Freq 

(Hz) 

1 63 F Neuropathic radicular right leg pain 228 Burst 30 Octrode T10–T12 Prodigy 40 

2 46 F Neuropathic right leg pain secondary to MS 108 Burst 29 Lamitrode Tripole T10–T12 Prodigy 40 

3 68 F Bilateral neuropathic leg secondary to MS 168 Burst 48 Octrode x2 T9–T11 Prodigy 40 

4 73 M Neuropathic left foot pain 336 Tonic 57 Lamitrode T11–T12 Eon-C 54 

5 59 M Neuropathic radicular left leg pain 48 Tonic 2 Lamitrode Tripole T9–T10 Prodigy 40 

6 53 M Bilateral lower limb neuropathic pain 267 Tonic 2 Lamitrode Tripole T9–T10 Prodigy MRI 40 

7 52 M Bilateral neuropathic leg pain secondary to MS 60 Burst 30 Lamitrode Tripole T10–T12 Prodigy 40 

8 61 F Neuropathic bilateral leg pain 84 Tonic 1 Octrode T9–T12 Prodigy 30 

9 50 F Right foot CRPS 26 Tonic 50 Octrode x 2 T9–T11 Prodigy 50 

10 76 M Neuropathic right foot pain 96 Tonic 47 Lamitrode Tripole T12–L1 Prodigy 60 

11 50 M Neuropathic radicular left leg pain 84 Burst 1 Octrode T9–T11 Prodigy 40 

12 39 M Neuropathic left foot and ankle pain 84 Burst 1 Octrode x 2 T8–T11 Prodigy 40 

13 37 F Neuropathic radicular left leg pain 60 Tonic 16 Octrode x 2 T8–T11 Prodigy 50 

14 30 F Neuropathic radicular left leg pain 72 Tonic 1 Lamitrode Tripole T8–T9 Prodigy 40 

15 55 F Neuropathic left foot and ankle pain 240 Burst 24 Octrode T10–T12 Prodigy 40 

16 75 F Neuropathic radicular left leg pain 420 Burst 8 Octrode x 2 T8–T12 Prodigy 40 

17 52 M Neuropathic radicular left leg pain 192 Burst 12 Lamitrode Tripole T9–T10 Prodigy 40 

18 52 F Neuropathic radicular left leg pain 60 Burst 12 Octrode x 2 T9–T12 Prodigy 40 

19 52 F Neuropathic radicular left leg pain 48 Burst 12 Octrode x 2 T8–T10 Prodigy 44 

20 36 F Left foot and ankle CRPS-II 66 Burst 12 Octrode T10–T12 Prodigy 40 

21 44 M Neuropathic radicular right leg pain 96 Tonic 19 Octrode T10–T12 Prodigy 50 

 

Pain duration and SCS duration measured in months. IPG = implantable pulse generator. Freq = frequency in hertz (Hz).  
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4.3 Methods 

4.3.1 Subjects 

Twenty-one patients (11 females, aged 53.5 ± 12.8 years (mean ± SD)) with unilateral 

neuropathic lower limb pain were recruited from The Walton Centre NHS Foundation Trust, 

Liverpool, UK. All participants had previously been implanted with Abbott (Texas, USA) SCS in 

conventional tonic (N=10) or BurstDR waveforms (N=11). The procedure used was approved by the 

Liverpool Central North West Research Ethics Committee, and all participants gave fully informed 

written consent at the start of the experiment in accordance with the Declaration of Helsinki. 

Participants were reimbursed with £40 for their time and inconvenience on completion of the study. 

Patient characteristics are summarised in Table 4.1. All patients fulfilled criteria for 

neuropathic pain, determined by the Neuromodulation team prior to permanent implantation of SCS 

devices at The Walton Centre NHS Foundation Trust. Mean duration of SCS implant was 19.71 ± 

18.15 months, and mean duration of symptoms was 134.95 ± 106.26 months. A one-way ANOVA 

showed that there was no significant difference of symptom duration (F(1,19) = .10, p > .05) or SCS 

duration (F(1,19) = 2.46, p > .05) between patients using burst and tonic SCS. Analgesic medications 

were not withdrawn prior to participating; 16 patients were using pain medication, with 13 patients 

using 2 or more pain medications. 

4.3.2 Experimental protocol 

 Experimental procedures were carried out in a single 2-hour session in the Pain Research 

Laboratory, Pain Relief Institute, Aintree University Hospital NHS Foundation Trust (Liverpool, 

UK). SCS were switched off using the patient handheld programmer from the time of arrival until the 

experiment began while EEG was applied to the head, a duration of approximately 40 minutes. 

 Participants were seated in a comfortable chair in a quiet room. EEG was recorded during 4 

five-minute blocks. During the experiment, participants were instructed to keep their eyes closed and 

stay awake. Blocks were varied by SCS intensity determined using the patient programmer: normal 

therapeutic intensity, medium (66% of the therapeutic level), low (33% of the therapeutic level) and 

no stimulation (off). Block order was varied pseudo-randomly for each participant, and participants 
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were unaware of the order of blocks during the experiment. After each block, participants were able to 

open their eyes, and SCS was turned off for two minutes. 

Next, clinical and demographic data including age, duration of pain and duration of SCS 

treatment were collected verbally from patients. Patients self-completed the Neuropathy Pain Scale 

and Pain Catastrophising Scale by hand or using a tablet. Pain diaries were collected for 7 days 

following the visit to assess average and worst daily pain scores using a visual analogue scale from no 

pain (0) to worst imaginable pain (10). 

4.3.3 EEG acquisition 

 Whole-scalp EEG was continuously recorded using a 63-channel system (BrainProducts 

GmbH, Munich, Germany). Actively shielding Ag-AgCl electrodes were mounted on an electrode cap 

(actiCap snap, BrainProducts) according to the International 10–20 system (Jasper, 1958). The cap 

was aligned with respect to three anatomical landmarks of two preauricular points and the nasion. 

Electrolyte gel was applied to achieve electrode-to-skin impedances of below 50 kΩ throughout the 

experiment. A recording band-pass filter was set at 0.001–200 Hz with a sampling rate of 1000 Hz. 

Electrode FCz was used as a reference electrode, and electrode FPz was used as the ground electrode. 

EEG average reference was applied, and signals were digitised at 1 kHz with a BrainAmp DC 

amplifier (actiChamp), connected to BrainVision Recorder 2.0 running on a Windows 10 laptop. 

4.3.4 Spectral analysis of EEG signals 

 EEG data were processed using EEGLab (Delorme & Makeig, 2004). Continuous EEG data 

were re-referenced to the common average (Lehmann, 1987) and filtered using 1 Hz high pass and 

100 Hz low pass filters. For each participant, data were visually inspected for movement and muscle 

artifacts. Intervals containing motion, electrode or muscle artifacts were marked and excluded from 

further analysis. Electrode channels with large artifacts were interpolated to a maximum of <10% 

electrodes. The average duration of resting data remaining after artifact correction for each condition 

were: no-stimulation 296.19 ± 8.34 seconds, low-intensity 294.29 ± 15.68 seconds, medium-intensity 

293.91 ± 15.05 seconds, therapeutic-intensity 296.19 ± 6 seconds. A repeated-measures ANOVA 
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showed that the duration of resting data was not significantly different between SCS intensity (F(3,57) 

= 0.26, p > .05) or SCS types (F(1,19) = 0.15, p > .05). 

Average spectral band-power in 4-min resting EEG recordings were calculated using 

FieldTrip (Oostenveld et al. 2011: http://fieldtriptoolbox.org). Power spectra were computed using a 

fast Fourier transform in non-overlapping 4-s segments. Data were smoothed using a Hanning 

window. Spectral power was estimated in the range 1–100 Hz with a frequency resolution of 0.25 Hz. 

Mean absolute power values were transformed using a decadic logarithmic transform. In light of the 

presence of SCS artifacts at stimulation frequencies between 40–60 Hz (see Table 1), only frequency 

components between 1–30 Hz were considered for statistical analysis. Log-transformed absolute band 

power in single (1 Hz) frequency components within alpha (8–13 Hz), beta (16–24 Hz) and theta (4–7 

Hz) frequency bands were evaluated in each of the four SCS intensity conditions for burst and tonic 

stimulation. 

4.3.4.1 Statistical analysis 

Grand average topographic plots were visually inspected to identify electrode clusters 

showing prominent changes in frequency bands of interest: alpha (8–13 Hz), beta (16–24 Hz) and 

theta (4–7 Hz) frequency bands. 

A permutation analysis with 2000 repetitions, implemented in the statcond.m program in the 

EEGLab package (Delorme & Makeig, 2004), was utilised to identify electrode clusters and 

frequency components showing a significant main effect of SCS Intensity within each frequency 

band. Permutation analysis provides a data-driven approach to test effects across all frequency 

components whilst controlling for multiple comparisons with no loss in statistical power (Maris & 

Oostenveld, 2007). For each frequency band, electrode clusters and single frequency components that 

exceeded a predefined threshold on the calculated p-values (p < .05) for the main effect of Intensity 

were selected for further analysis. Log-transformed absolute band power in frequency components 

and electrode clusters exceeding permutation tests were entered into 1×4 repeated-measures 

ANOVAs with 4 SCS intensities (off, low, medium and therapeutic). Pairwise comparisons were 

computed to further investigate significant main effects. 



 
Page 80 

Similarly, unpaired t-tests were used to assess the effect of SCS Type (burst or tonic). 

Electrode clusters and frequency components exceeding permutation testing with 2000 repetitions (p 

< .05) were selected for analysis. Electrode clusters and frequencies showing a significant main effect 

of SCS Type or Intensity were entered into mixed methods ANOVAs to analyse the presence of an 

interaction between conditions. For all comparisons, the Huynh-Feldt correction was used where 

necessary to tackle a violation of the sphericity assumption in the data, denoted by ε.  

4.4 Results 

4.4.1 Subjective reports 

 Patients’ level of pain on the day of the experiment was collected using the Neuropathy Pain 

Scale. Patients reported a mean pain score of 45.7 ± 18.2 out of a maximum 100 points. Patients’ 

completed the Pain Catastrophizing Scale, reporting a mean score of 16.35 ± 13.32 out of a maximum 

52 points. A one-way ANOVA showed no significant difference in neuropathic pain scores (F(1, 19) 

= .050, p > .05) or Pain Catastrophizing scores (F(1, 19) = 1.33, p > .05) between patients using burst 

and tonic SCS. In the 7 days following the experiment, pain diaries were collected. Five patients did 

not complete the pain diaries. In the completed diaries, mean average daily pain was 5.1 and mean 

strongest pain was 6.4 out of 10 (maximum pain). A one-way ANOVA showed no significant 

difference between mean average (F(1, 13) = 4.3, p > .05) and strongest (F(1, 13) = 4.2, p > .05) pain 

ratings between patients using burst and tonic SCS. Due to the absence of significant between-group 

effects, no further analyses of subjective reports were conducted. 

4.4.2 Effect of SCS Intensity 

The effect of SCS intensity was evaluated separately for each frequency band. For each 

frequency band, electrodes showing band-power maxima and minima were grouped into clusters. 

Statistical probability values were subject to permutation analysis with 2000 permutations and a 

statistical threshold of p = .05. Absolute band power in frequency components and electrode clusters 

exceeding permutation tests were entered into individual repeated measures ANOVAs with four 

levels of SCS intensity (off, low, medium and therapeutic) and a between-subjects factor of SCS type 

(burst or tonic stimulation). 
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In the theta band, topographic maps showed relatively strong band-power minima in frontal 

midline, bilateral central parietal and central midline electrodes (Figure 1B). Regions showing band-

power minima were grouped into 4 clusters (Figure 4.1A). No significant effect of SCS intensity was 

found in any of the predefined electrode clusters in the theta frequency band (Figure 4.1B-C). 

 
Figure 4.1. Power spectral density in the theta band at 4 SCS intensities. A. Electrodes were selected 

from grand average topographic plots as areas showing maximal changes in spectral power in the 4–7 

Hz alpha band. B. Topographic plots of 4–7 Hz band power at 4 SCS intensities. C. Logarithmic 

power spectral density (log S(f)) in all 4 predefined clusters. 

 

 
 



 
Page 82 

Figure 4.2: Power spectral density in the alpha band at 4 SCS intensities. A. Electrodes were selected 

from grand average topographic plots as areas showing maximal changes in spectral power in the 8–

13 Hz alpha band. B. Significant differences in band power between SCS intensities were identified in 

Cluster 4 within the 8–11 Hz band using permutation analysis. C–G. Power spectral density in all 5 

predefined clusters. H. Bar graph showing significant changes in band power in 8–11 Hz band in 

Cluster 4. Error bars show standard error of the mean. 

 

 

 
Figure 4.3. Power spectral density in the beta band at 4 SCS intensities. A. Electrodes were selected 

from grand average topographic plots as areas showing maximal changes in spectral power in the 16–

24 Hz beta band. B. Significant differences in band power between SCS intensities were identified in 

Cluster 1 within the 21–24 Hz band using permutation analysis. C–H. Power spectral density in all 6 

predefined clusters. I. Bar graph showing significant changes in band power in 21–24 Hz band in 

Cluster 1. Error bars show standard error of the mean. 

 

Topographic maps of alpha band power were featured by relatively strong band-power 

minima in bilateral central and central midline electrodes, and relatively weak band-power maxima in 

bilateral posterior parietal electrodes (Figure 4.2A). A repeated-measures ANOVA showed that a 

cluster of electrodes overlying left posterior parietal scalp regions (PO7 and PO3) showed statistically 

significant amplitude changes across SCS intensities at 8-11 Hz (F(3,57) = 3.2, p = .031; Figure 

4.2F). This effect was due to greater band power during medium intensity SCS (p = .023) compared 
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to no stimulation, and greater band power during low (p = .029) and medium intensities (p = .011) 

compared to the strongest, therapeutic intensity (Figure 4.2H). 

Topographic maps of beta band power were featured by band-power minima in frontal and 

central midline, bilateral central, and parietal electrodes. Figure 4.3A shows electrode clusters 

selected for analysis in the beta band. Repeated measures ANOVAs showed statistically significant 

amplitude changes across SCS intensities in right midline electrodes (C2 and C4) at 21-24 Hz 

(F(3,57) = 3.3, p = .043, ε = .73; Figure 3C). This effect was due to greater band power at the 

therapeutic intensity compared to low SCS intensity (p = .029) (Figure 4.3I). 

4.4.3 Effect of SCS Type 

 
Figure 4.4. Power spectral density in the theta band in patients using burst and tonic SCS during 4 

SCS intensities. A. Electrodes were selected from grand average topographic plots as areas showing 

maximal changes in spectral power in the 4–7 Hz theta band. B. Topographic plots of 4-7 Hz band 
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power during 4 intensities of burst SCS. C. Topographic plots of 4–7 Hz band power during 4 

intensities of tonic SCS. D. Power spectral density in all 4 predefined clusters for burst SCS. E. Power 

spectral density in all 4 predefined clusters for tonic SCS. 

 

Band power changes between SCS types were investigated in theta (Figure 4.4), alpha 

(Figure 4.5) or beta frequency bands (Figure 4.6). The effect of stimulation type in predefined 

electrode clusters and frequency components were evaluated using unpaired Student t-tests. Statistical 

probability values were subject to permutation analysis with 2000 permutations and a statistical 

threshold of p = .05. No electrode clusters showed a significant interaction effect in theta, alpha or 

beta frequency bands. 

 

 
Figure 4.5. Power spectral density in the alpha band in patients using burst and tonic SCS during 4 

SCS intensities. A. Electrodes were selected from grand average topographic plots as areas showing 

maximal changes in spectral power in the 8–13 Hz alpha band. B. Topographic plots of 8–13 Hz band 

power during 4 intensities of burst SCS. C. Topographic plots of 8–13 Hz band power during 4 

intensities of tonic SCS. D. Power spectral density in all 5 predefined clusters for burst SCS. E. Power 

spectral density in all 5 predefined clusters for tonic SCS. 
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Figure 4.6. Power spectral density in the beta band in patients using burst and tonic SCS during 4 

SCS intensities. A. Electrodes were selected from grand average topographic plots as areas showing 

maximal changes in spectral power in the 16–24 Hz beta band. B. Topographic plots of 16–24 Hz 

band power during 4 intensities of burst SCS. C. Topographic plots of 16–24 Hz band power during 4 
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intensities of tonic SCS. D. Power spectral density in all 6 predefined clusters for burst SCS. E. Power 

spectral density in all 6 predefined clusters for tonic SCS. 

 

4.4.4 Interaction between SCS Type and Intensity 

Electrode clusters showing a significant main effect of SCS intensity were entered into a 2×4 

repeated measures ANOVA to investigate an interaction between SCS type and intensity. No 

electrode clusters showed a significant interaction effect in theta (Figure 4.4), alpha (Figure 4.5) or 

beta frequency bands (Figure 4.6). 

4.5 Discussion 

The current study investigated the effects of burst and tonic SCS on the power of resting 

cortical oscillations at four SCS intensities: low, medium, therapeutic and no stimulation. Significant 

effects of SCS intensity were found most notably in the beta frequency band (21–24 Hz), with 

increased band power in right midline electrodes during the strongest, therapeutic intensity compared 

to lower intensities. Increased alpha band (8–11 Hz) power was observed in posterior parietal 

electrodes at low and medium intensities compared to no stimulation and therapeutic intensity. No 

statistically significant changes in band power were found between patients using burst stimulation 

compared to those using tonic stimulation. 

As predicted, therapeutic SCS intensities were associated with greater beta band power 

compared to lower SCS intensities in right midline electrodes. Sensorimotor beta oscillations, which 

arise from MI (Salmelin & Hari, 1994c), are associated with sensorimotor processing and integration 

(Barone & Rossiter, 2021; Guerra et al., 2016). Beta oscillations are tightly linked with inhibitory 

functions; increased concentrations of GABA increase beta band power over SI/MI during rest (Hall 

et al., 2010; Jensen et al., 2005; Muthukumaraswamy et al., 2013), after median nerve stimulation 

(Baker & Baker, 2003) and after motor responses (Muthukumaraswamy et al., 2013), while GABA 

antagonists reverse the effect (Baker & Baker, 2003). Increased extracellular GABA levels (Cui et al., 

1997; Linderoth et al., 1994; Stiller et al., 1996) and decreased intracellular GABA levels (Janssen et 

al., 2012) are found in the spinal dorsal horn during tonic SCS. Induction of GABA agonists also 

improves the effectiveness of SCS in patients with chronic neuropathic pain (Lind et al., 2004, 2008; 
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Schechtmann et al., 2010), supporting an inhibitory role of SCS on spinal transmission. SCS has been 

shown to reduce intracortical facilitation in excitatory glutamatergic circuits during TMS over the 

motor cortex in patients with chronic neuropathic pain (Schlaier et al., 2007). Therefore, increased 

beta at therapeutic SCS intensities suggests greater inhibition or reduced facilitation of sensorimotor 

processing compared to subtherapeutic intensities. 

SCS intensity modulated resting oscillations in the alpha band, with augmented alpha band 

power in posterior parietal scalp regions at low and medium intensities compared to no stimulation 

and the therapeutic intensity. The reason for this relationship is unclear but suggest that SCS intensity 

does not have linear effect on resting cortical oscillations. SCS has previously been shown to inhibit 

somatosensory processing (Blair et al., 1975; Buonocore et al., 2012; Buonocore & Demartini, 2016; 

De Andrade et al., 2010; Poláček et al., 2007; Theuvenet et al., 1999; Wolter et al., 2013) and 

modulate cortical excitability (Bocci et al., 2018; Schlaier et al., 2007). Correspondingly, increased 

alpha band power suggests decreased cortical excitability or active inhibition of task-irrelevant 

regions during low and medium SCS intensities (Jensen & Mazaheri, 2010; Klimesch et al., 2007; 

Pfurtscheller, 2003). It is possible that these oscillatory changes indicate fluctuations in cortical 

excitability during lower levels of SCS which are abolished at stronger intensities. However, whether 

this effect is related to the therapeutic benefit of SCS remains to be investigated. 

No significant differences in resting oscillations were observed between burst and tonic SCS, 

although patients using burst stimulation showed lower absolute band power in comparison to those 

using tonic stimulation. This is contrary to previous studies showing increases in alpha and beta band 

power in anterior cingulate and prefrontal cortex sources compared to tonic stimulation (De Ridder et 

al., 2013; De Ridder & Vanneste, 2016). Inconsistencies with previous studies could be due to crucial 

differences in study design and population. De Ridder et al. (2013) and De Ridder & Vanneste (2016) 

utilised a within-subjects design during the trial stimulation period in a small group of five patients 

who were naïve to SCS. In the current study, while only patients with unilateral neuropathic pain were 

recruited, the causes of pain were heterogenous, and patients had been treated with permanent SCS 

for varying lengths of time. Differences between burst and tonic SCS have been proposed to reflect 

greater modulation of the medial pain pathway with burst stimulation (De Ridder et al., 2013; De 
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Ridder & Vanneste, 2016; Yearwood et al., 2019). However, as the present study found no significant 

oscillatory changes between stimulation types, it is not known if differences in cortical oscillations are 

associated with long-term pain relief or if they reflect short-term effects of stimulation. 

The absence of a varying effect of intensity on resting oscillations in burst and tonic SCS may 

indicate a shared mechanism between stimulation types. Shared mechanisms between burst and tonic 

SCS have been highlighted, with both waveforms modulating theta rhythms in SI, SII and posterior 

cingulate cortex, and gamma rhythms in the pregenual ACC (De Ridder & Vanneste, 2016). 

Differences in the effects of intensity by burst and tonic SCS could be anticipated based on the 

strength-duration curve: the amplitude needed for neural activation in dorsal columns. The strength-

duration curve for tonic stimulation has been investigated thoroughly, with stimulation set at an 

electrical charge which produces optimal paraesthesia perception (Abejón et al., 2015; Miller et al., 

2016; Tan et al., 2016). Burst SCS, in comparison, is set below sensory threshold and is not thought to 

engage the dorsal column pathway (Crosby et al., 2015b; Tang et al., 2014). Stimulation below 

activation threshold produces no action potentials, despite considerable charge being delivered (Miller 

et al., 2016). The strength-duration curve is not linear; increases in amplitude produce very slow 

increases in neural activation followed by sharper increases until the maximal intensity tolerable 

(Miller et al., 2016). Thus, it is reasonable that intensity may be differentially affected by SCS 

waveforms. Further investigations with a larger sample could investigate the relationship between 

tonic and burst SCS whilst matching electrical dose between the two waveforms. 

A recent review argued that optimising electrical dose is crucial for effective pain relief with 

SCS (Chakravarthy et al., 2021). Electrical dose consists of frequency, pulse width and amplitude. 

SCS with optimised dosing parameters yields significant reductions in back, leg and overall pain, as 

well as energy savings compared to non-optimised electrical doses (Paz-Solís et al., 2022). The 

importance of intensity has been recognised with the advent of closed-loop SCS devices which 

continually vary subject’s programmed settings for optimal stimulation (Levy et al., 2019; Mekhail et 

al., 2020; Pilitsis et al., 2021). This is based on the measurement of evoked compound action 

potentials, a quantitative measure of spinal recruitment of Aβ fibres in the spinal cord, in order to vary 

stimulation amplitude in line with postural changes which can affect the amount of charge delivered 
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to targets (Parker et al., 2012; Pilitsis et al., 2021). Closed-loop SCS systems are in their infancy, but 

initial studies show increased therapeutic efficacy compared to standard, tonic stimulation (Levy et 

al., 2019; Mekhail et al., 2020). As burst does not activate Aβ fibres (Crosby et al., 2015b; Tang et al., 

2014), it is unlikely to work via this mechanism, although a framework for incorporating closed-loop 

systems with sub-perception SCS has recently been outlined (Vallejo et al., 2021). In summary, 

further understanding of the SCS therapeutic window, particularly for paraesthesia-free waveforms, is 

of vital importance. 

A potential limitation of the current study is the short duration between intensity conditions. 

The washout period of tonic and burst SCS is poorly understood, and may differ according to 

stimulation type (Meuwissen et al., 2018) or stimulus energy (Abejón et al., 2015; Miller et al., 2016). 

To take this into account, SCS intensities were varied between participants and followed by a short 

wash-out period of no stimulation. Another drawback of the current study is related to the intrinsic 

differences between stimulation types. While participants were unaware of the SCS intensity during 

the recording, patients using tonic stimulation would have had greater awareness of therapeutic 

intensities due to the presence of paraesthesia, compared to patients using sub-perception burst 

stimulation. This limitation has been recognised in previous investigations, particularly in randomised 

controlled trials with tonic stimulation where blinding of patients is challenging (reviewed in Duarte 

et al., 2020). However, due to the lack of a statistically significant difference in cortical oscillatory 

activity between burst and tonic stimulation, the results do not appear to have been influenced by the 

presence of paraesthesia. 

SCS is an effective, yet often last-option, treatment for chronic neuropathic pain. 

Technological advances and new waveforms are providing further insights into the mechanisms 

underlying the therapeutic effects of SCS. Results suggest that SCS intensity has a nonlinear effect on 

somatosensory processing, with greater intensities sufficient to achieve a therapeutic benefit 

facilitating and inhibiting sensorimotor cortices. Future studies should seek to clarify if cortical 

oscillatory changes during SCS correlate with symptom relief. 
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Chapter 5 

Effects of Burst and Tonic Spinal Cord Stimulation Intensity on Neural 

Responses to Innocuous Brushing Stimuli in Neuropathic Pain 
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5 Effects of Burst and Tonic Spinal Cord Stimulation Intensity on Neural Responses to 

Innocuous Brushing Stimuli in Neuropathic Pain 

5.1 Abstract 

SCS is an effective treatment for intractable neuropathic pain. One mechanism underlying 

pain relief during SCS may be the inhibition of somatosensory processing by concurrent impulses in 

the dorsal column. However, the mechanisms underlying burst SCS and the effect of SCS intensity 

are poorly understood. We investigated the effect of varying intensities of burst and tonic SCS on 

cortical oscillatory responses to brushing. 

 Twenty patients using SCS (11 burst, 9 tonic) for unilateral neuropathic leg pain participated. 

Brushing was administered to a pain-free leg during four SCS intensities: therapeutic (100%), 

medium (66%), low (33%), and no stimulation. Whole-brain EEG was continuously recorded. 

Changes in spectral power during brushing were evaluated using the ERD method in alpha (8-13 Hz), 

beta (16-24 Hz) and theta (4-7 Hz) frequency bands. Repeated-measures ANOVAs assessed changes 

in ERD between patients using burst or tonic SCS at each of the four SCS intensities. 

 Brushing was accompanied by ERD in frequencies between 4-24 Hz. Patients using tonic 

SCS showed attenuated ERD over right sensorimotor electrodes in the theta band, and over right 

frontal and left sensorimotor electrodes in the alpha band, compared to burst SCS. Conversely, a 

greater reduction of brushing-related ERD was observed in burst SCS in left frontal electrodes in the 

alpha band compared to tonic SCS. Stronger intensities of burst and tonic SCS diminished ERD in 

theta and alpha bands in parietal electrodes, and in central electrodes in the beta band, with the 

strongest suppression at medium intensity. 

 Results suggest that burst and tonic SCS are mediated by both different and shared 

mechanisms. Attenuated brushing-related ERD with tonic SCS suggests a gating of cortical activation 

by afferent impulses in the dorsal column, while burst may engage different pathways. Shared 

mechanisms of reduced brushing-related ERD at stronger intensities points towards a nonlinear effect 

of SCS on somatosensory processing.  
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5.2 Introduction 

SCS is a palliative neurostimulation treatment for the relief of intractable neuropathic pain. 

SCS is a cost-effective (Farber et al., 2017) method to reduce neuropathic pain (Duarte et al., 2020; 

Kriek et al., 2017; Visnjevac et al., 2017) and improve quality of life (Amirdelfan et al., 2018; Eldabe 

et al., 2010; Scalone et al., 2018; Visnjevac et al., 2017). However, only 62% of patients who undergo 

permanent SCS implantation experience adequate pain relief (Taylor et al., 2014), and an estimated 

30% of all implanted devices are removed (Simopoulos et al., 2019). The reason for ineffectiveness 

could be, in part, due to our limited understanding of the therapeutic mechanisms of SCS.  

SCS was originally developed as a direct application of the Gate Control Theory (Melzack & 

Wall, 1965), whereby antidromic activation of Aβ fibres in the dorsal column close a spinal “gate” to 

inhibit the transmission of nociceptive input, and orthodromic activation of Aβ fibres results in 

paraesthesia in the painful area (Holsheimer, 2002; Joosten & Franken, 2020; Melzack & Wall, 1965; 

Shealy et al., 1967). Accordingly, tonic SCS suppresses the transmission of nociceptive signals from 

wide dynamic range cells (Yakhnitsa et al., 1999) through the release of gamma-aminobutyric acid 

(GABA) in the dorsal horn (Cui et al., 1997). Enhanced GABA concentrations during SCS have been 

found alongside reduced tactile allodynia in neuropathic pain models (Stiller et al., 1996; Wallin et 

al., 2002), and administration of GABAB agonists can improve the response to tonic SCS in rats (Cui 

et al., 1998; Wallin et al., 2002) and humans (Lind et al., 2004, 2008; Schechtmann et al., 2010). 

Taken together, the literature suggests that tonic SCS works by gating the transmission of noxious 

stimuli.  

 Conventional tonic SCS utilises continuous repetitive electrical pulses (20–100 Hz) 

administered to the spinal cord using epidurally placed electrodes powered by a battery. Recent 

technological advances have resulted in novel stimulation paradigms such as high frequency and burst 

stimulation. Burst SCS, in particular, utilises trains of 5 monophasic pulses, with an intraburst 

frequency of 500 Hz and interburst frequency of 40 Hz (De Ridder et al., 2010, 2013, 2020). Burst 

SCS has been shown to match or exceed the effectiveness of conventional tonic stimulation (De 

Ridder et al., 2013; de Vos et al., 2014; Deer et al., 2018; Schu et al., 2014). Improved efficacy may 

be due to differences in the underlying mechanisms between waveforms. As burst is set below 
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perceptual threshold, it does not produce paraesthesia and may not activate Aβ afferents in the dorsal 

column (Tang et al., 2014). Furthermore, while both burst and tonic SCS reduce spinal neuronal firing 

(Tang et al., 2014), burst SCS does not act via spinal GABAergic mechanisms (Crosby et al., 2015b). 

Therefore, there is evidence that the spinal mediators of burst SCS differ from tonic stimulation. 

The intensity of SCS may interact with its effect on somatosensory processing. Stimulation 

intensity or amplitude influences the number of fibres recruited by stimulation, and is one of multiple 

parameters that determines electrical charge transfer (Miller et al., 2016). Electrical charge transfer 

has been shown to be a critical factor in SCS effectiveness, as increased intensity is associated with 

reduced neuronal firing to noxious stimuli and nonlinear increases in the responsiveness of wide 

dynamic range neurons for burst SCS (Crosby et al., 2015a), and a greater reversal of nociceptive 

behaviours in animal studies with tonic SCS (Sato et al., 2014; Yang et al., 2014). In an early 

electrophysiological study, Blair et al. (1975) reported selective amplitude decreases of late SEP 

components at minimal therapeutic intensities, with higher intensities abolishing SEPs entirely. 

However, it is not known how intensity may affect somatosensory processing during burst SCS. 

EEG can be used to investigate changes in ongoing neural activity. Increased power has been 

reported in patients with chronic pain in theta (4–7 Hz) (Lim et al., 2016; Sarnthein et al., 2006; Stern 

et al., 2006; Vučković et al., 2014), alpha (8–13 Hz) (Kisler et al., 2020; Sarnthein et al., 2006; 

Vučković et al., 2014), beta (16–30 Hz) (Lim et al., 2016; Sarnthein et al., 2006; Stern et al., 2006), 

and delta (1–4 Hz) frequency bands (Sarnthein et al., 2006). Augmented theta and beta power in 

chronic pain patients compared to healthy controls have been localised to pain-associated areas 

including the insula, ACC, prefrontal cortex, SI and SII (Fallon et al., 2018; Lim et al., 2016; Stern et 

al., 2006). Successful SCS treatment is associated with reduced theta power in neuropathic pain 

models (Koyama et al., 2018) and in humans (Schulman et al., 2005; Sufianov et al., 2014). 

Alterations in oscillatory power have been observed between different SCS waveforms; burst SCS 

was associated with increased low alpha band power (8–10 Hz) in sources localised to the dorsal 

ACC, and increased alpha and beta band power (18.5–30 Hz) in the prefrontal cortex, compared to 

tonic stimulation (De Ridder et al., 2013; De Ridder & Vanneste, 2016). Greater activation of the 

ACC has led to the suggestion that burst SCS modulates affective, motivational aspects of pain via 
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engagement of the medial pain pathway (De Ridder et al., 2013; De Ridder & Vanneste, 2016; 

Yearwood et al., 2019). This suggests that alterations in neural oscillatory power may have clinical 

relevance for the treatment of chronic pain with SCS. 

Processing of sensory, cognitive, or motor stimuli can result in relative decreases or increases 

in EEG oscillatory power in given frequency bands. Decreases in oscillatory power, known as ERD, 

are related to states of activation within the sensorimotor system (Pfurtscheller, 1977; Pfurtscheller & 

Aranibar, 1977). Comparatively, increases in oscillatory power, ERS, are related to idling of a cortical 

area (Pfurtscheller, 1992) or cortical inhibition (Salmelin & Hari, 1994a). Presence of alpha and beta 

ERD over contralateral and ipsilateral SI/MI has been shown during tactile brushing stimuli (Cheyne 

et al., 2003; Fallon et al., 2013; Gaetz & Cheyne, 2006), as well as electrical (Hirata et al., 2002; 

Lemm et al., 2009; Nikouline et al., 2000; Pfurtscheller et al., 2002; Stancak et al., 2003) and 

vibrotactile stimulation (Bardouille et al., 2010). The effects of SCS on ERD have yet to be 

investigated, however, tonic SCS has been shown to inhibit somatosensory processing of innocuous 

nerve stimulation (Blair et al., 1975; Buonocore et al., 2012; Buonocore & Demartini, 2016; De 

Andrade et al., 2010; Poláček et al., 2007; Theuvenet et al., 1999; Wolter et al., 2013). Due to 

differences in the spinal mechanisms between tonic and burst SCS, there may be differences in the 

pattern of ERD reflecting differences in cortical activation during stimulation. 

The current study sought to investigate the effects of SCS on amplitude changes of cortical 

oscillations evaluated using the ERD method during brushing of the leg. Specifically, the study aimed 

to investigate whether somatosensory ERD evoked during brushing in theta (4–7 Hz), alpha (8–12 

Hz) or beta (16–24 Hz) frequency bands would be diminished during SCS, and if differences in ERD 

would be found between tonic and burst stimulation. Secondly, the study aimed to investigate the 

effect of SCS intensity on ERD during brushing at four intensities: low, medium, therapeutic, and off. 

We predicted that somatosensory ERD in alpha and beta frequency bands would be present during 

brushing when SCS was off, and ERD would diminish with increasing stimulation intensity. Due to 

the previous evidence of differences between SCS types, with burst SCS predominantly engaging the 

medial pain system (De Ridder & Vanneste, 2016; Yearwood et al., 2019), we hypothesized that 
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differences between tonic and burst SCS in brushing-related ERD would be found in frontal and 

midline regions. 

5.3 Methods 

5.3.1 Subjects 

Twenty-one patients with unilateral neuropathic lower limb pain were recruited from The 

Walton Centre NHS Foundation Trust, Liverpool, UK. All participants had previously been implanted 

with Abbott (Texas, USA) spinal cord stimulators in conventional tonic (N=10) or burst waveforms 

(N=11). One subject was excluded due to incomplete data. The final sample included 20 participants 

(11 females) with a mean age of 52.5 ± 12.3 years (mean ± SD). The procedure used was approved by 

the Liverpool Central North West Research Ethics Committee, and all participants gave fully 

informed written consent at the start of the experiment in accordance with the Declaration of Helsinki. 

Participants were reimbursed with £40 for their time and inconvenience on completion of the study. 

 Patient characteristics are summarised in Table 5.1. All patients fulfilled criteria for 

neuropathic pain, determined by the Neuromodulation team prior to permanent implantation of SCS 

devices at The Walton Centre NHS Foundation Trust. Mean duration of SCS implant was 17.85 

months, and mean duration of symptoms was 124.90 months. A one-way ANOVA showed that there 

was no significant difference of symptom duration (F(1,19) = .09, p > .05) or SCS duration (F(1,19) = 

2.36, p > .05) between patients using Burst and Tonic SCS. Target stimulation amplitude was 

available for 10 patients and ranged from 0.2–6.3 mA. Analgesic medications were not withdrawn 

prior to participating; 15 patients were using pain medication, with 13 patients using 2 or more pain 

medications. 
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Table 5.1. Clinical patient characteristics for Study 2. 

ID Age Sex Diagnosis Pain 

Duration 

SCS 

Type 

SCS 

Duration 

Lead Lead location IPG Freq 

(Hz) 

1 63 F Neuropathic radicular right leg pain 228 Burst 30 Octrode T10–T12 Prodigy 40 

2 46 F Neuropathic right leg pain secondary to MS 108 Burst 29 Lamitrode Tripole T10–T12 Prodigy 40 

3 68 F Bilateral neuropathic leg secondary to MS 168 Burst 48 Octrode x2 T9–T11 Prodigy 40 

4 59 M Neuropathic radicular left leg pain 48 Tonic 2 Lamitrode Tripole T9–T10 Prodigy 40 

5 53 M Bilateral lower limb neuropathic pain 267 Tonic 2 Lamitrode Tripole T9–T10 Prodigy MRI 40 

6 52 M Bilateral neuropathic leg pain secondary to MS 60 Burst 30 Lamitrode Tripole T10–T12 Prodigy 40 

7 61 F Neuropathic bilateral leg pain 84 Tonic 1 Octrode T9–T12 Prodigy 30 

8 50 F Right foot CRPS 26 Tonic 50 Octrode x 2 T9–T11 Prodigy 50 

9 76 M Neuropathic right foot pain 96 Tonic 47 Lamitrode Tripole T12–L1 Prodigy 60 

10 50 M Neuropathic radicular left leg pain 84 Burst 1 Octrode T9–T11 Prodigy 40 

11 39 M Neuropathic left foot and ankle pain 84 Burst 1 Octrode x 2 T8–T11 Prodigy 40 

12 37 F Neuropathic radicular left leg pain 60 Tonic 16 Octrode x 2 T8–T11 Prodigy 50 

13 30 F Neuropathic radicular left leg pain 72 Tonic 1 Lamitrode Tripole T8–T9 Prodigy 40 

14 55 F Neuropathic left foot and ankle pain 240 Burst 24 Octrode T10–T12 Prodigy 40 

15 75 F Neuropathic radicular left leg pain 420 Burst 8 Octrode x 2 T8–T12 Prodigy 40 

16 52 M Neuropathic radicular left leg pain 192 Burst 12 Lamitrode Tripole T9–T10 Prodigy 40 

17 52 F Neuropathic radicular left leg pain 60 Burst 12 Octrode x 2 T9–T12 Prodigy 40 

18 52 F Neuropathic radicular left leg pain 48 Burst 12 Octrode x 2 T8–T10 Prodigy 44 

19 36 F Left foot and ankle CRPS-II 66 Burst 12 Octrode T10–T12 Prodigy 40 

20 44 M Neuropathic radicular right leg pain 96 Tonic 19 Octrode T10–T12 Prodigy 50 

 

Pain duration and SCS duration measured in months. IPG = implantable pulse generator. Freq = frequency in hertz (Hz).  
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5.3.2 Experimental protocol 

 Experimental procedures were carried out in a single 2-hour session in the Pain Research 

Laboratory, Pain Relief Institute, Aintree University Hospital NHS Foundation Trust (Liverpool, 

UK). Participant’s spinal cord stimulators were turned off from the time of arrival until the 

experiment began while EEG was applied to the head, a duration of approximately 40 minutes. 

 During the experiment, participants were seated in a comfortable armchair with legs raised at 

a 45-degree angle. The experiment consisted of 4 blocks, each consisting of 40 cycles of 4 seconds of 

mechanical brush stimulation followed by 4 seconds of rest. During brush periods, the experimenter 

manually applied brushing to the participant’s pain-free leg at an approximately 45-degree angle. 

Brush strokes consisted of one continuous motion for 10 cm along the tibialis anterior muscle, starting 

at one-third of the distance between the patella and the lateral malleolus, at a rate of 5 cm/s for 2 

seconds. Brushing direction was reversed was returned to the starting point using the same speed and 

pressure. The brush was removed during the rest period. The brush was a synthetic soft-bristled 

paintbrush with bristles measuring 4cm long, 6.5 cm wide and 2 cm deep (total length: 20.5 cm) 

which produced a distinct but painless tactile sensation. At the start and end of each block were 30-

seconds of rest with no stimuli. Throughout the experiment, the times to start and stop brushing were 

controlled using a continuous metronome audio clip played to the experimenter through noise-

cancelling headphones, which corresponded to EEG stimulus onset and offset triggers. 

 Each block of brushing was varied by SCS intensity as determined using the patient 

programmer, at the standard therapeutic intensity, low (33% of the therapeutic level), medium (66% 

of the therapeutic level), and no stimulation. The order of blocks was varied pseudo-randomly for 

each participant. After each block, SCS was turned off for two minutes. During this time, participants 

were asked to rate the intensity and uncomfortableness of the brushing stimuli on a numeric rating 

scale, from no sensation (0) to maximum sensation imaginable (intensity) or maximum 

uncomfortableness (100). Participants were also asked to indicate if the brushing was painful. The 

experiment lasted approximately 25 minutes. 
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 After the tasks, clinical data including age, duration of pain and duration of SCS treatment 

were collected verbally from patients. Patients self-completed the Neuropathy Pain Scale by hand or 

using a tablet. Pain diaries were collected for 7 days following the visit to assess average and worst 

daily pain scores using a visual analogue scale from no pain (0) to worst imaginable pain (10). Patient 

diagnosis and SCS parameters were confirmed by a clinician. 

5.3.3 EEG acquisition 

 Whole-scalp EEG was continuously recorded using a 63-channel system (BrainProducts 

GmbH, Munich, Germany). Actively shielding Ag-AgCl electrodes were mounted on an electrode cap 

(actiCap snap, BrainProducts) according to the International 10–20 system (Jasper, 1958). The cap 

was aligned with respect to three anatomical landmarks of two preauricular points and the nasion. 

Electrolyte gel was applied to achieve electrode-to-skin impedances of below 50 kΩ throughout the 

experiment. A recording band-pass filter was set at 0.001–200 Hz with a sampling rate of 1000 Hz. 

Electrode FCz was used as a reference electrode, and electrode FPz was used as the ground electrode. 

EEG average reference was applied, and signals were digitised at 1 kHz with a BrainAmp DC 

amplifier (actiChamp), connected to BrainVision Recorder 2.0 running on a Windows 10 laptop. 

5.3.4 Spectral analysis of EEG signals 

 EEG data were processed using EEGLab (Delorme & Makeig, 2004) and FieldTrip 

(Oostenveld et al. (2011): http://fieldtriptoolbox.org). Continuous EEG data during brushing were 

split into 8-second epochs (4 seconds rest and 4 seconds brushing). Data were re-referenced to the 

common average (Lehmann, 1987) and filtered using 1 Hz high pass and 100 Hz low pass filters. For 

each participant, data were visually inspected for movement and muscle artefacts. Epochs containing 

motion, electrode or muscle artefacts were marked and excluded from further analysis. Electrode 

channels with large artefacts were interpolated to a maximum of <10% electrodes. The average 

number of epochs remaining after artefact correction for each condition were: no stimulation 33 ± 4, 

low intensity 34 ± 3, medium intensity 34 ± 3, therapeutic intensity 34 ± 4. A repeated measures 

ANOVA showed that the number of accepted trials was not significantly different between SCS 

intensity conditions (F(3,54) = 0.82, p = .491) or between SCS type (F(1,18) = 0.09, p = .771). 

http://fieldtriptoolbox.org/
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 The power spectra were computed in FieldTrip using a discrete Fourier time-frequency 

transformation. Power spectral densities were computed using Welch’s method from 1 second 

overlapping segments after tapering data to 1024 points. Data were smoothed using a Slepian 

sequence 4 Hz window prior to Fourier transformation. The spectral window was shifted in 0.1 

second intervals to yield a power time series of 80 points, representing the interval from -4 to 4-

seconds from the onset of brushing. Spectral power was estimated in the range 1–100 Hz with a 

frequency resolution of 0.977 Hz. Due to the presence of SCS artefacts due to stimulation frequencies 

between 40–60 Hz (see Table 1), only frequency components between 1–30 Hz were considered for 

statistical analysis. Relative power was evaluated using the classical ERD transformation 

(Pfurtscheller & Aranibar, 1979): 

𝐷% = (100 ∗  
𝐴 − 𝑅

𝑅
) 

where D represents the percentage power change during epochs following the onset of brushing (A) 

relative to a preceding baseline or reference period (R). Positive D values correspond to relative 

power decreases, considered to signify cortical activation (Pfurtscheller, 1977; Pfurtscheller & 

Aranibar, 1977). Negative D values correspond to increases of cortical band power and event-related 

synchronisation (Pfurtscheller, 1992). 

5.3.5 Statistical analysis of subjective ratings 

 Mean subjective intensity and discomfort ratings of brushing stimuli in each condition were 

calculated for each participant. A 2×4 repeated measures analysis of variance (ANOVA) was 

computed using SPSS v. 25 (IBM Inc., USA), with independent variables of SCS Type (tonic or burst 

SCS) and Intensity (no stimulation, low, medium or therapeutic SCS intensity). Post-hoc t-tests were 

used where appropriate to follow up significant main effects. 

5.3.6 Statistical analysis of EEG data 

 Individual and grand average topographic plots were visual inspected to identify electrodes 

showing prominent ERD during brushing. Grand average time-frequency plots from electrodes of 

interest were used to determine frequency bands showing ERD during brushing in the range 1–30 Hz. 

The peri-stimulus brushing interval was split into seven 0.5 second time windows from 0–3.5 
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seconds. For each frequency band, one-way repeated measures ANOVAs were computed to 

investigate the effect of SCS intensity across every electrode and time bin of interest. To control for 

Type I error likely to occur due to the large number of ANOVAs, the resulting statistical probability 

values were subject to permutation analysis using statcond.m with 1000 permutations.  

Electrodes that exceeded a predefined threshold on the calculated p-values (p < .05) for the 

main effect of Intensity were entered into univariate t-tests to check that band power differed 

significantly from zero. Electrodes that surpassed permutation testing and t-tests were selected for 

further analysis and clustered based on spatial adjacency. Pairwise comparisons were computed to 

further investigate significant main effects. The Huynh-Feldt correction was used to tackle any 

violation of sphericity. Similarly, the effects of type of stimulation at each electrode and in each time 

bin were evaluated using unpaired Student’s t-test with a corrected probability value of p = .05. 

Electrodes showing a significant main effect of SCS type or intensity were entered into mixed 

methods ANOVAs to analyse the presence of an interaction between conditions. 

5.4 Results 

5.4.1 Subjective reports 

 Patient’s level of pain on the day of the experiment was collected using the Neuropathy Pain 

Scale. Patients reported a mean pain score of 45.7 ± 18.2 out of a maximum 100 points. A one-way 

ANOVA showed no significant difference in neuropathic pain scores between patients using burst and 

tonic SCS (F(1, 19) = .049, p > .05). In the 7 days following the experiment, pain diaries were 

collected. Five patients did not complete the pain diaries. In the completed diaries, mean average daily 

pain was 5.1 and mean strongest pain was 6.4 out of 10 (maximum pain). A one-way ANOVA 

showed no significant difference between mean average (F(1, 13) = 4.3, p > .05) and strongest (F(1, 

13) = 4.2, p > .05) pain ratings between patients using burst and tonic SCS. 

Two out of 20 patients reported pain resulting from brushing stimuli. Mean intensity (0–100) of 

brushing after each block was 31.94 ± 24.07, where 100 indicated the strongest sensation. A repeated-

measures ANOVA showed no significant difference in reported brushing intensity between SCS 

intensity conditions (F(3,54) = 1.27, p > .05) or SCS type (F(1,18) = 0.731, p > .05). Mean 

uncomfortableness (0–100) during each block of brushing stimuli was 4.05 ± 11.12 out of 100. A 
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repeated-measures ANOVA showed no significant difference in discomfort during brushing between 

SCS intensity conditions (F(3,54) = 2.01, p > .05) or SCS type (F(1,18) = 1.38, p > .05), indicating 

that brushing was generally perceived as mild and not unpleasant, and subjective ratings were not 

affected by SCS type or intensity condition. 

 

Figure 5.1. Electrodes of interest (a) and grand average time-frequency plot (b) showing brushing-

related ERD between 4-24 Hz and frequency bands chosen for analyses. Time-frequency plots for 

burst (c) and tonic (d) SCS conditions, and each SCS intensity condition (e-h), are shown. Colour bar 

indicates percentage power change from baseline, with positive values indicating ERS, and negative 

values indicating ERD.  

 

5.4.2 ERD during brushing 

 After visual inspection of individual and grand average topographic plots across all 63 

electrodes, a set of 33 electrodes overlying frontal, central and parietal regions of scalp were selected 

(Figure 5.1A) to visualise the time-frequency plots in both SCS types (burst and tonic) and four SCS 

intensities (no stimulation, low, medium and therapeutic). The grand average time-frequency plot 

across all frequency components in the range 1 ̵̶ 30 Hz (Figure 5.1B) showed band power decreases 

concentrated between 4 to 24 Hz. A qualitative comparison of time-frequency in burst and tonic SCS 

(Figure 5.1C-D) showed a similar distribution of ERD in both types of SCS, although burst SCS 

showed band power decreases focused around 5 Hz and 13 Hz, while tonic SCS showed a more 

widespread pattern of band-power reduction. Figure 5.1E-H show the time-frequency plots of EEG 
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signals throughout the electrodes of interest (Figure 5.1A) in no stimulation, low, medium and 

therapeutic intensities of SCS. Visual analysis of time frequency plots revealed robust ERD in the 

frequency range of 4 ̶̵ 24 Hz in all four SCS intensity conditions. Medium SCS intensity showed the 

weakest ERD during brushing, particularly at 10 Hz. 

 To quantify the band-power changes in both types of SCS and across four intensity 

conditions, ERD was computed in the frequency bands 4 ̵̶ 7 Hz, 8 ̵̶ 13 Hz and 16 ̶̵ 24 Hz. These bands 

cover the patterns of ERD in all conditions (Figure 5.1B-H) and accord to previous studies reporting 

prominent ERD in alpha- and beta bands during brushing (Cheyne et al., 2003; Fallon et al., 2013; 

Gaetz & Cheyne, 2006) and altered resting 4 ̶̵ 7 Hz oscillations in chronic pain conditions (Fallon et 

al., 2018; Sarnthein et al., 2006; Stern et al., 2006; Vučković et al., 2014). The ERD curves in the 

selected frequency bands were divided into seven 0.5 s time bins covering the peri-stimulation period 

from 0 to 3.5 s. 

5.4.2.1 Effect of SCS type 

The effect of stimulation type in all electrodes and time bins were evaluated using unpaired 

Student’s t-test with a corrected probability value of p = .05. 

 In the 4–7 Hz band, burst SCS produced an overall larger brushing-related ERD across the 

right sensorimotor and midline electrodes compared to tonic SCS (Figure 5.2A). Burst and tonic SCS 

differed statistically in a cluster of two electrodes overlaying the right sensorimotor cortical area 

during the final period of brushing (t(18) = -2.31, p = .03; Figure 5.2B-D). This difference was 

related to a comparatively weak band-power decrease in tonic SCS. Of note, while only the final time 

bin (3 ̶̵ 3.5 s) reached statistical significance, the divergent time courses of band power in burst and 

tonic stimulation started 1 second earlier. 

In the 8–13 Hz band, burst SCS, unlike tonic SCS, produced a widespread ERD when the 

brush touched the leg across the posterior parietal and right central and frontal electrodes (Figure 

5.2E). According to the statistical analysis, burst and tonic SCS differed in brushing-induced 8–13 Hz 

band power changes in right frontal and left parietal electrodes during the initial period of brushing 

(0–0.5 s) (Figure 5.2F ̶̵ H and J ̶̵ K). Both electrodes showed a comparatively weak band-power 

decrease in tonic compared to burst SCS (t(18) = -2.62, p = .017; t(18) = -2.83, p = .011). 
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Contrastingly, burst and tonic SCS differed in left frontal central electrodes (Figure 5.2F), with 

statistically significant reduced band power in tonic compared to burst SCS (t(18) = -2.34, p = .031; 

Figure 5.2I and L). 

There was no statistically significant difference between burst and tonic SCS in any electrode 

or time bin in the 16–24 Hz band. 

 
Figure 5.2. Effect of stimulation type on brushing-related ERD in theta (a-d) and alpha (e-l) 

frequency bands. Topographic maps (a, e) show ERD over the scalp in patients using tonic and burst 

SCS. Electrodes exceeding permutation test for significance are indicated and electrode clusters 

numbered (b, f). Bar graphs show percentage power change between stimulation types in the 

corresponding electrode cluster and time bin. Time courses of theta and alpha band power during 

brushing are shown for the corresponding electrode cluster, with statistically significant time bins 

highlighted. 
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5.4.2.2 Effect of SCS intensity 

The effect of intensity was evaluated separately for each frequency band using repeated 

measures ANOVAs, which were carried out in all electrodes and time bins. Statistical probability 

values were subject to permutation analysis with 1000 permutations and a statistical threshold of p = 

.05.  

In the 4 ̵̶ 7 Hz band, a repeated measures ANOVA showed amplitude changes in a frontal 

midline and right parietal electrode in the latency epoch 0.0 ̵̶ 0.5 s, when the brush first touched the 

leg (Figure 5.3A ̶̵ F).  

 

Figure 5.3. Effect of SCS intensity on brushing-related ERD in theta frequency band in time bins 0-

0.5s (a-f) and 1.5-2 s (g-j). Topographic maps (a, g) show ERD over the scalp in each SCS intensity 

for the respective time bin. Electrodes exceeding permutation test for significance are indicated and 

electrode clusters numbered (b, h). Bar graphs show percentage power change between stimulation 

intensities in the corresponding electrode cluster and time bin. Time courses of theta band power 

during brushing are shown for the corresponding electrode cluster and time bin, with statistically 

significant time bins highlighted. 
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The strongest, most statistically significant effect of stimulus intensity was seen in the frontal 

midline electrode (F(3,57) = 4.22, p = .009, ε = 1.0). This effect was due to a 1 second band power 

increase at the onset of brushing under the strongest therapeutic intensity of SCS compared to lower 

SCS intensities (p < .05; Table 5.2 and Figure 5.3C and E). The statistical test of trend components 

confirmed that band power increased linearly with increasing SCS intensity (F(1,19) = 9.32, p = .007, 

Figure 5.3C). To verify if increased band power in the therapeutic intensity was due to lower baseline 

power, a repeated measures ANOVA was computed using absolute band power in the interval used to 

calculate ERD values (-3 to -1) for each SCS intensity. No significant difference in baseline absolute 

band power was found between SCS intensities (F(3,57) = 2.31, p > .05). A smaller, statistically 

significant effect of SCS intensity was present in an electrode overlying the right parietal region of the 

scalp (Figure 5.3B) (F(3,57) = 2.88, p = .044, ε = 1.0) due to a brief increase in band power during 

the no stimulation condition compared to the medium intensity condition (p < .05). (Figure 5.3D and 

F). 

Later in the brushing period (1.5 ̶̵ 2.0 s), the medium intensity condition failed to produce a 

robust band-power decrease which was observed in all other intensity conditions in an electrode in the 

left central-parietal region of the scalp (Figure 5.3G–J). This effect is evidenced by topographic maps 

(Fig. 3h), the waveforms of 4 ̵̶ 7 Hz band power (Figure 5.3J) and bar graphs representing mean band 

power in the four SCS intensity conditions (Figure 5.3I). A one-way repeated measures ANOVA 

confirmed a statistically significant effect of SCS intensity (F(3,57) = 2.95, p = .048, ε = 1.0), with 

stronger ERD during no stimulation and low intensity SCS compared to medium intensity SCS (p < 

.05, Table 5.2).  

In the 8 ̵̶ 13 Hz band, a repeated measures one-way ANOVA showed statistically significant 

amplitude changes in a left parietal electrode in the latency epoch 0.0 ̵̶ 0.5 s, when the brush first 

touched the leg (F(3,57) = 5.179, p = .007, ε = .791; Figure 5.4A–D). This effect was related to a 

brief ERS at the strongest therapeutic intensity compared to low and medium SCS intensities (p < .05; 

Table 5.2 and Figure 5.4A).  
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 Around the middle of the brushing period (1.5 ̶̵ 2.0 s), the medium intensity condition showed 

amplitude changes in left central parietal and right parietal electrode clusters (Figure 5.4E–J). A 

statistically significant effect was found in left central parietal electrodes (F(3,57) = 3.87, p = .015, ε = 

.949) due to a smaller band power decrease at medium intensity SCS compared to low intensity and 

no stimulation (p < 0.05; Table 5.2 and Figure 5.4G and I). Notably, right parietal electrodes showed 

a significant effect of intensity (F(3,57) = 3.31, p = .044, ε = .701) due to a statistically significant 

increase in band power with medium intensity SCS compared to no stimulation and the strongest, 

therapeutic intensity (p < .05; Table 5.2 and Figure 5.4H and J). 

 

Figure 5.4. Effect of SCS intensity on brushing-related ERD in the alpha frequency band in time bins 

0-0.5 s (a-d) and 1.5-2s (e-j). Topographic maps (a, e) show ERD over the scalp in each SCS 

intensity. Electrodes exceeding permutation test for significance are indicated and electrode clusters 

numbered (b, f). Bar graphs show percentage power change between stimulation intensities in the 

corresponding electrode cluster and time bin. Time courses of alpha band power during brushing are 

shown for the corresponding electrode cluster, with statistically significant time bins highlighted. 
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Figure 5.5. Effect of SCS intensity on brushing-related ERD in the beta frequency band in time bins 

2.5-3 s (a-d) and 3-3.5 s (e-j). Topographic maps (a, e) show ERD over the scalp in each SCS 

intensity. Electrodes exceeding permutation test for significance are indicated and electrode clusters 

numbered (b, f). Bar graphs show percentage power change between stimulation intensities in the 

corresponding electrode cluster and time bin. Time courses of beta band power during brushing are 

shown for the corresponding electrode cluster, with statistically significant time bins highlighted. 
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Figure 5.5 illustrates the effects of four SCS intensities across the latency epochs starting 

from short (Figure 5.5A ̶̵ H) to mid- (Figure 5.5I ̶̵ L) and long-latencies (Figure 5.5M ̶̵ V) in the 16 ̶̵ 

24 Hz band. The prevailing pattern of SCS intensity effects was a comparatively weak or non-existent 

16 ̵̶ 24 Hz ERD during medium intensity SCS predominantly in frontal and central electrodes. 

In the first second of brushing, repeated measures ANOVAs showed statistically significant 

amplitude changes in central and left midline electrodes. The strongest, statistically significant effect 

at the start of brushing (0 ̶̵ 0.5 s) was found in frontal-central regions of the scalp (F(3,57) = 3.32, p = 

.026, ε = .991), due to reduced band-power at medium intensity compared to low intensity and no 

stimulation (p < .05; Table 5.2 and Figure 5.5A–D). Similarly, at the 0.5–1.0 s latency (F(3,57) = 3.1, 

p = .039, ε = .939; Figure 5.5E–H), band-power was significantly reduced at moderate intensity SCS 

in central electrodes compared to low intensity and no stimulation (p < .05). 

 Approaching the middle of brushing stimuli at the latency 1.5 ̶̵ 2.0 s, there was a divergent 

effect of SCS intensity on 16 ̵̶ 24 Hz band power (Figure 5.5I–L). A statistically significant effect was 

found in right central-frontal electrodes (F(3,57) = 3.69, p = .022, ε = .872). This effect was due to 

decreased band-power at low and therapeutic intensities compared to no stimulation (p < .05; Table 

5.2). In contrast, medium intensity SCS failed to show a decrease in band-power relative to baseline 

power or compared to no stimulation (p < .05). 

 Towards the end of brushing, the two strongest SCS intensities showed a diminution of the 

robust band power decrease observed in low-intensity and no- stimulation SCS in central and frontal 

regions of the scalp. An effect of SCS intensity was found in the latency 2.5 ̶̵ 3 s (F(3,57) = 6.05, p = 

.002, ε = .923), with a smaller reduction in band power at the two strongest SCS intensities compared 

to low intensity and no stimulation (p < .05; Figure 5.5M–P). This effect was sustained towards the 

end of the brushing period (3 ̵̶ 3.5 s) and extended to right frontal-central electrodes (F(3,57) = 7.31, p 

< .001, ε = 1.0; Figure 5.5S–V), with a relatively smaller reduction in band-power at medium and 

therapeutic intensities compared to no stimulation and low intensity SCS (p < .05; Table 5.2). In 

parietal electrodes, a significant effect of SCS intensity was found in the 2.5 ̶̵ 3.0 s latency window 

(F(3,57) = 3.25, p = .032, ε = .915; Figure 5.5P and R). This effect was due to significantly greater 

band power at the medium intensity compared to the other three intensities, which showed a relative 
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decrease in band-power during brushing (p < .05). However, the band power changes across four SCS 

intensities in cluster 2 were very weak, with only the therapeutic SCS showing an ERD different from 

zero.  

 Table 5.2. Pairwise comparisons for each frequency band of interest 

 

5.4.2.3 Interaction between SCS type and intensity 

 Electrodes showing a significant main effect of SCS type or intensity were entered into mixed 

methods ANOVAs to analyse the presence of an interaction between the conditions. No electrodes 

Band  Electrodes Contrast df t P 

4-7 Hz 
Cluster 1 

Time Bin 1 
FCz 

Off vs Low 19 3.23 0.004 

Low vs Therapeutic 19 2.42 0.026 

Medium vs Therapeutic 19 2.84 0.011 

Cluster 2 

Time Bin 1 
P4 Off vs Medium 19 2.98 0.008 

Cluster 3 

Time Bin 4 
CP1 

Off vs Medium 19 2.74 0.013 

Low vs Medium 19 3.55 0.002 

8-13 Hz 
Cluster 1 

Time Bin 1 
CP5 

Off vs Low 19 1.78 0.091 

Off vs Medium 19 1.97 0.026 

Medium vs Therapeutic 19 3.38 0.003 

Cluster 2 

Time Bin 4 
CP1 CP3 

Off vs Medium 19 2.98 0.008 

Low vs Medium 19 2.84 0.011 

Cluster 3 

Time Bin 4 
C4 P2 P4 P6 

Off vs Medium 19 4.26 < 0.001 

Medium vs Therapeutic 19 2.12 0.047 

16-24 Hz Cluster 1 

Time Bin 1 
FCz F1 

Off vs Medium 19 2.50 0.022 

Low vs Medium 19 3.55 0.002 

Cluster 2 

Time Bin 3 
Pz 

Low vs Medium 19 2.40 0.027 

Medium vs Therapeutic 19 4.08 < 0.001 

Cluster 3 

Time Bin 4 
FC6 

Off vs Low 19 2.24 0.037 

Off vs Therapeutic 19 2.21 0.040 

Medium vs Therapeutic 19 2.61 0.017 

Cluster 4 

Time Bin 6 

FC1 C1 Cz 

CPz 

Off vs Medium 19 3.46 0.003 

Low vs Medium 19 5.53 < 0.001 

Off vs Therapeutic 19 2.30 0.03 

Low vs Therapeutic 19 2.83 0.01 

Cluster 5 

Time Bin 6 
P6 

Off vs Medium 19 2.26 0.036 

Low vs Medium 19 2.10 0.049 

Medium vs Therapeutic 19 2.84 0.010 

Cluster 6 

Time Bin 7 

F1 F4 FCz FC2 

FC4 FC6 Cz 

C1 C3 CPz 

Off vs Medium 19 3.28 0.004 

Low vs Medium 19 4.99 < 0.001 

Off vs Therapeutic 19 2.20 0.041 

Low vs Therapeutic 19 2.98 0.008 
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showing a significant main effect showed a statistically significant interaction between SCS type and 

intensity (p > .05). 

5.5 Discussion 

 The present study analysed the effects of SCS intensities (off, low, medium and therapeutic) 

and SCS type (burst and tonic) on brushing-related changes in cortical oscillatory activity. Results 

suggest an overall stronger 8 ̵̶ 13 Hz and 4 ̶̵ 7 Hz brushing-related ERD in burst compared to tonic 

SCS, with statistically significant effects in central, frontal and parietal electrodes. SCS intensity 

modulated brushing-related ERD with a relatively weak ERD at greater SCS intensities, most notably 

at the medium SCS intensity. This effect was observed in central and parietal electrodes during short- 

and mid-latency epochs in 4 ̵̶ 7 Hz and 8 ̶̵ 13 Hz bands, and in frontal and central electrodes during 

short- and long-latency epochs in the 16 ̶̵ 24 Hz band. 

 Tonic and burst SCS differed in the overall amount of brushing-related ERD, pointing 

towards a difference in the processing of afferent impulses from LTMRs. While burst SCS showed 

widespread ERD during brushing in 4 ̶̵ 7 Hz and 8 ̵̶ 13 Hz frequency bands, tonic SCS was 

characterised by an absence of ERD in right central and right frontal electrodes, and comparatively 

weaker ERD in left posterior parietal regions of the scalp in the 8 ̶̵ 13 Hz band. Somatosensory 

brushing stimuli is associated with alpha (8 ̶̵ 13 Hz) ERD over bilateral sensorimotor regions (Cheyne 

et al., 2003; Fallon et al., 2013; Gaetz & Cheyne, 2006), which is interpreted as cortical activation of 

the sensory cortex to allow efficient processing of sensory stimuli (Neuper et al., 2006; Pfurtscheller 

& Aranibar, 1977; Pfurtscheller & Lopes da Silva, 1999). Inhibition of both tactile and nociceptive 

somatosensory processing by parallel LTMR input has been consistently demonstrated in EEG 

(Gandevia et al., 1983; Kakigi & Jones, 1986; Mancini et al., 2015), MEG (Biermann et al., 1998; 

Hoechstetter et al., 2001; Tamè et al., 2015), and fMRI studies (Brouwer et al., 2015; Ruben et al., 

2006). In contrast, residual 8 ̵̶ 13 Hz ERD in posterior parietal regions may reflect activation of the 

SI/MI foot area which has been reported with fMRI in patients using tonic SCS for leg and lower back 

pain (Stancak et al., 2008) and may be due to the presence of paraesthesia. Thus, attenuated brushing-

related ERD suggests that tonic SCS may actively interfere with somatosensory processing by 



 
 

Page 111 

continually activating sensorimotor processing regions, rendering them unresponsive to additional, 

external tactile stimuli. 

 Burst SCS showed widespread brushing-related ERD which was significantly greater than 

tonic stimulation in right frontal and left parietal electrodes in the 8 ̶̵ 13 Hz band at the onset of 

brushing, and in right sensorimotor electrodes in the 4 ̵̶ 7 Hz band towards the end of brushing. 

Differences in brushing-related ERD between burst and tonic SCS provides further support for the 

Gate Control Theory as an explanatory concept for tonic SCS (Holsheimer, 2002; Joosten & Franken, 

2020; Melzack & Wall, 1965; Shealy et al., 1967). In contrast, burst stimulation may not operate via 

activation of the dorsal column system but rather via the spinothalamic tract, as supported by the lack 

of paraesthesia (Tang et al., 2014) and evidence that burst is not reliant on GABAergic processes 

(Crosby et al., 2015b). Burst SCS has been shown to induce greater activation of the ACC in PET 

(Yearwood et al., 2019) and source-localisation EEG studies (De Ridder et al., 2013; De Ridder & 

Vanneste, 2016), which has led to the suggestion that the analgesic effects of burst SCS may be due to 

modulation of affective and attentional aspects of pain via the medial pain pathway. Indeed, a recent 

EEG study showed differential effects of burst and tonic SCS on neural correlates of attention to 

tactile stimuli (Niso et al., 2021). While attention was not modulated in the current study, decreased 

alpha-band activity over somatosensory cortices has been reported when attention is directed towards 

noxious and tactile somatosensory stimuli (Anderson & Ding, 2011; May et al., 2012; Ohara et al., 

2004; Peng et al., 2014), suggesting that modulation of alpha band activity acts as a gating mechanism 

for relevant stimuli. Taken together with previous literature, these results provide further support for 

different underlying mechanisms between burst and tonic SCS which may involve attentional and 

affective processes. 

 Effects of SCS intensity on brushing-related ERD were similar in both burst and tonic SCS, 

as shown with the absence of a significant interaction between SCS type and intensity. Brushing-

related ERD was attenuated at greater SCS intensities. Reduced ERD at medium intensity SCS was 

found in left central-parietal electrodes in the 4 ̶̵ 7 Hz and 8 ̶̵ 13 Hz bands in medium-latency epochs 

(1.5 ̶̵ 2 seconds), and in frontal midline electrodes in the 16 ̵̶ 24 Hz band in short-latency epochs (0 ̶̵ 

0.5 seconds). Crucially, significantly reduced ERD at medium and therapeutic intensities was found in 
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a large area encompassing central midline, parietal and frontal electrodes in long-latency epochs (2.5 ̶̵ 

3.5 seconds). This robust effect suggests a nonlinear effect of SCS on somatosensory processing, with 

the weakest ERD suggesting the strongest interference with brushing-induced afferent impulses from 

LTMRs. Stronger ERD at medium intensity conditions may be due to the ceiling effect of increasing 

stimulus intensities on ERD, with evidence that ERD is not modulated by fine gradations of stimulus 

intensity (Iannetti et al., 2008; Stancak et al., 2003). Alternatively, the strongest interference of 

brushing-induced impulses at medium SCS intensities may reflect a potential overshoot in 

determining the most effective therapeutic parameters, with lower intensities being more effective at 

inhibiting somatosensory stimuli. 

 In addition to attenuated ERD at medium and therapeutic intensities, ERS in the 4 ̵̶ 7 Hz band 

was sensitive to SCS intensity. At the onset of brushing, greater SCS intensities were associated with 

linear increases in 4 ̶̵ 7 Hz ERS, particularly in frontal midline electrodes. Augmented resting theta (4 ̵̶ 

7 Hz) power has been consistently reported in patients with chronic pain (Fallon et al., 2018; Lim et 

al., 2016; Sarnthein et al., 2006; Stern et al., 2006; Vanneste et al., 2018; Vučković et al., 2014). 

Thalamocortical dysrhythmia, dominant low-frequency oscillations in the thalamo-cortico-thalamic 

network, has been proposed to be a contributing factor in the development or maintenance of a 

number of pathologies including chronic pain (Llinás et al., 1999, 2005) by disrupting the normal 

state-dependent flow of information between the thalamus and cortex, leading to disturbances of 

sensation, motor performance and cognition (Jones, 2010). Changes in theta activity could be relevant 

for patient outcomes; increased prefrontal theta activity has been shown to correlate with symptom 

severity in fibromyalgia (Fallon et al., 2018), and increased theta power in prefrontal, sensorimotor 

and cingulate cortices has been shown following the cessation of tonic pain stimuli (Rustamov et al., 

2021). An investigation of a different subthreshold waveform, high-frequency SCS, showed a positive 

correlation between changes in disability scores and alpha/theta peak power ratios in frontal and 

somatosensory regions during intraoperative stimulation (Telkes et al., 2020). Thus, increased theta 

ERS with increasing SCS intensity could reflect an interference of pain mechanisms which are 

prevalent in neuropathic pain. 



 
 

Page 113 

 A limitation of the current study is the short duration between intensity conditions. SCS 

intensities were varied and followed by short 2-minute washout periods with no stimulation. 

However, the washout period of tonic and burst SCS are still poorly understood. Active-recharge 

burst waveforms, in contrast to passive recharge burst used in the current study, have been 

demonstrated to have a delayed wash-in and prolonged washout periods compared to tonic SCS 

(Meuwissen et al., 2018). Differences in washout periods may also be dependent on stimulus energy, 

which differs between participants (Abejón et al., 2015; Miller et al., 2016). SCS dosing paradigms 

have recently been introduced, which alternate periods of stimulation with those of no stimulation 

(Deer et al., 2021; Vesper et al., 2018), suggesting that the effects of stimulation outlast the 

stimulation itself. However, dosing waveforms have only been applied to burst SCS thus far and 

remain to be investigated with other SCS waveforms. However, no differences were found between 

burst and tonic SCS in the effect of SCS intensity, and changes were observed between intensity 

conditions. Furthermore, previous studies have observed that patients observe perceptual changes 

instantly during stimulus programming (Tan et al., 2016). Future studies could investigate differences 

between SCS intensities over a longer duration, which would allow for greater disentangling of 

possible carryover effects. 

 There are potentially important implications for theory and clinical practice resulting from the 

current findings. Firstly, in agreement with previous studies comparing burst and tonic SCS, both 

different and shared mechanisms are involved in somatosensory processing during SCS. Tonic SCS 

appears to suppress parallel inputs from brushing stimuli; although as the current study focused solely 

on the somatosensory paraesthesia component of SCS, it is not clear if this inhibitory effect would be 

equally relevant to the influence of SCS on noxious afferents. Future studies should investigate ERD 

patterns during burst and tonic SCS related to stimuli that primarily involve spinothalamic tract 

neurons, such as transient warming, cooling, or heat stimuli. Relevant for clinical practice, strong 

interference with transmission of afferent impulses at SCS intensities as much as one-third lower than 

the therapeutic level suggests that lower intensities may be equally, if not more, effective than the 

clinically programmed settings. SCS intensity contributes to the electrical charge transfer (Miller et 

al., 2016), with lower electrical charge preserving battery life and reducing any potentially unpleasant 
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paraesthesia sensations. Therefore, this preliminary finding suggests that EEG may have a potentially 

valuable role in determining optimal stimulation parameters for relieving neuropathic pain. 

 To conclude, burst and tonic SCS differentially modulate somatosensory processing, and 

changes in somatosensory processing may result from variations in the underlying therapeutic 

mechanisms. Unlike burst SCS, tonic SCS suppresses brushing-related cortical activity, pointing 

towards involvement of the dorsal column system. Greater SCS intensities within the therapeutic 

limits may normalise aberrant cortical oscillations which are associated with neuropathic pain; 

however, lower intensities than the therapeutic level may be sufficient to achieve a therapeutic 

benefit. These findings suggest that EEG analysis can provide an objective cue to determining the 

optimal SCS intensity. 
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6 Inhibition of cortical somatosensory processing during and after low frequency 

peripheral nerve stimulation in humans 

6.1 Abstract 

Transcutaneous LFS elicits LTD-like effects on human pain perception. However, the neural 

mechanisms underlying LFS are poorly understood. We investigated cortical activation changes 

occurring during LFS and if changes were associated with reduced nociceptive processing and 

increased amplitude of spontaneous cortical oscillations post-treatment. 

LFS was applied to the radial nerve of 25 healthy volunteers over two sessions using active (1 

Hz) or sham (0.02 Hz) frequencies. Changes in resting EEG and LEPs were investigated before and 

after LFS. SEPs were recorded during LFS and source analysis was carried out. 

Ipsilateral midcingulate and operculo-insular cortex source activity declined linearly during 

LFS. Active LFS was associated with attenuated long-latency LEP amplitude in ipsilateral 

frontocentral electrodes and increased resting alpha (8–12 Hz) and beta (16–24 Hz) band power in 

electrodes overlying operculo-insular, sensorimotor, and frontal cortical regions. Reduced ipsilateral 

operculo-insular cortex source activity during LFS correlated with a smaller post-treatment alpha-

band power increase. 

LFS attenuated somatosensory processing both during and after stimulation. Results further 

our understanding of the attenuation of somatosensory processing both during and after LFS.  
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6.2 Introduction 

External non-invasive peripheral nerve stimulation (EN-PNS) is a palliative neurostimulation 

method for peripheral neuropathic pain. It utilises a small diameter electrode to deliver low frequency 

electrical stimulation (LFS) to peripheral nerves innervating an affected region of the limb. This 

allows a high current density at low frequencies of 1–2 Hz, resulting in preferential activation of Aẟ 

nerve fibres (Inui et al., 2002; Nilsson & Schouenborg, 1999; Rottmann et al., 2008). Early case 

studies of LFS have reported pain relief after EN-PNS in a range of conditions including back pain, 

headache and trigeminal neuralgia (Rutkowski et al., 1975). More recently, therapeutic success has 

been reported in complex regional pain syndrome and peripheral nerve injury, and pain reduction 

appears to be sustained in the long-term (Johnson et al., 2015; Johnson & Goebel, 2016). Although 

limited, these initial studies support the value of LFS for the management of neuropathic pain. 

LFS exerts its therapeutic effects via LTD of nociceptive afferents (Sandkühler et al., 1997). 

LTD and LTP of synaptic strength are present at many sites in the central nervous system and have 

been studied extensively in the hippocampus in relation to learning and memory (Bliss & 

Collingridge, 1993; Linden, 1994). These forms of activity-dependent plasticity can be induced using 

electrical stimulation in a frequency-dependent manner; high frequency electrical stimulation (HFS) 

can result in LTP (Bliss & Lomo, 1973), while LFS can result in LTD (Dudek & Bear, 1992; Mulkey 

& Malenka, 1992). Conditioning LFS of Aẟ fibres in the superficial spinal dorsal horn reduces 

synaptic transmission for up to 2 hours both in vitro and in vivo, and this reduction is reversed with 

HFS (Liu et al., 1998; Randić et al., 1993; Sandkühler et al., 1997). In animal models of neuropathic 

pain, LFS-induced plasticity also occurs alongside reductions in mechanical allodynia (Xing et al., 

2007). 

Alterations in synaptic plasticity cannot be directly measured with humans in vivo. Thus, 

measures such as changes in pain ratings and cortical SEPs to noxious test stimuli after LFS have 

been used as surrogate markers for nociceptive LTD. In human studies, LFS was associated with 

decreased subjective pain ratings (Jung et al., 2009; Klein, 2004; Lindelof et al., 2010) and reduced 

SEP amplitudes to acute noxious test stimuli (Ellrich & Schorr, 2004). Changes in SEP components 

have been localised to the ACC (Jung et al., 2012). Optimal parameters for LFS have been 
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approximated, with maximal SEP reduction after 1200 pulses of 1 Hz stimulation at four times pain 

threshold (Jung et al., 2009). This indicates attenuated somatosensory processing after termination of 

the LFS procedure. However, as these studies have investigated only the post-stimulation effect of 

LFS on subsequent noxious stimuli, the acute effects of LFS on somatosensory processing are 

unknown. Further, as changes in synaptic efficacy in live humans cannot be directly examined, it 

cannot be conclusively stated that SEP reductions are due to LTD or other mechanisms such as 

habituation or placebo analgesia. Habituation to repeated stimuli manifests in diminished SEPs when 

presented at regular intervals (Condes-Lara et al., 1981; Iannetti et al., 2008; Mancini et al., 2018; 

Wang et al., 2010). Similarly, inert substances or sham procedures can result in placebo-induced 

reductions in laser-evoked potentials (LEPs) mediated by the endogenous opioid system (Eippert et 

al., 2009; Wager et al., 2006). To delineate the acute effects of LFS, we used a sham-controlled 

procedure to analyse the cortical activation changes during and after LFS, and if this was associated 

with selectively attenuated nociceptive processing using LEPs. 

The amplitudes of cortical oscillations are known to vary with states of arousal. Task-related 

changes can induce decreases or increases of power in given frequency bands, known as ERD 

(Pfurtscheller, 1977; Pfurtscheller & Aranibar, 1977) and ERS (Pfurtscheller, 1992). ERD and ERS 

have been related to states of activation or inhibition within the somatosensory and motor systems 

(Pfurtscheller, 1992). Following somatosensory stimulation, ERD of 10 Hz and 20 Hz frequency 

bands occurs over bilateral SI/MI (Illman et al., 2020; Neuper & Pfurtscheller, 2001b; Nikouline et 

al., 2000; Pfurtscheller, 1992; Stančák, 2006), followed by post-stimulus 20 Hz ERS over 

contralateral precentral cortex (Brovelli et al., 2002; Illman et al., 2020; Neuper & Pfurtscheller, 

2001b; Parkkonen et al., 2015; Salenius et al., 1997; Salmelin & Hari, 1994b; Stancak et al., 2003). 

Acute noxious stimuli induce suppression of alpha and beta power in the bands 8–14 Hz and 15–30 

Hz in sensorimotor, parietal operculum and posterior and midcingulate cortices (Ploner et al., 2006; 

Stančák et al., 2010). This activity can be modulated with cognitive processes such as attention (May 

et al., 2012; Ohara et al., 2004) and expectation (Huneke et al., 2013), as well as pain intensity 

(Tiemann et al., 2015). As previous SEP literature suggests diminished somatosensory processing 

after LFS (Ellrich & Schorr, 2004; Jung et al., 2009), we investigated whether this would coincide 
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with a state of relative amplitude increases in sensorimotor regions in alpha and beta bands suggestive 

of cortical inhibition (Foxe & Snyder, 2011; Fry et al., 2016; Neuper & Pfurtscheller, 2001b; 

Pfurtscheller et al., 1996b). 

 To directly examine LFS-induced changes in cortical activity, we analysed variations in SEPs 

elicited by electrical stimuli applied transcutaneously to the radial nerve. Electrical stimuli activate 

mixed peripheral nerves which contain afferents from both LTMRs and nociceptors. Previous studies 

of the neural correlates of noxious stimuli have shown a shared representation for pain and touch 

(Colon et al., 2014; Iannetti & Mouraux, 2010; Mouraux et al., 2011). For instance, LEPs in response 

to noxious laser stimuli primarily originate from SII, MCC and ACC, and bilateral operculo-insular 

regions (Bastuji et al., 2016; Bradley et al., 2017; García-Larrea et al., 1997, 2003; Valeriani et al., 

2000b). Activity in these regions reflected by LEPs is not nociceptive-specific but can be explained 

by a combination of multimodal and somatosensory-specific neural activity, with the magnitude 

determined by stimulus saliency (Mouraux & Iannetti, 2009; Wang et al., 2010) or the requirement for 

defensive motor actions after threatening stimuli (Moayedi et al., 2015, 2016). Furthermore, 

considerable literature has shown diminished SEPs to repeated stimuli (Bradley et al., 2016; Mancini 

et al., 2018; Wang et al., 2010). However, recent studies using intensity- and saliency-matched 

noxious and innocuous stimuli show preferential activation for painful stimuli in a spatially 

distributed subset of regions including bilateral opercular insular cortex, parietal operculum and 

supplementary motor area (Horing et al., 2019; Liang et al., 2019; Su et al., 2019), highlighting the 

importance of appropriately matched conditions. Thus, we postulated that LFS would induce 

suppression of activity in somatosensory processing regions of the cortex.  

The goal of the present study was to investigate the attenuation of somatosensory processing 

during LFS, and whether this decrease of cortical activity would be associated with reduced 

nociceptive processing and increased power in resting state cortical oscillations after stimulation. Our 

hypotheses were threefold: i) LFS would be associated with a systematic decrease of SEPs in regions 

known to participate in nociceptive processing including the operculo-insular cortex and cingulate 

cortex, ii) LFS would be associated with decreases in nociceptive processing, measured with LEPs 

and behavioural pain ratings, and increases in cortical alpha and beta oscillations in sensorimotor 
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cortex, and iii) changes in LEPs, behavioural pain ratings and cortical oscillations after LFS would 

correlate with changes in SEPs during LFS. 

6.3 Methods 

6.3.1 Subjects 

 Twenty-five healthy subjects (14 females) with no history of chronic pain or neurological 

conditions were recruited from the University of Liverpool. Two subjects withdrew from the study 

after the first session. Four subjects were excluded during data collection: two due to an adverse skin 

reaction to the laser pain stimulation and two due to an exceedingly high pain threshold. Two 

participants were excluded in the data analysis stage due to artefactual data. The final sample included 

17 participants (11 females, 12 right-handed) with a mean age of 23 ± 1 years (mean ± SD). The 

procedure used was approved by the Research Ethics Committee of the University of Liverpool, and 

all participants gave fully informed written consent at the start of the experiment in accordance with 

the Declaration of Helsinki. Participants were reimbursed £30 for their time and inconvenience on 

completion of the study. 

6.3.2 Experimental protocol 

 Experimental procedures were carried out over two sessions in the Eleanor Rathbone 

Building, University of Liverpool. Sessions took place 7 days apart. Sessions were varied by the type 

of LFS, active or sham stimulation, with the order of conditions counterbalanced between 

participants. Experimental protocol and stimulus timings are illustrated in Figure 6.1. 

 During each session, participants were seated in a dimly lit room with a 19-inch LCD monitor 

in front of them. Presentation of stimuli was controlled with Cogent 2000 (University College 

London, London, UK) in MATLAB 2010 (The Mathworks, Inc., USA). Participants were first 

instructed to keep their eyes open and look straight ahead for four minutes during the recording of 

spontaneous EEG. Following this, the participants hand was shielded from view by a cardboard box 

and laser pain thresholds were determined using a staircase procedure. During the laser experiment, 

participants were presented with a white fixation cross, followed by a black screen, at which point 

they were told to expect a laser stimulus on their left hand. Laser stimuli were applied pseudo-
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randomly to the ulnar or radial part of the left hand by the experimenter so that participants could not 

predict the location of stimulation and there were an equal number of trials for each hand side. After 

each laser stimulus, participants were asked to rate the intensity of pain experienced by clicking on a 

visual analogue scale presented on the monitor with a mouse, from no sensation to maximum pain. 

After rating the stimulus, the fixation cross appeared again, and participants were asked to remove 

their hand from the mouse and place it flat on the desk. The whole block lasted approximately 15 

minutes. EEG was recorded throughout. 

 

Figure 6.1. A schematic representation of the experimental protocol. Electroencephalography (EEG) 

was recorded from participants during rest with eyes open (4 minutes) and noxious laser stimulation 

(60 stimuli, ~15 minutes), both before and after conditioning low frequency stimulation (LFS). LFS 

was applied to the radial nerve of the left hand at 1 Hz (active condition) or 0.02 Hz (sham condition), 

varied by session and counterbalanced between participants (20 minutes). Subjective ratings of LFS 

discomfort and intensity were collected using a paper visual analogue scale (VAS). Prior to and 

following LFS, there was a short break while EEG impendences were checked (~5 minutes). Min = 

duration in minutes. 

 

 Participants were asked to report the subjective discomfort and intensity of the stimulation 

after a single pulse (pre-LFS) and as an average of all pulses after the block of LFS was complete 

(post-LFS), using a paper-based visual analogue scale from 0 (not at all intense) to 100 (maximum 

intensity). LFS was applied to the hand during active and sham LFS conditions. SEPs were only 

collected during active LFS. Both active and sham LFS blocks lasted approximately 20 minutes. Prior 



Page 122 

to and succeeding LFS, there was a break of approximately 5 minutes during which time the electrode 

impedances were checked. After LFS, spontaneous EEG and LEPs were recorded again. 

6.3.2.1 Electrical stimulation 

 Low-frequency electrical stimulation was applied to the skin in the region of the radial nerve 

of the left hand using a nerve mapping pen (Compex Motor Point Pen, UK) controlled by a Digitimer 

DS7A constant current stimulator (Digitimer, UK) and MATLAB 2010 (The Mathworks, Inc., USA). 

Stimulation intensity was determined at the start of each session using a staircase procedure, in which 

a single electrical stimulus was delivered to the test site at 0.30 milliamperes (mA). Participants were 

asked to verbally rate the stimulus on a scale of 0 (no sensation) to 100 (maximum discomfort), where 

30 indicated uncomfortable threshold. After each stimulus, electrical stimulation intensity was raised 

in steps of 0.10 mA and subsequent stimuli were delivered until a threshold of 50-60/100 was 

reached. During the experiment, stimulation was applied to the radial nerve on the left hand at a mean 

intensity of 1.17 mA: 1.17 ± .08 mA in active LFS and 1.16 ± .08 mA in sham LFS conditions. In the 

active condition, 1200 pulses were delivered at a frequency of 1 Hz, pulse width 1 ms, duration 1 ms. 

In the sham condition, 20 pulses were delivered at a frequency of 0.017 Hz, at a rate of 1 per minute, 

duration 1 ms. Due to differences in stimulus frequency between active and sham LFS, the total 

number of stimuli were not equal between conditions; therefore, SEPs were only collected during 

active LFS. 

6.3.2.2 Noxious laser stimulation 

 Mildly noxious laser stimuli were delivered to the dorsal surface of the left hand using a Nd–

YAP laser stimulator (Stim1324, El.En., Italy). The pulse duration was 2 ms, and the spot size was 4 

mm. Laser intensity was adjusted individually prior to the first block using a staircase procedure. 

During the staircase thresholding procedure, a single laser stimulus was delivered to the hand dorsum 

at 1.75 Joules (J). Participants were asked to verbally rate the stimulus intensity on a scale from 0 (no 

sensation) to 100 (maximum imaginable pain), where 30 indicated pain threshold. After each 

stimulus, laser intensity was increased in steps of 0.25 J and subsequent stimuli were delivered until a 

subjective pain intensity of 50-60/100 was reached, with a maximum energy of 3.0 J. After 

thresholding, stimuli were applied at a mean intensity of 2.71 J: 2.74 ± .25 J in active conditions, 2.69 
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± .31 J in sham conditions. A paired t-test revealed that the difference in laser threshold between 

conditions was not statistically significant, t(16) = .64, p > .05.  

 During the experiment, sixty laser stimuli were applied to the radial or ulnar aspect of the left-

hand dorsum in a pseudorandomised order (30 ulnar, 30 radial). Stimuli were manually triggered by a 

second experimenter when the EEG was free from movement artefacts, resulting in inter-stimulus 

intervals of approximately 10 ± 5 seconds. Randomisation was determined at the start of each block 

using the randperm.m MATLAB function to shuffle an array containing 30 instances of the numbers 

1 (ulnar) and 2 (radial). Prior to each trial, the upcoming hand side was indicated to the experimenter 

using an audio clip played through headphones. The exact location of stimuli on each hand side was 

varied between trials to minimise effects of receptor adaptation or local skin temperature effects. 

6.3.3 EEG acquisition 

 Continuous EEG was recorded using a 129-channel Geodesics EGI System (Electrical 

Geodesics, Inc., Eugene, Oregon, USA) with a sponge-based HydroCel Sensor Net. The sensor net 

was aligned with respect to three anatomical landmarks of two preauricular points and the nasion. 

Electrode-to-skin impedances were kept below 50 kΩ throughout the experiment. A recording band-

pass filter was set at 0.001–200 Hz with a sampling rate of 1000 Hz. Electrode Cz was used as a 

reference electrode. 

6.3.4 Behavioural data analysis 

 Mean subjective pain ratings of laser stimuli in each condition were calculated for each 

participant. A 2×2×2 repeated measures analysis of variance (ANOVA) was computed using SPSS v. 

25 (IBM Inc., USA), with independent variables of ‘Time’ (pre or post LFS), ‘Condition’ (active or 

sham), and ‘Hand Side’ (ulnar or radial). Subjective ratings of LFS discomfort and intensity were 

compared using a two-way repeated measures ANOVA. Independent variables were ‘Condition’ 

(active or sham) and ‘Time’ (pre or post LFS). Post-hoc t-tests were used where appropriate to follow 

up significant main effects. 
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6.3.5 EEG data analysis 

 EEG data were processed using BESA v. 6.1 (MEGIS GmbH, Germany). Data were filtered 

using 1 Hz high pass and 70 Hz low pass filters, with a notch filter of 50 Hz ± 2 Hz. Oculographic and 

electrocardiographic artefacts were removed with principal component analysis (Berg & Scherg, 

1994). Data were visually inspected for movement and muscle artefacts. Trials containing artefacts 

were marked and excluded from further analysis. Electrode channels with large artefacts were 

interpolated to a maximum of ≤ 10% electrodes. 

6.3.5.1 Spontaneous EEG 

Average spectral band-power in 4-min resting EEG recordings was calculated using FieldTrip 

(Oostenveld et al. 2011: http://fieldtriptoolbox.org). Power spectral densities were estimated in non-

overlapping 1-second epochs. Data epochs were tapered using a Hamming window. The resulting 

power spectral densities had a frequency resolution of 1 Hz. Mean absolute power values were 

transformed using a decadic logarithmic transform. The average number of 1-second epochs accepted 

for EEG analysis in each condition were: pre-active 237 ± 8 (mean ± SD), post-active 236 ± 10, pre-

sham 244 ± 16 and post-sham 234 ± 9. A repeated-measures ANOVA showed that the average 

number of accepted epochs did not differ across conditions (p > .05). 

 A two-step procedure was utilised to identify electrodes for further analysis. Permutation 

analyses with 500 repetitions, implemented in the statcond.m program in the EEGLab package 

(Makeig et al., 2004), were carried out across electrodes for each LFS condition (Active and Sham) 

and Time period (pre- and post-stimulation). This was conducted to identify clusters of electrodes 

showing significant main effects of LFS or Time, or interactions between these variables (Maris & 

Oostenveld, 2007). This method provides a data-driven approach to test effects across all electrodes 

whilst controlling for multiple comparisons with no loss in statistical power. Next, to remove 

electrodes with spurious results showing only minimal changes in power from the baseline, 

confidence intervals for each electrode were calculated from standard error of the mean baseline 

period. Electrodes that exceeded a predefined threshold on the calculated p-values (uncorrected p < 

.001) for the main effects of, or interactions between, LFS and Time, and that exceeded baseline 

confidence intervals, were selected for further analysis and clustered based on spatial adjacency. Log-
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transformed band power in electrodes exceeding permutation and thresholding were entered into 2×2 

repeated measures ANOVA involving two Conditions (active vs. sham stimulation) and two Time 

periods (pre- vs. post-stimulation) in theta (4–7 Hz), alpha (8–12 Hz) and beta (16–24 Hz) bands. 

6.3.5.2 Laser-evoked potentials (LEPs) 

 LEPs were computed by averaging single subject trials for all conditions (active vs. sham 

stimulation, pre- vs. post-stimulation, ulnar vs. radial hand side) in the epoch -300 pre-stimulus to 500 

ms post-stimulus. The baseline period ranged from -100 to 0 ms prior to stimulus onset. Data was 

filtered during averaging from 1–35 Hz. Grand averages were created by averaging single subject 

LEPs for each condition. The average number of trials accepted for LEP analysis in each condition 

was 29 (Active 29 ± 1, Sham 29 ± 1, mean ± SD). A repeated-measures ANOVA showed that the 

average number of accepted trials did not differ across LFS conditions (p > .05). 

 To enhance the small local currents, such as those originating in the SI/MI hand area, and to 

arrive at reference-free data, EEG data were spatially transformed using the spline surface Laplacian 

operator method (Hjorth, 1975; Perrin et al., 1989) implemented with the CSD Toolbox (Kayser & 

Tenke, 2006). To mitigate the risk of Type 1 error due to multiple tests, ANOVAs were computed 

using the statcond.m program with 400 permutations for each condition (Active and Sham) to identify 

clusters of electrodes and time windows showing significant main effects of Hand Side or Time, or 

interactions between these variables (Maris & Oostenveld, 2007). Electrodes and time windows that 

exceeded a predefined threshold on the calculated p-values (p < .01) for the main effects of, or 

interactions between, Time and Hand Side were selected for further analysis and clustered based on 

spatial adjacency. The combined amplitude thresholding and permutation analysis allowed evaluation 

of statistically significant changes in the well-established LEP components N1, N2 and P2 whilst 

avoiding ad-hoc selection of epochs of interest. Only the negative components in the latency range of 

N1 and N2 components (100–240 ms) were interpreted, as clusters showing changes in the positive 

potential components mirrored that of the negative components. Likewise, only positive clusters in 

the latency range of the P2 component (310-340 ms) were interpreted. 
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6.3.5.3 Somatosensory-evoked potentials (SEPs) during LFS 

 SEPs were evaluated during active LFS applied to the radial nerve. All 1200 SEP responses 

over the 20-minute recording were divided into ten 2-minute intervals of 120 responses. SEP 

responses in each 2-minute interval were averaged in the epoch -100 ms pre-stimulus to 900 ms post-

stimulus. The baseline period ranged from -100 to -5 ms prior to stimulus onset, and the stimulus 

artefact window was defined as -4 to 10 ms post stimulus. The average number of epochs containing 

SEP responses accepted for further analysis in each of the ten 2-minute intervals ranged from 115 ± 3 

to 118 ± 2 (mean ± SD). A repeated-measures ANOVA showed that the average number of accepted 

epochs did not differ over time (p > .05). Data was filtered during averaging from 1–45 Hz. 

 Source modelling of SEPs was performed using BESA v. 6.1 (MEGIS GmbH, Germany). 

The source model was constructed using a sequential strategy, in which source dipoles were fitted 

consecutively starting from the first peak in global field power (Hoechstetter et al., 2000, 2001; 

Scherg, 1992; Stancak et al., 2002). When the residual variance was not reduced by adding another 

dipole, the fitting procedure was terminated. To evaluate the effect of LFS duration on SEPs, the 

grand average source dipole model was used to compute individual subject source waveforms in SEPs 

falling into 10 epochs of 2-min duration each, covering the 20 minutes of LFS. Source dipole 

moments in intervals surrounding peaks of equivalent current dipole (ECD) ECD waveforms were 

entered into a one-way repeated measures ANOVA with 10 levels of Time. The Huynh-Feldt 

correction was used to tackle a violation of the sphericity assumption found in the data. 

6.3.6 Correlations 

 Bivariate Spearman’s correlations were performed across subjects to investigate the 

relationship between source activity during LFS, behavioural ratings (laser pain scores) and 

electrophysiological measures (spontaneous EEG and LEPs). Spearman’s non-parametric rank 

correlation was used due to its reduced sensitivity to outliers in comparison to parametric Pearson’s 

correlations. In source dipoles showing a significant change in amplitude over time during active LFS, 

a difference index was calculated as the change in the peak amplitude of source waveforms over time 

(T10 minus T1). Difference in subjective laser pain ratings was calculated for each subject before and 

after active LFS (post-LFS minus pre-LFS). Difference in spectral band-power after active LFS in 
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comparison to before active LFS (post- minus pre-LFS) and change in the amplitude of LEP 

components (post- minus pre-LFS) were calculated for clusters of electrodes showing significant 

modulation by condition. For all variables, a decreased value indicated a reduction post-LFS, while an 

increased value indicated an increase post-LFS.  

6.4 Results 

6.4.1 Spontaneous EEG changes 

 Changes in spontaneous EEG were assessed over time (pre- vs. post-LFS) in both LFS 

conditions (Active vs. Sham) in theta (4–7 Hz), alpha (8–12 Hz) and beta (16–24 Hz) frequency bands 

(Figure 6.2A-C). 

In the 4–7 Hz band, topographic maps show relatively strong band-power maxima in 

prefrontal electrodes and relative minima in bilateral lateral central and temporal electrodes (Figure 

6.2A). A permutation identified a cluster of electrodes exceeding significance in frontal midline 

electrodes (electrodes 11, 19 and 14). These electrodes showed a main effect of Time (F(1,16) = 

28.26, p = .001, η2
p = .64), with an increase in 4–7 Hz band-power after LFS. There was also a main 

effect of Condition (F(1, 16) = 4.87, p = .042, η2
p = .23), with a reduction in theta band power in the 

active LFS condition, in comparison to the sham condition. However, the interaction between Time 

and Condition was not statistically significant (p > .05). 

 Topographic maps of 8–12 Hz band power were featured by relatively low band-power in 

bilateral central and temporal electrodes (Figure 6.2B). A repeated-measures ANOVA identified a 

cluster of electrodes in the scalp area overlying the operculo-insular and temporal cortex (electrodes 

104, 111 and 109). The location of this cluster was confirmed using 3D maps. This cluster showed a 

significant main effect of Time (F(1,16) = 15.6, p = .001, η2
p = .49), with an increase in 8–12 Hz band 

power after LFS. There was a statistically significant interaction between Time (pre vs. post LFS) and 

Condition (active vs. sham) in this cluster of electrodes (F(1,16) = 17.3, p = .001, η2
p = .52). Post-hoc 

t-tests revealed this interaction was caused by the statistically significant difference between active 

and sham stimulation after LFS (t(16) = 2.18, p = .044) but not before LFS (t(16) = .91, p > .05). 
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Figure 6.2. Band power changes in spontaneous EEG before (pre) and after (post) active and sham 

LFS. Grand average topographic maps of each frequency band of interest, 4-7 Hz (A), 8-12 Hz (B) 

and 16-24 Hz (C), are shown alongside an overhead view of electrodes showing statistically 

significant changes (p < .05) across all conditions, and box plots showing the mean band power of the 

cluster. Inner (white) and outer (grey) boxes represent 95% confidence intervals and 1 standard 

deviation, respectively. Individual subject data is overlaid as circles. Asterisks indicate results that 

exceeded corrected significance of p < .05. Hz = Hertz. Log S(f) = logarithmic power spectral density. 

 

 In the 16–24 Hz band, the topographic maps showed a large area of reduced power extending 

from frontal and midline electrodes to posterior parietal regions (Figure 6.2C). A repeated measures 

ANOVA identified 4 clusters of electrodes as reaching statistical significance. All four clusters, 
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located in the central-midline (electrodes 5, 6, 12, 106 and 112), contralateral (electrodes 103, 104 and 

110) and ipsilateral central regions (electrodes 36, 37, 41 and 42) overlying sensorimotor cortex and 

frontal regions (electrodes 10, 11 and 19) of the scalp, showed a main effect of Time (p < .05) due to 

increases of 16–24 Hz band power after LFS. The frontal cluster also showed a significant main effect 

of Condition (F(1,16) = 17.7, p = .001, η2
p = .53), with relatively lower 16–24 Hz band power in 

active than sham conditions, both before and after LFS. The cluster overlying the contralateral 

somatosensory cortex showed a significant interaction between Time (pre vs. post LFS) and 

Condition (active vs. sham), (F(1,16) = 5.3, p = .035, η2
p = .249). Post-hoc t-tests revealed that this 

interaction was due to a significant increase in band power after active stimulation compared to before 

stimulation (t(16) = 2.52, p = .023) and absence of pre-post difference in the sham condition (t(16) = 

0.16, p > .05). Of note, there was no statistically significant effect between sham and active 

conditions before LFS (t(16) = 1.8, p > .05). 

6.4.2 Laser-evoked potential (LEP) changes 

 Differences in mean subjective pain ratings for laser stimuli were analysed using a 2×2×2 

repeated measures ANOVA using factors Time, Condition and Hand Side. Mean pain ratings for each 

condition are shown in Figure 6.3A. A statistically significant main effect of Time was found, with 

lower pain ratings post LFS (F(1, 16) = 9.9 p = .006, η2
p = .38). Pain intensity during laser stimulation 

did not differ in active and sham Conditions (F(1,16) = .88, p > .05, η2
p = .05) or ulnar and radial 

Hand Sides (F(1, 16) = .13, p > .05, η2
p = .01). 
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Figure 6.3. Effects of low frequency stimulation (LFS) on participants’ ratings of laser pain intensity 

and LFS intensity and discomfort. A. Ratings for noxious laser stimuli applied to ulnar and radial 

sectors of the hand dorsum before (pre) and after (post) sham or active LFS. Pain ratings were made 

after each stimulus on a computerised visual analogue scale (VAS) from 0-100, with 30 indicating 

pain threshold. B. Ratings of LFS intensity and discomfort were made to a single stimulus prior to 

LFS (pre) and as an average score after LFS (post) on a paper VAS scale from 0-100. Box plots show 

mean ratings, a white inner box of 95% confidence intervals, and a grey outer box for 1 standard 

deviation. Individual subject data is overlaid as circles. Asterisks indicate results that exceeded 

corrected significance of p < .05. 

 

The N1 component was present as a negative maximum in the contralateral central source 

derivations overlying the sensorimotor cortex and as another, comparatively weak, negative potential 

in contralateral temporal source derivations. The topographic maps of the N1 potential in the 140–170 

ms latency epoch in active and sham conditions before and after peripheral nerve stimulation are 

shown in Figure 6.4A. There was a significant main effect of Time in a cluster of source derivations 

(electrodes 105, 106, 80, 87 and 129) overlying the left central scalp region (F(1,16) = 15.7, p < .001, 

η2
p = .50), with a reduction of N1 after both active and sham stimulation (Figure 6.4D and G). N1 

amplitude did not differ by Condition (F(1,16) = .002, p > .05) or Hand Side (F(1,16) = .004, p > .05). 
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Figure 6.4 Effects of low frequency stimulation (LFS) on laser evoked potentials (LEPs) for non-

conditioned (ulnar) and conditioned (radial) hand sides. LEPs were spatially smoothed using a 

Laplacian spherical spline operator (m = 4) to minimise effects of volume conduction (Perrin et al. 

1989). Grand average topographic maps of each component of the LEP are shown (A-C) alongside an 

overhead view of electrodes showing statistically significant changes (p < .05) across LFS Condition 

and Time, averaged over hand sides (D and F), and across LFS Condition and Time for ulnar and 

radial hand sides (E). Box plots show the mean amplitude of the cluster (µV/cm²) in the selected 

latency window (G-I). Inner (white) and outer (grey) boxes represent 95% confidence intervals and 1 

standard deviation, respectively. Individual subject data is overlaid as circles. Asterisks indicate 

results that exceeded corrected significance of p < .05. A. The N1 component between 140-160 ms in 

electrodes 105, 106, 80, 87 and 129. B. The N2 component between 180-210 ms in electrodes 79, 86, 
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87, 92, 93 and 98. C. The P2 component between 300-350 ms in electrodes 29 and 35. Ms = 

milliseconds. µV/cm² = microvolts per centimetre squared. 

 
Figure 6.4B shows the topographic maps of N2 LEP components in each of four conditions 

in the interval 180-210 ms. Contralateral somatosensory electrodes (electrodes 79, 86, 87, 92, 93 and 

98) showed a main effect of Time, with a reduction in negativity post stimulation (F(1, 16) = 15.2, p 

= .001, η2
p = .49). There was no main effect of Hand Side on the N2 component (F(1,16) = .01, p > 

.05); however, there was a significant Time × Hand interaction (F(1,16) = 5.4, p = .034, η2
p = .25). 

Post-hoc t-tests showed that the contrast between ulnar and radial stimuli was significant before LFS 

(t(16) = 2.2, p = .041) but not after LFS (t(16) = 1.4, p = .187), with increased amplitude N2 for 

stimuli on the radial hand side (Figure 6.4E and H). Notably, N2 amplitude was significantly reduced 

for radial stimuli after LFS (t(16) = 4.6, p < .001), while N2 amplitude for ulnar stimuli showed no 

effect (t(16) = 1.7, p = .104). However, active and sham Conditions did not differ in the amplitude of 

N2 component (F(1,16) = 2.2, p > .05, η2
p = .12). 

Figure 6.4C shows the topographic maps of the P2 component during the interval 300-350 

ms. A cluster located at the left edge of the positive maximum of P2 component in the ipsilateral 

central region of the scalp (electrodes 29 and 35) showed a statistically significant main effect of 

Time (F(1,16) = 11.7, p = .003, η2
p
 = .43), with a greater amplitude before active than sham LFS. 

There was a significant interaction between Time (pre vs. post LFS) and Condition (active vs. sham) 

(F(1,16) = 8.6, p = .010, η2
p = .34). Post-hoc t-tests showed that there was a significant difference 

between active and sham stimulation before LFS (t(16) = -3.1, p = .007), with a greater amplitude 

prior to active LFS (Figure 6.4F and I). Notably, P2 amplitude was statistically reduced post LFS in 

the active (t(16) = 4.2, p = .001) but not sham Condition (t(16) = -.15, p > .05). There was no effect of 

Hand Side on P2 amplitude (F(1,16) = 2.1, p > .05, η2
p = .12). 

6.4.3 Somatosensory-evoked potential (SEP) changes during LFS 

6.4.3.1 Subjective ratings of LFS 

 Differences in subjective ratings of LFS in active and sham conditions pre- and post-

stimulation were analysed using a 2×2 repeated measures ANOVA (Figure 6.3B). Mean subjective 

intensity did not vary significantly by Time or Condition (p > .05). There was a statistically 
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significant interaction in subjective LFS discomfort between Condition and Time (F(1, 16) = 5.51, p 

= .032, η2
p = .26), caused by greater ratings of discomfort after active (53 ± 19, mean ± SD) compared 

to sham stimulation (44 ± 14; t(16) = 2.36, p = .031). Importantly, there was no difference in 

subjective discomfort ratings between active and sham stimulation before LFS (t(16) = .54, p > .05). 

6.4.3.2 Source dipole analysis 

 The changes in SEPs over 20 minutes of LFS were analysed using source dipole analysis 

method, which offered the possibility to quantify the changes in SEPs component irrespective of 

changes in topographic configurations over the duration of LFS. Figure 6.5A shows the global field 

power in grand average SEPs computed from the data of all participants over all LFS timepoints. The 

first SEP component after the stimulus artefact was a P66 component showing a positive maximum in 

posterior parietal electrodes and a negative maximum in frontal electrodes (Figure 6.5D); this 

configuration of potentials indicate the presence of a tangential dipole in the sensorimotor cortex. In 

the latency epoch of 120–140 ms, the N2 component was seen in the form of a negative maximum in 

the contralateral (Figure 6.5G) and ipsilateral temporal electrodes (Figure 6.5J) electrodes suggesting 

the presence of radial dipoles located in the operculo-insular cortex. Finally, a strong positive 

potential was seen on the vertex in the latency period 200-250 ms (Figure 6.5M). This positive 

potential maximum was consistent with a radially orientated current dipole located in the medial 

frontal or parietal cortex.  

 The four potential components were modelled by a source dipole model shown in Figure 

6.5B. The four-dipole model accounted for 81.5% of the variance in the SEP. Addition of a fifth 

dipole with free orientation and location to the source dipole model resulted in the dipole being placed 

in the same location and orientation as ECD4, suggesting that the additional dipole did not explain 

any specific topographic aspect of the potential field; therefore, the four-dipole solution was used. 

ECD1 was located in the contralateral sensorimotor and premotor cortex (approximate Talairach 

coordinates: x = 35 mm, y = −10 mm, z = 62 mm). This source waveform had a negative peak at 66 

ms (Figure 6.5C). ECD2 was located in the upper bank of the right Sylvian fissure comprising the 

secondary somatosensory cortex (approximate Talairach coordinates: x = 56 mm, y = −27 mm, z = 21 

mm). The source waveform had a positive peak in frontal electrodes at 121 ms (Figure 6.5F). ECD3 
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was located in the left Sylvian fissure symmetrical to ECD2, consistent with the ipsilateral secondary 

somatosensory cortex (approximate Talairach coordinates: x = -56 mm, y = −27 mm, z = 21 mm). 

The source waveform of ECD3 (Figure 6.5I) waveform had a positive peak in frontal electrodes at 

141 ms. Finally, ECD4 was located in the medial parietal cortex involving the mid- and posterior 

cingulate cortex (approximate Talairach coordinates: x = -3 mm, y = −29 mm, z = 53 mm). The ECD4 

source waveform had a positive peak across the midline with a latency of 225 ms.  

 

Figure 6.5. Changes in SEPs during 20-min of low frequency stimulation (LFS). A. Global field 

power (GFP) of grand average EEG potentials averaged over all participants and all 2-min epochs 

over the 20-min duration of LFS. B. Location and orientation of four equivalent current dipoles 



 
 

Page 135 

(ECDs) in transparent glass brains determined using a data-driven sequential strategy. C. The time 

course of ECD1 with a positive peak latency of 66 ms. D. Potential maps of the P66 component 

showing a positive potential maximum in parietal area and a negative maximum in contralateral 

central and frontal electrodes, consistent with a tangential dipole located in the primary sensorimotor 

hand area. E. The mean amplitudes of ECD1 in the interval 60-70 ms in 10 successive epochs of 2-

min duration each. F. The time course of ECD2 with a positive peak latency of 121 ms. G. Potential 

maps of the N2 component showing a negative maximum in contralateral temporal electrodes 

suggesting the presence of a radial dipole located in the operculo-insular cortex. H. The mean 

amplitudes of ECD2 in the interval 111-131 ms in 10 successive epochs of 2-min duration each. I. 

The time course of ECD3 with a positive peak latency of 141 ms. J. Potential maps of the N2 

component showing a negative maximum in ipsilateral temporal electrodes suggesting the presence of 

a radial dipole located in the operculo-insular cortex. K. The mean amplitudes of ECD3 in the interval 

131-151 ms in 10 successive epochs of 2-min duration each. L. The time course of ECD4 with a 

positive peak latency of 225 ms. M. Potential maps of the P225 component showing a positive 

potential on the vertex consistent with a radially orientated current dipole located in the medial frontal 

or parietal cortex. N. The mean amplitudes of ECD4 in the interval 200-250 ms in 10 successive 

epochs of 2-min duration each. Error bars represent standard error of the mean. Asterisks indicate 

epochs that exceeded a significant amplitude reduction from the first 2-min epoch, with corrected 

significance of p < .05. Ms = milliseconds. Min = minutes. µV = microvolts. nAm = nano-

ampermeters. 

6.4.3.3 Statistical analyses of SEP changes 

 A one-way repeated measures ANOVA was computed to assess changes in peak amplitude of 

source waveform over the 20-minute duration of LFS. The Huynh-Feldt correction was applied to p-

values to tackle a possible violation of the sphericity assumption due to the number of levels in 

independent variable being larger than two. ECD1 did not show statistically significant changes 

during LFS (p > .05; Figure 6.5E). ECD2 showed some reduction in source amplitude over Time, 

however this did not reach the statistical significance (p > .05; Figure 6.5H). Amplitude of ECD3 was 

modulated by LFS duration (F(9,144) = 2.44, p = .042 , η2 = .13; Figure 6.5K). Simple contrasts from 

T1 (1-2 minutes) indicated that this difference was significant at T7 (13-14 minutes, p = .020), T8 

(15-16 minutes, p = .041) and T9 (17-18 minutes, p = .041). The negative linear trend was also 

statistically significant (F(1,16) = 5.54, p = .032, η2 = .26). ECD4 was significantly reduced over 

Time (F(9,144) = 4.49, p = .003, η2 = .22; Figure 6.5N). Simple contrasts indicated that the peak 

amplitude decreased from T1 at all timepoints except T2 (3-4 minutes). There was a significant 

negative linear trend (F(1, 16) = 9.69, p = .007, η2 = .38), indicating that as LFS duration increased, 

the amplitude of ECD4 decreased. 
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6.4.4 Correlations  

 We hypothesised that the changes in cortical excitability over 20 min of LFS would correlate 

with the changes in nociceptive processing and spontaneous cortical activity from pre- to post-LFS 

periods. Therefore, Spearman’s correlations were computed to analyse the relationship between the 

changes of ECD3 and 4, evaluated as the difference in source moments between the 1st and the 10th 

epoch, and the changes of LEPs and band-power from pre-LFS to post-LFS periods. Only the P2 LEP 

component showing a statistically significant change from pre- to post-LFS in the active stimulation 

condition were included into correlation analysis. Similarly, only the clusters of electrodes showing a 

stronger band power increase after active than sham LFS were used in correlation analysis. 

 Figure 6.6 shows the statistically significant positive correlation between the change in 

ECD3 amplitudes during LFS and the change of 8–12 Hz band-power after as compared to before 

LFS (rs(15) = .77 p < .001). As participants showed an increase in alpha activity after LFS, the 

correlation coefficient indicated that participants showing the largest reduction in source activity in 

the ipsilateral SII had a smaller increase of resting 8–12 Hz band power after termination of the LFS 

protocol. No other correlations were statistically significant. 

 

Figure 6.6. Scatter plot, linear regression line and 95% confidence lines illustrating a significant 

positive correlation between the changes in SEP amplitude in ECD3 and spectral power at 8-12 Hz. 

Change in ECD3 during LFS was calculated as the difference in amplitude in the last epoch minus the 

first epoch (T10 – T1), where a decreased value indicates a reduction in source amplitude during LFS, 

and an increased value indicates increased amplitude during LFS. Power spectra change was 

calculated as the difference in power in contralateral operculo-insula electrodes in the 8-12 Hz band 

after LFS (post – pre LFS), where an increased value indicates an increase in spectral power after 

LFS. ECD = equivalent current dipole. Hz = Hertz. nAm = nano-ampermeters. Log S(f) = logarithmic 

power spectral density. 
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6.5 Discussion 

 While recent studies have provided initial evidence of the value of LFS as a treatment for 

chronic pain, the neural substrates of LFS are poorly understood. The present study analysed 

electrophysiological changes during and after LFS in healthy volunteers. In line with predictions, 

repetitive LFS of radial nerves was associated with decreased SEPs in MCC and ipsilateral operculo-

insular cortex. Likewise, after stimulation, resting oscillatory power increased in 8-12 Hz and 16-24 

Hz frequency bands in source derivations overlying the contralateral operculo-insular, sensorimotor 

and frontal cortex. A novel component of the current study is the inclusion of an intended-sham 

condition, which utilised electrical stimulation at a lower frequency than active LFS. This allowed us 

to investigate if neural and behavioural changes were due to LFS or a more general habituation effect. 

While behavioural pain ratings and the amplitudes of N1 and N2 LEP components decreased equally 

after active and sham stimulation, there was a stronger decrease in P2 amplitude after active LFS. 

Similarly, greater decreases in N2 amplitude were observed on the conditioned radial hand side after 

LFS. Greater diminutions of source activity in the ipsilateral operculo-insular cortex during LFS 

positively correlated with smaller post-stimulation increases of 8–12 Hz band power in electrodes 

overlying the contralateral operculo-insular cortex.  

 Linear reductions of source activity during ongoing LFS were observed most notably in MCC 

(225 ms). The MCC, formerly the dorsal ACC (Vogt, 2005; Vogt et al., 2003), has been frequently 

implicated in nociceptive (Geuter et al., 2020; Jensen et al., 2016; Wager et al., 2013; Xu et al., 2020) 

and salient non-nociceptive stimulus processing (Hu et al., 2015; Liang et al., 2019; Mouraux & 

Iannetti, 2009). MCC shows preferential activation for onsets, rather than sustained phases, of 

nociceptive and innocuous sensory stimuli (Hu et al., 2015), supporting a general role in coding for 

stimulus novelty. Cognitively-demanding tasks have been shown to activate MCC (Devinsky et al., 

1995; Silvestrini et al., 2020), and increased attentional demands during such tasks have been shown 

to reduce pain ratings and MCC activation to concurrent pain stimuli (Bantick et al., 2002). In 

contrast, MCC engagement during cognitively-demanding tasks has been shown to increase pain 

ratings and MCC activity to subsequent pain stimuli (Silvestrini et al., 2020). Similarly, negative 

expectations can enhance neural responses to noxious laser stimuli in MCC, with the effect most 
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pronounced in individuals with highest fear of pain (Almarzouki et al., 2017). Consequently, MCC 

has been linked to a variety of domain-general processes including multisensory orientation, cognitive 

control, negative affect, and attention to and expectation of pain (Davis et al., 1997; Shackman et al., 

2011; Torta & Cauda, 2011; Vogt, 2016). Taken together with the current findings, this suggests that 

LFS may elicit engagement of multimodal cognitive processes involving the cingulate cortex that may 

act as a regulatory mechanism for pain (Silvestrini et al., 2020). 

 Reductions of source activity during LFS were observed to a lesser degree in the ipsilateral 

operculo-insular cortex (141 ms). The operculo-insular cortex has consistently been linked to pain 

perception based on combined evidence from electrophysiology and functional imaging studies 

(Duerden & Albanese, 2013; Horing et al., 2019; Hu et al., 2015; Peyron et al., 2000, 2002; Wager et 

al., 2013). Increased activation has been found with heightened subjective pain intensity (Segerdahl et 

al., 2015; Su et al., 2019), and intracortical stimulation of the insula can elicit pain (Afif et al., 2008; 

Mazzola et al., 2009, 2012; Ostrowsky et al., 2002). Echoing findings within the MCC, overlapping 

regions of the insula respond to both nociceptive and non-nociceptive stimuli such as tactile, auditory 

and visual stimuli (Baliki et al., 2009; Liang et al., 2019; Liberati et al., 2016; Mouraux et al., 2011), 

with magnitude determined by stimulus saliency (Su et al., 2019) or intensity (Baliki et al., 2009). As 

participants rated LFS intensity equivalently at the start and end of stimulation, reduced operculo-

insular source activity is best explained by reduced saliency over repeated trials. 

 To probe the analgesic effects of LFS, we investigated its impact on behavioural and neural 

processing of laser stimuli. Reductions in pain sensitivity and cortical SEPs are generally accepted as 

human correlates of LTD, due to difficulties in directly measuring changes in synaptic efficacy in 

humans (Klein, 2004; Klein et al., 2006; Rottmann et al., 2008). In line with previous studies, our 

results show reduced pain ratings to noxious laser stimuli after LFS (Ellrich, 2004; Ellrich & Schorr, 

2004; Jung et al., 2012; Klein, 2004; Rottmann et al., 2008). However, this effect was independent of 

stimulation type, with no greater effect of active or sham stimulation on pain ratings. As the 

aforementioned studies have compared LFS to a control of no stimulation (however, see Mucke et al. 

(2014) for an alternative sham design), these findings extend the literature by suggesting that 

decreased pain ratings may be due to central habituation rather than a correlate of LTD. However, it is 



 
 

Page 139 

important to note that while the current study is novel in its use of intended-sham stimulation, there 

was a difference in total energy between sham and active stimulation due to the reduced number of 

pulses (12 vs 1200). These results therefore need to be interpreted with caution; future studies could 

investigate the effect of varying parameters for LFS. 

 Alongside behavioural ratings, we investigated the effect of LFS on cortical LEPs. Results 

indicated attenuation of the N2 component (190–210 ms) after LFS in contralateral somatosensory 

electrodes on the conditioned radial hand side and a reduction of P2 component (310-340 ms) 

amplitude in ipsilateral central electrodes after active LFS, consistent with an attentional modulation 

of nociceptive processing. N1 and N2 components are enhanced with selective spatial attention to the 

location of stimulation (Franz et al., 2015; Legrain et al., 2002), particularly in threatening contexts 

where defensive motor responses are required (Almarzouki et al., 2017; Moayedi et al., 2015, 2016). 

Reduced N2 amplitude on the radial hand side after LFS could therefore indicate reduced threat from 

nociceptive stimuli due to conditioning. In contrast, the P2 component is enhanced by unpredictable 

or rarely-presented deviant laser stimuli (Clark et al., 2008; Legrain et al., 2002, 2003), and is 

interpreted to reflect involuntary attentional capture by nociceptive events due to stimulus novelty and 

saliency (Legrain et al., 2009; Wang et al., 2010). As active LFS used a greater number of repeated 

stimuli in comparison to sham stimulation, reduced P2 amplitude post-treatment may be due to 

reduced stimulus saliency which is coded by the P2 component (Legrain et al., 2012; Mouraux & 

Iannetti, 2009), in line with findings of a decrease in SEPs in the operculo-insular during LFS. 

However, it is worth noting that P2 amplitude was also increased in the pre-LFS condition. The 

reason for this is not understood; as the order of sham and active sessions were varied between 

participants, it is unlikely to be the result of differing attention or saliency before LFS. 

 Due to the absence of specific and preferential effects of LFS on nociceptive processing in the 

conditioned (radial) hand territory, a more plausible explanation for LEP and behavioural results is 

integration of effects of LFS on nociceptive processing at a spinal level. Wide dynamic range (WDR) 

neurons in the dorsal horn show graded responses in firing rates to increasingly intense nociceptive 

and non-nociceptive stimulation, with stimulus-response functions in accordance with increases in 

subjective pain reports (Coghill et al., 1993; Mayer et al., 1975). In contrast to nociceptive-specific 
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neurons, WDR neurons have large, overlapping receptive fields, comprising a centre zone that 

responds to innocuous and noxious stimuli, and a peripheral surround zone that responds only to 

intense, noxious stimuli (Bushnell et al., 1984; Price et al., 1978). Innocuous stimuli increase WDR 

neuron firing rate in precise regions, whereas noxious stimuli activate centre zones and increasingly 

peripheral receptive fields which can span multiple dermatomes (Bushnell et al., 1984; Price et al., 

1978; Coghill et al., 1993, 1991). This process of increased rostro-caudal recruitment is supported by 

primary afferent fibre projection in Lissauer’s tract (Lidierth, 2007; Traub et al., 1986) and 

propriospinal interconnections (Coghill, 2020; Skinner et al., 1980). Increased spatial recruitment and 

integration of somatosensory input at the spinal level may explain the absence of preferential effects 

of LFS on nociceptive processing, with spreading activation between the conditioned and non-

conditioned hand sides with repetitive, intense stimuli. This is supported by greater discomfort ratings 

after active LFS. However, integration of LFS effects could also occur at the cortical level. It should 

be also noted that LFS may not provide as fine-grained a somatotopic representation of radial and 

ulnar sides of the hand as LEPs. 

 Changes in resting oscillatory activity were investigated before and after LFS. LFS was 

followed by post-stimulus relative increases in 8–12 Hz alpha and 16–24 Hz beta band power in 

electrodes overlying the contralateral operculo-insular and sensorimotor cortex. Increased alpha and 

beta band power have been proposed as correlates of cortical idling or active inhibition (Neuper & 

Pfurtscheller, 2001b; Pfurtscheller et al., 1996b). Cortical inhibition after active LFS may be due to 

increased local concentrations of the inhibitory neurotransmitter GABA (Gaetz et al., 2011; Hall et 

al., 2010). Increased GABA has been shown to enhance SI/MI beta band power and reduce beta 

oscillation frequency after GABAergic agonist benzodiazepine administration (Jensen et al., 2005), 

and increase beta power and enhance beta-ERD when GABA reuptake is blocked, suggesting a 

GABA-A receptor mediated process (Muthukumaraswamy et al., 2013). This provides support for an 

increase in cortical inhibition in regions that mediate sensory perception during LFS. 

 While 8-12 Hz alpha band power increased after termination of LFS, a smaller increase in 

alpha band power in electrodes overlying the contralateral operculo-insular cortex was correlated with 

a stronger reduction in ipsilateral operculo-insular cortex source activity during LFS. As increased 
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alpha band-power has been shown to be associated with sensory gating via cortical inhibition (Foxe & 

Snyder, 2011; Fry et al., 2016; Neuper & Pfurtscheller, 2001b; Pfurtscheller et al., 1996b), it is 

possible that increased alpha band-power after LFS could reflect a habituation effect mediated by 

inhibition of the operculo-insular cortex (Condes-Lara et al., 1981). In contrast, in participants with 

the strongest inhibition of source activity, LFS may gate inhibition and enhance cortical excitation 

through thalamocortical and cortico-cortical pathways (Jensen & Mazaheri, 2010; Pfurtscheller & 

Lopes da Silva, 1999), supporting an active role of the operculo-insular cortex in the modulation of 

noxious and somatosensory processing after LFS. As alpha band power is tightly linked to attentional 

mechanisms (Foxe & Snyder, 2011; Klimesch et al., 1998), it is also possible that band-power was 

influenced by selective attention towards or away from stimulation. Attentional focus was not 

manipulated or controlled in the present study and therefore, we cannot definitively conclude that 

attention played a role in attenuation of SEPs; however, future studies could seek to clarify this by 

modulating attention during LFS. 

 Chronic pain is associated with alterations in structural and functional brain activity. 

Abnormal functional connectivity is a common feature across chronic pain conditions, with evidence 

of increased connectivity of the insular cortex (Baliki et al., 2014; Napadow et al., 2010) and 

networks including the MCC (Cauda et al., 2009) in proportion to pain intensity. Altered functional 

connectivity between the insula and cingulate cortex has been reported in patients with 

temporomandibular disorder (Ichesco et al., 2012), and increased cerebral blood flow in the anterior 

MCC during motor cortex stimulation for refractory neuropathic pain has been shown to correlate 

positively with pain relief (Peyron et al., 2007). Thus, reduced activity in the operculo-insular and 

MCC during LFS could reduce pain by targeting nociceptive or salience networks which are disrupted 

in chronic pain. 

 While the absence of specific analgesic effects of LFS is an important and novel finding, 

limitations of the study design may have contributed to this effect. Firstly, the LFS intensity used in 

the current study may have precluded the development of analgesia. In contrast to previous literature 

(Jung et al., 2009), we used an uncomfortable, non-noxious LFS intensity to reduce participant 

burden. Lower LFS intensities may not activate A𝛿 fibres, which are essential to elicit LTD of 
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nociception (Kaube et al., 2000; Randić et al., 1993; Sandkühler et al., 1997). To our knowledge, this 

is the first study investigating the effects of LFS on laser-evoked pain. Laser stimuli is phasic and 

short-lasting, exciting A𝛿- and C-fibres (Bromm et al., 1984). However, high frequency electrical 

stimulation (HFS) used to induce short-lasting pain amplification (Klein, 2004; Magerl et al., 2018; 

Pfau et al., 2011; Randić et al., 1993) has been suggested to be ineffective at modulating A𝛿- (van den 

Broeke & Mouraux, 2014) and C-fibre mediated pain (Lang et al., 2007), although varied protocols 

mean that evidence is somewhat contradictory. 

 In humans, reduced subjective pain ratings (Jung et al., 2009; Klein, 2004; Lindelof et al., 

2010) and reduced SEP amplitudes (Ellrich & Schorr, 2004; Jung et al., 2009) have been suggested as 

correlates of LTD; however, as alterations in synaptic plasticity cannot be directly accessed in humans 

in vivo, we are unable to conclude that the neurobiological basis for MCC reduction is LTD from the 

present study. Due to time limitations, the current study was restricted to investigating only one post-

stimulation timepoint directly after LFS. While previous studies report that reductions from LFS 

occur immediately after conditioning and are sustained for up to 1 hour after LFS (e.g. Ellrich and 

Schorr 2004; Aymanns et al. 2009) showing sustained cortical changes at subsequent timepoints 

would have further validated the paradigm in eliciting a LTD-like inhibition of somatosensory 

processing. Thus, we have been cautious in our interpretation of these results and the links with LTD. 

Future studies should address the question of long-term changes in cortical excitability occurring in 

the hours following LFS. 

 Results show for the first time a decreased excitability in MCC and ipsilateral operculo-

insular cortex during LFS, and an increase in cortical resting oscillations in contralateral operculo-

insular and SI/MI cortex after LFS. Taken together, these findings suggest that LFS is associated with 

decreased activations in thalamocortical nociceptive and salience networks. This study has important 

clinical implications for the use of LFS in palliative treatments for chronic pain, highlighting the 

significance of cognitive mechanisms in pain modulation. Further research could seek to clarify if 

these regions are also implicated in the maintenance of LTD, and in the reduction of chronic pain 

using LFS. 
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7 Intensity-dependent modulation of cortical somatosensory processing during external, 

low-frequency peripheral nerve stimulation in humans 

7.1 Abstract 

External LFS has been proposed as a novel method for neuropathic pain relief. Previous 

studies have reported that LFS elicits LTD-like effects on human pain perception when delivered at 

noxious intensities, while lower intensities are ineffective. To shed light on cortical regions mediating 

the effects of LFS, we investigated changes in SEPs during four LFS intensities.  

LFS was applied to the radial nerve (600 pulses, 1 Hz) of twenty-four healthy participants at 

perception (1×), low (5×), medium (10×) and high intensities (15× detection threshold). SEPs were 

recorded during LFS, and averaged SEPs in 10 consecutive one-minute epochs of LFS were analysed 

using source dipole modelling. Changes in resting EEG were investigated after each LFS block. 

 Source activity in the MCC decreased linearly during LFS, with greater attenuation at 

stronger LFS intensities, and in the ipsilateral operculo-insular cortex during the two lowest LFS 

stimulus intensities. Increased LFS intensities resulted in greater augmentation of contralateral SI/MI 

activity. Stronger LFS intensities were followed by increased alpha (9–11 Hz) band power in SI/MI 

and decreased theta (3–5 Hz) band power in MCC. 

Intensity-dependent attenuation of MCC activity with LFS is consistent with a state of LTD. 

Sustained increases in contralateral SI/MI activity suggests that effects of LFS on somatosensory 

processing may also be dependent on satiation of SI/MI. Further research could clarify if the 

activation of SI/MI during LFS competes with nociceptive processing in neuropathic pain.  
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7.2 Introduction 

Neuropathic pain, defined as pain caused by a lesion or disease in the somatosensory system 

(Treede et al., 2008), is characterised by spontaneous pain, heightened pain sensitivity and sensory 

loss (Finnerup et al., 2016; Scholz et al., 2019). Neuropathic pain syndromes affect approximately 7–

10% of the general population (van Hecke et al., 2014), with considerable impacts on quality of life 

and functioning (Smith & Torrance, 2012). First-line pharmacological treatments for neuropathic pain 

are associated with modest efficacy and adverse side effects (Cavalli et al., 2019; Di Stefano et al., 

2021; Finnerup et al., 2015); therefore, the development of new, effective treatments is of vital 

importance. 

External LFS has been proposed as a novel neurostimulation method for intractable 

neuropathic pain syndromes (Johnson et al., 2015; Johnson & Goebel, 2016). LTD of synaptic 

efficacy is theorised as the neurophysiological mechanism underlying LFS (Sandkühler et al., 1997). 

LTD has been demonstrated at many sites in the central nervous system and can be induced in the 

nociceptive system after repetitive LFS (~1–2 Hz) of Aδ fibres in the spinal dorsal horn both in vitro 

(Chen & Sandkühler, 2000; Ikeda et al., 2000; Kim et al., 2015; Sandkühler et al., 1997) and in vivo 

(Liu et al., 1998). Conversely, high frequency stimulation (HFS, ~100 Hz) of primary afferent fibres 

induces long-term potentiation of Aδ (Randić et al., 1993) and C-fibre responses (Ikeda et al., 2003, 

2006; Liu et al., 2009; Svendsen et al., 1997), and may be a mechanism for pain amplification in acute 

and chronic pain states (Sandkühler, 2007; Sandkühler & Gruber-Schoffnegger, 2012). Long-term 

potentiation in the dorsal horn can be inhibited and reversed with LFS (Ikeda et al., 2000; Liu et al., 

1998; Sandkühler et al., 1997); therefore, LFS has important implications for our understanding of 

neuropathic pain. 

 Alterations in synaptic plasticity cannot be directly measured in humans, although changes in 

pain ratings and pain-related neural activity after LFS have been interpreted as indirect correlates of 

nociceptive LTD. In these studies, preferential activation of Aδ fibres through the skin is assumed 

with small diameter electrodes which deliver high current densities (Hugosdottir et al., 2019; Inui et 

al., 2002; Mørch et al., 2011; Nilsson & Schouenborg, 1999; Rottmann et al., 2008). LFS of 

peripheral nerve fibres in humans is associated with a sustained, homotopic decrease in perceived 
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pain to noxious electrical stimuli (Aymanns et al., 2009; Jung et al., 2009; Klein, 2004; Lindelof et al., 

2010) and a reversal of experimentally-induced hyperalgesia (Klein, 2004; Magerl et al., 2018). LFS 

has been shown to decrease the amplitude of SEPs recorded with EEG during noxious electrical test 

stimuli (Ellrich & Schorr, 2004; Jung et al., 2009; Rottmann et al., 2008). Thus, LFS appears to elicit 

strong effects on somatosensory processing in humans. 

While the post-stimulation effects of LFS on nociceptive processing are well established, few 

studies have investigated neural activation changes during the time course of LFS. We recently 

demonstrated in healthy volunteers that LFS is associated with source activity in SI/MI, bilateral 

operculo-insular cortex and MCC (Hewitt et al., 2021). By recording SEPs over the duration of LFS, 

we showed a linear decrease in SEP amplitude in the MCC and ipsilateral operculo-insular cortex. 

These findings are in line with previous studies demonstrating that LFS is associated with a linear 

decrease in excitatory postsynaptic potentials in vitro (Sandkühler et al., 1997) and gradual decreases 

in pain ratings during LFS conditioning in humans (Biurrun Manresa et al., 2010; Klein, 2004; 

Rottmann et al., 2008; Vo & Drummond, 2014). We also showed that LFS was associated with post-

stimulation increases in 8–12 Hz alpha and 16–24 Hz beta band power in electrodes overlying 

contralateral operculo-insular and sensorimotor cortices (Hewitt et al., 2021), consistent with cortical 

inhibition and idling in regions that mediate sensory perception (Neuper & Pfurtscheller, 2001b; 

Pfurtscheller et al., 1996b). Taken together, this indicates that LFS has lasting, inhibitory effects on 

sensory processing that may be mediated by the midcingulate and operculo-insular cortex. 

 Induction of LTD has been shown to be dependent on LFS intensity. It is well established that 

LFS of afferent fibres at noxious intensities sufficient to activate Aδ fibres induces sustained LTD, 

while lower intensities activating Aβ fibres produce no inhibition (Sdrulla et al., 2015) or only a 

transient decrease in synaptic transmission (Liu et al., 1998; Sandkühler et al., 1997). Likewise, in 

human studies, maximal reduction in SEP amplitude and acute pain perception have been observed 

after 1200 pulses of 1 Hz stimulation at 4× pain threshold, corresponding to 15× detection threshold 

(Jung et al., 2009). Conversely, lower intensities at 1× and 2× pain threshold produced a smaller 

reduction in SEPs and pain ratings. In our recent study, we used a distinctly uncomfortable but not 

painful LFS intensity which may have been insufficient to activate Aδ fibres (Hewitt et al., 2021). 



 
 

Page 147 

Thus, to examine if reduced amplitude of SEPs estimated to be generated by the MCC and operculo-

insular cortex during LFS are specific to LTD, it is crucial to compare the effects of noxious 

intensities of LFS to stimulation at nonpainful intensities. 

To shed light on the cortical regions mediating the suppression of activity during nonpainful 

and noxious intensities of LFS, we investigated changes in SEPs and post-stimulation resting 

oscillations with four intensities of continuous LFS in healthy human volunteers. Based on previous 

evidence that 15× detection threshold is sufficient to elicit attenuation of SEPs (Jung et al., 2009), the 

four intensities used were 1×, 5×, 10× and 15× detection threshold. Using source analysis, we 

characterised the locations of sources contributing to the SEPs and how activity in the sources 

changed over the duration of LFS. We predicted that LFS would be associated with a linear reduction 

of SEP amplitude in sources originating in the MCC and ipsilateral operculo-insular cortex, and that 

the greatest reduction in SEP amplitude would be found in these sources at the highest LFS intensity. 

We secondly investigated whether the cortical regions showing activation changes over the period of 

LFS would similarly show post-stimulation modulation of resting oscillatory activity. It was predicted 

that greater intensities of LFS would be associated with greater increases in alpha and beta band 

power and decreases in theta band power in source signals generated in operculo-insular and cingulate 

cortex.  

7.3 Methods 

7.3.1 Subjects 

Twenty-eight healthy subjects (14 females) with no history of chronic pain or neurological 

conditions were recruited from a pool of undergraduate and postgraduate students at the University of 

Liverpool. Four subjects were excluded during data collection: three as they could not tolerate the 

electrical stimulation and one due to excessive movement artifacts. The final sample included 24 

participants (11 females, 22 right-handed) with a mean age of 25 ± 4.2 years (mean ± SD). The 

procedure was approved by the Research Ethics Committee of the University of Liverpool, and all 

participants gave written informed consent at the start of the experiment in accordance with the 

Declaration of Helsinki. Participants were reimbursed with £20 for their time on completion of the 

study. 
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7.3.2 Experimental protocol 

Experimental procedures were carried out in a single 2-hour session in the Eleanor Rathbone 

Building, University of Liverpool. Electrical detection thresholds were determined prior to the start of 

the experiment using the method of limits. During the experiment, participants were seated in a dimly 

lit room with a 19-inch LCD monitor in front of them. Participants were instructed to keep their eyes 

open and look straight ahead for 4 minutes during the recording of resting EEG. 

LFS was applied to the dorsal aspect of the hand during four conditions, each modulated by 

LFS intensity: perception (1× detection threshold), low (5× detection threshold), medium (10× 

detection threshold) and high (15× detection threshold). Each block of LFS lasted approximately 10 

minutes. Participants were randomly assigned one of six possible block orders with each block order 

represented four times. Presentation of LFS stimuli was controlled with Cogent 2000 (University 

College London, London, UK) in MATLAB 2010 (The Mathworks, Inc., USA). After each block of 

LFS, resting EEG was recorded for 4-minutes while participants looked straight ahead with eyes 

open, followed by a break of 6-minutes to ensure that participants remained alert and to allow the 

researcher to check electrode impedances. 

Participants’ ratings of electrical stimulation were collected at the start of the experiment and 

after each block of stimulation by applying a single electrical stimulus to the test site using the 

conditioning LFS electrode. Participants were informed that the intensity of test stimulation was the 

maximum level that they would receive during the experiment, but that their perception of the 

stimulus may change throughout the study. Participants were asked to rate the painfulness of the test 

stimuli on a verbal numeric rating scale from 0 (no pain) to 10 (maximum pain), where 3 indicated 

pain threshold, and unpleasantness from 0 (not at all unpleasant) to 10 (maximum unpleasantness). 

7.3.2.1 Electrical stimulation 

LFS was applied to the skin in the region of the radial nerve of the left hand using a nerve 

mapping pen electrode with 4mm diameter cathode (Compex Motor Point Pen, UK) and a distal 5cm2 

flat electrode by the olecranon process which served as an anode, controlled by a Digitimer DS7A 

constant current stimulator (Digitimer, UK) and MATLAB 2010. Electrodes using a small cathode 

area such as pin, concentric or pen electrodes been designed to preferentially activate Aẟ fibres 
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without co-activation of Aβ fibres (Bromm & Meier, 1984; Inui et al., 2002; Kaube et al., 2000; 

Mücke et al., 2014; Nilsson & Schouenborg, 1999). To the best of our knowledge, the proportion of 

Aẟ and Aβ fibre involvement during low- or high-intensity LFS is not known. 

Stimulus detection threshold was determined at the start of the experiment using the method 

of limits, where single electrical stimuli were delivered to the test site in descending and ascending 

steps of 0.02 milliamperes (mA) to establish the lowest threshold at which participants could perceive 

the stimuli (detection threshold). During the experiment, LFS was applied at four intensities 

calculated as multiples of detection threshold: 1×, 5×, 10×, or 15× detection threshold, with the 

highest intensity in line with previous studies using LFS (Jung et al., 2009; Torta et al., 2020). If 

participants found the high intensity condition to be intolerable, intensity was reduced to a painful but 

tolerable level, and medium and low intensity conditions were modified to 66% and 33% of the high 

intensity, respectively. Mean stimulus intensities were: perception 0.12 ± 0.04 mA, low 0.63 ± 0.32 

mA, medium 1.19 ± 0.39 mA and high 1.78 ± 0.59 mA. An independent-samples t-test showed that 

electrical detection threshold was higher in male (M = 0.14 mV, SD = 0.04) compared to female 

participants (M = 0.11 mV, SD = 0.04; t(22) = 2.09, p = .048). Each block of LFS consisted of 600 

pulses at delivered at a frequency of 1 Hz, pulse width 1 ms, duration 1 ms. The total number of 

pulses was reduced in contrast to previous studies with LFS to reduce the burden on participants, 

based on evidence that these parameters are sufficient to elicit a prolonged suppression of SEPs and 

pain ratings to electrical test stimuli (Jung et al., 2009). In addition, single electrical test stimuli were 

applied to the test site at the high intensity (15× detection threshold) at baseline and after each LFS 

block using the same electrode as the conditioning stimulus. 

7.3.3 EEG acquisition 

Continuous EEG was recorded using a 129-channel Geodesics EGI System (Electrical 

Geodesics, Inc., Eugene, Oregon, USA) with a sponge-based HydroCel Sensor Net. The sensor net 

was aligned with respect to three anatomical landmarks of two preauricular points and the nasion. 

Electrode-to-skin impedances were kept below 50 kΩ throughout the experiment. A recording band-
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pass filter was set at 0.001–200 Hz with a sampling rate of 1000 Hz. Electrode Cz was used as a 

reference electrode during the recordings. 

7.3.4 Analysis of LFS ratings 

Mean ratings of pain and unpleasantness to electrical test stimuli in each condition were 

calculated for each participant. To assess differences in pain and unpleasantness ratings of test stimuli 

after each LFS intensity, 1×4 repeated measures analyses of covariance (ANCOVA) were computed 

using SPSS v. 27 (IBM Inc., USA) separately for pain and unpleasantness, with an independent 

variable of ‘LFS Intensity’ (perception, low, medium, high intensity) and baseline scores as a 

covariate. Post-hoc t-tests were used where appropriate to investigate significant main effects. 

7.3.5 EEG data analysis 

EEG data were processed using BESA v. 6.1 (MEGIS GmbH, Germany). Data were filtered 

using 1 Hz high pass and 70 Hz low pass filters, with a notch filter of 50 Hz ± 2 Hz. EEG data were 

spatially transformed to reference-free data using common average method (Lehmann, 1987). 

Oculographic and electrocardiographic artifacts were removed with principal component analysis 

(Berg & Scherg, 1994). Data were visually inspected for movement and muscle artifacts. Trials 

containing artifacts were marked and excluded from further analysis. Electrode channels with large 

artifacts were interpolated to a maximum of 10% of electrodes. 

7.3.5.1 Analysis of SEPs during LFS 

SEPs were evaluated during 10-minutes of LFS applied to the radial nerve. All 600 SEP 

responses over the 10-minute recording were divided into ten 1-minute intervals of 60 responses each. 

SEP responses in each 1-minute interval were averaged in the epoch -100 ms pre-stimulus to 900 ms 

post-stimulus. The baseline period ranged from -100 to -5 ms prior to stimulus onset, and the stimulus 

artefact window was defined as -4 to 10 ms post stimulus. Data was filtered during averaging from 1–

45 Hz. The mean number of epochs containing SEP responses accepted for further analysis were 

56.99 ± .27 (mean ± SE). A repeated-measures ANOVA showed that the average number of accepted 

epochs was significantly different between LFS intensities (F(3,69) = 2.86, p = .043) due to fewer 

accepted epochs during high intensity (56.45 ± .41; p = .015) compared to perception intensity LFS 
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(57.26 ± .26). Accepted epochs were significantly different over the 10-minute duration of LFS 

(F(9,207) = 5.69, p < .001). Pairwise comparisons showed a significant increase in the number of 

accepted epochs in minutes 2–10 compared to minute 1 (p < .05). The interaction between LFS 

intensity and duration was not significant (p > .05). 

7.3.5.2 Source dipole modelling 

Source dipole modelling of SEPs was performed using BESA v. 6.1 (MEGIS GmbH, 

Germany). The source dipole model was constructed using a sequential strategy as used in our 

previous study (Hewitt et al., 2021), in which equivalent current dipoles (ECDs) were fitted 

consecutively from the first peak in global field power (Hoechstetter et al., 2000, 2001; Scherg, 1992; 

Stancak et al., 2002). Due to the presence of a large stimulus artefact from LFS, dipoles were fitted 

between 30 ms – 900 ms post-stimulus. When residual variance was not reduced by adding another 

dipole, the fitting procedure was terminated. Classical LORETA analysis recursively applied 

(CLARA) method (Hoechstetter et al., 2010) was used as an independent source localisation method 

to confirm the location of ECDs. 

To evaluate the effect of LFS duration on SEPs, the grand average source dipole model was 

used to compute individual subject source waveforms for all ten 1-minute intervals of LFS. A 

permutation analysis with 2000 repetitions, implemented in the statcond.m program in the EEGLab 

package (Delorme & Makeig, 2004), was utilised to identify time intervals showing significant main 

effects and interactions of LFS duration and intensity (Maris & Oostenveld, 2007). This method 

provides a data-driven approach to test effects across all timepoints whilst controlling for multiple 

comparisons with no loss in statistical power. Time intervals surrounding source waveform peaks 

were defined for each ECD (ECD1 35–75 ms, ECD2 100–150 ms, ECD3 105–155 ms, ECD4 150–

260 ms). Intervals surrounding ECD peaks that exceeded a predefined threshold on the calculated p-

values (corrected p < .001) for the main effect or interactions of LFS duration and intensity were 

selected for further analysis. Source dipole moments in intervals deemed significant by permutation 

tests were entered into individual 4×10 repeated measures ANOVAs involving the 4 LFS intensities 

(perception, low, medium and high) and each 10-minute interval (minutes 1–10) for each ECD. The 
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Huynh-Feldt correction was used where necessary to tackle a violation of the sphericity assumption, 

denoted by ε. 

7.3.6 Linear regression analysis 

Linear regression analysis was conducted to analyse if source dipole moments showed a 

systematic decrease in amplitude over time, consistent with LTD. Linear regression analysis was 

carried out in every subject and each level of LFS intensity, with LFS duration as a predictor variable 

and source dipole moments as dependent measures. As the regression analysis assessed the slope of 

change in ECD amplitude over time, only source dipole moments which showed a significant main 

effect of time were included. 

The resultant regression coefficients (β) from linear regression analysis for all subjects were 

entered into one sample t-tests to examine if any of the 4 LFS intensities showed a significant 

difference from zero. Regression coefficients showing a significant difference from 0 were compared 

individually for each ECD using repeated measures ANOVAs to investigate changes across the 4 LFS 

intensities. 

7.3.7 Resting EEG analysis 

To evaluate the effect of LFS intensity on ongoing oscillatory activity, the grand average 

source dipole model was used to compute individual subject source waveforms in resting EEG 

recorded before LFS and after each LFS intensity. Each ECD in the source dipole model yielded, after 

back projection onto resting state EEG data using the surrogate model method, a continuous source 

signal sampled at 256 Hz. Individual continuous source signals for all LFS intensities were exported 

to MATLAB 2019b for spectral analysis. Power spectral density was estimated using Welch’s method 

in the frequency range 0–128 Hz in non-overlapping 1-second segments. Data were smoothed using a 

Hamming window. For each subject, time samples containing artifacts were removed from the data 

prior to spectral analysis, and data were trimmed to the length of the shortest condition to avoid 

differences in data length affecting the results. The mean duration of resting EEG data for which 

power spectra were estimated was 231 ± 7 seconds. 
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Only frequency components between 1–40 Hz were considered for statistical analysis. Mean 

absolute power values were transformed using a decadic logarithmic transform. One-way ANOVAs 

were computed to investigate the effect of LFS intensity (perception, low, medium and high) on 

spectral power in all frequencies from 1–40 Hz in each of the four ECDs. Analyses were carried out 

on all frequencies from 1–40 Hz to investigate the specific frequency components showing changes in 

resting oscillatory activity. Resting EEG recorded prior to LFS was not included in statistical analyses 

as the order of this condition was not permuted. To control for Type I error likely to occur due to the 

large number of ANOVAs, the resulting statistical probability values were subject to permutation 

analysis using the statcond.m program with 2000 permutations. Frequency components that exceeded 

a predefined threshold (p < .05) for the main effect of LFS intensity were selected for further analysis. 

Pairwise comparisons were computed to investigate the direction of effects. 

Next, Pearson’s correlations were conducted in MATLAB to analyse the relationship between 

linear regression slopes (β) for change in source dipole amplitude during LFS at each of the four LFS 

intensities, and change in resting oscillatory band-power after stimulation. Correlations were 

computed individually for source waveforms showing significant differences from zero, and resting 

band power after each intensity of LFS in the corresponding source waveforms. To correct for 

individual variations in resting band power, a baseline correction was implemented by subtracting 

spectral power prior to stimulation from absolute power after each of the four LFS intensities. 

7.4 Results 

7.4.1 Mean ratings of electrical test stimuli 

Painful electrical test stimuli were delivered at 15× detection threshold. Changes in ratings of 

electrical test stimuli after the four intensities of LFS were analysed using a 1×4 repeated measures 

ANCOVA, with baseline ratings as a covariate. Mean pain ratings of test stimuli prior to LFS were 

4.5 ± 1.3 (mean ± SD) on a scale of 0–10, where 3 indicated pain threshold. Mean unpleasantness 

scores for test stimuli prior to LFS were 6.04 ± 1.9 on a scale of 0–10. Subjective pain and 

unpleasantness ratings for test stimuli did not significantly vary with LFS intensity (F(3, 66) = 0.4, p 

> .05; F(3, 66) = 0.23, p > .05). 
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7.4.2 Source dipole model 

Changes in SEPs over the 10-minutes of LFS were analysed using source dipole analysis. 

Figure 7.1A shows the source dipole model. Figure 1B shows the global field power in grand average 

SEPs computed from the data of all participants over all LFS intensities and duration. The four-dipole 

model accounted for 83.62% of the variance in the SEP. Addition of a fifth dipole with free 

orientation and location to the source dipole model resulted in an anterior dipole close to ECD4 which 

did not improve the residual variance; therefore, the four-dipole solution was used. CLARA method 

was used to verify the location of fitted ECDs. Results were highly convergent between the two 

models, with a maximum discrepancy of approximately 2 mm between ECD3 and the maxima of the 

CLARA cluster.  

ECD1 was located in the contralateral SI/MI (approximate Talairach coordinates: x = 30 mm, 

y = -20 mm, z = 60 mm). This source waveform had a negative peak at 56 ms (Figure 7.1C–D). 

ECD2 was located in the upper bank of the right Sylvian fissure comprising the secondary 

somatosensory cortex (approximate Talairach coordinates: x = 40 mm, y = -23 mm, z = 17 mm). The 

source waveform had a positive peak in frontal electrodes at 121 ms (Figure 7.1E–F). ECD3 was 

located in the left Sylvian fissure symmetrical to ECD2, consistent with the ipsilateral secondary 

somatosensory cortex (approximate Talairach coordinates: x = -45 mm, y = -19 mm, z = 20 mm). The 

source waveform of ECD3 (Figure 7.1G–H) waveform had a positive peak in frontal electrodes at 

126 ms. Finally, ECD4 was located in the medial parietal cortex involving the mid- and posterior 

cingulate cortex (approximate Talairach coordinates: x = 8 mm, y = -42 mm, z = 54 mm). The ECD4 

source waveform had a positive peak across the vertex with a latency of 182 ms (Figure 7.1I–J).  
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Figure 7.1. Source dipole model of SEPs during 10-mins of LFS. A. Location and orientation of four 

ECDs in transparent glass brains determined using a data-driven sequential strategy. B. Global field 

power (GFP) of grand average EEG potentials averaged over all participants (N=24, 11 females) and 

all 1-min epochs over the 10-min duration of LFS. C. Time course of ECD1 with a positive peak 

latency of 56 ms. D. Potential maps of the P56 component showing a positive potential maximum in 

parietal area and a negative maximum in contralateral central and frontal electrodes, consistent with a 

tangential dipole located in SI/MI. E. Time course of ECD2 with a positive peak latency of 121 ms. F. 

Potential maps of the N2 component showing a negative maximum in contralateral temporal 

electrodes, suggesting the presence of a radial dipole located in the contralateral operculo-insular 

cortex. G. Time course of ECD3 with a positive peak latency of 126 ms. H. Potential maps of the N2 

component showing a negative maximum in ipsilateral temporal electrodes, suggestive of a radial 

dipole located in the operculo-insular cortex. I. ECD4 time course with a positive peak latency of 182 

ms. J. Potential maps of the P182 component showing a positive potential on the vertex, consistent 

with a radially orientated current dipole located in the MCC. 
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7.4.2.1 Changes in SEPs during LFS 

 

Figure 7.2. Grand average changes in SEPs at varying intensities of low-frequency stimulation (LFS). 

One-way ANOVAs showed a statistically significant amplitude modulation by LFS intensity for 

ECD1 (A), ECD3 (C) and ECD4 (E). Shaded bars indicate significant time intervals around source 

waveform peaks. Bar graphs show the mean amplitudes and standard deviation of ECD1 (B), ECD3 

(D) and ECD4 (F) source waveforms during perception (1×), low (5×), medium (10×) and high LFS 

intensities (15× detection threshold) in corresponding time intervals. Individual subject data points 

averaged over single trials are overlaid for each condition. Pairwise comparisons were computed to 

identify contrasts that exceeded significance at p < .05 (*) or p < .001 (**). N=24 (11 females). 

 
Figure 7.2A, C and E show the time intervals around source waveform peaks showing a 

significant effect of LFS intensity. Amplitude of ECD1 was significantly modulated by LFS intensity 

(F(3,69) = 15.57, p < .001 , η2
p
 = .40; Figure 7.2B). Pairwise comparisons showed an increase in 

amplitude at low (p = .010), medium (p < .001) and high (p < .001) LFS intensities compared to the 

lowest perception level. ECD2 showed no statistically significant changes during LFS (p > .05). 

ECD3 was significantly modulated by LFS intensity (F(3,69) = 10.68, p < .001, ε = .58, η2
p
 = .32; 

Figure 7.2D), with an increase in amplitude at low, medium and high LFS intensities compared to the 
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lowest perception level (all p < .001). ECD4 also showed a significant increase in amplitude with LFS 

intensity (F(3,69) = 33.76, p < .001, ε = .56, η2
p

 = .60; Figure 7.2F) due to a significant increase in 

amplitude at greater LFS intensities (perception vs. low, p = .028, all other comparisons, p < .001). 

Additionally, the statistical test of trend components confirmed that amplitude increased linearly with 

greater LFS intensities for ECD1 (F(1,23) = 40.03, p < .001, η2
p
 = .64), ECD3 (F(1,23) = 14.04, p < 

.001, η2
p
 = .38) and ECD4 (F(1,23) = 46.67, p < .001, η2

p
 = .67) but not for ECD2 (p > 05). 

Figure 7.3A, D and G illustrate time intervals around source waveform peaks showing a 

significant effect of LFS duration. ECD1 amplitude was significantly modulated by LFS duration 

(F(9,207) = 9.08, p < .001, ε = .74, η2
p

 = .28; Figure 7.3B) in the interval 50–76 ms. Simple contrasts 

indicated that this effect was due to an increase in amplitude during minutes 2 (p = .006), 3 (p = 

.031), 5 (p = .007) and minutes 4 and 6–10 (p < .001) compared to minute 1. The linear trend was 

also statistically significant (F(1,23) = 33.79, p < .001, η2
p

 = .60), indicating that ECD1 amplitude 

increased with successive LFS stimuli. ECD2 showed no statistically significant changes during LFS 

(p > .05). ECD3 was significantly modulated by LFS duration, (F(9,207) = 4.95, p < .001, ε = .63, η2
p
 

= .18; Figure 7.3E) in the latency epoch 105–119 ms, with a significant linear decrease in amplitude 

over time (F(1,23) = 10.12, p < .004, η2
p
 = .31). Simple contrasts from minute 1 indicated a significant 

decrease in amplitude during minutes 2 (p = .011), 4 (p = .009), 5 (p = .040), 7 and 8 (p = .003), 9 (p 

= .007) and 10 (p = .005). ECD4 also showed a significant linear decrease in amplitude with LFS 

duration (F(9,207) = 12.94, p < .001, ε = .67, η2
p

 = .36; F(1,23) = 20.40, p < .001, η2
p
 = .47; Figure 

7.3H) in the interval 200–261 ms. Simple contrasts from minute 1 showed a statistically significant 

decrease in amplitude during minutes 2 (p = .029), 3 and 4 (p < .001), 5 (p = .002) and minutes 6–10 

(p < .001).  

Figure 7.3A, D and G illustrate time intervals around source waveform peaks showing a 

significant interaction between LFS duration and intensity. ECD3 showed a statistically significant 

interaction between LFS duration and intensity in the window 124–142 ms, (F(27,621) = 2.23, p = 

.003, η2
p
 = .088; Figure 7.3F). Repeated measures ANOVAs showed that this effect was due to 

reductions in ECD3 amplitude over time both during perception (F(9,207) = 3.72, p < .001, η2
p

 = .14) 

and low LFS intensities (F(9,207) = 2.97, p = .002, η2
p

 = .11); in contrast, there was no significant 
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change in ECD3 amplitude during medium and high LFS intensities (p > .05). ECD4 showed a 

significant interaction between LFS duration and intensity in the window 250–256 ms, (F(27,621) = 

2.07, p = .012, η2
p = .08; Figure 7.3I). Repeated measures ANOVAs showed that this was due to 

significant reductions in ECD4 amplitude over time during low (F(9,207) = 7.66, p < .001, η2
p

 = .25), 

medium (F(9,207) = 5.88, p < .001, η2
p
 = .20) and high (F(9,207) = 7.89, p < .001, η2

p = .26) LFS 

intensities, but not perception intensity (p > .05). 

In summary, results point towards a modulation of ECD1 and ECD4 amplitude at greater LFS 

intensities, and decreased ECD3 amplitude during lower LFS intensities. 

 

Figure 7.3. Grand average changes in SEPs during 10-mins of LFS and at varying LFS intensities. 

One-way ANOVAs showed a statistically significant amplitude modulation by LFS duration for 

ECD1 (A), ECD3 (D) and ECD4 (G). Source waveforms and standard deviations in minute 1, minute 

4, minute 7 and minute 10 are shown for illustrative purposes. Bars indicate time intervals around 

source waveform peaks showing a significant effect of LFS duration (shaded only) or an interaction 

between LFS duration and intensity (shaded with outline). Bar graphs show the mean amplitudes and 

standard deviation of ECD1 (B), ECD3 (E) and ECD4 (H) source waveforms in 1-min intervals over 

the 10-min duration of LFS, averaged over all LFS intensities. Individual subject data points averaged 

over single trials are overlaid for each condition. Scatter graphs show mean amplitudes of ECD1 (C), 

ECD3 (F) and ECD4 (I) source waveforms during each of the 4 LFS intensities for all 1-min epochs 

of LFS. Error bars indicate standard deviation. N=24 (11 females). 
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7.4.3 Linear regression slopes  

 

Figure 7.4. Mean linear regression coefficients (β) and standard deviation of the change in source 

dipole moment activity over the duration of LFS for each LFS intensity: perception (1×), low (5×), 

medium (10×) and high intensity (15× detection threshold). Positive values indicate an ascending 

slope with increased amplitude over the duration of LFS, while negative values indicate a descending 

slope with decreased amplitude during LFS. Pearson’s correlations were conducted to analyse the 

relationship between regression slopes and ECD amplitude. A. ECD1 showed a significantly steeper 

positive slope at medium and high LFS intensities compared to perception intensity. B. Regression 

coefficients in ECD3 did not significantly differ between LFS intensities. C. ECD4 showed a 

significantly steeper negative slope at low and high LFS intensities compared to perception intensity. 

Asterisks indicate contrasts that exceeded significance at p < .05 (*). N=24 (11 females). 

 

Repeated-measures ANOVAs were computed to assess significant differences in linear 

regression slopes (β) between LFS intensities for source dipole moments showing a significant 

difference from zero in one-way ANOVAs: ECD1, ECD3 and ECD4. Mean regression coefficients 

for each intensity are shown in Figure 7.4A–C. ECD1 showed a statistically significant effect of LFS 

intensity (F(3,69) = 5.87, p = .001, η2 = .20). Pairwise comparisons indicated that this effect was due 

to a significantly steeper positive slope at medium (p = .044) and high LFS intensities (p = .012) 

compared to perception intensity (Figure 7.4A). ECD3 showed a statistically significant effect of LFS 

intensity (F(3,69) = 3.10, p = .032, η2 = .13), however pairwise comparisons between LFS intensities 

did not survive Bonferroni correction (p > .05) (Figure 7.4B). ECD4 showed a statistically significant 

effect of LFS intensity (F(3,69) = 5.87, p = .001, η2 = .20). Pairwise comparisons indicated that this 

effect was due to a significantly steeper negative slope at low (p = .044) and high LFS intensities (p = 

.007) compared to perception intensity (Figure 7.4C). 
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7.4.4 Oscillatory changes in source signals after LFS 

Figure 7.5 shows the power spectral densities in the resting EEG in each of the ECDs prior to 

any LFS stimulation (pre-LFS) and after each of four LFS intensity blocks. Resting EEG recorded 

prior to LFS was not included in statistical analyses and is shown only for comparison purposes. 

Spectral power of ECD1 was significantly modulated by LFS intensity at 9−11 Hz (F(3,69) = 3.07, p 

= .034 , η2
p

 = .12; Figure 7.5A). Pairwise comparisons showed that this effect was due to an increase 

in band power after the strongest LFS intensity, compared to after perception (p = .038) and low 

intensities (p = .001). ECD2 and ECD3 showed no statistically significant changes in spectral power 

after each intensity of LFS (p > .05; Figure 7.5B-C). ECD4 showed a statistically significant decrease 

in 3−5 Hz power with LFS intensity (F(3,69) = 3.24, p < .027, η2
p
 = .24; Figure 7.5D). This effect 

was due to a significant decrease in power after the strongest LFS intensity compared to perception 

intensity (p = .014). 

 

Figure 7.5. Grand average power spectral densities in resting EEG prior to LFS (pre-LFS) and 

following each LFS intensity block (perception, low, medium and high) for the four ECDs (A-D). 

One-way ANOVAs showed a significant effect of LFS intensity on spectral power in ECD1 at 9−11 

Hz, and in ECD4 at 3−5 Hz. Log S(f) = logarithmic power spectral density. N=24 (11 females). 

 

Pearson’s correlations were conducted to analyse the relationship between linear regression 

slopes (β) in ECD1 and ECD4 at each of the four LFS intensities and normalised change in resting 

oscillatory band-power after stimulation. Pearson’s correlations showed no statistically significant 

relationship between the slope of regression in ECD1 and 9−11 Hz normalised band power in ECD1 

(p > .05), or between ECD4 and 3−5 Hz normalised band power in ECD4 (p > .05), at any of the four 

LFS intensities. 
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In summary, results show that LFS delivered at strong intensities (15× detection threshold) 

was followed by increased resting 9−11 Hz band power in ECD1 and decreased 3−5 Hz power in 

ECD4. 

7.5 Discussion 

The present study investigated the temporal profiles of cortical activity during four intensities 

of LFS and amplitudes of cortical oscillations following LFS. SEPs related to LFS of the radial nerve 

were modelled by four equivalent current dipoles located in contralateral SI/MI, bilateral operculo-

insular cortex and MCC. Source activity in the MCC decreased linearly during LFS, with greater 

attenuation at increasing LFS intensities. Source activity in ipsilateral operculo-insular cortex also 

decreased linearly during LFS, albeit only during the two lowest stimulus intensities. In contrast, 

contralateral SI/MI showed a linear increase of source activity during LFS. Blocks of strong LFS 

intensities were followed by increased 9−11 Hz alpha band power in contralateral SI/MI and 

diminished 3−5 Hz theta band power in MCC. 

Diminished source activity in MCC was observed during LFS intensities at greater than 

perception level. This furthers our previous findings (Hewitt et al., 2021), showing that changes in 

MCC are found at a noxious intensities. Involvement of the MCC in somatosensory processing is well 

established; the MCC is engaged during the anticipation (Palermo et al., 2015) and experience of 

acute experimental pain (Bastuji et al., 2016; Geuter et al., 2020; Vogt, 2005, 2016), as well as during 

nonpainful somatosensory stimuli (Hu et al., 2015; Liang et al., 2019; Mouraux & Iannetti, 2009). 

The MCC generates greater activity during noxious stimuli when defensive motor actions are required 

(Moayedi et al., 2015), and connections with the premotor cortex and intralaminar thalamic nuclei 

have been proposed to mediate nocifensive behaviours (Vogt, 2016). Thus, the MCC has been 

proposed to act as a hub between affective processing, pain, cognitive control and motor planning 

(Shackman et al., 2011; Vogt & Sikes, 2009). Engagement of the MCC during LFS has relevance for 

neuropathic pain treatments; motor cortex stimulation for neuropathic pain has been shown to 

increase cerebral blood flow in regions including the cingulate gyrus (Volkers et al., 2020), and 

transcranial magnetic stimulation over medial scalp regions corresponding to the MCC decreases 
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ratings of noxious electrical stimulation (D’Agata et al., 2015). Taken together, decreased MCC 

responses during LFS at intensities greater than perception may reflect reduced engagement of 

cingulate nociceptive pathways, which are implicated in neuropathic pain. 

Post-stimulation amplitude of theta oscillations in the MCC were lower after periods of strong 

LFS. Theta oscillations have been reported to encode the intensity of acute pain and touch stimuli 

(Michail et al., 2016), while augmented theta power has been observed in patients with neurogenic 

pain (Sarnthein et al., 2006; Stern et al., 2006; Vučković et al., 2014), fibromyalgia (Fallon et al., 

2018; Lim et al., 2016), and primary dysmenorrhea (Lee et al., 2017). As a result, a shift from 

dominant alpha to theta oscillations has been suggested as a contributing factor in the maintenance of 

chronic pain (Llinás et al., 1999, 2005). Greater reduction in power with increased LFS intensities 

suggests an inhibition within the region of MCC. This reduction in power may be related to the 

presence of LTD, which is a proposed mechanism of pain suppression during LFS (Klein, 2004; 

Sandkühler et al., 1997). Thus, reduced theta band power after LFS could reflect a reduction of 

aberrant processes within the MCC that potentially contribute to persistent pain states. 

A novel finding in the current study was increasing slopes of activation in SI/MI during LFS, 

which were enhanced with greater LFS intensities. The primary somatosensory cortex has been 

implicated in sensory-discriminative processing of noxious and innocuous stimuli, with preferential 

responses for nonpainful stimulus onsets (Hu et al., 2015; Mouraux et al., 2013). Pain-related 

activation has also been demonstrated in the primary motor cortex (Becerra et al., 2001; Frot et al., 

2013; Geuter et al., 2020; Peyron et al., 2000). Primary somatosensory cortex activation has been 

shown to be more resilient to stimulus repetition than other somatosensory processing regions, 

particularly in area 3b (Bradley et al., 2016; Klingner et al., 2011; Venkatesan et al., 2014); although 

some studies have reported reduced primary somatosensory cortex responses to repeated noxious 

stimuli (Mobascher et al., 2010). Increased amplitude of short-latency SEPs generated in SI have been 

reported alongside increased motor cortex excitability with high intensities of peripheral electrical 

stimulation, while lower intensities of peripheral electrical stimulation reduce SEP amplitude and 

cortical excitability (Chipchase et al., 2011; Schabrun et al., 2012). Greater cortical excitability in 

corticomotor pathways after high intensities of peripheral stimulation could mask subsequent parallel 
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inputs via an inhibitory gating mechanism (Hoechstetter et al., 2001; Huttunen et al., 1992). Findings 

of increased primary somatosensory cortex activation suggests that the analgesic effects of LFS that 

have been reported in previous studies (Aymanns et al., 2009; Jung et al., 2009; Klein, 2004; Lindelof 

et al., 2010; Magerl et al., 2018) may result from a combination of MCC attenuation and SI/MI 

facilitation. 

Post-stimulation amplitude of alpha oscillations in SI/MI showed increased power after the 

strongest LFS intensity. Tactile and peripheral nerve stimulation are associated with amplitude 

attenuation of cortical 10 and 20 Hz oscillations focused primarily over contralateral sensorimotor 

regions (Chatrian et al., 1959; Enatsu et al., 2014; Gaetz & Cheyne, 2006; Neuper & Pfurtscheller, 

2001b; Nikouline et al., 2000; Pfurtscheller, 1992; Stančák, 2006), followed by an amplitude increase 

or rebound after stimulus cessation (Brovelli et al., 2002; Enatsu et al., 2014; Hirata et al., 2002; 

Neuper & Pfurtscheller, 2001b; Pfurtscheller, 1981; Salenius et al., 1997; Salmelin & Hari, 1994b; 

Stancak et al., 2003). Post-stimulus increases in mu oscillatory power, particularly in the 20 Hz 

component, have been linked to the involvement of the dorsal column pathway (Stančák, 2006). 

Notably, periods of increased oscillatory band power over sensorimotor cortical areas have been 

found following administration of gamma-aminobutyric acid (GABA) agonist benzodiazepines (Hall 

et al., 2010; Jensen et al., 2005), pointing towards a direct role in sensory gating and inhibition 

(Jensen & Mazaheri, 2010). Pre-stimulus alpha power has been shown to be related to noxious 

processing, with weaker 10-12 Hz alpha power associated with higher amplitude laser-evoked 

potentials (Babiloni et al., 2008). Greater alpha band-power is associated with cortical inhibition 

(Pfurtscheller, 1992; Salmelin & Hari, 1994a). Combined, the results suggest that increased source 

activity in SI/MI during conditioning may inhibit post-stimulation processing, due to the possible 

masking of nociceptive processing by afferent impulses conveyed in ascending spinal pathways. 

Ipsilateral operculo-insular source activity decreased selectively during the two lowest LFS 

intensities, pointing towards a differentiation between noxious and nonpainful stimulation. Operculo-

insular cortex has been consistently implicated in pain processing (Duerden & Albanese, 2013; 

Horing et al., 2019; Hu et al., 2015; Peyron et al., 2000, 2002; Wager et al., 2013), with increased 

activation alongside heightened acute pain perception (Segerdahl et al., 2015; Su et al., 2019). Similar 
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to conditioning stimuli in the current study, repeated stimuli presented at regular intervals manifest in 

diminished SEPs as early as the second repetition (Condes-Lara et al., 1981; Iannetti et al., 2008; 

Mancini et al., 2018; Wang et al., 2010). Notably, SEPs during medium and high LFS intensities were 

reduced during the first minute of stimulation in contrast to the two lowest intensities. Therefore, 

selective attenuation of operculo-insular source activity during weaker LFS intensities may be due to 

immediate suppression of evoked potentials during strong stimuli, which show no further decreases 

during conditioning. 

Activity-dependent synaptic plasticity such as LTD have been interpreted as a hallmarks of 

learning and memory (Bliss & Cooke, 2011; Dudek & Bear, 1992; Mulkey & Malenka, 1992), 

leading to the suggestion that LTD may be a process for erasing pain memory traces (Magerl et al., 

2018; Rygh et al., 2002). LFS was associated with source activity in the SI/MI, bilateral operculo-

insular cortex and MCC, consistent with previous studies of SEPs elicited by electrical stimulation 

(Cruccu et al., 2008; Shimojo et al., 2000; Valeriani et al., 2000a; Vrána et al., 2005) and our previous 

LFS study (Hewitt et al., 2021). While the contralateral operculo-insular cortex was not affected by 

intensity, activity in the SI/MI, ipsilateral operculo-insular cortex and MCC showed greater source 

activity as LFS intensity increased. This is in line with evidence that graded intensities of nonpainful 

and noxious stimuli are associated with enhanced amplitude of evoked potentials (Derbyshire et al., 

1997; Iannetti et al., 2008; Loggia et al., 2012; Shimojo et al., 2000; Valeriani et al., 2000a) and 

greater haemodynamic responses in somatosensory processing regions (Geuter et al., 2020; Oertel et 

al., 2012; Peyron et al., 2000; Su et al., 2019). These findings further previous evidence of reductions 

in pain-related cortical activation after LFS in regions including the primary and secondary 

somatosensory cortices, insula, anterior cingulate cortex and inferior parietal lobule (Rottmann et al., 

2010b). 

The present study did not identify significant changes in pain or unpleasantness of electrical 

test stimuli between LFS intensities. Previous studies have reported a decrease in behavioural pain 

ratings to noxious stimuli after LFS (Jung et al., 2009; Klein, 2004; Lindelof et al., 2010), with the 

strongest attenuation after an intensity corresponding to 15× detection threshold (Jung et al., 2009). 

Such decreases have been interpreted as correlates of LTD of nociception in humans (Klein, 2004). 



 
 

Page 165 

Inconsistencies may be due to variations in methodology; Jung and colleagues (Jung et al., 2009) 

studied the effects of LFS intensity on mean pain ratings from 0−100 during eight blocks of 15 test 

stimuli over 1-hour following conditioning stimulation, in comparison to single test stimuli rated from 

0−10 in the present study. Ratings in the present study may also have been affected by participants’ 

knowledge that LFS intensity was the same for each test stimulus, as cognitive processes such as 

expectation are well established as modulators of pain experience (Huneke et al., 2013). 

A caveat of the present findings is in the use of source dipole modelling to estimate cortical 

generators of the observed scalp data. Source dipole modelling is an inverse solution which assumes 

that the scalp generated field is generated by only one or a few equivalent current dipoles in the brain 

(Michel & Brunet, 2019). Studies examining the accuracy of dipole source localisation methods have 

reported mean errors of 6–20mm (Akalin Acar & Makeig, 2013; Chen et al., 2007; Cohen et al., 1990; 

Cuffin et al., 1991). However, definitive identification of electrical potentials is not possible from 

EEG alone, and caution should be taken when interpreting the spatial locations of results. 

The current findings have potential implications for neuropathic pain treatment. While 

preliminary investigations have demonstrated success with LFS (Johnson et al., 2015; Johnson & 

Goebel, 2016; Rutkowski et al., 1975), evidence is limited, and a recent randomised controlled trial in 

chronic peripheral nerve injury found no significant reduction in spontaneous pain symptoms 

following 3-months of LFS treatment (Johnson et al., 2021). However, these findings may have been 

affected by stimulation intensity, as patients were able to vary stimulus parameters including intensity 

as desired, which may have resulted in intensities below that required to activate Aδ fibres (Liu et al., 

1998; Sandkühler et al., 1997). A mechanistic arm of the aforementioned trial reported significant 

effects of LFS on mechanical pain sensitivity and dynamic mechanical allodynia (Johnson et al., 

2021). Indeed, LFS has been shown to reverse and inhibit the development of primary hyperalgesia 

evoked by HFS, even at very low frequencies that would not independently result in LTD (Magerl et 

al., 2018). This has particular relevance for neuropathic pain, with a large proportion of patients with 

peripheral neuropathic pain exhibiting mechanical hyperalgesia (Vollert et al., 2017). 

Our study demonstrates that LFS of radial nerve fibres elicits graded effects on 

somatosensory processing, most notably in the MCC and SI/MI. While previous literature points 
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towards LTD as the neurophysiological mechanism underlying LFS, our study suggests a potential 

secondary mechanism involving engagement of the SI/MI. Preliminary findings of a modulation of 

cortical oscillations after conditioning supports sustained changes after LFS; however, the link 

between short-term changes in neural activity and long-lasting effects of LFS on persistent pain states 

has yet to be explored. 
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Chapter 8 

8 General discussion 

This thesis focused on two parallel streams of neurostimulation research: a well-established 

intervention for neuropathic pain, SCS, and a novel method, LFS. SCS is a palliative neurostimulation 

treatment to reduce intractable neuropathic pain (Duarte et al., 2020; Kriek et al., 2017; Visnjevac et 

al., 2017). Conventional tonic and novel burst SCS have been proposed to have different mechanisms 

of action (Crosby et al., 2015b; Tang et al., 2014); however, little empirical research had investigated 

the underlying mechanisms in humans. SCS intensity differs between burst and tonic stimulation (De 

Ridder et al., 2010), and intensity has been shown to modulate electrophysiological markers of 

somatosensory and nociceptive processing (Derbyshire et al., 1997; Iannetti et al., 2008; Lim et al., 

2012; Loggia et al., 2012; Shimojo et al., 2000; Valeriani et al., 2000a). 

LFS has been used as a novel neurostimulation method for peripheral neuropathic pain 

(Johnson et al., 2015; Johnson & Goebel, 2016). When delivered at high intensities, LFS has been 

proposed to elicit LTD of nociception, whereas lower intensities are ineffective (Sandkühler et al., 

1997). However, cortical regions mediating the direct effects of LFS had yet to be investigated in 

humans. Secondly, it was unknown if cortical changes during LFS correlated with post-stimulation 

decreases in nociceptive processing or resting oscillatory activity. 

Firstly, this thesis investigated the effects of burst and tonic SCS on resting cortical 

oscillations (Chapter 4) and on brushing-related ERD (Chapter 5) at four SCS intensities in 

neuropathic pain patients. Secondly, this thesis investigated the cortical regions mediating the direct 

effects of LFS and the impact of LFS on post-stimulation nociceptive processing and oscillatory 

activity in healthy volunteers (Chapters 6 and 7). 

8.1 Summary of findings 

• Stronger SCS intensities were associated with greater spontaneous beta (21–24 Hz) band 

power in right midline electrodes compared to low intensities, and decreased alpha band (8–
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11 Hz) power in posterior parietal electrodes compared to low and medium intensities 

(Chapter 4).  

• Stronger SCS intensities were associated with attenuated brushing-related ERD in central and 

parietal electrodes in theta and alpha bands, and in frontal and central electrodes in the beta 

(16 ̶̵ 24 Hz) band, with the most robust effects at medium SCS intensity (Chapter 5). 

• Burst SCS was associated with greater brushing-related ERD in theta (4 ̶̵ 7 Hz) and alpha (8 ̶̵ 

13 Hz) frequency bands in central, frontal and parietal electrodes compared to tonic SCS 

(Chapter 5). Burst and tonic SCS did not differentially modulate the amplitudes of 

spontaneous cortical oscillations (Chapter 4). 

• Amplitudes of SEPs originating in MCC and ipsilateral operculo-insular cortex decreased 

during the course of LFS (Chapters 6 and 7). Steeper decreases in SEP amplitude were 

observed at medium and high LFS intensities in the MCC, and at perception and low 

intensities in the ipsilateral operculo-insular cortex (Chapter 7). 

• Amplitudes of SEPs originating in SI/MI were increased during the course of LFS, with 

steeper increases at medium and high LFS intensities compared to perception (Chapter 7). 

• Amplitude of P2 LEP components were decreased after active LFS compared to sham LFS. 

Amplitude of N2 LEP components were decreased for laser stimuli on the conditioned radial 

hand side after LFS (Chapter 6). 

• Active LFS was followed by higher amplitudes of spontaneous cortical oscillations in 8–12 

Hz and 16–24 Hz frequency bands in temporal, sensorimotor and frontal electrodes compared 

to sham stimulation (Chapter 6). Strong LFS intensities were followed by increased 9−11 Hz 

alpha band power in contralateral SI/MI and diminished 3−5 Hz theta band power in MCC 

(Chapter 7). 

8.2 Themes of findings 

Individual results of four empirical studies were discussed in the experimental chapters of this 

thesis, and multiple overarching themes were observed. The use of EEG measures, including evoked 

potentials and time-frequency methods, allowed investigation of the underlying cortical processes 
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relating to varying intensities and types of neurostimulation. Primarily, peripheral and central 

neurostimulation using LFS and SCS, respectively, induced changes in cortical excitability which 

were modulated by stimulation intensity. Greater intensities of LFS and SCS decreased cortical 

excitability in widespread areas over central, sensorimotor and parietal electrodes. Analysis of 

changes in SEP amplitudes during stimulation enabled investigation of temporal changes in cortical 

excitability during repeated LFS of the radial nerve. Inspection of oscillatory activity during burst and 

tonic SCS supports different underlying mechanisms which are engaged during somatosensory input. 

8.2.1 Graded intensity effects of SCS and LFS on cortical excitability 

Across the experimental chapters in this thesis, the intensity of neurostimulation measures 

were found to induce changes in cortical excitability. The most robust effect was that of decreased 

cortical excitability at greater stimulation intensities. At the highest SCS intensity, decreased cortical 

excitability was observed primarily over central midline electrodes in the beta band during rest in 

Chapter 4, and in theta, alpha and beta frequency bands during brushing in Chapter 5. These effects 

suggest that therapeutic SCS induces active cortical inhibition (Fry et al., 2016; Jensen & Mazaheri, 

2010; Neuper & Pfurtscheller, 2001b), in accordance with the assumption that SCS has a gating effect 

on somatosensory processing (Melzack & Wall, 1965). Notably, decreased cortical excitability at 

highest stimulation intensities were also observed during LFS in Chapter 7 in SEP dipoles generated 

by MCC. High LFS intensities activating Aδ fibres have been demonstrated as essential for LTD in 

the dorsal horn, which has been theorized as the neurobiological mechanism underlying LFS (Liu et 

al., 1998; Sandkühler et al., 1997). Taken together, these results suggest that high neurostimulation 

intensities have inhibitory effects on cortical excitability over the SI/MI, which receives sensory 

impulses from the periphery (Brodal, 1992). Furthermore, decreased cortical excitability in the 

cingulate cortex has been associated with reduced spinal potentiation and analgesia (Chen et al., 2018; 

Xu et al., 2008). 

Additionally, medium SCS intensities had a considerable effect on cortical excitability, with 

the greatest decrease of cortical excitability during rest in the alpha band in Chapter 4, and during 

tactile brushing stimulation in theta, alpha and beta frequency bands in Chapter 5. Changes in spectral 
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power at medium SCS intensities were primarily observed over central and parietal regions of the 

scalp, suggesting that medium SCS intensities induced cortical inhibition in regions associated with 

somatosensory processing and multisensory integration (Foxe & Snyder, 2011; Fry et al., 2016; 

Neuper & Pfurtscheller, 2001b; Pfurtscheller et al., 1996b; Whitlock, 2017). These regions are 

consistent with activation of contralateral SI, SII and posterior parietal cortex after peripheral nerve 

stimulation (Forss et al., 1994; Valeriani et al., 2001). The dissociation between medium and high 

SCS intensities show that SCS intensity is not a simple, linear function, in line with models of 

strength-duration curves for neuronal activation with SCS (Miller et al., 2016). Stronger attenuation of 

spectral power at medium intensity conditions may be due to a ceiling effect of spectral power, in line 

with evidence that ERD is not modulated by fine gradations of stimulus intensity (Iannetti et al., 2008; 

Stancak et al., 2003), and saturation of gating effects in SI and SII at moderate intensities of electrical 

stimulation (Lim et al., 2012). Alternatively, greater interference of brushing-induced impulses and 

changes in resting oscillations at medium SCS intensities may reflect a potential overshoot in 

determining the most effective therapeutic parameters. Therefore, the results of Chapters 4 and 5 

suggest a nonlinear effect of SCS intensity on somatosensory processing which may be due to 

saturation at higher intensities, or an overshoot in determining optimal SCS parameters. 

Strong intensities of SCS and LFS were also associated with increased cortical excitability. In 

Chapter 5, enhanced brushing-related ERD over frontal central electrodes was found in the beta band 

at the highest SCS intensity. Similarly, Chapter 7 showed enhanced amplitude of SEPs in SI/MI over 

the duration of LFS, with the steepest ascending slope at medium and high intensities. When LFS was 

delivered at lower intensities in Chapter 6, increased source activation in SI/MI was not observed. 

Facilitatory effects of SCS and LFS suggest that these neurostimulation interventions for pain do not 

have a simple gating or inhibitory effect, as proposed by the Gate Control Theory and LTD 

hypotheses. Previous literature has focused primarily on the inhibitory effects of LFS on 

somatosensory processing, although few studies have also noted secondary mechanical hyperalgesia 

after LFS (Biurrun Manresa et al., 2010; Klein, 2004). Coexistence of facilitation and inhibition has 

been demonstrated during SCS, with activation in SI/MI somatotopically corresponding to the pain-

related region, and deactivation in ipsilateral SI corresponding to unaffected regions (Stancak et al., 
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2008). Heterogeneous inhibition and excitation responses during SCS have also been reported in 

spinal sensory projection neurons (Zhang et al., 2015). Combined, the results point towards 

supraspinal mechanisms beyond simple gating mechanisms with LFS and SCS. 

8.2.2 Changes in cortical excitability during and following neurostimulation 

Temporal changes in cortical excitability over the course of LFS were investigated in 

Chapters 6 and 7. LFS has been shown to elicit decreased extracellular potentials during conditioning 

stimulation which are sustained after stimulus cessation, consistent with LTD (Liu et al., 1998; 

Sandkühler et al., 1997). As hypothesized, LFS delivered at high intensities attenuated cortical 

somatosensory processing in regions associated with nociception (Duerden & Albanese, 2013; Jensen 

et al., 2016; Xu et al., 2020). In Chapters 6 and 7, SEPs related to LFS of the radial nerve were 

modelled by four equivalent current dipoles in contralateral SI/MI, bilateral operculo-insular cortex, 

and MCC, consistent with previous SEP studies (Cruccu et al., 2008; Shimojo et al., 2000; Valeriani 

et al., 2000a; Vrána et al., 2005). Findings from Chapters 6 and 7 showed a steady, linear decrease in 

MCC activity over time which started at stimulus onset and continued throughout the block. Chapter 7 

furthered the findings of Chapter 6 and demonstrated that the decrease in MCC activity was sharper at 

greater stimulus intensities. These findings were novel, with previous studies focused solely on the 

post-stimulation effects of LFS on external test stimuli (Ellrich & Schorr, 2004; Jung et al., 2012; 

Rottmann et al., 2008). 

LFS was also accompanied by relatively minor reductions in ipsilateral operculo-insular 

cortex activity. When averaged over all LFS intensities in Chapter 7, LFS was associated with a 

statistically significant decrease in ipsilateral operculo-insular cortex magnitude throughout 

stimulation. When LFS was delivered at an unpleasant LFS intensity, the decrease in ipsilateral 

operculo-insular cortex activity was not observed until later in the block. Inspection of intensity 

effects in Chapter 7 showed that this decrease was specific to low intensities and was maximal at 5× 

detection threshold. This is consistent with evidence that SII (within the operculo-insular cortex) 

encodes stimulus intensity until it reaches pain threshold (Frot et al., 2007). As strong, noxious LFS 

intensities have been shown to be necessary to elicit LTD in the dorsal horn (Liu et al., 1998; 
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Sandkühler et al., 1997), these findings illustrate that reductions in ipsilateral operculo-insular cortex 

activity are unlikely to reflect an early correlate of LTD. 

In contrast to inhibitory effects in MCC and operculo-insular cortex, an increase in SI/MI 

amplitude was observed solely in Chapter 7 and was maximal at 10× and 15× detection threshold. 

Disparity between experiments may be due to reduced LFS intensity in Chapter 6 (mean 1.17 mA) 

which was more comparable to the medium (mean 1.19 mA) than the high intensity (mean 1.78 mA) 

in Chapter 7. Increased SI/MI activity suggests facilitation at greater LFS intensities (Cheron et al., 

2000). Combined, findings from Chapters 6 and 7 suggest that high LFS intensities proposed to elicit 

LTD-like effects are mediated by a combination of SI/MI facilitation and MCC attenuation, while 

changes in other cortical regions including the operculo-insular cortex may reflect secondary 

processes from tactile input. 

The theory that effects of LFS are mediated by LTD denotes lasting changes in synaptic 

efficacy in the spinal cord which affect the processing of nociceptive input system (Chen & 

Sandkühler, 2000; Dudek & Bear, 1992; Ikeda et al., 2000; Kim et al., 2015; Liu et al., 1998; 

Sandkühler et al., 1997). LFS modulated post-stimulation spontaneous resting oscillations, with an 

increase in alpha and beta band power in contralateral operculo-insular cortex and SI/MI versus sham 

stimulation in Chapter 6, and increased alpha power in SI/MI after greater LFS intensities in Chapter 

7. These findings point towards cortical inhibition after LFS (Foxe & Snyder, 2011; Fry et al., 2016; 

Neuper & Pfurtscheller, 2001b; Pfurtscheller et al., 1996b). Considered alongside findings of greater 

cortical excitability in SI/MI during LFS, findings of the current thesis suggest that engagement of 

somatosensory processing regions during LFS may have an inhibitory function of gating subsequent 

sensory input. 

Decreased theta band power in MCC was observed specifically at high LFS intensities in 

Chapter 7. Comparatively, no difference in theta band power was found between active and sham LFS 

in Chapter 6, suggesting that decreased theta oscillations in MCC reflected an intensity effect. Theta 

oscillations have been demonstrated to encode the intensity of acute pain and touch stimuli (Michail 

et al., 2016), while augmented theta power has been observed in patients with chronic pain (Fallon et 

al., 2018; Lim et al., 2016; Sarnthein et al., 2006; Stern et al., 2006; Vučković et al., 2014). Decreased 
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resting theta oscillations in fronto-central scalp regions are correlated with increased BOLD activation 

of regions in the default mode network (Das et al., 2022; Scheeringa et al., 2008). In contrast, 

increased theta is found with attention-demanding tasks (Kropotov, 2009). ACC and MCC have been 

strongly linked to top-down descending facilitation of spinal sensory excitatory transmission, and 

inhibition of the cingulate cortex is associated with reduced pain sensitisation following peripheral 

nerve injury (Chen et al., 2018). Therefore, findings from the two studies strengthen the argument that 

strong intensities of LFS induce sustained decreases in cortical excitability in MCC. Thus, augmented 

theta band power with increasing LFS intensity could reflect an interference of integrative 

sensorimotor processes, which may contribute to its effects on pain perception. 

Temporal changes in cortical excitability over the duration or in the period following SCS 

were not investigated in Chapters 4 and 5. According to the Gate Control Theory, transmission of 

nociceptive information is gated at the level of the spinal cord during simultaneous somatosensory 

stimulation due to a disproportionate increase of large diameter over small diameter fibre activity 

(Melzack & Wall, 1965). Therefore, there were no specific hypotheses for changes in oscillatory band 

power over time, or after SCS was switched off. However, the Gate Control Theory is not a complete 

explanation of the mechanisms of SCS (Mendell, 2014; Nathan, 1976) and does not account for the 

effects of burst stimulation (De Ridder et al., 2013; Linderoth & Foreman, 2017). It is possible that 

changes may occur over the duration of stimulation and in the time after SCS is switched off. SCS 

may not have an immediate effect on spinal nociceptive processes, and effects may differ between 

SCS types, as illustrated by delayed onset and offset periods between active recharge burst and tonic 

stimulation (Meuwissen et al., 2018). Inspection of onset and offset effects were beyond the scope of 

this thesis but remain an important avenue for future studies. 

8.2.3 Burst and tonic SCS have different effects on tactile somatosensory processing 

 The varying effects of burst and tonic SCS on tactile somatosensory processing and 

spontaneous cortical oscillations were investigated based on evidence of alternative mechanisms (De 

Ridder et al., 2013; De Ridder & Vanneste, 2016; Yearwood et al., 2019). Burst and tonic SCS were 

found to differently modulate tactile somatosensory processing in Chapter 5, although no significant 
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difference in spontaneous cortical oscillations was found in Chapter 4. In accordance with the Gate 

Control Theory, tonic SCS has been shown to stimulate the dorsal column pathway (Holsheimer, 

2002; Joosten & Franken, 2020; Melzack & Wall, 1965; Shealy et al., 1967) and inhibit 

somatosensory processing (Bentley et al., 2016; Sankarasubramanian et al., 2019). Results from 

Chapter 5 of attenuated theta and alpha band ERD during brushing in right central, right frontal and 

left posterior parietal electrodes in patients using tonic SCS aligns with these findings. Comparatively, 

burst SCS is proposed to engage the spinothalamic tract without involvement of the dorsal column 

pathway (De Ridder & Vanneste, 2016; Joosten & Franken, 2020). In line with this theory, results 

from Chapter 5 showed that burst SCS did not attenuate brushing-related ERD, pointing towards 

alternative mechanisms which do not involve gating of LTMRs (Gandevia et al., 1983; Kakigi & 

Jones, 1986; Mancini et al., 2015). 

Differences between burst and tonic SCS may be highlighted in their response to 

somatosensory inputs. EEG and fMRI responses to painful and nonpainful stimuli activating the 

spinothalamic tract and dorsal column pathway, respectively, originate from similar sources 

(Mouraux et al., 2011; Valeriani et al., 2000a), with greater magnitude for higher intensities (Baliki et 

al., 2009; Valeriani et al., 2000a). Therefore, SCS transmitted by the dorsal column or spinothalamic 

tract may not be observed independently in spontaneous EEG. Results are contrary to previous 

accounts of increased resting alpha and beta band power during burst compared to tonic SCS (De 

Ridder et al., 2013). Inconsistencies could result from variations in study design; De Ridder et al. 

(2013) and De Ridder & Vanneste (2016) investigated cortical oscillations during the early trial 

stimulation period in a small group of 5 patients. Differences observed during trial stimulation may 

not reflect long-term cortical changes after patients have lived with and adjusted to the device. 

Therefore, the results from the current thesis suggest that, to investigate the differences between burst 

and tonic stimulation, it is necessary to investigate their effects on external stimulation. 

Conversely, the effects of SCS intensity were similar between burst and tonic stimulation, 

suggesting a degree of shared mechanisms between SCS waveforms. Previous investigations have 

identified increased theta oscillations in SI, SII, posterior cingulate cortex and the parahippocampal 

area, and increased gamma rhythms in ACC and prefrontal cortex after burst and tonic SCS (De 
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Ridder & Vanneste, 2016). A shared mechanism indicates that intensity is an important facet of SCS 

programming to be considered regardless of the waveform. However, the small, heterogeneous patient 

group under investigation may have limited the ability to find a potential difference between burst and 

tonic SCS. Data for Chapters 4 and 5 was taken from patients with unilateral neuropathic pain due to 

a range of initial causes, most commonly due to CPSS. CPSS is a generalised term used to describe 

patients who have not had success from spinal surgery and continue to experience neuropathic pain 

(Schug et al., 2019; Thomson, 2013). As a result, CPSS does not explain the initiating event leading 

to pain, or specific symptoms experienced by patients. To further investigate any potential differences 

between SCS waveforms at graded intensities, future studies could stratify patients with similar 

clinical presentations. 

8.3 Implications for treatment of neuropathic pain 

The findings in this thesis have important implications for theory and clinical practice. Strong 

interference with the transmission of afferent impulses at SCS intensities as much as one-third lower 

than the therapeutic level suggests that lower intensities may be equally or more effective than the 

clinically programmed settings. SCS intensity is one facet of electrical dose and electrical charge 

transfer, lower amounts of which preserve battery life and reduce any unpleasant paraesthesia 

sensations (Miller et al., 2016; Paz-Solís et al., 2022). Optimising electrical dose is crucial for 

effective pain relief with SCS (Chakravarthy et al., 2021; Paz-Solís et al., 2022). Currently, the 

method for SCS dose titration is a process of trial and error between the programmer and patient. 

Further understanding of the SCS therapeutic window, particularly for paraesthesia-free waveforms, 

is of vital importance. Therefore, these preliminary findings suggest that EEG may have a valuable 

role in determining optimal stimulation parameters for managing neuropathic pain. 

Similarly, LFS has been shown to reduce experimentally-induced mechanical pain sensitivity 

and dynamic mechanical allodynia in clinical populations (Johnson et al., 2021), and reverse and 

inhibit the development of primary hyperalgesia (Magerl et al., 2018). This thesis demonstrates robust 

effects of LFS on cortical somatosensory processing at greater intensities, highlighting the importance 

of utilising strong LFS intensities which surpass pain threshold, as shown previously (Jung et al., 
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2009; Liu et al., 1998; Sandkühler et al., 1997). These findings suggest that LFS may be integrated as 

a palliative treatment to manage hyperalgesia and allodynia symptoms in neuropathic pain. 

8.4 Thesis Limitations 

Participants’ SCS parameters were not optimised at the time of data collection due to the 

study's observational nature, and SCS treatment duration varied widely between patients. This raises 

the possibility that some patients were using programmed settings that no longer treated their pain 

adequately. Skilful and repeated reprogramming of SCS devices is necessary to maximise the benefits 

of treatment, and programming approaches differ between personnel and over time (Katz et al., 2021; 

Sharan et al., 2002; Sheldon et al., 2021). The possibility of suboptimal SCS parameters in a subset of 

patients could partly explain the potential saturation or overshoot of response at medium SCS 

intensities captured with changes in band power. Future investigations could control for variations in 

treatment response by optimising and standardising SCS parameters at the start of the study. 

This thesis was limited by the short timescale of studies. As the experiments in Chapters 4 

and 5 took place in single sessions, the possible relationship between oscillatory changes and 

fluctuating pain symptoms could not be investigated. The relationship between changes in cortical 

excitability and pain experience is important to establish the neural underpinnings of palliative 

treatments for neuropathic pain. This question could have been addressed with the original plan for 

this thesis, which included a longitudinal study investigating changes in spontaneous cortical 

oscillations and suppression of brushing-induced ERD during SCS as a function of treatment 

response. Unfortunately, this study was not completed due to complications arising from the COVID-

19 pandemic. Likewise, Chapters 6 and 7 showed an instantaneous inhibitory effect of LFS on 

somatosensory processing, which was accompanied by post-stimulation changes in resting 

oscillations. However, the phenomenon of LTD requires that lasting changes in synaptic efficacy are 

found. Investigation of the duration of changes in somatosensory processing after LFS would further 

support the notion that changes during LFS are due to LTD. 

Findings did not support the analgesic effect of LFS on noxious stimulus processing. Previous 

studies investigating the effects of LFS on pain processing have investigated changes in pain ratings 

after LFS versus no stimulation (Ellrich, 2004; Ellrich & Schorr, 2004; Rottmann et al., 2008). In 



 
 

Page 177 

Chapter 6, pain ratings for noxious laser stimuli decreased equally after active and sham stimulation, 

suggesting that this reduction may reflect stimulus habituation rather than LTD. In addition, analysis 

of LEPs revealed an absence of specific and preferential effects of active LFS on nociceptive 

processing in the conditioned hand territory. We speculated that this might be due to the lower 

intensity of LFS stimulation used in Chapter 6. Chapter 7 was designed to overcome this potential 

limitation; however, contrary to previous evidence of a greater reduction in pain ratings after stronger 

stimulus intensities (Jung et al., 2009), no changes in pain or unpleasantness ratings were found 

between LFS intensities. A recent study reported no significant effect of LFS on spontaneous daily 

pain, but reductions in allodynia and improvements in quality of life during treatment (Johnson et al., 

2021). Therefore, LFS may be a potential adjunctive treatment for symptoms of neuropathic pain that 

are not specific to pain intensity. Taken together, the results from this thesis do not support an 

immediate, direct effect of LFS on acute pain perception. 

8.5 Suggestions for future research 

Contrary to burst stimulation, tonic SCS suppressed parallel inputs from brushing stimuli. 

Findings reaffirm the existence of alternative mechanisms of action between burst and tonic 

stimulation, whereby burst SCS modulates medial and lateral spinothalamic tracts, while tonic 

stimulation modulates activity in the lateral spinothalamic tract via the dorsal column pathway (De 

Ridder & Vanneste, 2016; Joosten & Franken, 2020). As the current study focused solely on the 

tactile processing component of SCS, it is not clear if this inhibitory effect would be equally relevant 

to the influence of SCS on noxious afferents. Future studies should investigate ERD patterns during 

burst and tonic SCS related to stimuli that primarily involve spinothalamic tract neurons, such as 

transient warming, cooling or heat stimuli. 

Sustained changes in cortical oscillations after LFS lends support to the use of LFS in 

palliative treatments for chronic neuropathic pain. However, the link between short-term changes in 

neural activity and long-lasting effects of LFS on persistent pain states has yet to be explored. The 

results suggest that decreased source activity in MCC and increased source activity in SI/MI during 

conditioning may inhibit post-stimulation processing. However, it is not known if changes in 

oscillatory activity after LFS are transient or sustained after conditioning stimuli. Therefore, future 
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studies should investigate the duration of oscillatory changes following LFS, and if these changes 

correlate with clinical pain relief or other potential clinical benefits. 

8.6 Concluding remarks 

SCS and LFS have been used as palliative neurostimulation treatments for intractable 

neuropathic pain, however, the mechanisms underlying these methods are poorly understood. This 

thesis utilised EEG to investigate the effects of different modes of SCS and of varying intensities of 

SCS and LFS on resting oscillatory activity and in response to somatosensory stimuli.  

The findings demonstrated that stimulation intensity is a critical factor determining response 

to SCS, with greater intensities inhibiting activity in somatosensory processing regions. Tonic and 

burst stimulation have different and shared mechanisms which were highlighted during 

somatosensory stimulation, and greater suppression of parallel inputs from brushing during tonic 

stimulation supports the gating effect of SCS. Effects of stimulation at less than therapeutic intensities 

warrant further investigation but suggest the possibility of implementing SCS at lower intensities to 

maximise treatment effectiveness.  

In relation to LFS, the findings demonstrated that strong, painful intensities of LFS inhibit 

somatosensory processing in the MCC and operculo-insular cortex and facilitated the involvement of 

SI/MI. Inhibition during strong LFS was followed by augmented oscillatory band power and 

attenuated evoked potentials, indicating a gating of somatosensory processing. The potential 

relationship between change in cortical responses as a result of LFS and symptom relief in patients 

with chronic neuropathic pain has yet to be determined and is an avenue for future study. 

 In summary, this thesis advances previous understanding of the cortical processes involved in 

neurostimulation methods SCS and LFS, particularly in their effects on somatosensory processing. 

These findings may have important clinical implications for the treatment of neuropathic pain which 

has not been adequately managed with first-line pharmacological treatments. 
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